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Abstract 

Engineered nanomaterials have been incorporated into a large number of conventional 

products in order to solve problems that the world has been facing. However, the current 

research in this area often overlooks the fact that not only using the end product but also 

producing it might have significant impacts on the environment and human health. Therefore, 

systems thinking and applying a holistic approach to assess the sustainability performance of 

these products is critical for decision-making. Global production and consumption of engineered 

nanomaterials is forecasted to increase significantly due to their applications in modern 

technologies, which raises concerns regarding their environmental implications. One way to 

analyze the environmental impacts of engineered nanomaterials is through life cycle assessment 

(LCA). This work investigates the cradle-to-grave environmental costs of silver nanoparticles 

(nAg) and global cradle-to-gate environmental costs of carbon nanotubes (CNTs) using LCA and 

multiple midpoint environmental impact categories in order to provide a holistic assessment.  For 
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the nAg case study, environmental performances of thirteen different synthesis routes are 

evaluated with cradle-to-gate boundaries and a mass based functional unit, and the results are 

presented in a disaggregated format based on industrial uses of nAg in a global scale. Similarly, 

for CNTs, the environmental impacts of eight single-walled and seven multi-walled CNTs 

synthesis processes are evaluated and global scale impacts of manufacturing (including raw 

materials) CNTs are modeled. Similar to nAg, results are segregated and presented based on 

industries that use CNTs the most. Results showed that as some synthesis processes are more 

environmentally impactful than others, and industries prefer specific processes to synthesize their 

nanomaterials, industry-based impacts are not exactly proportional with the industrial shares for 

nAg and CNTs. Following the cradle-to-gate analysis, in order to incorporate direct (or nano-

specific) impacts resulting from nAg release, a physicochemical property-based characterization 

factor is developed using published mesocosm studies. Lastly, these findings are combined as a 

case study for silver enabled textiles to evaluate the necessity of nano-specific characterization 

factors for nAg. The case study results suggested that, calculating nano-specific impacts and 

incorporating them into the overall LCA results do not make a significant difference for 

ecotoxicity impact category unless there is a very large quantity of initial silver loading per 

textile. However, human health related impacts may require more attention because the release 

phase showed a significant sensitivity for human health LCA impacts. These results suggest the 

need for developing nAg specific characterization factors for human health (carcinogenics and 

non-carcinogenics) impact categories to be incorporated into LCA results for more thorough 

evaluation. While there is a need for further research, this work fills the gap in the body of 

knowledge surrounding environmental performances of two of the most utilized engineered 

nanomaterials in consumer products.   
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1. Introduction 

1.1. Research Summary and Goals 

If one thinks from a non-expert perspective, nanoparticles would not seem harmful to the 

environment because they are so tiny, only one billionth of a meter of about half the width of a 

single strand of human DNA. They also comprise a very small portion by mass of total elemental 

flows (e.g. nano fraction of ore production for silver nanoparticles is 0.5%) [1]. This would also 

make consumers think that the production of nanomaterials has a low to neutral impact on the 

resource depletion problem, which is an indicator for unsustainable consumption of material and 

energy supplies (e.g. water, fossil fuels, mines). However, thinking from a scientific perspective, 

the field of nanotechnology may have significant impacts on the environment while providing 

advantages by improving the functions of conventional products. Nanotechnology is a rapidly 

growing industry, and its products have already started taking part in our everyday lives. As 

engineered nanomaterials have remarkable properties, they are used in various industries. Being 

widely incorporated in consumer products raises environmental and human health related 

concerns; therefore, research on evaluating performances of engineered nanomaterials (ENMs) 

and nano-enabled consumer products is critical. 

The main goal of this research is to investigate the environmental impacts of 

manufacturing and using the selected ENMs. Case studies are constructed for silver 

nanoparticles (nAg) and carbon nanotubes (CNTs), two representative classes of ENMs that are 

utilized in various consumer products. Life cycle assessment (LCA) and USEtox methodologies 

are used to analyze the environmental costs. 
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1.2. Research Objectives and Questions 

Existing literature mostly considers calculating environmental impacts of particular nano-

enabled consumer products with varying scopes, and system boundaries as well as environmental 

impact categories. Studies also showed that incorporating ENMs may have greater impacts on 

the overall environmental impact of nano-enabled products. Thinking from a global perspective, 

the growing nanomaterials industry requires significant amounts of materials and energy inputs 

in order to meet the market demand. Another critical point is that each sector requires different 

synthesis routes in order to produce ENMs with certain morphologies, which affects the overall 

environmental impact of that specific industry/sector. Incorporating industrial shares as well as 

impacts from particular synthesis processes may help modeling disaggregated impacts and 

further examine cradle-to-grave life cycle impacts of the nanomaterials industry. 

Furthermore, impacts resulting from the potential nanomaterial release to the 

environment (e.g. water, soil, air) as a result of the manufacturing, use, and end-of-life phases 

have been largely disregarded among the existing LCA literature. Besides the conventional life 

cycle assessment results, nano-specific impacts should also be incorporated to provide a holistic 

assessment. In order to achieve this goal, a handful of studies derived characterization factors 

(CF) for different ENMs; however, the method used to develop CFs are not consistent, which 

result in significantly different CFs for the same type of ENM. These considerations shaped the 

framework of this research and resulted in asking the research questions presented below.  

 

Q1. What are the global environmental impacts of manufacturing the selected ENMs? What are 

the hotspots for each synthesis process? How can the cradle-to-gate impacts be disaggregated by 

industry/sectoral applications where the selected ENMs are used the most? (Chapters 2 and 3) 
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Q2. How are the freshwater ecotoxicity effect factors influenced by the different properties of 

nAg and the receiving medium? Should specific effect factors be developed based on the 

physiochemical properties of nAg and the release media, or would a general effect factor be 

useful for modeling nano-specific impacts in any aquatic environment? (Chapter 4) 

Q3. What is the nano-specific characterization factor of nAg? Which framework should be used 

to model the fate and exposure of nAg? What factors influence the particle-specific 

characterization factor the most? (Chapter 5) 

Q4. How do nano-specific characterization factors help researchers model the cradle-to-grave 

environmental impacts of nAg enabled textiles? Does modeling released nAg as ionic silver 

cause an overestimation or an underestimation? Is it worth the resources required to calculate 

characterization factors for ecotoxicity and human health impacts? (Chapter 6) 

 

In order to address the research questions presented above, research objectives are defined as 

follows.  

 

O1. Conduct LCAs for different industrially preferred synthesis processes on a mass based 

functional unit, define process hotspots and model environmental impacts per industry/sector 

where the selected ENMs used the most. 

O2. Explore the trends of freshwater ecotoxicity effect factors for nAg based on their 

physicochemical properties (size, coating) as well as various release mediums (complex, 

mineral) using nanotoxicology literature. 
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O3. Calculate physicochemical property based freshwater ecotoxicity characterization factors for 

nAg by extracting relevant information from aquatic mesocosms, using USEtox methodology 

and principles of colloidal science. 

O4. Model the cradle-to-grave (both indirect and direct) environmental impacts of a nAg enabled 

consumer product using currently developed characterization factors (textile case study) to 

determine the necessity of calculating nanospecific factors.  

 

1.3. Nanomaterials Industry 

Nanomaterials are characterized as having at least one external dimension in the 

nanoscale. More specifically, ENMs are materials having a size of 1-100 nanometers (nm) [2]. 

Due to their size dependent properties, ENMs perform either enhanced or different functions 

compared with their bulk counterparts and have been used in a wide variety of sectors including 

electronics, medical, cosmetics, coatings, and packaging [3–5]. As presented in Figure 1, market 

reports show that the nanomaterials industry is constantly growing and the market value is 

expected to reach $92 billion by 2028 [6].   
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Figure 1. Nanomaterials market value in USD $ Billion/year, compiled from the literature [7] 

and commercial reports [6, 8–11]. 

 

ENMs are categorized in four main classes as metals (e.g. silver, iron, gold), metal oxides 

(e.g. titanium dioxide, aluminum oxide, zinc oxide), metal chalcogens (e.g. cadmium sulfide) 

and carbon-based (e.g. carbon nanotubes, fullerenes) materials [12]. Jankovic and Plata classified 

ENMs according to their level of maturity (i.e. technology readiness) [1]. They found that CNTs 

are the most commercialized ENMs with a great number of sectoral applications already in 

operation as well as numerous final prototypes. They added that commercial applications of 

ENMs that are in metal group are more limited in number. For the current research, in addition to 

CNTs, nAg are selected to represent a different class as well as a different level of maturity. 

Although, the technology readiness level for nAg is reported as low-to-mid due to the low 

number of applications used for different purposes, they account for more than 50% of the global 

nanomaterial consumer products [1, 7]. Figure 2 shows the status of the selected ENMs 

represented by the number of applications in different levels [1]. 
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Figure 2. The number of applications of the selected ENMs in different development stages [1]. 

 

Given that the ENMs are incorporated into various products and they are used by 

numerous industries for diverse purposes, their production is continuously increasing. This 

situation raises questions on their environmental implications. Environmental impact assessment 

of any product or process by using LCA provides results in a broad category of impacts (e.g. 

global warming, eutrophication, toxicity, etc.), which are quantifications of the unit release of 

chemicals to the environment, in other words, their corresponding effect on the environment. 

LCA can be utilized to identify hotspots and to improve the environmental performances of the 

product/process. In the nanomaterials industry, applying LCA to ENMs provides impact 

projections on several different potential environmental impact categories. These may be 

grouped as “non-nanoscale emissions to the environment” and do not include nano-specific 

emissions to soil, air and water [13]. Non-nanoscale emissions represent indirect impacts due to 

the nanomaterial production, whereas nano-specific emissions denote direct impacts resulting 
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from the nanomaterial release as a function of size and shape. Existing literature on the LCA of 

ENMs typically develop impact projections based on point-value estimates by converting masses 

emitted into the potential impacts they cause [14]. In order to calculate nano-specific emissions, 

defining CFs is critical. Fundamentals of LCA and CF calculation are explained in the following 

subsections. 

 

1.4. Life Cycle Assessment 

LCA is a tool to evaluate environmental impact of a product, service or process 

throughout its entire life cycle (i.e. from raw material acquisition to end-of-life including 

manufacturing and use phase) [15, 16]. This methodology is governed by the International 

Organization for Standardization (ISO) and can be used for wide variety of applications ranging 

from sustainable product development to comparative environmental assessment. LCA has four 

stages as goal and scope definition, inventory analysis, impact assessment and interpretation. As 

per ISO 14040, LCA has both mandatory (selection of impact categories, classification, and 

characterization) and optional elements (normalization, grouping, and weighting). In the 

following subsections, brief definitions of each LCA phase are provided. 

 

1.4.1. Goal and Scope Definition 

This first stage of an LCA requires a clear declaration of the overall aim of the project. 

Functional unit(s) and scenario(s) should be developed, and system boundaries should be defined 

prior to analysis. The functional unit is an important component of an LCA study, which is 

outlined as “quantified performance of a product system for use as a reference unit” by ISO 

14040 [15]. Similarly, schematizing system boundaries is crucial to make effective decisions at 
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the end of the study. To outline system boundaries, four stages of a product life cycle should be 

defined. Raw materials acquisition, manufacturing, use, and end-of-life are the four stages of a 

product life cycle and system boundaries may be developed by taking into account different 

combinations. For instance, cradle-to-gate system boundaries includes only the first two phases 

(raw materials acquisition and manufacturing), whereas cradle-to-grave includes all four stages. 

A holistic LCA requires cradle-to-grave system boundaries, but the selection is optional 

depending on the scope of the project [17].  

 

1.4.2. Inventory Analysis 

In this phase, the necessary life cycle inventory data is collected from literature and 

industry. This involves gathering quantitative data on the material and energy inputs, as well as 

the waste and emission outputs for the selected system boundaries. Figure 3 is a simplified 

inventory data framework illustrating the required information for a unit process as well as 

different system boundaries. 

 

Figure 3. Simplified LCA inventory framework and representations of different system 

boundaries (adapted from [17]). 
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1.4.3. Impact Assessment 

The life cycle impact assessment step helps classifying and characterizing the inputs (i.e. 

material and energy) and outputs (i.e. waste and emissions) from modeled processes into various 

impact categories, depending on the selected method. For instance, US EPA’s Tool for 

Reduction and Assessment of Chemicals and Other Environmental Impacts (TRACI) models 

impacts in ozone depletion, global warming, smog, acidification, eutrophication, carcinogenics, 

non carcinogenics, respiratory effects, ecotoxicity, and fossil fuel depletion [18]. Another 

example may be CML impact assessment method, which lists impacts in abiotic depletion, 

global warming, ozone layer depletion, human toxicity, fresh water aquatic ecotoxicity, marine 

aquatic ecotoxicity, terrestrial ecotoxicity, photochemical oxidation, acidification and 

eutrophication [19]. Given that TRACI 2.1. impact assessment methodology is used in this 

research, a short description of each impact category is provided in the subsequent subsections.  

 

1.4.3.1. Ozone Depletion  

 Ozone depletion (to air) occurs due to the increasing concentration of substances that are 

classified as chemicals that contribute to decreasing the stratospheric ozone levels such as 

chlorofluorocarbons (CFC), halons and hydrofluorocarbons (HFC) [4, 18]. This category affects 

both human health and the environment. TRACI provides ozone depletion results as kilogram 

(kg) CFC-11-eq. per functional unit [18].  

 

1.4.3.2. Global Warming 

 Global warming (to air) occurs due to the increasing greenhouse gas (GHG) emissions 

which results in an increase in the temperature of the atmosphere [18]. GHG emissions include 
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naturally occurring or human induced carbon dioxide, methane and nitrous oxides [4]. TRACI 

uses indicators from the International Panel on Climate Change (IPCC) and provides global 

warming (in some sources it refers to as climate change) results as kg CO2-eq. per functional unit 

[18]. 

 

1.4.3.3. Smog 

 Smog (to air) occurs due to the increasing concentrations of nitrous oxides, volatile 

organic compounds, carbon monoxide, methane and other ozone forming molecules in the 

troposphere [4]. This category affects both human health and the environment, and in some 

sources refers to as photochemical smog formation [18]. TRACI provides smog results as kg O3-

eq. per functional unit [18]. 

 

1.4.3.4. Acidification 

 Acidification (to air and water) occurs due to the increasing concentration of hydrogen 

ion in an environmental compartment [4, 18]. The acidity of the environment may increase as a 

result of several chemical reactions, biological activities or natural circumstances. According to 

the US EPA, sulfur dioxides and nitrogen oxides are the largest contributors of this category. 

Results are modeled regardless of site-specific characteristics as each site may show different 

sensitivities. TRACI provides acidification results as kg SO2-eq. per functional unit [18].  

 

1.4.3.5. Eutrophication 

 Eutrophication (to air and water) occurs due to the increasing concentration of nitrates 

and phosphates which contribute to an undesirable biological productivity such as algal growth 
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[4, 18]. According to US EPA, for freshwater lakes and streams, phosphorus is more impactful 

than nitrogen; and nitrogen mostly affects coastal environments [18]. TRACI provides 

eutrophication results as kg N-eq. per functional unit [18].  

 

1.4.3.6. Carcinogenics and Non-carcinogenics 

 In order to calculate carcinogenics and non-carcinogenics impacts (to urban air, non-

urban air, freshwater, seawater, natural soil, agricultural soil), TRACI incorporates the USEtox 

methodology, which is the consensus model developed by the UNEP/SETAC initiative as 

described in Section 1.5 [18, 20]. These are calculated listing the mass of emissions inhaled or 

ingested by humans [20]. USEtox uses cancer and non-cancer potentials of substances from 

databases that provide experimental results, and TRACI provides carcinogenics and non-

carcinogenics as CTUh per functional unit [18]. 

 

1.4.3.7. Respiratory Effects 

 Respiratory effects (to air) occur due to the increasing levels of ambient particulate 

matter. This category quantifies the particulate matter and precursors of these particulates (e.g. 

sulfur dioxide and nitrogen oxides) in order to calculate negative human health effects [18]. This 

category can be named human health particulate or human health criteria pollutants category, and 

combines effects resulting from inhalable coarse particles (2.5-10 µm in diameter) as well as fine 

particles (≤ 2.5 µm in diameter). TRACI provides respiratory effects results as kg PM2.5-eq. per 

functional unit [18]. 
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1.4.3.8. Ecotoxicity 

Similar to human health carcinogenics and non-carcinogenics, in order to calculate 

ecotoxicity (to urban air, non-urban air, freshwater, seawater, natural soil, agricultural soil), 

TRACI uses models from the USEtox methodology [18, 20]. Ecotoxicity is calculated by the 

chronic toxicity of any substance to an ecosystem using its bioavailable fraction [20]. TRACI 

provides ecotoxicity as CTUe per functional unit [18]. 

 

1.4.3.9. Fossil Fuel Depletion 

 The fossil fuel depletion category calculates the surplus energy needed to produce fossil 

fuel in the future. TRACI provides non-site specific results as MJ surplus energy per functional 

unit [4, 18].  

 

1.4.4. Interpretation 

Interpretation is the last stage for an LCA, where the impact assessment results are 

carefully evaluated. ISO 14044 suggests three evaluation methods to be implemented including 

(1) completeness check, (2) sensitivity check, and (3) consistency check [16]. These methods 

help to evaluate the LCA data to make sure that it is complete, how sensitive the analysis was 

with different input sources, and the overall study to ensure that the analysis is internally 

consistent [17]. Since uncertainty exists with novel technologies, application of these methods is 

critical within the context of this dissertation. 
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1.5. Characterization Factors and the USEtox Model 

In LCA, the environmental impact of a product or process is calculated during the impact 

assessment step, which covers the characterization stage. CFs are used to quantify the impact of 

any product or process in different categories. In other words, they indicate how much a single 

unit of mass contributes to an impact category, e.g. 1 kg methane release contributes as 25 kg of 

carbon dioxide to global warming [21]. This is called the impact score (IS) of a substance and 

can be calculated as eqn (1.1), where CFx,i is the characterization factor for the respective impact 

of substance x released to the compartment i (e.g. in cases/kg emitted); and Mx,i is the mass of the 

emission of substance x to compartment i (in kg emitted) [20].  

𝐼𝑆 =∑∑𝐶𝐹𝑥,𝑖 ∗ 𝑀𝑥,𝑖

𝑥𝑖

                                                                                                                         (1.1) 

Regarding nanomaterials related impact assessment studies, general practice among the 

literature is based on quantifying the upstream or embodied impacts due to nanomaterial 

production, while direct impacts resulting from the nanomaterial release are not well documented 

[13]. In order to develop nano-specific CFs, incorporation of fate factor (FF), exposure factor 

(XF) and effect factor (EF) is needed for a systematic modeling. USEtox model is the common 

methodology used among the LCA literature to develop specific CFs for several chemicals [22]. 

It is a scientific model which provides a framework for characterizing toxicity impacts with a set 

of factors and linking different indicators to characterize human toxicity and freshwater 

ecotoxicity [20]. In other words, it helps to derive the CFs for any substance to be incorporated 

into the impact score calculations.  

𝐶𝐹 = 𝐹𝐹 ∗ 𝑋𝐹 ∗ 𝐸𝐹                                                                                                                                 (1.2) 

Eqn (1.2) shows a calculation framework for CF [20], expressed in PAF.m3.day/kg 

emitted or CTUe (comparative toxic units for ecosystems) for freshwater ecotoxicity, and in 
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cases/kg emitted or CTUh (comparative toxic units for humans) for human toxicity. FF 

represents the duration that an ENM resides in a specific environmental compartment such as air, 

water or soil. The FF is typically presented in days and it is the same for ecotoxicity and human 

toxicity categories [20, 23, 24]. XF represents dissolved and bioavailable fraction (i.e. 

probability) of an ENM that an organism will be exposed to [23, 24]. For freshwater ecotoxicity, 

impacts on biota may occur through invertebrate uptake, plant uptake and bioaccumulation, and 

microbial interactions. XF for freshwater ecotoxicity is dimensionless, and represents only the 

fraction of the ENM that is dissolved in water [20, 25]. For human toxicity, intake route may be 

through inhalation, ingestion and dermal contact from an environmental compartment (e.g. 

water, air, soil). XF for human toxicity is presented with a unit of days-1 or kgintake/day per  

kgin compartment and is calculated for both direct and indirect pathways [20, 22, 25]. EF relies on the 

toxicological data and represents the impact of ENMs on the ecosystem. For freshwater 

ecotoxicity, it is the slope of the concentration – response plot when the potentially affected 

fraction is 0.5 (i.e. 50% of the population is affected) [26]. EF has two different units, 

representing different impact categories. For human toxicity category, EF is in cases/kg and for 

freshwater ecotoxicity category, EF is in PAF.m3/kg [20].  
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2.1. Abstract 

Considering their antimicrobial, electrical and optical properties, silver nanoparticles 

(AgNPs) are the most common type of engineered nanomaterials found in consumer products. 

AgNPs may be synthesized through multiple methods, including chemical, biological and 

physical techniques; however, literature suggests that the manufacturers prefer to use physical 

and chemical methods (85%) rather than biological. This work presents cradle-to-gate life cycle 

impact assessments in order to evaluate global environmental impacts of six different AgNPs 

synthesis routes (two chemical and four physical) along with thirteen different inventories and a 

mass based functional unit of 1 kg of AgNPs. Results are then combined with the annual global 

AgNPs production estimates, and global environmental impact calculations are performed based 

on both optimistic and skeptical estimations. Since AgNPs production volumes are forecasted to 

increase drastically, industrial scale AgNPs syntheses are modeled and future life cycle impacts 

are projected using three different scale-up factors. Furthermore, given that each industry has 

specific preferences for properties of AgNPs (i.e. size, surface area) and those are dependent on 

the synthesis methods, industry based environmental impact projections are developed for 

industries where the majority of AgNPs are used such as textiles; coatings, paints and pigments; 

consumer electronics and optics; cosmetics; medical and packaging. Results show that scaling up 

may reduce the environmental emissions up to 90% globally, and up to 83% per industrial sector 

which suggest that the global environmental impact of AgNPs may vary significantly as a 

function of the synthesis method, scale, and desired product application. 
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2.2. Introduction 

Silver nanoparticles (AgNPs) are well known for their antimicrobial, electrical and 

optical properties. Their sizes range from 1 nanometer (nm) to 100 nm, with the small size 

influencing their characteristics [27, 28]. Different synthesis methods are appropriate for 

particular desired applications and properties (such as a specific sized particle). Inshakova and 

Inshakov suggest that AgNPs are the most commercialized engineered nanomaterials (ENMs), 

and account for more than 50% of global nanomaterial consumer products [7]. They are listed in 

the Organization for Economic Co-operation and Development’s (OECD) list of thirteen 

manufactured nanomaterials that are currently available for commercial use [29]. Beneficial 

properties of AgNPs include antibacterial, antimicrobial, antifungal and antifouling activity; 

deodorization; non-allergenic; stain resistance; electrical conductivity; self-cleaning and 

antiseptic [30–39]. According to the Nanotechnology Products Database, AgNPs have been used 

in 278 different product types, 34 countries and 15 industries (i.e. medical, textile, electronics, 

cosmetics, packaging, coatings) with diverse properties and applications [40]. 

Due to their diverse applications, the total quantity of AgNPs produced annually is 

subject to some debate, although many estimates have been generated. Pulit-Prociak and Banach 

reported a skeptical (i.e. minimum, low or pessimistic estimation) global production volume of 

AgNPs at 210 tons/year, and an optimistic (i.e. maximum, high or promising estimation) global 

production volume at 530 tons/year for the year 2018 [41]. Figure 4 presents the global market 

(tons) for AgNPs, collected from multiple studies [1, 41–48] and commercial reports [49]. 

Although the estimates differ to some degree, the overall trend is indicated to increase. In 

addition to mass based global production estimations, change in the global AgNPs market size is 

an indicator of increased use. In 2015, the global AgNPs market was valued at approximately $1 
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billion, and it is estimated to reach $3 billion by 2024 [50]. In terms of sectoral breakdown, 

medical applications (i.e. healthcare and life sciences) are expected to be valued over $1 billion, 

while textile applications are anticipated to surpass $750 million, and food and beverages 

applications are projected to exceed $300 million by 2024 [50]. 

 

 

Figure 4. Global market (tons) for silver nanoparticles (AgNPs) where diamond markers 

indicate skeptical estimations, circle markers indicate single estimations and triangle markers 

indicate optimistic estimations [1, 41–49]. 

 

AgNPs can be synthesized using a wide variety of techniques which may be grouped as 

chemical (wet chemistry), physical (dry chemistry) and biological (using microorganisms and 

plants) methods. According to Charitidis et al., physical and chemical methods constitute 85% of 

the overall production of inorganic nanoparticles [51]. Since these techniques are preferred 

among industries, environmental implications of physical and chemical methods are evaluated in 
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the current study. Table 1 shows a summary on AgNPs synthesis methods along with their 

properties and some relevant examples. 

 

Table 1. Summary of background information for chemical and physical methods. 

 Process Properties Examples 

C
h

em
ic

a
l 

m
et

h
o

d
s 

Use solvents or liquid 

reagents as reducing 

agents (i.e. sodium citrate, 

sodium borohydride, 

ethylene glycol) to reduce 

the monovalent ionic 

silver (Ag+) to metallic 

silver (Ag0), then produce 

nanoparticles by chemical 

coprecipitation [52, 53] 

• Easy to apply, have low cost and high 

yield, but often involve the use of 

hazardous chemicals that are harmful 

to living organisms [54] 

• Desired shape and size of the AgNPs 

may be achieved by controlling the 

type and concentration of reducing or 

stabilizing agent, the addition of 

complexing agents to decrease 

particle size and the addition of co-

reducers [42, 55] 

• Precipitation [56] 

• Sol-gel [56] 

• Chemical reduction 

[36] 

• Microwave [28]  

• Liquid-phase 

reduction [52] 

P
h

y
si

ca
l 

m
et

h
o
d

s 

Do not use any solvents 

for reducing Ag+, however 

consume a sizable quantity 

of energy since they 

produce AgNPs using 

furnaces or tubes with 

high temperature and 

pressure [57] 

• Fast and generally no hazardous 

chemicals are involved in the 

synthesis, but they require high 

energy, have low synthesis yield and 

product uniformity [54] 

• The shape of the AgNPs may be 

controlled by changing the 

experimental conditions such as the 

thermal conditions, power, and arc 

discharge [51, 55] 

• Reactive magnetron 

sputtering [38] 

• Flame spray pyrolysis 

[36, 58] 

• Plasma arcing  [36, 58, 

59] 

• Grinding [52] 

• Laser ablation [52] 

• Vapor deposition [52] 

 

The environmental impacts of AgNPs enabled consumer products as well as 

manufacturing AgNPs have been previously investigated using life cycle assessment (LCA). 

LCA is a tool to evaluate environmental performances of products and services through their life 

cycle, from raw materials acquisition to end-of-life including manufacturing, transportation, 

distribution, use and disposal stages [17]. Depending on the scope of the project, system 

boundaries may be drawn either cradle-to-gate or cradle-to-grave. According to Pourzahedi et 

al., conducting cradle-to-grave LCAs for nano-enabled products is challenging since these 
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products provide added values due to technological advantages which are unique and challenging 

to compare with the conventional products [37]. For example, AgNPs enabled textiles offer the 

potential for less frequent laundering, bandages help eliminate the conventional ointment use and 

provide better wound healing, and food storage containers contribute to reducing the amount of 

food loss [60]. Although it is challenging to quantify and incorporate these product specific 

properties (i.e. benefits) in LCA analysis, in order to make a holistic comparison between 

conventional and nano-enabled products that are used for the same purpose (e.g. clothing), 

considering cradle-to-grave boundaries is preferable. In this regard, Hicks and Temizel-Sekeryan 

reviewed cradle-to-grave LCA literature of AgNPs enabled consumer products and presented a 

framework to quantify the benefits and detriments of nanoenabling along with break-even points 

[60]. 

A substantial number of LCAs have been performed for the AgNP textile industry (e.g. 

antibacterial t-shirts, socks, household textiles) with varying scopes and bounds; cradle-to-gate 

[37] or cradle-to-grave [30, 56, 58, 61, 62]. Additionally, there are studies where manufacturing 

and incorporation of AgNPs are excluded from cradle-to-grave boundaries (where the raw 

materials were considered, but not the synthesis processes themselves) [32, 63] or screening 

level LCA is conducted [36]. LCAs implemented for AgNPs enabled food storage containers are 

also popular among literature where mostly cradle-to-grave results are presented [39, 64, 65]. 

Other examples include LCAs with various system boundaries on AgNPs enabled packaging 

materials [66], coatings [67], medical gowns [31, 37], wound dressings [37, 38], environmental 

applications [68], and products for children [37]. Aside from product-based studies, there are 

LCAs conducted only for producing AgNPs with different impact assessment methodologies. 

While there are comparative LCA studies in order to understand the environmental advantages 
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and tradeoffs of several manufacturing methods [53, 59, 69], evaluations of single technique are 

also studied [28]. Since the results of the aforementioned LCA studies are not standardized (i.e. 

they have different system boundaries, or they use different impact assessment methodologies), 

direct comparisons cannot be carried out. 

As the global production estimations show, the popularity of AgNPs is increasing due to 

their use in different modern technological applications. Considering the environmental impacts 

of, AgNP synthesis, silver acquisition in particular has been found to be the main contributor of 

the total environmental impact due to the environmental intensity of mining and refining the 

silver [53, 63]. Taking into account all inputs and outputs (e.g. raw materials, energy, water, 

heat, emissions etc.) for each synthesis method, additional factors such as the amount of energy 

used, have significant contributions on the overall potential environmental impacts, especially 

when an equal amount of silver is utilized among multiple techniques. Therefore, it is critical to 

evaluate the environmental impacts of different AgNP production methods and their 

contributions to global environmental impacts to identify the most efficient synthesis route in 

terms of environmental sustainability. 

LCA results based on laboratory scale inventories help identify hotspots of the system as 

well as comparing the alternatives used for the same application; however, they are not 

optimized in terms of resource efficiency [70]. Therefore, laboratory scale LCA results are not 

representative for large scale synthesis as there will likely be changes in the process yield, 

material, and energy inputs. Industrial processes are often connected as a continuous flow rather 

than being independent or isolated, which result in more realistic impacts [71, 72]. As Gao et al. 

discussed, with industrial scale manufacturing and utilization of efficient equipment, the resource 

and energy consumption needed to produce the same amount of ENM is expected to be lower 
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than laboratory scale production [73]. On the contrary, Arvidsson and Molander modeled large 

scale production for epitaxial graphene, where they experienced increased environmental 

impacts due to the necessary use of an advanced material (e.g. silicon carbide wafers) [74]. 

Piccinno et al. argued that in order to evaluate the benefits and detriments resulting from large 

scale manufacturing, using a simple scaling up factor may not be sufficient [75]. However, due 

to the lack of inventory for industrial scale production (i.e. systematically collected empirical 

data), environmental impacts of large scale ENMs manufacturing have rarely been studied [76]. 

This acknowledges the utilization of theoretical scaling up factors and the practice of linear 

extrapolation as a current strategy among literature [71, 72, 75, 77]. 

The goal of this study is to project the cradle-to-gate global environmental impacts of 

manufacturing AgNPs by including various industrially preferred synthesis methods and using 

global AgNPs production estimates (tons/year). Given the improvement in ENMs sector, 

presenting results for large scale production would be more realistic. Therefore, environmental 

impacts as a result of industrial scale production are also envisaged by using scaling up factors to 

address the potential savings in the materials and energy consumption. Additionally, this work 

seeks to quantify sectoral environmental impacts resulting from manufacturing AgNPs by using 

industry-based estimations. The results are intended to provide a quantification of the current and 

potential future environmental impacts due to the manufacturing of AgNPs at a global scale, as a 

function of raw materials and manufacturing methods. 
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2.3. Materials and methods 

2.3.1. Goal and scope definition 

In the current study, six different AgNPs synthesis procedures along with thirteen 

different inventories are evaluated using LCA methodology with a cradle-to-gate approach. 

Potential environmental impacts are modeled using the SimaPro 8.5.2 software with Ecoinvent 3, 

USLCI (U.S. Life Cycle Inventory) and ELCD (European reference Life Cycle Database) 

databases. TRACI 2.1 (tool for the reduction and assessment of chemical and other 

environmental impacts) and Cumulative Energy Demand (CED) are used as impact assessment 

methodologies. Selected potential environmental impact categories, along with their units and 

abbreviations based on TRACI 2.1 are ozone depletion (ODP in kg CFC11-eq.), global warming 

(GWP in kg CO2-eq.), smog (SP in kg O3-eq.), acidification (AP in kg SO2-eq.), eutrophication 

(EP in kg N-eq.), carcinogenics (HHCP in CTUh), non-carcinogenics (HHNCP in CTUh), 

respiratory effects (RP in kg PM2.5-eq.), ecotoxicity (ETP in CTUe), and fossil fuel depletion 

(FFP in MJ surplus energy) potentials. A mass based functional unit (FUn) is selected as 1 

kilogram (kg) of AgNPs for compatibly with the global production estimates, as they are 

presented mass based (tons/year) in the literature. System boundaries considered in this study are 

presented in Figure 5. 
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Figure 5. System boundaries considered in the current study (included life cycle stages are 

represented by green box). (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article). 

 

Use and disposal phases are excluded from the selected system boundaries because there 

are not any specific uses assigned for the synthesized AgNPs in the current study. Although 

enabling AgNPs offer advanced properties to conventional products, added benefits are strictly 

dependent on the use phase, which is a product specific consideration [78]. Numerous studies 

have examined the AgNPs release by providing ranges for the mass of initial silver content and 

release as Ag+, because details of nano-specific particle characterizations are lacking [60]. For 

instance, Adam et al. developed material flow analysis for AgNPs where they probabilistically 

modeled the AgNPs release to wastewater, air, soil and surface water based on peer-reviewed 

literature [79]. They presented the forms of released nanomaterials as dissolved, transformed, 

pristine and matrix-embedded without distinguishing the particle formation and silver speciation 

due to lack of data. As Mitrano et al. argued, silver released after the use and end of life phases 
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can undergo various transformations including Ag0, AgCl, Ag2S or Ag+ [80], which is dependent 

on the characteristics of the receiving location as well as the chemical structure of AgNPs [81–

83]. Given that there are high variability and uncertainties in the reported data, a generalized 

interpretation of their use and disposal could not be provided. 

 

2.3.2. Synthesis procedures 

In order to compile different inventories for AgNPs synthesis methods, a literature survey 

is conducted by using an academic search engine, Web of Science Core Collection, by searching 

combinations of key terms including nanosilver, life cycle assessment, silver nanoparticles, 

sustainability, environmental impact assessment and nanosilver-enabled. From this search, 4 

studies were selected for inclusion in the current study because they provided the laboratory 

scale inventories for AgNPs synthesis. Table 2 is a summary of the selected methods, where life 

cycle inventories (LCI) and methodologies are also included. Detailed explanations for these 

methods can be found in the Appendix A. 
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Table 2. Summary of synthesis procedures used in the current study. 

 
Method Abbreviation Materials and Energy (LCI) 

Methodology (M) 

Software (S) 
Reference 

C
h

em
ic

a
l 

M
et

h
o

d
s 

Microwave 

(Table A1) 
MW 

glucose (reducing agent), food grade 

corn starch (stabilizing agent), 

AgNO3 (silver source), electricity, 

deionized water 

M: TRACI v2.1 

S: GaBi 6.0 
[28] 

Chemical 

Reduction 

(Table A2-

A5) 

CR-TSC 

trisodium citrate (reducing agent), 

AgNO3 (silver source), deionized 

water, heat 

M: TRACI v2.1 

S: SimaPro 8.1 
[53] 

CR-SB 
NaBH4 (reducing agent), AgNO3 

(silver source), deionized water, heat 

M: TRACI v2.1 

S: SimaPro 8.1 
[53] 

CR-EG 

ethylene glycol (reducing agent), 

poly n-vinylpyrrolidone (stabilizing 

agent), AgNO3 (silver source), 

deionized water 

M: TRACI v2.1 

S: SimaPro 8.1 
[53] 

CR-starch 

soluble starch (reducing agent), 

AgNO3 (silver source), deionized 

water, heat 

M: TRACI v2.1 

S: SimaPro 8.1 
[53] 

P
h

y
si

ca
l 

M
et

h
o

d
s 

Flame Spray 

Pyrolysis  

(Table A6-

A8) 

FSP-MS 

oxygen, methane, water, silver-

octanoate (silver source), 2-

ethylhexanoic acid (C8H16O2), 

xylene, electricity 

M: ReCiPe, CED 

S: Simple Treat 

3.0 

[58] 

Arc Plasma 

(Table A9-

A13) 

AP 
argon, Ag(s) (silver source), 

electricity 

M: TRACI v2.1 

S: SimaPro 8.1 
[53] 

AP-UDE1 
nitrogen, Ag(s) (silver source), 

electricity 

M: IMPACT 

2002+ 

S: SimaPro 7.3 

[59] 

AP-UDE2 
nitrogen, Ag(s) (silver source), 

electricity 

M: IMPACT 

2002+ 

S: SimaPro 7.3 

[59] 

AP-UDE3 
nitrogen, Ag(s) (silver source), 

electricity 

M: IMPACT 

2002+ 

S: SimaPro 7.3 

[59] 

AP-MNL 
nitrogen, Ag(s) (silver source), 

electricity 

M: IMPACT 

2002+ 

S: SimaPro 7.3 

[59] 

Spark system 

(Table A14) 
Spark-TUD 

argon, Ag(s) (silver source), 

electricity 

M: IMPACT 

2002+ 

S: SimaPro 7.3 

[59] 

Reactive 

Magnetron 

Sputtering  

(Table A16) 

RMS-Ar-N 
argon, nitrogen gas, Ag(s) (silver 

source), electricity 

M: TRACI v2.1 

S: SimaPro 8.1 
[53] 
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Even though there are more LCA studies on AgNPs enabled products found as a result of 

the literature survey, either the inventories or the conditions of manufacturing AgNPs were not 

detailed [30, 31, 36, 56]. Therefore, they are excluded from the scope of this study which 

resulted in evaluation of six different AgNPs synthesis procedures overall. As presented in Table 

2, Bafana et al. [28] and Pourzahedi and Eckelman [53] used TRACI 2.1, Walser et al. [58] used 

ReCiPe, and Slotte and Zevenhoven [59] used IMPACT 2002+ methodology to report LCA 

results for manufacturing 1 kg AgNPs with different synthesis methods (for reference, impact 

categories of each methodology are presented in Table A17). Due to these inconsistencies among 

reporting schemes, cradle-togate LCAs for six different methods (with thirteen different 

approaches) are performed in the current study in order to report LCA results on the same basis. 

 

2.3.3. Industrial scale production 

Due to the lack of inventories for large scale ENMs production, predicting potential 

environmental impacts for industrial scale manufacturing currently relies on theoretical 

frameworks such as translation of laboratory methods to large scale processes (e.g. switching 

from heating plates to batch reactors) [70]. Since there is not any advanced material use among 

the considered inventories in the present study, scaling up for AgNPs production is assumed to 

be contribute to a reduction of the environmental impacts. Piccinno et al. indicated that savings 

on material and energy by a factor of up to 6.5 per one kg of ENM can be achieved via industrial 

scale manufacturing [75]. Wu et al. used simplified scaling up factors (SF) in accordance with 

Piccinno et al. as 2, 4 and 6 [72, 75]. Given that the level of impact reduction due to industrial 

scale manufacturing (i.e. increased resource efficiency and lower energy consumption compared 

to laboratory scale synthesis) is not clearly known, using several scaling up factors to project the 
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potential environmental impacts is helpful. Therefore, the approach applied by Wu et al. is used 

herein and the results are computed to model the future environmental impacts of manufacturing 

AgNPs [72]. Additionally, uncertainty analysis for each of the thirteen-synthesis method is 

conducted using Monte Carlo simulations in SimaPro 8.5.2 in order to estimate the highest and 

the lowest bounds of environmental impacts. For this evaluation, 95% confidence interval is 

selected, and analysis is run for 1000 times (Table A18). 

As previously mentioned, physical methods are preferred by 43% and chemical methods 

are preferred by 42% of manufacturers for synthesizing metallic nanoparticles in large scales 

[51]. Taking into account these percentages and highest and lowest bounds of impacts for each 

synthesis method, different combinations are created to derive an industry technology mix, and 

potential environmental impacts of manufacturing AgNPs are projected accordingly. 

𝐴𝑔𝑁𝑃𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑦𝑒𝑎𝑟 ∗ ∑ [(

𝐼𝐶𝑚𝑖𝑛𝑖 + 𝐼𝐶𝑚𝑒𝑑𝑖 + 𝐼𝐶𝑚𝑎𝑥𝑖
3 ∗ 0.42) + (

𝐼𝐶𝑚𝑖𝑛𝑗 + 𝐼𝐶𝑚𝑒𝑑𝑗 + 𝐼𝐶𝑚𝑎𝑥𝑗
3 ∗ 0.43)]

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑
    (2.1) 

Eqn (2.1) is used to calculate different combinations of technology mixes for laboratory 

scale results, where i represents the type of chemical method (five in total), j represents the type 

of physical method (eight in total) and ICmin, ICmed and ICmax indicate potential environmental 

impact category results obtained from Monte Carlo simulations. This equation is used for all 

TRACI 2.1. and CED impact categories. Furthermore, scaling up is performed by dividing the 

characterization results by the selected factors, and plugging into eqn (2.1). Details on 

calculations are included in the Appendix A (Table A19-A21). 

 

2.3.4. Prediction of sectoral emissions 

In order to predict sectoral emissions due to manufacturing AgNPs, industries where the 

majority of AgNPs are used are identified. Figure 6 is a compilation of various studies where 
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disaggregated global AgNPs production per industries are presented. Although the proportions of 

sectors are not consistent among literature, AgNPs market is still emerging and their utilization 

may differ between geographies, which make these variations reasonable. 

 

 

Figure 6. Industry-based estimations for AgNPs-enabled consumer products compiled from the 

literature [5, 40, 44, 84–87]. 

 

Keller et al. provided a global framework by distributing the total annual production of 

AgNPs among their largest consumers as medical (31%); coating, paints and pigments (23%); 

textiles (17%); cosmetics (16%); packaging (8%) and consumer electronics and optics (5%) 

industries [5]. Other references cited in Figure 6 used surveys [84], simulations [44, 85] or 

commercial reports [40, 86, 87] to provide industrial shares. Since Keller et al. categorized 

industries assuming maximum AgNPs production by mass (e.g. 141 tons of AgNPs used for the 

medical industry when the total AgNPs production was 452 tons) rather than the number of 



 

 

30 

 

commercial products in the market, further calculations on industry-based projections are created 

based on this reference [5]. 

 Each industry may require different synthesis methods in order to have certain 

morphologies or surface chemistries of AgNPs to be incorporated to their products. The 

synthesis methods considered in this study and their industrial uses are tabulated along with 

synthesis yield, size range and surface area of the AgNPs synthesized, known applications and 

references in Table A22. In summary, the textile industry mostly uses CR, FSP-MS, AP and 

Spark; electronics and optics industry uses AP and RMS-Ar-N; cosmetics industry uses MW and 

medical industry uses MW, CR and RMS-Ar-N methods to make AgNPs in order to be 

incorporated to their products. There are not any designated AgNPs synthesis methods found for 

coatings, paints and pigments and packaging industries. Eqn (2.2) gives industry-based annual 

GWP for skeptical production estimations in tons CO2-eq./year, where industrial proportions are 

extracted from Keller et al. [5], i represents the respective AgNPs synthesis method used for that 

industry and n represents the number of methods applied for that industry. This equation is used 

for calculating impacts of all TRACI 2.1 potential environmental impact categories with 

skeptical and optimistic estimations. 

∑
𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑠 ∗

𝑠𝑘𝑒𝑝𝑡𝑖𝑐𝑎𝑙 𝐴𝑔𝑁𝑃𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑦𝑒𝑎𝑟

𝑛
∗ 𝐺𝑊𝑃𝑖 (𝑖𝑛 

𝑘𝑔 𝐶𝑂2 − 𝑒𝑞.

𝑘𝑔 𝐴𝑔𝑁𝑃𝑠
 )

𝑛

𝑖

              (2.2) 

If there are not any specific methods reported per industrial use, all of the thirteen 

methods are included in the analysis, which is the case for coatings, paints and pigments and 

packaging industries only. AgNPs synthesis methods are considered as equally preferable and 

estimated global impacts are calculated by using Laplace criterion. Laplace criterion is a method 

that treats different options as equally likely, if the likelihoods of these options are not known 
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[88]. Besides calculating the global impact projections based on LCA results obtained in the 

current study, large scale global impacts per sectors are also calculated by using the 

aforementioned scaling up approach. 

 

2.4. Results and discussion 

2.4.1 Life cycle impact assessment comparison 

Evaluation of the different synthesis routes is performed, and characterization results are 

presented in Figure 7, by involving the impact categories from TRACI 2.1 and CED (results are 

provided in Tables A23-A24). Given that CR and AP methods are included along with different 

inventories (e.g. CR-TSC, CR-SB; AP-UDE, AP-MNL etc.) in the present study, average results 

are presented for each general technique, which result in the assessment of six different groups. 

Error bars on both CR and AP represent standard deviations of impacts resulting from the 

inclusion of different inventories. Since there are single inventories considered for MW, FSP-

MS, Spark and RMS-Ar-N methods, they do not have error bars. Based on a mass-based 

functional unit, the environmental impacts of synthesis methods follow the general trend of 

RMS-Ar-N < MW < AP < CR < Spark < FSP-MS with some exceptions discussed herein (Table 

A28). 

Considering the wet chemistry methods, microwave synthesis does not express higher 

impacts in any of the potential environmental impact categories except ODP and AP, compared 

to CR. The higher impacts in these two categories are mainly due to the electricity consumption 

during microwave utilization. Since chemical reduction methods require several chemicals as 

reducing and stabilizing agents, they increase life cycle environmental impacts of manufacturing. 

Among CR methods, CR-SB is found to be the least environmentally impactful route due to 
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showing the lowest impacts for all impact categories considered. Furthermore, CR-starch has the 

highest impacts across AP, EP, HHNCP and ETP. According to Pourzahedi and Eckelman the 

reason that this method has the greatest contribution in these categories is the use of 

trichloromethane in pesticides and the use of fertilizers for potatoes to manufacture starch [38]. 

In terms of GWP and ODP, CR-TSC has the largest impact since the synthesis is performed at 

high temperatures for heating which results in higher emissions. With regard to FFP, SP, HHCP, 

RP and CED, CR-EG performs the highest impact due to the use of a fossil-fuel based raw 

materials [53]. Midpoint LCA results for AgNPs production with wet chemistry methods are 

presented in Figure A1 in order to provide details on process contributions. 

  



 

 

33 

 

 

Figure 7. Environmental impacts of multiple synthesis routes for 1 kg AgNPs, using multiple 

impact categories as A) ODP, B) GWP, C) SP, D) AP, E) EP, F) HHCP, G) HHNCP, H) RP, I) 

ETP, J) FFP and K) CED. 
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 Taking into account the physical chemistry methods, RMS-Ar-N has the lowest 

environmental impact across all impact categories due to low amount of chemicals and 

electricity inputs associated with synthesis. While material and energy inputs of AP and Spark 

methods are similar, their life cycle impacts differ due to varied energy delivery techniques. In 

general, AP performs lower environmental performance than spark method. Spark method does 

not express the highest impact in any category except ODP, which may be attributed to its 

relatively low material requirement. The higher impact in ODP is due to the high amount of 

electricity need to supply the energy with varying frequencies to the spark system. Among AP 

methods, while AP-UDE3 has the highest environmental impacts in all categories except ETP 

and HHCP resulting from the silver acquisition process, AP is found to be the least 

environmentally impactful method by having least impacts on every impact category. Finally, 

FSP-MS has the highest impacts across all potential environmental impact categories with the 

exception of ODP. These relatively high impacts are largely due to the use of silver-octanoate as 

a precursor because 1.7 kg of silver is needed to produce 1 kg of silver-octanoate. Details on 

process contributions to produce 1 kg of AgNPs with physical chemistry methods are presented 

in Figure A2. 

 

2.4.2. Implications of scaling up 

Considering the skeptical and optimistic AgNPs production estimations from 2018 to 

2025 and using eqn (2.1), annual environmental impacts based on TRACI 2.1. and CED are 

projected. Global overall predicted CO2-eq. emissions due to AgNPs manufacturing in 2018 is 

calculated as 1.20E+05 ± 2.88E+04 tons CO2-eq. for skeptical estimations, and 3.03E+05 ± 

7.26E+04 tons CO2-eq. for optimistic estimations, before implementing scale-up approach. 
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Literature suggest that scaling up the manufacturing process from laboratory scale to industrial 

scale helps to save considerable amount of materials and energy, and therefore contributes to 

sustainable production and resource conservation concepts [72, 73, 75, 89, 90]. With the 

assumed scaling up factors, 1.52E+04 – 7.44E+04 tons of CO2-eq. is emitted as a result of 

AgNPs production in 2018, and these are projected to increase more than 2.5 times until 2025. 

According to Gilbertson et al., primary life cycle impact indicators of interest due to raw 

materials acquisition and manufacturing phases of AgNPs are GWP and FFP [12]. Therefore, 

only GWP (tons CO2-eq./year) and FFP (MJ surplus energy/year) are presented in Figure 8, 

while projected impact results for all impact categories are included in the Appendix A (Figures 

A3-A13 and Tables A29-A39). 
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Figure 8. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for A) GWP (tons CO2-eq./year) with skeptical B) GWP (tons 

CO2-eq./year) with optimistic C) FFP (MJ surplus energy/year) with skeptical, D) FFP (MJ 

surplus energy/year) with optimistic production volumes. Error bars represent 95% confidence 

intervals for the uncertainties modeled by Monte Carlo simulations. 

 

 In order to compare these numbers with industrial analogies, aluminum production 

industry is selected. According to the US Greenhouse Gas Inventory, the US aluminum 
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production industry emitted 1.30E+06 of tons of CO2-eq. emissions in 2016 [91]. With respect to 

AgNPs, the CO2-eq. emissions of laboratory scale synthesis for optimistic estimations accounts 

for 29% of the emissions resulting from the US aluminum production industry. Despite industrial 

scale processes offering lower materials and energy consumption, the amount of emissions 

generated is still significant and needs further optimization. 

 

2.4.3. Sectoral environmental impacts 

In order to project the environmental performance of the sectors where AgNPs are used 

the most, Sankey diagrams are developed for each impact category to better illustrate the follows 

of impact. Figure 9 shows sectoral GWP (in tons CO2-eq.) and FFP (in MJ surplus energy) per 

laboratory scale (Figure 9A, B, E, F) and large-scale manufacturing (Figure 9C, D, G, H) of 

AgNPs. SF = 6 is included in the figure as it shows the highest factor considered and thus 

resulting in the lowest environmental impact. Sankey diagrams for the remainder of the 

environmental impact categories are included in the Appendix A (Figures A14-A24) along with 

example calculations and additional explanations. 

 As some synthesis methods are more environmentally impactful than others, industry-

based impacts are not exactly proportional with the industrial shares and each environmental 

impact category has a different trend. Accordingly, the proportions of impacts are different for 

each industry. As presented in Figure 9, although the industrial proportions of medical and 

coating industries vary 8%, their GWPs differ 5% and FFPs differ 10%. One interesting finding 

was that ODP resulting from the medical industry is 13% lower than the coating industry, even 

though the share of medical industry is higher than the coating industry. Furthermore, although 

textiles and cosmetics have similar industrial shares (i.e. the difference is 1%), the difference 
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between their GWPs is 41%, and FFP is 46%. The variation of the potential environmental 

impacts of textiles and cosmetics industries is ranging from 32 to 39% for all impact categories 

except HHCP, which is found as 11%. A drastic change is observed between packaging and 

electronics and optics industries. There is a 3% difference in the shares of these two sectors; 

however, GWP resulting from packaging industry is 94% higher than electronics and optics 

industry, and the rest of the impact categories differ by 29–66%.  
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Figure 9. Sankey diagrams for industry-based emissions in 2018 A) GWP with skeptical 

estimations and laboratory scale, B) GWP with optimistic estimations and laboratory scale, C) 

GWP with skeptical estimations and SF = 6, D) GWP with optimistic estimations and SF = 6, E) 

FFP with skeptical estimations and laboratory scale, F) FFP with optimistic estimations and 

laboratory scale, G) FFP with skeptical estimations and SF = 6, and H) FFP with optimistic 

estimations and SF = 6. 
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Currently, there is not a clear consensus on the AgNPs synthesis methods for specific 

industries [92, 93]. Meanwhile, it was shown that synthesis methods of AgNPs directly affect the 

environmental implications of nano-enabled products [36, 38]. The results from the current study 

suggest that the life cycle impacts of ENMs manufacturing is a factor of desired product 

application. These diagrams may be used as initial models which quantify and disaggregate the 

cradle-to-gate environmental impacts associated with the manufacturing of AgNPs for different 

industries. Moreover, they contribute to monitoring industrial emissions of AgNPs, which then 

may be combined with the release patterns to present cradle-to-grave environmental impacts and 

create broader evaluations. 

 

2.5. Conclusions 

As supported by commercial market reports and scientific literature, AgNP production is 

forecasted to increase in the coming decades. On a mass basis, FSP-MS is found to be the most 

environmentally impactful method, while RMS-Ar-N is found to be the least impactful route. 

This work suggests that the synthesis method utilized for the AgNP has potentially to greatly 

influence the global environmental impact of the future production of this ENM. Besides 

laboratory scale LCA results, the environmental impact of industrial scale manufacturing is 

projected by using simplified scale-up factors. Results showed that scaling up approach helps 

reducing up to 90% of environmental emissions. Although a significant decrease in the 

environmental impact is identified by large scale synthesis, several other factors such as the cost, 

product quality, required equipment etc. are also needed to be considered for a holistic 

sustainability assessment and process optimization. Additionally, disaggregated global 

projections are created based on different industrial applications. It is found that industry-based 
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impacts are not exactly proportional with their popularities since industries prefer to use different 

method combinations to achieve desired AgNPs characteristics. ENMs also confer additional 

benefits depending on the properties, such as less frequent laundering of textiles due to their 

antibacterial properties or rapid wound healing due to bandages. Future work should investigate 

the environmental and health benefits of AgNPs in different applications and provide guidance 

as to the anticipated environmental tradeoffs of new AgNPs incorporated consumer products. 

Finally, it is important to note that, although LCAs can pinpoint the hotspots for the overall 

system, most of the literature excluded the nano-specific impacts from the release and exposure 

phases of nano-enabled products. This is mainly due to the lack of ENMs specific 

characterization factors as well as various ENMs speciation and particle formation patterns. In 

order to improve future LCAs and model cradle-to-grave impacts, development of nano-specific 

characterization factors is critical. 
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3.1. Abstract 

3.1.1. Purpose 

Carbon nanotubes (CNTs) are well known for their mechanical resistance, durability and 

flexibility, which make them preferable for a wide variety of applications. The global production 

volume of CNTs is expected to reach 7,000 tons by 2025. This work performs cradle-to-gate life 

cycle assessments (LCAs) of industrially preferred single- and multi-walled CNTs synthesis 

processes. The aim is to evaluate global environmental impacts associated with raw materials 

acquisition and manufacturing and identify hotspots in CNTs production. 

 

3.1.2. Methods 

Eight single-walled and seven multi-walled CNTs synthesis processes are evaluated using 

LCA. A mass based functional unit is selected as 1 kilogram of CNTs produced, and LCAs are 

conducted using SimaPro 8.5.2 Software with Tool for Reduction and Assessment of Chemicals 

and Other Environmental Impacts (TRACI 2.1) and Cumulative Energy Demand (CED) impact 

categories. It is expected that industrial scale production provides significant material and energy 

savings as well as reduces environmental impacts per unit mass of the product, due to the use of 

efficient equipment and recycling of reagents. Therefore, hypothetical scaling up scenarios are 

applied in order to estimate associated impacts. Lastly, industry-based impact projections are 

developed for industries where the majority of CNTs are used using the Laplace criterion. 

 

3.1.3. Results and discussion 

The results showed that chemical vapor deposition is the most impactful route for 

manufacturing single- and multi-walled CNTs. Whereas, high pressure carbon monoxide route 
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for producing single-walled CNTs, and arc discharge route for manufacturing multi-walled 

CNTs are found to be the least environmentally impactful techniques among different processes 

considered. Results indicate that the preference of synthesis process dominates the overall 

environmental cost of the CNTs as well as CNTs-enabled products. Additionally, using different 

scaling up scenarios, it is projected that the environmental emissions associated with producing 

CNTs may be reduced up to 88% globally. As industries use particular routes to synthesize the 

CNTs to be embedded in their products, it is found that the sectoral environmental impacts are 

not proportional with the industrial shares.  

 

3.1.4.Conclusions 

CNTs offer technological advances to conventional products (i.e. heated jacket). 

However, thinking from a global scale, manufacturing CNTs has significant environmental 

impacts. This study provides segmented impact projections for industries, which then may be 

used to inform sectoral cradle-to-grave environmental impacts as a function of manufacturing 

processes. Based on the desired characteristics of produced CNTs (e.g. diameter, surface area), 

manufacturing CNTs with environmentally responsible production routes may help decreasing 

global environmental impacts significantly. 
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3.2. Introduction 

Carbon nanotubes (CNTs) are one of the top produced engineered nanomaterials (ENM) 

with more than a 26% market share of the overall nanomaterials industry [11]. CNTs are strong, 

light, efficient, flexible, wearable; and have high thermal and electronic conductivity, high 

density and large surface area [94–97]. Due to their electrical, thermal and mechanical 

properties, CNTs are used in the supercapacitors, photovoltaic devices, transparent and electrical 

electrodes, lithium ion batteries, computer and memory chips, conducting composites/films, 

organic light-emitting diodes, food packaging materials, drug delivery systems, energy and 

hydrogen storage, scanning probes and different types of sensors, among other applications [5, 

94, 97–99]. Figure 10 presents the forecasted global CNT production volumes and potential 

demand in tons, based on multiple studies [1, 45, 100–103] and commercial reports [104–106]. 

Although there is a great diversity among the estimations, the production volume is indicated to 

increase overall. This growing trend is supported by different market reports as well, where the 

market size of CNTs industry was valued $1 billion in 2014, $3.95 billion in 2017, $4.55 billion 

in 2018 and it is expected to reach $9.84 billion by 2023 and $15.02 billion by 2026 [107–110]. 

Besides the global mass production, the number of patents issued by the United States Patent and 

Trademark Office (USPTO) may be a good indicator for the growth rate of CNTs. Figure B1 in 

Appendix B presents both the number of patents issued per year and a cumulative number of 

patents issued until 2019. The first patent was issued in 1999 and the number of patents has been 

increasing drastically since then (cumulative number was 2,957 in 2019) [111]. 
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Figure 10. Global market (in tons) for carbon nanotubes (CNTs) where diamond markers 

indicate pessimistic estimations, circle markers indicate single estimations, triangle markers 

indicate optimistic estimations and error bars indicate the potential range for the respective 

estimation [1, 45, 100–106]. 

 

Although production quantities of CNTs is given on a mass basis without a distinction 

between single-walled (SW-) or multi-walled (MW-) in Figure 10, Borm et al. predicted the 

proportion as 20% SWCNTs and 80% MWCNTs [112]. Findings from Pulidindi and Pandey 

[113] and Ghaffarzadeh [114] also support this share by indicating that MWCNTs are the 

dominant form in the market. 

MWCNTs and SWCNTs can be synthesized using a wide variety of vapor phase 

techniques including chemical vapor deposition (CVD), arc process (AP), laser vaporization 

(LV), high-pressure carbon monoxide reaction (HiPCO),  cobalt-molybdenum catalytic process 
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(CoMoCat) and flame synthesis among others [51, 115–117]. It should be noted that 

manufacturing of SWCNTs is more difficult, environmentally impactful and expensive 

compared to MWCNTs due to requiring an additional purification step in order to achieve high 

yields [96, 114, 115, 118]. There are several routes for purification such as oxidation, acid 

treatment, annealing, sonication and filtering chemical functionalization [94]. For reference, 

Roes et al. found that the energy used to produce MWCNTs are approximately 10% of the 

energy used to produce SWCNTs [119].  

The environmental impacts of CNTs-enabled products as well as manufacturing CNTs 

have been previously investigated using life cycle assessment (LCA). LCA is a tool to evaluate 

environmental performances of products throughout their life cycle by quantifying all inputs, 

outputs and associated wastes for the four stages of life including raw materials acquisition, 

manufacturing, use and end of life [15]. Various scopes, system boundaries and methods have 

been used among the LCA literature, which challenges having a standardized information to 

interpret and compare the impact assessment results. As a result of the preliminary literature 

review on previously applied LCAs for CNTs enabled products and/or manufacturing CNTs, 28 

studies are identified in total, in which the majority of them involved SWCNTs (16 out of 28). It 

is also found that various impact assessment methods were used including CED, CML 2001, 

EPS 2000, Eco Indicator 99, TRACI, ReCiPe, IPCC and NREL. The system boundaries 

considered dominantly consisted of cradle-to-gate scopes (20 out of 28). Finally, in terms of 

scale, 22 studies were based on laboratory scale research, 1 was based on small-scale production, 

2 were based on pilot-scale production and 3 were based on large-scale production. A 

comprehensive table that includes detailed information may be found in Appendix B as Table 

B1. 
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Rapid development of the CNTs sector has encouraged industries to scale up current 

production to achieve more efficient results such as lower costs, lower impacts on the 

environment and higher synthesis yields [103, 120–122]. Laboratory scale LCA results may help 

comparing different alternatives used for the same purpose and also identifying the energy and 

material intensive processes [123]. However, they may not be representative for large scale 

synthesis because laboratory scale experiments are not in a form of continuous flow and are 

independent [70, 71, 124]. For instance, Gavankar et al. stated that scaling up the manufacturing 

process of SWCNTs from small scale to large scale could reduce up to 94% of the cradle-to-gate 

impacts due to the profitability of recycled feedstock [77]. Another study suggested that, scaling 

up the production process from grams/kilograms to tons may decrease the energy consumption 

by 1-2 orders of magnitude [125]. Research argued that, due to the lack of actual empirical data 

to create inventories for industrial scale production, utilization of theoretical scaling up factors 

and linearly extrapolating the results is the current strategy among literature [71, 72, 126].  

The goal of this study is to project the cradle-to-gate global environmental impacts of 

producing CNTs (both for SWCNT and MWCNT) with multiple synthesis processes using LCA. 

Detailed environmental assessments of different synthesis processes are presented in order to 

investigate the trends of impacts and to identify hotspots. Given the forecasted increase in CNTs 

mass production, analyzing environmental impacts resulting from the large scale manufacturing 

would be more appropriate. Therefore, global environmental impacts of large scale production 

are also projected using different scaling up scenarios, and environmental impact savings are 

calculated accordingly. Finally, by using industry-based estimations, sectoral global 

environmental impacts resulting from industries that use CNTs are also projected. The results 
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help to quantify the future environmental impacts associated with manufacturing CNTs (with a 

disaggregation of SWCNTs and MWCNTs) at a global scale.  

 

3.3. Materials and methods 

3.3.1. Goal and scope definition 

In the current study, eight different SWCNTs and seven different MWCNTs synthesis 

processes are evaluated using attributional LCA with a cradle-to-gate system boundary. 

Environmental impacts are modeled using the SimaPro 8.5.2 software with Ecoinvent 3 and 

USLCI (U.S. Life Cycle Inventory) databases. TRACI 2.1 (tool for the reduction and assessment 

of chemical and other environmental impacts) and Cumulative Energy Demand (CED) are used 

as impact assessment methods. Impact categories, along with their units and abbreviations based 

on TRACI 2.1 are ozone depletion (OD in kg CFC11-eq.), global warming (GW in kg CO2-eq.), 

smog (PS in kg O3-eq.), acidification (AC in kg SO2-eq.), eutrophication (EU in kg N-eq.), 

carcinogenics (HHC in CTUh), non-carcinogenics (HHNC in CTUh), respiratory effects (RE in 

kg PM2.5-eq.), ecotoxicity (EC in CTUe), and fossil fuel depletion (FF in MJ surplus energy). 

The functional unit, in other words a reference unit which helps quantifying performance of a 

system, is selected as 1 kilogram (kg) of CNT (single-walled or multi-walled) produced. The 

selected functional unit is compatible with the global production estimates and will be used to 

project future global environmental impacts of manufacturing CNTs. System boundaries 

considered in this study are presented in Figure 11, where solid lines indicate included processes 

and dashed lines indicate excluded processes. 
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Figure 11. System boundaries considered in the current study. 

 

According to Upadhyayula et al., there are several uncertainties regarding the use and 

end-of-life phases of CNT incorporated products [99]. These include unknown environmental 

burdens and potential consequences of exposure and toxicity, and unclear fate and transport 

patterns. In order to quantify direct (i.e. nano-specific) impacts resulting from CNTs release, 

several studies calculated ecotoxicity and human health characterization factors (CF). For 

freshwater ecotoxicity impacts, Eckelman et al. found a CF range of 3.7×103 – 2.9×104 CTUe/kg 

SWCNT [127]; Rodriguez-Garcia et al. shared CFs of 1.2×10-1 CTUe/kg SWCNT and 7.4×102 

CTUe/kg MWCNT [128]; Deng et al. calculated a CF of 6.78×104 CTUe/kg CNT [26]; and 

Garvey et al. reported a CF range of 2.6×103 – 4.1×104 CTUe/kg SWCNT [69]. For human 

health non-cancer impacts, Rodriguez-Garcia et al. found CFs of 2.4×10-4 CTUh/kg SWCNT and 

1.67×10-3 CTUh/kg MWCNT [128]. Eckelman et al. further suggested that the ecotoxicity 
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impacts of producing CNTs are significantly higher than the impacts resulting from their release 

[127]. CNTs also have very low solubility and they rapidly reach to the sediment phase after 

release, which decreases the exposure time for freshwater organisms [129, 130]. Therefore, 

during the use and end-of-life, their impacts on the environment are probably relatively low 

compared to raw materials acquisition and production stages. With regard to cradle-to-grave 

impacts of CNTs-enabled products, Parsons et al. conducted a contribution analysis where the 

percentage contribution of CNT synthesis on the total impact of a product was reported as more 

than 92% in all environmental impact categories [131]. Moreover, cradle-to-gate studies are 

useful to investigate hotspots of the production processes and can be used in LCAs that are 

conducted for specific products containing the CNTs [132]. These considerations make the 

system boundaries selected in the current study acceptable. Further discussion about direct and 

indirect impacts are included in the subsequent sections. 

 

3.3.2. Synthesis procedures 

In order to collect different inventories for CNTs production processes, a comprehensive 

literature survey is conducted by using an academic search engine, Web of Science Core 

Collection, by searching combinations of key terms including carbon nanotube, CNTs, 

SWCNTs, MWCNTs, sustainability, life cycle assessment, environmental impact assessment and 

CNTs-enabled. From this search, eleven studies were selected for inclusion in the current study 

because they either provided the inventories in different scales or disclosed the synthesis 

conditions for producing SWCNTs/MWCNTs. Table 3 (for SWCNTs) and Table 4 (for 

MWCNTs) provide summaries of the considered processes, where scale, input parameters, 

reactor type, batch size, purity and yield information are specified for each in order to distinguish 
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different inventories of the same route. Inventories for these processes can be found in the 

Appendix B (Tables B2-B17).  

As mentioned, only studies that shared their inventories and process conditions to 

synthesize CNTs are considered, which resulted evaluation of five different processes including 

CVD, HiPCO, CoMoCat, AP and LV. Due to the utilization of varying impact methods (e.g. 

ReCiPe, TRACI, CML, CED) by the previously published LCAs as presented in Table 3 and 

Table 4, the environmental impact categories of these studies are inconsistent (for reference, 

impact categories of each method are presented in Table B18). In order to report the results on 

the same basis, data from these five studies were used to conduct five cradle-to-gate LCAs (with 

fifteen separate routes) in the current study.
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Table 3. Summary of SWCNTs (S-) synthesis processes used in the current study. 

 
Process Abbreviation Scale LCA Method Input parameters Reactor Type Batch size Puritya/ Yieldb LCI source 

Chemical Vapor 

Deposition 

S-CVD1 

(Table B2) 
Laboratory N/A 

Feedstock: CH4 

Catalysts: NH4
+, Mg, Co, citric 

acid 

Carrier gas: H2, Ar 

Temperature: 1000°C 

two furnaces with a quartz 

tube passing through them 
8 mg/h 

Purity: 90%  

Yield: 2.95% 

(optimized 20%) 

[100] 

S-CVD2 

(Table B3) 
Laboratory 

CED and CML 

2001 

Feedstock: C2H2 

Catalysts: Ni 

Carrier gas: H2, Ar 

Temperature: 400-600°C 

thermal reactor (CNTs are 

directly produced on a 

substrate surface with three 

metal layers) 

N/A 
Purity: N/A 

Yield: 20% 
[98, 133] 

High-Pressure 

Carbon 

Monoxide 

Reaction 

S-HiPCO1 

(Table B4) 
Laboratory N/A 

Feedstock: CO 

Catalysts: Fe(CO)5, CO 

Carrier gas: Ar 

Temperature: 900-1100°C 

customized vessel (quartz 

tube in an aluminum 

cylinder surrounded by an 

electrical heating element) 

0.45 g/h 

Purity: 90%  

Yield: 0.08% 

(optimized 46%) 

[100] 

S-HiPCO2* 

(Table B5) 
Large 

TRACI 

(unspecified 

version) 

Feedstock: CO 

Catalysts: Fe(CO)5, CO 

Carrier gas: - 

Temperature: 1000-1200°C 

high pressure plug-flow 

reactor  
595 kg/h 

Purity: 97%  

Yield: 90% 
[133, 134] 

Cobalt-

Molybdenum 

Catalytic 

Process 

S-CoMoCat1 

(Table B6) 
Laboratory TRACI 2.1 

Feedstock: CO 

Catalysts: Co-Mo 

Carrier gas: -  

Temperature: 700-950°C 

fluidized bed catalytic 

reactor 
N/A 

Purity: sufficient 

Yield: 28% 
[135] 

S-CoMoCat2* 

(Table B7) 
Large 

TRACI 

(unspecified 

version) 

Feedstock: CO 

Catalysts: Co-Mo 

Carrier gas: - 

Temperature: 700-950°C 

fluidized bed catalytic 

reactor 
595 kg/h 

Purity: 97%  

Yield: 80% 
[133, 134] 

Arc Process 
S-AP 

(Table B8) 
Laboratory N/A 

Feedstock: graphite  

Catalysts: Fe, Y, S, C powder 

Carrier gas: He 

Temperature: N/A 

water cooled cylindrical 

stainless-steel chamber 

with graphite rods 

34 mg/h 

Purity: 70%  

Yield: 4.5% 

(optimized 20%) 

[100] 

Laser 

Vaporization 

S-LV 

(Table B9) 
Laboratory CED 

Feedstock: graphite  

Catalysts: Co, Ni 

Carrier gas: Ar 

Temperature: 1150°C 

one zone high temperature 

furnace 
100 mg/h 

Purity: 30%  

Yield: N/A 
[136] 

a Purity represents the percentage of SWCNTs extracted from the final product as a result of synthesis process.  

b Yield represents the ratio of the final product to the total amount of carbon entering the process (i.e. feedstock).  

N/A: not specified.
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Table 4. Summary of MWCNTs (M-) synthesis processes used in the current study. 

Process Abbreviation Scale LCA Method Input parameters Reactor Type Batch size Puritya/ Yieldb LCI source 

Chemical 

Vapor 

Deposition 

M-CVD1 

(Table B10) 
Laboratory 

synthesis paper, 

not an LCA study 

Feedstock: C2H2 

Catalysts: LaCoO3 

Carrier gas: N2 

Temperature: 675-700°C 

fluidized bed catalytic 

reactor 
22 g/h 

Purity: 96% 

Yield: N/A 
[137] 

M-CVD2 

(Table B11) 
Laboratory 

synthesis paper, 

not an LCA study 

Feedstock: C2H2 

Catalysts: Fe2O3/MgO 

Carrier gas: Ar 

Temperature: 500-650°C 

fluidized bed (quartz glass 

tube and vertical furnace) 
62.5 mg/h 

Purity: N/A 

Yield: up to 35% 
[138] 

M-CVD3 

(Table B13) 
Laboratory 

ReCiPe 

(unspecified 

version) 

Feedstock: Toluene 

Catalysts: Ferrocene 

Carrier gas: Ar 

Temperature: 790°C 

horizontal three zone tube 

furnace 
20 mg/h 

Purity: 99% 

Yield: 50% 
[139] 

M-CVD4 

(Table B14) 
Laboratory ReCiPe (H) 

Feedstock: Camphor 

Catalysts: Ferrocene 

Carrier gas: N2 

Temperature: 850°C 

thermal reactor (horizontal 

quartz tube housed in a 

three-zone cylindrical 

furnace) 

0.625 g/h 
Purity: 87.6% 

Yield: 5-7% 
[140] 

M-CVD5 

(Table B15) 
Laboratory ReCiPe (H) 

Feedstock: C2H2 

Catalysts: Fe2O3/zeolite 

Carrier gas: N2 

Temperature: 700°C 

thermal reactor (horizontal 

quartz tube housed in a 

three-zone cylindrical 

furnace) 

0.9 g/h 
Purity: 92.8% 

Yield: >50% 
[140] 

M-CVD6* 

(Table B16) 
Large 

synthesis paper, 

not an LCA study 

Feedstock: C6H6 

Catalysts: Ferrocene 

Carrier gas: H2 

Temperature: 1200°C 

horizontal 

tubular reactor made of 

quartz tube 

20 g/h 
Purity: N/A 

Yield: 86% 
[141] 

Arc Process 
M-AP 

(Table B17) 
Laboratory 

synthesis paper, 

not an LCA study 

Feedstock: graphite  

Catalysts: - 

Carrier gas: N2 

Temperature: N/A 

liquid-nitrogen reaction 

chamber 
82 g/h 

Purity: high 

Yield: high 
[142] 

a Purity represents the percentage of SWCNTs extracted from the final product as a result of synthesis process.  

b Yield represents the ratio of the final product to the total amount of carbon entering the process (i.e. feedstock). 

N/A: not specified.
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3.3.3. Impact projections for large scale manufacturing 

Full market scale production data on emerging technologies (e.g. CNTs), because of 

being fairly new, are not widely available [143]. Shibasaki et al. indicated that developing a large 

scale production plant starts with laboratory scale experiments and involves creating scenarios 

for pilot scale, which is the highest level of development phase [90]. Given that the level of 

environmental impact reduction cannot be known without conducting an LCA using actual 

empirical data for large scale production, in the current study, three different scaling up scenarios 

are implemented to project a potential range of impacts. Authors recognize that modeling each 

synthesis route based on its technical parameters would be more robust; however, it requires 

technology expertise from the actual manufacturers [144]. Therefore, hypothetical scale-up 

scenarios are evaluated herein. Scenarios are developed using assumptions from Gavankar et al. 

(S1) [77], Teah et al. (S2) [125] and Piccinno et al. (S3) [75]. In S1, potential reductions 

presented in Gavankar et al. are implemented for each synthesis process, where authors worked 

with a manufacturer to collect details on process design and engineering estimates for the scaled-

up operation [77]. They provided potential changes in the input, output, and asset (e.g. additional 

machinery) requirements for large scale production. According to Gavankar et al., decrease in 

feedstock requirement can be by 96%, carrier gas by 62%, hydrogen by 96%, catalysts and 

deionized water by 50% and electricity requirement by 87%. In terms of outputs, same 

proportions of direct emissions and releases between small scale and mass production were 

assumed [77]. In S2, the electricity, carrier gas and carbon feedstock flows are modified as per 

the recommendations presented in Teah et al., where authors suggested that the electricity 

demand for large scale CNTs production process can be reduced to less than 11%, and 

consumption of the carrier gas can be reduced to 1/10 if the feedstock input is increased by 10 
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times [125]. Using the modifications proposed by Gavankar et al. (S1) [77] and Teah et al. (S2) 

[125], inputs and outputs for each of the production route are adjusted to model large scale 

production and LCAs are conducted accordingly (i.e. separate LCAs for S1 and S2). Finally, in 

S3, the suggestion from Piccinno et al. is used, where authors indicated that scaling up from the 

laboratory to a commercialized scale production, environmental impact per kg of produced ENM 

can be reduced by a factor of 6.5 [75]. Considering this reference, a scaling up factor of 6.5 is 

used to linearly extrapolate the LCA results [75]. Furthermore, uncertainty analysis for each 

process is conducted using Monte Carlo simulations in SimaPro 8.5.2 Software in order to 

estimate the maximum and the minimum boundaries of environmental impacts (confidence 

interval: 95% and sample size: 1000). Median, lower and upper bounds of TRACI 2.1 impact 

categories and CED are determined for each synthesis process for both laboratory and large 

scales, and are tabulated in Tables B19-B26. Using results obtained from Monte Carlo 

simulations, environmental impacts of producing CNTs are projected for both laboratory and 

large scale scenarios. The information on CNTs production volumes per year is extracted from 

Janković and Plata, where authors provided both optimistic (i.e. high production estimate) and 

pessimistic (i.e. low production estimate) production estimations [1]. For instance, for the year 

2025, Janković and Plata estimated that 915 (as pessimistic) to 7000 (as optimistic) tons 

CNTs/year will be produced [1]. For individual global mass productions, it is assumed that CNTs 

are comprised of 20% SWCNTs and 80% MWCNTs [112, 113].  

𝐺𝐼(𝑦𝑒𝑎𝑟) = {

𝑆𝑊𝐶𝑁𝑇𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑦𝑒𝑎𝑟

∗ ∑ [(
𝐼𝐶𝑚𝑖𝑛𝑖 + 𝐼𝐶𝑚𝑒𝑑𝑖 + 𝐼𝐶𝑚𝑎𝑥𝑖

3
)]𝑛

𝑖=1

𝑛
}

+

{
 
 

 
 𝑀𝑊𝐶𝑁𝑇𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑦𝑒𝑎𝑟
∗ ∑ [(

𝐼𝐶𝑚𝑖𝑛𝑗 + 𝐼𝐶𝑚𝑒𝑑𝑗 + 𝐼𝐶𝑚𝑎𝑥𝑗
3

)]𝑚
𝑗=1

𝑚

}
 
 

 
 

                                             (3.1) 
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Eqn (3.1), modified from Temizel-Sekeryan and Hicks, is used to calculate global 

environmental impacts (GI) of producing CNTs for the respective year, where i is the type of 

process for SWCNTs, n is the number of different synthesis processes considered for SWCNTs 

(n=8), j is the type of process for MWCNTs, m is the number of different synthesis processes 

considered for MWCNTs (m=7), and ICmin, ICmed and ICmax indicate impact category results 

obtained from Monte Carlo simulations [126]. All impacts based on TRACI 2.1 and CED are 

calculated using eqn (3.1). Regionality is neglected in the current study due to the limited 

knowledge about future production sites for CNTs. For reference, Keller and Lazareva provided 

estimated distribution of ENM production by regions as 53% for North America, 24% for Asia, 

19% for Europe and 4% for the rest of the world; however, there were not any distinction for 

specific types of ENMs [45]. Therefore, in this work, TRACI 2.1. and CED are used for global 

impact calculations, but impact assessment results using different methods (CML (baseline), 

ReCiPe (Midpoint) and IMPACT 2002+) are also conducted and presented for laboratory scale 

results in Tables B27-B29 for future reference. 

 

3.3.4. Projecting sectoral emissions 

In order to project sectoral emissions regarding CNTs production, industries where the 

majority of CNTs are used are surveyed. Figure 12 is a summary of the existing literature, which 

presents disaggregated utilization of CNTs per industry. Keller et al. categorized industries using 

mass-based shares instead of the total number of commercial products in the market [5]. For 

instance, they suggested that 25% of produced CNTs were consumed by composites industry, 

which corresponds to 800 tons/year. Remaining industries from the same study were listed as 

electronics and optics; energy and environment; coatings, paints and pigments; automotive; 
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aerospace and sensors with shares of 24%, 23%, 10%, 10%, 5% and 3% respectively. Other 

references cited in Figure 12 used surveys [145], simulations [44, 85], total number of available 

products in the market [40, 146, 147] or a combination of those [1, 148] to provide shares on 

market demand. Since they categorized industries assuming maximum CNTs production by mass 

(e.g. 768 tons of CNTs used for electronics and optics industry when the total CNTs production 

was 3200 tons) rather than the number of CNTs-enabled products on the market, industry-based 

global environmental impact projections are developed using sectoral proportions published by 

Keller et al. [5].    

 

 

Figure 12. Industry-based estimations for CNTs-enabled consumer products compiled from the 

literature (Other includes materials, textile, food, personal care, military and other miscellaneous 

sectors) [1, 5, 40, 44, 85, 145–148]. 
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 Industries prefer using particular processes to synthesize the CNTs, as each process 

produces materials with specific morphology and surface chemistry. Currently, there is no 

explicit information in the published body of the literature that shed light on the product-process 

pairs, therefore a literature review is conducted in order to develop an understanding. Table B30 

(for SWCNTs) and Table B31 (for MWCNTs) show applications of CNTs in different industries 

and respective synthesis processes to be used to construct product-based impact projections. It is 

found that SWCNTs for electronics and optics industry are mostly synthesized via HiPCO, CVD, 

CoMoCat and AP; for composites and sensors industries are synthesized via CVD; for energy 

and environment industry are synthesized via CVD, LV and AP; and for automotive industry are 

synthesized via CVD and LV. MWCNTs for electronics, optics, energy and environment 

industries are synthesized via AP and CVD; and for composites, sensors and automotive 

industries are synthesized via CVD. In terms of the processes to manufacture SWNCTs and 

MWCNTs for aerospace and coatings, paints and pigments industries, no information was 

available in the literature. Since current breakdown of production by synthesis is unclear, all 

CNTs synthesis processes are considered as equally preferable and estimated global impacts are 

calculated by using the Laplace criterion [88].  

𝐺𝐺𝑊𝑠𝑒𝑐𝑡𝑜𝑟(𝑦𝑒𝑎𝑟) =∑
𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑠 ∗

𝑠𝑘𝑒𝑝𝑡𝑖𝑐𝑎𝑙 𝑆𝑊𝐶𝑁𝑇𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑦𝑒𝑎𝑟

𝑛
∗ 𝐺𝑊𝑖 (𝑖𝑛 

𝑘𝑔 𝐶𝑂2 − 𝑒𝑞.

𝑘𝑔 𝑆𝑊𝐶𝑁𝑇𝑠
 )

𝑛

𝑖

+ 

∑
𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑠 ∗

𝑠𝑘𝑒𝑝𝑡𝑖𝑐𝑎𝑙 𝑀𝑊𝐶𝑁𝑇𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑦𝑒𝑎𝑟

𝑛
∗ 𝐺𝑊𝑗 (𝑖𝑛 

𝑘𝑔 𝐶𝑂2 − 𝑒𝑞.

𝑘𝑔 𝑀𝑊𝐶𝑁𝑇𝑠
 )

𝑛

𝑗

                                (3.2) 

Eqn (3.2), which is an example for global sectoral GW calculation (i.e. GGWsector) per 

year, is used to estimate the sectoral annual environmental impacts considering pessimistic 

production forecasts. Industrial proportions are extracted from Keller et al., i and j represent the 
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respective CNTs (SW- and MW- respectively) synthesis processes used for that industry and n 

represents the number of processes applied for that particular industry [5, 126]. 

 

3.4. Results and discussion 

3.4.1. Impact assessment and comparison of synthesis processes 

Different synthesis processes are assessed, and characterization results for 1 kg of CNTs 

(SW- and MW-) are presented in Figure 13, by including the impact categories from TRACI 2.1 

(Table B32) and CED (Table B33). The line in the middle separates the results for SWCNTs 

(left) from MWCNTs (right). As multiple inventories are included for CVD route to synthesize 

SWCNTs (e.g. S-CVD1, S-CVD2) as well as MWCNTs (e.g. M-CVD1, M-CVD2, M-CVD3, 

M-CVD4, M-CVD5), average results are presented for each route. Error bars represent standard 

deviations of environmental impacts. Results from large scale inventories are presented 

separately and marked with an asterisk. On a mass-based functional unit, the environmental 

impacts of synthesis processes generally follow the trend of S-HiPCO2* < S-CoMoCat2* < S-

HiPCO1 < S-LV < S-AP < S-CoMoCat1 < S-CVD1 < S-CVD2 for SWCNTs; and M-AP < M-

CVD1 < M-CVD5 < M-CVD6* < M-CVD4 < M-CVD2 < M-CVD3 for MWCNTs. The authors 

recognize that although functional comparisons would require more detailed assessment (e.g. by 

taking into account the size, purity or surface area), the current study presents a baseline to cross 

compare the environmental impacts of commercially important synthesis routes for 

manufacturing both SWCNTs and MWCNTs on a mass basis functional unit. Results indicate 

that the preference of synthesis process dominates the overall environmental cost of the ENM. 
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Figure 13. Environmental impacts of multiple synthesis routes for 1 kg CNTs (S- and M-) in 

logarithmic scale, using multiple impact categories as A) OD, B) GW, C) PS, D) AC, E) EU, F) 

HHC, G) HHNC, H) RE, I) EC, J) FF and K) CED (*large scale inventories are marked with an 

asterisk). 
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Regarding manufacturing SWCNTs, CVD route has the highest impact across all 

environmental impact categories except OD. This is mainly due to the significant amount of 

electricity consumption during the syntheses. This finding matches with the interpretation from 

Bauer et al., since it was also mentioned that the large impact is almost entirely due to the energy 

used for the CVD process [98]. The environmental impacts resulting from synthesizing 

SWCNTs with S-CoMoCat1 and S-AP/S-LV follow CVD, respectively. In terms of AC, GW, 

RE, PS, HHNC, FF and CED impact categories, S-AP/S-LV performs better than S-CoMoCat1. 

However, due to the helium, carbon and nitric acid inputs required for the S-AP process, it 

performs worse than S-CoMoCat1 and S-LV in categories including EC, EU, HHC and OD, with 

OD being the largest among all synthesis routes considered. Environmental impacts resulting 

from the S-LV process has lower impacts than S-AP in OD, EU, HHC, HHNC, EC and FF. 

Impacts resulting from S-HiPCO1 process performed lower impacts than the previously analyzed 

routes except OD due the consumption of nitric acid for purification step. These findings slightly 

differ from Promentilla et al. where they identified the environmental impact ranking as HiPCO 

< CVD < LV < AP using multi criteria decision analysis [149]. Two processes which have large 

scale inventories (S-HiPCO2* and S-CoMoCat2*) are also included in the current evaluation. As 

expected, they perform the least environmentally impactful results comparing to other routes, 

due to the optimized process conditions. Between these two routes, S-HiPCO2* has slightly 

lower impacts than S-CoMoCat2* in all environmental impact categories, because it requires 

lower amount of inputs, e.g. lesser carbon monoxide as a carbon source and energy for the 

reactor. Midpoint LCA results of producing SWCNTs with the considered pathways are 

presented in Figures B2-B9 in order to provide details on process contributions.  



 

 

63 

 

In terms of manufacturing MWCNTs, M-CVD3 process has the highest impact across all 

environmental impact categories. This is mainly due to the use of significant amount of argon as 

a carrier gas and grid electricity as an energy source. The second most impactful route is M-

CVD2 (except GW, PS, AC, and RE) where the impacts are resulting from the use of 

hydrochloric acid and ethanol as precursor. Impact of M-CVD4 route follows M-CVD2, which 

uses camphor as an eco-friendly carbon precursor. However, M-CVD4 includes silicon wafer as 

a substrate, and it has a significant impact contribution to all categories. Therefore, it is ranked as 

the third most impactful route. Interestingly, despite being a large scale synthesis route, M-

CVD6* is not the one which has the least environmental impact in any category. This is due to 

the use of argon, hydrochloric acid and benzene as inputs for the synthesis process. M-CVD5 

and M-CVD1 follow M-CVD6* and show moderate impacts across all environmental impact 

categories. Finally, M-AP is found to be the least environmentally impactful route for all 

categories. Details on process contributions to produce 1 kg of MWCNTs by the selected routes 

are presented in Figures B10-B16. Besides, Table B34 shows impact rankings (lowest, medium 

and highest) grouped by wall number (SWCNTs or MWCNTs) for TRACI 2.1 and CED impact 

categories. 

 

3.4.1.1. Alternative scenarios for electricity source 

As presented by contribution analyses in Appendix B (Figures B2-B16), electricity is 

identified as the main contributor of environmental impacts in the majority of synthesis routes 

considered. The electricity process that is used in the impact assessment represents grid 

electricity, which is reported as the mix of fuels used for utility electricity generation including 

coal, fuel oil, nuclear, hydroelectric, solar, wind and geothermal [150]. In order to evaluate 
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potential impact changes due to the utilization of different sources of energy, various scenarios 

are developed herein. According to the International Energy Agency (IEA), oil, coal, natural gas, 

nuclear, hydro, wind and solar are being used as sources of energy supply in the world [151]. 

Accordingly, in addition to the grid electricity, seven different scenarios are computed for each 

synthesis route using the aforementioned energy sources in order to project potential changes in 

environmental impacts.  

 

 

Figure 14. Different electricity scenarios and their corresponding impacts for A) SWCNTs-GW, 

B) SWCNTs-EU, C) MWCNTs-GW, and D) MWCNTs-EU (*large scale inventories are marked 

with an asterisk). 
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GW and EU are illustrated as example impact categories in Figure 14, where total 

impacts are presented per functional unit. For SWCNTs (Figure 14A-B), the trend for all 

synthesis routes for GW is found as nuclear < hydro < wind < solar < natural gas < grid 

electricity < oil < coal except for S-HiPCO2* and S-CoMoCat2*. The reason that natural gas 

performed slightly impactful than grid electricity in these two processes is that, they require heat 

input which was previously modeled as steam from chemical industry. The largest difference is 

identified to be associated with the S-CVD2 route, where switching from grid electricity to 

nuclear would save 5.86×105 kg CO2-eq./kg SWCNTs. Differently, switching from grid 

electricity to coal for S-CVD2 would create 2.05×105 kg CO2-eq. more emissions per 1 kg of 

SWCNTs production. The trend for EU in all synthesis routes is found as hydro < nuclear < grid 

electricity < natural gas < wind < oil < solar < coal except for S-HiPCO2* and S-CoMoCat2*, 

due to their heat requirements as discussed previously. The largest difference is identified to be 

associated with the S-CVD2 route, where switching from grid electricity to hydro would save 

7.17×101 kg N-eq./kg SWCNTs, and from grid electricity to coal would create 3.88×103 kg N-

eq./kg SWCNTs more emissions. For MWCNTs (Figure 14C-D), the trend for all synthesis 

routes for both GW and EU showed the same pattern as SWCNTs without any exceptions. The 

largest difference is found to be linked with the M-CVD3 route, where switching from grid 

electricity to nuclear would save 3.38×103 kg CO2-eq./kg MWCNTs, and from grid electricity to 

coal would add 1.18×103 kg CO2-eq./kg MWCNTs. In terms of EU, again associated with the M-

CVD3 route, switching from grid electricity to hydro would save 4.14×10-1 kg N-eq./kg 

MWCNTs, and from grid electricity to coal would create 2.24×101 kg N-eq./kg MWCNTs more 

emissions. Different electricity scenarios and their corresponding environmental impacts for 

CNTs production are presented in Table B35 (SWCNTs) and Table B36 (MWCNTs). 
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3.4.2. Implications of large scale manufacturing 

Based on the CNTs production forecasts (in both low/pessimistic and high/optimistic 

levels) [1] and eqn (3.1), global environmental impacts are projected from 2018 to 2025. As 

being an historically utilized single category reporting method, GW is selected for discussion as 

a representative impact category [152]. Considering laboratory scale inventories, global CO2-eq. 

emissions for 2019 are estimated as 1.96×107 ± 1.07×105 tons CO2-eq. for pessimistic 

estimations, and 9.98×107 ± 5.50×105 tons CO2-eq. for optimistic estimations. However, given 

that large scale production has a potential to increase materials and energy efficiency as well as 

recycling rates of reagents, it helps decreasing the environmental impacts per unit mass of the 

product synthesized [89, 90]. Thus, it may not be practical to calculate global impacts by using 

laboratory scale LCA results since economies of scale are at play [72, 153]. Although industrial 

CNTs production is currently operated at large scale, there is a lack of inventory data from a 

commercial scale manufacturing. In order to estimate global production impacts, different 

scenarios are computed to rescale the LCA results from a laboratory into large scale. Considering 

S1, GW is projected as 2.65×106 ± 4.65×104 tons CO2-eq. for pessimistic estimations, and 

1.35×107 ± 2.37×105 tons CO2-eq. for optimistic estimations for the year 2019. Assuming 

production as modeled based on S2, GW performed slightly higher than S1 as 2.73×106 ± 

9.03×104 tons CO2-eq. for pessimistic estimations, and 1.40×107 ± 4.61×105 tons CO2-eq. for 

optimistic estimations in 2019. Finally, considering S3, GW indicated the highest impact among 

large scale scenarios as 3.01×106 ± 1.69×104 tons CO2-eq. for pessimistic estimations, and 

1.54×107 ± 8.62×104 tons CO2-eq. for optimistic estimations. Figure 15 shows the annual global 

GW (tons CO2-eq.) using different scale-up scenarios as well as laboratory scale estimates for 

SWCNTs, MWCNTs and their combined CNTs industry. Projected impact results for all impact 
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categories are included in Appendix B (Tables B37-B58). It is also found that, the trends for 

large-scale scenarios differ from one impact category to another. For instance, while the ranking 

for EU is found as S2 < S1 < S3, it performed as S1 < S3 < S2 for FF. Table B59 provides an 

example heatmap, where all of the eleven impact category results are presented for pessimistic 

CNTs production in 2019. The trend is expected to be the same for all remaining years, as only 

the mass production is changing in the calculations. 
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Figure 15. Projected global GW (tons CO2-eq./year) for A) SWCNTs with pessimistic 

production volumes B) SWCNTs with optimistic production volumes, C) MWCNTs with 

pessimistic production volumes D) MWCNTs with optimistic production volumes, E) CNTs 

with pessimistic production volumes F) CNTs with optimistic production volumes. Error bars 

represent 95% confidence intervals for the uncertainties modeled by Monte Carlo simulations. 

 

Like other ENMs, CNTs are embedded into nano-enabled products at relatively low 

concentrations. For reference, Gilbertson et al. studied a chemical gas sensor with 7 mg SWCNT 

per chip, which was equivalent to 0.17% of the total mass of nano-enabled product [154]. 

Another example may be given from Celik et al., where 0.1 g CNT was used in 1 m2 

photovoltaic cell [135]. There are not any data on the proportion of industrially manufactured 

CNTs versus CNTs that are produced in laboratory scales in the published body of the literature. 

Therefore, projecting environmental impacts resulting from both scales enables a better 

understanding of possible environmental impact ranges associated with CNTs manufacturing. In 

terms of evaluating the extent of direct impacts, results obtained from the current study are 

compared with the previous studies that developed CFs. Considering laboratory scale LCA 

results, production-based EC for SWCNTs (6.21×104 CTUe/kg) and MWCNTs (1.95×103 

CTUe/kg) are larger than the CFs calculated by the previous literature (i.e. up to 2.9×104 

CTUe/kg SWCNTs and 7.4×102 CTUe/kg SWCNTs), which supports the finding from Eckelman 

et al. [127]. The production-based HHNC for SWCNTs (4.66×10-3 CTUh/kg) are found to be 

higher than the direct impacts considering CF developed by Rodriguez-Garcia et al. (2.4×10-4 

CTUh/kg) [128]. However, for the case of MWCNTs, production-based HHNC (7.92×10-5 

CTUh/kg) are found two orders of magnitude lower than the direct impacts (1.67×10-3 CTUh/kg) 
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extracted from the same reference [128], indicating that release of MWCNTs may pose risks for 

human health. Although these comparisons can show potential consequences, the fate and 

behavior of ENMs depend on various considerations such as the physicochemical properties of 

ENMs and the environmental conditions that they are released into [155]. Therefore, using CFs 

that are presented by the literature may not be representative and serves as a limitation. 

In order to highlight the significance of the environmental impacts associated with CNTs, 

the global CO2-eq. emissions resulting from synthesizing CNTs are compared with global CO2 

emissions of transportation and buildings sectors. According to IEA, transportation sector 

emitted 8.26×109 tons of CO2 and buildings sector produced 2.88×109 tons of CO2 in 2018, 

globally [156]. The GW predicted for large scale CNTs manufacturing in 2019 is found as 

equivalent up to 0.2% of the CO2 emissions resulting from the global transportation sector, and 

up to 0.54% of the CO2 emissions resulting from the global buildings sector. 

 

3.4.3. Sectoral environmental impacts 

Sankey diagrams are developed for each of the impact category to depict the 

environmental performances of the sectors where CNTs are used the most. Figure 16 presents 

sectoral GW projections for both pessimistic and optimistic production volumes forecasted for 

2019. As being the least impactful scenario in terms of GW, projections based on S1 are included 

in Figure 16 along with laboratory scale projections to present a range for potential extent of 

impact. Detailed sectoral impacts for the remaining environmental impact categories are 

presented in Tables B60-B70. 
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Figure 16. Sankey diagrams for industry-based GW for the year 2019 using A) pessimistic 

estimations-laboratory scale, B) optimistic estimations-laboratory scale, C) pessimistic 

estimations-S1, D) optimistic estimations-S1. 

 

As presented in Section 3.4.1, each process has different environmental impacts, which 

are variating more than one order of magnitude per 1 kg of CNTs synthesized. Due to this 

difference, industry-based impacts are not proportional with the industrial shares. For instance, 

although the share of composites (25%) and electronics and optics (24%) industries are very 

close, the difference between their environmental impacts range from 87-94%, with composites 

having higher impacts in all categories. Only OD performed similar for both industries with a 3% 

of difference. Similarly, when comparing composites (25%) and energy and environment (23%) 

industries, it is observed that the variances in environmental impacts differ by 51-56%, except 

OD. OD resulting from the composites industry is found as 21% lower than the energy and 

environment industry, even though it has a higher industrial share. Another example may be 

given from automotive and coatings, paints and pigments industries. While they have the same 
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sectoral shares (10%), automotive industry has drastically higher environmental impacts (>69%) 

comparing to coatings, paints and pigments industry in all categories except OD. One interesting 

finding was that, all of the considered environmental impacts resulting from the energy and 

environment industry are 24-45% higher than the electronics and optics industry, even though 

the share of electronics and optics industry is higher than the energy and environment industry. It 

should be highlighted that, besides presenting the disaggregated sectoral environmental costs, 

Figure 16 illustrates the drastic difference between the environmental impacts of manufacturing 

SWCNTs and MWCNTs. As aforementioned, manufacturing SWCNTs is more environmentally 

impactful than producing MWCNTs, which can be observed from the right end sides of the 

Sankey diagrams in Figure 16. As these disaggregated projections represent cradle-to-gate 

impacts, they may be combined with the release patterns to model cradle-to-grave impacts for 

specific industries. These then may be used to monitor and calculate industrial emissions in 

different scales, e.g. global, regional, local. It should be noted that, a minor change in precursor, 

catalyst and growth mechanism significantly affect the properties of the CNTs. Research 

suggested that the selection of these parameters is directly linked with the physical, chemical, 

electronic, optical and magnetic properties of the final product [51]. Therefore, specific 

processes are needed to synthesize CNTs to be used for particular applications, as properties 

differ with the employed route [117, 157].  

 

3.5. Conclusions 

Production of CNTs are anticipated to increase due to a numerous uses and applications 

in the modern technology. Therefore, in order to create a basis for understanding the 

environmental hotspots of manufacturing CNTs, conducting an LCA is helpful. This work 
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investigates and compares the industrially preferred synthesis processes for SWCNTs and 

MWCNTs and draws a global framework to emphasize the environmental impacts resulting from 

manufacturing these novel materials. As a result of multiple attributional LCAs, CVD is found as 

the most impactful route for manufacturing SWCNTs and MWCNTs; and HiPCO for SWCNTs 

and AP for MWCNTs are identified as the least impactful routes, among others. Process 

contribution analysis showed that, grid electricity is the largest contributor for all of the 

environmental impacts, except OD. Scenarios for different energy sources are computed to 

project potential changes (either reduction or increase) associated with switching form grid 

electricity to more/less impactful energy supply. Although the trend was varying among impact 

categories, for GW, electricity obtained from nuclear is found as the most environmentally 

benign source and coal as the worst. It is known that industrial scale production provides savings 

for both environmental and economic considerations per unit mass of the product synthesized. 

Therefore, in addition to laboratory scale impact evaluations, scenarios for scaled up production 

are developed to project future impacts associated with CNTs manufacturing. Results indicated 

that up to 88% global impact reduction may be achieved with large scale production. Aside from 

comparing synthesis processes, segmented global environmental impact projections are 

developed using different industrial applications and their preference on the use of either 

SWCNTs or MWCNTs. The biggest consumer of CNTs, composites industry performed as the 

largest impactful industry, followed by energy and environment, electronics and optics, 

automotive, coatings, sensors and aerospace industries, respectively. It is also found that the 

sectoral environmental impacts are not commensurate with the industrial shares as industries use 

certain processes to synthesize the CNTs to be embedded in their products. Although estimating 

non-nanoscale emissions (i.e. impacts due to ENMs production) is essential, future work should 
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demystify nano-specific emissions (i.e. direct impacts resulting from the nanomaterial release 

from manufacturing, use and disposal phases). This can be achieved by developing nano-specific 

characterization factors and elucidating ENMs transformation patterns as a function of nano-

enabled product and characteristics of the receiving location.  
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4.1. Abstract 

Concerns about the environmental and human health implications of engineered 

nanomaterials (ENMs) are growing with the increased use in consumer and industrial products. 

Numerous studies have applied life cycle assessments (LCAs) to model the potential 

environmental and human health impacts of ENMs. Most of them have not included nano-

specific emissions (i.e. impacts due to ENM release) and evaluated only non-nanoscale 

emissions (i.e. impacts due to ENM production). However, both considerations need to be 

included for more thorough evaluation of the environmental implications of these ENMs. One 

solution to calculate nano-specific emissions is to derive characterization factors (CF), which are 

comprised of information on fate, exposure, and effect factors for ENMs. This paper seeks to 

provide size, coating, and test medium dependent effect factors (EF) for silver nanoparticles 

(nAg), one of the most commercialized ENMs, using the USEtox model. A comprehensive 

literature review is performed, and 366 toxicity data points are used to derive physicochemical 

property based EFs. EFs are modeled based on different scenarios including species and trophic 

level HC50 calculations under regular (using EC50 values only) and cumulative (using LC50, EC50 

and IC50 values) cases. Different EFs are calculated based on varying size, coating, and testing 

medium combinations and presented in the form of matrices. Results suggest that larger nAg 

have lower EF, and coating is an important consideration in toxicity assessment. Regardless of 

specific properties, an EF range is proposed as 8,035–14,675 PAF m3 kg−1. Future work should 

combine fate and exposure factors to calculate CF for further application to LCA. 
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4.2. Introduction 

Engineered nanomaterials (ENMs) have at least one dimension in the nanoscale (1–100 

nanometers) and are used in various industries for diverse purposes [2, 3]. Market reports show 

that the nanomaterials industry is constantly growing, and the market value is expected to reach 

up to $98 billion by 2025 from $11.3 billion in 2020 [7, 158]. Silver nanoparticles (nAg) are the 

most commercialized ENMs with a share of >50% of the global nanomaterial consumer products 

[7]. It is expected that the global nAg production will reach to 753 tons per year and the market 

value will be worth $3 billion by 2024 [1, 50].  

Monovalent ionic silver (Ag+) is well known for its antimicrobial properties as it slows 

down the pathogenic microbial activity for both Gram-negative (e.g. Escherichia, Pseudomonas 

and Salmonella) and Gram-positive (e.g. Staphylococcus, Streptococcus and Listeria) bacteria, 

some viruses (e.g. HIV-1 and influenza) and some fungi (e.g. Aspergillus and Saccharomyces), 

which is why it has been utilized at the bulk scale since antiquity, particularly in the medical 

sector [41, 60, 159]. With the evolving research on nanotechnology, nAg have been developed to 

serve for various purposes besides medical applications such as electronics (e.g. nanoscale 

sensors), optics (e.g. electroluminescent displays), textiles (e.g. anti-stink gear), packaging (e.g. 

food storage containers) and coatings (e.g. façade paints) among others [5, 32, 33, 35, 39, 66, 67, 

126]. Being widely incorporated in consumer products raises environmental and human health 

related concerns, since at the end of their useful lifetimes (and also sometimes during their 

lifetimes), nAg will ultimately be released to the environment [45, 60]. Therefore, research on 

evaluating the environmental performance of nAg is critical to determine the extent of such an 

impact. 
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Environmental impact assessment of any product or process using life cycle assessment 

(LCA) methodology provides results in often a broad category of impacts (e.g. global warming, 

eutrophication, toxicity etc.), which are quantifications of the impact of unit release of chemicals 

to the environment [14]. LCA can be utilized to identify hotspots and to improve the comparative 

environmental performances of products or processes. In the nanomaterial industry, applying 

LCA to ENMs provides impact projections on several different potential environmental impact 

categories, which may be grouped as “non-nanoscale emissions to the environment” and do not 

include nano-specific emissions to soil, air and water [13]. Numerous LCA studies on ENMs 

have already been published with various scopes. Salieri et al. provided a comprehensive review 

of previously published LCAs and identified gaps, in which one of the gaps was investigating the 

nano-specific emissions for ENMs [22]. For instance, considering nAg, due to the lack of nano-

specific characterization, the majority of the LCA studies model the release of Ag as Ag+ without 

particular speciation (e.g. Ag+, Ag/S, AgCl etc.) [30–32, 39, 60, 64, 65, 80]. Non-nanoscale 

emissions represent indirect impacts due to the nanomaterial production (such as the raw 

materials and manufacturing), whereas nano-specific emissions denote direct impacts resulting 

from the nanomaterial release as a function of size and shape [4]. In order to calculate nano-

specific emissions, defining characterization factors (CF) is critical. 

Life cycle impact assessment is one of the four phases of LCA, in which quantification of 

the potential environmental impact of a product or process is evaluated [15, 16]. Eqn (4.1) is 

used to calculate the potential impact (i.e. impact score),  

𝐼𝑖 = ∑𝐶𝐹𝑥𝑚
𝑖 ∗ 𝑀𝑥𝑚

𝑥𝑚

                                                                                                                              (4.1) 

where x is the substance of interest, i is the impact category of concern, m is the media, Ii is the 

potential impact of x for i, CFi
xm is the characterization factor for x emitted to m for i, and Mxm is 
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the mass of x emitted to m [18, 160]. The USEtox multimedia fate and exposure model is 

recommended for quantifying potential ecotoxicity and human toxicity for chemicals for usage in 

LCAs [23, 161]. The USEtox calculates CF using eqn (4.2), 

𝐶𝐹 = 𝐸𝐹 ∗ 𝐹𝐹 ∗ 𝑋𝐹                                                                                                                                 (4.2) 

where EF represents the effect factor, FF represents the fate factor and XF represents the 

exposure factor. XF is dissolved and bioavailable fraction of an ENM that an organism will be 

exposed to [23, 24]. FF is the duration (days) that an ENM resides in a specific environmental 

compartment such as air, water or soil [20, 23, 24]. Lastly, EF is the impact of ENMs on the 

ecosystem which relies on the toxicological data. For freshwater ecotoxicity, EF needs to be 

calculated using chronic effective concentrations for aquatic organisms. Whereas for human 

toxicity, EF is calculated using lethal or effective doses reported for animals (e.g. guinea pig, 

mouse, rabbit) [20, 23, 24]. It is important to note that XF and FF depend on physicochemical 

properties of ENMs as well as the environmental conditions (i.e. release media), which affect 

fate and transport kinetics [127, 155, 162]. Examples for potential environmental pathways 

include hetero- or homo-aggregation, agglomeration, sedimentation, dissolution and 

transformation [155]. Therefore, XF and FF should be calculated specifically for each 

environmental scenario of interest. In the present study, special focus is given on the calculating 

EFs only for freshwater ecotoxicity. 

 It should be acknowledged that a substantial research effort has been made to investigate 

the toxicity of ENMs to freshwater and saltwater organisms, which are used to inform EF and CF 

development practices. Several review articles on the toxicity and risk assessment of ENMs have 

been published previously [163–174]. For instance, Bondarenko et al. reviewed toxicities of 

nAg, copper oxide (CuO) and zinc oxide (ZnO) nanoparticles as well as ions on target (bacteria, 
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yeast/fungi and algae) and non-target (crustaceans, fish, vibrio fischeri, protozoa, nematode and 

mammalian cells in vitro) organisms. Although they listed the lethal, effective and/or inhibitory 

concentrations (LC, EC and/or IC) along with details on ENMs size, coating and test medium, 

they categorized toxic or non-toxic concentrations of the ENMs regardless of these properties 

[163]. Similarly, Juganson et al. developed a comprehensive database for the most studied ENMs 

for the year of the publication (i.e. CNTs, fullerenes, titanium dioxide (TiO2), iron oxide 

(Fe2O3/Fe3O4), cerium dioxide (CeO2), Ag, ZnO and CuO nanoparticles) including details on 

ENMs, characteristics of the test environment and toxicity testing [168]. Besides these reviews, 

Hund-Rinke et al. proposed a concept to skip the step of toxicity testing for ENMs in order to 

save time and money, by applying grouping and read-across strategies. However, they excluded 

surface modifications (e.g. coating) which greatly influence the range of ecotoxicity results. 

They concluded that the impact of coating on ecotoxicity has to be investigated in depth for a 

more thorough analysis [166]. Given that the physicochemical properties have significant 

impacts on the toxicity of nAg, it is critical to incorporate them in EF calculation to further 

evaluate the potential ecotoxicity of these ENMs on aquatic organisms. 

To the best of the authors' knowledge, this is the first study that comprehensively 

investigates size- and coating-dependent EFs for nAg in various environmental mediums (i.e. 

mineral, complex). Results are intended to inform future research in this area, particularly 

evaluating impacts of nAg that have different physicochemical characteristics, which eventually 

affect their toxicity on aquatic organisms. Assessments will advise researchers as to the need of 

categorized (i.e. based on size/coating/medium) EF calculation to develop CF for nAg, with the 

goal of future incorporation into life cycle impact assessments. 
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4.3. Review of ecotoxicity literature and methods for EF calculation 

4.3.1. Considerations on USEtox and EF calculation 

As included in the introduction section, the USEtox model is commonly used in the LCA 

literature to develop specific CFs for chemical substances [22]. It is a consensus model which 

provides a framework for characterizing human toxicity (cancer and non-cancer) and freshwater 

ecotoxicity impacts of chemicals [20]. In other words, it helps to derive the CFs for any chemical 

substance to be incorporated into the impact calculations. As mentioned previously, the focus of 

the current study is calculating EFs for freshwater ecotoxicity to inform CF development. 

The EF for freshwater ecotoxicity is the slope of the concentration–response plot when 

potentially affected fraction (PAF) is 0.5 (i.e. 50% of the population is affected), and its unit is 

PAF m3 kg−1 [20, 26]. Eqn (4.3) and (4.4) are used to calculate the EF, where HC50 (hazardous 

concentration) is calculated by the geometric mean of species-specific experimental EC50 data, 

and EC50 is the concentration of a substance at which 50% of the population responds [26, 127]. 

𝐸𝐹 =
𝑃𝐴𝐹

𝐻𝐶50
=

0.5

𝐻𝐶50
                                                                                                                                 (4.3) 

𝐻𝐶50 = √∏𝐸𝐶50,𝑖

𝑛

𝑖=1

𝑛

    ⇒   log𝐻𝐶50 = 
1

𝑛
 ∑log 𝐸𝐶50,𝑖

𝑛

𝑖=1

                                                              (4.4) 

According to USEtox, EC50 values that have mortality, immobilization, reproduction or 

other effects as endpoints should be used to calculate the hazardous concentration [20, 23]. 

Further, Larsen and Hauschild distinguished the endpoints for acute and chronic test results to be 

used in EF calculation. They recommended lethality (i.e. LC50), growth inhibition (i.e. IC50) and 

immobilization endpoints for acute, and inhibition of reproduction and reduced growth endpoints 

for chronic tests [175]. Miseljic and Olsen calculated a CF for nAg, and they derived the EF 
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considering only acute EC50 values using conversion factors [25]. Other studies included LC50 

and/or IC50 values in addition to EC50, in order to account for different toxicity endpoints [26, 69, 

127, 176, 177]. One discrepancy that is identified in the literature was the LC50/IC50/EC50 

notations. For instance, studies provided toxicity values for growth inhibition endpoint for algae 

and reported them as EC50 rather than IC50 [178, 179]. Similarly, in some papers, lethal 

concentrations were reported as EC50 rather than LC50 [180, 181]. Considering the definition 

from USEtox, this notation is also acceptable as growth inhibition or lethality indicate effects 

(i.e. endpoints) [12, 20]. However, the USEtox did not explicitly acknowledged the use of the 

notations of LC50 and IC50 in HC50 calculation. Therefore, based on the notations provided by the 

papers, two different scenarios are studied in the current research as regular case (using EC50 

values only) and cumulative case (using LC50, EC50 and IC50 values). It should be noted that the 

toxicity data points that are used for calculating EF for human toxicity impact category include 

different endpoints, which is excluded herein as the focus of this work is freshwater ecotoxicity. 

Another point identified in the literature was the debate on using either species- or 

trophic-level HC50 values. Salieri et al. argued that in order not to put weight on one trophic level 

that has notably more toxicity data than others, trophic-level HC50 should be used [175, 176]. For 

instance, Salieri et al. calculated EF for nano-TiO2, where they had unequal distribution of 

toxicity data points as 17 for crustaceans, 11 for algae and 2 for fish. Therefore, they assessed 

both scenarios and concluded that trophic-level HC50 calculation reduced the bias resulting from 

the varying number of toxicity values identified for test species and is more representative [176]. 

Figures defining the calculation frameworks are provided as Figures C1 and C2 in Appendix C. 

USEtox suggests compiling toxicity data for at least three trophic levels including 

crustaceans, fish, and algae as well as a minimum of three toxicity values associated with each 
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trophic level [20, 22]. Additionally, USEtox recommends using chronic or sub-chronic species 

level EC50 values to quantify environmental impacts. However, given that acute toxicity values 

are more commonly studied throughout the literature, it is reported that chronic toxicity values 

can be estimated from acute values by using acute-to-chronic ratios (ACR) [20]. There are not 

currently any standardized ACRs developed specifically for ENMs, but current approach is using 

ACR of 10 for crustaceans, 20 for fish and 15 for all other trophic levels [20, 26, 182, 183]. For 

reference, Harmon et al. developed ACR of citrate coated nAg using one of the most studied 

crustacean species, Ceriodaphnia dubia, and found that ACRs range from 1.6 (for 20 nm) to 7.6 

(for 100 nm) depending on the quantity of food crustaceans are fed. They also mentioned that the 

ACRs may differ depending on the water characteristics (i.e. having organic contamination) as 

well as the size and coating of ENMs [184]. 

USEtox shared duration requirements for toxicity tests to help researchers with the 

decision making on whether tests can be classified as chronic or acute unless specified [20]. 

According to the USEtox documentation, durations of chronic testing for invertebrates (e.g. 

crustaceans) have to be ≥21 days, for vertebrates (e.g. fish) ≥32 days and for algae ≥3 days. For 

acute toxicity testing, invertebrates and vertebrates have to be tested for less than 7 days and 

algae for less than 3 days [20]. The durations that fall between these frames are considered as 

sub-chronic (≥7 days, <32 days for vertebrates; ≥7 days, <21 days for invertebrates) and can be 

used in HC50 calculation without being converted using ACR [20]. 

In the current research, different scenarios are studied in order to evaluate the previously 

mentioned considerations applied throughout the literature. Firstly, all toxicity data points are 

grouped based on the nAg size, coating, and testing environment. As a regular case scenario 

(RCS), only EC50 values are used and species- (SPL) and trophic- (TPL) level HC50s are 
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calculated for different size and coating pairs in water, mineral and complex media, separately. 

As a cumulative case scenario (CCS), LC50, EC50 and IC50 values are included and calculations 

are conducted accordingly. Lastly, all HC50 values are used to calculate size-, coating- and 

media-dependent EFs. 

 

4.3.2. Ecotoxicity literature 

As mentioned in section 4.3.1, USEtox suggests including more than three toxicity 

(preferably chronic) data for at least three aquatic organisms. Previous studies included three 

organisms while calculating EFs [25, 69]. In order to account for an additional consideration and 

fulfill the USEtox requirement, crustaceans, algae, fish and protozoa are included in the current 

study. In order to compile a dataset for the selected organisms, a comprehensive literature survey 

is conducted using an academic search engine (Web of Science Core Collection) and Nano E-

Tox database [168] by searching combinations of key terms including toxicity, LC50, EC50, 

acute, chronic, nano silver (search queries can be found in Appendix C). Salieri et al. suggested 

that in order to collect high-quality toxicity values to calculate EF, well documented studies 

which report experimental conditions as well as the physicochemical properties of ENMs should 

be taken into account [22]. Considering this recommendation, toxicity studies that include 

procedures for standard aquatic toxicity organisms, state chemical composition of test medium 

and report EC50, LC50 and/or IC50 values are included in the current study [22, 185–188]. 

Accordingly, data are collected along with details on exposure time and endpoint, nanomaterial 

size, test media (mineral, complex, etc.), coating (uncoated, citrate, polyvinylpyrrolidone, etc.) 

and testing method (OECD, EPA, ISO) when applicable. Additionally, toxicity values for ionic 



 

 

84 

 

silver are also included in the tables in order to provide information for further toxicity 

comparison, when provided by the examined papers. 

 

4.3.3. Selection criteria 

After identifying relevant studies resulting from the literature review detailed in section 

4.3.2, selection criteria are applied to list the ones that are suitable for EF calculation. Figure 17 

shows a flowchart that is applied in the current study. 

 

 

Figure 17. Flowchart of selection criteria for EF calculation applied in this study. 

 

As a first step, the species are identified whether they are freshwater organisms or not. 

Following this, information on the testing method used in that study is collected when applicable. 

Toxicity data points (EC50/LC50/IC50) and exposure durations are collected from the studies 

where the p-value was equal or less than the significance level of 0.05. Then, all toxicity data 
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points are sorted based on the duration of testing in order to distinguish their (sub)chronicity 

unless specified by the respective studies. Following this step, the toxicity data points that fall 

under acute group (based on previously specified USEtox durations) are converted to chronic 

using ACR of 10 for crustaceans, 20 for fish and 15 for all other trophic levels [20]. After having 

chronic toxicity values, all data points are grouped based on nAg size, coating and test medium. 

Once there are enough data points in each group (three trophic levels and three toxicity data for 

each level), EFs are calculated based on different scenarios. It should be noted that, for fish, only 

in vivo studies are considered for EF calculation. 

 

4.3.4. Previous research on nAg-EF 

Salieri et al. provided a comprehensive literature review of previously conducted CF 

research for ENMs [22]. Given that the focus of this work is to develop EF for nAg, only the 

studies related with nAg are explored in detail. From the survey conducted using Web of Science 

Core Collection academic search engine, three studies are identified where CFs are derived for 

nAg freshwater ecotoxicity. For EF calculation, Miseljic and Olsen compiled toxicity 

information for three trophic levels, in which eight different species were listed along with 21 

EC50 values [25]. Different from the recommendation by USEtox, Miseljic and Olsen used an 

ACR of 2 for all trophic levels. Another study by Garvey et al. included toxicity data points for 

four phyla along with 73 different toxicity data points including EC50, IC50 and LC50 to calculate 

the EF [69]. They used an ACR of 10 for all trophic levels and worked on two different 

scenarios. Lastly, Pu provided EF for nAg using three trophic levels and 61 data points (EC50 and 

LC50) [189]. It should be highlighted that, these three studies did not account for different 

properties of nAg, such as size or coating. While the aforementioned studies calculated CFs for 



 

 

86 

 

freshwater ecotoxicity, Buist et al. and Salieri et al. developed health EFs (i.e. CFs for human 

toxicity), which is not the scope of this study and therefore excluded [190, 191]. 

 

4.4. Results and discussion 

4.4.1. Ecotoxicity literature on nAg 

This section provides a summary on the literature survey conducted as detailed in section 

4.3.2 It should be noted that different statistical methods are used to calculate LC50, EC50 or IC50 

values among the reviewed literature, such as trimmed Spearman–Karber method [192, 193] and 

probit analysis [194–196]. Potential calculation differences due to the utilization of various 

statistical programs may slightly affect the final toxicity values. However, these are assumed as 

negligible and all data are treated as they are equivalently calculated. 

As the majority of environmental risk assessment papers indicate, more detailed studies 

are needed to evaluate the toxicity of nAg; because their size, surface coating and the exposure 

conditions (i.e. testing environment) significantly influence their toxicity [197–201]. Numerous 

research suggested that smaller nAg induces a greater toxicity than their large counterparts, as 

the surface area to volume ratio increases with a decreasing size [202–204]. Moreover, different 

coatings affect the bioavailability of silver ions released from nAg and the fate and behavior of 

nAg, therefore the toxicity mechanisms are also affected [205, 206]. For instance, Schiavo et al. 

found that the coating agent itself was as toxic as the examined nAg on microalgae [207]. 

Another example may be given from Angel et al., where authors showed that the presence of an 

organic component (e.g. humic acid) affected the aggregation process and reduced toxicity of 

nAg on aquatic organisms [208]. As Kleiven et al. mentioned, there are numerous studies that 

show how ionic strength, organic matter or minerals that are present in the test medium influence 
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the fate and behavior of nAg. However, as these are studied under controlled laboratory 

environments, there are still uncertainties on toxicity mechanisms that occur in natural waters 

[209]. 

Taking into account all the factors discussed previously, collected data are illustrated 

based on the size range, type of coating, and test medium. As citrate and polyvinylpyrrolidone 

(PVP) are listed among the most used coatings in the review by Kalantzi et al., they are 

presented individually [170]. They also represent examples of anionic and non-ionic capping 

materials, respectively [210]. Besides citrate and PVP, nAg that are uncoated and coated with 

other capping agents (e.g. coffee, polyethyleneimine, sodium dodecylbenzene sulfonate, 

aminated silica, gelatin, lactate, protein etc.) are included in the current research. Figure 18 

shows the number of retrieved toxicity data points disaggregated by the test medium, nAg size 

and coating for crustaceans, algae, fish and protozoa. X-Axis represents the test medium as 

water, mineral, complex and regardless, where regardless indicates all data independent from the 

medium (i.e. sum of all mediums). 
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Figure 18. Number of toxicity data disaggregated by the test medium, nAg size and coating for 

A) crustaceans, B) algae, C) fish and D) protozoa. 

 

At a first glance, it can be seen that the majority of the toxicity tests are conducted in 

mineral media, following by water and complex environments. As it can be seen from Figure 

18A, for crustaceans, most of the studies are conducted for nAg with a size range of 1–40 nm in 

a mineral medium. Similarly, for algae (Figure 18B), the most studied size range is 1–30 nm and 

the testing environment is mineral. Considering fish species, most of the toxicity research is 

conducted for 1–20 nm nAg in water and mineral mediums. Lastly, for protozoa, the toxicity 

evaluations are conducted in water media for 1–40 nm size range. As Figure 18 shows, toxicity 
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of nAg that are larger than 40 nm are not well studied for the selected aquatic organisms. In 

addition, toxicity testing in water and complex mediums are not conducted as much as mineral 

medium. In terms of coatings, for crustaceans, algae and fish species, citrate, PVP and uncoated 

nAg are studied dominantly. For protozoa, PVP and uncoated nAg are evaluated mostly. The last 

column in Figure 18 shows the cumulative literature counts for each aquatic organism. 

Regardless of coating, test medium and size, 176 studies for crustaceans, 110 studies for algae, 

168 studies for fish and 17 studies for protozoa are identified under the scope of the current 

study. Additional information may be found on these figures such as the number of papers 

disaggregated based on test mediums but independent from the coating and nAg size (Figure C3, 

Table C1). The next subsections show analyses of retrieved toxicity data set for each aquatic 

organism. 

Although 176 data points were identified for freshwater crustaceans from the literature 

review, selection criteria (based on Figure 17) is applied to specify the data points that are used 

in EF calculation. As a result of the filtering, 166 data points (143 acute, 17 chronic and 6 sub-

chronic) are used in EF calculation for freshwater crustaceans (i.e. 10/176 did not meet the 

criteria). Similarly, among the 110 data points, only 70 were identified as suitable for inclusion 

in EF calculation for freshwater algae with 28 acute and 42 chronic toxicity data points (i.e. 

40/110 did not meet the criteria). For fish, there were 113 studies (3 sub-chronic and 110 acute) 

out of 168 that are included for EF calculation as they represent in vivo experiments and meet 

the selection criteria (i.e. 55/168 did not meet the criteria). Lastly, for freshwater protozoa 17 

data points were included in the calculation. 
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4.4.1.1. Crustaceans 

From the literature review detailed in section 4.3.2, more than 180 toxicity values are 

identified for 15 different crustacean species (tabulated in Appendix C as Table C2). Crustaceans 

are classified according to their habitats (e.g. freshwater or marine) using the Animal Diversity 

Web and World Register of Marine Species [211, 212]. Figure 19 is a compilation of ecotoxicity 

values for freshwater crustaceans in a disaggregated format. Additionally, reference lines for 

toxicity classification are embedded in the figure [213]. These lines represent the criteria 

developed by US EPA to rank the aquatic toxicity hazards of chemical substances [213]. 
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Figure 19. Toxicity data points for crustaceans grouped based on coating and size in A) water, 

B) mineral medium, C) complex medium, and D) regardless of test medium (upper bound 

indicates the maximum L(E)C50, the marker indicates the median L(E)C50 and the lower bound 

indicates the minimum L(E)C50 level for the representative set of data; toxicity ranking based on 

US EPA is as following: very high: L(E)C50 < 1 mg L−1, high: 1 mg L−1 < L(E)C50 < 10 mg L−1, 

moderate: 10 mg L−1 < L(E)C50 < 100 mg L−1, and low: L(E)C50 > 100 mg L−1). 
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As presented in Figure 19, nAg in all size ranges, coatings and test media fall under very 

high toxic category. Some exceptions are observed, such as protein coated nAg (10–30 nm) 

which tested in water performed as moderately toxic for crustaceans. However, this does not 

change the overall trend for nAg as having very high toxicity on crustaceans, which is 

compatible with the finding by Bondarenko et al. where they found the median L(E)C50 for 

crustaceans as 0.01 mg L−1 [163]. Additionally, it was observed that the toxicity for uncoated 

nAg in the majority of size ranges (except 10.1–20 nm) are slightly higher (i.e. lower L(E)C50) 

than the coated nAg, which corresponds with the finding by Asghari et al [214]. Although the 

number of toxicity testing in complex test media (i.e. where organic substance is present) is very 

low comparing to others, general trend in Figure 19C showed that having an organic component 

in the testing environment contributes to a decreased toxicity value of nAg for crustaceans [215]. 

As mentioned and illustrated in section 4.4.1, most of the toxicity studies on freshwater 

crustaceans are conducted in mineral media, which challenges making an overall conclusion on 

the test media-dependent aquatic toxicity. Despite the number of studies per test medium, 

median toxicity of nAg for freshwater crustaceans in water is found as 0.038 mg L−1 (very high 

toxicity), in mineral media as 0.011 mg L−1 (very high toxicity), in complex media as 0.06 mg 

L−1 (very high toxicity) and overall as 0.018 mg L−1 (very high toxicity), considering all sizes. 

Additionally, in order to evaluate the impact of size on the toxicity, a trendline is added for the 

last box of Figure 19D (regardless of test medium and coating). The trendline has a positive 

slope, meaning that increasing nAg size result in increased L(E)C50 levels and therefore 

decreased toxicity for crustaceans (Figure C4), which is also suggested by the literature [202]. 
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4.4.1.2. Algae 

From the literature review detailed in section 4.3.2, more than 130 toxicity values are 

identified for 26 different algae species (tabulated in Appendix C as Table C3). Algae are 

classified according to their habitats (e.g. freshwater or marine) using AlgaeBase [216]. Figure 

20 is a compilation of ecotoxicity values for freshwater algae in a disaggregated format. 

 

Figure 20. Toxicity data points for algae grouped based on coating and size in A) water, B) 

mineral medium, C) complex medium, and D) regardless of test medium (upper bound indicates 
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the maximum L(E)C50, the marker indicates the median L(E)C50 and the lower bound indicates 

the minimum L(E)C50 level for the representative set of data; toxicity ranking based on US EPA 

is as following: very high: L(E)C50 < 1 mg L−1, high: 1 mg L−1 < L(E)C50 < 10 mg L−1, moderate: 

10 mg L−1 < L(E)C50 < 100 mg L−1, and low: L(E)C50 > 100 mg L−1). 

 

According to the aforementioned categorization scheme, toxicity of nAg for algae ranges 

from very high to high levels for all size ranges, coatings and test mediums with minor 

exceptions. For instance, 10–20 nm sized and protein coated nAg that was tested in water was 

found as moderately toxic for algae rather than being very toxic [206]. Bondarenko et al. 

included 17 toxicity studies in their review and concluded that nAg is very toxic to algae with a 

median L(E)C50 of 0.36 mg L−1 [163]. Although there were not many toxicity data points for 

nAg in complex medium, it was observed that the toxicity in a medium where organic substances 

are present is slightly lower than the others. Similarly, research suggested that organic matter 

help decreasing the surface charge of nAg, which result in development of an electrostatic barrier 

and limit interactions between particles and algae cells [217]. Like crustaceans, making an 

overall conclusion based on test media is not possible due to the lack of toxicity studies 

performed in environments other than mineral. Considering all size ranges and coating types, 

median toxicity of nAg for freshwater algae in water is found as 10 mg L−1 (high toxicity), in 

mineral media as 0.18 mg L−1 (very high toxicity), in complex media as 0.16 mg L−1 (very high 

toxicity) and overall as 0.195 mg L−1 (very high toxicity). Additionally, in order to interpret the 

impact of nAg size on the toxicity, a trendline is added for the data points that are independent 

from coating and test medium. The trendline gives a positive slope, meaning that increasing nAg 

size result in decreased toxicity for algae (Figure C5). 
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4.4.1.3. Fish 

From the literature review detailed in section 4.3.2, more than 170 toxicity values are 

identified for 20 different fish species (tabulated in Appendix C as Table C4). Fish are classified 

according to their habitats (e.g. freshwater or marine) using FishBase [218]. Figure 21 is a 

compilation of ecotoxicity values for freshwater fish in a disaggregated format. 

 

Figure 21. Toxicity data points for fish grouped based on coating and size in A) water, B) 

mineral medium, C) complex medium, and D) regardless of test medium (upper bound indicates 
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the maximum L(E)C50, the marker indicates the median L(E)C50 and the lower bound indicates 

the minimum L(E)C50 level for the representative set of data; toxicity ranking based on US EPA 

is as following: very high: L(E)C50 < 1 mg L−1, high: 1 mg L−1 < L(E)C50 < 10 mg L−1, moderate: 

10 mg L−1 < L(E)C50 < 100 mg L−1, and low: L(E)C50 > 100 mg L−1). 

 

As can be observed from Figure 21, nAg toxicity on freshwater fish ranges from very 

high to high toxic levels, with the majority of data points being under high toxic category. This 

finding is compatible with the analysis conducted by Bondarenko et al. where they found the 

median L(E)C50 for fish as 1.36 mg L−1 [163]. It is found that the toxicity of nAg on fish is 

affected by the presence of other contaminants in environment (e.g. organic matter have impacts 

on the stability and bioavailability of nAg) [217, 219, 220]. The type of fish species is another 

consideration that needs to be accounted when evaluating the aquatic toxicity. As the majority of 

nAg in the aquatic environment tend to be present in the sediment, bottom feeding fish might be 

more susceptible to nAg [44, 219, 221]. However, in Figure 21, toxicity results for all the 20 fish 

species are plotted equally to present a general framework on the nAg toxicity. Using an 

aggregated information and including all size ranges and coating types, the median toxicity of 

nAg for freshwater fish in water is found as 2.75 mg L−1 (high toxicity), in mineral media as 1.40 

mg L−1 (high toxicity), in complex media as 2.6 mg L−1 (high toxicity) and overall as 1.8 mg L−1 

(high toxicity). Similar to the previous aquatic organisms, the impact of nAg size on the fish 

toxicity is investigated. Figure C6 shows the trendline that has a positive slope, indicating a 

relationship between size and toxicity that is inversely proportional. 
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4.4.1.4. Protozoa 

From the literature review detailed in section 4.3.2, 18 toxicity values are identified for 6 

protozoa species (tabulated in Appendix C as Table C5). Figure 22 is a compilation of 

ecotoxicity values for freshwater protozoa in a disaggregated format. 

 

Figure 22. Toxicity data points for protozoa grouped based on coating and size in A) water, B) 

mineral medium, C) complex medium, and D) regardless of test medium (upper bound indicates 
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the maximum L(E)C50, the marker indicates the median L(E)C50 and the lower bound indicates 

the minimum L(E)C50 level for the representative set of data; toxicity ranking based on US EPA 

is as following: very high: L(E)C50 < 1 mg L−1, high: 1 mg L−1 < L(E)C50 < 10 mg L−1, moderate: 

10 mg L−1 < L(E)C50 < 100 mg L−1, and low: L(E)C50 > 100 mg L−1). 

 

Protozoan is one of the key organisms that act as a trophic link in aquatic food chain, i.e. 

it is consumed by crustaceans and crustaceans are consumed by fish [222]. Although the number 

of toxicity tests for protozoa is much lower comparing to the previously examined aquatic 

organisms, they are included in the current research for effect factor calculation. As Figure 22 

shows, the majority of nAg toxicity values are either under high or moderately toxic category for 

protozoa. Despite the lower number of studies, median toxicity of nAg for freshwater protozoa in 

water is found as 36 mg L−1 (moderate toxicity), in mineral media as 3.9 mg L−1 (high toxicity), 

in complex media as 2.34 mg L−1 (high toxicity) and overall as 16 mg L−1 (moderate toxicity), 

considering all sizes and coatings. Bondarenko et al. found slightly different value then the 

current work. The median L(E)C50 for protozoa on compound basis was reported as 38 mg L−1 

considering 7 data points [163]. Similar to previous trophic levels, size dependent nAg toxicity is 

evaluated by drawing a trendline on median toxicity data (Figure C7), which also showed an 

inverse proportion between size and toxicity levels. 

 

4.4.2. Ecotoxicity literature on ionic silver 

 

In the majority of toxicity literature, it is suggested that ionic silver (Ag+) is more toxic 

than nAg [69, 163, 167, 202, 223, 224]. In order to investigate whether the testing environment 

has any impact on this finding or not, toxicity data points for Ag+ are also included in the current 

study. Figure 23 shows L(E)C50 values for Ag+ for crustaceans, algae, fish and protozoa. Given 
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that the toxicity values for Ag+ are developed using silver nitrate, size and coating are not 

considered as physicochemical parameters in this case. However, data are presented in a 

disaggregated format using different test mediums. Similar to previous figures, ‘regardless’ 

category includes all of the data for the respective aquatic organism independent from the test 

media (i.e. all of the collected L(E)C50 values) and reference lines for toxicity classification are 

embedded in the figure [213]. 

 

 

Figure 23. Toxicity data points for ionic silver on the aquatic organisms in water, mineral 

medium, complex medium, and regardless of test medium (upper bound indicates the maximum 

L(E)C50, the marker indicates the median L(E)C50 and the lower bound indicates the minimum 

L(E)C50 level for the representative set of data; toxicity ranking based on US EPA is as 

following: very high: L(E)C50 < 1 mg L−1, high: 1 mg L−1 < L(E)C50 < 10 mg L−1, moderate: 10 

mg L−1 < L(E)C50 < 100 mg L−1, and low: L(E)C50 > 100 mg L−1). 

 

Median toxicity of Ag+ for freshwater crustaceans in water is found as 0.003 mg L−1 

(very high toxicity), in mineral media as 0.001 mg L−1 (very high toxicity), in complex media as 

0.011 mg L−1 (very high toxicity) and overall as 0.002 mg L−1 (very high toxicity). Similarly, for 
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algae, the L(E)C50 levels fall under extremely toxic level with 0.08 mg L−1, 0.011 mg L−1, 0.09 

mg L−1 and 0.01 mg L−1 for water, mineral, complex and all mediums, respectively. For fish, the 

toxicity levels show that Ag+ has very high toxicity in all mediums (water: 0.163 mg L−1, 

mineral: 0.09 mg L−1, complex: 0.476 mg L−1, regardless: 0.115 mg L−1). Lastly, for protozoa, 

median toxicity level in water is calculated as 2 mg L−1 (high toxicity), in mineral media as 2.54 

mg L−1 (high toxicity), in complex media as 0.745 mg L−1 (very high toxicity) and considering 

all L(E)C50 levels regardless of media as 2 mg L−1 (high toxicity). Overall, it may be concluded 

that the toxicity potential of Ag+ in mineral media is the highest one among others. Similarly, 

Bondarenko et al. reported that Ag+ is extremely toxic for all the selected aquatic organisms 

except protozoa, which fall under very high/high toxicity levels. The same descending order was 

mentioned for Ag+ toxicity on crustaceans, algae, fish and protozoa with median L(E)C50 levels 

of 0.00085 mg L−1, 0.0076 mg L−1, 0.058 mg L−1 and 1.5 mg L−1, respectively [163]. 

 

4.4.3. Effect factor calculation 

As mentioned in section 4.3.1, USEtox requires toxicity data for at least three trophic 

levels along with a minimum of three toxicity values associated with each trophic level. Due to 

the insufficient number of studies in the majority of size-coating-test medium pairs, effect factors 

could not be calculated for all of the combinations. Matrices are developed for each option and 

are included in Appendix C (Figures C8–C12). These matrices are intended to inform research 

on the EFs for nAg that has specific physicochemical properties. It should be noted that high EF 

contributes to a higher characterization factor, which eventually defines the freshwater 

ecotoxicity potential. For instance, considering SPL-RCS scenario, 10.1–20 nm and uncoated 

nAg in mineral media has an EF of 50,754 PAF m3 kg−1. The EF decreases up to 18,089 PAF m3 
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kg−1 when SPL-CCS scenario is applied. TPL-RCS and TPL-CCS are performed higher EFs for 

the same size-coating-test medium pair as 48,846 PAF m3 kg−1 and 78,107 PAF m3 kg−1, 

respectively. Additionally, cross comparison of EFs are also available using the information from 

matrices. For example, considering data points collected for all test media, 1–10 nm sized and 

citrate coated nAg has higher effect factor then same sized and uncoated nAg (EFSPL-CCS: 21,977 

PAF m3 kg−1 and EFSPL-CCS: 7,887 PAF m3 kg−1 respectively), which means that citrate coated 

nAg that have this size range are potentially more impactful when released to the environment 

then uncoated nAg. 

Since size range dependent data were not sufficient for EF calculations for most of the 

combinations, additional calculations were included such as coating and test medium dependent 

EFs regardless of size. Figure 24 shows EFs that are calculated using available data per coating 

and testing environment. An additional EF calculation is performed based on nAg size but 

independent from coating and test medium, which is included as Figure 24F. 
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Figure 24. Effect factors for freshwater ecotoxicity impact category under different scenarios A) 

citrate coated, B) PVP coated, C) uncoated, D) coated with other agents, E) all coatings, F) all 

coatings and all test mediums but disaggregated based on size. 

 

Previous studies on CF for nAg resulted a wide range of EFs, which are independent 

from physicochemical characteristics of the examined nAg. The EF developed by Miseljic and 

Olsen was 8,576 PAF m3 kg−1 [25]. Pu included species level and trophic level calculations and 

included L(E)C50 values in both cases. For trophic level, Pu calculated the EF as 14,502 PAF m3 

kg−1 and for species level as 16,030 PAF m3 kg−1 [189]. Another study by Garvey et al. worked 

on two different scenarios and one of them was an equivalent of what the current study defines 

as SPL-CCS, which resulted an EF of 13,497 PAF m3 kg−1. The other scenario was developing 

the EF using the most sensitive end points for the considered organisms, which resulted in a 
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significantly higher EF of 281,144 PAF m3 kg−1 [69]. EFs reported in the last column of Figure 

24E (all mediums) are the ones that are comparable with previous literature as they are 

independent from size and coating. Although the currently developed EFs are on the same order 

of magnitude with the previous literature, they slightly differ considering different scenarios 

(EFSPL-RCS: 14,675 PAF m3 kg−1; EFSPL-CCS: 9,679 PAF m3 kg−1; EFTPL-RCS: 8,035 PAF m3 kg−1; 

EFTPL-CCS: 12,130 PAF m3 kg−1). In most of the cases for species level calculation, EFs that are 

generated based on cumulative scenario are found to be lower than regular scenario. Conversely 

in the majority of trophic level calculations, effect factors that are generated based on regular 

scenario (i.e. EC50 only) are found to be lower than cumulative scenario (i.e. EC50, LC50 and 

IC50). As per species level and trophic level EF comparison, for most of the coating dependent 

cases TPL performed lower EF then SPL, which was also suggested by Salieri et al. in their 

nano-TiO2 study [176]. The effect factor of 10.1–20 nm sized nAg based on species level regular 

case scenario is found to be significantly higher than the other scenarios due to the inclusion of a 

very low chronic toxicity value (2.00 × 10−8 kg m−3) based on a single species [225, 226]. When 

excluded, the corresponding species level EF decreases from 99,608 to 53,909 PAF m3 kg−1 

(46% decrease) and trophic level EF decreases from 39,755 to 34,339 PAF m3 kg−1 (14% 

decrease). This also suggests that using trophic level EF calculation should be preferable as 

excluding/including data points that belong to different species would be treated equally with 

other data points regardless of the number of data points excluded/included. In other words, 

species level data availability has a significant impact on EF. For instance, if very few studies are 

available that belong to a single species in the same trophic level, these data points may skew the 

results. 
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Finally, as size and level of toxicity are proved to be inversely proportional for nAg, size 

dependent EFs regardless of the coating and test environment are developed and presented in 

Figure 24F. It is expected that smaller sized nAg should have higher EFs, which contribute to 

higher CF for freshwater ecotoxicity potential. In order to assess the relationship between size 

and EF, trendlines for each scenario (SPL-RCS, SPL-CCS, TPL-RCS, TPL-CCS) are drawn. 

Although individual comparisons do not show a clear pattern (e.g. 10.1–20 nm nAg has lower EF 

than 20.1–30 nm nAg), slopes of the trendlines are negative which means EFs decrease when 

size range increases (Figure C13). This supports the knowledge of small sized nAg being more 

toxic to the environment. 

 

4.4.4. Discussion and implications 

As argued by Salieri et al., there is a knowledge gap on the potential risks of released 

ENMs, which causes several uncertainties in LCA results [22]. ENMs can be released from 

manufacturing (including purification), use and end-of-life stages of nano-enabled consumer 

products, which affects the overall environmental and human health implications of that 

particular product [13]. A comprehensive assessment is needed to evaluate the environmental 

impacts of such products as there are both advantages and detriments of nanoenabling process, 

e.g. nAg enabled textiles offer less frequent laundering compared to conventional textiles but 

there is an additional step for nAg manufacturing and a risk for nAg release [60]. As previously 

discussed, to date, most of the LCA studies excluded the potential impacts resulting from ENMs 

release, which can be one of the main environmental burdens for an advanced product. 

Calculating CFs and combining them with potential release patterns will help evaluating the 

environmental and human health performances of ENMs and/or nano-enabled products in a 
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holistic way. For instance, Eckelman et al. developed CFs for CNTs that they produced, and 

found that the life cycle impacts of CNTs production are significantly higher than the impacts 

resulting from their release [127]. Particularly for nAg, given that they undergo various 

transformations depending on the release media, calculating CFs and combining them with 

release patterns will help modeling nano-specific emissions. These then can be combined with 

conventional LCA results (i.e. non-nanoscale) to conduct a comprehensive impact assessment. 

Results of the current study support the previous findings on nAg toxicity, especially the 

inverse proportion between size and the level of toxicity as well as the potential impacts that 

coatings may have on the toxicity. As presented earlier, EF decreases when the size of nAg 

increases, and coating and testing environment have large impact on the results. However, it is 

found that the literature on toxicity data for nAg in relatively larger sizes (>30 nm) are not 

broadly studied, which challenges the coating and size dependent EF interpretation, i.e. the 

majority of cells in matrices cannot be filled as there are not enough data points for specific 

coating-size-medium pairs (Figure C8–C12). Another finding is the relatively low number of 

toxicity experiments that are conducted in water and complex mediums compared to mineral. 

This consideration effects drawing a conclusion about the toxicological impact of nAg in water. 

More toxicological research is needed to fill these gaps, which then will be used to calculate 

physicochemical property based EFs for all size ranges, coating options and mediums. It should 

be noted that, the same methodology that is applied in the current study can be used to collect 

and handle the physicochemical property based toxicity data points and calculate the specific 

EFs for different nanomaterials. 

EFs that are calculated in the current study can be directly used in any nAg freshwater CF 

development research. EFs for a certain size-coating-medium combination (when available) can 
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be paired with XF and FF of interest, and CFs can be calculated. Following this, the calculated 

CF can be coupled with the mass of nAg released in order to assess the freshwater ecotoxicity 

potential resulting from the direct (i.e. nano specific) impacts. In other words, physicochemical 

property based EFs obtained from this present study can be used in modeling impacts resulting 

from direct release which can be coupled with impacts resulting from raw materials acquisition, 

production, use and end-of-life [126]. With this, a comprehensive impact assessment (i.e. 

resulting from both direct and indirect impacts) to evaluate the environmental performances of 

nAg and/or nAg enabled consumer products can be achieved. Further, these results can be used 

to estimate the industry-based impacts and to project the overall environmental performances of 

the sectors where nAg are used (e.g. medical). 

 

4.5. Conclusion 

In the current study EFs are calculated using the previously published toxicity data for 

nAg. Toxicity values of nAg on the selected aquatic organisms are evaluated considering 

different properties such as size and coating, and test media. The number of toxicity literature 

was not uniformly distributed for each option (i.e. size-coating-test medium combination). 

Considering all the data collected from the literature, regardless of size, coating and test media, 

nAg showed the highest toxicity to crustaceans with median L(E)C50 value of 0.018 mg L−1 (very 

high toxicity). Algae, fish and protozoa follow crustaceans with median L(E)C50 values of 0.195 

mg L−1 (very high toxicity), 1.8 mg L−1 (high toxicity) and 16 mg L−1 (moderate toxicity) 

respectively. In different test mediums this sequence changed slightly. For instance, in water, the 

rank from the highest to the lowest toxicity was crustaceans > fish > algae > protozoa; while in 

complex medium it was crustaceans > algae > protozoa > fish. Collected LC50, EC50 and IC50 
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values are used to develop physicochemical property (e.g. size, coating) based EFs for nAg. It is 

found that coating and size affect the overall toxicity of nAg. However, it should be noted that 

the EF does not recommend the level of freshwater ecotoxicity of a particular nAg, as CF needs 

to be calculated by incorporating FF and XF factors in addition to EF. In other words, duration 

that nAg resides in a specific environmental compartment (i.e. FF) as well as dissolved and 

bioavailable fraction of nAg (i.e. XF) are important considerations when calculating the potential 

nano-specific impact. EFs developed in the current study can serve as reference values for nano-

specific CF calculation. Researchers can pick the EF for their particular sized/coated nAg and 

incorporate that with the specific fate and exposure patterns that belong to their own 

environmental model. As mentioned before, there were insufficient number of studies in the 

majority of size-coating-test medium pairs, therefore, more toxicity research is needed in order to 

fill these gaps. Future work should develop CFs by incorporating fate and exposure mechanisms 

for a more thorough evaluation. 
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5.1. Abstract 

Global production and consumption of silver nanoparticles (nAg) are forecasted to 

increase due to their applications in modern technologies. This situation raises concerns related 

to their environmental and human health consequences, as nAg potentially will be released to the 

environment during and/or at the end of the product life cycles. Environmental impacts due to 

nAg production (i.e. non-nanoscale emissions) are widely examined throughout the literature 

using cradle-to-gate life cycle assessments. However, calculating nano-specific emissions 

resulting from nAg release is occasionally overlooked, or modeled as ionic silver, due to the lack 

of characterization factors (CF) to define the follows of impact. The current study seeks to 

calculate CFs for nAg by combining the principles of colloidal science with the USEtox model to 

be integrated to cradle-to-grave life cycle assessments. In order to control the variables while 

modeling fate and behavior of nAg, data from mesocosm conditions are used. Effect and fate 

factors for CF are calculated considering certain physicochemical properties of nAg in the 

mesocosm and the composition of aquatic media. Additionally, two different scenarios are 

computed where the hetero-aggregation is modeled as either removal or transformation process, 

which significantly changes the final results. Considering different scenarios, a CF range is 

proposed as 2.19×103 – 2.34×105 PAF.m3.day/kg for polyvinylpyrrolidone coated nAg. 

Moreover, as a result of sensitivity analysis, it is found that the characteristics of the suspended 

particulate matter largely affect the fate of nAg under both scenarios. Results suggest that using 

ionic silver to model nAg release will potentially overestimate the environmental impacts. 
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5.2. Introduction 

Silver nanoparticles (nAg) are one of the most used engineered nanomaterials (ENMs) in 

various consumer products mainly due to their antimicrobial and antibacterial characteristics [1, 

7, 60]. They are mostly utilized in the medical industry, followed by textiles, cosmetics, home 

appliances among other industries [60]. Global production mass and the market value of nAg are 

expected to increase considerably by 2025 [126, 227]. This suggests that the utilization of nAg in 

consumer products with several modern technological applications may be advanced 

accordingly. Although enabling with nAg offers benefits to the consumer products, it will also 

add burdens to the environment such as impacts resulting from the manufacturing of nAg or the 

potential release of nAg to air, soil or water [60].  

Life cycle assessment (LCA) is a commonly used methodology to investigate the 

environmental impacts of a product or process [15, 16]. Several papers have been published that 

reviewed the LCAs implemented for ENMs as well as for nAg [22, 60, 126]. One of the gaps 

identified by these papers was the lack of characterization factors (CF) to model the release of 

nAg. Previous LCA studies modeled direct impacts resulting from the nAg release as ionic silver 

(Ag+), which potentially resulted in underestimations or overestimations of the impact [38, 58, 

60, 65]. In order to develop CFs for ENMs, nano-specific effect factor (EF), fate factor (FF) and 

exposure factor (XF) are needed to be calculated for the material of interest in a specific 

environmental media. Section 5.3 of the current study provides a comprehensive background 

information for developing CFs. 

Numerous papers have been broadly reviewed the behavior and potential impacts of 

ENMs in aquatic environments as well as indicated challenges regarding fate modeling [129, 

228–239]. Suhendra et al. grouped the existing environmental exposure models for ENMs under 
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three classes as material flow analysis models, multimedia compartmental models (e.g. 

MendNano, SimpleBox4Nano) and spatial river/watershed models (e.g. Nano DUFLOW) [237]. 

All these models incorporate different fate processes such as dissolution, aggregation and 

sulfidation. Further, Mortimer and Holden listed and explained the potential fate processes for 

ENMs in natural environments including agglomeration, dissolution, chemical transformation, 

nanoparticle formation, sorption of biomolecules, interactions with other contaminants, 

transformations at the biological receptors and uptake by biota, trophic transfer, degradation and 

aging [240].  

Research suggests that, fate and behavior of ENMs highly depend on the 

physicochemical properties of ENMs (e.g. size, coating) as well as the environmental conditions 

(e.g. the level of salinity, organic contamination) [155, 162, 205, 241]. For instance, Li et al. 

evaluated the potential risks of nAg in different natural aquatic systems and concluded that nAg 

in freshwater systems is much harmful than nAg in brackish or seawater, due to the inverse 

proportion between salinity levels and the potential risk of nAg [242]. Besides the characteristics 

of aquatic environment, information on the initial material properties (e.g. concentration, primary 

particle size, specific surface area and surface charge) is needed in order to investigate potential 

behaviors of nAg in environments of interest [243]. Therefore, developing CFs by using 

predetermined (i.e. generalized) parameters would not be representative. In order to overcome 

this challenge, in the current study, CFs are developed for nAg using mesocosm conditions. 

Mesocosms are simulations of aquatic ecosystems under controlled conditions, which help 

predicting nanomaterial interactions with the environment [129, 244, 245]. Geitner et al. and 

Stegemeier et al. has published a number of studies on the fate and behavior of nAg under 

simulated wetland environments, which are utilized to inform this work [246–248].   
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 The goal of this study is to calculate freshwater ecotoxicity CFs for specific sized and 

coated nAg in a specific environment (i.e. mesocosm) to inform future environmental impact 

assessment research. Section 5.3 provides contextual information for developing CFs including 

the considerations for its components, EF, FF and XF, respectively. The current understanding of 

fate descriptors is also discussed in section 5.3, and the previous literature that calculated CFs for 

nAg are also summarized. Section 5.4 presents the materials and methods used in the current 

study, including separate sections for each CF component (i.e. EF, XF, FF) and subsections for 

relevant processes for calculating FFs. Section 5.5 demonstrates the results and discusses the 

relevance of the findings for usage in LCAs. Finally, section 5.6 provides the key results of this 

work and presents the plans for future work. 

 

5.3. Background information for characterization factors 

In LCA, the potential impact, or impact scores, of a product/process can be calculated 

using eqn (5.1),  

𝐼𝑖 = ∑𝐶𝐹𝑥𝑚
𝑖 ∗ 𝑀𝑥𝑚

𝑥𝑚

                                                                                                                              (5.1) 

where (x) is the substance of interest, (i) is the impact category of concern, (m) is the media, 𝐼𝑖 is 

the potential impact of (x) for (i), 𝐶𝐹𝑥𝑚
𝑖  is the characterization factor for (x) emitted to (m) for (i), 

and 𝑀𝑥𝑚 is the mass of (x) emitted to (m) [18, 160]. The USEtox model is a recommended for 

quantifying freshwater ecotoxicity and human toxicity potentials of chemicals in order to be used 

in LCAs [23, 161]. USEtox calculates CF using eqn (5.2),  

𝐶𝐹 = 𝐸𝐹 ∗ 𝐹𝐹 ∗ 𝑋𝐹                                                                                                                                 (5.2) 

where 𝐸𝐹 is effect factor (PAF.m3/kg), 𝐹𝐹 is fate factor (day) and 𝑋𝐹 is exposure factor (%). In 

the subsequent subsections, the ongoing debate of utilizing the USEtox model for ENMs is 
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discussed in detail and the three components of CFs are defined. Moreover, Table D1 in the 

Appendix D presents a summary of previously published studies that developed freshwater 

ecotoxicity CFs for different ENMs, along with details on considerations and assumptions made. 

It should be noted that calculation methods for each factor (EF, FF and XF) are discussed 

separately in section 5.4. 

 

5.3.1. Effect Factor (EF) 

Effect factor (EF) represents the toxicological impact of ENMs on the ecosystem, with a 

unit of PAF.m3/kg (PAF: potentially affected fraction). In other words, EF is the slope of the 

concentration – response plot when 50% of the population is affected [26]. For freshwater 

ecotoxicity category, EF is calculated using toxicological data for aquatic organisms, typically 

chronic effective concentrations [20]. Numerous papers have been published to investigate the 

impact of physicochemical properties (such as size and coating) of ENMs on their toxicity [163, 

167, 168]. It was concluded that the specific properties have significant impacts on the effective 

(EC50), lethal (LC50) or inhibitory (IC50) concentrations of the ENMs. For instance, considering 

nAg, Ivask et al. found that the toxicity of nAg is inversely proportional with the particle size, 

and Asghari et al. argued that the toxicity of uncoated nAg is slightly higher than the coated ones 

[167, 214]. Therefore, incorporating the physicochemical properties of ENMs in EF calculations 

is critical, which has not been applied in the previously developed CFs (Table D1). 

 

5.3.2. Fate Factor (FF) 

The FF represents the duration that an ENM resides in a specific environmental 

compartment such as air, water or soil, and is presented in days [20, 23, 24]. There are various 
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factors that need to be taken into consideration while calculating the FF. Miseljic and Olsen 

provided a comprehensive literature review and listed the physicochemical properties of ENMs 

that drive their fate and behavior. They also suggested various potential environmental pathways 

that affect the toxicological impact characterization of ENMs. Figure 25A is a summary derived 

from multiple sources that identified the factors considered while calculating FF [23, 25, 129, 

155, 174]. It should be noted that the conditions of the environmental compartment (e.g. 

presence of organic matter, pH, ionic strength) are also relevant factors that affect the fate as they 

interact with the surface properties of ENMs [174, 229]. Therefore, physicochemical property 

based FFs should be calculated specifically for the release media of interest, i.e. case by case 

evaluation is needed. 

 

 

Figure 25. A) Potential environmental pathways for nanomaterials and physicochemical 

characteristics of ENMs that affect fate factors [23, 25, 129, 155, 174] B) Relative importance of 

potential transformation processes in modeling environmental fate of nAg (darker shades 

indicate higher importance) [129, 249]. 

 

As the current paper aims to develop freshwater ecotoxicity CF for nAg, studies that 

define fate and behavior of nAg are reviewed and factors affecting the fate of nAg are listed 
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[129, 174, 235, 249–253]. Figure 25B shows the processes that are relevant to nAg and 

illustrates the relative importance of these processes using a color scheme [129]. Throughout the 

literature, it was found that nAg go through several transformation processes depending on their 

physicochemical characteristics as well as the properties of the release media with dissolution, 

oxidation/reduction and aggregation/agglomeration being the most dominant ones among others. 

Hartmann et al. argued that as nAg are unstable in the presence of light, photochemical 

transformation process may be neglected. Also, as being an inorganic ENM, the biodegradation 

of nAg is not expected to be as relevant as the previously mentioned processes [249]. Peng et al. 

and Peijnenburg et al. provided comprehensive assessments on each of the potential 

environmental transformation process and the impacts of different conditions on those processes 

[234, 235]. For instance, after explicitly defining the dynamics of aggregation of metallic ENMs, 

effects of size, shape, surface coating, pH, ionic strength and presence of organic matter on 

aggregation are elaborated in detail [234–236]. 

 

5.3.2.1. Current understanding of fate descriptors 

Currently, there is an evolving debate on the approach used to model fate and behavior of 

ENMs in the aquatic environments. One approach uses equilibrium partitioning coefficients (KP) 

(i.e. mass flow-based model) and the other uses colloidal science (i.e. particle-number based 

kinetic model). As being the recommended model for use in LCAs, USEtox uses substance 

specific data, including KP (e.g. KP between dissolved organic carbon and water, KP between 

suspended solids and water etc.) among others, to model the fate of chemicals in aquatic 

environments [20, 161]. Conversely, research advised that, ENMs are thermodynamically 

unstable and their behaviors are controlled by colloidal science rather than equilibrium 
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assumptions [254–256]. In other words, the surface chemistries of ENMs control the previously 

mentioned potential transformation processes (e.g. aggregation, sedimentation etc.), therefore 

instead of KPs, first order kinetics are believed to be more representative for modeling fate of 

ENMs [22, 244, 254, 255, 257]. 

Numerous studies have been published where researchers used/suggested using the 

USEtox framework (i.e. equilibrium partitioning coefficients) [127, 128, 258, 259] or colloidal 

science [26, 176, 182, 260–262] in order to model the fate of the respective ENMs. While studies 

tend to prefer one method over another, research suggested that fate models should incorporate 

both methods to fully cover the behaviors of ENMs [263, 264].  

 

5.3.3. Exposure Factor (XF) 

Exposure factor (XF), a dimensionless component of CF, is defined as the bioavailable 

fraction of a chemical in water [23, 24]. For freshwater ecotoxicity, impacts on biota may occur 

through invertebrate uptake, plant uptake and bioaccumulation, and microbial interactions [25]. 

As mentioned previously, the USEtox model is developed primarily for inorganic and organic 

substances. Therefore, it is believed that the current definition of XF does not fully cover the 

properties of ENMs [12, 22, 189]. Research suggested that in order to calculate the XF for 

ENMs, the distinction of soluble and insoluble ENMs should be made to identify respective 

transformation processes [265]. According to Jacobs et al., ENMs in any form (i.e. dissolved, 

free, pristine, hetero-aggregated) that are smaller than 450 nm in size should be considered as 

bioavailable [266]. In their review paper, Salieri et al. recommended that toxicity studies should 

consider reporting the bioavailable fraction of ENMs in order to overcome this uncertainty in 

developing CFs [22]. The majority of the published CF papers as summarized in Table D1 
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assumed a precautionary XF as 1 (i.e. 100% bioavailable). Another approach was conducting 

Monte Carlo simulations using published partitioning coefficients; however, given that ENMs 

form thermodynamically unstable suspensions, this approach has not been applied widely [127, 

267].  

 

5.3.4. Review of characterization factor literature for nAg 

In order to explore the previous studies that calculated CFs for nAg, a literature survey is 

conducted by using an academic search engine, Web of Science Core Collection, by searching 

combinations of key terms including characterization factors, nanomaterial, nanosilver and 

nanosilver-enabled. From this search, three studies were identified where CFs are derived for 

nAg [25, 69, 189]. Table 5 presents a summary of these studies along with the 

calculated/assumed FF, XF and EF, and derived CFs.  

 

Table 5. Summary of the literature on developing nAg specific freshwater ecotoxicity CFs. 

Considered fate and 

behavior processes in FF 

calculation 

FF  

(days) 

XF 

(%) 

EF 

(PAF.m3/kg) 

CF 

(PAF.m3.day/kg 

or CTUe/kg) 

Ref. 

Assumed as one due to 

many unknowns 
1 N/A 8,576 8.57×103  [25] 

Sedimentation  

Advection 

Dissolution  

1.36 100 
SPL) 16,030 

TPL) 14,502 
1.98×104 [189] 

Calculated using 

substance specific 

partitioning coefficients 

S1) 30 

S2) 

130 

S1) 

60 

S2) 

80 

S1) 13,497  

S2) 281,144 

S1) 2.43×105   

S2) 2.92×107 
[69] 

N/A: neglected; S1: Scenario 1; S2: Scenario 2; SPL: Species level; TPL: Trophic level 
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As being the first CF study for nAg, Miseljic and Olsen used simplifying assumptions to 

estimate the freshwater ecotoxicity potential of nAg. They suggested that nAg will have a short 

substance residence time in freshwater (i.e. rapid transformation, aggregation and sedimentation 

time), which resulted in an FF of 1 [25]. They also assumed that the exposure is equal to the 

environmental concentration of nAg, and therefore neglected the XF. For EF, Miseljic and Olsen 

compiled in total of 21 EC50 values for three trophic levels (algae, crustacean and fish) and 

calculated the EF as 8,576 PAF.m3/kg [25]. Another study by Pu developed a fate model which 

involves calculating the FF from rate constants of certain transformation processes, such as 

advection, dissolution, sedimentation [189]. For EF, Pu compiled toxicity data for three trophic 

levels (algae, crustacean and fish) and calculated the EF as 14,502 PAF.m3/kg. They argued that 

given that the XF calculation based on USEtox involves partitioning coefficients and they are not 

representative for ENMs, an ultra-conservative XF needs to be assumed which is equal to 

considering 100% bioavailability [189]. Lastly, Garvey et al. used an adapted version of USEtox 

model, where they computed realistic- and worst-case scenarios. They calculated the FF using 

substance specific partitioning coefficients as USEtox recommended. In order to calculate the 

EF, Garvey et al. used in total of 73 different toxicity data (including EC50, IC50 and LC50) for 

four phyla (Arthropoda, Chordata, Chlorophyta and Heterokontophyla) and calculated EF with a 

range of 13,497 – 281,144 PAF.m3/kg. For XF, they used statistical simulations since empirically 

determined exposure factors were not available in the literature, and suggested that nAg is 60-

80% bioavailable [69].  

As previously mentioned, the XF and FF depend on the physicochemical properties of 

nAg and the conditions of the release media [155, 162]. Additionally, different size and coating 

of nAg have a significant impact on EF [227]. These factors are needed to be considered while 
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developing nAg specific CFs. Overall, as discussed in the current section, previous studies that 

derive nAg-CFs used various approaches and did not take into account the external (i.e. media 

dependent) and internal (i.e. ENM dependent) factors, which are critically important. 

 

5.4. Materials and Methods 

Research recommended that using experimental data obtained from aquatic mesocosms 

(i.e. specific site) is more representative and approachable in modeling potential fate and 

behavior of ENMs, rather than including all possible transformation routes discussed previously 

[244, 245]. Considering this recommendation, in the current study, a CF for freshwater 

ecotoxicity is developed particularly for the mesocosm conditions examined by Geitner et al. and 

Stegemeier et al.[246–248]. Following subsections provide detailed information on each of the 

component of characterization factor. 

 

5.4.1. Effect Factor (EF) Calculation 

According to the USEtox, EF is calculated using eqn (5.3) and eqn (5.4), where HC50 

(hazardous concentration) is calculated by the geometric mean of EC50 data, and EC50 is the 

concentration of a substance at which 50% of the population responds (i.e. endpoints may 

include mortality, immobilization, reproduction, etc.) [20]. The USEtox recommends including 

at least three chronic or sub-chronic species level toxicity data (n in eq. 5.4) for a minimum of 

three trophic levels (e.g. crustaceans, fish and algae) in EF calculations [20]. 

𝐸𝐹 =
𝑃𝐴𝐹

𝐻𝐶50
=

0.5

𝐻𝐶50
                                                                                                                                 (5.3) 
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𝐻𝐶50 = √∏𝐸𝐶50,𝑖

𝑛

𝑖=1

𝑛

    ⇒   log𝐻𝐶50 = 
1

𝑛
 ∑log 𝐸𝐶50,𝑖

𝑛

𝑖=1

                                                              (5.4) 

 

Previous studies performed several adaptations to the USEtox model to calculate the EF. 

For instance, in order to account for different endpoints, some studies included not only EC50 but 

also LC50 and/or IC50 values in HC50 calculation [26, 69, 127, 176]. Another example may be 

given from the studies where the EF is calculated using trophic-level (TPL) HC50 rather than 

species-level (SPL) as the USEtox recommends [176, 189]. A literature review by Temizel-

Sekeryan and Hicks exhaustively explored the existing nAg toxicity literature and calculated EFs 

considering different scenarios using a total of 366 data points. As the potential ecotoxicity of 

released nAg depends on the physicochemical properties of the material and the release media 

(e.g. whether mineral or complex), we calculated size and coating dependent EFs for different 

environmental mediums, permitting toxicity data availability [227]. Moreover, using previous 

suggestions from the literature, we included scenarios for SPL and TPL-EFs to inform the CF 

development. In the current study, EFs calculated by Temizel-Sekeryan and Hicks are used for 

the nAg of concern [227]. Due to the limited data availability for PVP coated nAg, size 

dependent EF could not be extracted from the respective paper. Therefore, EFs that are 

developed for PVP coated nAg regardless of size are used. In order to provide a CF range, an 

optimistic (i.e. low toxicity) and a skeptical (i.e. high toxicity) EFs are selected, which are 6,581 

PAF.m3/kg and 19,303 PAF.m3/kg respectively [227]. 
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5.4.2. Fate Factor (FF) Calculation 

Conceptually, FF calculation incorporates the material removal and transport processes as 

by definition it indicates the persistence of a substance in the environment [20]. Figure 26 lists 

the processes relevant to the ENMs in aquatic environments. Previous studies that investigated 

fate of ENMs are constructed based on different opinions (i.e. they focus on/discard different 

parameters). For instance, a model developed by Meesters et al. assumed the hetero- and/or 

homo- aggregated ENMs as altered species of the same material, and therefore included 

aggregation as a transformation process rather than removal [189, 257, 262]. Whereas, various 

studies that developed CFs for different types of ENMs included aggregation as a removal 

process and incorporated it in FF calculation [26, 176, 182, 261, 264]. As such, the mechanisms 

of nAg fate are still not specified explicitly in the literature [174, 189]. 

 

Figure 26. Processes relevant to ENMs in aquatic environments (adapted from [261, 263, 268]). 
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Acknowledging previous methodologies, two different scenarios for FF calculation is 

computed in the current study. In scenario 1, FF is calculated using eqn (5.5), which requires 

calculating rate constants for dissolution (𝑘𝑑𝑖𝑠𝑠), hetero-aggregation (𝑘ℎ𝑒𝑡−𝑎𝑔𝑔), sedimentation 

(𝑘𝑠𝑒𝑑) and advection (𝑘𝑎𝑑𝑣) processes [26, 261, 264]. 𝑘𝑤,𝑤 denotes the removal rate constant for 

freshwater. 

𝐹𝐹 =
1

𝑘𝑤,𝑤
=

1

(𝑘𝑑𝑖𝑠𝑠+𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 + 𝑘𝑠𝑒𝑑 + 𝑘𝑎𝑑𝑣)
                                                                               (5.5) 

In scenario 2, aggregation is assumed as a transformation process and the 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 is 

removed from eqn (5.5). Instead, 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 is included in the 𝑘𝑠𝑒𝑑 and further calculations are 

conducted. Following subsections include detailed explanations and calculation frameworks for 

the components of eqn (5.5). Research suggested that homo-aggregation is negligible compared 

to hetero-aggregation [162, 176, 257, 260], and no measurable homo-aggregation was detected in 

nAg mesocosms [246, 247, 269, 270]. For this reason, homo-aggregation is neglected in the 

current study.  

 

5.4.2.1. Dissolution 

In the majority of previously developed CFs (Table D1), dissolution processes were not 

incorporated because either the ENMs of interest were not soluble (e.g. nano-TiO2, CNT, GO) or 

FF calculation method was based on partitioning coefficients [26, 69, 128, 176, 182]. However, 

as presented in Figure 25B, dissolution is an important transformation mechanism for nAg and 

has to be incorporated into fate modeling. Furthermore, Pu conducted a sensitivity analysis and 

suggested that dissolution rate of ENPs in freshwater should be prioritized [189]. So far, the 

common approach has been assuming a simplified 𝑘𝑑𝑖𝑠𝑠  of 0-10-5 s-1 provided by Quik et al. for 

all metallic ENMs that are soluble [236, 262]. 
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Dissolution of nAg is defined as oxidative dissolution where metallic Ag, that is on the 

surface of nAg, reacts with dissolved oxygen in aqueous media and forms silver(I)oxide (eqn 

5.6). Then the silver(I)oxide further dissolves and releases Ag+ in the presence of protons, thus, 

pH is an important parameter for this step (eqn 5.7). Eqn (5.8) represents the overall dissolution 

mechanism of nAg [271].  

4𝐴𝑔(𝑠) + 𝑂2 (𝑎𝑞) → 2𝐴𝑔2𝑂(𝑠)                                                                                                                 (5.6) 

𝐴𝑔2𝑂(𝑠) + 2𝐻
+
(𝑎𝑞) → 2𝐴𝑔

+
(𝑎𝑞)

+ 𝐻2𝑂(𝑙)                                                                                       (5.7) 

2𝐴𝑔(𝑠) +
1

2
𝑂2 (𝑎𝑞) + 2𝐻

+
(𝑎𝑞) → 2𝐴𝑔

+
(𝑎𝑞)

+ 𝐻2𝑂(𝑙)                                                                      (5.8) 

Dissolution of nAg in aqueous media is affected by several factors including pH, ionic 

strength, dissolved oxygen, temperature, capping agents, size and shape of nAg, among others 

[251, 272–278]. For instance, the size of nAg and the level of dissolution are shown to be 

inversely proportional, meaning that smaller sized nAg will have larger 𝑘𝑑𝑖𝑠𝑠 [252, 279–282]. 

Throughout the literature, the most applied method for calculating the 𝑘𝑑𝑖𝑠𝑠 is implementing 

modified pseudo-first-order kinetic model using experimental data as presented in eqn (5.9),  

𝐶𝑡 = 𝐶𝑑(1 − 𝑒
−𝑘𝑑𝑖𝑠𝑠𝑡) 𝑜𝑟  𝑘𝑑𝑖𝑠𝑠 = −

ln (
𝐶0 − 𝐶𝑖𝑜𝑛𝑠

𝐶0
)

𝑡
                                                                      (5.9) 

where 𝐶𝑡 is the nAg concentration at time t (mg/L), 𝐶𝑑 is the concentration when nAg are 

completely dissolved (mg/L), 𝐶0 is the initial concentration of nAg (mg/L), 𝐶𝑖𝑜𝑛𝑠 is  the 

concentration of released ions from nAg at time t (mg/L), 𝑘𝑑𝑖𝑠𝑠 is the dissolution rate constant  

(s-1) and 𝑡 is the time (s) [189, 257, 283]. Additionally, several studies combined the Arrhenius 

equation and eqn (5.9) to calculate temperature dependent rate constants or developed 

individualized kinetic laws for specific conditions (e.g. pH, presence of organic matter, coating) 

[271, 283, 284]. Similar to the previous literature, in the current study, pseudo-first-order kinetic 
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model (eqn 5.9) is used to calculate 𝑘𝑑𝑖𝑠𝑠 using experimental data from mesocosm conditions as 

detailed by Geitner et al. and Stegemeier et al. [246–248]. Respective parameters can be found in 

Table D2. 

 

5.4.2.2. Hetero-aggregation 

Hetero-aggregation has been identified as one of the most important processes that 

greatly impacts the fate of ENMs in aquatic mediums as after the attachment, suspended 

particulate matter (SPM) dominates the transport behavior of ENMs [246, 270, 285, 286]. In 

their recent review paper, Praetorieus et al. provided a theoretical background for hetero-

aggregation process and suggested several experimental approaches for calculating the hetero-

aggregation attachment efficiency [270]. Hetero-aggregation process has not been considered as 

a removal process in any of the previous studies that develop CFs for nAg as detailed in Table 5. 

Thus, to the best of the authors’ knowledge, this is the first study that incorporates the hetero-

aggregation as a removal process in FF calculation for nAg (i.e. as scenario 1). 

In the current study, hetero-aggregation rate is calculated using eqn (5.10) [26, 176]. One 

of the factors that affect the hetero-aggregation rate is the hetero-aggregation (or attachment) 

efficiency, 𝛼. It can range from 0 to 1 depending on the surface chemistries of ENMs, the 

properties of the SPM as well as the characteristics of water [176, 247, 261, 287]. Therefore, it is 

ideal to obtain the experimental attachment efficiency specific for each study. For reference, 

Geitner et al. provided a heat-map for 𝛼 values using different ionic strength and humic acid 

concentrations, which resulted in a full range of 𝛼 values (0 to 1) for nAg [247]. Previous nano 

specific CF literature that applied multimedia fate model for calculation used different theoretical 

values for attachment efficiencies, e.g. Salieri et al. included both 0.001 and 1 for nano-TiO2; 
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Praetorius et al. used a range of 0.001-1 for nano-TiO2; Deng et al. assumed 𝛼 as 10-6 for CNTs; 

and Deng et al. included 𝛼 as 0.0015 for graphene oxide nanoparticles [26, 176, 182, 261]. 

𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 = 𝑘𝑐𝑜𝑙𝑙 ∗ 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔 ∗ 𝐶𝑆𝑃𝑀                                                                                                   (5.10) 

where 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔 is aggregation efficiency, 𝐶𝑆𝑃𝑀 is suspended particulate matter concentration 

(1/m3) and 𝑘𝑐𝑜𝑙𝑙 is the collision rate (m3/s). In the current study, a conservative 𝛼 is selected as 

0.012 (the lowest 𝛼 reported for nAg in the literature) [247] and a sensitivity analysis is 

conducted in order to identify how sensitive the results to 𝛼 are. 𝐶𝑆𝑃𝑀 and 𝑘𝑐𝑜𝑙𝑙 require further 

calculations, which are detailed in the Appendix D (eqn D1-D5). Parameters used to calculate the 

𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 can be found in Tables D2 and D3. 

 

5.4.2.3. Sedimentation 

Due to the gravitational settling, free ENMs and ENMs that are attached to SPM and/or 

organic matter are tend to settle in aquatic environments [230]. The rate of sedimentation is 

governed by Stoke’s Law for gravitational settling of particles, for which, densities and sizes of 

both nAg and SPM are important parameters [257, 261, 288]. Quik et al. suggested that, a range 

of 0-10-4 s-1 is acceptable for the sedimentation rate constant if there are limited nano specific 

data in the literature [236]. As two scenarios are computed in the current study, two different 

sedimentation rate constants (𝑘𝑠𝑒𝑑
𝑛𝐴𝑔

 and 𝑘𝑠𝑒𝑑
′
) are calculated. For scenario 1, where hetero-

aggregation is considered as a removal process, sedimentation rate constant (𝑘𝑠𝑒𝑑
𝑛𝐴𝑔

) is calculated 

using eqn (5.11), 

𝑘𝑠𝑒𝑑
𝑛𝐴𝑔

= 
𝑣𝑠𝑒𝑡
𝑛𝐴𝑔

ℎ𝑤
                                                                                                                                          (5.11) 
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where 𝑣𝑠𝑒𝑡
𝑛𝐴𝑔

is the settling velocity (m/s) of nAg and ℎ𝑤 is the depth of the water compartment 

(m). For scenario 2, where hetero-aggregation is considered as a transformation process rather 

than removal, sedimentation rate constant (𝑘𝑠𝑒𝑑
′
) is calculated using eqn (5.12), 

𝑘𝑠𝑒𝑑
′ = 𝑘𝑠𝑒𝑑

𝑛𝐴𝑔
+ 𝑘𝑎𝑔𝑔−𝑠𝑒𝑑 + 𝑘𝑎𝑡𝑡−𝑠𝑒𝑑                                                                                                 (5.12)  

where 𝑘𝑠𝑒𝑑
𝑛𝐴𝑔

 is the sedimentation rate constant as calculated in eqn (5.11) (s-1), 𝑘𝑎𝑔𝑔−𝑠𝑒𝑑 is the 

minimum value of either pseudo-sedimentation rate constant for aggregated nAg or the 

aggregation rate constant (s-1) and 𝑘𝑎𝑡𝑡−𝑠𝑒𝑑 is the minimum value of either pseudo-sedimentation 

rate constant for attached nAg or the attachment rate constant (s-1) [189]. As mentioned 

previously, homo-aggregation is neglected in the current study, therefore 𝑘𝑎𝑔𝑔−𝑠𝑒𝑑 is not 

calculated. Further calculations are detailed in the Appendix D (eqn D6-D10). Parameters used 

to calculate the 𝑘𝑠𝑒𝑑
𝑛𝐴𝑔

 and 𝑘𝑠𝑒𝑑
′
 can be found in Tables D2 and D3. 

 

5.4.2.4. Advection 

Advection process can be defined as the transport of ENMs from freshwater to other 

water compartments (i.e. out of the system), mainly due to precipitation [262, 287]. Quik et al. 

suggested that, if there are limited nano specific data, using 10-6 s-1, or any value from a range of 

0-10-5 s-1, as the advection rate constant is acceptable [236]. If details are available, advection 

rate constant, 𝑘𝑎𝑑𝑣, can be calculated using eqn (5.13), 

𝑘𝑎𝑑𝑣 = 
𝑘𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ∗ 𝐴𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟 + 𝜑 ∗ 𝑘𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ∗ 𝐴𝑠𝑜𝑖𝑙

𝑉𝑤
                                                (5.13) 

where 𝑘𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 is the precipitation rate (mm/yr) , 𝐴𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟 is the area of freshwater (m2), 

𝐴𝑠𝑜𝑖𝑙 (m
2) is the area of soil, 𝜑 is the water run-off fraction (%) and 𝑉𝑤is the volume of 

freshwater (m3) [26]. Parameters used to calculate the 𝑘𝑎𝑑𝑣  can be found in Tables D2 and D3. 
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5.4.3. Exposure Factor (XF) Calculation 

The USEtox multimedia fate and exposure model suggests calculating the XF using eqn 

(5.14), which results in a dimensionless element to be incorporated into CFs [20]. 

𝑋𝐹 =
1

1 + (𝐾𝑃𝑠𝑠 ∗ 𝑆𝑆 + 𝐾𝐷𝑂𝐶 . 𝐷𝑂𝐶 + 𝐵𝐴𝐹 ∗ 𝐵𝐼𝑂𝑚𝑎𝑠𝑠) ∗ 10
−6
                                                                 (5.14) 

where 𝐾𝑃𝑠𝑠 is the partitioning coefficient between water and suspended solids (L/kg), 𝑆𝑆 is the 

concentration of suspended solids in water (mg/L), 𝐾𝐷𝑂𝐶 is the partitioning coefficient between 

dissolved carbon and water (L/kg), 𝐷𝑂𝐶 is the concentration of dissolved organic carbon in 

water (mg/L), 𝐵𝐴𝐹 is the bioaccumulation factor in biota (L/kg), and 𝐵𝐼𝑂𝑚𝑎𝑠𝑠 is the 

concentration of biota in water (mg/L) [189]. However, as previously stated, partitioning 

coefficients are not representative for ENMs. Therefore, the common approach in the literature 

has been assuming a precautionary XF of 1 for ENMs, which corresponds to 100% 

bioavailability [25, 176, 189, 262]. In the current study, in accordance with the published body of 

the literature an XF of 1 is assumed.  

 

5.4.4. Sensitivity Analysis 

Due to the variability of data collected from the literature to calculate a CF for nAg, 

several assumptions are made which may significantly affect the rate constants and therefore the 

fate factor. A sensitivity analysis is performed for each variable, such as the parameters for SPM 

(e.g. 𝑑𝑆𝑃𝑀, 𝐶𝑚𝑎𝑠𝑠,𝑆𝑃𝑀, 𝜌𝑆𝑃𝑀) and for nAg (e.g.  𝑑𝑛𝐴𝑔, 𝜌𝑛𝐴𝑔 , 𝐶0, 𝐶𝑖𝑜𝑛𝑠, 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔), to identify the 

ones to which the rate constants and FF are sensitive to. The value of each parameter is modified 

by 20% while others are kept constant. Then, the rate constants are re-calculated to determine 

how the change in the parameters affected the results. A sensitivity threshold is assumed as 2%, 

and the parameters with a sensitivity factor of ≤ 2% are considered as not sensitive to the system 
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[289]. Additionally, sensitivities of rate constants (e.g. 𝑘𝑑𝑖𝑠𝑠 , 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔, 𝑘𝑠𝑒𝑑, 𝑘𝑎𝑑𝑣) on the FF are 

analyzed using the same calculation framework. 

 

5.5. Results and Discussions 

5.5.1. Fate Factor 

As mentioned in section 5.4.2, two scenarios are computed in the current study for FF 

calculation. Before presenting and discussing the results, it should be noted that smaller removal 

rate constants indicate that the ENMs are stable and therefore have long residence times in the 

aquatic environment. In scenario 1, hetero-aggregation is assumed as a removal process, and the 

corresponding FF is calculated as 8 hours (3 day-1). Pu recommended that the minimum value of 

FF for nAg can be 3.86×10-3 days, which makes the current finding a reasonable duration for the 

fate [189]. The 𝑘𝑑𝑖𝑠𝑠 is found as 3.15×10-7 s-1, 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 as 3.44×10-5 s-1, 𝑘𝑠𝑒𝑑 as 1.09×10-8 s-1 and 

𝑘𝑎𝑑𝑣 as 2.05×10-8 s-1 considering the conditions for scenario 1, which resulted in a 𝑘𝑤,𝑤 of 

3.48×10-5 s-1 (Table D4). It is observed that the 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 dominates the 𝑘𝑤,𝑤 for scenario 1, as it 

is more than two orders of magnitude greater than the other rate constants.  

In scenario 2, hetero-aggregation is assumed as a transformation process rather than 

removal, and the corresponding FF is calculated as 12 days (0.08 day-1). While 𝑘𝑑𝑖𝑠𝑠 and 𝑘𝑎𝑑𝑣 

remain the same in scenario 2, 𝑘𝑠𝑒𝑑
′ is increased to 6.19×10-7 s-1 which resulted in a decrease in 

𝑘𝑤,𝑤 with a final result of 9.54×10-7 s-1 (Table D4). In this case, it is found that the 𝑘𝑠𝑒𝑑
′  

dominates the 𝑘𝑤,𝑤 for scenario 2. These findings are compatible with Espinasse et al., where 

they hypothesized hetero-aggregation and deposition as primary driving factors for ENMs 

removal from the aquatic media when SPM is present [269]. For reference, they used glass beads 

as background particles and found a removal rate of 0.59 day-1 (≈ 6.83×10-6 s-1) for PVP coated 
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nAg [269]. Another study by Colman et al. calculated a removal rate constant of 0.21 ± 0.066 

day-1 (≈ 2.43×10-6 s-1) for nAg, considering several processes including aggregation, 

sedimentation, sorption/uptake by plants and sorption/uptake by biofilms [290]. Different from 

the aforementioned mesocosm studies, Pu calculated a FF for nAg and reported a 𝑘𝑤,𝑤 of 

2.42×10-5 s-1 [189]. 

As mentioned previously, in both scenarios 𝑘𝑑𝑖𝑠𝑠 is found as 3.15×10-7 s-1 which is in the 

range of 0-10-5 s-1 as Quik et al. suggested [236]. Further, the SimpleBox4Nano tool provides a 

𝑘𝑑𝑖𝑠𝑠 for nAg in freshwater as 1.37×10-7 s-1 by default, which is compatible with the rate constant 

calculated in the current study [291]. It somewhat differs from the literature. For instance, using 

the same calculation method (section 5.4.2.1), Kittler et al. evaluated the impact of coating on the 

dissolution and found 𝑘𝑑𝑖𝑠𝑠 of PVP coated nAg as 1.17×10-2 h-1 (≈ 3.25×10-6 s-1) [292]. 

Regardless of coating, Kent and Vikesland calculated mass-based 𝑘𝑑𝑖𝑠𝑠 for 56nm-nAg as ranging 

from 1.14×10-2 d-1 (≈ 1.32×10-7 s-1) to 9.87×10-2  d-1 (≈ 1.14×10-6 s-1) depending on the presence 

of different levels of sodium chloride (NaCl), which greatly affects nAg dissolution [280]. 

Further, Liu examined the dissolution kinetics of 65nm-nAg and found that 𝑘𝑑𝑖𝑠𝑠  ranges from 

2.3×10-2 d-1 (≈2.66×10-7 s-1) to 1.43×10-1 d-1 (≈1.66×10-6 s-1) depending on the temperature of the 

media [283]. In another study, Pu estimated the dissolution rate constant of nAg by averaging 

data from the literature, considering only 𝑘𝑑𝑖𝑠𝑠  from the studies that have environmental 

conditions similar to freshwaters (i.e. pH, ionic strength and concentration of organic matter 

were taken into account in selection) and assumed a 𝑘𝑑𝑖𝑠𝑠 of 3.42×10-6 s-1 [189]. Finally, in their 

review paper, Garner and Keller provided residence times using data from the literature and 

reported that coated nAg has dissolution time frame of weeks which aligns with the results 

obtained in the current study (≈ 5.2 weeks) [230]. 
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The attachment (or aggregation) efficiency (𝛼ℎ𝑒𝑡−𝑎𝑔𝑔) is one of the key parameters while 

calculating the hetero-aggregation rate. Geitner et al. suggested that attachment efficiency is 

proportional with ionic strength and inversely proportional with the concentration of organic 

substances in the media [247]. Quik et al. found similar results and argued that high organic 

content may have a stabilizing effect which decreases the attachment efficiency and therefore the 

hetero-aggregation rates [293]. Using a conservative 𝛼, 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 is found as 3.44×10-5 s-1 in the 

current study, which was the dominating rate constant for scenario 1. Similar to the dissolution 

time frames, Garner and Keller provided residence times for aggregation. They suggested that 

coated nAg has aggregation time frame of days which is slightly different from the results 

obtained herein (≈ 0.34 day) [230]. Since the 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 was one of the components of 𝑘𝑠𝑒𝑑
′
 in 

scenario 2, it is discussed in the next paragraph.  

Based on the scenarios analyzed, two different sedimentation rate constants are 

calculated. In scenario 1, where only nAg were assumed to settle, 𝑘𝑠𝑒𝑑 is found as 1.09×10-8 s-1. 

This constant is governed solely by the settling velocity of nAg (as calculated by eqn D4), which 

is found as 1.31×10-8 s-1. Quik et al. suggested a range for settling velocities of PVP coated nAg 

in natural waters as 8.22×10-4 m/d – 9.98×10-3 m/d (≈ 9.51×10-9 m/s – 1.16×10-7 m/s) [293], 

which are compatible with the current findings. Differently, in scenario 2, where the settling of 

aggregated nAg is also counted in the sedimentation process (as calculated by eqn D6), 𝑘𝑠𝑒𝑑
′
 is 

found as 6.19×10-7 s-1. It is observed that the settling velocity of SPM is a dominant factor for 

𝑘𝑠𝑒𝑑
′
. Similar finding is provided by Quik et al., where they stated that hetero-aggregation with 

SPM plays an important role in the sedimentation process for ENMs [293]. Finally, Garner and 

Keller suggested that coated nAg has sedimentation time frame of weeks, which is compatible 

with the findings of scenario 2 (≈ 2.7 weeks), but significantly different from the results obtained 
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from scenario 1 (≈ 151 weeks) [230]. This may be because of the varying perspectives for 

inclusion of hetero-aggregation process in the fate modeling. Lastly, the advection rate constant, 

𝑘𝑎𝑑𝑣,  is found as 2.05×10-8 s-1 for both scenarios. Although it falls in the suggested range of  0-

10-5 s-1 [236], it slightly differs from the results provided in the literature, e.g. Pu found 𝑘𝑎𝑑𝑣  as 

8.1×10-9 s-1 [189]. 

 

5.5.2. Characterization Factor 

Based on the assumed XF and EFs and calculated FFs, different characterization factors 

are provided in the current study. As previously mentioned, optimistic and skeptical scenarios 

are computed using the lowest and highest EFs for PVP coated nAg from Temizel-Sekeryan and 

Hicks [227]. Given that physicochemical properties of nAg (e.g. size and coating) were not 

considered in the previous research that develop CFs, in order to compare CF values provided by 

the literature with CFs developed in the current study, additional calculations are performed 

using EFs that are regardless of coating. Figure 27 shows the CFs collected from the literature 

(Group A) as well as the ones developed in the current study (Group B and C). The CF for Ag+ is 

also included in the figure for comparison. Exact values for EF, XF, FF and CF are provided in 

Appendix D (Table D5).   
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Figure 27. Comparison of characterization factors calculated in the current study with the 

literature values where Group A shows literature values, Group B shows CF values obtained in 

the current study using EFs regardless of size and coating (compatible with the literature), and 

Group C shows CF values obtained in the current study using EFs for PVP coated nAg 

regardless of size (S1: scenario 1, S2: scenario 2, O: optimistic, S: skeptical). 

 

 The CF for PVP coated nAg in the selected mesocosm conditions ranges from 2.19×103 

to 6.42×103 PAF.m3.day/kg assuming hetero-aggregation as a removal process (scenario 1). If 

hetero-aggregation is considered as a transformation process and included in sedimentation 

(scenario 2), CF increases to 7.98×104 – 2.34×105 PAF.m3.day/kg. This increase is due to the 

changes in the FF, as the residence time of nAg increases when hetero-aggregation is assumed as 

a transformation process rather than removal.  

The study by Pu is compatible with one of the scenarios modeled in this work, i.e. with 

scenario 2, as they used multimedia fate model rather than partitioning coefficients and assumed 

hetero-aggregation as a transformation process [189]. Pu calculated a CF for nAg as 1.97×104 
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PAF.m3.day/kg using an EF regardless of physicochemical properties of nAg. In the current 

study, using EFs that are developed for nAg regardless of coating resulted in an optimistic CF of 

9.74×104  PAF.m3.day/kg and a skeptical CF of 1.78×105 PAF.m3.day/kg. The difference 

between the current results and results from Pu may be due to the varying considerations while 

modeling the FF including values assumed for attachment efficiency, and density and/or size of 

SPM and/or nAg. Another reason may be differences in calculation methodologies, e.g. Pu used 

an assumption for 𝑘𝑑𝑖𝑠𝑠 rather than actually calculating it or used different formula to calculate 

the 𝑘𝑎𝑑𝑣 [189]. Also, it should be noted that the FF in the current work is calculated based on the 

assumptions for PVP coated nAg in the selected mesocosm, which may differ for nAg that are 

uncoated or coated with other agents. 

In order to evaluate the importance of using physicochemical property based EFs, cross 

comparison between Group B and Group C is analyzed. Using current considerations for FF 

calculation, incorporating EFs that are developed for nAg regardless of coating resulted in 18% 

to 32% difference in the developed CFs. Considering optimistic EFs for both scenarios, using 

coating specific values resulted in lower CFs (Table D5). Interestingly, considering skeptical EFs 

for both scenarios, using coating specific values resulted in higher CFs (Table D5). These 

relationships conceivably change in a significant manner if the nAg are uncoated or citrate 

coated [227].  

As mentioned in the introduction section, previous LCA studies modeled released nAg as 

Ag+ [38, 58, 60, 65]. As Gilbertson et al. discussed, this consideration may potentially 

overestimate toxicity impacts resulting from nAg release [12]. Therefore, cross comparison of 

CFs developed in the current study with CF of Ag+ is also presented in Figure 27. Accordingly, 

only the CF that is developed using skeptical EF for PVP-nAg in scenario 2 slightly (by 20%) 
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exceeded the CF for Ag+. In other words, the majority of conducted scenarios resulted in lower 

CFs than CF of Ag+. Even in some scenarios, the CFs differed by two orders of magnitude. It can 

be concluded that, in general, modeling nAg release as Ag+ likely results in an overestimation of 

freshwater ecotoxicity impact.  

 

5.5.3. Sensitivity Analysis 

For all of the rate constants (e.g. 𝑘𝑑𝑖𝑠𝑠, 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔, 𝑘𝑠𝑒𝑑 , 𝑘𝑎𝑑𝑣) and the FF, sensitivity 

analysis is conducted and sensitivity factors (SFs) are calculated. Figure 28 shows the SFs for 

each parameter on the rate constants and the FF for scenario 1 (Figure 28A) and scenario 2 

(Figure 28B). Red circle in the center shows the cut off value of 2%, therefore, the SFs that fall 

outside of this red circle are considered as sensitive inputs for the system. SFs for both scenarios 

are presented in Appendix D as Table D6 and Table D8.  

 

 

Figure 28. Sensitivity factors (SFs) of the selected inputs on the rate constants for A) Scenario 1 

and B) Scenario 2. 
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 As can be seen from Figure 28A, for 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔, the size and density of SPM, size of nAg, 

mass concentration of SPM and the attachment efficiency are sensitive parameters, from the 

most sensitive to the least, respectively. This means that any small change in these parameters 

will significantly change the 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔. While the increase in 𝑑𝑛𝐴𝑔, 𝑑𝑆𝑃𝑀 and 𝜌𝑆𝑃𝑀 resulted in a 

decrease in 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 (i.e. inversely proportional); the increase in 𝐶𝑚𝑎𝑠𝑠,𝑆𝑃𝑀 and 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔 

resulted in an increase (i.e. proportional). The density and the initial and dissolved concentrations 

of nAg did not show any sensitivity on the 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔. In terms of 𝑘𝑠𝑒𝑑, only the size and density 

of nAg are identified as sensitive parameters with SFs of 0.31 and 0.18 respectively. For 𝑘𝑑𝑖𝑠𝑠, 

only the initial (SF≈ 0.21) and dissolved concentrations (SF≈ 0.17) of nAg showed sensitivities, 

as these parameters are used to calculate the dissolution rate constant. Further, none of the 

considered parameters showed sensitivities for 𝑘𝑎𝑑𝑣. Finally, both for 𝑘𝑤,𝑤 and FF, all of the 

parameters except 𝜌𝑛𝐴𝑔, 𝐶0, 𝐶𝑖𝑜𝑛𝑠 are identified as sensitive parameters with varying SFs (Table 

D6). At the first glance, it can be observed that the 𝑑𝑆𝑃𝑀 is the most sensitive parameter for the 

FF, following 𝐶𝑚𝑎𝑠𝑠,𝑆𝑃𝑀, 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔, 𝜌𝑆𝑃𝑀 and 𝑑𝑛𝐴𝑔 respectively. Also, for scenario 1, the 

dominating removal rate constant was identified as 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔, which was the only sensitive rate 

constant for FF as tabulated in Table D7. 

 As illustrated in Figure 28B, the aforementioned sensitivity trends changed for scenario 

2. Given that the hetero-aggregation is assumed as a transformation process and is included the 

sedimentation, SFs for only 𝑘𝑑𝑖𝑠𝑠, 𝑘𝑠𝑒𝑑
′, 𝑘𝑎𝑑𝑣 , 𝑘𝑤,𝑤 and FF are evaluated. While the results for 

𝑘𝑑𝑖𝑠𝑠 and 𝑘𝑎𝑑𝑣 remained the same, sensitive parameters and SFs for 𝑘𝑠𝑒𝑑
′
 changed significantly. 

For 𝑘𝑠𝑒𝑑
′
, the size and density of SPM are identified as the sensitive parameters with SFs of 0.30 

and 0.35, respectively. Further, both for 𝑘𝑤,𝑤 and FF 𝜌𝑆𝑃𝑀 , 𝑑𝑆𝑃𝑀, 𝐶𝑖𝑜𝑛𝑠 and 𝐶0 showed different 

levels of sensitivities, which are tabulated in Table D8. Finally, as the dominating rate constants 
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for scenario 2 were 𝑘𝑑𝑖𝑠𝑠 and 𝑘𝑠𝑒𝑑
′
, they are identified as sensitive constants for FF (Table D9). 

These findings are compatible with Pu, where they identified the size of SPM as the most 

important parameter to be considered for freshwater FF calculation [189].  

 

5.5.4. Limitations 

Several limitations exist for the calculations conducted in this work. One of the major 

limitations is assuming an 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔 for nAg rather than using an 𝛼 that is calculated specifically 

for the aquatic media of interest. It should be noted that, while calculating 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔, the surfaces 

that nAg are coming in contact with is also another important factor that needs to be considered. 

As discussed in the previous section, attachment efficiency is one of the sensitive factors for 

scenario 1, which significantly affects the FF and therefore CF. Another limitation was assuming 

an averaged value as a density of SPM, which was also identified as one of the sensitive inputs. 

Additionally, assuming that all the nAg are bioavailable (i.e. XF=100%) is a limitation and may 

result in an overestimation of CF, as XF has a direct and significant impact on the calculated CF 

(eqn 5.2). Research stated that functionalization, oxidation and sulfidation are some of the 

relevant processes that affect the exposure of ENMs, however they are excluded in the current 

multimedia fate models for being too complex to analyze [22]. In this regard, Mitrano et al. listed 

possible scenarios for silver release from nano-enabled consumer products with potential 

transformation routes (e.g. sulfidation, precipitation etc.) [80]. They noted that, nAg may be 

further speciated, which needs to be taken into account for exposure assessments [80]. 

Accordingly, incorporating all potential exposure pathways to calculate XF would result in more 

thorough assessment. Lastly, even though it was reported as acceptable by several papers, 

neglecting the homo-aggregation process may be listed as one of the limitations for the current 
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study. One method for improving this work and eliminating the aforementioned limitations 

would be to create a mesocosm and calculate all the variables (listed in Tables D2 and D3) 

specifically for that environment.  

 

5.5.5. Implications for LCA 

As discussed by Salieri et al. and summarized in Temizel-Sekeryan and Hicks, direct 

impacts resulting from the release of ENMs are not widely studied in the literature [22, 227]. The 

main reason of this is identified as the lack of CFs to model nano-specific emissions to air, soil 

or water [13, 60]. There are four stages in the lifecycle of a product as raw materials acquisition, 

manufacturing, use and end-of-life [15, 16]. The majority of the LCA literature conducted 

assessments using cradle-to-gate (i.e. raw materials acquisition and manufacturing) system 

boundaries, while cradle-to-grave (i.e. all four phases) studies were limited in number [22]. In 

order to make a comprehensive environmental assessment, not only the indirect impacts 

(obtained preferably from cradle-to-grave LCAs) but also direct impacts resulting from the 

released ENMs should be calculated. In the published body of the nAg-LCA literature, release 

was modeled using CF for Ag+ [30–32, 39, 64, 65]. However, based on the findings of the 

present study, this potentially causes an overestimation of results as nAg has different effect, 

exposure and fate patterns than the Ag+.  

The current study calculated CF for a specific sized and coated nAg as the 

physicochemical properties of nAg govern the effect and fate patterns. Combining the CFs with 

conventional LCA results helps drawing a thorough environmental assessment. For example, 

Eckelman et al. mentioned that the ecotoxicity impacts resulting from the production (including 

raw materials) of carbon nanotubes are significantly higher than the direct impacts resulting from 
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their release (indirect/non-nano ecotoxicity > direct/nano-specific ecotoxicity) [127]. For the 

case of nAg, Temizel-Sekeryan and Hicks evaluated environmental impacts of different nAg 

synthesis methods. We conducted Monte Carlo analysis and reported the cradle-to-gate 

ecotoxicity impact potential as ranging from 7.52×103  to 1.31×105 CTUe/kg nAg (i.e. 

PAF.m3.day/kg) considering different physical and chemical methods [126]. When comparing 

this range with the results obtained from the current study (Table D5), it can be concluded that, 

in the majority of instances, cradle-to-gate ecotoxicity impacts are found to be higher than the 

impacts resulting from the nAg release. Only CFs that are calculated using skeptical EFs for both 

PVP coated and nAg that are regardless of coating under scenario 2 showed slightly higher 

ecotoxicity impacts. If the exact nAg synthesis method is known, more precise comparison may 

be drawn. For instance, if the nAg is synthesized by chemical reduction with sodium 

borohydride, the cradle-to-gate ecotoxicity potential ranges from 1.00×104 to 1.09×105 CTUe/kg 

nAg and is higher than the nano-specific impacts [126]. Alternatively, if the nAg is produced by 

flame spray pyrolysis, the cradle-to-gate ecotoxicity potential decreases by an order of 

magnitude and is between 7.52×103 – 8.50×104  CTUe/kg nAg [126].  

 

5.6. Conclusions 

In this study, CFs are calculated for specific sized and coated nAg, considering various 

scenarios and using mesocosm conditions. Given that different fate models have been 

implemented for ENMs by the published body of the literature, they are addressed in the current 

work and comparisons are drawn accordingly. Two scenarios are developed for FF calculation in 

which the hetero-aggregation method is considered either a removal or a transformation process. 

In order to analyze the dominating variables for the fate of nAg, a sensitivity analysis is 
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conducted for both scenarios. For scenario 1, the ranking of the sensitivities can be ordered as 

𝑑𝑆𝑃𝑀 > 𝐶𝑚𝑎𝑠𝑠,𝑆𝑃𝑀 > 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔 > 𝜌𝑆𝑃𝑀 > 𝑑𝑛𝐴𝑔. In scenario 2 the ranking changed to 𝜌𝑆𝑃𝑀 >

𝑑𝑆𝑃𝑀 > 𝐶𝑖𝑜𝑛𝑠 > 𝐶0. This suggests that for both scenarios, besides nano-specific parameters, the 

characteristics of suspended particulate matter also affect the fate of ENMs in aquatic media. 

Another consideration accounted in this work is using skeptical and optimistic EFs developed for 

PVP coated nAg to provide a range for the developed CFs. This work elucidates the influence of 

using physicochemical property based EFs and calculating FFs for a specific environmental 

media on the developed CFs. Authors suggest using specific EF and FF for CF calculation in 

order to decrease the potential uncertainties. Authors also recommend that using Ag+ to model 

the nAg release in LCAs is likely to result in overestimating the freshwater ecotoxicity impacts. 

Further research should incorporate indirect (non-nano) cradle-to-grave impacts with direct 

(nano-specific) release impacts to draw a comprehensive environmental impact assessment of 

nAg and nAg enabled consumer products. 
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6.1. Abstract 

Consumption of silver nanoparticles (nAg) is increasing due to their use in various 

industries. A comprehensive analysis is needed to elucidate the potential environmental and 

human health benefits and costs of the silver-enabled consumer products. For this purpose, four 

commercially available silver enabled textiles with different initial silver loadings (1.07-4,030 μg 

Ag/g textile) are included in the current research and cradle-to-grave life cycle assessments 

(LCA) are conducted to identify hotspots associated with production and use of these products 

throughout their lifetimes (100 cycles). Both indirect (non-nano) and direct (nano-specific) 

impacts are calculated using nano-specific ecotoxicity (EC) characterization factors for nAg, 

instead of the commonly utilized Ag+ surrogate. In the majority of environmental impact 

categories, either textile manufacturing (regardless of Ag/nAg enabling) or laundering were 

identified as hotspots. It is found that unless the initial silver loading per textile is significantly 

high, EC and human health (HH) impacts of released silver species would be lower than EC and 

HH impacts resulting from raw materials acquisition and manufacturing of the antibacterial 

textiles.  
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6.2. Introduction 

Silver nanoparticles (nAg) are one of the most commercialized engineered nanomaterials 

(ENMs) due to their use in various consumer products including, but not limited to,  textiles, 

food storage containers, packaging, electronics, etc. [1, 60] The incorporation of these materials  

into consumer products has brought about the question as to what are the additional 

environmental costs of these products compared to their conventional counterparts. For this 

purpose, numerous environmental impact assessments have been conducted using life cycle 

assessment (LCA) [22]. LCA is a methodology to systematically analyze environmental impacts 

of any product/process throughout its life cycle (i.e. raw materials acquisition, production, use 

and disposal) [15, 16]. Considering LCAs conducted for nanomaterials industry, the results 

generally represent non-nanoscale (or indirect) emissions, which are quantifications of impacts 

resulting from manufacturing (including raw materials) the ENM or nano-enabled product itself 

[227]. However, in order to holistically evaluate the environmental benefits and costs associated 

with nano-enabled products, incorporating the nano-specific (or direct) emissions into LCA is 

critical, which has not been widely applied in the current state of the literature [12, 22, 60, 126].  

 Impacts from direct emissions occur mainly during use phase, in which ENMs might be 

released to soil, air and water as a function of their size and shape, and potentially contribute to 

human health (HH) and ecotoxicity (EC) impacts. These impacts can be calculated using nano-

specific characterization factors (CFs), which requires developing physicochemical property 

based effect factors (EF), fate factors (FF) and exposure factors (XF) for the ENM of interest 

[20, 227]. For reference, in their recent work, Temizel-Sekeryan and Hicks (Chapter 5) reviewed 

the current state of CF literature for nAg and developed a physicochemical property based 

ecotoxicity CF using mesocosm conditions. Due to the relatively low number of studies in the 
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toxicity literature for human toxicity of nAg, CFs for HH category have not been developed yet. 

So far, there are three studies that calculated HH CFs for different ENMs including single- and 

multi-walled carbon nanotubes [128] and titanium dioxide nanoparticles [294, 295]. 

 Considering the use phase, silver release from Ag/nAg enabled textiles may occur during 

wearing/weathering and laundering. Significant differences exist among the silver-enabled 

textiles studied in the literature, such as the initial silver content and its source (nano or 

conventional), particle size, silver attachment method, type of fabric that silver was enabled in 

(e.g. polyester, cotton, polyamide), and quantity and the form of silver released. Figure 29A 

shows the range of the initial silver content in silver-enabled textiles based on silver speciation. 

The maximum silver content is identified as 53,909 mg Ag/kg textile [296] and the minimum as 

0.9 mg Ag/kg textile [297], which is aligned with the previously identified silver concentrations 

in textiles. In order to make the boxplots more readable, textiles that contain more than 500 mg 

Ag/kg are excluded from the figure. For reference, Figure E1 shows boxplots that are drawn 

using all data points. Figure 29B illustrates the percentage of silver released from textiles 

disaggregated by the initial silver source and based on the number of washing cycles as well as 

exposure to artificial sweat under different pH conditions. Data used to draw Figure 29A and 

29B are extracted from the studies that are presented in Tables E1-E2. 
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Figure 29. A) The range of the initial silver content in silver-enabled textiles (n indicates the 

number of data points used to draw the boxplots, initial silver > 500 mg Ag/kg textile are 

excluded); B) percentage of silver released from textiles due to laundering and exposure to 

artificial sweat (triangle markers show that initial silver source in textiles were conventional, 

circle markers indicate that initial silver source in textiles were nano, color scheme illustrates 

different number of washing cycles) [80, 82, 83, 296–311] (the points that indicate >100% of 

initial Ag release is due to the Ag/nAg not uniformly distributed in experimental samples). 

  

 Research suggested that, although the attachment method may affect the release process, 

the amount of silver released from antibacterial textiles is proportional to the initial silver loading 

[30, 32, 303]. Therefore, an ‘ideal product’ (for the lowest environmental cost) should include 

the lowest possible silver loading for enough efficacy to inhibit bacteria during its useful 

lifetime. For reference, Spielman-Sun et al. indicated that textiles that include even just <10 μg/g 

Ag perform high efficacy [311]. While Ureyen and Aslan reported even a slightly lower content 

of 5 μg/g Ag for a strong antibacterial efficiency [304]. Lastly, Reed et al. conducted efficacy 



 

 

145 

 

testing on silver enabled textiles after four laundering cycles, and concluded that 2 μg/g Ag was 

enough to inhibit >99.9% E.coli growth on textiles [303]. Textile characteristics from Reed et al. 

are considered in the current study [303]. 

 The goal of this study to elucidate the necessity of EC-CFs for Ag/nAg enabled textiles 

by conducting a cradle-to-grave LCA on four different silver enabled textiles with different 

initial loadings. Given that this work investigates the contributions resulting from the use and 

end-of-life phases (i.e. direct impacts), assumptions made for these two phases are presented in 

the materials and methods section in detail. Later sections demonstrate the results and discuss the 

implications of manufacturing and using antibacterial textiles along with limitations and 

suggestions for future research. Results are intended to inform future research agendas in 

deciding whether there is a need for calculating nano-specific impacts to model direct emissions. 

 

6.3. Materials and Methods 

6.3.1. Goal and scope definition 

The goal of the current study is to evaluate the cradle-to-grave environmental impacts of 

four different silver enabled polyester (PES) textiles by combining direct (nano-specific) and 

indirect (non-nano) emissions resulting from each life cycle stage. Indirect environmental 

impacts are modeled using LCA with SimaPro 8.5.2 software, and Ecoinvent and USLCI (U.S. 

Life Cycle Inventory) databases [150, 312, 313]. The tool for the reduction and assessment of 

chemical and other environmental impacts (TRACI 2.1) is used as an impact assessment method 

[18]. The TRACI impact categories along with their abbreviations and units are ozone depletion 

(OD in kg CFC11-eq.), global warming (GW in kg CO2-eq.), smog (PS in kg O3-eq.), 

acidification (AC in kg SO2-eq.), eutrophication (EU in kg N-eq.), carcinogenics (HHC in 
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CTUh), non-carcinogenics (HHNC in CTUh), respiratory effects (RE in kg PM2.5-eq.), 

ecotoxicity (EC in CTUe), and fossil fuel depletion (FF in MJ surplus energy). The functional 

unit to quantify the performance of the system is selected as 145 gram (g) PES textile, indicates 

men’s t-shirt with a large size [32].  

 

6.3.2. Considerations for developing life cycle inventory informed by the literature 

The published body of textile related LCA literature as well as material flow analysis 

studies are used to develop a cradle-to-grave life cycle inventory for material and energy inputs 

and emissions associated with producing and using silver enabled textiles. Details on each life 

cycle stage are explained in the following subsections and the boundaries of the analyzed system 

is presented in Figure 30. Inventory data and further assumptions are included in Table E3. 

 

 

Figure 30. System boundaries considered in the current study along with flows for each life 

cycle phase. Processes/flows with dashed outlines are not included in the LCA. Green arrows 

indicate inputs and red arrows represent outputs. 
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6.3.2.1. Raw materials acquisition and manufacturing 

Four different silver enabled PES textiles are analyzed in the current study (referred to as 

products T, E, A and C for the rest of the work) with different silver loadings. The details for the 

silver forms (nano, metallic, salt) and concentrations of each textile are described in the literature 

[32, 303]. Product T (tethered) has a silver concentration of 22.8 micrograms of nAg per gram of 

textile (μg/g) and the nAg is linked to textile with a proprietary linking agent. Product E 

(electrostatic) has a silver concentration of 1.07 μg nAg/g textile and the nAg is attached to 

textile via surface charge difference. Product A (attached) contains AgCl as a silver source with a 

concentration of 16.4 μg Ag/g textile. Lastly, in product C (coated), metallic silver is 

incorporated into fibers with a concentration of 4,030 μg Ag/g. For products T and E, nAg 

synthesis is modeled using data from Temizel-Sekeryan and Hicks, where the authors mentioned 

that textile industry mostly uses chemical reduction (CR), flame spray pyrolysis (FSP), arc 

plasma (AP) and spark methods to synthesize nAg to be embedded in their products [126]. It is 

known that the AgCl, that is used in product A, is obtained from recycled sources [32]. Due to 

the lack of information on the exact recycling processes, virgin AgCl is used as a silver source in 

product A. Finally, for product C, mining and refining of metallic silver is included in the 

evaluation. 

 A non-dyed textile (100% PES) is modeled using inventory data from Walser et al., 

where the authors provided details on material (e.g. polyethylene terephthalate) and energy (e.g. 

heat, electricity) consumed for producing a single t-shirt [58]. Similar to previous literature, the 

lifetime of a t-shirt is assumed to be 100 laundering cycles [30, 32, 58]. It should be noted that, 

due to the lack of information, the Ag/nAg attachment processes themselves are not included in 

the LCA.  
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6.3.2.2. Use  

 The use phase includes wearing and laundering (i.e. washing and drying) processes. 

Numerous research studies have evaluated potential Ag/nAg release from textiles as a result of 

sweating as tabulated in Table E2 [308–311]. Given that human sweat has various pH and 

composition from one individual to another, and that has a significant impact on the quantity of 

silver lost, Ag/nAg releases due to sweating are excluded in the current work [314]. As 

laundering process was previously identified to be one of the most impactful step in LCA of 

textiles [30], several different laundering processes are modeled in the current study using data 

from Hicks and Theis [32]. Two different washer and dryer options are considered as 

conventional efficiency (CE) and high efficiency (HE) machines, among which HE consumes 

less energy, water and detergent when applicable. Scenarios are developed pairing CE washer 

and dryer (CE/CE), CE washer and line drying (CE/LN), HE washer and dryer (HE/HE) and HE 

washer and line drying (HE/LN) to project different environmental costs associated with 

laundering step. Details on the water and energy consumption of these options can be found in 

Table E3. Detergent input is modeled using the composition of standard laundry detergent in 

accordance with Reed et al., where they used the formulation from the American Association of 

Textile Colorists and Chemists [303].  

 Reed et al. found that the quantity of Ag/nAg released through laundering is not linear 

with the number of washings. Accordingly, Hicks and Theis modeled the silver losses as a zero-

order function (released silver = k.t) using experimental data from Reed et al., where the amount 

of Ag/nAg lost during the first four (t=4) washing cycles were provided [32, 303]. As a result, 

the rate constants (k) are calculated as 3.25 (product T), 0.15 (product E), 0.73 (product A) and 

25.25 (product C). Considering these rate constants, only product C will retain 37% of its silver 
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after 100 laundry cycles, and the rest of the products will lose all of their silver during laundering 

into the wastewater.  

 

6.3.2.3. End-of-life 

Textile materials, at the end of their useful lives, can be recycled, composted, incinerated 

and landfilled [315]. Although more than 95% of used textiles can be recycled, currently the 

majority of them are sent to landfills [62, 316]. According to the US EPA, 11.2 million tons of 

textiles were landfilled, 3.2 million tons were combusted for energy recovery and 2.5 million 

tons were recycled and repurposed in 2017 in the USA, which correspond to 66%, 19% and 15% 

of the total amount of textiles disposed of, respectively [317]. As the majority of textiles are 

disposed of in landfills, in the current study, landfilling is assumed as the disposal scenario and 

disposed textiles (PES portion) are modeled as inert materials. 

If textiles retain a fraction of their initial silver content at the final laundering (in this case 

product C), an additional release may occur due to their potential contact with landfill leachate. 

Up to date, only four studies related to silver enabled textiles have included this consideration 

into their environmental assessments [302, 303, 311, 318], using Toxicity Characteristic 

Leaching Protocol (TCLP) developed by the US EPA [319]. Limpiteeprakan and Babel applied 

TCLP into various type of unwashed fabrics to cross compare the amount of silver released as a 

function of textile type. They found that, up to 81% of silver can be released to leachate from 

PES fabrics, following by 39% release from cotton and 25% release from 35/65 cotton/PES 

fabrics in either ionic or particulate forms [318]. Mitrano et al. further investigated whether the 

laundering step has any impact on landfill leaching. They found that 35-45% of Ag was released 

from unwashed textiles, whereas only 0.5% of Ag was released from laundered textiles [302]. 
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General conclusion from these studies was that, released silver should not pose a risk because of 

being unstable in the landfill leachate [302, 311]. In the current study, TCLP findings 

documented by Reed et al. are used where they mentioned that all the remaining Ag would be 

released to the environment [32, 303].  

 Silver released due to laundering is assumed to be treated in a standard wastewater 

treatment plant (WWTP). For this purpose, municipal WWTP with moderately large treatment 

capacity is selected in SimaPro software. Literature suggests that 82-95% of silver that enters to 

WWTP is removed and the rest of it retains in biosolids [320–326]. Biosolids can be used for 

agricultural (e.g. replacement for chemical fertilizers) and non-agricultural (e.g. reclamation 

sites, lawn and home gardens) land application purposes as well as can be disposed [327, 328]. 

In 2019, in the USA, 51% of the generated biosolids were land applied, 22% were landfilled, 

16% were incinerated, 10% were stored and 1% were disposed [328]. Given that the majority of 

biosolids are land applied, questions arise regarding the potential environmental and human 

health impacts that this action might cause, especially when the biosolids include silver species 

due to the use of silver enabled consumer products [30]. 

The silver that remained in the biosolids is mostly (~80-100%) in sulfidated form (Ag2S), 

which has a low solubility and bioavailability, and is stable under various pH and ionic strength 

conditions [322, 323, 329]. According to Zhang et al., nAg do not pose a risk for wastewater 

ecosystems, because ionic silver (Ag+) cannot be released from nAg due to anaerobic conditions. 

Instead, silver complexes and precipitates are formed, which are low in solubility and toxicity 

compared to nAg and Ag+ [324]. For reference, toxicity of different silver species that may be 

present in biosolids is ranked from the least to the most as Ag2S, AgCl, nAg and AgNO3 (or Ag+) 

respectively [323]. Another study presented similar findings, where authors argued that the 
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majority of the released silver is paired with chlorine and sulfur when treated in WWTPs, 

regardless of its initial form (nano or conventional), presence of bleach/detergent and weathering 

during use phase [314]. Pradas del Real et al. studied the fate of nAg containing biosolids which 

were applied to agricultural lands. Besides oxidation resistant Ag2S, they identified Ag-thiol 

complexes that may be bioavailable for terrestrial organisms and may require more attention 

[329]. Wang et al. concluded that the risk of land applied biosolids that contain different silver 

complexes to terrestrial organisms and to human health can be assumed negligible, but the 

impact of released species should be studied extensively [323]. In the current study, the silver in 

biosolids are assumed to be Ag2S and calculations are conducted accordingly. 

 As mentioned before, the majority of silver that enters to WWTP is removed [325]. 

Previous LCA studies that modeled cradle-to-grave environmental impacts of silver enabled 

textiles assumed that the remaining silver is discharged as Ag+ to freshwaters as WWTP effluent 

[30, 32, 56, 58]. However, research suggested that 7-8% of the silver that is not removed by 

WWTPs (i.e. ~5-12% of the released silver is present in the effluent) is in dissolved form and 

depending on the effluent characteristics, different forms of silver can exist and be discharged to 

receiving water bodies [330]. Another study, where the behavior of nAg in pilot WWTP was 

investigated, concluded that about 86% of silver was transformed into Ag2S and 14% remained 

in the nano and metallic forms [300, 331]. Azimzada et al. showed that the bioavailability of 

silver species in WWTP effluent is drastically low due to the presence of inorganic and organic 

substances in the media. They further characterized the Ag and found that 83-98% of the silver 

was either complexed or in nano form and the remaining was in free form [332]. A recent study 

also found that the bioavailability of silver species (to aquatic organisms), that are transformed 

from nAg, was reduced significantly after treatment and the major form found in the effluent was 
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Ag2S [333]. Considering all the aforementioned studies, average characteristics are assumed as 

effluent consisting of 83% Ag2S, 7% Ag+, 7% nAg and 3% Ag(0). Sensitivity analysis is carried 

out to identify whether the assumed characteristics of the effluent are sensitive to the overall 

LCA results. 

 

6.3.3. Ecotoxicity characterization factors for nAg 

Direct ecotoxicity impacts resulting from the nAg release are incorporated into LCA 

results using nano-specific CFs developed in the previous study (Temizel-Sekeryan and Hicks 

Chapter 5). Using mesocosm conditions and principles of colloidal science, optimistic (i.e. low 

estimate) CF for nAg is calculated as 2.67×103 CTUe/kg, and skeptical (i.e. high estimate) CF is 

calculated as 1.78×105 CTUe/kg nAg. In the current study, direct impact calculations are 

conducted using high estimate CF to draw a worst-case scenario. In order to calculate impacts 

due to the release of silver and silver compounds, SimaPro software uses a generic CF from the 

USEtox as 1.94×105 CTUe/kg which is originally for ionic silver [20]. At a first glance, it can be 

observed that modeling nAg release as Ag+ would potentially cause overestimating the results. It 

should be noted that, due to the lack of nano-specific human health CFs, only direct ecotoxicity 

impacts are studied in the current research. 

 

6.3.4. Sensitivity and uncertainty analyses 

A sensitivity analysis is performed in order to identify the flows/processes to which the 

LCA results are sensitive. The value of each flow is modified by 20% while others are kept 

constant. Then, the impact assessment results are recalculated to see how this 20% change in the 

flows affected the overall LCA results. Sensitivity factors (SF) for each flow are calculated and 
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the ones with SF of ≤ 2% (assumed cut-off value) are identified as not sensitive to the system 

[289]. Furthermore, in order to estimate the highest and lowest possible results for each impact 

category, uncertainty analysis for each scenario is conducted using Monte Carlo simulations in 

SimaPro (95% confidence interval, 1000 runs) [289]. 

 

6.4. Results 

6.4.1. Life cycle impact assessment 

Environmental impacts of different silver enabled textiles as well as laundering scenarios 

are evaluated, and the characterization results based on TRACI 2.1 are presented in Tables E4-

E19. Figure 31 shows disaggregated cumulative impacts of one article of silver enabled textile 

under different laundering scenarios throughout its life cycle. Given that several categories 

performed similar trends, four of them are selected to represent different trends as: GW, HHNC, 

EC and EU. Figures for the rest of the impact categories are included in Appendix E (Figure E2). 

For product T and product E, nAg syntheses are modeled using different routes relevant to textile 

industry as explained in Temizel-Sekeryan and Hicks [126]. However, considering cradle-to-

grave impacts, the relative contributions of the nAg synthesis processes are found negligible (up 

to 1.44% for product T and 0.09% for product E). Therefore, averaged characterization results 

are used to draw the components of Figure 31. Disaggregated cradle-to-grave LCA results per 

different nAg synthesis routes can be found in Tables E4-E11 for reference. 
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Figure 31. Environmental impacts of various silver enabled textiles under different laundering 

scenarios A) GW, B) EC, C) HHNC and D) EU (x axis reads product code_type of washer/type 

of dryer, e.g. T_HE/LN means product T with high efficiency washer and line drying). 

 

 The analysis showed that, in the majority of impact categories, the contribution of 

laundering step dominates the overall LCA results including OD, GW, AC, PS, HHC, RE and 

FF, which is consistent with previous studies [30, 32, 56, 58]. However, some exceptions exist, 

and are highlighted. One exception was that, instead of laundering step in HE/LN scenarios, 

textile manufacturing is identified as the main contributor for GW, PS, AC and RE categories 

considering all product types. This is mainly due to the potential savings that could be gained 
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through eliminating the energy consumption of drying. Another one was from FF category, 

where impacts resulting from textile production step exceeded both HE/LN and CE/LN 

laundering scenarios for all products. In the case of EU, waste management step showed the 

highest contribution (44-70%) in all cases mainly due to the wastewater treatment process. 

Impacts from laundering step followed waste management in all scenarios (19-26%) except for 

product C, where mining and refining of silver showed the second highest contribution to EU 

(19-28%). The trends in HHNC and EC categories vary significantly. In terms of HHNC, 

considering the majority of scenarios (except CE/CE) and products T, E and A, most impact 

contributions came from waste management step (30-53%), while for CE/CE, laundering is 

identified as the hotspot. Given that product C has the highest initial silver content, the amount of 

released silver is significant, and this contributes to more than 87% of HHNC impacts. Similarly, 

due to the high initial silver loading, release is identified as the hotspot for all scenarios 

associated with product C with more than 44% contribution. For the rest of the product types and 

laundering scenarios, laundering was identified as the most impactful process (42-61%). Finally, 

in order to provide the upper and lower bounds of impacts for each category, uncertainties 

extracted from Monte Carlo analyses are illustrated in Tables E20-E23.  

 

6.4.2. Sensitivity analysis 

For all of the ten environmental impact categories, sensitivity analysis is conducted, and 

SFs are calculated for each product type (T, E, A and C) and laundering scenario (HE/HE, 

HE/LN, CE/CE and CE/LN) pairs. Figure 32 shows SFs for each product under HE/LN 

laundering scenario. HE/LN is selected for the figure as it represents the least impactful 

laundering option; therefore, a potential change in any of the life cycle steps may affect the 
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overall result significantly than they would do in other scenarios. In other words, a conservative 

scenario is selected for inclusion as results are expected to be more sensitive to change in 

HE/LN. The red line indicates the assumed cut-off value of 2%, and the SFs that are above this 

line are considered sensitive parameters to the system. SFs for the remaining scenarios are 

provided in Figures E3-E5. 

 

 

Figure 32. Sensitivity factors of each input/output parameter to environmental impact categories 

under HE/LN scenario for A) product T, B) product E, C) product A and D) product C. 
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 Considering products T, E and A and HE/LN scenario, the trends for SFs associated with 

the majority of the impact categories (8 out of 10) are found to be the same except for HHNC 

and EC. In GW, PS, AC, RE and FF categories, electricity consumed during laundering 

performed as the most sensitive parameter for all scenarios except for HE/LN, where electricity 

consumed for textile manufacturing showed the highest sensitivity. In OD, HHC and EC 

categories, water consumed for laundry was identified as the most sensitive parameter in all 

scenarios. Lastly for EU and HHNC categories, wastewater treatment performed as the most 

sensitive parameter. Although the sensitivity rankings and degrees for each process differ within 

each laundering scenario; the trends for SFs associated with the majority of the impact categories 

(except EC and HHNC) are found to be the same for products T, E and A. The reason for 

different trends in EC and HHNC is mainly associated with the amount of silver present in the 

effluent and biosolids after wastewater treatment step. Silver release from product T (initial 

loading of 22 μg Ag/g as nAg) and product A (initial loading of 16.4 μg Ag/g as AgCl) showed 

moderate sensitivities to HHNC in all scenarios with SFs ranging from 0.14 (T_CE/CE) to 0.25 

(T_HE/LN) for product T, and 0.11 (A_CE/CE) to 0.20 (A_HE/LN) for product A. In terms of 

EC, only HE/LN scenario associated with product T showed sensitivity due to silver release. 

Product E (initial loading of 1.07 μg Ag/g as nAg) did not show any sensitivity in either of the 

categories due to having very low amount of silver loading and its negligible impact due to 

release. 

Product C (initial loading of 4,030 μg Ag/g as Ag0) showed varying trends in all 

environmental impact categories mainly due to its significantly high initial silver loading. Initial 

silver input (refining and mining) was found sensitive for all of the impact categories in all 

scenarios considered, with SFs ranging from 1.01% (FF of C_CE/CE) to 33.86% (HHC of 
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C_HE/LN). In GW, PS, AC, RE and FF categories, electricity consumed during laundering 

performed as the most sensitive parameter for all scenarios except C_HE/LN, where electricity 

consumed for textile manufacturing showed the highest sensitivity. In EU, wastewater treatment 

was identified as the most sensitive parameter in all scenarios. Not surprisingly, for HHNC and 

EC, silver release performed the highest sensitivities with SFs up to 0.76 and 0.47 respectively. 

While in C_CE/LN and C_CE/CE, water used for laundering was the most sensitive parameter 

for HHC; in C_HE/LN and C_HE/HE silver mining and refining performed the most sensitivity. 

Lastly for OD, water used for laundering was identified as the most sensitive parameter in all 

scenarios. SFs associated with each product and scenario are tabulated in Tables E24-E27. 

 

6.5. Discussion 

6.5.1. Environmental significance 

As stated previously, the contributions of this present work into the LCA literature on 

silver enabled textiles are related to comparing direct and indirect emissions resulting from the 

product’s life cycle. Considering indirect emissions (i.e. emissions excluding Ag/nAg release), 

current findings corroborated with the published body of the literature, where use phase 

(laundering) and production of textile (regardless of Ag/nAg enabling step) were identified as 

impact hotspots for the majority of environmental impact categories [30, 32, 60]. The WWTP 

has not been analyzed in the previous literature, which slightly changed the trends for EU and 

HHNC only. Disposal phase (landfill and WWTP combined) contributed to EU the most in all 

scenarios (up to 70%), and to HHNC in all scenarios (up to 53%) except the ones that used CE 

washer/dryers as well as product C overall. In general, product C performed differently than 
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others due to its significantly high silver content affecting the overall indirect LCA results in EU, 

HHC, HHNC, RE and EC. 

Direct emissions modeled in the present work elucidated the evolving debate on the 

necessity of nano-specific CFs for nAg, in other words, on the applicability of modeling nAg 

released from textiles as Ag+. Both impact assessment and sensitivity analysis showed that silver 

release contributed to EC and HHNC categories in varying degrees. Even though a skeptical (i.e. 

high estimate) CF is used to present a worst possible model and SimaPro applying CF for Ag+ 

for all silver compounds (e.g. Ag2S), in the majority of instances, direct impacts resulting from 

silver release are found to be much lower than indirect cradle-to-grave impacts of silver enabled 

textiles. For instance, while the indirect EC of T_CE/CE scenario was calculated as 2.89×101 

CTUe/kg, direct EC was found two orders of magnitude lower as 3.49×10-1 CTUe/kg. Similarly, 

indirect HHNC of T_CE/CE was 1.38×10-6 CTUh/kg, whereas direct impacts were 2.30×10-7 

CTUh/kg. As expected, the EC and HHNC impacts associated with silver release were found to 

be proportional with the initial silver content. For instance, considering HE/HE scenario, release 

phase for product C contributed to 89% of HHNC and 50% of EC, product T 22% of HHNC and 

2% of EC, product A 17% of HHNC and 1% of EC, and lastly product E 1% of HHNC and 0.1% 

of EC. Research suggested that the amount of Ag/nAg release during use increases with 

increased initial silver loading, which supports the findings discussed herein [297, 303].  

Given that product C has significantly higher initial silver content than other t-shirts, the 

trends of direct and indirect impacts associated with its life cycle were different for all 

categories. In terms of HHNC, direct impacts of product C were found to be one order of 

magnitude higher for all scenarios. For instance, while indirect impacts of C_CE/CE was 

calculated as 3.72×10-6 CTUh/kg, direct impacts caused 2.55×10-5 CTUe/kg emissions. 
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Considering EC, direct impacts slightly exceeded the indirect impacts only in C_HE/LN scenario 

by 6%, due to lower electricity requirement associated with using high efficiency washer and no 

drying.  

It can be concluded that, unless there is a very large quantity of initial silver loading per 

textile, direct impacts would be much lower than indirect impacts. Recent research supports this 

finding, where authors proved that under anoxic and/or oxic conditions, due to limited levels of 

ion release, toxicity of nAg is expected to be very low in natural media [334]. Therefore, 

incorporating an optimized level of silver in order to achieve desired antibacterial efficacy would 

help decreasing the overall life cycle impacts, because lower amount of Ag/nAg 

mining/production would be required, and consequently lower amount of Ag/nAg would be 

released. Also, given that release phase showed sensitivity in the HHNC category in the majority 

of instances, more focus should be placed on developing nano-specific CFs for this category.  

 Some limitations exist with the current work such as the lack of human health related 

(HHC and HHNC) CFs for the released nAg. The reason behind this is that, there are relatively 

low number of toxicity literature for nAg on human health than ecotoxicity to develop CFs. 

Another limitation is neglecting the Ag/nAg attachment processes as well as the Ag/nAg release 

that potentially could occur during production and/or manufacturing of nano-enabled textiles. 

Giese et al. predicted that 0-1% of Ag/nAg might release during these phases, which is likely to 

be disposed of together with other wastes generated during fabrication [84]. Given that the form 

of Ag/nAg and final disposal routes are unknown, release during production and/or 

manufacturing is neglected in the current work. This might be of concern for product C only, as 

it has the highest initial silver content comparing to others.  
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Such comprehensive environmental assessments may help researchers to shed light on 

grey areas like the necessity of nAg specific CFs for usage in LCAs of nano-enabled textiles. 

This study uses LCA in order to elaborate the need for nano-specific CFs for antibacterial 

textiles and direct the future research agenda based on the results. Current findings suggest that, 

calculating nano-specific impacts and incorporating them into the overall LCA results do not 

make a significant difference for EC impact category. Therefore, although modeling nAg release 

as Ag+ likely results in an overestimation of EC impacts, it may still be applicable as the overall 

EC results are not sensitive to release. However, this is presumably not the case for HH impacts 

for which the release showed significant sensitivity for HHNC category. Future work should 

expand on developing nAg specific CFs for HHC and HHNC categories to be incorporated into 

LCA results. 
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7. Conclusions and Future Work 

7.1. Summary and Contributions 

 The first LCA paper (Chapter 2) presented cradle-to-gate impact assessments of six 

different AgNPs industrially preferred synthesis routes along with thirteen different inventories 

and a mass based functional unit. Also, it provided models for the annual global environmental 

impacts of producing AgNPs segmented by industries where the majority of AgNPs are used 

such as textiles; coatings, paints and pigments; consumer electronics and optics; cosmetics; 

medical and packaging. Finally, it projected the industrial scale AgNPs syntheses and future life 

cycle impacts by utilizing simplified scale-up factors. It suggested that the global environmental 

impact of AgNPs may vary significantly as a function of the synthesis method, scale, and desired 

product application. 

 The second LCA paper (Chapter 3) provided cradle-to-gate impact assessments of eight 

single-walled and seven multi-walled CNTs synthesis processes with a mass based functional 

unit. Moreover, it presented models for the annual global environmental impacts of producing 

CNTs segregated by industries where the majority of CNTs are used such as electronics and 

optics; energy and environment; coatings, paints and pigments; composites; automotive; 

aerospace and sensors. Finally, it applied hypothetical scaling up scenarios in order to estimate 

industrial scale impacts of manufacturing CNTs. Similar to the findings from Chapter 2, it 

suggested that the global environmental impact of CNTs varies significantly as a function of the 

synthesis process, production scale, and application. 

 The third paper (Chapter 4) investigated how physicochemical properties affect the effect 

factors, and therefore the nano-specific characterization factors for nAg. As the potential 

ecotoxicity of released nAg depends on the physicochemical properties of the material and the 
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release media, this chapter provided multiple effect factors for different scenarios. It used 366 

toxicity data points that belong to various freshwater organisms including crustaceans, algae, fish 

and protozoa. Results suggested that larger nAg have lower effect factors, and therefore lower 

nano-specific (or direct) impacts, and coating is an important consideration in toxicity 

assessment. More broadly, this chapter contributed to the literature by providing effect factors 

for particular sized/coated nAg. These factors can be incorporated with the specific fate and 

exposure patterns to project direct life cycle impacts resulting from the released nAg. 

 The fourth paper (Chapter 5) calculated nano-specific freshwater ecotoxicity 

characterization factors for nAg by combining the principles of colloidal science with the 

USEtox model to be integrated to cradle-to-grave LCAs. It compared two different scenarios for 

fate patterns, in which the hetero-aggregation is modeled as either a removal or transformation 

process. This chapter further discussed the applicability of using ionic silver to model released 

nAg and suggested that using ionic silver potentially causes an overestimation as nAg has 

different effect, exposure and fate patterns than the ionic silver.  

 The fifth paper (Chapter 6) combined all the aforementioned chapters in order to conduct 

a cradle-to-grave impact assessment for nAg enabled textiles. It elucidated the necessity of  

freshwater ecotoxicity and human health characterization factors for nAg enabled textiles. It 

suggested that unless the initial silver loading per textile is significantly high, ecotoxicity and 

human health impacts of released silver species (or direct impacts) would be lower than 

ecotoxicity and human health impacts resulting from raw materials acquisition and 

manufacturing (or indirect impacts) of the antibacterial textiles. Furthermore, sensitivity analysis 

showed that human health impacts are more sensitive than ecotoxicity impacts to the release 

phase, which indicated that human health categories may require future attention. 
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 Overall, this work presented a comprehensive framework for investigating the direct and 

indirect environmental impacts of nAg and nAg enabled consumer products. It also took the first 

step for a similar research path for CNTs, by providing cradle-to-gate environmental impact 

assessments for multiple CNTs production processes. This research could serve as a roadmap for 

future LCAs, especially for the ones that aim to incorporate direct and indirect environmental 

impacts to present a holistic evaluation. 

 

7.2. Future Work 

 Further work on developing nano-specific characterization factors would contribute to 

this body of research. Human health (carcinogenics and non-carcinogenics) characterization 

factors should be further explored for nAg and nAg enabled consumer products. Additionally, 

this work used parameters from mesocosm studies in order to decrease the number of variables 

while modeling the fate of nAg. Future work may contribute to this area by modeling fate factors 

using probabilistic tools (such as Monte Carlo) and principles of colloidal science to advance the 

state of knowledge.  

There are 25 different ENMs with varying level of maturities that are commercially 

available. Although market-based metrics (e.g. production volumes, market demand, growth 

rate) exist in the literature, environmental and human health implications of the majority of these 

ENMs are lacking. Future cradle-to-grave LCA research should be encouraged to evaluate the 

benefits and costs of the ENMs that are not studied.  
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Appendix A 

Electronic supplemental information from Chapter 2 and associated references. 

 

Synthesis Methods and LCA Inventories 

Wet Chemistry 

 Microwave (MW) 

 In the microwave (MW) technique applied by Bafana et al., glucose was used as a 

reducing agent for silver nitrate, and food-grade starch was used as a stabilizing agent [1]. A 

laboratory-grade microwave was used for this synthesis (which consumes 1250 MJ electricity to 

produce 1 kg of AgNPs) which allows modification of heating rates and monitoring the reaction 

easily, and also completes AgNPs production within 5 minutes. In the current study, inventory 

used for microwave method (MW) for 1 kg AgNP is adjusted from Bafana et al. [1] and is given 

in Table A1. 

 

Table A1. Inventory used for microwave method (MW) for 1 kg AgNP. 

Microwave (MW) for 1 kg AgNP 

Input Unit Amount Database 

Electricity  MJ 1250 ELCD 

Potato starch 1.31 kg Ecoinvent 3 

Silver Nitrate (AgNO3) 1.57 kg Table A15 

Water, deionized 773 kg Ecoinvent 3 

Glucose 2.50 kg USLCI 

Output Unit Amount Database 

AgNP kg 1 - 
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Chemical Reduction (CR) 

The chemical reduction (CR) technique uses different reducing agents (such as plant 

extracts, biological or chemical agents, or irritation methods) to reduce silver ions and to produce 

AgNPs. Also capping agents are added to block overgrowth and to control structural 

characteristics of AgNPs (i.e. size) [2, 3]. This method has mild reaction conditions, consumes 

low energy and has high yield [3]. The current paper examines five different CR approaches 

including reduction of silver nitrate with trisodium citrate [4], with sodium borohydride [4, 5], 

with ethylene glycol [4] and with soluble starch [4]. In the current study, inventories used for 

chemical reduction methods for 1 kg AgNP are adjusted from Pourzahedi and Eckelman [4] and 

are given in Table A2-A5. 

 

Table A2. Inventory used for chemical reduction with trisodium citrate for 1 kg AgNP. 

Chemical Reduction with Trisodium Citrate (CR-TSC) for 1 kg AgNP 

Input Unit Amount Database 

Silver Nitrate (AgNO3) 1.57 kg Table A15 

Water, deionized 9277 kg Ecoinvent 3 

Heat 2912 MJ Ecoinvent 3 

Trisodium citrate [4] 0.8 kg - 

Output Unit Amount Database 

AgNP kg 1 - 

Hydrogen -emissions to air- kg 0.006 - 

Oxygen -emissions to air- kg 0.12 - 

Citric acid -emissions to water- kg 0.59 - 

Sodium nitrate -emissions to water- kg 0.79 - 
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Table A3. Inventory used for chemical reduction with sodium borohydride for 1 kg AgNP. 

Chemical Reduction with Sodium Borohydride (CR-SB) for 1 kg AgNP 

Input Unit Amount Database 

Silver Nitrate (AgNO3) 1.57 kg Table A15 

Cooling water 24 kg Ecoinvent 3 

Water, deionized 13915 kg Ecoinvent 3 

Sodium borohydride [4] 0.35 kg - 

Output Unit Amount Database 

AgNP kg 1 - 

Hydrogen -emissions to air- kg 0.009 - 

Diborane -emissions to air- kg 0.13 - 

Sodium nitrate -emissions to water- kg 0.79 - 

 

Table A4. Inventory used for chemical reduction with ethylene glycol for 1 kg AgNP. 

Chemical Reduction with Ethylene Glycol (CR-EG) for 1 kg AgNP 

Input Unit Amount Database 

Silver Nitrate (AgNO3) 1.57 kg Table A15 

Water, deionized 261 kg Ecoinvent 3 

Ethylene glycol  29.1 kg Ecoinvent 3 

PVP [4] 47.2 kg - 

Output Unit Amount Database 

AgNP kg 1 - 

 

Table A5. Inventory used for chemical reduction with starch for 1 kg AgNP. 

Chemical Reduction with Starch (CR-starch) for 1 kg AgNP 

Input Unit Amount Database 

Silver Nitrate (AgNO3) 1.57 kg Table A15 

Water, deionized 10000 kg Ecoinvent 3 

Heat 1915 MJ Ecoinvent 3 

Potato starch  90 kg Ecoinvent 3 

Output Unit Amount Database 

AgNP kg 1 - 
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Dry Chemistry 

 Flame Spray Pyrolysis (FSP) 

The flame spray pyrolysis (FSP) method is used to produce commercial quantities of 

nanoparticles [6], and because of being rapid and scalable, it is found highly promising and 

versatile [7]. This is a one step process in which a solvent, including dissolved metal precursors, 

is sprayed with an oxidizing gas into a flame, then it is combusted, and precursors are converted 

into nanoparticles. Depending on the desired characteristics of ENMs, operating conditions and 

precursor types may change [8]. For AgNPs production with FSP, silver acetate, silver benzoate, 

and silver nitrate may be used as metal precursors; 2-ethlylhexaonate-toluene, pyridine, xylene-

tetraisopropoxide and ethanol may be used as solvents [7]. The current study examines FSP 

method with melt-spun incorporation [9]. The inventory used for this method is adjusted from 

Walser et al. [9] and is given in Table A6-A8. 

 

Table A6. Inventory used for flame spray pyrolysis with melt-spun incorporation method (FSP-

MS) for 1 kg AgNP. 

Flame Spray Pyrolysis with Melt-Spun Incorporation (FSP-MS) for 1 kg AgNP 

Input Unit Amount Database 

Oxygen kg 33.4 Ecoinvent 3 

Methane m3 1.004 Ecoinvent 3 

Water, deionized kg 62.8 Ecoinvent 3 

Silver-octanoate (Ag-C8H15O2) kg 2.35 Table A8 

2-ethylhexanoic acid (C8H16O2) kg 6.29 Table A7 

Xylene kg 6.29 Ecoinvent 3 

Electricity  kWh 25.1 ELCD 

Output Unit Amount Database 

AgNP kg 1 - 

Nitrogen oxide -emissions to air- kg 0.387 - 

Water -emissions to air- kg 16.8 - 
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Table A7. Inventory used for 1 kg of 2-ethylhexanoic acid (C8H16O2) [9]. 

Production Inventory for 1 kg of 2-ethylhexanoic acid (C8H16O2) 

Input Unit Amount Database 

Steam, in chemical industry  kg 0.000716 Ecoinvent 3 

Hydroformylation of propylene * kg 1.02 Ecoinvent 3 

Transport, freight, lorry t-km 10.8 Ecoinvent 3 

Output Unit Amount Database 

2-ethylhexanoic acid (C8H16O2) kg 1 - 

Carbon dioxide, fossil -emissions to air- kg 0.0499 - 
*n-butyraldehyde is a high-production volume chemical produced from hydroformylation of propylene 

[10].  

 

Table A8. Inventory used for 1 kg of Silver-octanoate (AgC8H15O2) [9]. 

Production Inventory 1 kg of Silver-octanoate (AgC8H15O2) 

Input Unit Amount Database 

Fatty acid# kg 2.7085 Ecoinvent 3 

Sodium hydroxide kg 0.3785 Ecoinvent 3 

Silver Nitrate (AgNO3) kg 2.575 Table A15 

Water, deionized kg 0.901 Ecoinvent 3 

Output Unit Amount Database 

Silver-octanoate (AgC8H15O2) kg 1 - 

#Octanoic acid is an eight-carbon saturated fatty acid and is naturally found in coconut oil. 

 

Arc Plasma (AP) and Spark System 

Arc plasma (AP) and spark methods use energy delivered through the electrical discharge 

to produce pure metallic nanoparticles. The difference between these two setups is the energy 

delivery techniques. While a continuous arc discharge delivers the energy to AP, sparks supply 

the energy with varying frequencies to the spark system [11]. The current paper analyses five 

different AP methods (one from Pourzahedi and Eckelman [4] and four from Slotte and 

Zevenhoven [11]) and a spark system (from Slotte and Zevenhoven [11]) method. Inventories 
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used for these methods are adjusted from aforementioned studies and can be found in Table A9-

A13. 

 

Table A9. Inventory used for arc discharge method (AP) for 1 kg AgNP. 

Arc Discharge (AP) for 1 kg AgNP 

Input Unit Amount Database 

Silver kg 1 Ecoinvent 3 

Argon kg 7.4 Ecoinvent 3 

Electricity  kWh 41.67 ELCD 

Output Unit Amount Database 

AgNP   kg 1 - 

 

Table A10. Inventory used for arc discharge method (AP-UDE1) for 1 kg AgNP.  

Arc discharge by University of Duisburg- Essen, Germany (UDE1) for 1 kg AgNP 

Input Unit Amount Database 

Electricity  kWh 570 ELCD 

Silver kg 3.2 Ecoinvent 3 

Transport, freight, sea kgkm 48000 Ecoinvent 3 

Nitrogen kg 32.2 Ecoinvent 3 

Transport, freight, lorry kgkm 644 Ecoinvent 3 

Output Unit Amount Database 

AgNP kg 1 - 

Nitrogen, total -emissions to air- kg 32.2 - 

Silver kg 2.2 Ecoinvent 3 
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Table A11. Inventory used for arc discharge method (AP-UDE2) for 1 kg AgNP. 

Arc discharge by University of Duisburg- Essen, Germany (UDE2) for 1 kg AgNP 

Input Unit Amount Database 

Electricity  kWh 743.75 ELCD 

Silver  kg 4.25 Ecoinvent 3 

Transport, freight, sea kgkm 63750 Ecoinvent 3 

Nitrogen kg 20.13 Ecoinvent 3 

Transport, freight, lorry kgkm 402.5 Ecoinvent 3 

Output Unit Amount Database 

AgNP kg 1 - 

Nitrogen, total -emissions to air- kg 20.13 - 

Silver kg 3.25 Ecoinvent 3 

 

Table A12. Inventory used for arc discharge method (AP-UDE3) for 1 kg AgNP. 

Arc discharge by University of Duisburg- Essen, Germany (UDE3) for 1 kg AgNP 

Input Unit Amount Database 

Electricity  kWh 960 ELCD 

Silver kg 7.2 Ecoinvent 3 

Transport, freight, sea kgkm 108000 Ecoinvent 3 

Nitrogen kg 16.1 Ecoinvent 3 

Transport, freight, lorry kgkm 322 Ecoinvent 3 

Output Unit Amount Database 

AgNP kg 1 - 

Nitrogen, total -emissions to air- kg 16.1 - 

Silver  kg 6.2 Ecoinvent 3 
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Table A13. Inventory used for arc discharge method (AP-MNL) for 1 kg AgNP. 

Arc discharge by Metal Nanopowders Ltd., United Kingdom (MNL) for 1 kg AgNP 

Input Unit Amount Database 

Electricity  kWh 615 ELCD 

Silver kg 5.35 Ecoinvent 3 

Transport, freight, sea kgkm 80250 Ecoinvent 3 

Nitrogen kg 2.69 Ecoinvent 3 

Transport, freight, lorry kgkm 53.8 Ecoinvent 3 

Output Unit Amount Database 

AgNP kg 1 - 

Nitrogen, total -emissions to air- kg 2.69 - 

Silver kg 4.35 Ecoinvent 3 

 

Table A14. Inventory used for spark system method (Spark-TUD) for 1 kg AgNP. 

Spark system Delft University of Technology, the Netherlands (TUD) for 1 kg AgNP 

Input Unit Amount Database 

Electricity  kWh 500 ELCD 

Silver kg 1.25 Ecoinvent 3 

Transport, freight, sea kgkm 18750 Ecoinvent 3 

Argon kg 75 Ecoinvent 3 

Transport, freight, lorry kgkm 1500 Ecoinvent 3 

Output Unit Amount Database 

AgNP kg 1 - 

Argon -emissions to air- kg 75 - 

Silver kg 0.25 Ecoinvent 3 

 

Table A15. Inventory used for 1 kg of Silver Nitrate (AgNO3) [4]. 

Production Inventory 1 kg of Silver Nitrate (AgNO3) 

Input Unit Amount Database 

Nitric acid kg 0.49 Ecoinvent 3 

Silver kg 0.64 Ecoinvent 3 

Output Unit Amount Database 

Silver Nitrate (AgNO3)   kg 1 - 

Water -emissions to air- kg 0.07 - 

Nitrogen oxides -emissions to air- kg 0.06 - 
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Reactive Magnetron Sputtering (RMS) 

In reactive magnetron sputtering (RMS) method, argon (Ar) is used for bombardment of 

the sputtering target (which is Ag). A mixture of Ar and reactive gases (nitrogen) is used to place 

films of oxide or nitride forms of the target material onto the substrate surface [4]. In the current 

study, inventory used for RMS method for 1 kg AgNP is adjusted from Pourzahedi and 

Eckelman [4] and is given in Table A16. 

 

Table A16. Inventory used for reactive magnetron sputtering (RMS-Ar-N) for 1 kg AgNP. 

Reactive Magnetron Sputtering (RMS-Ar-N) for 1 kg AgNP 

Input Unit Amount Database 

Silver kg 1 Ecoinvent 3 

Argon g 123.6 Ecoinvent 3 

Nitrogen g 10.4 Ecoinvent 3 

Electricity  kWh 27.8 ELCD 

Output Unit Amount Database 

AgNP kg 1 - 
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Table A17. Potential environmental impact categories of TRACI 2.1, CML (baseline), IMPACT 

2002+ and ReCiPe Midpoint impact assessment methodologies with their abbreviations and 

units. 

Methodology Potential Environmental Impact Categories 

TRACI 2.1 

[12] 

ozone depletion (ODP in kg CFC11-eq.), global warming (GWP in kg CO2-eq.), 

smog (SP in kg O3-eq.), acidification (AP in kg SO2-eq.), eutrophication (EP in kg N-

eq.), carcinogenics (HHCP in CTUh), non-carcinogenics (HHNCP in CTUh), 

respiratory effects (RP in kg PM2.5-eq.), ecotoxicity (ETP in CTUe), and fossil fuel 

depletion (FFP in MJ surplus energy). 

CML 

(baseline) [13] 

abiotic depletion (ADP in kg Sb-eq.), abiotic depletion-fossil fuels (ADP(FF) in MJ), 

global warming (GWP100a in kg CO2-eq.), ozone layer depletion (ODP in kg 

CFC11-eq.), human toxicity (HTP in kg 1,4-DB-eq.), fresh water aquatic ecotoxicity 

(FWAEP in kg 1,4-DB-eq.), marine aquatic ecotoxicity (MAEP in kg 1,4-DB-eq.), 

terrestrial ecotoxicity (TEP in kg 1,4-DB-eq.), photochemical oxidation (POxP in kg 

C2H4-eq.), acidification (AP in kg SO2-eq.), and eutrophication (EP in kg PO4-eq.). 

IMPACT 

2002+ [14] 

carcinogens (CP in kg C2H3Cl-eq.), non-carcinogens (NCP in kg C2H3Cl-eq.), 

respiratory inorganics (RaiP in kg PM2.5-eq.), ionizing radiation (IR in Bq C-14-eq.), 

ozone layer depletion (ODP in kg CFC11-eq.), respiratory organics (RaoP in kg 

C2H4-eq.), aquatic ecotoxicity (AEP in kg TEG water), terrestrial ecotoxicity (TEP in 

kg TEG soil), terrestrial acidification (tAP in kg SO2-eq.), land occupation (LO in 

m2org.arable), aquatic acidification (aAP in kg SO2-eq.), aquatic eutrophication (EP 

in kg PO4 P-lim), global warming (GWP in kg CO2-eq.), non-renewable energy (NRE 

in MJ primary), and mineral extraction (ME in MJ surplus). 

ReCiPe 

Midpoint [15] 

climate change (GWP in kg CO2-eq.), ozone depletion (ODP in kg CFC11-eq.), 

terrestrial acidification (tAP in kg SO2-eq.), freshwater eutrophication (FWEP in kg 

P-eq.), marine eutrophication (MEP in kg N-eq.), human toxicity (HTP in kg 1,4-DB-

eq.), photochemical oxidant formation (POxP in kg NMVOC), particulate matter 

formation (RP in kg PM10-eq.), terrestrial ecotoxicity (TEP in kg 1,4-DB-eq.), 

freshwater ecotoxicity (FWAEP in kg 1,4-DB-eq.), marine ecotoxicity (MAEP in kg 

1,4-DB-eq.), ionizing radiation (IR in kBq U235 eq.), agricultural land occupation 

(ALO in m2a), urban land occupation (ULO in m2a), natural land transformation 

(NLT in m2), water depletion (WDP in m3), metal depletion (MD in kg Fe eq.), and 

fossil depletion (FFP in kg oil eq.). 
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Uncertainty Analysis 

Table A18. Uncertainties around each production method simulated by Monte Carlo Analysis in SimaPro 8.5.2 (per FUn: 1 kg AgNP) 

C1* C2 MW CR-TSC CR-SB CR-EG CR-starch FSP-MS AP AP-UDE1 AP-UDE2 AP-UDE3 AP-MNL 
Spark-

TUD 
RMS-Ar-N 

ODP 

LB 6.69E-05 3.81E-05 2.50E-05 3.42E-05 3.18E-05 1.86E-05 1.30E-05 1.01E-04 1.28E-04 1.62E-04 1.08E-04 9.83E-05 1.21E-05 

M 7.53E-05 6.08E-05 3.38E-05 5.28E-05 5.14E-05 2.79E-05 2.17E-05 1.11E-04 1.38E-04 1.71E-04 1.17E-04 1.12E-04 2.08E-05 

UB 9.90E-05 1.23E-04 6.09E-05 9.44E-05 1.04E-04 5.12E-05 4.79E-05 1.31E-04 1.60E-04 1.94E-04 1.39E-04 1.45E-04 4.50E-05 

GWP 

LB 4.91E+02 6.33E+02 4.03E+02 5.42E+02 5.30E+02 3.46E+02 3.33E+02 6.27E+02 7.25E+02 8.56E+02 6.49E+02 7.08E+02 3.08E+02 

M 5.92E+02 7.62E+02 5.07E+02 6.82E+02 6.49E+02 4.18E+02 4.29E+02 7.30E+02 8.30E+02 9.56E+02 7.46E+02 8.53E+02 4.06E+02 

UB 7.42E+02 9.37E+02 6.61E+02 8.81E+02 8.01E+02 5.33E+02 5.79E+02 8.92E+02 9.71E+02 1.10E+03 8.99E+02 1.12E+03 5.60E+02 

SP 

LB 3.68E+01 4.20E+01 3.38E+01 4.44E+01 4.08E+01 2.61E+01 3.00E+01 3.79E+01 4.20E+01 4.56E+01 3.93E+01 4.45E+01 2.90E+01 

M 5.80E+01 6.39E+01 5.54E+01 6.64E+01 6.25E+01 4.21E+01 5.13E+01 5.87E+01 6.17E+01 6.58E+01 5.85E+01 6.62E+01 5.05E+01 

UB 1.07E+02 1.12E+02 1.02E+02 1.12E+02 1.09E+02 7.72E+01 9.39E+01 1.04E+02 1.08E+02 1.13E+02 1.06E+02 1.14E+02 9.16E+01 

AP 

LB 7.91E+00 7.82E+00 6.77E+00 7.96E+00 7.89E+00 5.21E+00 6.69E+00 8.68E+00 9.42E+00 1.03E+01 8.92E+00 9.06E+00 6.47E+00 

M 1.04E+01 1.05E+01 9.37E+00 1.04E+01 1.04E+01 7.09E+00 9.10E+00 1.12E+01 1.20E+01 1.28E+01 1.13E+01 1.19E+01 9.05E+00 

UB 1.42E+01 1.48E+01 1.31E+01 1.42E+01 1.43E+01 9.80E+00 1.27E+01 1.49E+01 1.58E+01 1.63E+01 1.52E+01 1.56E+01 1.26E+01 

EP 

LB 2.35E+00 2.63E+00 2.28E+00 3.01E+00 3.30E+00 1.89E+00 2.19E+00 2.34E+00 2.30E+00 2.36E+00 2.31E+00 2.94E+00 2.33E+00 

M 5.04E+00 5.40E+00 5.01E+00 5.83E+00 5.96E+00 3.99E+00 5.21E+00 4.95E+00 4.94E+00 4.97E+00 4.97E+00 5.71E+00 5.00E+00 

UB 1.79E+01 1.92E+01 1.65E+01 1.80E+01 1.76E+01 1.31E+01 1.87E+01 1.71E+01 1.62E+01 1.62E+01 1.64E+01 1.74E+01 1.55E+01 

HHCP 

LB 3.20E-05 3.42E-05 3.18E-05 3.69E-05 3.62E-05 2.53E-05 3.04E-05 3.26E-05 3.11E-05 2.96E-05 3.06E-05 3.57E-05 2.89E-05 

M 8.04E-05 8.73E-05 7.92E-05 9.16E-05 8.95E-05 6.13E-05 7.91E-05 8.30E-05 7.96E-05 8.13E-05 8.25E-05 8.97E-05 7.71E-05 

UB 4.49E-04 4.07E-04 3.81E-04 3.84E-04 3.73E-04 3.19E-04 3.54E-04 3.69E-04 4.04E-04 3.73E-04 4.15E-04 4.03E-04 4.51E-04 

HHNCP 

LB 1.42E-03 1.47E-03 1.43E-03 1.42E-03 1.73E-03 1.06E-03 1.37E-03 1.41E-03 1.42E-03 1.47E-03 1.45E-03 1.53E-03 1.33E-03 

M 3.22E-03 3.45E-03 3.34E-03 3.35E-03 3.73E-03 2.55E-03 3.21E-03 3.34E-03 3.21E-03 3.32E-03 3.30E-03 3.47E-03 3.19E-03 

UB 1.02E-02 1.12E-02 1.17E-02 1.20E-02 1.21E-02 8.04E-03 1.00E-02 1.06E-02 1.02E-02 1.14E-02 1.10E-02 1.16E-02 1.10E-02 

RP 

LB 7.64E-01 7.87E-01 6.57E-01 9.57E-01 8.31E-01 5.55E-01 6.88E-01 8.34E-01 8.76E-01 9.53E-01 8.37E-01 1.03E+00 6.50E-01 

M 9.49E-01 1.01E+00 8.70E-01 1.24E+00 1.03E+00 7.05E-01 8.81E-01 1.04E+00 1.09E+00 1.15E+00 1.03E+00 1.32E+00 8.48E-01 

UB 1.25E+00 1.35E+00 1.18E+00 1.64E+00 1.33E+00 8.96E-01 1.17E+00 1.35E+00 1.40E+00 1.44E+00 1.31E+00 1.80E+00 1.12E+00 

ETP 

LB 9.75E+03 1.01E+04 1.00E+04 1.10E+04 1.36E+04 7.52E+03 9.57E+03 1.02E+04 1.03E+04 9.52E+03 1.02E+04 1.14E+04 1.02E+04 

M 2.72E+04 2.83E+04 2.68E+04 2.85E+04 3.11E+04 2.06E+04 2.64E+04 2.68E+04 2.59E+04 2.64E+04 2.68E+04 2.81E+04 2.74E+04 

UB 1.06E+05 1.08E+05 1.09E+05 1.31E+05 1.17E+05 8.50E+04 1.17E+05 1.06E+05 1.04E+05 1.09E+05 1.08E+05 1.14E+05 1.07E+05 

FFP 

LB 3.17E+02 5.70E+02 2.67E+02 6.49E+02 4.56E+02 2.96E+02 2.00E+02 4.13E+02 4.76E+02 5.67E+02 4.24E+02 4.56E+02 1.85E+02 

M 3.96E+02 7.16E+02 3.53E+02 8.15E+02 5.87E+02 3.70E+02 2.86E+02 4.97E+02 5.63E+02 6.48E+02 5.04E+02 5.81E+02 2.70E+02 

UB 5.53E+02 9.65E+02 5.23E+02 1.07E+03 7.79E+02 5.04E+02 4.38E+02 6.47E+02 7.22E+02 8.04E+02 6.72E+02 8.04E+02 4.16E+02 

CED 

LB 6.92E+03 6.91E+03 4.27E+03 7.67E+03 6.69E+03 4.18E+03 3.45E+03 9.72E+03 1.17E+04 1.43E+04 1.01E+04 1.06E+04 3.03E+03 

M 8.05E+03 8.69E+03 5.41E+03 1.01E+04 8.74E+03 5.25E+03 4.56E+03 1.09E+04 1.29E+04 1.54E+04 1.13E+04 1.27E+04 4.14E+03 

UB 9.88E+03 1.13E+04 7.43E+03 1.34E+04 1.18E+04 6.80E+03 6.36E+03 1.27E+04 1.47E+04 1.72E+04 1.29E+04 1.66E+04 5.91E+03 

C1: Potential environmental impact categories considered in the current study. 

C2: Lower bound (LB), median (M) and upper bound (UB) of emissions based on 95% confidence intervals for the uncertainties. 
* ODP in kg CFC11-eq., GWP in kg CO2-eq., SP in kg O3-eq., AP in kg SO2-eq., EP in kg N-eq., HHCP in CTUh, HHNCP in CTUh, RP in kg PM2.5-eq., ETP in CTUe, FFP in 

MJ surplus energy, CED in MJ.
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Table A19. When SF =2, the GWP (tons CO2-eq.) associated with each synthesis are: 

 

 

 

 

 

 

 

 

 

 

Table A20. The projected GWP (tons CO2-eq.) in 2018 using the skeptical production volume 

and the industrial weighting for physical and wet chemistry method. 

# 

 GWP, Skeptical w/ Weighting 

Weighting [16] 

Median  

(tons CO2-

eq./year) 

Lower Bound  

(tons CO2-

eq./year) 

Upper Bound  

(tons CO2-eq./year) 

1 MW 0.42 5.10E+04 4.23E+04 6.39E+04 

2 CR-TSC 0.42 6.56E+04 5.45E+04 8.07E+04 

3 CR-SB 0.42 4.37E+04 3.47E+04 5.69E+04 

4 CR-EG 0.42 5.87E+04 4.67E+04 7.59E+04 

5 CR-starch 0.42 5.59E+04 4.56E+04 6.90E+04 

6 FSP-MS 0.43 3.68E+04 3.05E+04 4.70E+04 

7 AP 0.43 3.78E+04 2.94E+04 5.10E+04 

8 AP-UDE1 0.43 6.43E+04 5.53E+04 7.86E+04 

9 AP-UDE2 0.43 7.32E+04 6.39E+04 8.56E+04 

10 AP-UDE3 0.43 8.43E+04 7.55E+04 9.70E+04 

11 AP-MNL 0.43 6.58E+04 5.72E+04 7.92E+04 

12 Spark-TUD 0.43 7.52E+04 6.24E+04 9.87E+04 

13 RMS-AR-N 0.43 3.58E+04 2.72E+04 4.94E+04 

  Scaling 

Up 

Factor 

Median  

(tons CO2-

eq./year) 

Lower Bound  

(tons CO2-

eq./year) 

Upper Bound  

(tons CO2-

eq./year) 

MW 2 2.96E+02 2.46E+02 3.71E+02 

CR-TSC 2 3.81E+02 3.17E+02 4.69E+02 

CR-SB 2 2.54E+02 2.02E+02 3.31E+02 

CR-EG 2 3.41E+02 2.71E+02 4.41E+02 

CR-starch 2 3.25E+02 2.65E+02 4.01E+02 

FSP-MS 2 2.09E+02 1.73E+02 2.67E+02 

AP 2 2.15E+02 1.67E+02 2.90E+02 

AP-UDE1 2 3.65E+02 3.14E+02 4.46E+02 

AP-UDE2 2 4.15E+02 3.63E+02 4.86E+02 

AP-UDE3 2 4.78E+02 4.28E+02 5.50E+02 

AP-MNL 2 3.73E+02 3.25E+02 4.50E+02 

Spark-TUD 2 4.27E+02 3.54E+02 5.60E+02 

RMS-AR-N 2 2.03E+02 1.54E+02 2.80E+02 
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Table A21. Overall projected GWP (tons CO2-eq.) in 2018 with different combinations 

considered. 

Combination 

of methods 

Median  

(tons 

CO2-

eq./year) 

Lower 

Bound  

(tons CO2-

eq./year) 

Upper 

Bound  

(tons CO2-

eq./year) 

Combination 

of methods 

Median  

(tons CO2-

eq./year) 

Lower 

Bound  

(tons CO2-

eq./year) 

Upper 

Bound  

(tons CO2-

eq./year) 

1+6 8.78E+04 7.28E+04 1.11E+05 4+6 9.56E+04 7.72E+04 1.23E+05 

1+7 8.88E+04 7.16E+04 1.15E+05 4+7 9.65E+04 7.60E+04 1.27E+05 

1+8 1.15E+05 9.75E+04 1.43E+05 4+8 1.23E+05 1.02E+05 1.54E+05 

1+9 1.24E+05 1.06E+05 1.49E+05 4+9 1.32E+05 1.11E+05 1.61E+05 

1+10 1.35E+05 1.18E+05 1.61E+05 4+10 1.43E+05 1.22E+05 1.73E+05 

1+11 1.17E+05 9.95E+04 1.43E+05 4+11 1.24E+05 1.04E+05 1.55E+05 

1+12 1.26E+05 1.05E+05 1.63E+05 4+12 1.34E+05 1.09E+05 1.75E+05 

1+13 8.68E+04 6.94E+04 1.13E+05 4+13 9.45E+04 7.38E+04 1.25E+05 

2+6 1.02E+05 8.50E+04 1.28E+05 5+6 9.27E+04 7.61E+04 1.16E+05 

2+7 1.03E+05 8.39E+04 1.32E+05 5+7 9.37E+04 7.50E+04 1.20E+05 

2+8 1.30E+05 1.10E+05 1.59E+05 5+8 1.20E+05 1.01E+05 1.48E+05 

2+9 1.39E+05 1.18E+05 1.66E+05 5+9 1.29E+05 1.10E+05 1.55E+05 

2+10 1.50E+05 1.30E+05 1.78E+05 5+10 1.40E+05 1.21E+05 1.66E+05 

2+11 1.31E+05 1.12E+05 1.60E+05 5+11 1.22E+05 1.03E+05 1.48E+05 

2+12 1.41E+05 1.17E+05 1.79E+05 5+12 1.31E+05 1.08E+05 1.68E+05 

2+13 1.01E+05 8.17E+04 1.30E+05 5+13 9.17E+04 7.28E+04 1.18E+05 

3+6 8.05E+04 6.52E+04 1.04E+05 MEAN 1.17E+05 

3+7 8.15E+04 6.41E+04 1.08E+05 STDDEV 2.81E+04 

3+8 1.08E+05 9.00E+04 1.36E+05 

3+9 1.17E+05 9.86E+04 1.43E+05 

3+10 1.28E+05 1.10E+05 1.54E+05 

3+11 1.09E+05 9.19E+04 1.36E+05 

3+12 1.19E+05 9.71E+04 1.56E+05 

3+13 7.94E+04 6.18E+04 1.06E+05 
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Table A22. Comprehensive table for AgNPs synthesis methods considered in this study, and their applications in different industries. 

Method Yield Size Range Surface Area Known Applications Reference 

MW 99% 1-10 nm 190 m2/g Medical or biological [1] 

CR-TSC N/A 100 nm N/A 
Catalysis, optics, microelectronics [17] cited in [4] 

Medical, food storage, textile, baby goods, towel [18] 

CR-SB N/A 10-14 nm N/A 

N/A [19] cited in [4] 

Food containers [20] 

Textile [21] cited in [5] 

CR-EG 45% 8.1-10.4 nm N/A Optical sensors [22] cited in [4] 

CR-starch N/A 6-8 nm N/A Industrial [23] cited in [4] 

FSP-MS 95% 1-2 nm N/A Textile [9] cited in [5] and [4] 

AP 0.5-1.3 g/min 5-65 nm 23.81 m2/g 

Catalyst, microelectronic elements, photoelectronic 

devices, lubricants, conductive materials, activation, and 

sintering materials 

[24] cited in [4] 

AP-UDE1 N/A 1-100 nm N/A Textile [11] 

AP-UDE2 N/A 1-100 nm N/A Textile [11] 

AP-UDE3 N/A 1-100 nm N/A Textile [11] 

AP-MNL N/A 20-100 nm N/A Textile [11] 

Spark-TUD N/A 1-10 nm N/A Textile [11] 

RMS-AR-N N/A 50-60 nm N/A 
Mechanical, optical, electronic and magnetic applications [25] cited in [4] 

Bandages [4] 
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Table A23. Characterization results of multiple synthesis routes for 1 kg AgNPs using TRACI 2.1 IA Methodology 

 

Routes 
ODP (kg 

CFC11-eq) 

GWP  

(kg CO2-eq) 

SP  

(kg O3-eq) 

AP  

(kg SO2-eq) 

EP  

(kg N-q) 

HHCP  

(CTUh) 

HHNCP 

(CTUh) 

RP (kg 

PM2.5-eq) 

ETP  

(CTUe) 

FFP (MJ 

surplus energy) 

MW 7.74E-05 5.98E+02 6.05E+01 1.05E+01 6.13E+00 1.10E-04 4.06E-03 9.64E-01 3.55E+04 4.07E+02 

CR-TSC 6.53E-05 7.65E+02 6.71E+01 1.06E+01 6.54E+00 1.15E-04 4.08E-03 1.02E+00 3.59E+04 7.34E+02 

CR-SB 3.64E-05 5.13E+02 5.81E+01 9.51E+00 6.18E+00 1.11E-04 4.05E-03 8.82E-01 3.55E+04 3.61E+02 

CR-EG 5.60E-05 6.89E+02 6.84E+01 1.06E+01 7.05E+00 1.23E-04 4.11E-03 1.25E+00 3.75E+04 8.28E+02 

CR-starch 5.63E-05 6.54E+02 6.59E+01 1.06E+01 7.25E+00 1.21E-04 4.41E-03 1.05E+00 3.91E+04 5.96E+02 

FSP-MS 1.00E-04 1.65E+03 2.13E+02 3.54E+01 2.38E+01 4.27E-04 1.56E-02 3.36E+00 1.37E+05 1.19E+03 

AP 2.36E-05 4.37E+02 5.45E+01 9.32E+00 6.14E+00 1.10E-04 4.03E-03 8.93E-01 3.54E+04 2.92E+02 

AP-UDE1 1.13E-04 7.38E+02 6.26E+01 1.14E+01 6.15E+00 1.10E-04 4.04E-03 1.06E+00 3.53E+04 5.03E+02 

AP-UDE2 1.39E-04 8.35E+02 6.55E+01 1.21E+01 6.14E+00 1.10E-04 4.04E-03 1.10E+00 3.53E+04 5.71E+02 

AP-UDE3 1.73E-04 9.62E+02 6.94E+01 1.30E+01 6.15E+00 1.10E-04 4.05E-03 1.16E+00 3.53E+04 6.59E+02 

AP-MNL 1.19E-04 7.52E+02 6.28E+01 1.15E+01 6.10E+00 1.10E-04 4.04E-03 1.04E+00 3.53E+04 5.14E+02 

Spark-TUD 1.14E-04 8.67E+02 6.95E+01 1.19E+01 6.92E+00 1.18E-04 4.07E-03 1.35E+00 3.64E+04 5.91E+02 

RMS-Ar-N 2.25E-05 4.09E+02 5.29E+01 9.15E+00 6.06E+00 1.09E-04 4.03E-03 8.57E-01 3.52E+04 2.74E+02 
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Table A24. Characterization results of multiple synthesis routes for 1 kg AgNPs using 

Cumulative Energy Demand (CED). 

Routes 

Cumulative Energy Demand (MJ/kg AgNP) 

Renewable (biomass, 

wind, solar, 

geothermal, water) 

Non-renewable 

(fossil, nuclear and 

biomass) 

TOTAL 

MW 6.00E+02 7.53E+03 8.13E+03 

CR-TSC 4.08E+02 8.39E+03 8.79E+03 

CR-SB 3.65E+02 5.13E+03 5.50E+03 

CR-EG 6.93E+02 9.46E+03 1.02E+04 

CR-starch 1.88E+03 6.95E+03 8.83E+03 

FSP-MS 1.54E+03 1.61E+04 1.76E+04 

AP 3.26E+02 4.32E+03 4.65E+03 

AP-UDE1 8.07E+02 1.01E+04 1.10E+04 

AP-UDE2 9.49E+02 1.20E+04 1.30E+04 

AP-UDE3 1.13E+03 1.44E+04 1.55E+04 

AP-MNL 8.28E+02 1.05E+04 1.13E+04 

Spark-TUD 1.03E+03 1.19E+04 1.29E+04 

RMS-AR-N 3.00E+02 3.93E+03 4.23E+03 
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Table A25. Characterization results of multiple synthesis routes for 1 kg AgNPs using CML (baseline) IA Methodology. 

  

Routes 

ADP 

(kg Sb-

eq.) 

ADP(FF) 

(MJ) 

GWP 100a 

(kg CO2-

eq) 

ODP (kg 

CFC11-

eq) 

HTP  

(kg 1,4-DB-

eq) 

FWAEP 

(kg 1,4-

DB-eq) 

MAEP (kg 

1,4-DB-eq) 

TEP (kg 

1,4-DB-eq) 

POxP (kg 

C2H4-eq) 

AP  

(kg SO2-eq) 

EP  

(kg PO4-eq) 

MW 1.28E+00 5.54E+03 5.98E+02 6.79E-05 1.18E+03 6.83E+02 2.01E+06 2.21E+00 4.47E-01 1.15E+01 2.94E+00 

CR-TSC 1.28E+00 7.80E+03 7.65E+02 5.15E-05 1.22E+03 7.10E+02 2.07E+06 2.33E+00 4.51E-01 1.15E+01 3.13E+00 

CR-SB 1.28E+00 4.48E+03 5.13E+02 3.02E-05 1.18E+03 6.83E+02 1.95E+06 2.13E+00 3.97E-01 1.04E+01 2.95E+00 

CR-EG 1.28E+00 8.63E+03 6.89E+02 4.49E-05 1.29E+03 7.72E+02 2.25E+06 2.57E+00 4.74E-01 1.15E+01 3.35E+00 

CR-starch 1.28E+00 6.53E+03 6.54E+02 4.48E-05 1.25E+03 7.36E+02 2.10E+06 3.18E+00 4.32E-01 1.14E+01 3.49E+00 

FSP-MS 4.95E+00 1.47E+04 1.65E+03 7.90E-05 4.54E+03 2.66E+03 7.51E+06 1.15E+01 1.48E+00 3.87E+01 1.13E+01 

AP 1.28E+00 4.02E+03 4.37E+02 1.84E-05 1.18E+03 6.85E+02 1.98E+06 2.10E+00 4.01E-01 1.02E+01 2.90E+00 

AP-UDE1 1.28E+00 7.01E+03 7.38E+02 1.00E-04 1.19E+03 6.83E+02 2.07E+06 2.31E+00 4.95E-01 1.24E+01 1.65E+01 

AP-UDE2 1.28E+00 8.01E+03 8.35E+02 1.25E-04 1.19E+03 6.82E+02 2.10E+06 2.38E+00 5.30E-01 1.32E+01 1.14E+01 

AP-UDE3 1.28E+00 9.31E+03 9.62E+02 1.56E-04 1.20E+03 6.82E+02 2.15E+06 2.46E+00 5.76E-01 1.42E+01 9.77E+00 

AP-MNL 1.28E+00 7.15E+03 7.52E+02 1.06E-04 1.19E+03 6.79E+02 2.06E+06 2.31E+00 5.02E-01 1.26E+01 4.08E+00 

Spark-TUD 1.28E+00 8.51E+03 8.67E+02 1.00E-04 1.24E+03 7.44E+02 2.28E+06 2.65E+00 5.15E-01 1.30E+01 3.32E+00 

RMS-AR-N 1.28E+00 3.69E+03 4.09E+02 1.75E-05 1.17E+03 6.79E+02 1.95E+06 2.06E+00 3.89E-01 1.00E+01 2.86E+00 



 

  

2
1
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Table A26. Characterization results of multiple synthesis routes for 1 kg AgNPs using IMPACT 2002+ IA Methodology. 

 

  

Routes 

CP (kg 

C2H3Cl-

eq) 

NCP (kg 

C2H3Cl-eq) 

RAiP (kg 

PM2.5-eq) 

IR (Bq C-

14-eq) 

ODP (kg 

CFC11-

eq) 

RaoP (kg 

C2H4-eq) 

AEP (kg 

TEG 

water)  

TEP (kg 

TEG 

soil) 

tAP (kg 

SO2-eq.) 

LO 

(m2org. 

arable) 

AP  

(kg SO2-eq) 

EP (kg PO4  

P-lim) 

GWP (kg 

CO2-eq) 

NRE (MJ 

primary) 

ME (MJ 

surplus) 

MW 9.47E+01 8.55E+02 1.38E+00 7.69E+03 7.10E-05 2.09E-01 3.57E+05 9.80E+04 2.58E+01 9.09E+00 1.05E+01 8.72E-01 5.73E+02 7.53E+03 1.03E+03 

CR-TSC 1.01E+02 8.57E+02 1.45E+00 3.87E+03 5.20E-05 2.50E-01 3.73E+05 1.03E+05 2.67E+01 9.09E+00 1.06E+01 9.11E-01 7.34E+02 8.39E+03 1.04E+03 

CR-SB 9.49E+01 8.55E+02 1.26E+00 3.22E+03 3.09E-05 2.05E-01 3.57E+05 9.79E+04 2.41E+01 7.33E+00 9.52E+00 8.94E-01 4.92E+02 5.13E+03 1.04E+03 

CR-EG 1.06E+02 8.58E+02 1.67E+00 5.60E+03 4.49E-05 3.30E-01 3.73E+05 1.02E+05 2.68E+01 1.17E+01 1.06E+01 9.28E-01 6.54E+02 9.46E+03 1.05E+03 

CR-starch 1.00E+02 8.78E+02 1.47E+00 3.46E+03 4.48E-05 2.49E-01 3.97E+05 1.48E+05 2.88E+01 1.29E+02 1.06E+01 9.28E-01 6.20E+02 6.95E+03 1.05E+03 

FSP-MS 3.67E+02 3.30E+03 4.73E+00 8.96E+03 7.92E-05 7.98E-01 1.38E+06 3.78E+05 8.82E+01 6.32E+01 3.54E+01 3.37E+00 1.58E+03 1.60E+04 3.99E+03 

AP 9.44E+01 8.51E+02 1.25E+00 2.20E+03 1.84E-05 2.14E-01 3.58E+05 9.74E+04 2.28E+01 7.38E+00 9.33E+00 8.69E-01 4.18E+02 4.32E+03 1.03E+03 

AP-UDE1 9.45E+01 8.51E+02 1.50E+00 1.16E+04 1.05E-4 2.17E-01 3.56E+05 9.77E+04 2.73E+01 7.39E+00 1.14E+01 8.71E-01 7.08E+02 1.01E+04 1.03E+03 

AP-UDE2 9.44E+01 8.52E+02 1.57E+00 1.44E+04 1.31E-04 2.23E-01 3.55E+05 9.77E+04 2.88E+01 7.33E+00 1.21E+01 8.71E-01 8.02E+02 1.20E+04 1.03E+03 

AP-UDE3 9.44E+01 8.52E+02 1.68E+00 1.80E+04 1.64E-04 2.31E-01 3.55E+05 9.78E+04 3.08E+01 7.31E+00 1.30E+01 8.72E-01 9.24E+02 1.44E+04 1.03E+03 

AP-MNL 9.43E+01 8.51E+02 1.49E+00 1.22E+04 1.11E-04 2.18E-01 3.55E+05 9.76E+04 2.75E+01 7.25E+00 1.15E+01 8.69E-1 7.22E+02 1.05E+04 1.03E+03 

Spark-TUD 9.74E+01 8.53E+02 1.82E+00 1.41E+04 1.05E-04 2.31E-01 3.62E+05 9.92E+04 2.91E+01 9.66E+00 1.19E+01 9.07E-01 8.31E+02 1.19E+04 1.03E+03 

RMS-AR-N 9.41E+01 8.51E+02 1.20E+00 1.84E+03 1.75E-05 2.06E-01 3.56E+05 9.73E+04 2.23E+01 7.23E+00 9.15E+00 8.66E-01 3.91E+02 3.93E+03 1.03E+03 
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Table A27. Characterization results of multiple synthesis routes for 1 kg AgNPs using ReCiPe Midpoint IA Methodology. 

 

Routes 
GWP (kg 

CO2-eq) 

ODP 

(kg 

CFC11-

eq) 

tAP (kg 

SO2-eq) 

FWEP 

(kg P-

eq) 

MEP 

(kg N-

eq) 

HTP  

(kg 1,4-

DB-eq) 

POxP 

(kg 

NMVOC) 

HHAP 

(kg 

PM10-

eq) 

TEP  

(kg 1,4-

DB-eq) 

FWAEP 

(kg 1,4-

DB-eq) 

MAEP  

(kg 1,4-

DB-eq) 

IR (kBq 

U235 eq) 

ALO 

(m2a) 

ULO 

(m2a) 

NLT 

(m2) 

WDP 

(m3) 

MD (kg 

Fe eq) 

FFP 

(kg oil 

eq) 

MW 5.98E+02 6.82E-05 1.02E+01 8.15E-01 2.63E-01 3.48E+03 3.60E+00 2.86E+00 4.92E-02 2.83E+01 2.61E+01 7.87E+01 2.90E+01 5.49E+00 5.03E-02 1.81E+01 4.53E+02 1.24E+02 

CR-TSC 7.65E+02 5.18E-05 1.02E+01 8.60E-01 2.85E-01 3.52E+03 3.87E+00 2.96E+00 8.57E-02 2.93E+01 2.72E+01 3.87E+01 3.01E+01 6.59E+00 1.05E-01 2.70E+01 4.54E+02 1.74E+02 

CR-SB 5.13E+02 3.04E-05 9.24E+00 8.16E-01 2.63E-01 3.48E+03 3.38E+00 2.62E+00 4.74E-02 2.85E+01 2.62E+01 3.24E+01 2.74E+01 5.53E+00 5.14E-02 3.12E+01 4.53E+02 1.00E+02 

CR-EG 6.89E+02 4.55E-05 1.02E+01 9.36E-01 2.90E-01 3.58E+03 4.00E+00 3.22E+00 6.96E-02 3.21E+01 2.97E+01 5.50E+01 5.20E+01 7.40E+00 9.79E-02 7.38E+01 4.65E+02 1.92E+02 

CR-starch 6.54E+02 4.61E-05 1.04E+01 8.79E-01 8.64E-01 3.54E+03 3.75E+00 2.99E+00 2.20E-01 3.08E+01 2.87E+01 3.41E+01 1.47E+02 7.10E+00 9.61E-02 2.90E+01 4.64E+02 1.46E+02 

FSP-MS 1.65E+03 8.01E-05 3.45E+01 3.17E+00 9.89E-01 1.34E+04 1.23E+01 9.79E+00 6.30E-01 1.10E+02 1.01E+02 8.83E+01 1.28E+02 2.21E+01 5.44E-01 7.98E+01 1.75E+03 3.29E+02 

AP 4.37E+02 1.87E-05 9.08E+00 8.20E-01 2.38E-01 3.47E+03 3.17E+00 2.58E+00 4.30E-02 2.83E+01 2.62E+01 2.16E+01 2.78E+01 5.55E+00 5.16E-02 2.31E+01 4.51E+02 9.02E+01 

AP-UDE1 7.38E+02 1.00E-04 1.10E+01 8.18E-01 2.61E-01 3.47E+03 3.83E+00 3.11E+00 5.05E-02 2.84E+01 2.62E+01 1.19E+02 2.77E+01 5.55E+00 5.16E-02 2.22E+01 4.51E+02 1.57E+02 

AP-UDE2 8.35E+02 1.25E-04 1.17E+01 8.15E-01 2.68E-01 3.48E+03 4.06E+00 3.27E+00 5.25E-02 2.83E+01 2.61E+01 1.49E+02 2.75E+01 5.51E+00 5.10E-02 2.07E+01 4.51E+02 1.80E+02 

AP-UDE3 9.62E+02 1.56E-04 1.25E+01 8.15E-01 2.78E-01 3.48E+03 4.36E+00 3.49E+00 5.52E-02 2.83E+01 2.61E+01 1.86E+02 2.74E+01 5.50E+00 5.10E-02 2.05E+01 4.51E+02 2.09E+02 

AP-MNL 7.52E+02 1.06E-04 1.11E+01 8.11E-01 2.60E-01 3.47E+03 3.87E+00 3.11E+00 5.03E-02 2.82E+01 2.60E+01 1.25E+02 2.71E+01 5.46E+00 5.03E-02 1.80E+01 4.50E+02 1.60E+02 

Spark-TUD 8.67E+02 1.01E-04 1.15E+01 9.20E-01 2.97E-01 3.54E+03 4.15E+00 3.54E+00 6.03E-02 3.07E+01 2.83E+01 1.43E+02 3.82E+01 6.55E+00 7.01E-02 8.44E+01 4.53E+02 1.91E+02 

RMS-AR-N 4.09E+02 1.78E-05 8.92E+00 8.10E-01 2.33E-01 3.46E+03 3.09E+00 2.50E+00 4.23E-02 2.81E+01 2.59E+01 1.81E+01 2.71E+01 5.45E+00 4.98E-02 1.68E+01 4.50E+02 8.26E+01 
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Table A28. Overall comparison of AgNPs synthesis methods using TRACI 2.1 Impact 

Assessment Methodology and Cumulative Energy Demand (CED) per functional unit. 

 

Potential 

Environmental Impact 

Categories 

AgNP Synthesis Method 

Minimum Median Maximum 

ODP (kg CFC11-eq.) RMS-Ar-N MW AP-UDE 

GWP (kg CO2-eq.) RMS-Ar-N AP-UDE1 FSP-MS 

SAP (kg O3-eq.) RMS-Ar-N AP-UDE2 FSP-MS 

AP (kg SO2-eq.) RMS-Ar-N CR-TSC FSP-MS 

EP (kg N-eq.) RMS-Ar-N AP-UDE FSP-MS 

HHCP (CTUh) RMS-Ar-N AP FSP-MS 

HHNCP (CTUh) RMS-Ar-N AP-UDE3 FSP-MS 

RP (kg PM2.5-eq.) RMS-Ar-N CR-starch FSP-MS 

ETP (CTUe) RMS-Ar-N CR-SB FSP-MS 

FFP (MJ surplus 

energy) 
RMS-Ar-N AP-UDE2 FSP-MS 

CED (MJ) RMS-Ar-N CR-EG FSP-MS 
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Figure A1. Midpoint LCA results for 1kg of AgNPs production with wet chemistry methods. 
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Figure A2. Midpoint LCA results for 1kg of AgNPs production with physical chemistry 

methods. 
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Table A29. The projected GWP (tons CO2-eq.) from 2018 to 2025 using different combination 

of synthesis procedures and scaling up factors (SF) of 2, 4 and 6.  

S
k

ep
ti

ca
l 

P
ro

d
u

ct
io

n
 

 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 1.20E+05 2.88E+04 6.00E+04 1.44E+04 3.00E+04 7.19E+03 2.00E+04 4.80E+03 

2019 1.31E+05 3.15E+04 6.57E+04 1.58E+04 3.29E+04 7.88E+03 2.19E+04 5.25E+03 

2020 1.46E+05 3.49E+04 7.29E+04 1.75E+04 3.64E+04 8.73E+03 2.43E+04 5.82E+03 

2021 1.60E+05 3.84E+04 8.00E+04 1.92E+04 4.00E+04 9.59E+03 2.67E+04 6.39E+03 

2022 1.77E+05 4.25E+04 8.86E+04 2.12E+04 4.43E+04 1.06E+04 2.95E+04 7.08E+03 

2023 2.00E+05 4.80E+04 1.00E+05 2.40E+04 5.00E+04 1.20E+04 3.34E+04 7.99E+03 

2024 2.17E+05 5.21E+04 1.09E+05 2.60E+04 5.43E+04 1.30E+04 3.62E+04 8.68E+03 

2025 2.34E+05 5.62E+04 1.17E+05 2.81E+04 5.86E+04 1.40E+04 3.91E+04 9.36E+03 

O
p

ti
m

is
ti

c 
P

ro
d

u
ct

io
n

 

 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 3.03E+05 7.26E+04 1.52E+05 3.63E+04 7.58E+04 1.82E+04 5.05E+04 1.21E+04 

2019 3.20E+05 7.67E+04 1.60E+05 3.84E+04 8.00E+04 1.92E+04 5.34E+04 1.28E+04 

2020 3.43E+05 8.22E+04 1.72E+05 4.11E+04 8.58E+04 2.06E+04 5.72E+04 1.37E+04 

2021 3.63E+05 8.70E+04 1.82E+05 4.35E+04 9.08E+04 2.18E+04 6.05E+04 1.45E+04 

2022 3.83E+05 9.18E+04 1.92E+05 4.59E+04 9.58E+04 2.30E+04 6.38E+04 1.53E+04 

2023 4.06E+05 9.73E+04 2.03E+05 4.86E+04 1.01E+05 2.43E+04 6.77E+04 1.62E+04 

2024 4.31E+05 1.03E+05 2.15E+05 5.16E+04 1.08E+05 2.58E+04 7.18E+04 1.72E+04 

2025 4.56E+05 1.09E+05 2.28E+05 5.47E+04 1.14E+05 2.73E+04 7.60E+04 1.82E+04 

 

Figure A3. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for GWP (tons CO2-eq.) [skeptical left, optimistic right]. 
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Table A30. The projected ODP (tons CFC11-eq.) from 2018 to 2025 using different 

combination of synthesis procedures and scaling up factors (SF) of 2, 4 and 6.  

S
k

ep
ti

ca
l 

P
ro

d
u

ct
io

n
 

 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 1.41E-02 6.17E-03 7.07E-03 3.09E-03 3.54E-03 1.54E-03 2.36E-03 1.03E-03 

2019 1.55E-02 6.76E-03 7.75E-03 3.38E-03 3.87E-03 1.69E-03 2.58E-03 1.13E-03 

2020 1.72E-02 7.49E-03 8.59E-03 3.75E-03 4.30E-03 1.87E-03 2.86E-03 1.25E-03 

2021 1.89E-02 8.23E-03 9.43E-03 4.11E-03 4.72E-03 2.06E-03 3.14E-03 1.37E-03 

2022 2.09E-02 9.11E-03 1.04E-02 4.56E-03 5.22E-03 2.28E-03 3.48E-03 1.52E-03 

2023 2.36E-02 1.03E-02 1.18E-02 5.14E-03 5.90E-03 2.57E-03 3.93E-03 1.71E-03 

2024 2.56E-02 1.12E-02 1.28E-02 5.58E-03 6.40E-03 2.79E-03 4.27E-03 1.86E-03 

2025 2.76E-02 1.20E-02 1.38E-02 6.02E-03 6.91E-03 3.01E-03 4.60E-03 2.01E-03 

O
p

ti
m

is
ti

c 
P

ro
d

u
ct

io
n

 

 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 3.57E-02 1.56E-02 1.79E-02 7.79E-03 8.93E-03 3.89E-03 5.95E-03 2.60E-03 

2019 3.77E-02 1.65E-02 1.89E-02 8.23E-03 9.43E-03 4.11E-03 6.29E-03 2.74E-03 

2020 4.04E-02 1.76E-02 2.02E-02 8.82E-03 1.01E-02 4.41E-03 6.74E-03 2.94E-03 

2021 4.28E-02 1.87E-02 2.14E-02 9.33E-03 1.07E-02 4.67E-03 7.13E-03 3.11E-03 

2022 4.51E-02 1.97E-02 2.26E-02 9.84E-03 1.13E-02 4.92E-03 7.52E-03 3.28E-03 

2023 4.78E-02 2.09E-02 2.39E-02 1.04E-02 1.20E-02 5.22E-03 7.97E-03 3.48E-03 

2024 5.07E-02 2.21E-02 2.54E-02 1.11E-02 1.27E-02 5.53E-03 8.46E-03 3.69E-03 

2025 5.38E-02 2.35E-02 2.69E-02 1.17E-02 1.34E-02 5.86E-03 8.96E-03 3.91E-03 

 

Figure A4. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for ODP (tons CFC11-eq.) [skeptical left, optimistic right]. 
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Table A31. The projected SP (tons O3-eq.) from 2018 to 2025 using different combination of 

synthesis procedures and scaling up factors (SF) of 2, 4 and 6.  

S
k

ep
ti

ca
l 

P
ro

d
u

ct
io

n
 

 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 1.20E+04 5.05E+03 6.00E+03 2.53E+03 3.00E+03 1.26E+03 2.00E+03 8.42E+02 

2019 1.32E+04 5.54E+03 6.58E+03 2.77E+03 3.29E+03 1.38E+03 2.19E+03 9.23E+02 

2020 1.46E+04 6.14E+03 7.29E+03 3.07E+03 3.65E+03 1.53E+03 2.43E+03 1.02E+03 

2021 1.60E+04 6.74E+03 8.01E+03 3.37E+03 4.00E+03 1.68E+03 2.67E+03 1.12E+03 

2022 1.77E+04 7.46E+03 8.86E+03 3.73E+03 4.43E+03 1.87E+03 2.95E+03 1.24E+03 

2023 2.00E+04 8.42E+03 1.00E+04 4.21E+03 5.00E+03 2.11E+03 3.34E+03 1.40E+03 

2024 2.17E+04 9.15E+03 1.09E+04 4.57E+03 5.43E+03 2.29E+03 3.62E+03 1.52E+03 

2025 2.34E+04 9.87E+03 1.17E+04 4.93E+03 5.86E+03 2.47E+03 3.91E+03 1.64E+03 

O
p

ti
m

is
ti

c 
P

ro
d

u
ct

io
n

 

 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 3.03E+04 1.28E+04 1.52E+04 6.38E+03 7.58E+03 3.19E+03 5.05E+03 2.13E+03 

2019 3.20E+04 1.35E+04 1.60E+04 6.74E+03 8.01E+03 3.37E+03 5.34E+03 2.25E+03 

2020 3.43E+04 1.44E+04 1.72E+04 7.22E+03 8.58E+03 3.61E+03 5.72E+03 2.41E+03 

2021 3.63E+04 1.53E+04 1.82E+04 7.64E+03 9.08E+03 3.82E+03 6.05E+03 2.55E+03 

2022 3.83E+04 1.61E+04 1.92E+04 8.06E+03 9.58E+03 4.03E+03 6.39E+03 2.69E+03 

2023 4.06E+04 1.71E+04 2.03E+04 8.54E+03 1.01E+04 4.27E+03 6.77E+03 2.85E+03 

2024 4.31E+04 1.81E+04 2.15E+04 9.06E+03 1.08E+04 4.53E+03 7.18E+03 3.02E+03 

2025 4.56E+04 1.92E+04 2.28E+04 9.60E+03 1.14E+04 4.80E+03 7.61E+03 3.20E+03 

 

Figure A5. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for SP (tons O3-eq.) [skeptical left, optimistic right]. 
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Table A32. The projected AP (tons SO2-eq.) from 2018 to 2025 using different combination of 

synthesis procedures and scaling up factors (SF) of 2, 4 and 6.  

S
k

ep
ti

ca
l 

P
ro

d
u

ct
io

n
 

 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 1.93E+03 4.91E+02 9.64E+02 2.45E+02 4.82E+02 1.23E+02 3.21E+02 8.18E+01 

2019 2.11E+03 5.37E+02 1.06E+03 2.69E+02 5.28E+02 1.34E+02 3.52E+02 8.96E+01 

2020 2.34E+03 5.96E+02 1.17E+03 2.98E+02 5.85E+02 1.49E+02 3.90E+02 9.93E+01 

2021 2.57E+03 6.54E+02 1.28E+03 3.27E+02 6.42E+02 1.64E+02 4.28E+02 1.09E+02 

2022 2.84E+03 7.24E+02 1.42E+03 3.62E+02 7.11E+02 1.81E+02 4.74E+02 1.21E+02 

2023 3.21E+03 8.18E+02 1.61E+03 4.09E+02 8.03E+02 2.04E+02 5.35E+02 1.36E+02 

2024 3.49E+03 8.88E+02 1.74E+03 4.44E+02 8.72E+02 2.22E+02 5.81E+02 1.48E+02 

2025 3.76E+03 9.58E+02 1.88E+03 4.79E+02 9.41E+02 2.39E+02 6.27E+02 1.60E+02 

O
p

ti
m

is
ti

c 
P

ro
d

u
ct

io
n

 

 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 4.86E+03 1.24E+03 2.43E+03 6.19E+02 1.22E+03 3.10E+02 8.11E+02 2.06E+02 

2019 5.14E+03 1.31E+03 2.57E+03 6.54E+02 1.28E+03 3.27E+02 8.56E+02 2.18E+02 

2020 5.51E+03 1.40E+03 2.75E+03 7.01E+02 1.38E+03 3.50E+02 9.18E+02 2.34E+02 

2021 5.83E+03 1.48E+03 2.91E+03 7.42E+02 1.46E+03 3.71E+02 9.71E+02 2.47E+02 

2022 6.15E+03 1.57E+03 3.07E+03 7.83E+02 1.54E+03 3.91E+02 1.02E+03 2.61E+02 

2023 6.52E+03 1.66E+03 3.26E+03 8.29E+02 1.63E+03 4.15E+02 1.09E+03 2.76E+02 

2024 6.91E+03 1.76E+03 3.45E+03 8.80E+02 1.73E+03 4.40E+02 1.15E+03 2.93E+02 

2025 7.32E+03 1.86E+03 3.66E+03 9.32E+02 1.83E+03 4.66E+02 1.22E+03 3.11E+02 

 

Figure A6. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for AP (tons SO2-eq.) [skeptical left, optimistic right]. 
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Table A33. The projected EP (tons N-eq.) from 2018 to 2025 using different combination of 

synthesis procedures and scaling up factors (SF) of 2, 4 and 6.  

S
k

ep
ti

ca
l 

P
ro

d
u

ct
io

n
 

 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 1.93E+03 4.91E+02 9.64E+02 2.45E+02 4.82E+02 1.23E+02 3.21E+02 8.18E+01 

2019 2.11E+03 5.37E+02 1.06E+03 2.69E+02 5.28E+02 1.34E+02 3.52E+02 8.96E+01 

2020 2.34E+03 5.96E+02 1.17E+03 2.98E+02 5.85E+02 1.49E+02 3.90E+02 9.93E+01 

2021 2.57E+03 6.54E+02 1.28E+03 3.27E+02 6.42E+02 1.64E+02 4.28E+02 1.09E+02 

2022 2.84E+03 7.24E+02 1.42E+03 3.62E+02 7.11E+02 1.81E+02 4.74E+02 1.21E+02 

2023 3.21E+03 8.18E+02 1.61E+03 4.09E+02 8.03E+02 2.04E+02 5.35E+02 1.36E+02 

2024 3.49E+03 8.88E+02 1.74E+03 4.44E+02 8.72E+02 2.22E+02 5.81E+02 1.48E+02 

2025 3.76E+03 9.58E+02 1.88E+03 4.79E+02 9.41E+02 2.39E+02 6.27E+02 1.60E+02 
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 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 4.86E+03 1.24E+03 2.43E+03 6.19E+02 1.22E+03 3.10E+02 8.11E+02 2.06E+02 

2019 5.14E+03 1.31E+03 2.57E+03 6.54E+02 1.28E+03 3.27E+02 8.56E+02 2.18E+02 

2020 5.51E+03 1.40E+03 2.75E+03 7.01E+02 1.38E+03 3.50E+02 9.18E+02 2.34E+02 

2021 5.83E+03 1.48E+03 2.92E+03 7.40E+02 1.46E+03 3.70E+02 9.72E+02 2.47E+02 

2022 6.15E+03 1.57E+03 3.07E+03 7.83E+02 1.54E+03 3.91E+02 1.02E+03 2.61E+02 

2023 6.52E+03 1.66E+03 3.26E+03 8.29E+02 1.63E+03 4.15E+02 1.09E+03 2.76E+02 

2024 6.91E+03 1.76E+03 3.45E+03 8.80E+02 1.73E+03 4.40E+02 1.15E+03 2.93E+02 

2025 7.32E+03 1.86E+03 3.66E+03 9.32E+02 1.83E+03 4.66E+02 1.22E+03 3.11E+02 

 

Figure A7. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for EP (tons N-eq.) [skeptical left, optimistic right]. 
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Table A34. The projected HHCP (CTUh) from 2018 to 2025 using different combination of 

synthesis procedures and scaling up factors (SF) of 2, 4 and 6.  

S
k
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ca
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n
 

 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 3.02E+01 2.86E+01 1.51E+01 1.43E+01 7.54E+00 7.16E+00 5.03E+00 4.77E+00 

2019 3.30E+01 3.14E+01 1.65E+01 1.57E+01 8.26E+00 7.84E+00 5.51E+00 5.23E+00 

2020 3.66E+01 3.48E+01 1.83E+01 1.74E+01 9.16E+00 8.70E+00 6.11E+00 5.80E+00 

2021 4.02E+01 3.82E+01 2.01E+01 1.91E+01 1.01E+01 9.55E+00 6.70E+00 6.37E+00 

2022 4.45E+01 4.23E+01 2.23E+01 2.11E+01 1.11E+01 1.06E+01 7.42E+00 7.05E+00 

2023 5.03E+01 4.77E+01 2.51E+01 2.39E+01 1.26E+01 1.19E+01 8.38E+00 7.96E+00 

2024 5.46E+01 5.18E+01 2.73E+01 2.59E+01 1.36E+01 1.30E+01 9.10E+00 8.64E+00 

2025 5.89E+01 5.59E+01 2.95E+01 2.80E+01 1.47E+01 1.40E+01 9.82E+00 9.32E+00 
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 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 7.61E+01 7.23E+01 3.81E+01 3.62E+01 1.90E+01 1.81E+01 1.27E+01 1.21E+01 

2019 8.05E+01 7.64E+01 4.02E+01 3.82E+01 2.01E+01 1.91E+01 1.34E+01 1.27E+01 

2020 8.62E+01 8.19E+01 4.31E+01 4.09E+01 2.15E+01 2.05E+01 1.44E+01 1.36E+01 

2021 9.12E+01 8.66E+01 4.56E+01 4.33E+01 2.28E+01 2.17E+01 1.52E+01 1.44E+01 

2022 9.63E+01 9.14E+01 4.81E+01 4.57E+01 2.41E+01 2.29E+01 1.60E+01 1.52E+01 

2023 1.02E+02 9.69E+01 5.10E+01 4.84E+01 2.55E+01 2.42E+01 1.70E+01 1.61E+01 

2024 1.08E+02 1.03E+02 5.41E+01 5.14E+01 2.70E+01 2.57E+01 1.80E+01 1.71E+01 

2025 1.15E+02 1.09E+02 5.73E+01 5.44E+01 2.87E+01 2.72E+01 1.91E+01 1.81E+01 

 

Figure A8. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for HHCP (CTUh) [skeptical left, optimistic right] 
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Table A35. The projected HHNCP (CTUh) from 2018 to 2025 using different combination of 

synthesis procedures and scaling up factors (SF) of 2, 4 and 6.  

S
k
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 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 9.34E+02 7.41E+02 4.67E+02 3.71E+02 2.34E+02 1.85E+02 1.56E+02 1.24E+02 

2019 1.02E+03 8.12E+02 5.11E+02 4.06E+02 2.56E+02 2.03E+02 1.70E+02 1.35E+02 

2020 1.13E+03 9.00E+02 5.67E+02 4.50E+02 2.84E+02 2.25E+02 1.89E+02 1.50E+02 

2021 1.25E+03 9.88E+02 6.23E+02 4.94E+02 3.11E+02 2.47E+02 2.08E+02 1.65E+02 

2022 1.38E+03 1.09E+03 6.89E+02 5.47E+02 3.45E+02 2.74E+02 2.30E+02 1.82E+02 

2023 1.56E+03 1.24E+03 7.78E+02 6.18E+02 3.89E+02 3.09E+02 2.59E+02 2.06E+02 

2024 1.69E+03 1.34E+03 8.45E+02 6.71E+02 4.23E+02 3.35E+02 2.82E+02 2.24E+02 

2025 1.82E+03 1.45E+03 9.12E+02 7.24E+02 4.56E+02 3.62E+02 3.04E+02 2.41E+02 
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 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 2.36E+03 1.87E+03 1.18E+03 9.35E+02 5.89E+02 4.68E+02 3.93E+02 3.12E+02 

2019 2.49E+03 1.98E+03 1.25E+03 9.88E+02 6.23E+02 4.94E+02 4.15E+02 3.29E+02 

2020 2.67E+03 2.12E+03 1.33E+03 1.06E+03 6.67E+02 5.29E+02 4.45E+02 3.53E+02 

2021 2.82E+03 2.24E+03 1.41E+03 1.12E+03 7.06E+02 5.60E+02 4.71E+02 3.74E+02 

2022 2.98E+03 2.36E+03 1.49E+03 1.18E+03 7.45E+02 5.91E+02 4.97E+02 3.94E+02 

2023 3.16E+03 2.51E+03 1.58E+03 1.25E+03 7.89E+02 6.26E+02 5.26E+02 4.18E+02 

2024 3.35E+03 2.66E+03 1.67E+03 1.33E+03 8.37E+02 6.64E+02 5.58E+02 4.43E+02 

2025 3.55E+03 2.82E+03 1.77E+03 1.41E+03 8.87E+02 7.04E+02 5.92E+02 4.69E+02 

 

Figure A9. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for HHNCP (CTUh) [skeptical left, optimistic right]. 
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Table A36. The projected RP (tons PM2.5-eq.) from 2018 to 2025 using different combination of 

synthesis procedures and scaling up factors (SF) of 2, 4 and 6.  

S
k
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ti

ca
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d
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 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 1.87E+02 4.43E+01 9.36E+01 2.22E+01 4.68E+01 1.11E+01 3.12E+01 7.39E+00 

2019 2.05E+02 4.86E+01 1.02E+02 2.43E+01 5.12E+01 1.21E+01 3.42E+01 8.10E+00 

2020 2.27E+02 5.39E+01 1.14E+02 2.69E+01 5.68E+01 1.35E+01 3.79E+01 8.98E+00 

2021 2.50E+02 5.91E+01 1.25E+02 2.96E+01 6.24E+01 1.48E+01 4.16E+01 9.86E+00 

2022 2.76E+02 6.55E+01 1.38E+02 3.27E+01 6.91E+01 1.64E+01 4.60E+01 1.09E+01 

2023 3.12E+02 7.39E+01 1.56E+02 3.70E+01 7.80E+01 1.85E+01 5.20E+01 1.23E+01 

2024 3.39E+02 8.03E+01 1.69E+02 4.01E+01 8.47E+01 2.01E+01 5.64E+01 1.34E+01 

2025 3.65E+02 8.66E+01 1.83E+02 4.33E+01 9.13E+01 2.16E+01 6.09E+01 1.44E+01 
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 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 4.72E+02 1.12E+02 2.36E+02 5.60E+01 1.18E+02 2.80E+01 7.87E+01 1.87E+01 

2019 4.99E+02 1.18E+02 2.50E+02 5.91E+01 1.25E+02 2.96E+01 8.32E+01 1.97E+01 

2020 5.35E+02 1.27E+02 2.67E+02 6.34E+01 1.34E+02 3.17E+01 8.91E+01 2.11E+01 

2021 5.66E+02 1.34E+02 2.83E+02 6.71E+01 1.41E+02 3.35E+01 9.43E+01 2.24E+01 

2022 5.97E+02 1.41E+02 2.99E+02 7.07E+01 1.49E+02 3.54E+01 9.95E+01 2.36E+01 

2023 6.33E+02 1.50E+02 3.16E+02 7.50E+01 1.58E+02 3.75E+01 1.05E+02 2.50E+01 

2024 6.71E+02 1.59E+02 3.35E+02 7.95E+01 1.68E+02 3.98E+01 1.12E+02 2.65E+01 

2025 7.11E+02 1.69E+02 3.56E+02 8.43E+01 1.78E+02 4.21E+01 1.19E+02 2.81E+01 

 

Figure A10. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for RP (tons PM2.5-eq.) [skeptical left, optimistic right]. 
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Table A37. The projected ETP (CTUe) from 2018 to 2025 using different combination of 

synthesis procedures and scaling up factors (SF) of 2, 4 and 6.  

S
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 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 8.79E+09 7.85E+09 4.40E+09 3.92E+09 2.20E+09 1.96E+09 1.47E+09 1.31E+09 

2019 9.63E+09 8.60E+09 4.81E+09 4.30E+09 2.41E+09 2.15E+09 1.60E+09 1.43E+09 

2020 1.07E+10 9.53E+09 5.34E+09 4.77E+09 2.67E+09 2.38E+09 1.78E+09 1.59E+09 

2021 1.17E+10 1.05E+10 5.86E+09 5.23E+09 2.93E+09 2.62E+09 1.95E+09 1.74E+09 

2022 1.30E+10 1.16E+10 6.49E+09 5.79E+09 3.24E+09 2.90E+09 2.16E+09 1.93E+09 

2023 1.47E+10 1.31E+10 7.33E+09 6.54E+09 3.66E+09 3.27E+09 2.44E+09 2.18E+09 

2024 1.59E+10 1.42E+10 7.95E+09 7.10E+09 3.98E+09 3.55E+09 2.65E+09 2.37E+09 

2025 1.72E+10 1.53E+10 8.58E+09 7.66E+09 4.29E+09 3.83E+09 2.86E+09 2.55E+09 
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 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 2.22E+10 1.98E+10 1.11E+10 9.91E+09 5.55E+09 4.95E+09 3.70E+09 3.30E+09 

2019 2.34E+10 2.09E+10 1.17E+10 1.05E+10 5.86E+09 5.23E+09 3.91E+09 3.49E+09 

2020 2.51E+10 2.24E+10 1.26E+10 1.12E+10 6.28E+09 5.61E+09 4.19E+09 3.74E+09 

2021 2.66E+10 2.37E+10 1.33E+10 1.19E+10 6.65E+09 5.93E+09 4.43E+09 3.96E+09 

2022 2.80E+10 2.50E+10 1.40E+10 1.25E+10 7.01E+09 6.26E+09 4.67E+09 4.17E+09 

2023 2.97E+10 2.65E+10 1.49E+10 1.33E+10 7.43E+09 6.64E+09 4.95E+09 4.42E+09 

2024 3.15E+10 2.81E+10 1.58E+10 1.41E+10 7.88E+09 7.04E+09 5.25E+09 4.69E+09 

2025 3.34E+10 2.98E+10 1.67E+10 1.49E+10 8.35E+09 7.46E+09 5.57E+09 4.97E+09 

 

Figure A11. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for ETP (CTUe) [skeptical left, optimistic right]. 
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Table A38. The projected FFP (MJ surplus energy) from 2018 to 2025 using different 

combination of synthesis procedures and scaling up factors (SF) of 2, 4 and 6.  

  Laboratory Scale SF=2 SF=4 SF=6 

 Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

S
k

ep
ti

ca
l 

P
ro

d
u

ct
io

n
 

2018 9.72E+07 2.94E+07 4.86E+07 1.47E+07 2.43E+07 7.35E+06 1.62E+07 4.90E+06 

2019 1.06E+08 3.22E+07 5.32E+07 1.61E+07 2.66E+07 8.05E+06 1.77E+07 5.36E+06 

2020 1.18E+08 3.57E+07 5.90E+07 1.78E+07 2.95E+07 8.92E+06 1.97E+07 5.95E+06 

2021 1.30E+08 3.92E+07 6.48E+07 1.96E+07 3.24E+07 9.80E+06 2.16E+07 6.53E+06 

2022 1.43E+08 4.34E+07 7.17E+07 2.17E+07 3.59E+07 1.08E+07 2.39E+07 7.23E+06 

2023 1.62E+08 4.90E+07 8.10E+07 2.45E+07 4.05E+07 1.22E+07 2.70E+07 8.16E+06 

2024 1.76E+08 5.32E+07 8.79E+07 2.66E+07 4.40E+07 1.33E+07 2.93E+07 8.86E+06 

2025 1.90E+08 5.74E+07 9.49E+07 2.87E+07 4.74E+07 1.43E+07 3.16E+07 9.56E+06 

  Laboratory Scale SF=2 SF=4 SF=6 
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Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 2.45E+08 7.42E+07 1.23E+08 3.71E+07 6.13E+07 1.85E+07 4.09E+07 1.24E+07 

2019 2.59E+08 7.84E+07 1.30E+08 3.92E+07 6.48E+07 1.96E+07 4.32E+07 1.31E+07 

2020 2.78E+08 8.40E+07 1.39E+08 4.20E+07 6.94E+07 2.10E+07 4.63E+07 1.40E+07 

2021 2.94E+08 8.89E+07 1.47E+08 4.44E+07 7.35E+07 2.22E+07 4.90E+07 1.48E+07 

2022 3.10E+08 9.38E+07 1.55E+08 4.69E+07 7.75E+07 2.34E+07 5.17E+07 1.56E+07 

2023 3.29E+08 9.94E+07 1.64E+08 4.97E+07 8.22E+07 2.48E+07 5.48E+07 1.66E+07 

2024 3.49E+08 1.05E+08 1.74E+08 5.27E+07 8.71E+07 2.63E+07 5.81E+07 1.76E+07 

2025 3.69E+08 1.12E+08 1.85E+08 5.58E+07 9.23E+07 2.79E+07 6.16E+07 1.86E+07 

 

Figure A12. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for FFP (MJ surplus energy) [skeptical left, optimistic right]. 
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Table A39. The projected CED (MJ eq.) from 2018 to 2025 using different combination of 

synthesis procedures and scaling up factors (SF) of 2, 4 and 6.  
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 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 1.64E+09 4.88E+08 8.21E+08 2.44E+08 4.10E+08 1.22E+08 2.74E+08 8.13E+07 

2019 1.80E+09 5.34E+08 8.99E+08 2.67E+08 4.49E+08 1.34E+08 3.00E+08 8.90E+07 

2020 1.99E+09 5.92E+08 9.97E+08 2.96E+08 4.98E+08 1.48E+08 3.32E+08 9.87E+07 

2021 2.19E+09 6.50E+08 1.09E+09 3.25E+08 5.47E+08 1.63E+08 3.65E+08 1.08E+08 

2022 2.42E+09 7.20E+08 1.21E+09 3.60E+08 6.06E+08 1.80E+08 4.04E+08 1.20E+08 

2023 2.74E+09 8.13E+08 1.37E+09 4.06E+08 6.84E+08 2.03E+08 4.56E+08 1.35E+08 

2024 2.97E+09 8.83E+08 1.49E+09 4.41E+08 7.43E+08 2.21E+08 4.95E+08 1.47E+08 

2025 3.20E+09 9.52E+08 1.60E+09 4.76E+08 8.01E+08 2.38E+08 5.34E+08 1.59E+08 
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 Laboratory Scale SF=2 SF=4 SF=6 

Year Mean StdDev Mean StdDev Mean StdDev Mean StdDev 

2018 4.14E+09 1.23E+09 2.07E+09 6.16E+08 1.04E+09 3.08E+08 6.90E+08 2.05E+08 

2019 4.38E+09 1.30E+09 2.19E+09 6.50E+08 1.09E+09 3.25E+08 7.30E+08 2.17E+08 

2020 4.69E+09 1.39E+09 2.35E+09 6.97E+08 1.17E+09 3.48E+08 7.82E+08 2.32E+08 

2021 4.96E+09 1.47E+09 2.48E+09 7.37E+08 1.24E+09 3.69E+08 8.27E+08 2.46E+08 

2022 5.24E+09 1.56E+09 2.62E+09 7.78E+08 1.31E+09 3.89E+08 8.73E+08 2.59E+08 

2023 5.55E+09 1.65E+09 2.77E+09 8.25E+08 1.39E+09 4.12E+08 9.25E+08 2.75E+08 

2024 5.89E+09 1.75E+09 2.94E+09 8.75E+08 1.47E+09 4.37E+08 9.81E+08 2.92E+08 

2025 6.24E+09 1.85E+09 3.12E+09 9.27E+08 1.56E+09 4.63E+08 1.04E+09 3.09E+08 

 

Figure A13. Global annual environmental impacts using different scale-up factors (2, 4 and 6) as 

well as laboratory scale results for CED (MJ eq.) [skeptical left, optimistic right]. 
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Industry Based Environmental Impact Predictions 

Industry-based potential environmental impacts are calculated using below equations and Sankey 

diagrams are developed for each impact category considered to better illustrate the follows of 

impact before scaling up. n is the number of methods applied for that industry and i is the 

respective AgNPs synthesis method(s). 

∑
𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑠 ∗

𝑠𝑘𝑒𝑝𝑡𝑖𝑐𝑎𝑙 𝐴𝑔𝑁𝑃𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑦𝑒𝑎𝑟

𝑛
∗

𝑛

𝑖

𝐺𝑊𝑃𝑖 (𝑖𝑛 
𝑘𝑔 𝐶𝑂

2
− 𝑒𝑞.

𝑘𝑔 𝐴𝑔𝑁𝑃𝑠
 ) 

∑
𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑠 ∗

𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑡𝑖𝑐 𝐴𝑔𝑁𝑃𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑦𝑒𝑎𝑟

𝑛
∗

𝑛

𝑖

𝐺𝑊𝑃𝑖 (𝑖𝑛 
𝑘𝑔 𝐶𝑂

2
− 𝑒𝑞.

𝑘𝑔 𝐴𝑔𝑁𝑃𝑠
 ) 

Example calculation of GWP for medical industry with skeptical production on 2018: 

∑[
0.31 ∗ 210 𝑡 𝐴𝑔𝑁𝑃𝑠

3
∗ (5.98𝐸 + 02 

𝑘𝑔 𝐶𝑂2 − 𝑒𝑞.

𝑘𝑔 𝐴𝑔𝑁𝑃𝑠
) +

0.31 ∗ 210 𝑡 𝐴𝑔𝑁𝑃𝑠

3

∗ (7.65 + 02 
𝑘𝑔 𝐶𝑂2 − 𝑒𝑞.

𝑘𝑔 𝐴𝑔𝑁𝑃𝑠
) +

0.31 ∗ 210 𝑡 𝐴𝑔𝑁𝑃𝑠

3
∗ (4.09𝐸 + 02 

𝑘𝑔 𝐶𝑂2 − 𝑒𝑞.

𝑘𝑔 𝐴𝑔𝑁𝑃𝑠
)]

= 38,694 𝑡 𝐶𝑂2 − 𝑒𝑞./𝑦𝑒𝑎𝑟  
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A)  

B)  

Figure A14. Sankey diagrams for sectoral GWP (tons CO2-eq.) impacts (before scaling up) in 

2018 for A) Skeptical and B) Optimistic estimations. 

 

A)  

B)  

Figure A15. Sankey diagrams for sectoral ODP (tons CFC11-eq.) impacts (before scaling up) in 

2018 for A) Skeptical and B) Optimistic estimations. 
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A)  

B)  

Figure A16. Sankey diagrams for sectoral AP (tons SO2-eq.) impacts (before scaling up) in 2018 

for A) Skeptical and B) Optimistic estimations. 

 

A)  

B)  

Figure A17. Sankey diagrams for sectoral ETP (x106 CTUe) impacts (before scaling up) in 2018 

for A) Skeptical and B) Optimistic estimations. 
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A)  

B)  

Figure A18. Sankey diagrams for sectoral EP (tons N-eq.) impacts (before scaling up) in 2018 

for A) Skeptical and B) Optimistic estimations. 

 

A)  

B)  

Figure A19. Sankey diagrams for sectoral RP (tons PM2.5-eq.) impacts (before scaling up) in 

2018 for A) Skeptical and B) Optimistic estimations. 
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A)  

B)  

Figure A20. Sankey diagrams for sectoral HHCP (x103 CTUh) impacts (before scaling up) in 

2018 for A) Skeptical and B) Optimistic estimations. 

 

A)  

B)  

Figure A21. Sankey diagrams for sectoral HHNCP (x103 CTUh) impacts (before scaling up) in 

2018 for A) Skeptical and B) Optimistic estimations. 
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A)  

B)  

Figure A22. Sankey diagrams for sectoral FFP (x103 MJ surplus energy) impacts (before scaling 

up) in 2018 for A) Skeptical and B) Optimistic estimations. 

 

A)  

B)  

Figure A23. Sankey diagrams for industry-based SP (tons O3-eq.) impacts (before scaling up) in 

2018 for A) Skeptical and B) Optimistic estimations. 
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A)  

B)  

Figure A24. Sankey diagrams for sectoral CED (x106 MJ) impacts (before scaling up) in 2018 

for A) Skeptical and B) Optimistic estimations. 
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Appendix B 

Electronic supplemental information from Chapter 3 and associated references. 

 

the search query used for total CNTs patents:  

ABST/(carbon AND nanotube) AND ISD/1/1/1980->31/12/2019 

the search query used for SWCNTs patents:  

ABST/(carbon AND nanotube AND single AND (wall OR walled)) AND ISD/1/1/1996-

>31/12/2019 

the search query used for MWCNTs patents:  

ABST/(carbon AND nanotube AND multi AND (wall OR walled)) AND ISD/1/1/1996-

>31/12/2019 

 

Figure B1. Number of CNTs patents issued by United States Patent and Trademark Office [1]. 



 

  

2
3
9
 

Table B1. Detailed literature compilation* on previously applied life cycle assessments for SWCNTs/MWCNTs (listed by the year of 

publication). 

Title 

Synthesis  

process(es) 

applied S
W

C
N

T
/ 

M
W

C
N

T
 Software (S)/ Method 

(M)/ Database (D)/  

Functional Unit 

(FUn) 

Life cycle 

inventory 

(LCI) source 

System 

boundaries 

How results are 

presented? 

Study 

reference 

Towards a framework 

for life cycle thinking in 

the assessment of 

nanotechnology 

CVD (lab scale) 

S
W

C
N

T
 

S: Umberto  

D: Ecoinvent v1.2 

M: CED and CML 

2001 

FUn: one 15″-FED 

screen 

[2, 3] 
Cradle-to-

grave 

Although individual 

LCA results for CNTs 

were not shared, results 

for one 15″-FED screen 

were provided 

graphically (without 

actual numbers). 

[4] 

Environmental 

Assessment of Single-

Walled Carbon 

Nanotube Processes  
AD, CVD, HiPCO 

(lab scale) 

S
W

C
N

T
 

S: SimaPro  

D: N/A 

M: EPS 2000, 

EcoIndicator 99 

FUn: 1 g SWCNT 

[5, 6] 

Cradle-to-

gate 

Internally normalized 

life cycle results were 

provided graphically 

(without actual 

numbers).  

[3, 7] 

Environmental 

Assessment of SWNT 

Production 

Own derived 

inventory data 
[6] 

Energy Requirements of 

Carbon Nanoparticle 

Production 

CVD, HiPCO, LV, 

AD (lab scale) 

S
W

C
N

T
 

S: N/A 

D: N/A 

M: CED 

FUn: 1 kg CNTs 

[6]  
Cradle-to-

gate 

Cumulative energy 

requirements of 

different methods were 

provided. 

 

 

 

 

 

 

 

 

 

 

[8] 
CVD, LV, AD, 

Solar Furnace 

Synthesis (lab 

scale) M
W

C
N

T
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Title 

Synthesis  

process(es) 

applied S
W

C
N

T
/ 

M
W

C
N

T
 Software (S)/ Method 

(M)/ Database (D)/  

Functional Unit 

(FUn) 

Life cycle 

inventory 

(LCI) source 

System 

boundaries 

How results are 

presented? 

Study 

reference 

Environmental Impact 

Assessment for Potential 

Continuous Processes 

for the Production of 

Carbon Nanotubes 

HiPCO, CoMoCat 

(lab and large 

scales) S
W

C
N

T
 S: SimaPro 7.0  

D: N/A 

M: TRACI 

FUn: 1 kg of SWCNT 

[9] 
Cradle-to-

gate 

Results for 1 kg 

SWCNT were 

provided. 

[10] 

Environmental 

Assessment of 

Manufacturing with 

Carbon Nanotubes 

HiPCO (lab scale) 

S
W

C
N

T
 

S: SimaPro 

D: N/A 

M: EcoIndicator 1999 

(H) 

FUn: one device (e.g. 

CNT switch or unit 

area of CNT-polymer 

mesh) 

[7] 
Cradle-to-

gate 

Although individual 

LCA results for CNTs 

were not shared 

(showed graphically), 

results for one CNT 

switch and one CNT-

polymer mesh were 

provided. 

[11] 

A Life-Cycle Energy 

Analysis of Single Wall 

Carbon Nanotubes 

Produced Through Laser 

Vaporization 

LV (lab scale) 

S
W

C
N

T
 

S: Economic Input-

Output (EIO) LCA 

and SimaPro  

D: N/A 

M: CED  

FUn: 1 kg SWCNT 

Own derived 

inventory data 

Cradle-to-

gate 

Only life-cycle energy 

consumption (electrical 

and material embodied 

energy) was calculated 

in MJ. 

[12] 

Influence of using 

nanoobjects as filler on 

functionality-based 

energy use of 

nanocomposites 

CVD (large scale) 

S
W

C
N

T
/ 

M
W

C
N

T
 

S: SimaPro  

D: Ecoinvent 

M: non-renewable 

energy use (NREU) 

FUn: 1 kg CNT 

Bayer Material 

Science AG 

(proprietary) 

Cradle-to-

grave 

Results were presented 

for GW (kg CO2-eq/kg) 

and NREU (MJ/kg) for 

both SWCNT and 

MWCNT. 

[13] 

Environmental relief 

effects of 

nanotechnologies by the 

example of CNT 

composite materials and 

films 

CVD (lab scale) 

M
W

C
N

T
 S: Umberto  

D: N/A 

M: CED and CML 

FUn: 1 kg MWCNT 

Own derived 

inventory data 

Cradle-to-

grave 

Results for 1 kg 

MWCNT were 

provided. 

[14] 



 

  

2
4
1
 

Title 

Synthesis  

process(es) 

applied S
W

C
N

T
/ 

M
W

C
N

T
 Software (S)/ Method 

(M)/ Database (D)/  

Functional Unit 

(FUn) 

Life cycle 

inventory 

(LCI) source 

System 

boundaries 

How results are 

presented? 

Study 

reference 

Towards Prospective 

Life Cycle Assessment: 

Single Wall Carbon 

Nanotubes for Lithium-

ion Batteries 

LV (lab scale) 

S
W

C
N

T
 

S: N/A  

D: N/A  

M: N/A 

FUn: kWh energy 

storage capacity in the 

battery 

[12] 
Cradle-to-

gate 

Results on SWCNT 

anode manufacturing 

were provided 

graphically (without 

actual numbers).  

[15] 

New Perspectives on 

Nanomaterial Aquatic 

Ecotoxicity: Production 

Impacts Exceed Direct 

Exposure Impacts for 

Carbon Nanotubes 

AD, CVD, HiPCO 

S
W

C
N

T
 S: SimaPro 7.3  

D: N/A 

M: USEtox model 

FUn: 1 kg SWCNT 

[7] 

Cradle-to-

gate and 

release 

Only aquatic 

ecotoxicity impacts 

were quantified as 

Comparative Toxic 

Units for Ecosystems 

(CTUe). 

[16] 

Environmental and 

economic assessment of 

ITO-free electrodes for 

organic solar cells 

AD (lab scale) 

S
W

C
N

T
 S: N/A  

D: ProcessOne 

M: ProcessOne  

FUn: N/A 

[8, 17, 18] 
Cradle-to-

gate 

Embedded energy 

results were provided 

for SWCNTs 

graphically (without 

actual numbers) as an 

alternative of 

transparent conductor to 

replace the indium–tin 

oxide conductors. 

[19] 

Ecological assessment of 

nano-enabled 

supercapacitors for 

automotive applications 

LV (lab scale) 

S
W

C
N

T
 S: N/A  

D: N/A  

M: CED 

FUn: 1 kg SWCNT 

Own derived 

inventory data 

Cradle-to-

gate 

CED results for 

producing one kg 

SWCNT were 

published.  

[20] 



 

  

2
4
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Title 

Synthesis  

process(es) 

applied S
W

C
N

T
/ 

M
W

C
N

T
 Software (S)/ Method 

(M)/ Database (D)/  

Functional Unit 

(FUn) 

Life cycle 

inventory 

(LCI) source 

System 

boundaries 

How results are 

presented? 

Study 

reference 

Environmental Life 

Cycle Assessment of a 

Carbon Nanotube-

Enabled Semiconductor 

Device  

HiPCO (lab scale) 

S
W

C
N

T
 

S: SimaPro 7.3  

D: Ecoinvent v2.2 

M: TRACI 2 

FUn: all devices 

manufactured on a 

single wafer 

[7] 
Cradle-to-

gate 

Although individual 

LCA results for CNTs 

were not shared, results 

for fabrication step of 

semiconductor device 

and for material and 

energy input were 

provided graphically 

(without actual 

numbers).  

[21] 

Identifying the largest 

environmental life cycle 

impacts during carbon 

nanotube synthesis via 

chemical vapor 

deposition 

CVD (lab scale) 
M

W
C

N
T

 

S: SimaPro  

D: Ecoinvent v2.2 

M: ReCiPe 

FUn: 300 mg of 

MWCNT 

Own derived 

inventory data  

Cradle-to-

gate 

Results for producing 

one batch MWCNT 

were published. 

[22] 

Life Cycle Impacts and 

Benefits of a Carbon 

Nanotube-Enabled 

Chemical Gas Sensor 

CVD (lab scale) 

S
W

C
N

T
 

S: SimaPro 7.3.3  

D: US-EI v2.2 and 

Ecoinvent v2.2 

M: TRACI 2 and 

ReCiPe 

FUn: 1 Chip, 16 

Sensors/Chip, 36 

Chips/Wafer 

[7] 
Cradle-to-

gate 

Results for each 

individual life cycle 

stage were shared in 

DALYs. Also, 

internally normalized 

midpoint results for 

each stage were 

provided graphically 

(without actual 

numbers). 

[23] 
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Title 

Synthesis  

process(es) 

applied S
W

C
N

T
/ 

M
W

C
N

T
 Software (S)/ Method 

(M)/ Database (D)/  

Functional Unit 

(FUn) 

Life cycle 

inventory 

(LCI) source 

System 

boundaries 

How results are 

presented? 

Study 

reference 

Evaluating the 

Environmental Impacts 

of a Nano-Enhanced 

Field 

Emission Display Using 

Life Cycle Assessment: 

A Screening-Level 

Study 

CVD (lab scale) 

N
/A

 

S: SimaPro 7.3 

D: USLCI and 

Ecoinvent v2.0 

M: TRACI 2.1 

FUn: 10,000 viewing 

Hours (lifespan of a 

CNT-FED) 

[8, 24–26] 
Cradle-to-

grave 

Results for screening-

level LCA were 

provided along with 

contribution analysis. 

[27] 

The Role of Scale and 

Technology Maturity in 

Life Cycle Assessment 

of Emerging 

Technologies: A Case 

Study on Carbon 

Nanotubes 

CoMoCat (small 

scale) 
S

W
C

N
T

 

S: not mentioned  

D: Comprehensive 

Environmental Data 

Archive (CEDA) 

M: TRACI 

(unspecified version)  

FUn: 1 kg SWCNT 

Proprietary 

(on-site data 

by the 

manufacturer) 

Cradle-to-

gate 

Results both small and 

industrial scale 

(estimation) 

manufacturing 

processes of SWCNTs 

were provided. 

[28] 

Green catalysis by 

nanoparticulate catalysts 

developed for flow 

processing? Case study 

of glucose 

hydrogenation 

CVD (lab scale) 

N
/A

 

S: Umberto® NXT 

LCA 

D: Ecoinvent v3.0 

M: ReCiPe 2008 

FUn: 1 kg sorbitol 

Own derived 

inventory data 

Cradle-to-

gate 

Internally normalized 

life cycle results were 

provided graphically 

(without actual 

numbers) for nitrogen 

doped CNTs. 

[29] 
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Title 

Synthesis  

process(es) 

applied S
W

C
N

T
/ 

M
W

C
N

T
 Software (S)/ Method 

(M)/ Database (D)/  

Functional Unit 

(FUn) 

Life cycle 

inventory 

(LCI) source 

System 

boundaries 

How results are 

presented? 

Study 

reference 

Life cycle assessment 

study of a field emission 

display television device 

CVD (lab scale) 

S
W

C
N

T
 

S: not mentioned  

D: Ecoinvent v2.2 

M: ReCiPe and 

USEtox 

FUn: (1) 36-in FED 

television device over 

its complete life cycle, 

and (2) one square-

inch of display during 

1 h of active use 

[7, 30] 
Cradle-to-

grave 

Although individual 

LCA results for CNTs 

were not shared, results 

for the field emission 

display television 

device were provided.  

[31] 

Life cycle assessment of 

PEM FC applications: 

electric mobility and μ-

CHP 

CVD (lab scale) 
M

W
C

N
T

 

S: SimaPro 

(unspecified version)  

M: ReCiPe 2008 

D: Ecoinvent v2.2 

FUn: 10 kW HT PEM 

fuel cell unit 

Own derived 

inventory data 

for 

functionalized 

MWCNT 

Cradle-to-

gate 

Results for 

manufacturing 1 kg 

MWCNT were 

provided. 

[32] 

Towards a holistic 

environmental impact 

assessment of carbon 

nanotube growth through 

chemical vapour 

deposition 

CVD (lab scale) 

M
W

C
N

T
 S: SimaPro 8  

M: ReCiPe (H) 

D: Ecoinvent v3.1 

FUn: 1 kg MWCNT 

Own derived 

inventory data  

Cradle-to-

gate 

Results for 

manufacturing 1 kg 

MWCNT were 

provided. 

[33]  
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Title 

Synthesis  

process(es) 

applied S
W

C
N

T
/ 

M
W

C
N

T
 Software (S)/ Method 

(M)/ Database (D)/  

Functional Unit 

(FUn) 

Life cycle 

inventory 

(LCI) source 

System 

boundaries 

How results are 

presented? 

Study 

reference 

Net energy benefits of 

carbon nanotube 

applications 

CVD (industrial 

scale) 

S
W

C
N

T
 a

n
d

 M
W

C
N

T
 S: N/A 

M: CED v1.08 

D: Ecoinvent v2.2 

FUn: (1) 1,000 kg 

mass of cement, (2) 16 

Gb capacity of 

memory, and (3) 16 

kWh capacity of 

battery 

[8] 
Cradle-to-

grave 

Net energy benefits 

were reported for 

different CNT uses, e.g. 

SWCNT switch flash 

memory, SWCNT Li-

ion battery anodes, 

MWCNT-reinforced 

cement, and MWCNT 

Li-ion battery cathodes 

[34] 

Environmental Impacts 

from Photovoltaic Solar 

Cells Made with 

Single Walled Carbon 

Nanotubes 

CoMoCat (lab 

scale) 
S

W
C

N
T

 S: GaBi 6.0 

M: TRACI 2.1 

D: Ecoinvent v2.1 

FUn: 1 m2  SWCNT 

[9, 28, 35] 

Cradle-to-

grave 

(excluding 

transportatio

n and 

disposal) 

Normalized impact 

assessment results for 

solar PV were provided. 

[36] 

Life cycle assessment of 

high capacity 

molybdenum disulfide 

lithium-ion battery for 

electric vehicles 

LV (lab scale) 

S
W

C
N

T
 

S: GaBi 6.0  

M: ReCiPe 

D: Ecoinvent v2.2 

FUn: 1 km driving of 

a mid-sized EV for 10 

years (200,000 km) 

[37] 
Cradle-to-

grave 

Although individual 

LCA results for CNTs 

were not shared, results 

for life cycle of the 

NMC-MoS2 battery 

pack were provided. 

[38] 

Life cycle inventories of 

the commonly used 

materials for lithium-ion 

batteries in China 

N/A 

N
/A

 

S: GaBi 6.0 and 

GREET 

M: N/A 

D: CLCD v0.8, 

Ecoinvent v3.0 

FUn: 1 kg CNT 

Nantong 

Dongheng 

New Energy 

Co., Ltd. 

Cradle-to-

gate 

Criteria air pollutants 

(CO, NMVOC, SO2 

and NOx emissions), 

GW and CED impacts 

were provided 

graphically (without 

actual numbers). 

[39] 
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Title 

Synthesis  

process(es) 

applied S
W

C
N

T
/ 

M
W

C
N

T
 Software (S)/ Method 

(M)/ Database (D)/  

Functional Unit 

(FUn) 

Life cycle 

inventory 

(LCI) source 

System 

boundaries 

How results are 

presented? 

Study 

reference 

Development of life 

cycle assessment of an 

emerging technology at 

research and 

development stage: A 

case study on single-wall 

carbon nanotube 

produced by super 

growth method 

CVD (lab and pilot 

scales) 

S
W

C
N

T
 S: N/A 

M: N/A 

D: IDEA v2.1.3 

FUn: 1 kg SWCNT  

[40, 41] 
Cradle-to-

gate 

GHG (i.e. GW) impacts 

for lab scale, pilot scale 

and commercial scale 

(estimated via scaling 

up method) SWCNTs 

production were 

provided. 

[42] 

Life Cycle Greenhouse 

Gas Emissions of Long 

and Pure Carbon 

Nanotubes Synthesized 

via On-Substrate and 

Fluidized-Bed Chemical 

Vapor Deposition 

CVD (lab scale) 
S

in
g

le
-w

al
l 

to
 f

ew
-

w
al

l 
C

N
T

s 

S: openLCA v1.7 

M: IPCC 

D: Ecoinvent v3.4 

FUn: 1 g single-wall 

to few-wall CNTs 

[43–45] 
Cradle-to-

gate 

GHG (i.e. GW) impacts 

for on-substrate and 

fluidized-bed CVD 

processes were 

provided. 

[46] 

Assessing the 

environmental impact 

and payback of carbon 

nanotube supported CO2 

capture technologies 

using LCA methodology 

CVD (pilot scale) 

M
W

C
N

T
 

S: SimaPro 8.5 

M: TRACI 2.1 

D: Ecoinvent v3 and 

USLCI 

FUn: (1) 1 kg of 

material synthesis 

cost, and (2) materials 

required to adsorb 1 

kg CO2 

[47] 
Cradle-to-

gate 

Results for 

manufacturing 1 kg 

MWCNT were 

provided. 

[48] 

* Search query from Web of Science Core Collection: (("life cycle assessment" OR "LCA" OR "life cycle analysis" OR "life cycle impact assessment" 

OR "life cycle impacts" OR "life cycle impact" OR "environmental impact assessment") AND ("carbon nanotube" OR "carbon nanotubes" OR "CNT" 

OR "CNTs" OR "carbonnanotube" OR "carbonnanotubes" OR "single walled" OR "single-walled" OR "multi walled" OR "multi-walled" OR "SWCNT" 

OR "SWNT" OR "MWCNT" OR "MWNT" OR "SWCNTs" OR "SWNTs" OR "MWCNTs" OR "MWNTs")) and the following papers [49–52]  
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Life Cycle Inventories Considered for SWCNT Production Processes 

Eight production processes are considered in this work for SWCNTs. Either cradle-to-

gate inventories or detailed experimental processes are collected from the literature for different 

synthesis routes. From the detailed experimental research found in the literature, cradle-to-gate 

inventories are developed for different synthesis routes. In this section, life cycle inventories 

used for SWCNT synthesis processes are presented for 1 kg of SWCNTs. 

 

Chemical Vapor Deposition 

Table B2. Inventory used for S-CVD1 for 1 kg SWCNT [7].  

Synthesis Input Unit Amount Database 

Ammonia kg 0.0024 Industry data 2.0 

Magnesium  kg 3.27 Ecoinvent 3 

Cobalt kg 0.02 Ecoinvent 3 

Citric acid kg 0.13 Ecoinvent 3 

Methane m3 63.8a Ecoinvent 3 

Hydrogen kg 42.07 Ecoinvent 3 

Argon kg 833.67 Ecoinvent 3 

Electricity GJ 828.86 USLCI 

Synthesis Output Unit Amount Database 

Methane -emissions to air- kg 40.62 - 

Hydrogen -emissions to air- kg 42.07 - 

Argon -emissions to air- kg 833.67 - 

Purification Input Unit Amount Database 

Deionized water b kg 6024.86 Ecoinvent 3 

Nitric acid kg 696.31 Ecoinvent 3 

Electricity GJ 53.17 USLCI 

Purification Output Unit Amount Database 

SWCNT kg 1 - 

Water -emissions to water-c kg 6721.41 - 
a 

Density of methane = 0.656 kg/m3 → 41.85 kg methane/1 kg SWCNT = 63.8 m3/kg SWCNT.  
b 

Deionized water and Triton X100 input as deionized water [7]. 
c Deionized water and filtration output as deionized water [7]. 
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Table B3. Inventory used for S-CVD2 for 1 kg SWCNT [4, 50]. 

Input Unit Amount Database 

Acetylene kg 10 Ecoinvent 3 

Hydrogen kg 16a Ecoinvent 3 

Argon kg 317a Ecoinvent 3 

Electricity GJ 2750 USLCI 

Output 

SWCNT kg 1 - 

Hydrogen -emissions to air- kg 11.2 - 
a As a carrier material, multiple inputs (H2 and Ar) were represented by a total amount of 333 kg Hischier and 

Walser [50]. A ratio of H2 and Ar is calculated by using data from Healy et al. [7] and applied for this inventory.  

 

High-Pressure Carbon Monoxide Reaction  

Table B4. Inventory used for S-HiPCO1 for 1 kg SWCNT [7]. 

Synthesis Input Unit Amount Database 

Chemical, organic a kg 0.09 Ecoinvent 3 

Carbon monoxide kg 14.86 Ecoinvent 3 

Argon kg 0.04 Ecoinvent 3 

Electricity GJ 95.36 USLCI 

Synthesis Output 

Carbon monoxide -emissions to air- kg 13.71 - 

Argon -emissions to air- kg 0.04 - 

Purification Input    

Deionized water b kg 5590.05 Ecoinvent 3 

Nitric acid kg 646.06 Ecoinvent 3 

Electricity GJ 49.36 USLCI 

Purification Output 
  

 

SWCNT kg 1 - 

Water -emissions to water-c kg 6236.26 - 
a 

Catalyst Fe(CO)5 input is assumed as chemicals organic [7]. 
b 

Deionized water and Triton X100 input as deionized water [7]. 

c Deionized water and filtration output as deionized water [7]. 
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Table B5. Inventory used for S-HiPCO2* for 1 kg SWCNT [10, 50]. 

Input Unit Amount Database 

Chemical, organic a kg 1.05 Ecoinvent 3 

Carbon monoxide kg 4.43 Ecoinvent 3 

Electricity MJ 6.39 USLCI 

Heat/vapor MJ 59.4 Ecoinvent 3 

Output 

SWCNT kg 1 - 

Carbon dioxide -emissions to air- kg 4.48 - 

Iron (III) oxide -waste to treatment- kg 0.43 - 

Water -emissions to water- kg 108 - 
a 

Catalyst Fe(CO)5 input is assumed as chemicals organic [7]. 

 

Cobalt-Molybdenum Catalytic Process 

Table B6. Inventory used for S-CoMoCat1 for 1 kg SWCNT [36]. 

Input Unit Amount Database 

Carbon monoxide kg 25.1 Ecoinvent 3 

Chemical, organic a kg 0.274 Ecoinvent 3 

Oxygen kg 0.065 Ecoinvent 3 

Sodium hydroxide kg 3.53 Ecoinvent 3 

Deionized water kg 2.08 Ecoinvent 3 

Electricity GJ 532 USLCI 

Output 

SWCNT kg 1 - 

Carbon dioxide -emissions to air- kg 19.7 - 

Carbon monoxide -emissions to air- kg 2.52 - 

Hydrogen -emissions to air- kg 0.181 - 

Water -emissions to water- kg 1.84 - 

Hazardous waste kg 2.04 - 
a Catalyst Co-Mo input is assumed as chemicals organic [7]. 
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Table B7. Inventory used for S-CoMoCat2* for 1 kg SWCNT [10, 50]. 

Input Unit Amount Database 

Chemical, organic a kg 1b Ecoinvent 3 

Carbon monoxide  kg 5.83 Ecoinvent 3 

Electricity MJ 2.34 USLCI 

Heat/vapor MJ 74.8 Ecoinvent 3 

Output 

SWCNT kg 1 - 

Sodium hydroxide -emissions to soil- kg 0.383 - 

Carbon dioxide -emissions to air- kg 4.58 - 

Carbon monoxide -emissions to air- kg 0.587 - 

Hydrogen -emissions to air- kg 0.042 - 

Water -emissions to water- kg 121.6 - 
a Catalyst Co-Mo input is assumed as chemicals organic [7]. 
b In Hischier and Walser [50], no information was available for the mass of Co-Mo Catalyst used. Therefore, the 

amount of Co-Mo Catalyst was assumed as 1 kg.  
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Arc Process 

Table B8. Inventory used for S-AP for 1 kg SWCNT [7]. 

Synthesis Input Unit Amount Database 

Iron pellet kg 13.5 Ecoinvent 3 

Rare earth concentrate kg 3.4 Ecoinvent 3 

Sulfur kg 1.82 Ecoinvent 3 

Carbon black kg 1.7 Ecoinvent 3 

Helium  kg 173.61 Ecoinvent 3 

Carbon blacka kg 169.33 Ecoinvent 3 

Electricity GJ 251.03 USLCI 

Synthesis Output 

Carbon -emissions to air- kg 50.53 - 

Carbon -emissions to soil- kg 136.57 - 

Helium -emissions to air- kg 173.61 - 

Purification Input  

Deionized water b kg 9524.03 Ecoinvent 3 

Nitric acid kg 1342.88 Ecoinvent 3 

Electricity GJ 102.56 USLCI 

Purification Output  

SWCNT kg 1 - 

Water -emissions to water-c kg 12963.57 - 
a 

Anode and Cathode mass input as carbon [7]. 

b 
Deionized water and Triton X100 input as deionized water [7]. 

c Deionized water and filtration output as deionized water [7]. 
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Laser Vaporization 

Table B9. Inventory used for S-LV for 1 kg SWCNT [12]. 

Synthesis Input Unit Amount Database 

Graphite kg 3.133 Ecoinvent 3 

Cobalt kg 0.1 Ecoinvent 3 

Nickel kg 0.1 Ecoinvent 3 

Argon kg 0.7125 Ecoinvent 3 

Electricity GJ 330.48 USLCI 

Synthesis Output    

Argon -emissions to air- kg 0.7125 - 

Purification Input    

Nitric acid kg 1.258 Ecoinvent 3 

Hydrochloric acid kg 0.472 Ecoinvent 3 

Deionized water kg 5 Ecoinvent 3 

Acetone kg 0.658 Ecoinvent 3 

Electricity GJ 79.2 USLCI 

Purification Output 

SWCNT kg 1 - 

Water -emissions to water-a kg 7.388 - 
a According to Ganter et al. [12], most material inputs become waste at the laboratory scale. Acid reflux (nitric acid, 

hydrochloric acid and deionized water) and filtration (acetone and deionized water) outputs are based on the 

assumption made in this work (the sum of inputs is considered equal to the sum of outputs). 
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Life Cycle Inventories Considered for MWCNT Production Processes  

An arc process and six different chemical vapor deposition processes are considered in 

this work. Either cradle-to-gate inventories or detailed experimental processes are collected from 

the literature for different synthesis routes. From the detailed experimental research found in the 

literature, cradle-to-gate inventories are developed for different synthesis routes. In this section, 

life cycle inventories used for MWCNT synthesis processes are presented. 

 

Chemical Vapor Deposition  

Table B10. Inventory used for M-CVD1 for 1 kg MWCNT [53]. 

Input Unit Amount Database 

Cobalt kg 0.0012 Ecoinvent 3 

Citric acid  kg 0.0013 Ecoinvent 3 

Nitrogen kg 0.1024a Ecoinvent 3 

Hydrogen kg 0.0061b Ecoinvent 3 

Acetylene kg 1.0471c Ecoinvent 3 

Lanthanum oxide kg 0.00211 Ecoinvent 3 

Electricity MJ 954 USLCI 

Output 

MWCNT kg 1 - 
a 

Density of nitrogen = 1.251 g/L → 81.8 L nitrogen/1 kg MWCNT = 0.1024 kg/kg MWCNT.
 

b 
Density of hydrogen = 0.0893 g/L → 68.2 L hydrogen/1 kg MWCNT = 0.0061 kg/kg MWCNT. 

c 
Density of acetylene = 1.097 g/L → 954.5 L acetylene/1 kg MWCNT = 1.0471 kg/kg MWCNT. 
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Table B11. Inventory used for M-CVD2 for 1 kg MWCNT [54]. 

Input Unit Amount Database 

Magnesium oxide kg 1.0968 Ecoinvent 3 

Iron pellet kg 0.4032 Ecoinvent 3 

Argon kg 1.388a Ecoinvent 3 

Acetylene kg 0.049b Ecoinvent 3 

Hydrochloric acid kg 119c Ecoinvent 3 

Ethanol kg 157.84d Ecoinvent 3 

Electricity MJ 626 USLCI 

Output 

MWCNT kg 1 - 
a 

Density of argon = 1.784 mg/cm3 → 778 cm3 argon/1 g MWCNT = 1.388 kg argon/kg MWCNT. 
b 

Density of acetylene = 1.171 mg/cm3 → 42 cm3 acetylene/1 g MWCNT = 0.049 kg/kg MWCNT.
 

c 
Density of hydrochloric acid = 1.19 g/mL → 100 mL hydrochloric acid/1 g MWCNT = 119 kg/kg MWCNT.

 

d 
Density of ethanol = 0.7892 g/mL → 200 mL ethanol/1 g MWCNT = 157.84 kg/kg MWCNT. 

 

Table B12. Inventory used for 1 kg Ferrocene production [22]. 

Input Unit Amount Database 

Iron (III) chloride kg 0.507 Ecoinvent 3 

Iron scrap kg 0.253 Ecoinvent 3 

Deionized water kg 6.647 Ecoinvent 3 

Sodium metoxide  kg 0.715 Ecoinvent 3 

Benzene kg 0.776 Ecoinvent 3 

Methanol  kg 2.776 Ecoinvent 3 

Sulfuric acid kg 18.882 Ecoinvent 3 

Nitrogen kg 0.002 Ecoinvent 3 

Electricity kWh 2.829 USLCI 

Natural gas kWh 0.124 USLCI 

Output 

Wastewater-untreated, organic contaminated kg 1 - 

Ferrocene kg 1 - 
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Table B13. Inventory used for M-CVD3 for 1 kg MWCNT [22]. 

Input Unit Amount Database 

Ferrocene kg 0.667 Table 12 

Toluene kg 28.9 Ecoinvent 3 

Hydrogen kg 0.823 Ecoinvent 3 

Argon kg 245.07 Ecoinvent 3 

Hydrochloric acid kg 78.93 Ecoinvent 3 

Electricity GJ 15.86 USLCI 

Output 

MWCNT kg 1 - 

 

Table B14. Inventory used for M-CVD4 for 1 kg MWCNT [33]. 

Input Unit Amount Database 

Camphor (palm oil) kg 22.22 Ecoinvent 3 

Ferrocene kg 1.11 Table B12 

Silicon wafer m2 0.67 Ecoinvent 3 

Nitrogen kg 39.04 Ecoinvent 3 

Electricity MJ 2480 USLCI 

Output 

MWCNT kg 1 - 

Nitrogen -emissions to air- kg 39.04 - 

Camphor (palm oil) -emissions to treatment- kg 11.11 - 

VOCs -emissions to air- kg 8.89 - 

PAHs -emissions to air- kg 0.11 - 

Soot -emissions to air- kg 2.22 - 
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Table B15. Inventory used for M-CVD5 for 1 kg MWCNT [33]. 

Input Unit Amount Database 

Acetylene kg 2.45 Ecoinvent 3 

Nitrogen kg 21.81 Ecoinvent 3 

Electricity MJ 1114 USLCI 

Iron chloride, 40% in water kg 0.16 Ecoinvent 3 

Zeolite kg 0.03 Ecoinvent 3 

DI water kg 0.29 Ecoinvent 3 

Output 

MWCNT kg 1 - 

Nitrogen -emissions to air- kg 21.81 - 

Acetlyene kg 0.73 - 

VOCs -emissions to air- kg 0.53 - 

PAHs -emissions to air- kg 0.01 - 

Soot -emissions to air- kg 0.13 - 

 

Table B16. Inventory used for M-CVD6* for 1 kg MWCNT [47]. 

Input Unit Amount Database 

Benzene kg 13.146 a Ecoinvent 3 

Ferrocene kg 0.15 Table B12 

Hydrogen kg 0.00054b Ecoinvent 3 

Argon kg 2.676c Ecoinvent 3 

Water, decarbonized kg 5 Ecoinvent 3 

Hydrochloric acid kg 30.417d Ecoinvent 3 

Electricity MJ 482 USLCI 

Output 

MWCNT kg 1 - 
a 

Density of benzene = 0.8765 g/mL → 300 mL benzene/20 g MWCNT = 13.146 kg benzene/kg MWCNT. 
b
 Density of hydrogen = 0.0893 g/L → 120 mL hydrogen/20 g MWCNT = 0.00054 kg hydrogen/kg MWCNT. 

c
 Density of argon = 1.784 mg/cm3 → 30 L argon/20 g MWCNT = 2.676 kg argon/kg MWCNT. 

d 
5 M HCl = 182.5 g/20 g MWCNT → with 30% purity = 608.34 g/20 g MWCNT → 30.417 kg/kg MWCNT. 
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Arc Process 

Table B17. Inventory used for M-AP for 1 kg MWCNT [55]. 

Input Unit Amount Database 

Nitrogen kg 0.183a Ecoinvent 3 

Carbon black kg 0.0425 Ecoinvent 3 

Electricity MJ 65.92 USLCI 

Output 

MWCNT kg 1 - 
a 

Density of nitrogen = 1.251 g/L → 146.46 L nitrogen/1 kg MWCNT = 0.183 kg/kg MWCNT. 
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Table B18. Environmental impact categories of TRACI, CML, IMPACT 2002+ and ReCiPe impact assessment methods with their 

abbreviations and units. 

Method Environmental Impact Categories 

TRACI [56] 

ozone depletion (OD in kg CFC11-eq.), global warming (GW in kg CO2-eq.), smog (PS in kg O3-eq.), acidification (AC in 

kg SO2-eq.), eutrophication (EU in kg N-eq.), carcinogenics (HHC in CTUh), non carcinogenics (HHNC in CTUh), 

respiratory effects (RE in kg PM2.5-eq.), ecotoxicity (EC in CTUe), and fossil fuel depletion (FF in MJ surplus energy). 

CML [57] 

abiotic depletion (AD in kg Sb-eq.), abiotic depletion-fossil fuels (AD(FF) in MJ), global warming (GW100a in kg CO2-

eq.), ozone layer depletion (OD in kg CFC11-eq.), human toxicity (HT in kg 1,4-DB-eq.), fresh water aquatic ecotoxicity 

(FWAEC in kg 1,4-DB-eq.), marine aquatic ecotoxicity (MAEC in kg 1,4-DB-eq.), terrestrial ecotoxicity (TEC in kg 1,4-

DB-eq.), photochemical oxidation (POx in kg C2H4-eq.), acidification (AC in kg SO2-eq.), and eutrophication (EU in kg 

PO4-eq.). 

IMPACT 

2002+ [58] 

carcinogens (HHC in kg C2H3Cl-eq.), non-carcinogens (HHNC in kg C2H3Cl-eq.), respiratory inorganics (REI in kg 

PM2.5-eq.), ionizing radiation (IR in Bq C-14-eq.), ozone layer depletion (OD in kg CFC11-eq.), respiratory organics 

(REO in kg C2H4-eq.), aquatic ecotoxicity (AEC in kg TEG water), terrestrial ecotoxicity (TEC in kg TEG soil), terrestrial 

acidification (TAC in kg SO2-eq.), land occupation (LO in m2org.arable), aquatic acidification (AAC in kg SO2-eq.), 

aquatic eutrophication (AEU in kg PO4 P-lim), global warming (GW in kg CO2-eq.), non-renewable energy (NRE in MJ 

primary), and mineral extraction (ME in MJ surplus). 

ReCiPe [59] 

climate change (GW in kg CO2-eq.), ozone depletion (OD in kg CFC11-eq.), terrestrial acidification (tAC in kg SO2-eq.), 

freshwater eutrophication (FWEU in kg P-eq.), marine eutrophication (MEU in kg N-eq.), human toxicity (HT in kg 1,4-

DB-eq.), photochemical oxidant formation (POx in kg NMVOC), particulate matter formation (RE in kg PM10-eq.), 

terrestrial ecotoxicity (TEC in kg 1,4-DB-eq.), freshwater ecotoxicity (FWAEC in kg 1,4-DB-eq.), marine ecotoxicity 

(MAEC in kg 1,4-DB-eq.), ionizing radiation (IR in kBq U235 eq.), agricultural land occupation (ALO in m2a), urban 

land occupation (ULO in m2a), natural land transformation (NLT in m2), water depletion (WDP in m3), metal depletion 

(MD in kg Fe eq.), and fossil depletion (FF in kg oil eq.). 
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Table B19. Uncertainties around each production process simulated by Monte Carlo Analysis (per 1 kg SWCNTs). 

C1* C2 S-CVD1 S-CVD2 S-HiPCO1 S-HiPCO2* S-CoMoCat1 S-CoMoCat2* S-AP S-LV 

AC 

LB 1.66E+03 5.13E+03 2.76E+02 6.87E-02 9.93E+02 7.32E-02 6.84E+02 7.65E+02 

M 1.67E+03 5.14E+03 2.79E+02 8.34E-02 9.93E+02 9.39E-02 6.94E+02 7.65E+02 

UB 1.68E+03 5.14E+03 2.83E+02 1.09E-01 9.93E+02 1.26E-01 7.15E+02 7.65E+02 

HHC 

LB 3.81E-04 1.11E-03 6.39E-05 2.09E-07 2.14E-04 2.44E-07 1.85E-04 1.65E-04 

M 4.23E-04 1.12E-03 7.36E-05 4.02E-07 2.15E-04 4.89E-07 2.37E-04 1.65E-04 

UB 9.30E-04 1.31E-03 1.30E-04 2.29E-06 2.24E-04 3.33E-06 4.91E-04 1.66E-04 

EC 

LB 8.24E+04 2.34E+05 1.39E+04 4.96E+01 4.51E+04 6.27E+01 3.86E+04 3.46E+04 

M 9.28E+04 2.37E+05 1.67E+04 8.48E+01 4.53E+04 1.07E+02 4.73E+04 3.46E+04 

UB 1.24E+05 2.48E+05 3.17E+04 1.79E+02 4.58E+04 2.28E+02 8.42E+04 3.49E+04 

EU 

LB 2.74E+01 7.34E+01 4.68E+00 2.33E-02 1.41E+01 2.91E-02 1.30E+01 1.08E+01 

M 3.34E+01 7.57E+01 5.26E+00 4.58E-02 1.42E+01 5.79E-02 1.57E+01 1.08E+01 

UB 6.00E+01 8.66E+01 7.52E+00 1.24E-01 1.47E+01 1.50E-01 2.43E+01 1.09E+01 

FF 

LB 1.22E+05 3.75E+05 2.05E+04 3.23E+01 7.26E+04 3.81E+01 5.71E+04 5.58E+04 

M 1.23E+05 3.75E+05 2.11E+04 4.40E+01 7.26E+04 5.25E+01 6.43E+04 5.58E+04 

UB 1.26E+05 3.76E+05 2.24E+04 6.37E+01 7.27E+04 8.02E+01 7.90E+04 5.58E+04 

GW 

LB 1.95E+05 5.95E+05 3.27E+04 1.79E+01 1.15E+05 1.96E+01 8.10E+04 8.86E+04 

M 1.96E+05 5.96E+05 3.35E+04 2.03E+01 1.15E+05 2.29E+01 8.28E+04 8.86E+04 

UB 1.99E+05 5.97E+05 3.48E+04 2.33E+01 1.15E+05 2.69E+01 8.58E+04 8.86E+04 

HHNC 

LB 6.34E-03 1.91E-02 1.04E-03 1.41E-06 3.69E-03 1.66E-06 2.68E-03 2.84E-03 

M 6.61E-03 1.92E-02 1.11E-03 2.53E-06 3.69E-03 3.19E-06 2.92E-03 2.84E-03 

UB 7.90E-03 1.95E-02 1.55E-03 6.58E-06 3.72E-03 8.51E-06 4.17E-03 2.85E-03 

OD 

LB 1.80E-04 3.81E-05 6.22E-05 1.98E-06 1.25E-05 2.54E-06 5.06E-04 2.25E-06 

M 3.34E-04 7.19E-05 1.47E-04 3.74E-06 2.16E-05 4.80E-06 1.00E-03 2.64E-06 

UB 7.00E-04 1.67E-04 4.23E-04 8.31E-06 4.69E-05 1.13E-05 2.19E-03 3.45E-06 

RE 

LB 8.23E+01 2.49E+02 1.35E+01 7.78E-03 4.81E+01 9.20E-03 3.47E+01 3.71E+01 

M 8.44E+01 2.50E+02 1.38E+01 9.62E-03 4.82E+01 1.16E-02 3.59E+01 3.71E+01 

UB 9.05E+01 2.53E+02 1.44E+01 1.22E-02 4.82E+01 1.48E-02 3.80E+01 3.71E+01 

PS 

LB 1.30E+04 4.00E+04 2.16E+03 5.77E-01 7.74E+03 6.52E-01 5.33E+03 5.96E+03 

M 1.30E+04 4.00E+04 2.20E+03 7.15E-01 7.74E+03 8.35E-01 5.40E+03 5.96E+03 

UB 1.32E+04 4.01E+04 2.26E+03 9.58E-01 7.74E+03 1.17E+00 5.55E+03 5.96E+03 

CED 

LB 2.70E+06 8.34E+06 4.45E+05 3.24E+02 1.61E+06 3.80E+02 1.14E+06 1.24E+06 

M 2.72E+06 8.35E+06 4.50E+05 4.36E+02 1.61E+06 5.25E+02 1.19E+06 1.24E+06 

UB 2.77E+06 8.36E+06 4.60E+05 6.34E+02 1.61E+06 7.79E+02 1.31E+06 1.24E+06 

C1: Environmental impact categories considered in the current study. 

C2: Lower bound (LB), median (M) and upper bound (UB) of emissions based on 95% confidence intervals for the uncertainties. 
* OD in kg CFC11-eq., GW in kg CO2-eq., PS in kg O3-eq., AC in kg SO2-eq., EU in kg N-eq., HHC in CTUh, HHNC in CTUh, RE in kg PM2.5-eq., EC in CTUe, FF in MJ 

surplus energy, CED in MJ.  
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Table B20. Uncertainties around each production process simulated by Monte Carlo Analysis (per 1 kg MWCNTs). 

C1* C2 M-CVD1 M-CVD2 M-CVD3 M-CVD4 M-CVD5 M-CVD6* M-AP 

AC 

LB 1.79E+00 2.11E+00 3.11E+01 5.21E+00 2.15E+00 1.08E+00 1.24E-01 

M 1.81E+00 2.39E+00 3.27E+01 5.32E+00 2.19E+00 1.13E+00 1.24E-01 

UB 1.84E+00 2.82E+00 3.70E+01 5.48E+00 2.27E+00 1.21E+00 1.24E-01 

HHC 

LB 4.36E-07 6.44E-06 1.36E-05 3.20E-06 7.68E-07 1.31E-06 2.77E-08 

M 5.32E-07 1.26E-05 2.52E-05 4.56E-06 1.11E-06 2.43E-06 2.94E-08 

UB 2.08E-06 4.89E-05 1.60E-04 1.80E-05 5.46E-06 7.22E-06 4.58E-08 

EC 

LB 9.68E+01 1.39E+03 3.26E+03 5.89E+02 1.70E+02 2.99E+02 5.88E+00 

M 1.17E+02 2.78E+03 5.97E+03 8.08E+02 2.31E+02 5.73E+02 6.19E+00 

UB 1.79E+02 7.22E+03 1.36E+04 1.49E+03 4.55E+02 1.69E+03 7.15E+00 

EU 

LB 3.25E-02 7.52E-01 1.21E+00 4.01E-01 6.33E-02 6.25E-02 1.95E-03 

M 4.67E-02 1.30E+00 2.75E+00 5.90E-01 1.14E-01 1.21E-01 2.14E-03 

UB 8.94E-02 2.80E+00 9.72E+00 1.11E+00 2.70E-01 3.30E-01 2.75E-03 

FF 

LB 1.32E+02 8.59E+02 2.62E+03 4.27E+02 1.62E+02 2.05E+02 9.35E+00 

M 1.34E+02 1.16E+03 2.85E+03 4.46E+02 1.67E+02 2.12E+02 9.55E+00 

UB 1.38E+02 1.57E+03 3.43E+03 4.70E+02 1.76E+02 2.23E+02 9.88E+00 

GW 

LB 2.09E+02 3.75E+02 3.72E+03 6.70E+02 2.56E+02 1.41E+02 1.44E+01 

M 2.12E+02 4.41E+02 4.06E+03 7.02E+02 2.64E+02 1.49E+02 1.44E+01 

UB 2.18E+02 5.40E+02 4.92E+03 7.41E+02 2.78E+02 1.63E+02 1.45E+01 

HHNC 

LB 6.97E-06 5.66E-05 1.52E-04 1.41E-05 9.41E-06 7.90E-06 4.64E-07 

M 7.55E-06 1.05E-04 2.24E-04 2.53E-05 1.13E-05 1.43E-05 4.73E-07 

UB 9.70E-06 3.28E-04 5.51E-04 6.18E-05 2.05E-05 5.61E-05 5.10E-07 

OD 

LB 1.88E-07 5.22E-05 7.29E-05 6.93E-06 9.42E-07 1.49E-05 2.65E-08 

M 3.79E-07 9.20E-05 1.23E-04 9.58E-06 1.52E-06 2.81E-05 5.86E-08 

UB 8.40E-07 1.73E-04 2.29E-04 1.58E-05 2.77E-06 6.00E-05 1.51E-07 

RE 

LB 9.22E-02 1.77E-01 1.88E+00 3.80E-01 1.31E-01 6.99E-02 6.12E-03 

M 9.84E-02 2.22E-01 2.51E+00 4.30E-01 1.48E-01 8.35E-02 6.19E-03 

UB 1.10E-01 3.07E-01 4.16E+00 4.92E-01 1.79E-01 1.11E-01 6.34E-03 

PS 

LB 1.40E+01 2.48E+01 2.48E+02 7.30E+01 1.89E+01 9.68E+00 9.63E-01 

M 1.42E+01 2.86E+01 2.64E+02 7.39E+01 1.93E+01 1.04E+01 9.65E-01 

UB 1.44E+01 3.39E+01 3.07E+02 7.52E+01 2.00E+01 1.14E+01 9.70E-01 

CED 

LB 2.93E+03 9.22E+03 5.46E+04 9.55E+03 3.59E+03 2.73E+03 2.03E+02 

M 2.98E+03 1.19E+04 5.99E+04 1.01E+04 3.72E+03 2.92E+03 2.05E+02 

UB 3.06E+03 1.61E+04 7.47E+04 1.10E+04 3.94E+03 3.28E+03 2.07E+02 

C1: Environmental impact categories considered in the current study. 

C2: Lower bound (LB), median (M) and upper bound (UB) of emissions based on 95% confidence intervals for the uncertainties. 
* OD in kg CFC11-eq., GW in kg CO2-eq., PS in kg O3-eq., AC in kg SO2-eq., EU in kg N-eq., HHC in CTUh, HHNC in CTUh, RE in kg PM2.5-eq., EC in CTUe, FF in MJ 

surplus energy, CED in MJ.  
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Table B21. Uncertainties around each production process (large scale-S1) simulated by Monte Carlo Analysis (per 1 kg SWCNTs). 

C1* C2 S-CVD1 S-CVD2 S-HiPCO1 S-CoMoCat1 S-AP S-LV 

AC 

LB 2.20E+02 6.68E+02 3.83E+01 1.29E+02 9.31E+01 9.94E+01 

M 2.23E+02 6.68E+02 3.96E+01 1.29E+02 9.59E+01 9.95E+01 

UB 2.29E+02 6.71E+02 4.16E+01 1.29E+02 1.00E+02 9.96E+01 

HHC 

LB 5.67E-05 1.45E-04 1.00E-05 2.81E-05 2.63E-05 2.14E-05 

M 7.55E-05 1.50E-04 1.46E-05 2.84E-05 3.74E-05 2.15E-05 

UB 2.95E-04 2.17E-04 4.35E-05 3.18E-05 1.03E-04 2.21E-05 

EC 

LB 1.30E+04 3.07E+04 2.35E+03 5.92E+03 5.71E+03 4.51E+03 

M 1.70E+04 3.17E+04 3.76E+03 5.99E+03 8.97E+03 4.54E+03 

UB 2.88E+04 3.56E+04 1.05E+04 6.19E+03 2.34E+04 4.67E+03 

EU 

LB 4.72E+00 9.71E+00 8.95E-01 1.86E+00 2.19E+00 1.41E+00 

M 7.11E+00 1.05E+01 1.14E+00 1.91E+00 2.74E+00 1.42E+00 

UB 1.59E+01 1.35E+01 2.07E+00 2.05E+00 5.09E+00 1.44E+00 

FF 

LB 1.64E+04 4.88E+04 2.91E+03 9.45E+03 7.40E+03 7.26E+03 

M 1.69E+04 4.89E+04 3.23E+03 9.48E+03 8.21E+03 7.26E+03 

UB 1.79E+04 4.92E+04 3.86E+03 9.52E+03 9.64E+03 7.26E+03 

GW 

LB 2.61E+04 7.74E+04 4.79E+03 1.50E+04 1.15E+04 1.15E+04 

M 2.68E+04 7.76E+04 5.20E+03 1.50E+04 1.23E+04 1.15E+04 

UB 2.81E+04 7.80E+04 5.88E+03 1.50E+04 1.37E+04 1.15E+04 

HHNC 

LB 8.73E-04 2.49E-03 1.51E-04 4.81E-04 3.68E-04 3.69E-04 

M 9.88E-04 2.52E-03 1.83E-04 4.83E-04 4.46E-04 3.70E-04 

UB 1.42E-03 2.67E-03 4.18E-04 4.93E-04 8.92E-04 3.76E-04 

OD 

LB 7.56E-05 8.54E-06 2.97E-05 4.68E-06 7.97E-05 5.09E-07 

M 1.43E-04 2.04E-05 7.19E-05 7.98E-06 1.74E-04 6.98E-07 

UB 3.22E-04 5.46E-05 2.02E-04 1.62E-05 4.71E-04 1.10E-06 

RE 

LB 1.14E+01 3.25E+01 1.91E+00 6.27E+00 4.69E+00 4.82E+00 

M 1.22E+01 3.28E+01 2.03E+00 6.27E+00 4.97E+00 4.82E+00 

UB 1.45E+01 3.37E+01 2.36E+00 6.28E+00 5.63E+00 4.83E+00 

PS 

LB 1.72E+03 5.20E+03 3.02E+02 1.01E+03 7.30E+02 7.75E+02 

M 1.76E+03 5.21E+03 3.20E+02 1.01E+03 7.67E+02 7.75E+02 

UB 1.82E+03 5.23E+03 3.53E+02 1.01E+03 8.37E+02 7.75E+02 

CED 

LB 3.59E+05 1.08E+06 6.00E+04 2.10E+05 1.49E+05 1.61E+05 

M 3.67E+05 1.09E+06 6.25E+04 2.10E+05 1.55E+05 1.61E+05 

UB 3.87E+05 1.10E+06 6.77E+04 2.11E+05 1.66E+05 1.61E+05 

C1: Environmental impact categories considered in the current study. 

C2: Lower bound (LB), median (M) and upper bound (UB) of emissions based on 95% confidence intervals for the uncertainties. 
* OD in kg CFC11-eq., GW in kg CO2-eq., PS in kg O3-eq., AC in kg SO2-eq., EU in kg N-eq., HHC in CTUh, HHNC in CTUh, RE in kg PM2.5-eq., EC in CTUe, FF in MJ 

surplus energy, CED in MJ.  
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Table B22. Uncertainties around each production process (large scale-S1) simulated by Monte Carlo Analysis (per 1 kg MWCNTs). 

C1* C2 M-CVD1 M-CVD2 M-CVD3 M-CVD4 M-CVD5 M-AP 

AC 

LB 2.32E-01 6.24E-01 4.38E+00 8.23E-01 2.84E-01 1.61E-02 

M 2.33E-01 7.65E-01 5.01E+00 8.76E-01 2.91E-01 1.61E-02 

UB 2.34E-01 9.78E-01 6.74E+00 9.69E-01 3.02E-01 1.62E-02 

HHC 

LB 5.33E-08 3.06E-06 3.43E-06 1.55E-06 2.01E-07 3.70E-09 

M 5.77E-08 6.48E-06 8.20E-06 2.10E-06 2.53E-07 4.10E-09 

UB 1.13E-07 2.61E-05 6.19E-05 7.78E-06 8.67E-07 1.03E-08 

EC 

LB 1.14E+01 6.92E+02 1.02E+03 1.67E+02 2.63E+01 8.05E-01 

M 1.23E+01 1.37E+03 2.04E+03 2.71E+02 3.75E+01 8.85E-01 

UB 1.51E+01 3.57E+03 5.18E+03 5.51E+02 6.44E+01 1.13E+00 

EU 

LB 3.66E-03 3.82E-01 3.41E-01 8.55E-02 1.01E-02 2.73E-04 

M 4.26E-03 6.42E-01 9.29E-01 1.61E-01 1.91E-02 3.36E-04 

UB 6.43E-03 1.44E+00 3.73E+00 4.24E-01 4.91E-02 5.90E-04 

FF 

LB 1.70E+01 4.04E+02 3.70E+02 8.50E+01 2.16E+01 1.20E+00 

M 1.71E+01 5.51E+02 4.56E+02 9.42E+01 2.25E+01 1.21E+00 

UB 1.73E+01 7.82E+02 6.91E+02 1.08E+02 2.39E+01 1.22E+00 

GW 

LB 2.70E+01 1.39E+02 5.43E+02 1.04E+02 3.41E+01 1.88E+00 

M 2.71E+01 1.71E+02 6.64E+02 1.12E+02 3.55E+01 1.89E+00 

UB 2.73E+01 2.18E+02 1.00E+03 1.27E+02 3.77E+01 1.90E+00 

HHNC 

LB 8.81E-07 2.70E-05 3.31E-05 5.38E-06 1.34E-06 6.13E-08 

M 9.06E-07 5.09E-05 6.07E-05 8.50E-06 1.66E-06 6.37E-08 

UB 1.04E-06 1.52E-04 1.73E-04 2.42E-05 2.89E-06 7.40E-08 

OD 

LB 1.33E-08 2.71E-05 2.79E-05 3.20E-06 2.00E-07 2.37E-09 

M 2.21E-08 4.67E-05 5.22E-05 4.42E-06 2.99E-07 3.94E-09 

UB 4.39E-08 8.72E-05 9.22E-05 7.21E-06 5.24E-07 8.12E-09 

RE 

LB 1.15E-02 6.88E-02 3.54E-01 8.33E-02 1.89E-02 8.15E-04 

M 1.18E-02 8.98E-02 5.80E-01 1.03E-01 2.16E-02 8.38E-04 

UB 1.22E-02 1.29E-01 1.30E+00 1.34E-01 2.64E-02 8.75E-04 

PS 

LB 1.81E+00 8.96E+00 3.65E+01 3.84E+01 4.15E+00 1.26E-01 

M 1.82E+00 1.10E+01 4.25E+01 3.88E+01 4.22E+00 1.26E-01 

UB 1.83E+00 1.35E+01 5.91E+01 3.95E+01 4.33E+00 1.27E-01 

CED 

LB 3.78E+02 3.79E+03 8.22E+03 1.61E+03 4.78E+02 2.64E+01 

M 3.80E+02 5.18E+03 1.03E+04 1.79E+03 4.99E+02 2.65E+01 

UB 3.84E+02 7.26E+03 1.63E+04 2.07E+03 5.39E+02 2.68E+01 

C1: Environmental impact categories considered in the current study. 

C2: Lower bound (LB), median (M) and upper bound (UB) of emissions based on 95% confidence intervals for the uncertainties. 
* OD in kg CFC11-eq., GW in kg CO2-eq., PS in kg O3-eq., AC in kg SO2-eq., EU in kg N-eq., HHC in CTUh, HHNC in CTUh, RE in kg PM2.5-eq., EC in CTUe, FF in MJ 

surplus energy, CED in MJ.  
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Table B23. Uncertainties around each production process (large scale-S2) simulated by Monte Carlo Analysis (per 1 kg SWCNTs). 

C1* C2 S-CVD1 S-CVD2 S-HiPCO1 S-CoMoCat1 S-AP S-LV 

AC 

LB 1.92E+02 5.66E+02 3.69E+01 1.11E+02 1.00E+02 8.42E+01 

M 1.95E+02 5.68E+02 4.00E+01 1.11E+02 1.09E+02 8.42E+01 

UB 2.00E+02 5.70E+02 4.40E+01 1.12E+02 1.22E+02 8.44E+01 

HHC 

LB 6.16E-05 1.27E-04 1.67E-05 3.01E-05 5.58E-05 1.82E-05 

M 8.73E-05 1.38E-04 3.03E-05 3.83E-05 1.05E-04 1.84E-05 

UB 2.85E-04 2.60E-04 1.08E-04 1.42E-04 3.59E-04 1.95E-05 

EC 

LB 1.54E+04 2.75E+04 4.37E+03 6.91E+03 1.13E+04 3.84E+03 

M 2.05E+04 2.95E+04 8.06E+03 8.69E+03 2.34E+04 3.90E+03 

UB 3.99E+04 3.51E+04 2.25E+04 1.42E+04 7.60E+04 4.15E+03 

EU 

LB 5.70E+00 8.86E+00 1.86E+00 2.37E+00 6.11E+00 1.21E+00 

M 7.79E+00 1.03E+01 2.91E+00 3.50E+00 9.12E+00 1.22E+00 

UB 1.37E+01 1.52E+01 6.32E+00 8.13E+00 1.58E+01 1.26E+00 

FF 

LB 1.49E+04 4.16E+04 3.43E+03 8.84E+03 2.19E+04 6.15E+03 

M 1.56E+04 4.18E+04 4.41E+03 9.43E+03 3.00E+04 6.15E+03 

UB 1.69E+04 4.21E+04 5.92E+03 1.06E+04 4.30E+04 6.15E+03 

GW 

LB 3.34E+04 6.58E+04 5.03E+03 1.31E+04 1.48E+04 9.75E+03 

M 3.43E+04 6.61E+04 5.82E+03 1.32E+04 1.72E+04 9.76E+03 

UB 3.57E+04 6.66E+04 7.12E+03 1.34E+04 2.10E+04 9.76E+03 

HHNC 

LB 1.02E-03 2.14E-03 1.85E-04 4.53E-04 4.99E-04 3.13E-04 

M 1.31E-03 2.20E-03 2.83E-04 5.00E-04 7.91E-04 3.15E-04 

UB 2.47E-03 2.41E-03 9.66E-04 7.08E-04 2.65E-03 3.27E-04 

OD 

LB 1.34E-04 2.78E-05 1.11E-04 8.84E-05 1.12E-03 8.08E-07 

M 2.32E-04 4.66E-05 2.47E-04 1.65E-04 2.48E-03 1.18E-06 

UB 5.52E-04 8.83E-05 6.34E-04 4.26E-04 6.79E-03 2.27E-06 

RE 

LB 1.05E+01 2.81E+01 2.03E+00 5.49E+00 6.57E+00 4.09E+00 

M 1.11E+01 2.87E+01 2.30E+00 5.57E+00 8.05E+00 4.09E+00 

UB 1.20E+01 2.98E+01 2.93E+00 5.69E+00 1.21E+01 4.10E+00 

PS 

LB 1.53E+03 4.42E+03 3.05E+02 8.65E+02 8.01E+02 6.56E+02 

M 1.57E+03 4.43E+03 3.41E+02 8.71E+02 8.93E+02 6.56E+02 

UB 1.64E+03 4.46E+03 4.09E+02 8.82E+02 1.09E+03 6.56E+02 

CED 

LB 3.28E+05 9.23E+05 6.06E+04 1.87E+05 2.38E+05 1.37E+05 

M 3.40E+05 9.27E+05 6.78E+04 1.93E+05 2.95E+05 1.37E+05 

UB 3.59E+05 9.35E+05 8.28E+04 2.03E+05 3.96E+05 1.37E+05 

C1: Environmental impact categories considered in the current study. 

C2: Lower bound (LB), median (M) and upper bound (UB) of emissions based on 95% confidence intervals for the uncertainties. 
* OD in kg CFC11-eq., GW in kg CO2-eq., PS in kg O3-eq., AC in kg SO2-eq., EU in kg N-eq., HHC in CTUh, HHNC in CTUh, RE in kg PM2.5-eq., EC in CTUe, FF in MJ 

surplus energy, CED in MJ.  
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Table B24. Uncertainties around each production process (large scale-S2) simulated by Monte Carlo Analysis (per 1 kg MWCNTs). 

C1* C2 M-CVD1 M-CVD2 M-CVD3 M-CVD4 M-CVD5 M-AP 

AC 

LB 3.37E-01 1.07E+00 4.80E+00 1.99E+00 5.81E-01 1.62E-02 

M 4.79E-01 1.35E+00 5.02E+00 2.37E+00 9.08E-01 1.77E-02 

UB 7.73E-01 1.78E+00 5.46E+00 2.84E+00 1.59E+00 2.06E-02 

HHC 

LB 5.13E-07 6.60E-06 7.42E-06 4.58E-06 1.28E-06 7.82E-09 

M 1.41E-06 1.29E-05 1.41E-05 7.19E-06 3.50E-06 1.56E-08 

UB 1.20E-05 6.55E-05 3.94E-05 1.96E-05 3.37E-05 5.25E-08 

EC 

LB 1.68E+02 1.38E+03 1.31E+03 1.02E+03 3.96E+02 1.39E+00 

M 3.68E+02 2.72E+03 2.24E+03 1.46E+03 8.58E+02 2.77E+00 

UB 9.32E+02 6.92E+03 5.02E+03 2.51E+03 2.13E+03 1.10E+01 

EU 

LB 7.52E-02 7.54E-01 3.15E-01 1.67E+00 1.82E-01 9.15E-04 

M 2.17E-01 1.26E+00 5.89E-01 2.45E+00 4.96E-01 1.45E-03 

UB 7.19E-01 3.03E+00 1.43E+00 3.57E+00 1.61E+00 2.69E-03 

FF 

LB 3.34E+01 7.97E+02 2.90E+03 1.58E+02 6.25E+01 4.10E+00 

M 5.23E+01 1.08E+03 2.93E+03 1.86E+02 1.06E+02 6.19E+00 

UB 8.88E+01 1.49E+03 2.99E+03 2.24E+02 1.95E+02 9.56E+00 

GW 

LB 5.05E+01 2.55E+02 8.79E+02 7.16E+02 9.62E+01 2.25E+00 

M 7.90E+01 3.19E+02 9.17E+02 9.46E+02 1.61E+02 2.61E+00 

UB 1.35E+02 4.08E+02 1.01E+03 1.25E+03 3.00E+02 3.20E+00 

HHNC 

LB 4.54E-06 5.28E-05 3.11E-05 -1.14E-04 9.76E-06 7.54E-08 

M 1.02E-05 1.01E-04 5.31E-05 -5.65E-05 2.23E-05 1.09E-07 

UB 3.31E-05 2.82E-04 1.77E-04 9.39E-05 7.23E-05 3.95E-07 

OD 

LB 1.66E-06 5.32E-05 4.92E-05 9.12E-06 4.13E-06 2.21E-07 

M 3.58E-06 9.29E-05 8.46E-05 1.33E-05 8.53E-06 5.22E-07 

UB 7.72E-06 1.71E-04 1.53E-04 2.25E-05 1.91E-05 1.44E-06 

RE 

LB 6.57E-02 1.28E-01 3.56E-01 4.60E-01 1.54E-01 1.05E-03 

M 1.27E-01 1.72E-01 4.30E-01 6.50E-01 2.87E-01 1.39E-03 

UB 2.50E-01 2.56E-01 6.02E-01 1.04E+00 6.01E-01 2.42E-03 

PS 

LB 3.05E+00 1.67E+01 4.67E+01 5.00E+01 7.46E+00 1.24E-01 

M 4.50E+00 2.06E+01 4.93E+01 5.43E+01 1.08E+01 1.37E-01 

UB 7.34E+00 2.57E+01 5.39E+01 6.04E+01 1.78E+01 1.68E-01 

CED 

LB 7.38E+02 7.43E+03 2.52E+04 9.44E+03 1.37E+03 4.54E+01 

M 1.17E+03 1.02E+04 2.60E+04 1.23E+04 2.31E+03 5.89E+01 

UB 2.00E+03 1.41E+04 2.78E+04 1.65E+04 4.34E+03 8.45E+01 

C1: Environmental impact categories considered in the current study. 

C2: Lower bound (LB), median (M) and upper bound (UB) of emissions based on 95% confidence intervals for the uncertainties. 
* OD in kg CFC11-eq., GW in kg CO2-eq., PS in kg O3-eq., AC in kg SO2-eq., EU in kg N-eq., HHC in CTUh, HHNC in CTUh, RE in kg PM2.5-eq., EC in CTUe, FF in MJ 

surplus energy, CED in MJ.  
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Table B25. Uncertainties around each production process (large scale-S3) simulated by Monte Carlo Analysis (per 1 kg SWCNTs). 

C1* C2 S-CVD1 S-CVD2 S-HiPCO1 S-CoMoCat1 S-AP S-LV 

AC 

LB 2.55E+02 7.90E+02 4.25E+01 1.53E+02 1.05E+02 1.18E+02 

M 2.56E+02 7.90E+02 4.29E+01 1.53E+02 1.07E+02 1.18E+02 

UB 2.59E+02 7.91E+02 4.35E+01 1.53E+02 1.10E+02 1.18E+02 

HHC 

LB 5.86E-05 1.71E-04 9.83E-06 3.30E-05 2.84E-05 2.53E-05 

M 6.50E-05 1.73E-04 1.13E-05 3.31E-05 3.64E-05 2.53E-05 

UB 1.43E-04 2.01E-04 2.00E-05 3.45E-05 7.55E-05 2.55E-05 

EC 

LB 1.27E+04 3.59E+04 2.14E+03 6.94E+03 5.93E+03 5.32E+03 

M 1.43E+04 3.64E+04 2.56E+03 6.97E+03 7.28E+03 5.33E+03 

UB 1.91E+04 3.82E+04 4.88E+03 7.05E+03 1.30E+04 5.37E+03 

EU 

LB 4.22E+00 1.13E+01 7.19E-01 2.18E+00 2.00E+00 1.67E+00 

M 5.13E+00 1.16E+01 8.09E-01 2.19E+00 2.41E+00 1.67E+00 

UB 9.23E+00 1.33E+01 1.16E+00 2.26E+00 3.73E+00 1.68E+00 

FF 

LB 1.88E+04 5.77E+04 3.15E+03 1.12E+04 8.78E+03 8.59E+03 

M 1.90E+04 5.77E+04 3.25E+03 1.12E+04 9.89E+03 8.59E+03 

UB 1.94E+04 5.79E+04 3.45E+03 1.12E+04 1.21E+04 8.59E+03 

GW 

LB 3.00E+04 9.16E+04 5.03E+03 1.77E+04 1.25E+04 1.36E+04 

M 3.02E+04 9.16E+04 5.16E+03 1.77E+04 1.27E+04 1.36E+04 

UB 3.07E+04 9.18E+04 5.36E+03 1.77E+04 1.32E+04 1.36E+04 

HHNC 

LB 9.76E-04 2.94E-03 1.60E-04 5.67E-04 4.12E-04 4.36E-04 

M 1.02E-03 2.95E-03 1.71E-04 5.68E-04 4.49E-04 4.37E-04 

UB 1.21E-03 3.01E-03 2.39E-04 5.72E-04 6.41E-04 4.38E-04 

OD 

LB 2.76E-05 5.86E-06 9.57E-06 1.93E-06 7.79E-05 3.46E-07 

M 5.13E-05 1.11E-05 2.25E-05 3.32E-06 1.54E-04 4.05E-07 

UB 1.08E-04 2.57E-05 6.51E-05 7.22E-06 3.37E-04 5.30E-07 

RE 

LB 1.27E+01 3.84E+01 2.08E+00 7.41E+00 5.33E+00 5.70E+00 

M 1.30E+01 3.85E+01 2.12E+00 7.41E+00 5.53E+00 5.70E+00 

UB 1.39E+01 3.89E+01 2.22E+00 7.41E+00 5.85E+00 5.71E+00 

PS 

LB 1.99E+03 6.15E+03 3.33E+02 1.19E+03 8.19E+02 9.16E+02 

M 2.00E+03 6.16E+03 3.38E+02 1.19E+03 8.31E+02 9.16E+02 

UB 2.03E+03 6.17E+03 3.47E+02 1.19E+03 8.54E+02 9.16E+02 

CED 

LB 4.16E+05 1.28E+06 6.84E+04 2.48E+05 1.76E+05 1.91E+05 

M 4.19E+05 1.28E+06 6.92E+04 2.48E+05 1.83E+05 1.91E+05 

UB 4.27E+05 1.29E+06 7.07E+04 2.48E+05 2.02E+05 1.91E+05 

C1: Environmental impact categories considered in the current study. 

C2: Lower bound (LB), median (M) and upper bound (UB) of emissions based on 95% confidence intervals for the uncertainties. 
* OD in kg CFC11-eq., GW in kg CO2-eq., PS in kg O3-eq., AC in kg SO2-eq., EU in kg N-eq., HHC in CTUh, HHNC in CTUh, RE in kg PM2.5-eq., EC in CTUe, FF in MJ 

surplus energy, CED in MJ.  
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Table B26. Uncertainties around each production process (large scale-S3) simulated by Monte Carlo Analysis (per 1 kg MWCNTs). 

C1* C2 M-CVD1 M-CVD2 M-CVD3 M-CVD4 M-CVD5 M-AP 

AC 

LB 2.76E-01 3.24E-01 4.78E+00 8.02E-01 3.31E-01 1.90E-02 

M 2.78E-01 3.68E-01 5.03E+00 8.19E-01 3.38E-01 1.90E-02 

UB 2.83E-01 4.34E-01 5.69E+00 8.43E-01 3.49E-01 1.91E-02 

HHC 

LB 6.71E-08 9.91E-07 2.10E-06 4.92E-07 1.18E-07 4.27E-09 

M 8.18E-08 1.94E-06 3.88E-06 7.02E-07 1.70E-07 4.52E-09 

UB 3.20E-07 7.52E-06 2.46E-05 2.77E-06 8.40E-07 7.04E-09 

EC 

LB 1.49E+01 2.15E+02 5.01E+02 9.06E+01 2.62E+01 9.05E-01 

M 1.80E+01 4.28E+02 9.18E+02 1.24E+02 3.56E+01 9.52E-01 

UB 2.75E+01 1.11E+03 2.10E+03 2.29E+02 7.00E+01 1.10E+00 

EU 

LB 4.99E-03 1.16E-01 1.86E-01 6.17E-02 9.74E-03 3.00E-04 

M 7.18E-03 2.00E-01 4.23E-01 9.07E-02 1.75E-02 3.29E-04 

UB 1.37E-02 4.30E-01 1.50E+00 1.71E-01 4.16E-02 4.24E-04 

FF 

LB 2.03E+01 1.32E+02 4.03E+02 6.57E+01 2.49E+01 1.44E+00 

M 2.06E+01 1.78E+02 4.39E+02 6.87E+01 2.57E+01 1.47E+00 

UB 2.12E+01 2.42E+02 5.28E+02 7.23E+01 2.71E+01 1.52E+00 

GW 

LB 3.22E+01 5.77E+01 5.73E+02 1.03E+02 3.94E+01 2.21E+00 

M 3.26E+01 6.79E+01 6.25E+02 1.08E+02 4.06E+01 2.22E+00 

UB 3.35E+01 8.30E+01 7.57E+02 1.14E+02 4.27E+01 2.23E+00 

HHNC 

LB 1.07E-06 8.70E-06 2.34E-05 2.16E-06 1.45E-06 7.14E-08 

M 1.16E-06 1.61E-05 3.45E-05 3.89E-06 1.74E-06 7.28E-08 

UB 1.49E-06 5.05E-05 8.47E-05 9.51E-06 3.15E-06 7.84E-08 

OD 

LB 2.90E-08 8.03E-06 1.12E-05 1.07E-06 1.45E-07 4.07E-09 

M 5.84E-08 1.42E-05 1.89E-05 1.47E-06 2.34E-07 9.02E-09 

UB 1.29E-07 2.66E-05 3.52E-05 2.44E-06 4.26E-07 2.32E-08 

RE 

LB 1.42E-02 2.72E-02 2.89E-01 5.84E-02 2.01E-02 9.41E-04 

M 1.51E-02 3.42E-02 3.87E-01 6.61E-02 2.28E-02 9.53E-04 

UB 1.69E-02 4.73E-02 6.40E-01 7.57E-02 2.76E-02 9.76E-04 

PS 

LB 2.16E+00 3.81E+00 3.81E+01 1.12E+01 2.90E+00 1.48E-01 

M 2.18E+00 4.40E+00 4.07E+01 1.14E+01 2.97E+00 1.49E-01 

UB 2.22E+00 5.22E+00 4.73E+01 1.16E+01 3.08E+00 1.49E-01 

CED 

LB 4.51E+02 1.42E+03 8.40E+03 1.47E+03 5.52E+02 3.12E+01 

M 4.58E+02 1.82E+03 9.21E+03 1.56E+03 5.72E+02 3.15E+01 

UB 4.71E+02 2.48E+03 1.15E+04 1.70E+03 6.07E+02 3.19E+01 

C1: Environmental impact categories considered in the current study. 

C2: Lower bound (LB), median (M) and upper bound (UB) of emissions based on 95% confidence intervals for the uncertainties. 
* OD in kg CFC11-eq., GW in kg CO2-eq., PS in kg O3-eq., AC in kg SO2-eq., EU in kg N-eq., HHC in CTUh, HHNC in CTUh, RE in kg PM2.5-eq., EC in CTUe, FF in MJ 

surplus energy, CED in MJ. 
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Table B27. Characterization results of multiple synthesis processes for 1 kg CNTs (S- and M-) using CML (baseline) Method. 

 

  

Routes 

AD 

(kg Sb-

eq.) 

AD(FF)  

(MJ) 

GW 100a 

(kg CO2-

eq) 

OD 

 (kg CFC11-

eq) 

HT 

(kg 1,4-DB-

eq) 

FWAEC 

 (kg 1,4-DB-

eq) 

MAEC 

 (kg 1,4-DB-

eq)  

TEC 

 (kg 1,4-DB-

eq) 

Pox 

 (kg C2H4-

eq) 

AC 

(kg SO2-eq) 

EU 

(kg PO4-

eq) 

S-CVD1 6.73E-03 2.71E+06 1.97E+05 2.91E-04 4.68E+04 7.49E+03 2.29E+08 1.04E+02 1.58E+02 1.78E+03 7.16E+01 

S-CVD2 5.99E-04 8.34E+06 5.96E+05 6.01E-05 1.42E+05 2.05E+04 7.03E+08 3.05E+02 4.89E+02 5.49E+03 1.99E+02 

S-HiPCO1 3.68E-03 4.49E+05 3.36E+04 1.30E-04 7.89E+03 1.22E+03 3.74E+07 1.72E+01 2.63E+01 2.97E+02 1.34E+01 

S-HiPCO2* 3.11E-05 3.81E+02 2.03E+01 3.23E-06 6.18E+00 4.31E+00 1.50E+04 2.72E-02 5.41E-03 8.93E-02 2.43E-02 

S-CoMoCat1 1.69E-04 1.61E+06 1.15E+05 1.82E-05 2.74E+04 3.94E+03 1.36E+08 5.89E+01 9.47E+01 1.06E+03 3.83E+01 

S-CoMoCat2* 3.93E-05 4.56E+02 2.30E+01 4.17E-06 7.17E+00 5.46E+00 1.76E+04 3.40E-02 2.15E-02 1.01E-01 3.06E-02 

S-AP 9.90E-03 1.20E+06 8.29E+04 8.50E-04 1.99E+04 3.36E+03 9.27E+07 4.39E+01 6.43E+01 7.42E+02 3.35E+01 

S-LV 1.97E-05 1.24E+06 8.86E+04 1.67E-06 2.11E+04 3.02E+03 1.05E+08 4.52E+01 7.29E+01 8.18E+02 2.94E+01 

M-CVD1 7.61E-06 2.96E+03 2.12E+02 3.20E-07 5.12E+01 9.14E+00 2.52E+05 1.18E-01 1.72E-01 1.94E+00 8.09E-02 

M-CVD2 1.64E-03 1.04E+04 4.45E+02 9.47E-05 1.67E+02 1.18E+02 4.76E+05 1.81E+00 3.69E-01 2.52E+00 7.06E-01 

M-CVD3 1.36E-03 5.74E+04 4.13E+03 1.20E-04 1.07E+03 3.77E+02 4.98E+06 3.31E+00 2.97E+00 3.53E+01 2.58E+00 

M-CVD4 1.73E-04 8.78E+03 7.04E+02 8.23E-06 1.67E+02 9.51E+01 7.55E+05 2.12E+01 5.11E-01 5.67E+00 1.69E+01 

M-CVD5 2.42E-05 3.64E+03 2.65E+02 1.28E-06 6.51E+01 1.64E+01 3.16E+05 1.70E-01 2.05E-01 2.35E+00 9.29E+00 

M-CVD6* 3.54E-04 2.59E+03 1.50E+02 2.93E-05 5.27E+01 2.17E+01 1.69E+05 1.70E-01 9.76E-02 1.20E+00 9.62E-02 

M-AP 2.22E-07 2.04E+02 1.44E+01 5.02E-08 3.43E+00 5.20E-01 1.70E+04 7.49E-03 1.18E-02 1.32E-01 4.94E-03 
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Table B28. Characterization results of multiple synthesis processes for 1 kg CNTs (S- and M-) using ReCiPe (H) Method. 

 

  

Routes 

GW  

(kg CO2-

eq) 

OD 

 (kg 

CFC11-eq) 

tAC  

(kg SO2-

eq) 

FWEU  

(kg P-eq) 

MEU  

(kg N-eq) 

HT 

(kg 1,4-

DB-eq) 

Pox 

 (kg 

NMVOC) 

RE 

 (kg 

PM10-eq) 

TEC  

(kg 1,4-

DB-eq) 

FWAEC  

(kg 1,4-DB-

eq) 

MAEC 

(kg 1,4-

DB-eq) 

IR (kBq 

U235 eq) 

ALO 

(m2a) 

ULO 

(m2a) 
NLT (m2) WDP (m3) 

MD 

 (kg Fe 

eq) 

FF  

(kg oil 

eq) 

S-CVD1 1.97E+05 2.93E-04 1.56E+03 1.51E+00 2.05E+01 1.79E+04 7.70E+02 3.78E+02 2.20E+00 1.71E+02 1.68E+02 5.05E+02 4.03E+02 2.04E+01 5.10E-01 7.60E+02 8.36E+01 6.10E+04 

S-CVD2 5.96E+05 6.03E-05 4.79E+03 4.99E-01 6.09E+01 5.23E+04 2.37E+03 1.15E+03 5.42E+00 4.20E+02 4.14E+02 1.71E+02 5.07E+01 4.96E+00 9.18E-02 3.03E+02 1.30E+01 1.87E+05 

S-HiPCO1 3.36E+04 1.31E-04 2.62E+02 1.21E-01 3.63E+00 2.99E+03 1.29E+02 6.29E+01 4.53E-01 2.97E+01 3.04E+01 7.21E+01 1.99E+01 3.13E+00 2.55E-01 1.24E+01 4.63E+01 1.01E+04 

S-HiPCO2* 2.03E+01 3.24E-06 7.91E-02 6.11E-03 2.85E-03 4.96E+00 4.57E-02 2.61E-02 1.73E-03 1.80E-01 1.69E-01 3.46E+00 8.64E-01 8.38E-02 6.00E-03 6.51E-02 4.80E-01 8.56E+00 

S-CoMoCat1 1.15E+05 1.83E-05 9.27E+02 2.98E-02 1.18E+01 1.01E+04 4.58E+02 2.22E+02 1.04E+00 7.99E+01 7.88E+01 1.86E+01 4.73E+00 3.51E-01 2.72E-02 7.30E-01 2.49E+00 3.63E+04 

S-CoMoCat2* 2.30E+01 4.18E-06 8.91E-02 7.84E-03 3.48E-03 6.21E+00 7.83E-02 3.01E-02 2.17E-03 2.29E-01 2.15E-01 4.51E+00 1.12E+00 1.06E-01 7.76E-03 8.04E-02 6.07E-01 1.02E+01 

S-AP 8.29E+04 8.52E-04 6.52E+02 6.96E-01 8.95E+00 7.76E+03 3.20E+02 1.58E+02 1.31E+00 9.68E+01 8.75E+01 3.23E+02 9.22E+01 1.51E+01 1.67E+00 3.05E+01 1.86E+02 2.68E+04 

S-LV 8.86E+04 1.67E-06 7.14E+02 4.41E-03 9.05E+00 7.75E+03 3.52E+02 1.71E+02 8.01E-01 6.10E+01 6.03E+01 8.78E-01 3.54E-01 1.48E-01 1.69E-03 7.23E-01 4.05E-01 2.79E+04 

M-CVD1 2.12E+02 3.23E-07 1.69E+00 3.38E-03 2.24E-02 2.04E+01 8.37E-01 4.18E-01 2.22E-03 2.27E-01 2.18E-01 9.51E-01 2.99E-01 4.02E-02 6.99E-04 2.03E+00 1.34E-01 6.65E+01 

M-CVD2 4.45E+02 9.52E-05 2.24E+00 1.86E-01 7.22E-02 2.05E+02 1.77E+00 7.09E-01 1.26E-01 5.23E+00 5.70E+00 5.35E+01 2.66E+01 1.87E+00 2.46E-02 7.71E+00 2.13E+01 2.33E+02 

M-CVD3 4.13E+03 1.20E-04 3.09E+01 3.95E-01 5.07E-01 6.17E+02 1.54E+01 8.64E+00 1.42E-01 1.33E+01 1.29E+01 1.32E+02 4.37E+01 4.44E+00 1.39E-01 2.26E+02 2.09E+01 1.29E+03 

M-CVD4 7.04E+02 8.29E-06 5.01E+00 4.69E-02 2.72E-01 8.53E+01 2.50E+00 1.40E+00 2.71E+00 2.03E+00 1.53E+00 1.26E+01 3.91E+01 6.78E-01 4.79E-01 1.21E+01 2.79E+00 1.97E+02 

M-CVD5 2.65E+02 1.28E-06 2.05E+00 1.31E-02 2.97E-02 3.02E+01 1.02E+00 5.42E-01 5.21E-03 4.90E-01 4.60E-01 3.68E+00 1.14E+00 1.48E-01 2.59E-03 7.84E+00 4.54E-01 8.17E+01 

M-CVD6* 1.50E+02 2.94E-05 1.05E+00 1.52E-02 1.87E-02 4.08E+01 5.61E-01 2.93E-01 2.98E-02 1.05E+00 1.18E+00 3.90E+00 2.91E+00 3.48E-01 2.80E-02 5.07E+00 4.39E+00 5.80E+01 

M-AP 1.44E+01 5.02E-08 1.16E-01 4.91E-05 1.48E-03 1.28E+00 5.71E-02 2.79E-02 1.36E-04 1.13E-02 1.10E-02 2.88E-02 4.56E-03 8.13E-04 1.03E-04 2.63E-02 3.93E-03 4.59E+00 



 

  

2
6
9
 

Table B29. Characterization results of multiple synthesis processes for 1 kg CNTs (S- and M-) using IMPACT 2002+ Method. 

 

 

Routes 

HHC 

 (kg 

C2H3Cl-

eq) 

HHNC 

 (kg 

C2H3Cl-

eq) 

REI  

(kg PM2.5-

eq) 

IR  

(Bq C-14-

eq) 

OD  

(kg 

CFC11-

eq) 

REO  

(kg C2H4-

eq) 

AEC 

 (kg TEG 

water)  

TEC ( 

kg TEG soil) 

TAC 

 (kg SO2-

eq.) 

LO 

(m2org. 

arable) 

AAC (kg 

SO2-eq) 

AEU (kg 

PO4  

P-lim) 

GW (kg 

CO2-eq) 

NRE (MJ 

primary) 

ME (MJ 

surplus) 

S-CVD1 1.58E+02 1.99E+03 1.66E+02 5.14E+04 2.92E-04 1.09E+02 1.26E+07 9.16E+04 3.99E+03 7.16E+01 1.67E+03 1.04E+00 1.88E+05 2.72E+06 8.25E+01 

S-CVD2 2.72E+02 6.12E+03 5.00E+02 1.75E+04 6.01E-05 3.35E+02 3.89E+07 1.46E+05 1.22E+04 1.10E+01 5.14E+03 1.35E+00 5.74E+05 8.35E+06 9.47E+00 

S-HiPCO1 2.06E+01 3.28E+02 2.76E+01 7.25E+03 1.31E-04 1.78E+01 2.08E+06 1.98E+04 6.89E+02 4.87E+00 2.79E+02 2.04E-01 3.17E+04 4.50E+05 5.40E+01 

S-HiPCO2* 3.23E-01 1.35E-01 1.38E-02 3.51E+02 3.23E-06 6.60E-03 1.21E+03 2.87E+02 2.27E-01 1.91E-01 8.47E-02 3.53E-03 1.96E+01 4.29E+02 4.59E-01 

S-CoMoCat1 5.01E+01 1.18E+03 9.65E+01 1.89E+03 1.82E-05 6.48E+01 7.53E+06 2.78E+04 2.35E+03 9.68E-01 9.94E+02 2.42E-01 1.11E+05 1.61E+06 2.41E+00 

S-CoMoCat2* 3.68E-01 1.55E-01 1.68E-02 4.57E+02 4.17E-06 7.14E-03 1.44E+03 3.63E+02 2.58E-01 2.46E-01 9.56E-02 4.50E-03 2.31E+01 5.18E+02 5.79E-01 

S-AP 5.08E+02 8.64E+02 6.99E+01 3.26E+04 8.50E-04 4.51E+01 5.32E+06 6.96E+04 1.70E+03 2.33E+01 6.96E+02 7.15E-01 7.84E+04 1.20E+06 1.69E+02 

S-LV 3.84E+01 9.11E+02 7.43E+01 8.94E+01 1.67E-06 4.99E+01 5.80E+06 2.11E+04 1.81E+03 1.61E-01 7.65E+02 1.78E-01 8.54E+04 1.24E+06 2.98E-01 

M-CVD1 2.08E-01 2.17E+00 1.87E-01 9.72E+01 3.20E-07 1.18E-01 1.37E+04 1.09E+02 4.31E+00 7.29E-02 1.81E+00 1.70E-03 2.05E+02 2.97E+03 1.22E-01 

M-CVD2 1.59E+01 4.50E+00 3.52E-01 5.46E+03 9.47E-05 4.29E-01 2.49E+04 3.94E+03 6.74E+00 4.94E+00 2.41E+00 2.37E-01 4.18E+02 1.15E+04 2.35E+01 

M-CVD3 1.47E+01 4.13E+01 4.26E+00 1.35E+04 1.20E-04 2.04E+00 2.52E+05 8.10E+03 8.05E+01 9.43E+00 3.31E+01 1.62E-01 3.97E+03 5.96E+04 2.05E+01 

M-CVD4 3.92E+02 6.07E+00 6.83E-01 1.28E+03 8.23E-06 3.17E+00 3.85E+04 -1.07E+03 1.34E+01 3.52E+01 5.34E+00 2.72E-02 6.78E+02 8.97E+03 2.71E+00 

M-CVD5 3.59E+01 2.68E+00 2.56E-01 3.76E+02 1.28E-06 3.11E-01 1.70E+04 2.71E+02 5.28E+00 2.68E-01 2.20E+00 5.37E-03 2.55E+02 3.69E+03 4.35E-01 

M-CVD6* 1.33E+00 1.65E+00 1.40E-01 4.01E+02 2.93E-05 8.17E-02 8.95E+03 7.59E+02 2.82E+00 6.07E-01 1.13E+00 1.06E-02 1.42E+02 2.68E+03 5.19E+00 

M-AP 8.35E-03 1.48E-01 1.22E-02 2.91E+00 5.02E-08 8.08E-03 9.44E+02 5.97E+00 2.94E-01 1.23E-03 1.24E-01 6.56E-05 1.39E+01 2.05E+02 3.73E-03 
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Table B30. SWCNTs applications in different industries and respective synthesis processes for 

product-based impact estimations. 

Process  Size Range Known Applications Reference 

CVD  

N/A 
Electronics (field emission display screen), 

Chemical gas sensor 
[4] [23] 

0.6-1.2 nm Energy storage, medical [60] 

0.8-2 nm 
Composite materials, energy storage and 

environment, microelectronics, biotechnology 
[61] 

N/A Polymer filler, Flash memory, Li-ion battery [13] [34] 

N/A Field emission display television device [31] 

HiPCO 
N/A 

Electronics (Cellular phone flash memory 

semiconductor device) 
[21] 

N/A Electronics and optics [10] 

CoMoCat 

0.7-1.1 nm Electronics and displays [28] 

N/A Electronics and optics [10] 

7.5 nm Photovoltaic Solar Cells [36] 

AP 

1.2-1.4 nm Energy storage, medical [60] 

N/A Electrodes for organic solar cells [19] 

1.3-1.8 nm Electronics (electromagnetic interference) [62] 

0.7-7 nm Tennis racquet, field emission display [63] 

LV 

5-20 nm Energy storage, medical [60] 

N/A 
Li-ion batteries, Supercapacitors for automotive 

applications 
[64] [20] 

N/A: information is not available. 
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Table B31. MWCNTs applications in different industries and respective synthesis processes for 

product-based impact estimations. 

Process  Size Range Known Applications Reference 

CVD 

20-70 nm Electrode and sensor [65] 

5-20 nm 
Composite materials, energy storage and 

environment, biotechnology 
[61] 

N/A 
Flat panel displays, thermal interface 

materials 
[25] 

N/A Composite materials [14] 

N/A Polymer filler [13] 

15–35 nm (>10 μm 

length) 
Fuel cell [32] 

N/A Cement, li-ion battery [34] 

10-20 nm (10-30 μm 

length) 

Electronics (electromagnetic radiation 

shielding) 
[66] 

150 nm (10–20 μm 

length) 

Electronics (electromagnetic interference 

shielding) 
[67] 

10  nm Electronics (electromagnetic interference) [68] 

AP 
1-3 nm Energy storage, medical [60] 

0.7-7 nm Tennis racquet, field emission display [63] 

N/A: information is not available. 
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Table B32. Characterization results of multiple synthesis processes for 1 kg CNTs (S- and M-) using TRACI 2.1 Method.  

 

Routes 
OD (kg 

CFC11-eq) 

GW  

(kg CO2-eq) 

PS (kg 

O3-eq) 

AP  

(kg SO2-eq) 

EP  

(kg N-q) 

CP  

(CTUh) 

NCP 

(CTUh) 

RP (kg 

PM2.5-eq) 

EC  

(CTUe) 

FFP (MJ 

surplus 

energy) 

S-CVD1 3.63E-04 1.97E+05 1.30E+04 1.67E+03 3.56E+01 4.92E-04 6.75E-03 8.50E+01 9.57E+04 1.24E+05 

S-CVD2 7.74E-05 5.96E+05 4.00E+04 5.14E+03 7.64E+01 1.14E-03 1.92E-02 2.50E+02 2.37E+05 3.75E+05 

S-HiPCO1 1.70E-04 3.36E+04 2.20E+03 2.79E+02 5.41E+00 7.98E-05 1.16E-03 1.38E+01 1.81E+04 2.12E+04 

S-HiPCO2* 4.15E-06 2.03E+01 7.28E-01 8.47E-02 5.19E-02 6.32E-07 3.02E-06 9.73E-03 9.37E+01 4.46E+01 

S-CoMoCat1 2.35E-05 1.15E+05 7.74E+03 9.93E+02 1.43E+01 2.16E-04 3.69E-03 4.82E+01 4.53E+04 7.26E+04 

S-CoMoCat2* 5.35E-06 2.30E+01 8.58E-01 9.55E-02 6.62E-02 7.94E-07 3.79E-06 1.17E-02 1.18E+02 5.43E+01 

S-AP 1.10E-03 8.29E+04 5.41E+03 6.96E+02 1.65E+01 2.63E-04 3.06E-03 3.61E+01 5.09E+04 6.56E+04 

S-LV 2.69E-06 8.86E+04 5.96E+03 7.65E+02 1.08E+01 1.65E-04 2.84E-03 3.71E+01 3.47E+04 5.58E+04 

M-CVD1 4.09E-07 2.12E+02 1.42E+01 1.81E+00 5.12E-02 6.72E-07 7.78E-06 9.90E-02 1.22E+02 1.34E+02 

M-CVD2 9.73E-05 4.45E+02 2.88E+01 2.41E+00 1.44E+00 1.79E-05 1.23E-04 2.28E-01 3.15E+03 1.18E+03 

M-CVD3 1.29E-04 4.13E+03 2.68E+02 3.31E+01 3.45E+00 4.18E-05 2.59E-04 2.66E+00 6.81E+03 2.90E+03 

M-CVD4 1.00E-05 7.04E+02 7.40E+01 5.33E+00 6.33E-01 6.36E-06 2.79E-05 4.33E-01 8.72E+02 4.48E+02 

M-CVD5 1.61E-06 2.65E+02 1.93E+01 2.20E+00 1.30E-01 1.66E-06 1.21E-05 1.50E-01 2.50E+02 1.67E+02 

M-CVD6* 2.98E-05 1.50E+02 1.04E+01 1.13E+00 1.34E-01 2.98E-06 1.84E-05 8.48E-02 6.56E+02 2.12E+02 

M-AP 6.67E-08 1.44E+01 9.66E-01 1.24E-01 2.20E-03 3.15E-08 4.78E-07 6.21E-03 6.30E+00 9.57E+00 
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Table B33. Characterization results of multiple synthesis routes for 1 kg CNTs (S- and M-) 

using Cumulative Energy Demand (CED).  

Routes 

Cumulative Energy Demand (MJ/kg CNTs) 

Renewable (biomass, 

wind, solar, geothermal, 

water) 

Non-renewable (fossil, 

nuclear and biomass) 
TOTAL 

S-CVD1 5.68E+03 2.72E+06 2.73E+06 

S-CVD2 1.39E+03 8.35E+06 8.35E+06 

S-HiPCO1 2.94E+02 4.50E+05 4.50E+05 

S-HiPCO2* 1.72E+01 4.29E+02 4.46E+02 

S-CoMoCat1 9.42E+01 1.61E+06 1.61E+06 

S-CoMoCat2* 2.23E+01 5.18E+02 5.40E+02 

S-AP 1.74E+03 1.20E+06 1.20E+06 

S-LV 8.86E+00 1.24E+06 1.24E+06 

M-CVD1 8.87E+00 2.97E+03 2.98E+03 

M-CVD2 4.27E+02 1.15E+04 1.19E+04 

M-CVD3 1.68E+03 5.95E+04 6.12E+04 

M-CVD4 9.12E+02 9.26E+03 1.02E+04 

M-CVD5 3.39E+01 3.69E+03 3.73E+03 

M-CVD6* 2.66E+02 2.68E+03 2.94E+03 

M-AP 1.23E-01 2.05E+02 2.05E+02 

 

 

Figure B2. Midpoint LCA results for the 1 kg of SWCNTs production with S-CVD1. 

0%

20%

40%

60%

80%

100%

%
 o

f 
en

v
ir

o
n
m

en
ra

l 
im

p
ac

t

S-CVD1

Grid electricity

Nitric acid

DI water

Argon

Hydrogen

Methane

Citric acid

Cobalt

Magnesium



 

 

274 

 

 

Figure B3. Midpoint LCA results for the 1 kg of SWCNTs production with S-CVD2. 

 

 

Figure B4. Midpoint LCA results for the 1 kg of SWCNTs production with S-HiPCO1. 
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Figure B5. Midpoint LCA results for the 1 kg of SWCNTs production with S-HiPCO2*. 

 

 

Figure B6. Midpoint LCA results for the 1 kg of SWCNTs production with S-CoMoCat1. 
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Figure B7. Midpoint LCA results for the 1 kg of SWCNTs production with S-CoMoCat2*. 

 

 

Figure B8. Midpoint LCA results for the 1 kg of SWCNTs production with S-AP. 
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Figure B9. Midpoint LCA results for the 1 kg of SWCNTs production with S-LV. 

 

 

Figure B10. Midpoint LCA results for the 1 kg of MWCNTs production with M-CVD1. 
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Figure B11. Midpoint LCA results for the 1 kg of MWCNTs production with M-CVD2. 

 

 

Figure B12. Midpoint LCA results for the 1 kg of MWCNTs production with M-CVD3. 
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Figure B13. Midpoint LCA results for the 1 kg of MWCNTs production with M-CVD4. 

 

 

Figure B14. Midpoint LCA results for the 1 kg of MWCNTs production with M-CVD5. 
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Figure B15. Midpoint LCA results for the 1 kg of MWCNTs production with M-CVD6*. 

 

 

Figure B16. Midpoint LCA results for the 1 kg of MWCNTs production with M-AP. 
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Table B34. Environmental impact rankings (lowest, medium and highest) grouped by wall 

number (SWCNTs and MWCNTs). 

Category 
SWCNTs Synthesis Processes MWCNTs Synthesis Processes 

Low Medium High Low Medium High 

AC S-HiPCO2* S-AP S-CVD2 M-AP M-CVD5 M-CVD3 

ET S-HiPCO2* S-LV S-CVD2 M-AP M-CVD6* M-CVD3 

EU  S-HiPCO2* S-LV S-CVD2 M-AP M-CVD6* M-CVD3 

GW S- HiPCO2* S-AP S-CVD2 M-AP M-CVD5 M-CVD3 

RE  S-HiPCO2* S-AP S-CVD2 M-AP M-CVD5 M-CVD3 

PS  S-HiPCO2* S-AP S-CVD2 M-AP M-CVD5 M-CVD3 

HHC  S-HiPCO2* S-LV S-CVD2 M-AP M-CVD6* M-CVD3 

HHNC S-HiPCO2* S-LV S-CVD2 M-AP M-CVD6* M-CVD3 

OD S-LV S-CoMoCat1 S-AP M-AP M-CVD4 M-CVD3 

FF  S-HiPCO2* S-LV S-CVD2 M-AP M-CVD6* M-CVD3 

CED S-HiPCO2* S-LV S-CVD2 M-AP M-CVD5 M-CVD3 

 

Table B35. Different electricity scenarios and their corresponding environmental impacts for 

SWCNTs production. 

 IC S-CVD1 S-CVD2 S-HiPCO1 S-HiPCO2* S-CoMoCat1 S-CoMoCat2* S-AP S-LV 

G
ri

d
 E

le
ct

ri
ci

ty
 (

b
a

se
 c

a
se

) 

          

OD 3.63E-04 7.74E-05 1.70E-04 4.15E-06 2.35E-05 5.35E-06 1.10E-03 2.69E-06 

GW 1.97E+05 5.96E+05 3.36E+04 2.03E+01 1.15E+05 2.30E+01 8.29E+04 8.86E+04 

PS 1.30E+04 4.00E+04 2.20E+03 7.28E-01 7.74E+03 8.58E-01 5.41E+03 5.96E+03 

AC 1.67E+03 5.14E+03 2.79E+02 8.47E-02 9.93E+02 9.55E-02 6.96E+02 7.65E+02 

EU 3.56E+01 7.64E+01 5.41E+00 5.19E-02 1.43E+01 6.62E-02 1.65E+01 1.08E+01 

HHC 4.92E-04 1.14E-03 7.98E-05 6.32E-07 2.16E-04 7.94E-07 2.63E-04 1.65E-04 

HHNC 6.75E-03 1.92E-02 1.16E-03 3.02E-06 3.69E-03 3.79E-06 3.06E-03 2.84E-03 

RE 8.50E+01 2.50E+02 1.38E+01 9.73E-03 4.82E+01 1.17E-02 3.61E+01 3.71E+01 

EC 9.57E+04 2.37E+05 1.81E+04 9.37E+01 4.53E+04 1.18E+02 5.09E+04 3.47E+04 

FF 1.24E+05 3.75E+05 2.12E+04 4.46E+01 7.26E+04 5.43E+01 6.56E+04 5.58E+04 

CED 2.73E+06 8.35E+06 4.50E+05 4.46E+02 1.61E+06 5.40E+02 1.20E+06 1.24E+06 

S
o

la
r
 

OD 6.07E-03 1.79E-02 1.11E-03 3.89E-06 3.47E-03 5.00E-06 3.39E-03 2.65E-03 

GW 3.56E+04 9.40E+04 7.17E+03 1.52E+01 1.81E+04 1.76E+01 1.84E+04 1.39E+04 

PS 1.90E+03 5.30E+03 3.72E+02 5.52E-01 1.02E+03 7.07E-01 9.47E+02 7.84E+02 

AC 2.07E+02 5.83E+02 3.96E+01 6.11E-02 1.12E+02 7.52E-02 1.10E+02 8.63E+01 

EU 2.09E+02 6.18E+02 3.39E+01 5.85E-02 1.19E+02 7.34E-02 8.61E+01 9.16E+01 

HHC 3.75E-03 1.13E-02 6.15E-04 8.04E-07 2.18E-03 9.89E-07 1.57E-03 1.68E-03 

HHNC 2.92E-02 8.93E-02 4.85E-03 4.46E-06 1.73E-02 5.47E-06 1.21E-02 1.33E-02 

RE 5.72E+01 1.64E+02 9.25E+00 9.98E-03 3.14E+01 1.22E-02 2.49E+01 2.42E+01 

EC 2.11E+06 6.51E+06 3.48E+05 2.39E+02 1.26E+06 2.88E+02 8.57E+05 9.69E+05 
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 IC S-CVD1 S-CVD2 S-HiPCO1 S-HiPCO2* S-CoMoCat1 S-CoMoCat2* S-AP S-LV 

FF 2.99E+04 8.34E+04 5.81E+03 3.74E+01 1.61E+04 4.58E+01 2.80E+04 1.23E+04 

CED 1.47E+06 4.43E+06 2.44E+05 4.55E+02 8.55E+05 5.59E+02 6.96E+05 6.57E+05 

W
in

d
 

OD 1.66E-03 4.12E-03 3.83E-04 3.56E-06 8.06E-04 4.61E-06 1.62E-03 6.05E-04 

GW 1.37E+04 2.56E+04 3.57E+03 1.36E+01 4.84E+03 1.57E+01 9.62E+03 3.69E+03 

PS 8.11E+02 1.90E+03 1.93E+02 4.70E-01 3.61E+02 6.12E-01 5.09E+02 2.77E+02 

AC 9.07E+01 2.21E+02 2.06E+01 5.24E-02 4.21E+01 6.51E-02 6.37E+01 3.24E+01 

EU 1.12E+02 3.13E+02 1.79E+01 5.12E-02 6.01E+01 6.49E-02 4.69E+01 4.61E+01 

HHC 3.55E-03 1.07E-02 5.82E-04 7.89E-07 2.06E-03 9.72E-07 1.49E-03 1.59E-03 

HHNC 2.33E-02 7.07E-02 3.88E-03 4.02E-06 1.37E-02 4.95E-06 9.69E-03 1.05E-02 

RE 2.02E+01 4.83E+01 3.19E+00 7.22E-03 9.08E+00 9.00E-03 1.01E+01 6.98E+00 

EC 5.39E+06 1.68E+07 8.87E+05 4.84E+02 3.24E+06 5.75E+02 2.17E+06 2.49E+06 

FF 1.18E+04 2.69E+04 2.84E+03 3.60E+01 5.22E+03 4.42E+01 2.08E+04 3.91E+03 

CED 1.11E+06 3.31E+06 1.85E+05 4.28E+02 6.39E+05 5.27E+02 5.52E+05 4.91E+05 

H
y

d
ro

 

OD 3.82E-04 1.36E-04 1.73E-04 3.47E-06 3.48E-05 4.50E-06 1.11E-03 1.14E-05 

GW 1.17E+04 1.95E+04 3.25E+03 1.34E+01 3.67E+03 1.56E+01 8.84E+03 2.79E+03 

PS 2.51E+02 1.50E+02 1.01E+02 4.29E-01 2.31E+01 5.63E-01 2.85E+02 1.68E+01 

AC 2.32E+01 1.03E+01 9.51E+00 4.74E-02 1.42E+00 5.91E-02 3.66E+01 1.09E+00 

EU 1.26E+01 4.69E+00 1.64E+00 4.38E-02 4.15E-01 5.62E-02 7.26E+00 1.66E-01 

HHC 1.52E-04 8.62E-05 2.41E-05 5.36E-07 1.16E-05 6.74E-07 1.27E-04 7.19E-06 

HHNC 6.83E-04 2.83E-04 1.70E-04 2.34E-06 3.78E-05 2.97E-06 6.31E-04 2.35E-05 

RE 5.30E+00 1.97E+00 7.46E-01 6.11E-03 1.09E-01 7.70E-03 4.13E+00 7.45E-02 

EC 2.18E+04 6.98E+03 6.01E+03 8.32E+01 7.52E+02 1.06E+02 2.12E+04 3.57E+02 

FF 3.78E+03 1.83E+03 1.52E+03 3.54E+01 3.69E+02 4.35E+01 1.76E+04 1.76E+02 

CED 1.19E+06 3.56E+06 1.99E+05 4.34E+02 6.88E+05 5.34E+02 5.85E+05 5.29E+05 

N
a

tu
ra

l 
g

a
s 

OD 1.61E-02 4.92E-02 2.75E-03 4.64E-06 9.53E-03 5.88E-06 7.42E-03 7.32E-03 

GW 1.56E+05 4.69E+05 2.69E+04 2.42E+01 9.06E+04 2.82E+01 6.66E+04 6.97E+04 

PS 3.31E+03 9.70E+03 6.04E+02 6.57E-01 1.87E+03 8.31E-01 1.51E+03 1.44E+03 

AC 4.76E+02 1.42E+03 8.38E+01 8.12E-02 2.75E+02 9.88E-02 2.18E+02 2.12E+02 

EU 4.58E+01 1.08E+02 7.09E+00 4.63E-02 2.04E+01 5.91E-02 2.06E+01 1.56E+01 

HHC 1.03E-03 2.83E-03 1.68E-04 6.01E-07 5.42E-04 7.51E-07 4.80E-04 4.16E-04 

HHNC 5.41E-03 1.50E-02 9.45E-04 2.69E-06 2.89E-03 3.38E-06 2.53E-03 2.22E-03 

RE 3.82E+01 1.05E+02 6.14E+00 8.56E-03 2.00E+01 1.06E-02 1.73E+01 1.54E+01 

EC 1.38E+05 3.69E+05 2.51E+04 9.19E+01 7.08E+04 1.16E+02 6.78E+04 5.43E+04 

FF 3.93E+05 1.21E+06 6.53E+04 6.44E+01 2.35E+05 7.75E+01 1.73E+05 1.81E+05 

CED 2.69E+06 8.24E+06 4.45E+05 5.46E+02 1.59E+06 6.66E+02 1.19E+06 1.23E+06 

N
u

cl
ea

r
 

OD 3.61E-04 7.17E-05 1.70E-04 3.47E-06 2.24E-05 4.50E-06 1.10E-03 1.85E-06 

GW 8.59E+03 9.66E+03 2.74E+03 1.32E+01 1.76E+03 1.53E+01 7.57E+03 1.32E+03 

PS 6.43E+02 1.37E+03 1.66E+02 4.58E-01 2.60E+02 5.97E-01 4.42E+02 1.99E+02 

AC 8.95E+01 2.17E+02 2.04E+01 5.23E-02 4.14E+01 6.49E-02 6.32E+01 3.19E+01 

EU 1.33E+01 6.73E+00 1.75E+00 4.38E-02 8.10E-01 5.63E-02 7.52E+00 4.70E-01 

HHC 1.46E-04 6.48E-05 2.29E-05 5.35E-07 7.50E-06 6.74E-07 1.24E-04 4.00E-06 

HHNC 1.02E-03 1.33E-03 2.25E-04 2.36E-06 2.40E-04 3.00E-06 7.65E-04 1.79E-04 
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 IC S-CVD1 S-CVD2 S-HiPCO1 S-HiPCO2* S-CoMoCat1 S-CoMoCat2* S-AP S-LV 

RE 8.70E+00 1.26E+01 1.30E+00 6.36E-03 2.16E+00 8.00E-03 5.50E+00 1.66E+00 

EC 3.34E+04 4.32E+04 7.92E+03 8.41E+01 7.77E+03 1.07E+02 2.59E+04 5.76E+03 

FF 5.89E+03 8.42E+03 1.87E+03 3.56E+01 1.64E+03 4.37E+01 1.84E+04 1.16E+03 

CED 9.53E+04 1.40E+05 1.85E+04 3.52E+02 2.60E+04 4.38E+02 1.45E+05 1.88E+04 

C
o

a
l 

OD 3.66E-03 1.04E-02 7.11E-04 3.71E-06 2.01E-03 4.79E-06 2.42E-03 1.53E-03 

GW 2.62E+05 8.01E+05 4.44E+04 3.21E+01 1.55E+05 3.75E+01 1.09E+05 1.19E+05 

PS 2.12E+04 6.54E+04 3.53E+03 1.99E+00 1.26E+04 2.39E+00 8.67E+03 9.74E+03 

AC 2.22E+03 6.85E+03 3.69E+02 2.11E-01 1.32E+03 2.51E-01 9.16E+02 1.02E+03 

EU 1.28E+03 3.96E+03 2.10E+02 1.38E-01 7.65E+02 1.67E-01 5.16E+02 5.89E+02 

HHC 1.47E-02 4.54E-02 2.41E-03 1.62E-06 8.77E-03 1.94E-06 5.95E-03 6.75E-03 

HHNC 5.05E-02 1.56E-01 8.35E-03 6.05E-06 3.01E-02 7.33E-06 2.06E-02 2.32E-02 

RE 2.03E+02 6.18E+02 3.32E+01 2.08E-02 1.19E+02 2.50E-02 8.34E+01 9.19E+01 

EC 1.28E+06 3.92E+06 2.12E+05 1.77E+02 7.57E+05 2.15E+02 5.24E+05 5.83E+05 

FF 4.30E+04 1.24E+05 7.96E+03 3.83E+01 2.40E+04 4.69E+01 3.33E+04 1.84E+04 

CED 2.91E+06 8.93E+06 4.81E+05 5.62E+02 1.73E+06 6.85E+02 1.27E+06 1.33E+06 

O
il

 

OD 5.63E-02 1.74E-01 9.34E-03 7.64E-06 3.37E-02 9.39E-06 2.35E-02 2.60E-02 

GW 2.40E+05 7.30E+05 4.07E+04 3.04E+01 1.41E+05 3.55E+01 1.00E+05 1.09E+05 

PS 1.94E+04 5.97E+04 3.24E+03 1.85E+00 1.15E+04 2.23E+00 7.94E+03 8.89E+03 

AC 1.89E+03 5.84E+03 3.16E+02 1.87E-01 1.13E+03 2.23E-01 7.86E+02 8.70E+02 

EU 1.75E+02 5.12E+02 2.84E+01 5.59E-02 9.86E+01 7.05E-02 7.25E+01 7.58E+01 

HHC 1.58E-03 4.54E-03 2.58E-04 6.42E-07 8.73E-04 7.99E-07 6.99E-04 6.70E-04 

HHNC 8.20E-03 2.37E-02 1.40E-03 2.90E-06 4.57E-03 3.63E-06 3.64E-03 3.52E-03 

RE 1.34E+02 4.04E+02 2.19E+01 1.57E-02 7.78E+01 1.90E-02 5.58E+01 5.99E+01 

EC 2.88E+05 8.36E+05 4.97E+04 1.03E+02 1.61E+05 1.29E+02 1.28E+05 1.24E+05 

FF 4.96E+05 1.54E+06 8.22E+04 7.21E+01 2.97E+05 8.65E+01 2.15E+05 2.29E+05 

CED 3.55E+06 1.09E+07 5.86E+05 6.10E+02 2.11E+06 7.41E+02 1.53E+06 1.62E+06 

 

Table B36. Different electricity scenarios and their corresponding environmental impacts for 

MWCNTs production. 

 IC M-CVD1 M-CVD2 M-CVD3 M-CVD4 M-CVD5 M-CVD6* M-AP 

G
ri

d
 E

le
ct

ri
ci

ty
 (

b
a

se
 c

a
se

) 

        

OD 4.09E-07 9.73E-05 1.29E-04 1.00E-05 1.61E-06 2.98E-05 6.67E-08 

GW 2.12E+02 4.45E+02 4.13E+03 7.04E+02 2.65E+02 1.50E+02 1.44E+01 

PS 1.42E+01 2.88E+01 2.68E+02 7.40E+01 1.93E+01 1.04E+01 9.66E-01 

AC 1.81E+00 2.41E+00 3.31E+01 5.33E+00 2.20E+00 1.13E+00 1.24E-01 

EU 5.12E-02 1.44E+00 3.45E+00 6.33E-01 1.30E-01 1.34E-01 2.20E-03 

HHC 6.72E-07 1.79E-05 4.18E-05 6.36E-06 1.66E-06 2.98E-06 3.15E-08 

HHNC 7.78E-06 1.23E-04 2.59E-04 2.79E-05 1.21E-05 1.84E-05 4.78E-07 

RE 9.90E-02 2.28E-01 2.66E+00 4.33E-01 1.50E-01 8.48E-02 6.21E-03 
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 IC M-CVD1 M-CVD2 M-CVD3 M-CVD4 M-CVD5 M-CVD6* M-AP 

EC 1.22E+02 3.15E+03 6.81E+03 8.72E+02 2.50E+02 6.56E+02 6.30E+00 

FF 1.34E+02 1.18E+03 2.90E+03 4.48E+02 1.67E+02 2.12E+02 9.57E+00 

CED 2.98E+03 1.19E+04 6.12E+04 1.02E+04 3.73E+03 2.94E+03 2.05E+02 

S
o

la
r
 

          

OD 6.58E-06 1.01E-04 2.32E-04 2.61E-05 8.82E-06 3.29E-05 4.93E-07 

GW 3.84E+01 3.31E+02 1.24E+03 2.51E+02 6.14E+01 6.18E+01 2.42E+00 

PS 2.15E+00 2.09E+01 6.78E+01 4.27E+01 5.26E+00 4.30E+00 1.33E-01 

AC 2.32E-01 1.38E+00 6.85E+00 1.23E+00 3.54E-01 3.32E-01 1.47E-02 

EU 2.39E-01 1.56E+00 6.58E+00 1.12E+00 3.49E-01 2.29E-01 1.52E-02 

HHC 4.20E-06 2.02E-05 1.00E-04 1.55E-05 5.78E-06 4.76E-06 2.75E-07 

HHNC 3.21E-05 1.39E-04 6.63E-04 9.11E-05 4.05E-05 3.07E-05 2.16E-06 

RE 6.90E-02 2.08E-01 2.16E+00 3.54E-01 1.15E-01 6.96E-02 4.13E-03 

EC 2.30E+03 4.58E+03 4.30E+04 6.53E+03 2.79E+03 1.76E+03 1.57E+02 

FF 3.29E+01 1.11E+03 1.22E+03 1.84E+02 4.92E+01 1.61E+02 2.57E+00 

CED 1.62E+03 1.11E+04 3.86E+04 6.63E+03 2.14E+03 2.25E+03 1.11E+02 

W
in

d
 

          

OD 1.81E-06 9.82E-05 1.53E-04 1.37E-05 3.24E-06 3.05E-05 1.64E-07 

GW 1.47E+01 3.15E+02 8.45E+02 1.90E+02 3.37E+01 4.98E+01 7.76E-01 

PS 9.67E-01 2.02E+01 4.81E+01 3.96E+01 3.88E+00 3.70E+00 5.18E-02 

AC 1.06E-01 1.29E+00 4.76E+00 9.00E-01 2.07E-01 2.68E-01 6.01E-03 

EU 1.33E-01 1.49E+00 4.82E+00 8.47E-01 2.26E-01 1.76E-01 7.88E-03 

HHC 3.98E-06 2.01E-05 9.69E-05 1.50E-05 5.53E-06 4.65E-06 2.60E-07 

HHNC 2.57E-05 1.35E-04 5.57E-04 7.44E-05 3.30E-05 2.74E-05 1.71E-06 

RE 2.89E-02 1.82E-01 1.49E+00 2.50E-01 6.82E-02 4.94E-02 1.36E-03 

EC 5.85E+03 6.91E+03 1.02E+05 1.58E+04 6.94E+03 3.55E+03 4.02E+02 

FF 1.33E+01 1.10E+03 8.89E+02 1.33E+02 2.63E+01 1.51E+02 1.22E+00 

CED 1.23E+03 1.08E+04 3.22E+04 5.63E+03 1.69E+03 2.06E+03 8.39E+01 

H
y

d
ro

 

          

OD 4.29E-07 9.73E-05 1.30E-04 1.01E-05 1.63E-06 2.98E-05 6.81E-08 

GW 1.26E+01 3.14E+02 8.10E+02 1.84E+02 3.12E+01 4.87E+01 6.30E-01 

PS 3.61E-01 1.98E+01 3.81E+01 3.80E+01 3.17E+00 3.40E+00 9.96E-03 

AC 3.32E-02 1.25E+00 3.55E+00 7.11E-01 1.22E-01 2.31E-01 9.66E-04 

EU 2.63E-02 1.42E+00 3.04E+00 5.69E-01 1.01E-01 1.22E-01 4.80E-04 

HHC 3.05E-07 1.76E-05 3.57E-05 5.41E-06 1.24E-06 2.80E-06 6.09E-09 

HHNC 1.22E-06 1.19E-04 1.50E-04 1.08E-05 4.46E-06 1.51E-05 2.48E-08 

RE 1.29E-02 1.72E-01 1.23E+00 2.09E-01 4.94E-02 4.12E-02 2.52E-04 

EC 4.19E+01 3.10E+03 5.48E+03 6.64E+02 1.57E+02 6.16E+02 7.79E-01 

FF 4.60E+00 1.09E+03 7.45E+02 1.11E+02 1.62E+01 1.47E+02 6.19E-01 

CED 1.32E+03 1.09E+04 3.36E+04 5.86E+03 1.79E+03 2.10E+03 9.01E+01 

N
a

tu

ra
l 

g
a

s           

OD 1.74E-05 1.09E-04 4.13E-04 5.43E-05 2.15E-05 3.84E-05 1.24E-06 

GW 1.68E+02 4.16E+02 3.40E+03 5.89E+02 2.13E+02 1.27E+02 1.14E+01 
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 IC M-CVD1 M-CVD2 M-CVD3 M-CVD4 M-CVD5 M-CVD6* M-AP 

PS 3.67E+00 2.19E+01 9.31E+01 4.67E+01 7.04E+00 5.07E+00 2.39E-01 

AC 5.23E-01 1.57E+00 1.17E+01 1.98E+00 6.94E-01 4.79E-01 3.48E-02 

EU 6.22E-02 1.45E+00 3.64E+00 6.62E-01 1.43E-01 1.40E-01 2.96E-03 

HHC 1.26E-06 1.83E-05 5.15E-05 7.88E-06 2.35E-06 3.28E-06 7.18E-08 

HHNC 6.33E-06 1.23E-04 2.35E-04 2.41E-05 1.04E-05 1.77E-05 3.78E-07 

RE 4.85E-02 1.95E-01 1.82E+00 3.01E-01 9.10E-02 5.92E-02 2.71E-03 

EC 1.68E+02 3.18E+03 7.57E+03 9.90E+02 3.03E+02 6.79E+02 9.46E+00 

FF 4.25E+02 1.37E+03 7.73E+03 1.20E+03 5.07E+02 3.59E+02 2.97E+01 

CED 2.95E+03 1.19E+04 6.06E+04 1.01E+04 3.68E+03 2.92E+03 2.02E+02 

N
u

cl
ea

r
 

          

OD 4.07E-07 9.73E-05 1.29E-04 1.00E-05 1.60E-06 2.97E-05 6.66E-08 

GW 9.19E+00 3.11E+02 7.53E+02 1.75E+02 2.73E+01 4.70E+01 3.94E-01 

PS 7.85E-01 2.00E+01 4.51E+01 3.91E+01 3.67E+00 3.61E+00 3.93E-02 

AC 1.05E-01 1.29E+00 4.74E+00 8.97E-01 2.06E-01 2.68E-01 5.92E-03 

EU 2.70E-02 1.42E+00 3.05E+00 5.70E-01 1.01E-01 1.22E-01 5.29E-04 

HHC 2.97E-07 1.76E-05 3.56E-05 5.39E-06 1.23E-06 2.79E-06 5.58E-09 

HHNC 1.58E-06 1.19E-04 1.56E-04 1.18E-05 4.88E-06 1.53E-05 4.98E-08 

RE 1.66E-02 1.74E-01 1.29E+00 2.18E-01 5.37E-02 4.31E-02 5.07E-04 

EC 5.45E+01 3.11E+03 5.69E+03 6.97E+02 1.71E+02 6.22E+02 1.65E+00 

FF 6.88E+00 1.09E+03 7.83E+02 1.17E+02 1.88E+01 1.48E+02 7.77E-01 

CED 1.36E+02 1.01E+04 1.39E+04 2.77E+03 4.04E+02 1.50E+03 8.00E+00 

C
o

a
l 

          

OD 3.97E-06 9.97E-05 1.89E-04 1.93E-05 5.77E-06 3.16E-05 3.13E-07 

GW 2.84E+02 4.91E+02 5.32E+03 8.89E+02 3.48E+02 1.86E+02 1.94E+01 

PS 2.30E+01 3.46E+01 4.14E+02 9.69E+01 2.96E+01 1.48E+01 1.57E+00 

AC 2.40E+00 2.80E+00 4.30E+01 6.88E+00 2.89E+00 1.43E+00 1.65E-01 

EU 1.40E+00 2.32E+00 2.58E+01 4.13E+00 1.70E+00 8.15E-01 9.53E-02 

HHC 1.60E-05 2.79E-05 2.97E-04 4.62E-05 1.96E-05 1.07E-05 1.09E-06 

HHNC 5.51E-05 1.55E-04 1.05E-03 1.51E-04 6.74E-05 4.23E-05 3.75E-06 

RE 2.27E-01 3.12E-01 4.78E+00 7.64E-01 2.99E-01 1.49E-01 1.50E-02 

EC 1.40E+03 3.99E+03 2.80E+04 4.19E+03 1.74E+03 1.30E+03 9.45E+01 

FF 4.71E+01 1.12E+03 1.45E+03 2.21E+02 6.58E+01 1.68E+02 3.55E+00 

CED 3.18E+03 1.21E+04 6.46E+04 1.07E+04 3.96E+03 3.04E+03 2.19E+02 

O
il

 

          

OD 6.09E-05 1.37E-04 1.13E-03 1.67E-04 7.22E-05 6.03E-05 4.24E-06 

GW 2.59E+02 4.75E+02 4.91E+03 8.25E+02 3.19E+02 1.73E+02 1.77E+01 

PS 2.10E+01 3.33E+01 3.82E+02 9.18E+01 2.73E+01 1.38E+01 1.44E+00 

AC 2.06E+00 2.57E+00 3.72E+01 5.97E+00 2.48E+00 1.25E+00 1.41E-01 

EU 2.02E-01 1.54E+00 5.97E+00 1.03E+00 3.06E-01 2.10E-01 1.26E-02 

HHC 1.85E-06 1.87E-05 6.14E-05 9.42E-06 3.04E-06 3.58E-06 1.13E-07 

HHNC 9.35E-06 1.25E-04 2.85E-04 3.20E-05 1.40E-05 1.92E-05 5.87E-07 
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 IC M-CVD1 M-CVD2 M-CVD3 M-CVD4 M-CVD5 M-CVD6* M-AP 

RE 1.52E-01 2.63E-01 3.54E+00 5.71E-01 2.12E-01 1.12E-01 9.88E-03 

EC 3.30E+02 3.29E+03 1.03E+04 1.41E+03 4.93E+02 7.61E+02 2.07E+01 

FF 5.37E+02 1.44E+03 9.59E+03 1.49E+03 6.38E+02 4.16E+02 3.74E+01 

CED 3.88E+03 1.25E+04 7.61E+04 1.25E+04 4.77E+03 3.39E+03 2.66E+02 
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Table B37. Projected global warming (GW) with and without scaling up approach for 

pessimistic production estimations of SWCNTs, MWCNTs and total CNTs (σ represents 

standard deviation). 

Global Warming (tons CO2-eq./year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.81E+07 9.09E+04 4.48E+05 4.62E+04 1.85E+07 1.02E+05 

2019 1.91E+07 9.58E+04 4.73E+05 4.87E+04 1.96E+07 1.07E+05 

2020 1.98E+07 9.93E+04 4.90E+05 5.05E+04 2.03E+07 1.11E+05 

2021 2.09E+07 1.05E+05 5.17E+05 5.33E+04 2.14E+07 1.18E+05 

2022 2.19E+07 1.10E+05 5.42E+05 5.58E+04 2.24E+07 1.23E+05 

2023 2.25E+07 1.13E+05 5.59E+05 5.76E+04 2.31E+07 1.27E+05 

2024 2.37E+07 1.19E+05 5.86E+05 6.04E+04 2.43E+07 1.33E+05 

2025 2.55E+07 1.28E+05 6.31E+05 6.50E+04 2.61E+07 1.44E+05 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 2.42E+06 4.01E+04 9.23E+04 1.82E+04 2.51E+06 4.40E+04 

2019 2.55E+06 4.23E+04 9.73E+04 1.92E+04 2.65E+06 4.65E+04 

2020 2.65E+06 4.38E+04 1.01E+05 1.99E+04 2.75E+06 4.81E+04 

2021 2.80E+06 4.63E+04 1.06E+05 2.10E+04 2.91E+06 5.08E+04 

2022 2.93E+06 4.85E+04 1.11E+05 2.20E+04 3.04E+06 5.33E+04 

2023 3.02E+06 5.00E+04 1.15E+05 2.27E+04 3.14E+06 5.49E+04 

2024 3.17E+06 5.25E+04 1.21E+05 2.38E+04 3.29E+06 5.76E+04 

2025 3.41E+06 5.65E+04 1.30E+05 2.57E+04 3.54E+06 6.21E+04 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 2.39E+06 7.85E+04 1.98E+05 3.44E+04 2.59E+06 8.57E+04 

2019 2.52E+06 8.27E+04 2.08E+05 3.62E+04 2.73E+06 9.03E+04 

2020 2.62E+06 8.57E+04 2.16E+05 3.76E+04 2.84E+06 9.36E+04 

2021 2.76E+06 9.05E+04 2.28E+05 3.97E+04 2.99E+06 9.88E+04 

2022 2.89E+06 9.48E+04 2.39E+05 4.15E+04 3.13E+06 1.03E+05 

2023 2.98E+06 9.78E+04 2.46E+05 4.29E+04 3.23E+06 1.07E+05 

2024 3.13E+06 1.03E+05 2.58E+05 4.50E+04 3.39E+06 1.12E+05 

2025 3.37E+06 1.10E+05 2.78E+05 4.84E+04 3.65E+06 1.20E+05 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 2.78E+06 1.41E+04 7.85E+04 7.67E+03 2.86E+06 1.61E+04 

2019 2.93E+06 1.48E+04 8.27E+04 8.08E+03 3.01E+06 1.69E+04 

2020 3.04E+06 1.54E+04 8.57E+04 8.37E+03 3.13E+06 1.75E+04 

2021 3.21E+06 1.62E+04 9.06E+04 8.85E+03 3.30E+06 1.85E+04 

2022 3.36E+06 1.70E+04 9.48E+04 9.26E+03 3.45E+06 1.94E+04 

2023 3.47E+06 1.75E+04 9.78E+04 9.55E+03 3.57E+06 1.99E+04 

2024 3.64E+06 1.84E+04 1.03E+05 1.00E+04 3.74E+06 2.09E+04 

2025 3.92E+06 1.98E+04 1.10E+05 1.08E+04 4.03E+06 2.26E+04 
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Table B38. Projected global warming (GW) with and without scaling up approach for optimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Global Warming (tons CO2-eq./year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 9.19E+07 4.62E+05 2.28E+06 2.35E+05 9.42E+07 5.18E+05 

2019 9.74E+07 4.90E+05 2.41E+06 2.49E+05 9.98E+07 5.50E+05 

2020 1.04E+08 5.25E+05 2.59E+06 2.67E+05 1.07E+08 5.89E+05 

2021 1.11E+08 5.60E+05 2.76E+06 2.84E+05 1.14E+08 6.28E+05 

2022 1.20E+08 6.01E+05 2.97E+06 3.06E+05 1.23E+08 6.74E+05 

2023 1.59E+08 7.97E+05 3.93E+06 4.05E+05 1.63E+08 8.94E+05 

2024 1.70E+08 8.53E+05 4.21E+06 4.34E+05 1.74E+08 9.57E+05 

2025 1.95E+08 9.79E+05 4.83E+06 4.98E+05 2.00E+08 1.10E+06 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.23E+07 2.04E+05 4.69E+05 9.25E+04 1.28E+07 2.24E+05 

2019 1.30E+07 2.16E+05 4.97E+05 9.81E+04 1.35E+07 2.37E+05 

2020 1.40E+07 2.31E+05 5.32E+05 1.05E+05 1.45E+07 2.54E+05 

2021 1.49E+07 2.47E+05 5.68E+05 1.12E+05 1.55E+07 2.71E+05 

2022 1.60E+07 2.65E+05 6.10E+05 1.21E+05 1.66E+07 2.91E+05 

2023 2.12E+07 3.52E+05 8.09E+05 1.60E+05 2.20E+07 3.87E+05 

2024 2.27E+07 3.76E+05 8.66E+05 1.71E+05 2.36E+07 4.13E+05 

2025 2.61E+07 4.32E+05 9.94E+05 1.96E+05 2.71E+07 4.74E+05 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.22E+07 3.98E+05 1.00E+06 1.75E+05 1.32E+07 4.35E+05 

2019 1.29E+07 4.22E+05 1.06E+06 1.85E+05 1.40E+07 4.61E+05 

2020 1.38E+07 4.53E+05 1.14E+06 1.98E+05 1.49E+07 4.94E+05 

2021 1.47E+07 4.83E+05 1.22E+06 2.12E+05 1.59E+07 5.27E+05 

2022 1.58E+07 5.19E+05 1.31E+06 2.27E+05 1.71E+07 5.66E+05 

2023 2.10E+07 6.88E+05 1.73E+06 3.02E+05 2.27E+07 7.51E+05 

2024 2.25E+07 7.36E+05 1.85E+06 3.23E+05 2.44E+07 8.04E+05 

2025 2.58E+07 8.45E+05 2.13E+06 3.70E+05 2.79E+07 9.22E+05 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.41E+07 7.14E+04 3.98E+05 3.89E+04 1.45E+07 8.13E+04 

2019 1.50E+07 7.57E+04 4.23E+05 4.13E+04 1.54E+07 8.62E+04 

2020 1.61E+07 8.11E+04 4.53E+05 4.42E+04 1.66E+07 9.24E+04 

2021 1.71E+07 8.65E+04 4.83E+05 4.72E+04 1.76E+07 9.85E+04 

2022 1.84E+07 9.30E+04 5.19E+05 5.07E+04 1.89E+07 1.06E+05 

2023 2.44E+07 1.23E+05 6.88E+05 6.72E+04 2.51E+07 1.40E+05 

2024 2.61E+07 1.32E+05 7.37E+05 7.19E+04 2.68E+07 1.50E+05 

2025 3.00E+07 1.51E+05 8.45E+05 8.26E+04 3.08E+07 1.72E+05 
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Table B39. Projected acidification (AC) with and without scaling up approach for pessimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Acidification (tons SO2-eq./year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.55E+05 4.77E+02 3.47E+03 2.25E+02 1.58E+05 5.27E+02 

2019 1.63E+05 5.03E+02 3.65E+03 2.37E+02 1.67E+05 5.56E+02 

2020 1.69E+05 5.21E+02 3.79E+03 2.46E+02 1.73E+05 5.76E+02 

2021 1.79E+05 5.51E+02 4.00E+03 2.60E+02 1.83E+05 6.09E+02 

2022 1.87E+05 5.76E+02 4.19E+03 2.72E+02 1.91E+05 6.37E+02 

2023 1.93E+05 5.95E+02 4.32E+03 2.81E+02 1.97E+05 6.58E+02 

2024 2.03E+05 6.24E+02 4.53E+03 2.94E+02 2.08E+05 6.90E+02 

2025 2.18E+05 6.72E+02 4.88E+03 3.17E+02 2.23E+05 7.43E+02 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 2.04E+04 1.50E+02 6.49E+02 9.41E+01 2.10E+04 1.77E+02 

2019 2.15E+04 1.58E+02 6.84E+02 9.92E+01 2.22E+04 1.87E+02 

2020 2.23E+04 1.64E+02 7.09E+02 1.03E+02 2.30E+04 1.94E+02 

2021 2.36E+04 1.73E+02 7.49E+02 1.09E+02 2.43E+04 2.04E+02 

2022 2.47E+04 1.81E+02 7.84E+02 1.14E+02 2.55E+04 2.14E+02 

2023 2.55E+04 1.87E+02 8.09E+02 1.17E+02 2.63E+04 2.21E+02 

2024 2.67E+04 1.96E+02 8.49E+02 1.23E+02 2.75E+04 2.31E+02 

2025 2.88E+04 2.11E+02 9.13E+02 1.33E+02 2.97E+04 2.49E+02 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.80E+04 2.81E+02 8.62E+02 1.17E+02 1.89E+04 3.04E+02 

2019 1.90E+04 2.96E+02 9.09E+02 1.23E+02 1.99E+04 3.21E+02 

2020 1.97E+04 3.07E+02 9.42E+02 1.28E+02 2.06E+04 3.33E+02 

2021 2.08E+04 3.24E+02 9.95E+02 1.35E+02 2.18E+04 3.51E+02 

2022 2.18E+04 3.39E+02 1.04E+03 1.41E+02 2.28E+04 3.67E+02 

2023 2.25E+04 3.50E+02 1.07E+03 1.46E+02 2.36E+04 3.79E+02 

2024 2.36E+04 3.67E+02 1.13E+03 1.53E+02 2.47E+04 3.98E+02 

2025 2.54E+04 3.95E+02 1.21E+03 1.65E+02 2.66E+04 4.28E+02 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 2.39E+04 7.39E+01 6.05E+02 3.81E+01 2.45E+04 8.31E+01 

2019 2.51E+04 7.79E+01 6.37E+02 4.02E+01 2.57E+04 8.77E+01 

2020 2.61E+04 8.08E+01 6.61E+02 4.17E+01 2.68E+04 9.09E+01 

2021 2.75E+04 8.53E+01 6.98E+02 4.40E+01 2.82E+04 9.60E+01 

2022 2.88E+04 8.93E+01 7.30E+02 4.61E+01 2.95E+04 1.00E+02 

2023 2.97E+04 9.21E+01 7.54E+02 4.75E+01 3.05E+04 1.04E+02 

2024 3.12E+04 9.67E+01 7.91E+02 4.99E+01 3.20E+04 1.09E+02 

2025 3.36E+04 1.04E+02 8.51E+02 5.37E+01 3.45E+04 1.17E+02 
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Table B40. Projected acidification (AC) with and without scaling up approach for optimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Acidification (tons SO2-eq./year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 7.87E+05 2.42E+03 1.76E+04 1.14E+03 8.05E+05 2.68E+03 

2019 8.35E+05 2.57E+03 1.87E+04 1.21E+03 8.54E+05 2.84E+03 

2020 8.94E+05 2.75E+03 2.00E+04 1.30E+03 9.14E+05 3.04E+03 

2021 9.54E+05 2.94E+03 2.13E+04 1.39E+03 9.75E+05 3.25E+03 

2022 1.03E+06 3.16E+03 2.29E+04 1.49E+03 1.05E+06 3.49E+03 

2023 1.36E+06 4.18E+03 3.04E+04 1.97E+03 1.39E+06 4.62E+03 

2024 1.45E+06 4.48E+03 3.25E+04 2.11E+03 1.48E+06 4.95E+03 

2025 1.67E+06 5.14E+03 3.73E+04 2.42E+03 1.71E+06 5.68E+03 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.04E+05 7.61E+02 3.29E+03 4.78E+02 1.07E+05 8.99E+02 

2019 1.10E+05 8.07E+02 3.49E+03 5.07E+02 1.13E+05 9.53E+02 

2020 1.18E+05 8.64E+02 3.74E+03 5.43E+02 1.22E+05 1.02E+03 

2021 1.26E+05 9.22E+02 3.99E+03 5.79E+02 1.30E+05 1.09E+03 

2022 1.35E+05 9.91E+02 4.29E+03 6.23E+02 1.39E+05 1.17E+03 

2023 1.79E+05 1.31E+03 5.69E+03 8.25E+02 1.85E+05 1.55E+03 

2024 1.92E+05 1.41E+03 6.09E+03 8.83E+02 1.98E+05 1.66E+03 

2025 2.20E+05 1.61E+03 6.99E+03 1.01E+03 2.27E+05 1.90E+03 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 9.16E+04 1.43E+03 4.38E+03 5.93E+02 9.60E+04 1.55E+03 

2019 9.72E+04 1.51E+03 4.64E+03 6.29E+02 1.02E+05 1.64E+03 

2020 1.04E+05 1.62E+03 4.98E+03 6.74E+02 1.09E+05 1.75E+03 

2021 1.11E+05 1.73E+03 5.31E+03 7.19E+02 1.16E+05 1.87E+03 

2022 1.19E+05 1.86E+03 5.71E+03 7.73E+02 1.25E+05 2.01E+03 

2023 1.58E+05 2.46E+03 7.56E+03 1.03E+03 1.66E+05 2.67E+03 

2024 1.69E+05 2.63E+03 8.09E+03 1.10E+03 1.77E+05 2.85E+03 

2025 1.94E+05 3.02E+03 9.29E+03 1.26E+03 2.03E+05 3.27E+03 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.21E+05 3.75E+02 3.07E+03 1.94E+02 1.24E+05 4.22E+02 

2019 1.28E+05 3.98E+02 3.26E+03 2.05E+02 1.31E+05 4.48E+02 

2020 1.38E+05 4.27E+02 3.49E+03 2.20E+02 1.41E+05 4.80E+02 

2021 1.47E+05 4.55E+02 3.72E+03 2.35E+02 1.51E+05 5.12E+02 

2022 1.58E+05 4.89E+02 4.00E+03 2.52E+02 1.62E+05 5.50E+02 

2023 2.09E+05 6.48E+02 5.30E+03 3.34E+02 2.14E+05 7.29E+02 

2024 2.24E+05 6.94E+02 5.68E+03 3.58E+02 2.30E+05 7.81E+02 

2025 2.57E+05 7.96E+02 6.51E+03 4.11E+02 2.64E+05 8.96E+02 



 

 

291 

 

Table B41. Projected eutrophication (EU) with and without scaling up approach for pessimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Eutrophication (tons N-eq./year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 2.72E+03 4.26E+02 5.39E+02 3.78E+02 3.26E+03 5.70E+02 

2019 2.87E+03 4.49E+02 5.68E+02 3.99E+02 3.44E+03 6.01E+02 

2020 2.98E+03 4.66E+02 5.89E+02 4.13E+02 3.57E+03 6.23E+02 

2021 3.14E+03 4.92E+02 6.22E+02 4.36E+02 3.76E+03 6.57E+02 

2022 3.29E+03 5.15E+02 6.51E+02 4.57E+02 3.94E+03 6.89E+02 

2023 3.39E+03 5.31E+02 6.72E+02 4.71E+02 4.06E+03 7.10E+02 

2024 3.56E+03 5.57E+02 7.05E+02 4.95E+02 4.27E+03 7.45E+02 

2025 3.83E+03 6.00E+02 7.59E+02 5.32E+02 4.59E+03 8.02E+02 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 4.66E+02 1.36E+02 2.16E+02 1.64E+02 6.82E+02 2.13E+02 

2019 4.91E+02 1.43E+02 2.28E+02 1.73E+02 7.19E+02 2.24E+02 

2020 5.09E+02 1.49E+02 2.36E+02 1.79E+02 7.45E+02 2.33E+02 

2021 5.38E+02 1.57E+02 2.50E+02 1.89E+02 7.88E+02 2.46E+02 

2022 5.63E+02 1.64E+02 2.61E+02 1.98E+02 8.24E+02 2.57E+02 

2023 5.81E+02 1.70E+02 2.70E+02 2.04E+02 8.51E+02 2.66E+02 

2024 6.09E+02 1.78E+02 2.83E+02 2.14E+02 8.92E+02 2.78E+02 

2025 6.56E+02 1.92E+02 3.05E+02 2.31E+02 9.61E+02 3.00E+02 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 6.60E+02 2.38E+02 4.68E+02 2.39E+02 1.13E+03 3.37E+02 

2019 6.96E+02 2.51E+02 4.93E+02 2.52E+02 1.19E+03 3.56E+02 

2020 7.21E+02 2.61E+02 5.11E+02 2.61E+02 1.23E+03 3.69E+02 

2021 7.62E+02 2.75E+02 5.39E+02 2.76E+02 1.30E+03 3.90E+02 

2022 7.97E+02 2.88E+02 5.65E+02 2.89E+02 1.36E+03 4.08E+02 

2023 8.23E+02 2.97E+02 5.83E+02 2.98E+02 1.41E+03 4.21E+02 

2024 8.63E+02 3.12E+02 6.11E+02 3.12E+02 1.47E+03 4.41E+02 

2025 9.29E+02 3.36E+02 6.58E+02 3.36E+02 1.59E+03 4.75E+02 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 4.21E+02 6.69E+01 9.37E+01 6.54E+01 5.15E+02 9.36E+01 

2019 4.44E+02 7.05E+01 9.87E+01 6.89E+01 5.43E+02 9.86E+01 

2020 4.60E+02 7.31E+01 1.02E+02 7.14E+01 5.62E+02 1.02E+02 

2021 4.86E+02 7.72E+01 1.08E+02 7.55E+01 5.94E+02 1.08E+02 

2022 5.08E+02 8.08E+01 1.13E+02 7.90E+01 6.21E+02 1.13E+02 

2023 5.25E+02 8.33E+01 1.17E+02 8.15E+01 6.42E+02 1.17E+02 

2024 5.51E+02 8.75E+01 1.22E+02 8.55E+01 6.73E+02 1.22E+02 

2025 5.93E+02 9.42E+01 1.32E+02 9.21E+01 7.25E+02 1.32E+02 
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Table B42. Projected eutrophication (EU) with and without scaling up approach for optimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Eutrophication (tons N-eq./year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.38E+04 2.16E+03 2.74E+03 1.92E+03 1.65E+04 2.89E+03 

2019 1.47E+04 2.30E+03 2.90E+03 2.04E+03 1.76E+04 3.07E+03 

2020 1.57E+04 2.46E+03 3.11E+03 2.18E+03 1.88E+04 3.29E+03 

2021 1.68E+04 2.62E+03 3.32E+03 2.33E+03 2.01E+04 3.51E+03 

2022 1.80E+04 2.82E+03 3.56E+03 2.50E+03 2.16E+04 3.77E+03 

2023 2.39E+04 3.74E+03 4.73E+03 3.32E+03 2.86E+04 5.00E+03 

2024 2.56E+04 4.00E+03 5.06E+03 3.55E+03 3.07E+04 5.35E+03 

2025 2.93E+04 4.59E+03 5.80E+03 4.07E+03 3.51E+04 6.13E+03 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 2.37E+03 6.91E+02 1.10E+03 8.32E+02 3.47E+03 1.08E+03 

2019 2.51E+03 7.33E+02 1.17E+03 8.82E+02 3.68E+03 1.15E+03 

2020 2.69E+03 7.85E+02 1.25E+03 9.45E+02 3.94E+03 1.23E+03 

2021 2.87E+03 8.37E+02 1.33E+03 1.01E+03 4.20E+03 1.31E+03 

2022 3.08E+03 9.00E+02 1.43E+03 1.08E+03 4.51E+03 1.41E+03 

2023 4.09E+03 1.19E+03 1.90E+03 1.44E+03 5.99E+03 1.87E+03 

2024 4.37E+03 1.28E+03 2.03E+03 1.54E+03 6.40E+03 2.00E+03 

2025 5.02E+03 1.47E+03 2.33E+03 1.76E+03 7.35E+03 2.29E+03 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 3.35E+03 1.21E+03 2.37E+03 1.21E+03 5.72E+03 1.71E+03 

2019 3.55E+03 1.28E+03 2.52E+03 1.29E+03 6.07E+03 1.82E+03 

2020 3.81E+03 1.38E+03 2.70E+03 1.38E+03 6.51E+03 1.95E+03 

2021 4.06E+03 1.47E+03 2.88E+03 1.47E+03 6.94E+03 2.08E+03 

2022 4.37E+03 1.58E+03 3.09E+03 1.58E+03 7.46E+03 2.23E+03 

2023 5.79E+03 2.09E+03 4.10E+03 2.10E+03 9.89E+03 2.96E+03 

2024 6.19E+03 2.24E+03 4.39E+03 2.24E+03 1.06E+04 3.17E+03 

2025 7.11E+03 2.57E+03 5.04E+03 2.57E+03 1.22E+04 3.63E+03 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 2.14E+03 3.40E+02 4.75E+02 3.32E+02 2.62E+03 4.75E+02 

2019 2.27E+03 3.60E+02 5.04E+02 3.52E+02 2.77E+03 5.03E+02 

2020 2.43E+03 3.86E+02 5.40E+02 3.77E+02 2.97E+03 5.40E+02 

2021 2.59E+03 4.12E+02 5.76E+02 4.02E+02 3.17E+03 5.76E+02 

2022 2.79E+03 4.42E+02 6.20E+02 4.33E+02 3.41E+03 6.19E+02 

2023 3.69E+03 5.87E+02 8.21E+02 5.73E+02 4.51E+03 8.20E+02 

2024 3.95E+03 6.28E+02 8.79E+02 6.14E+02 4.83E+03 8.78E+02 

2025 4.53E+03 7.20E+02 1.01E+03 7.04E+02 5.54E+03 1.01E+03 
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Table B43. Projected ecotoxicity (EC) with and without scaling up approach for pessimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Ecotoxicity (CTUe/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 8.08E+06 8.45E+05 1.01E+06 5.96E+05 9.09E+06 1.03E+06 

2019 8.51E+06 8.91E+05 1.07E+06 6.28E+05 9.58E+06 1.09E+06 

2020 8.82E+06 9.23E+05 1.11E+06 6.51E+05 9.93E+06 1.13E+06 

2021 9.32E+06 9.75E+05 1.17E+06 6.88E+05 1.05E+07 1.19E+06 

2022 9.75E+06 1.02E+06 1.23E+06 7.20E+05 1.10E+07 1.25E+06 

2023 1.01E+07 1.05E+06 1.26E+06 7.43E+05 1.14E+07 1.29E+06 

2024 1.06E+07 1.11E+06 1.33E+06 7.80E+05 1.19E+07 1.36E+06 

2025 1.14E+07 1.19E+06 1.43E+06 8.39E+05 1.28E+07 1.46E+06 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.32E+06 3.31E+05 4.36E+05 2.81E+05 1.76E+06 4.34E+05 

2019 1.39E+06 3.49E+05 4.59E+05 2.96E+05 1.85E+06 4.58E+05 

2020 1.44E+06 3.62E+05 4.76E+05 3.07E+05 1.92E+06 4.75E+05 

2021 1.52E+06 3.82E+05 5.03E+05 3.24E+05 2.02E+06 5.01E+05 

2022 1.60E+06 4.00E+05 5.26E+05 3.39E+05 2.13E+06 5.24E+05 

2023 1.65E+06 4.12E+05 5.43E+05 3.50E+05 2.19E+06 5.41E+05 

2024 1.73E+06 4.33E+05 5.70E+05 3.68E+05 2.30E+06 5.68E+05 

2025 1.86E+06 4.66E+05 6.13E+05 3.96E+05 2.47E+06 6.12E+05 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.93E+06 8.61E+05 7.93E+05 4.63E+05 2.72E+06 9.78E+05 

2019 2.03E+06 9.07E+05 8.35E+05 4.88E+05 2.87E+06 1.03E+06 

2020 2.11E+06 9.41E+05 8.66E+05 5.05E+05 2.98E+06 1.07E+06 

2021 2.23E+06 9.94E+05 9.14E+05 5.34E+05 3.14E+06 1.13E+06 

2022 2.33E+06 1.04E+06 9.57E+05 5.59E+05 3.29E+06 1.18E+06 

2023 2.40E+06 1.07E+06 9.88E+05 5.77E+05 3.39E+06 1.22E+06 

2024 2.52E+06 1.13E+06 1.04E+06 6.05E+05 3.56E+06 1.28E+06 

2025 2.71E+06 1.21E+06 1.12E+06 6.51E+05 3.83E+06 1.37E+06 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.25E+06 1.32E+05 2.10E+05 1.30E+05 1.46E+06 1.85E+05 

2019 1.31E+06 1.39E+05 2.21E+05 1.37E+05 1.53E+06 1.95E+05 

2020 1.36E+06 1.44E+05 2.29E+05 1.42E+05 1.59E+06 2.02E+05 

2021 1.44E+06 1.52E+05 2.42E+05 1.49E+05 1.68E+06 2.13E+05 

2022 1.50E+06 1.59E+05 2.53E+05 1.56E+05 1.75E+06 2.23E+05 

2023 1.55E+06 1.64E+05 2.62E+05 1.61E+05 1.81E+06 2.30E+05 

2024 1.63E+06 1.72E+05 2.74E+05 1.69E+05 1.90E+06 2.41E+05 

2025 1.75E+06 1.85E+05 2.95E+05 1.82E+05 2.05E+06 2.60E+05 
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Table B44. Projected ecotoxicity (EC) with and without scaling up approach for optimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Ecotoxicity (CTUe/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 4.10E+07 4.29E+06 5.15E+06 3.03E+06 4.62E+07 5.25E+06 

2019 4.35E+07 4.55E+06 5.46E+06 3.21E+06 4.90E+07 5.57E+06 

2020 4.66E+07 4.88E+06 5.85E+06 3.44E+06 5.25E+07 5.97E+06 

2021 4.97E+07 5.20E+06 6.25E+06 3.67E+06 5.60E+07 6.36E+06 

2022 5.34E+07 5.59E+06 6.71E+06 3.94E+06 6.01E+07 6.84E+06 

2023 7.08E+07 7.41E+06 8.90E+06 5.23E+06 7.97E+07 9.07E+06 

2024 7.58E+07 7.93E+06 9.52E+06 5.59E+06 8.53E+07 9.70E+06 

2025 8.70E+07 9.10E+06 1.09E+07 6.42E+06 9.79E+07 1.11E+07 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 6.71E+06 1.68E+06 2.21E+06 1.43E+06 8.92E+06 2.21E+06 

2019 7.11E+06 1.78E+06 2.35E+06 1.51E+06 9.46E+06 2.33E+06 

2020 7.62E+06 1.91E+06 2.51E+06 1.62E+06 1.01E+07 2.50E+06 

2021 8.13E+06 2.04E+06 2.68E+06 1.73E+06 1.08E+07 2.67E+06 

2022 8.74E+06 2.19E+06 2.88E+06 1.86E+06 1.16E+07 2.87E+06 

2023 1.16E+07 2.90E+06 3.82E+06 2.47E+06 1.54E+07 3.81E+06 

2024 1.24E+07 3.11E+06 4.09E+06 2.64E+06 1.65E+07 4.08E+06 

2025 1.42E+07 3.56E+06 4.69E+06 3.03E+06 1.89E+07 4.67E+06 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 9.79E+06 4.37E+06 4.02E+06 2.35E+06 1.38E+07 4.96E+06 

2019 1.04E+07 4.64E+06 4.27E+06 2.49E+06 1.47E+07 5.27E+06 

2020 1.11E+07 4.97E+06 4.57E+06 2.67E+06 1.57E+07 5.64E+06 

2021 1.19E+07 5.30E+06 4.88E+06 2.85E+06 1.68E+07 6.02E+06 

2022 1.28E+07 5.70E+06 5.24E+06 3.06E+06 1.80E+07 6.47E+06 

2023 1.69E+07 7.55E+06 6.95E+06 4.06E+06 2.39E+07 8.57E+06 

2024 1.81E+07 8.08E+06 7.44E+06 4.34E+06 2.55E+07 9.17E+06 

2025 2.08E+07 9.27E+06 8.53E+06 4.98E+06 2.93E+07 1.05E+07 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 6.32E+06 6.69E+05 1.07E+06 6.58E+05 7.39E+06 9.38E+05 

2019 6.71E+06 7.09E+05 1.13E+06 6.98E+05 7.84E+06 9.95E+05 

2020 7.19E+06 7.60E+05 1.21E+06 7.47E+05 8.40E+06 1.07E+06 

2021 7.67E+06 8.11E+05 1.29E+06 7.97E+05 8.96E+06 1.14E+06 

2022 8.24E+06 8.72E+05 1.39E+06 8.57E+05 9.63E+06 1.22E+06 

2023 1.09E+07 1.16E+06 1.84E+06 1.14E+06 1.27E+07 1.63E+06 

2024 1.17E+07 1.24E+06 1.97E+06 1.22E+06 1.37E+07 1.74E+06 

2025 1.34E+07 1.42E+06 2.26E+06 1.40E+06 1.57E+07 1.99E+06 
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Table B45. Projected carcinogenics (HHC) with and without scaling up approach for pessimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Carcinogenics (CTUh/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 4.12E-02 8.30E-03 7.77E-03 7.21E-03 4.90E-02 1.10E-02 

2019 4.35E-02 8.75E-03 8.18E-03 7.60E-03 5.17E-02 1.16E-02 

2020 4.50E-02 9.07E-03 8.48E-03 7.88E-03 5.35E-02 1.20E-02 

2021 4.76E-02 9.58E-03 8.96E-03 8.32E-03 5.66E-02 1.27E-02 

2022 4.98E-02 1.00E-02 9.38E-03 8.71E-03 5.92E-02 1.33E-02 

2023 5.14E-02 1.03E-02 9.68E-03 8.99E-03 6.11E-02 1.37E-02 

2024 5.39E-02 1.09E-02 1.02E-02 9.43E-03 6.41E-02 1.44E-02 

2025 5.80E-02 1.17E-02 1.09E-02 1.02E-02 6.89E-02 1.55E-02 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 7.22E-03 3.15E-03 3.30E-03 3.14E-03 1.05E-02 4.45E-03 

2019 7.61E-03 3.32E-03 3.47E-03 3.31E-03 1.11E-02 4.69E-03 

2020 7.89E-03 3.44E-03 3.60E-03 3.43E-03 1.15E-02 4.86E-03 

2021 8.34E-03 3.64E-03 3.80E-03 3.63E-03 1.21E-02 5.14E-03 

2022 8.72E-03 3.81E-03 3.98E-03 3.80E-03 1.27E-02 5.38E-03 

2023 9.00E-03 3.93E-03 4.11E-03 3.92E-03 1.31E-02 5.55E-03 

2024 9.45E-03 4.12E-03 4.31E-03 4.11E-03 1.38E-02 5.82E-03 

2025 1.02E-02 4.44E-03 4.64E-03 4.43E-03 1.48E-02 6.27E-03 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.03E-02 6.28E-03 5.96E-03 5.15E-03 1.63E-02 8.12E-03 

2019 1.09E-02 6.62E-03 6.28E-03 5.42E-03 1.72E-02 8.56E-03 

2020 1.13E-02 6.86E-03 6.51E-03 5.62E-03 1.78E-02 8.87E-03 

2021 1.19E-02 7.25E-03 6.88E-03 5.94E-03 1.88E-02 9.37E-03 

2022 1.25E-02 7.59E-03 7.20E-03 6.21E-03 1.97E-02 9.81E-03 

2023 1.29E-02 7.83E-03 7.43E-03 6.41E-03 2.03E-02 1.01E-02 

2024 1.35E-02 8.21E-03 7.80E-03 6.73E-03 2.13E-02 1.06E-02 

2025 1.45E-02 8.84E-03 8.39E-03 7.24E-03 2.29E-02 1.14E-02 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 6.38E-03 1.31E-03 1.42E-03 1.27E-03 7.80E-03 1.82E-03 

2019 6.72E-03 1.38E-03 1.50E-03 1.34E-03 8.22E-03 1.92E-03 

2020 6.96E-03 1.43E-03 1.56E-03 1.39E-03 8.52E-03 1.99E-03 

2021 7.36E-03 1.51E-03 1.64E-03 1.47E-03 9.00E-03 2.11E-03 

2022 7.70E-03 1.58E-03 1.72E-03 1.53E-03 9.42E-03 2.20E-03 

2023 7.94E-03 1.63E-03 1.78E-03 1.58E-03 9.72E-03 2.27E-03 

2024 8.34E-03 1.71E-03 1.86E-03 1.66E-03 1.02E-02 2.38E-03 

2025 8.97E-03 1.84E-03 2.01E-03 1.79E-03 1.10E-02 2.57E-03 
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Table B46. Projected carcinogenics (HHC) with and without scaling up approach for optimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Carcinogenics (CTUh/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 2.09E-01 4.21E-02 3.94E-02 3.66E-02 2.48E-01 5.58E-02 

2019 2.22E-01 4.47E-02 4.18E-02 3.88E-02 2.64E-01 5.92E-02 

2020 2.38E-01 4.79E-02 4.48E-02 4.16E-02 2.83E-01 6.34E-02 

2021 2.54E-01 5.11E-02 4.78E-02 4.44E-02 3.02E-01 6.77E-02 

2022 2.73E-01 5.49E-02 5.14E-02 4.77E-02 3.24E-01 7.27E-02 

2023 3.62E-01 7.28E-02 6.81E-02 6.33E-02 4.30E-01 9.65E-02 

2024 3.87E-01 7.79E-02 7.29E-02 6.77E-02 4.60E-01 1.03E-01 

2025 4.44E-01 8.94E-02 8.36E-02 7.77E-02 5.28E-01 1.18E-01 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 3.67E-02 1.60E-02 1.67E-02 1.60E-02 5.34E-02 2.26E-02 

2019 3.89E-02 1.70E-02 1.77E-02 1.69E-02 5.66E-02 2.40E-02 

2020 4.17E-02 1.82E-02 1.90E-02 1.81E-02 6.07E-02 2.57E-02 

2021 4.45E-02 1.94E-02 2.03E-02 1.93E-02 6.48E-02 2.74E-02 

2022 4.78E-02 2.08E-02 2.18E-02 2.08E-02 6.96E-02 2.94E-02 

2023 6.34E-02 2.76E-02 2.89E-02 2.76E-02 9.23E-02 3.90E-02 

2024 6.78E-02 2.96E-02 3.09E-02 2.95E-02 9.87E-02 4.18E-02 

2025 7.78E-02 3.39E-02 3.55E-02 3.39E-02 1.13E-01 4.79E-02 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 5.25E-02 3.19E-02 3.03E-02 2.61E-02 8.28E-02 4.12E-02 

2019 5.56E-02 3.38E-02 3.21E-02 2.77E-02 8.77E-02 4.37E-02 

2020 5.96E-02 3.62E-02 3.44E-02 2.97E-02 9.40E-02 4.68E-02 

2021 6.36E-02 3.87E-02 3.67E-02 3.17E-02 1.00E-01 5.00E-02 

2022 6.83E-02 4.16E-02 3.94E-02 3.40E-02 1.08E-01 5.37E-02 

2023 9.06E-02 5.51E-02 5.23E-02 4.51E-02 1.43E-01 7.12E-02 

2024 9.70E-02 5.90E-02 5.60E-02 4.83E-02 1.53E-01 7.62E-02 

2025 1.11E-01 6.76E-02 6.42E-02 5.54E-02 1.75E-01 8.74E-02 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 3.24E-02 6.65E-03 7.23E-03 6.45E-03 3.96E-02 9.26E-03 

2019 3.43E-02 7.05E-03 7.67E-03 6.84E-03 4.20E-02 9.82E-03 

2020 3.68E-02 7.55E-03 8.22E-03 7.33E-03 4.50E-02 1.05E-02 

2021 3.92E-02 8.06E-03 8.77E-03 7.82E-03 4.80E-02 1.12E-02 

2022 4.22E-02 8.66E-03 9.42E-03 8.40E-03 5.16E-02 1.21E-02 

2023 5.59E-02 1.15E-02 1.25E-02 1.11E-02 6.84E-02 1.60E-02 

2024 5.98E-02 1.23E-02 1.34E-02 1.19E-02 7.32E-02 1.71E-02 

2025 6.87E-02 1.41E-02 1.53E-02 1.37E-02 8.40E-02 1.97E-02 
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Table B47. Projected non carcinogenics (HHNC) with and without scaling up approach for 

pessimistic production estimations of SWCNTs, MWCNTs and total CNTs (σ represents 

standard deviation). 

Non Carcinogenics (CTUh/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 6.05E-01 2.89E-02 4.12E-02 2.52E-02 6.46E-01 3.83E-02 

2019 6.38E-01 3.05E-02 4.34E-02 2.66E-02 6.81E-01 4.05E-02 

2020 6.61E-01 3.16E-02 4.50E-02 2.76E-02 7.06E-01 4.20E-02 

2021 6.98E-01 3.33E-02 4.75E-02 2.91E-02 7.46E-01 4.42E-02 

2022 7.31E-01 3.49E-02 4.97E-02 3.05E-02 7.81E-01 4.63E-02 

2023 7.54E-01 3.60E-02 5.13E-02 3.14E-02 8.05E-01 4.78E-02 

2024 7.92E-01 3.78E-02 5.38E-02 3.30E-02 8.46E-01 5.02E-02 

2025 8.52E-01 4.07E-02 5.80E-02 3.55E-02 9.10E-01 5.40E-02 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 8.67E-02 1.10E-02 1.54E-02 1.08E-02 1.02E-01 1.54E-02 

2019 9.13E-02 1.16E-02 1.62E-02 1.13E-02 1.08E-01 1.62E-02 

2020 9.47E-02 1.20E-02 1.68E-02 1.18E-02 1.12E-01 1.68E-02 

2021 1.00E-01 1.27E-02 1.78E-02 1.24E-02 1.18E-01 1.77E-02 

2022 1.05E-01 1.33E-02 1.86E-02 1.30E-02 1.24E-01 1.86E-02 

2023 1.08E-01 1.37E-02 1.92E-02 1.34E-02 1.27E-01 1.92E-02 

2024 1.13E-01 1.44E-02 2.01E-02 1.41E-02 1.33E-01 2.02E-02 

2025 1.22E-01 1.55E-02 2.17E-02 1.52E-02 1.44E-01 2.17E-02 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.06E-01 3.51E-02 2.11E-02 2.31E-02 1.27E-01 4.20E-02 

2019 1.12E-01 3.70E-02 2.22E-02 2.44E-02 1.34E-01 4.43E-02 

2020 1.16E-01 3.84E-02 2.30E-02 2.53E-02 1.39E-01 4.60E-02 

2021 1.22E-01 4.05E-02 2.43E-02 2.67E-02 1.46E-01 4.85E-02 

2022 1.28E-01 4.24E-02 2.55E-02 2.79E-02 1.54E-01 5.08E-02 

2023 1.32E-01 4.38E-02 2.63E-02 2.88E-02 1.58E-01 5.24E-02 

2024 1.39E-01 4.59E-02 2.76E-02 3.02E-02 1.67E-01 5.49E-02 

2025 1.49E-01 4.95E-02 2.97E-02 3.26E-02 1.79E-01 5.93E-02 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 9.32E-02 4.52E-03 7.97E-03 5.22E-03 1.01E-01 6.90E-03 

2019 9.83E-02 4.76E-03 8.40E-03 5.50E-03 1.07E-01 7.27E-03 

2020 1.02E-01 4.93E-03 8.71E-03 5.71E-03 1.11E-01 7.54E-03 

2021 1.08E-01 5.21E-03 9.20E-03 6.03E-03 1.17E-01 7.97E-03 

2022 1.13E-01 5.45E-03 9.63E-03 6.31E-03 1.23E-01 8.34E-03 

2023 1.16E-01 5.63E-03 9.94E-03 6.51E-03 1.26E-01 8.61E-03 

2024 1.22E-01 5.91E-03 1.04E-02 6.83E-03 1.32E-01 9.03E-03 

2025 1.31E-01 6.36E-03 1.12E-02 7.35E-03 1.42E-01 9.72E-03 
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Table B48. Projected non carcinogenics (HHNC) with and without scaling up approach for 

optimistic production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Non Carcinogenics (CTUh/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 3.07E+00 1.47E-01 2.09E-01 1.28E-01 3.28E+00 1.95E-01 

2019 3.26E+00 1.56E-01 2.22E-01 1.36E-01 3.48E+00 2.07E-01 

2020 3.49E+00 1.67E-01 2.38E-01 1.46E-01 3.73E+00 2.22E-01 

2021 3.72E+00 1.78E-01 2.53E-01 1.55E-01 3.97E+00 2.36E-01 

2022 4.00E+00 1.91E-01 2.72E-01 1.67E-01 4.27E+00 2.54E-01 

2023 5.31E+00 2.53E-01 3.61E-01 2.21E-01 5.67E+00 3.36E-01 

2024 5.68E+00 2.71E-01 3.86E-01 2.37E-01 6.07E+00 3.60E-01 

2025 6.52E+00 3.11E-01 4.43E-01 2.72E-01 6.96E+00 4.13E-01 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 4.40E-01 5.59E-02 7.82E-02 5.47E-02 5.18E-01 7.82E-02 

2019 4.67E-01 5.93E-02 8.29E-02 5.80E-02 5.50E-01 8.29E-02 

2020 5.00E-01 6.36E-02 8.89E-02 6.21E-02 5.89E-01 8.89E-02 

2021 5.33E-01 6.78E-02 9.48E-02 6.63E-02 6.28E-01 9.48E-02 

2022 5.73E-01 7.29E-02 1.02E-01 7.12E-02 6.75E-01 1.02E-01 

2023 7.60E-01 9.66E-02 1.35E-01 9.44E-02 8.95E-01 1.35E-01 

2024 8.13E-01 1.03E-01 1.45E-01 1.01E-01 9.58E-01 1.44E-01 

2025 9.33E-01 1.19E-01 1.66E-01 1.16E-01 1.10E+00 1.66E-01 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 5.38E-01 1.78E-01 1.07E-01 1.17E-01 6.45E-01 2.13E-01 

2019 5.70E-01 1.89E-01 1.14E-01 1.25E-01 6.84E-01 2.27E-01 

2020 6.11E-01 2.03E-01 1.22E-01 1.33E-01 7.33E-01 2.43E-01 

2021 6.52E-01 2.16E-01 1.30E-01 1.42E-01 7.82E-01 2.58E-01 

2022 7.01E-01 2.32E-01 1.39E-01 1.53E-01 8.40E-01 2.78E-01 

2023 9.29E-01 3.08E-01 1.85E-01 2.03E-01 1.11E+00 3.69E-01 

2024 9.94E-01 3.30E-01 1.98E-01 2.17E-01 1.19E+00 3.95E-01 

2025 1.14E+00 3.78E-01 2.27E-01 2.49E-01 1.37E+00 4.53E-01 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 4.73E-01 2.29E-02 4.05E-02 2.65E-02 5.14E-01 3.50E-02 

2019 5.02E-01 2.43E-02 4.29E-02 2.81E-02 5.45E-01 3.71E-02 

2020 5.38E-01 2.61E-02 4.60E-02 3.01E-02 5.84E-01 3.98E-02 

2021 5.74E-01 2.78E-02 4.91E-02 3.21E-02 6.23E-01 4.25E-02 

2022 6.17E-01 2.99E-02 5.27E-02 3.46E-02 6.70E-01 4.57E-02 

2023 8.18E-01 3.96E-02 6.99E-02 4.58E-02 8.88E-01 6.05E-02 

2024 8.75E-01 4.24E-02 7.48E-02 4.90E-02 9.50E-01 6.48E-02 

2025 1.00E+00 4.86E-02 8.59E-02 5.62E-02 1.09E+00 7.43E-02 
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Table B49. Projected respiratory effects (RE) with and without scaling up approach for 

pessimistic production estimations of SWCNTs, MWCNTs and total CNTs (σ represents 

standard deviation). 

Respiratory effects (tons PM2.5/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 7.67E+03 1.08E+02 2.87E+02 8.21E+01 7.96E+03 1.36E+02 

2019 8.08E+03 1.14E+02 3.03E+02 8.65E+01 8.38E+03 1.43E+02 

2020 8.38E+03 1.18E+02 3.14E+02 8.97E+01 8.69E+03 1.48E+02 

2021 8.85E+03 1.24E+02 3.31E+02 9.48E+01 9.18E+03 1.56E+02 

2022 9.26E+03 1.30E+02 3.47E+02 9.92E+01 9.61E+03 1.64E+02 

2023 9.56E+03 1.34E+02 3.58E+02 1.02E+02 9.92E+03 1.68E+02 

2024 1.00E+04 1.41E+02 3.76E+02 1.07E+02 1.04E+04 1.77E+02 

2025 1.08E+04 1.52E+02 4.04E+02 1.16E+02 1.12E+04 1.91E+02 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.04E+03 3.92E+01 7.95E+01 3.49E+01 1.12E+03 5.25E+01 

2019 1.10E+03 4.13E+01 8.38E+01 3.68E+01 1.18E+03 5.53E+01 

2020 1.14E+03 4.29E+01 8.69E+01 3.81E+01 1.23E+03 5.74E+01 

2021 1.20E+03 4.53E+01 9.18E+01 4.03E+01 1.29E+03 6.06E+01 

2022 1.26E+03 4.74E+01 9.60E+01 4.21E+01 1.36E+03 6.34E+01 

2023 1.30E+03 4.89E+01 9.91E+01 4.35E+01 1.40E+03 6.54E+01 

2024 1.36E+03 5.13E+01 1.04E+02 4.56E+01 1.46E+03 6.86E+01 

2025 1.47E+03 5.52E+01 1.12E+02 4.91E+01 1.58E+03 7.39E+01 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 9.92E+02 6.68E+01 1.45E+02 5.05E+01 1.14E+03 8.37E+01 

2019 1.05E+03 7.04E+01 1.53E+02 5.32E+01 1.20E+03 8.82E+01 

2020 1.08E+03 7.30E+01 1.58E+02 5.52E+01 1.24E+03 9.15E+01 

2021 1.14E+03 7.71E+01 1.67E+02 5.83E+01 1.31E+03 9.67E+01 

2022 1.20E+03 8.07E+01 1.75E+02 6.10E+01 1.38E+03 1.01E+02 

2023 1.24E+03 8.32E+01 1.80E+02 6.29E+01 1.42E+03 1.04E+02 

2024 1.30E+03 8.73E+01 1.89E+02 6.60E+01 1.49E+03 1.09E+02 

2025 1.40E+03 9.40E+01 2.04E+02 7.11E+01 1.60E+03 1.18E+02 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.18E+03 1.66E+01 4.97E+01 1.37E+01 1.23E+03 2.15E+01 

2019 1.24E+03 1.75E+01 5.24E+01 1.44E+01 1.29E+03 2.27E+01 

2020 1.29E+03 1.82E+01 5.43E+01 1.50E+01 1.34E+03 2.36E+01 

2021 1.36E+03 1.92E+01 5.74E+01 1.58E+01 1.42E+03 2.49E+01 

2022 1.43E+03 2.01E+01 6.00E+01 1.65E+01 1.49E+03 2.60E+01 

2023 1.47E+03 2.07E+01 6.20E+01 1.71E+01 1.53E+03 2.68E+01 

2024 1.54E+03 2.18E+01 6.50E+01 1.79E+01 1.61E+03 2.82E+01 

2025 1.66E+03 2.34E+01 7.00E+01 1.93E+01 1.73E+03 3.03E+01 
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Table B50. Projected respiratory effects (RE) with and without scaling up approach for 

optimistic production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Respiratory effects (tons PM2.5/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 3.89E+04 5.48E+02 1.46E+03 4.17E+02 4.04E+04 6.89E+02 

2019 4.13E+04 5.81E+02 1.55E+03 4.42E+02 4.29E+04 7.30E+02 

2020 4.42E+04 6.22E+02 1.66E+03 4.74E+02 4.59E+04 7.82E+02 

2021 4.72E+04 6.64E+02 1.77E+03 5.05E+02 4.90E+04 8.34E+02 

2022 5.07E+04 7.13E+02 1.90E+03 5.43E+02 5.26E+04 8.96E+02 

2023 6.72E+04 9.46E+02 2.52E+03 7.20E+02 6.97E+04 1.19E+03 

2024 7.20E+04 1.01E+03 2.70E+03 7.71E+02 7.47E+04 1.27E+03 

2025 8.26E+04 1.16E+03 3.09E+03 8.84E+02 8.57E+04 1.46E+03 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 5.29E+03 1.99E+02 4.04E+02 1.77E+02 5.69E+03 2.66E+02 

2019 5.61E+03 2.11E+02 4.28E+02 1.88E+02 6.04E+03 2.83E+02 

2020 6.01E+03 2.26E+02 4.59E+02 2.01E+02 6.47E+03 3.02E+02 

2021 6.41E+03 2.41E+02 4.89E+02 2.15E+02 6.90E+03 3.23E+02 

2022 6.89E+03 2.60E+02 5.26E+02 2.31E+02 7.42E+03 3.48E+02 

2023 9.13E+03 3.44E+02 6.97E+02 3.06E+02 9.83E+03 4.60E+02 

2024 9.77E+03 3.68E+02 7.46E+02 3.27E+02 1.05E+04 4.92E+02 

2025 1.12E+04 4.23E+02 8.56E+02 3.76E+02 1.21E+04 5.66E+02 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 5.04E+03 3.39E+02 7.35E+02 2.56E+02 5.78E+03 4.25E+02 

2019 5.34E+03 3.60E+02 7.80E+02 2.72E+02 6.12E+03 4.51E+02 

2020 5.72E+03 3.85E+02 8.36E+02 2.91E+02 6.56E+03 4.83E+02 

2021 6.10E+03 4.11E+02 8.91E+02 3.11E+02 6.99E+03 5.15E+02 

2022 6.56E+03 4.42E+02 9.58E+02 3.34E+02 7.52E+03 5.54E+02 

2023 8.70E+03 5.86E+02 1.27E+03 4.43E+02 9.97E+03 7.35E+02 

2024 9.31E+03 6.27E+02 1.36E+03 4.74E+02 1.07E+04 7.86E+02 

2025 1.07E+04 7.19E+02 1.56E+03 5.44E+02 1.23E+04 9.02E+02 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 5.99E+03 8.45E+01 2.52E+02 6.96E+01 6.24E+03 1.09E+02 

2019 6.35E+03 8.96E+01 2.68E+02 7.38E+01 6.62E+03 1.16E+02 

2020 6.81E+03 9.60E+01 2.87E+02 7.90E+01 7.10E+03 1.24E+02 

2021 7.26E+03 1.02E+02 3.06E+02 8.43E+01 7.57E+03 1.32E+02 

2022 7.81E+03 1.10E+02 3.29E+02 9.06E+01 8.14E+03 1.43E+02 

2023 1.03E+04 1.46E+02 4.36E+02 1.20E+02 1.07E+04 1.89E+02 

2024 1.11E+04 1.56E+02 4.67E+02 1.29E+02 1.16E+04 2.02E+02 

2025 1.27E+04 1.79E+02 5.35E+02 1.48E+02 1.32E+04 2.32E+02 
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Table B51. Projected fossil fuel depletion (FF) with and without scaling up approach for 

pessimistic production estimations of SWCNTs, MWCNTs and total CNTs (σ represents 

standard deviation). 

Fossil fuel depletion (MJ surplus energy/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.16E+07 1.96E+05 3.82E+05 4.95E+04 1.20E+07 2.02E+05 

2019 1.23E+07 2.06E+05 4.02E+05 5.22E+04 1.27E+07 2.13E+05 

2020 1.27E+07 2.14E+05 4.17E+05 5.41E+04 1.31E+07 2.21E+05 

2021 1.34E+07 2.26E+05 4.40E+05 5.71E+04 1.38E+07 2.33E+05 

2022 1.41E+07 2.37E+05 4.61E+05 5.98E+04 1.46E+07 2.44E+05 

2023 1.45E+07 2.44E+05 4.76E+05 6.17E+04 1.50E+07 2.52E+05 

2024 1.52E+07 2.56E+05 4.99E+05 6.48E+04 1.57E+07 2.64E+05 

2025 1.64E+07 2.76E+05 5.37E+05 6.97E+04 1.69E+07 2.85E+05 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.54E+06 3.55E+04 1.07E+05 2.29E+04 1.65E+06 4.22E+04 

2019 1.62E+06 3.74E+04 1.12E+05 2.42E+04 1.73E+06 4.45E+04 

2020 1.68E+06 3.88E+04 1.16E+05 2.50E+04 1.80E+06 4.62E+04 

2021 1.77E+06 4.10E+04 1.23E+05 2.64E+04 1.89E+06 4.88E+04 

2022 1.86E+06 4.29E+04 1.29E+05 2.77E+04 1.99E+06 5.11E+04 

2023 1.92E+06 4.43E+04 1.33E+05 2.86E+04 2.05E+06 5.27E+04 

2024 2.01E+06 4.65E+04 1.39E+05 3.00E+04 2.15E+06 5.53E+04 

2025 2.16E+06 5.00E+04 1.50E+05 3.23E+04 2.31E+06 5.95E+04 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.78E+06 1.87E+05 3.46E+05 3.25E+04 2.13E+06 1.90E+05 

2019 1.88E+06 1.97E+05 3.64E+05 3.43E+04 2.24E+06 2.00E+05 

2020 1.95E+06 2.04E+05 3.78E+05 3.56E+04 2.33E+06 2.07E+05 

2021 2.06E+06 2.16E+05 3.99E+05 3.76E+04 2.46E+06 2.19E+05 

2022 2.15E+06 2.26E+05 4.18E+05 3.93E+04 2.57E+06 2.29E+05 

2023 2.22E+06 2.33E+05 4.31E+05 4.06E+04 2.65E+06 2.37E+05 

2024 2.33E+06 2.45E+05 4.52E+05 4.26E+04 2.78E+06 2.49E+05 

2025 2.51E+06 2.63E+05 4.87E+05 4.58E+04 3.00E+06 2.67E+05 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.79E+06 3.06E+04 7.21E+04 8.08E+03 1.86E+06 3.16E+04 

2019 1.89E+06 3.22E+04 7.60E+04 8.52E+03 1.97E+06 3.33E+04 

2020 1.96E+06 3.34E+04 7.88E+04 8.83E+03 2.04E+06 3.45E+04 

2021 2.07E+06 3.53E+04 8.32E+04 9.33E+03 2.15E+06 3.65E+04 

2022 2.16E+06 3.69E+04 8.71E+04 9.76E+03 2.25E+06 3.82E+04 

2023 2.23E+06 3.81E+04 8.99E+04 1.01E+04 2.32E+06 3.94E+04 

2024 2.34E+06 4.00E+04 9.43E+04 1.06E+04 2.43E+06 4.14E+04 

2025 2.52E+06 4.30E+04 1.02E+05 1.14E+04 2.62E+06 4.45E+04 
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Table B52. Projected fossil fuel depletion (FF) with and without scaling up approach for 

optimistic production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Fossil fuel depletion (MJ surplus energy/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 5.91E+07 9.95E+05 1.94E+06 2.51E+05 6.10E+07 1.03E+06 

2019 6.26E+07 1.05E+06 2.06E+06 2.67E+05 6.47E+07 1.08E+06 

2020 6.71E+07 1.13E+06 2.20E+06 2.86E+05 6.93E+07 1.17E+06 

2021 7.16E+07 1.21E+06 2.35E+06 3.05E+05 7.40E+07 1.25E+06 

2022 7.70E+07 1.30E+06 2.53E+06 3.28E+05 7.95E+07 1.34E+06 

2023 1.02E+08 1.72E+06 3.35E+06 4.34E+05 1.05E+08 1.77E+06 

2024 1.09E+08 1.84E+06 3.58E+06 4.65E+05 1.13E+08 1.90E+06 

2025 1.25E+08 2.11E+06 4.11E+06 5.33E+05 1.29E+08 2.18E+06 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 7.80E+06 1.80E+05 5.41E+05 1.16E+05 8.34E+06 2.14E+05 

2019 8.28E+06 1.91E+05 5.74E+05 1.23E+05 8.85E+06 2.27E+05 

2020 8.87E+06 2.05E+05 6.15E+05 1.32E+05 9.49E+06 2.44E+05 

2021 9.46E+06 2.19E+05 6.56E+05 1.41E+05 1.01E+07 2.60E+05 

2022 1.02E+07 2.35E+05 7.05E+05 1.52E+05 1.09E+07 2.80E+05 

2023 1.35E+07 3.12E+05 9.35E+05 2.01E+05 1.44E+07 3.71E+05 

2024 1.44E+07 3.33E+05 1.00E+06 2.15E+05 1.54E+07 3.96E+05 

2025 1.66E+07 3.83E+05 1.15E+06 2.47E+05 1.78E+07 4.56E+05 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 9.05E+06 9.50E+05 1.76E+06 1.65E+05 1.08E+07 9.64E+05 

2019 9.60E+06 1.01E+06 1.86E+06 1.75E+05 1.15E+07 1.03E+06 

2020 1.03E+07 1.08E+06 1.99E+06 1.88E+05 1.23E+07 1.10E+06 

2021 1.10E+07 1.15E+06 2.13E+06 2.00E+05 1.31E+07 1.17E+06 

2022 1.18E+07 1.24E+06 2.29E+06 2.15E+05 1.41E+07 1.26E+06 

2023 1.56E+07 1.64E+06 3.03E+06 2.85E+05 1.86E+07 1.66E+06 

2024 1.67E+07 1.76E+06 3.25E+06 3.05E+05 2.00E+07 1.79E+06 

2025 1.92E+07 2.01E+06 3.72E+06 3.51E+05 2.29E+07 2.04E+06 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 9.09E+06 1.55E+05 3.66E+05 4.10E+04 9.46E+06 1.60E+05 

2019 9.65E+06 1.65E+05 3.88E+05 4.35E+04 1.00E+07 1.71E+05 

2020 1.03E+07 1.76E+05 4.16E+05 4.66E+04 1.07E+07 1.82E+05 

2021 1.10E+07 1.88E+05 4.44E+05 4.97E+04 1.14E+07 1.94E+05 

2022 1.19E+07 2.02E+05 4.77E+05 5.35E+04 1.24E+07 2.09E+05 

2023 1.57E+07 2.68E+05 6.33E+05 7.09E+04 1.63E+07 2.77E+05 

2024 1.68E+07 2.87E+05 6.77E+05 7.59E+04 1.75E+07 2.97E+05 

2025 1.93E+07 3.29E+05 7.77E+05 8.71E+04 2.01E+07 3.40E+05 
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Table B53. Projected cumulative energy demand (CED) with and without scaling up approach 

for pessimistic production estimations of SWCNTs, MWCNTs and total CNTs (σ represents 

standard deviation). 

Cumulative energy demand  (MJ/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 2.54E+08 1.96E+06 7.10E+06 9.19E+05 2.61E+08 2.16E+06 

2019 2.67E+08 2.06E+06 7.48E+06 9.69E+05 2.74E+08 2.28E+06 

2020 2.77E+08 2.14E+06 7.76E+06 1.00E+06 2.85E+08 2.36E+06 

2021 2.93E+08 2.26E+06 8.19E+06 1.06E+06 3.01E+08 2.50E+06 

2022 3.06E+08 2.36E+06 8.58E+06 1.11E+06 3.15E+08 2.61E+06 

2023 3.16E+08 2.44E+06 8.85E+06 1.15E+06 3.25E+08 2.70E+06 

2024 3.32E+08 2.56E+06 9.29E+06 1.20E+06 3.41E+08 2.83E+06 

2025 3.57E+08 2.75E+06 1.00E+07 1.29E+06 3.67E+08 3.04E+06 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 3.34E+07 4.43E+05 1.69E+06 3.91E+05 3.51E+07 5.91E+05 

2019 3.52E+07 4.67E+05 1.78E+06 4.12E+05 3.70E+07 6.23E+05 

2020 3.64E+07 4.84E+05 1.84E+06 4.27E+05 3.82E+07 6.45E+05 

2021 3.85E+07 5.11E+05 1.95E+06 4.51E+05 4.05E+07 6.82E+05 

2022 4.03E+07 5.35E+05 2.04E+06 4.72E+05 4.23E+07 7.13E+05 

2023 4.16E+07 5.52E+05 2.10E+06 4.87E+05 4.37E+07 7.36E+05 

2024 4.36E+07 5.79E+05 2.21E+06 5.11E+05 4.58E+07 7.72E+05 

2025 4.70E+07 6.24E+05 2.38E+06 5.50E+05 4.94E+07 8.32E+05 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 3.22E+07 1.62E+06 4.21E+06 6.48E+05 3.64E+07 1.74E+06 

2019 3.40E+07 1.71E+06 4.44E+06 6.82E+05 3.84E+07 1.84E+06 

2020 3.52E+07 1.77E+06 4.60E+06 7.07E+05 3.98E+07 1.91E+06 

2021 3.72E+07 1.87E+06 4.86E+06 7.47E+05 4.21E+07 2.01E+06 

2022 3.89E+07 1.95E+06 5.08E+06 7.82E+05 4.40E+07 2.10E+06 

2023 4.02E+07 2.02E+06 5.25E+06 8.07E+05 4.55E+07 2.18E+06 

2024 4.21E+07 2.12E+06 5.50E+06 8.47E+05 4.76E+07 2.28E+06 

2025 4.54E+07 2.28E+06 5.93E+06 9.12E+05 5.13E+07 2.46E+06 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 3.90E+07 3.05E+05 1.28E+06 1.56E+05 4.03E+07 3.43E+05 

2019 4.11E+07 3.21E+05 1.35E+06 1.64E+05 4.25E+07 3.60E+05 

2020 4.26E+07 3.33E+05 1.40E+06 1.70E+05 4.40E+07 3.74E+05 

2021 4.50E+07 3.52E+05 1.48E+06 1.80E+05 4.65E+07 3.95E+05 

2022 4.71E+07 3.68E+05 1.55E+06 1.88E+05 4.87E+07 4.13E+05 

2023 4.86E+07 3.80E+05 1.59E+06 1.94E+05 5.02E+07 4.27E+05 

2024 5.10E+07 3.99E+05 1.67E+06 2.04E+05 5.27E+07 4.48E+05 

2025 5.49E+07 4.29E+05 1.80E+06 2.19E+05 5.67E+07 4.82E+05 
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Table B54. Projected cumulative energy demand (CED) with and without scaling up approach 

for optimistic production estimations of SWCNTs, MWCNTs and total CNTs (σ represents 

standard deviation). 

Cumulative energy demand  (MJ/year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.29E+09 9.93E+06 3.61E+07 4.67E+06 1.33E+09 1.10E+07 

2019 1.37E+09 1.05E+07 3.82E+07 4.95E+06 1.41E+09 1.16E+07 

2020 1.46E+09 1.13E+07 4.10E+07 5.30E+06 1.50E+09 1.25E+07 

2021 1.56E+09 1.20E+07 4.37E+07 5.66E+06 1.60E+09 1.33E+07 

2022 1.68E+09 1.29E+07 4.70E+07 6.08E+06 1.73E+09 1.43E+07 

2023 2.22E+09 1.71E+07 6.23E+07 8.06E+06 2.28E+09 1.89E+07 

2024 2.38E+09 1.84E+07 6.66E+07 8.63E+06 2.45E+09 2.03E+07 

2025 2.73E+09 2.11E+07 7.65E+07 9.90E+06 2.81E+09 2.33E+07 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.69E+08 2.25E+06 8.57E+06 1.99E+06 1.78E+08 3.00E+06 

2019 1.80E+08 2.39E+06 9.09E+06 2.11E+06 1.89E+08 3.19E+06 

2020 1.92E+08 2.56E+06 9.74E+06 2.26E+06 2.02E+08 3.41E+06 

2021 2.05E+08 2.73E+06 1.04E+07 2.41E+06 2.15E+08 3.64E+06 

2022 2.21E+08 2.93E+06 1.12E+07 2.59E+06 2.32E+08 3.91E+06 

2023 2.93E+08 3.88E+06 1.48E+07 3.43E+06 3.08E+08 5.18E+06 

2024 3.13E+08 4.16E+06 1.58E+07 3.67E+06 3.29E+08 5.55E+06 

2025 3.59E+08 4.77E+06 1.82E+07 4.21E+06 3.77E+08 6.36E+06 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.64E+08 8.21E+06 2.14E+07 3.29E+06 1.85E+08 8.84E+06 

2019 1.74E+08 8.71E+06 2.27E+07 3.49E+06 1.97E+08 9.38E+06 

2020 1.86E+08 9.33E+06 2.43E+07 3.74E+06 2.10E+08 1.01E+07 

2021 1.98E+08 9.96E+06 2.59E+07 3.98E+06 2.24E+08 1.07E+07 

2022 2.13E+08 1.07E+07 2.78E+07 4.28E+06 2.41E+08 1.15E+07 

2023 2.83E+08 1.42E+07 3.69E+07 5.68E+06 3.20E+08 1.53E+07 

2024 3.02E+08 1.52E+07 3.95E+07 6.08E+06 3.42E+08 1.64E+07 

2025 3.47E+08 1.74E+07 4.53E+07 6.97E+06 3.92E+08 1.87E+07 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.98E+08 1.55E+06 6.50E+06 7.91E+05 2.05E+08 1.74E+06 

2019 2.10E+08 1.64E+06 6.89E+06 8.39E+05 2.17E+08 1.84E+06 

2020 2.25E+08 1.76E+06 7.38E+06 8.98E+05 2.32E+08 1.98E+06 

2021 2.40E+08 1.88E+06 7.87E+06 9.58E+05 2.48E+08 2.11E+06 

2022 2.58E+08 2.02E+06 8.46E+06 1.03E+06 2.66E+08 2.27E+06 

2023 3.42E+08 2.67E+06 1.12E+07 1.37E+06 3.53E+08 3.00E+06 

2024 3.66E+08 2.86E+06 1.20E+07 1.46E+06 3.78E+08 3.21E+06 

2025 4.20E+08 3.28E+06 1.38E+07 1.68E+06 4.34E+08 3.69E+06 
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Table B55. Projected ozone depletion (OD) with and without scaling up approach for pessimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Ozone depletion (tons CFC11-eq./year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 3.22E-02 1.88E-02 2.19E-02 1.03E-02 5.41E-02 2.14E-02 

2019 3.39E-02 1.98E-02 2.31E-02 1.09E-02 5.70E-02 2.26E-02 

2020 3.51E-02 2.05E-02 2.39E-02 1.13E-02 5.90E-02 2.34E-02 

2021 3.71E-02 2.17E-02 2.52E-02 1.19E-02 6.23E-02 2.47E-02 

2022 3.89E-02 2.27E-02 2.64E-02 1.24E-02 6.53E-02 2.59E-02 

2023 4.01E-02 2.34E-02 2.73E-02 1.28E-02 6.74E-02 2.67E-02 

2024 4.21E-02 2.45E-02 2.86E-02 1.35E-02 7.07E-02 2.80E-02 

2025 4.53E-02 2.64E-02 3.08E-02 1.45E-02 7.61E-02 3.01E-02 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 9.30E-03 6.10E-03 1.12E-02 5.37E-03 2.05E-02 8.13E-03 

2019 9.80E-03 6.42E-03 1.18E-02 5.66E-03 2.16E-02 8.56E-03 

2020 1.02E-02 6.66E-03 1.22E-02 5.87E-03 2.24E-02 8.88E-03 

2021 1.07E-02 7.03E-03 1.29E-02 6.20E-03 2.36E-02 9.37E-03 

2022 1.12E-02 7.36E-03 1.35E-02 6.49E-03 2.47E-02 9.81E-03 

2023 1.16E-02 7.60E-03 1.40E-02 6.69E-03 2.56E-02 1.01E-02 

2024 1.22E-02 7.97E-03 1.46E-02 7.03E-03 2.68E-02 1.06E-02 

2025 1.31E-02 8.58E-03 1.58E-02 7.56E-03 2.89E-02 1.14E-02 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 7.14E-02 4.86E-02 1.98E-02 9.32E-03 9.12E-02 4.95E-02 

2019 7.53E-02 5.12E-02 2.08E-02 9.83E-03 9.61E-02 5.21E-02 

2020 7.80E-02 5.31E-02 2.16E-02 1.02E-02 9.96E-02 5.41E-02 

2021 8.24E-02 5.61E-02 2.28E-02 1.08E-02 1.05E-01 5.71E-02 

2022 8.62E-02 5.87E-02 2.39E-02 1.13E-02 1.10E-01 5.98E-02 

2023 8.90E-02 6.06E-02 2.46E-02 1.16E-02 1.14E-01 6.17E-02 

2024 9.34E-02 6.36E-02 2.58E-02 1.22E-02 1.19E-01 6.48E-02 

2025 1.01E-01 6.84E-02 2.78E-02 1.31E-02 1.29E-01 6.96E-02 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 5.10E-03 2.98E-03 5.52E-03 2.78E-03 1.06E-02 4.08E-03 

2019 5.37E-03 3.14E-03 5.82E-03 2.93E-03 1.12E-02 4.29E-03 

2020 5.57E-03 3.25E-03 6.03E-03 3.03E-03 1.16E-02 4.44E-03 

2021 5.88E-03 3.43E-03 6.37E-03 3.20E-03 1.23E-02 4.69E-03 

2022 6.16E-03 3.59E-03 6.67E-03 3.35E-03 1.28E-02 4.91E-03 

2023 6.36E-03 3.71E-03 6.88E-03 3.46E-03 1.32E-02 5.07E-03 

2024 6.67E-03 3.89E-03 7.22E-03 3.63E-03 1.39E-02 5.32E-03 

2025 7.18E-03 4.19E-03 7.78E-03 3.91E-03 1.50E-02 5.73E-03 
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Table B56. Projected ozone depletion (OD) with and without scaling up approach for optimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Ozone depletion (tons CFC11-eq./year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.63E-01 9.53E-02 1.11E-01 5.23E-02 2.74E-01 1.09E-01 

2019 1.73E-01 1.01E-01 1.18E-01 5.55E-02 2.91E-01 1.15E-01 

2020 1.86E-01 1.08E-01 1.26E-01 5.94E-02 3.12E-01 1.23E-01 

2021 1.98E-01 1.16E-01 1.35E-01 6.34E-02 3.33E-01 1.32E-01 

2022 2.13E-01 1.24E-01 1.45E-01 6.82E-02 3.58E-01 1.42E-01 

2023 2.82E-01 1.65E-01 1.92E-01 9.03E-02 4.74E-01 1.88E-01 

2024 3.02E-01 1.76E-01 2.05E-01 9.67E-02 5.07E-01 2.01E-01 

2025 3.47E-01 2.02E-01 2.36E-01 1.11E-01 5.83E-01 2.30E-01 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 4.72E-02 3.09E-02 5.69E-02 2.73E-02 1.04E-01 4.12E-02 

2019 5.01E-02 3.28E-02 6.03E-02 2.89E-02 1.10E-01 4.37E-02 

2020 5.37E-02 3.52E-02 6.46E-02 3.10E-02 1.18E-01 4.69E-02 

2021 5.72E-02 3.75E-02 6.89E-02 3.31E-02 1.26E-01 5.00E-02 

2022 6.15E-02 4.03E-02 7.41E-02 3.55E-02 1.36E-01 5.37E-02 

2023 8.16E-02 5.35E-02 9.82E-02 4.71E-02 1.80E-01 7.13E-02 

2024 8.73E-02 5.72E-02 1.05E-01 5.04E-02 1.92E-01 7.62E-02 

2025 1.00E-01 6.56E-02 1.21E-01 5.79E-02 2.21E-01 8.75E-02 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 3.63E-01 2.47E-01 1.00E-01 4.73E-02 4.63E-01 2.51E-01 

2019 3.85E-01 2.62E-01 1.06E-01 5.02E-02 4.91E-01 2.67E-01 

2020 4.12E-01 2.81E-01 1.14E-01 5.38E-02 5.26E-01 2.86E-01 

2021 4.39E-01 2.99E-01 1.22E-01 5.74E-02 5.61E-01 3.04E-01 

2022 4.72E-01 3.22E-01 1.31E-01 6.17E-02 6.03E-01 3.28E-01 

2023 6.26E-01 4.26E-01 1.73E-01 8.18E-02 7.99E-01 4.34E-01 

2024 6.70E-01 4.56E-01 1.85E-01 8.75E-02 8.55E-01 4.64E-01 

2025 7.69E-01 5.24E-01 2.13E-01 1.00E-01 9.82E-01 5.33E-01 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 2.59E-02 1.51E-02 2.80E-02 1.41E-02 5.39E-02 2.07E-02 

2019 2.75E-02 1.60E-02 2.97E-02 1.50E-02 5.72E-02 2.19E-02 

2020 2.94E-02 1.72E-02 3.19E-02 1.60E-02 6.13E-02 2.35E-02 

2021 3.14E-02 1.83E-02 3.40E-02 1.71E-02 6.54E-02 2.50E-02 

2022 3.37E-02 1.97E-02 3.65E-02 1.84E-02 7.02E-02 2.70E-02 

2023 4.47E-02 2.61E-02 4.84E-02 2.43E-02 9.31E-02 3.57E-02 

2024 4.79E-02 2.79E-02 5.18E-02 2.61E-02 9.97E-02 3.82E-02 

2025 5.49E-02 3.20E-02 5.95E-02 2.99E-02 1.14E-01 4.38E-02 
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Table B57. Projected smog (PS) with and without scaling up approach for pessimistic 

production estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard 

deviation). 

Smog (tons O3-eq./year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.21E+06 4.41E+03 3.13E+04 2.31E+03 1.24E+06 4.98E+03 

2019 1.27E+06 4.65E+03 3.30E+04 2.43E+03 1.30E+06 5.25E+03 

2020 1.32E+06 4.82E+03 3.42E+04 2.52E+03 1.35E+06 5.44E+03 

2021 1.40E+06 5.09E+03 3.61E+04 2.67E+03 1.44E+06 5.75E+03 

2022 1.46E+06 5.33E+03 3.78E+04 2.79E+03 1.50E+06 6.02E+03 

2023 1.51E+06 5.50E+03 3.90E+04 2.88E+03 1.55E+06 6.21E+03 

2024 1.58E+06 5.77E+03 4.09E+04 3.02E+03 1.62E+06 6.51E+03 

2025 1.70E+06 6.21E+03 4.41E+04 3.25E+03 1.74E+06 7.01E+03 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.60E+05 1.92E+03 8.38E+03 9.38E+02 1.68E+05 2.14E+03 

2019 1.69E+05 2.02E+03 8.83E+03 9.88E+02 1.78E+05 2.25E+03 

2020 1.75E+05 2.10E+03 9.15E+03 1.02E+03 1.84E+05 2.33E+03 

2021 1.85E+05 2.21E+03 9.66E+03 1.08E+03 1.95E+05 2.46E+03 

2022 1.94E+05 2.32E+03 1.01E+04 1.13E+03 2.04E+05 2.58E+03 

2023 2.00E+05 2.39E+03 1.04E+04 1.17E+03 2.10E+05 2.66E+03 

2024 2.10E+05 2.51E+03 1.10E+04 1.23E+03 2.21E+05 2.80E+03 

2025 2.26E+05 2.70E+03 1.18E+04 1.32E+03 2.38E+05 3.01E+03 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.43E+05 3.80E+03 1.14E+04 1.31E+03 1.54E+05 4.02E+03 

2019 1.51E+05 4.00E+03 1.20E+04 1.38E+03 1.63E+05 4.23E+03 

2020 1.57E+05 4.15E+03 1.25E+04 1.43E+03 1.70E+05 4.39E+03 

2021 1.66E+05 4.38E+03 1.32E+04 1.51E+03 1.79E+05 4.63E+03 

2022 1.73E+05 4.59E+03 1.38E+04 1.58E+03 1.87E+05 4.85E+03 

2023 1.79E+05 4.73E+03 1.42E+04 1.63E+03 1.93E+05 5.00E+03 

2024 1.88E+05 4.97E+03 1.49E+04 1.71E+03 2.03E+05 5.26E+03 

2025 2.02E+05 5.35E+03 1.60E+04 1.85E+03 2.18E+05 5.66E+03 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 1.86E+05 6.84E+02 5.48E+03 3.99E+02 1.91E+05 7.92E+02 

2019 1.96E+05 7.21E+02 5.77E+03 4.21E+02 2.02E+05 8.35E+02 

2020 2.03E+05 7.47E+02 5.98E+03 4.36E+02 2.09E+05 8.65E+02 

2021 2.15E+05 7.89E+02 6.32E+03 4.61E+02 2.21E+05 9.14E+02 

2022 2.25E+05 8.26E+02 6.61E+03 4.82E+02 2.32E+05 9.56E+02 

2023 2.32E+05 8.52E+02 6.82E+03 4.98E+02 2.39E+05 9.87E+02 

2024 2.43E+05 8.94E+02 7.16E+03 5.22E+02 2.50E+05 1.04E+03 

2025 2.62E+05 9.63E+02 7.71E+03 5.62E+02 2.70E+05 1.11E+03 
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Table B58. Projected smog (PS) with and without scaling up approach for optimistic production 

estimations of SWCNTs, MWCNTs and total CNTs (σ represents standard deviation). 

Smog (tons O3-eq./year) 

Year 
Lab Scale (SWCNT) Lab Scale (MWCNT) Lab Scale (CNTs total) 

Mean σ Mean σ Mean σ 

2018 6.14E+06 2.24E+04 1.59E+05 1.17E+04 6.30E+06 2.53E+04 

2019 6.51E+06 2.38E+04 1.69E+05 1.24E+04 6.68E+06 2.68E+04 

2020 6.98E+06 2.54E+04 1.81E+05 1.33E+04 7.16E+06 2.87E+04 

2021 7.44E+06 2.71E+04 1.93E+05 1.42E+04 7.63E+06 3.06E+04 

2022 8.00E+06 2.92E+04 2.07E+05 1.53E+04 8.21E+06 3.30E+04 

2023 1.06E+07 3.87E+04 2.75E+05 2.03E+04 1.09E+07 4.37E+04 

2024 1.13E+07 4.14E+04 2.94E+05 2.17E+04 1.16E+07 4.67E+04 

2025 1.30E+07 4.75E+04 3.37E+05 2.49E+04 1.33E+07 5.36E+04 

Year 
S1 (SWCNT) S1 (MWCNT) S1 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 8.14E+05 9.74E+03 4.25E+04 4.76E+03 8.57E+05 1.08E+04 

2019 8.63E+05 1.03E+04 4.51E+04 5.05E+03 9.08E+05 1.15E+04 

2020 9.25E+05 1.11E+04 4.83E+04 5.41E+03 9.73E+05 1.23E+04 

2021 9.87E+05 1.18E+04 5.15E+04 5.77E+03 1.04E+06 1.31E+04 

2022 1.06E+06 1.27E+04 5.54E+04 6.20E+03 1.12E+06 1.41E+04 

2023 1.41E+06 1.68E+04 7.34E+04 8.22E+03 1.48E+06 1.87E+04 

2024 1.50E+06 1.80E+04 7.86E+04 8.80E+03 1.58E+06 2.00E+04 

2025 1.73E+06 2.07E+04 9.02E+04 1.01E+04 1.82E+06 2.30E+04 

Year 
S2 (SWCNT) S2 (MWCNT) S2 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 7.28E+05 1.93E+04 5.79E+04 6.66E+03 7.86E+05 2.04E+04 

2019 7.72E+05 2.05E+04 6.14E+04 7.06E+03 8.33E+05 2.17E+04 

2020 8.28E+05 2.19E+04 6.58E+04 7.57E+03 8.94E+05 2.32E+04 

2021 8.83E+05 2.34E+04 7.02E+04 8.07E+03 9.53E+05 2.48E+04 

2022 9.49E+05 2.51E+04 7.54E+04 8.67E+03 1.02E+06 2.66E+04 

2023 1.26E+06 3.33E+04 1.00E+05 1.15E+04 1.36E+06 3.52E+04 

2024 1.35E+06 3.57E+04 1.07E+05 1.23E+04 1.46E+06 3.78E+04 

2025 1.54E+06 4.09E+04 1.23E+05 1.41E+04 1.66E+06 4.33E+04 

Year 
S3 (SWCNT) S3 (MWCNT) S3 (CNTs total) 

Mean σ Mean σ Mean σ 

2018 9.45E+05 3.47E+03 2.78E+04 2.03E+03 9.73E+05 4.02E+03 

2019 1.00E+06 3.68E+03 2.95E+04 2.15E+03 1.03E+06 4.26E+03 

2020 1.07E+06 3.94E+03 3.16E+04 2.30E+03 1.10E+06 4.56E+03 

2021 1.15E+06 4.21E+03 3.37E+04 2.46E+03 1.18E+06 4.88E+03 

2022 1.23E+06 4.52E+03 3.62E+04 2.64E+03 1.27E+06 5.23E+03 

2023 1.63E+06 6.00E+03 4.80E+04 3.50E+03 1.68E+06 6.95E+03 

2024 1.75E+06 6.42E+03 5.14E+04 3.75E+03 1.80E+06 7.43E+03 

2025 2.00E+06 7.36E+03 5.90E+04 4.30E+03 2.06E+06 8.52E+03 
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Table B59. Cross comparison of impacts using different scenarios for pessimistic CNTs 

production in 2019 (red: the highest, orange/yellow: medium-high, light green: medium-low, 

dark green: the lowest). 

 Laboratory S1 S2 S3 

AC (ton SO2-eq.) 1.67E+05 2.22E+04 1.99E+04 2.57E+04 

HHC (CTUh-eq.) 5.17E-02 1.11E-02 1.72E-02 8.22E-03 

EC (CTUe-eq.) 9.58E+06 1.85E+06 2.87E+06 1.53E+06 

EU (ton N-eq.) 3.44E+03 7.19E+02 1.19E+03 5.43E+02 

FF (MJ surplus) 1.27E+07 1.73E+06 2.24E+06 1.97E+06 

GW (ton CO2-eq.) 1.96E+07 2.65E+06 2.73E+06 3.01E+06 

HHNC (CTUh-eq.) 6.81E-01 1.08E-01 1.34E-01 1.07E-01 

OD (ton CFC11-eq.) 5.70E-02 2.16E-02 9.61E-02 1.12E-02 

RE (ton PM2.5-eq.) 8.38E+03 1.18E+03 1.20E+03 1.29E+03 

PS (ton O3-eq.) 1.30E+06 1.78E+05 1.63E+05 2.02E+05 

CED (MJ) 2.74E+08 3.70E+07 3.84E+07 4.25E+07 

 

Industry Based Environmental Impact Predictions- Example Calculation 

Mass of SWCNTs produced is assumed as = 0.2*total CNTs, mass of MWCNTs produced is 

assumed as = 0.8*total CNTs. Example calculation of GW for energy and environment industry 

with pessimistic SWCNTs production on 2019 (lab scale): 

 

∑[
0.23 ∗ 137 𝑡 𝑆𝑊𝐶𝑁𝑇𝑠

4
∗ (8.29𝐸 + 04 

𝑘𝑔 𝐶𝑂2 − 𝑒𝑞.

𝑘𝑔 𝑆𝑊𝐶𝑁𝑇𝑠
) +

0.23 ∗ 137 𝑡 𝑆𝑊𝐶𝑁𝑇𝑠

4

∗ (8.86𝐸 + 04 
𝑘𝑔 𝐶𝑂2 − 𝑒𝑞.

𝑘𝑔 𝑆𝑊𝐶𝑁𝑇𝑠
) +

0.23 ∗ 137 𝑡 𝑆𝑊𝐶𝑁𝑇𝑠

4
∗ (1.97𝐸 + 05 

𝑘𝑔 𝐶𝑂2 − 𝑒𝑞.

𝑘𝑔 𝑆𝑊𝐶𝑁𝑇𝑠
)

+
0.23 ∗ 137 𝑡 𝑆𝑊𝐶𝑁𝑇𝑠

4
∗ (5.96𝐸 + 05

𝑘𝑔 𝐶𝑂2 − 𝑒𝑞.

𝑘𝑔 𝑆𝑊𝐶𝑁𝑇𝑠
)]

= 7.59𝐸 + 06 𝑡 𝐶𝑂2 − 𝑒𝑞./𝑦𝑒𝑎𝑟  
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Table B60. Industry based GW (tons CO2-eq./year) estimations separated by SW- and MW- 

CNTs and laboratory scale synthesis in 2019. 

Industry 
tons CO2-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 4.81E+06 1.11E+05 4.92E+06 

Composites 1.36E+07 1.35E+05 1.37E+07 

Energy and Environment 7.59E+06 1.07E+05 7.70E+06 

Automotive 4.02E+06 5.40E+04 4.07E+06 

Aerospace 8.77E+05 2.32E+04 9.00E+05 

Coatings, Paints and Pigments 1.75E+06 4.64E+04 1.80E+06 

Sensors 1.63E+06 1.62E+04 1.65E+06 

TOTAL (Laboratory scale w/ 

pessimistic estimations) 
3.43E+07 4.93E+05 3.48E+07 

Industry 
tons CO2-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 2.46E+07 5.69E+05 2.52E+07 

Composites 6.93E+07 6.89E+05 7.00E+07 

Energy and Environment 3.88E+07 5.45E+05 3.93E+07 

Automotive 2.06E+07 2.76E+05 2.09E+07 

Aerospace 4.48E+06 1.18E+05 4.60E+06 

Coatings, Paints and Pigments 8.96E+06 2.37E+05 9.20E+06 

Sensors 8.32E+06 8.27E+04 8.40E+06 

TOTAL (Laboratory scale w/ 

optimistic estimations) 
1.75E+08 2.52E+06 1.78E+08 
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Table B61. Industry based AP (tons SO2-eq./year) estimations separated by SW- and MW- 

CNTs and laboratory scale synthesis in 2019. 

Industry 
tons SO2-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 4.12E+04 8.66E+02 4.21E+04 

Composites 1.16E+05 1.05E+03 1.17E+05 

Energy and Environment 6.51E+04 8.30E+02 6.59E+04 

Automotive 3.46E+04 4.20E+02 3.50E+04 

Aerospace 7.51E+03 1.81E+02 7.69E+03 

Coatings, Paints and Pigments 1.50E+04 3.61E+02 1.54E+04 

Sensors 1.40E+04 1.26E+02 1.41E+04 

TOTAL (Laboratory scale w/ 

pessimistic estimations) 
2.94E+05 3.83E+03 2.98E+05 

Industry 
tons SO2-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 2.10E+05 4.43E+03 2.14E+05 

Composites 5.95E+05 5.37E+03 6.00E+05 

Energy and Environment 3.33E+05 4.24E+03 3.37E+05 

Automotive 1.77E+05 2.15E+03 1.79E+05 

Aerospace 3.84E+04 9.22E+02 3.93E+04 

Coatings, Paints and Pigments 7.67E+04 1.84E+03 7.85E+04 

Sensors 7.14E+04 6.44E+02 7.20E+04 

TOTAL (Laboratory scale w/ 

optimistic estimations) 
1.50E+06 1.96E+04 1.52E+06 
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Table B62. Industry based EC (CTUe/year) estimations separated by SW- and MW- CNTs and 

laboratory scale synthesis in 2019. 

Industry 
CTUe/year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 2.10E+06 2.23E+05 2.32E+06 

Composites 5.70E+06 2.71E+05 5.97E+06 

Energy and Environment 3.30E+06 2.14E+05 3.51E+06 

Automotive 1.68E+06 1.08E+05 1.79E+06 

Aerospace 3.83E+05 4.65E+04 4.30E+05 

Coatings, Paints and Pigments 7.67E+05 9.29E+04 8.60E+05 

Sensors 6.84E+05 3.25E+04 7.17E+05 

TOTAL (Laboratory scale w/ 

pessimistic estimations) 
1.46E+07 9.88E+05 1.56E+07 

Industry 
CTUe/year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 1.07E+07 1.14E+06 1.18E+07 

Composites 2.91E+07 1.38E+06 3.05E+07 

Energy and Environment 1.68E+07 1.09E+06 1.79E+07 

Automotive 8.58E+06 5.54E+05 9.13E+06 

Aerospace 1.96E+06 2.37E+05 2.20E+06 

Coatings, Paints and Pigments 3.92E+06 4.75E+05 4.40E+06 

Sensors 3.50E+06 1.66E+05 3.67E+06 

TOTAL (Laboratory scale w/ 

optimistic estimations) 
7.47E+07 5.05E+06 7.98E+07 
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Table B63. Industry based HHC (CTUh/year) estimations separated by SW- and MW- CNTs 

and laboratory scale synthesis in 2019. 

Industry 
CTUh/year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 1.03E-02 1.34E-03 1.16E-02 

Composites 2.80E-02 1.63E-03 2.96E-02 

Energy and Environment 1.63E-02 1.29E-03 1.76E-02 

Automotive 8.23E-03 6.52E-04 8.88E-03 

Aerospace 1.88E-03 2.80E-04 2.16E-03 

Coatings, Paints and Pigments 3.76E-03 5.59E-04 4.32E-03 

Sensors 3.36E-03 1.96E-04 3.56E-03 

TOTAL (Laboratory scale w/ 

pessimistic estimations) 
7.18E-02 5.94E-03 7.77E-02 

Industry 
CTUh/year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 5.27E-02 6.86E-03 5.96E-02 

Composites 1.43E-01 8.33E-03 1.51E-01 

Energy and Environment 8.31E-02 6.57E-03 8.97E-02 

Automotive 4.20E-02 3.33E-03 4.53E-02 

Aerospace 9.61E-03 1.43E-03 1.10E-02 

Coatings, Paints and Pigments 1.92E-02 2.86E-03 2.21E-02 

Sensors 1.72E-02 9.99E-04 1.82E-02 

TOTAL (Laboratory scale w/ 

optimistic estimations) 
3.67E-01 3.04E-02 3.97E-01 
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Table B64. Industry based HHNC (CTUh/year) estimations separated by SW- and MW- CNTs 

and laboratory scale synthesis in 2019. 

Industry 
CTUh/year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 1.59E-01 8.44E-03 1.67E-01 

Composites 4.44E-01 1.03E-02 4.54E-01 

Energy and Environment 2.51E-01 8.09E-03 2.59E-01 

Automotive 1.31E-01 4.10E-03 1.35E-01 

Aerospace 2.90E-02 1.76E-03 3.08E-02 

Coatings, Paints and Pigments 5.80E-02 3.52E-03 6.15E-02 

Sensors 5.33E-02 1.23E-03 5.45E-02 

TOTAL (Laboratory scale w/ 

pessimistic estimations) 
1.13E+00 3.74E-02 1.17E+00 

Industry 
CTUh/year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 8.13E-01 4.31E-02 8.56E-01 

Composites 2.27E+00 5.24E-02 2.32E+00 

Energy and Environment 1.28E+00 4.13E-02 1.32E+00 

Automotive 6.71E-01 2.10E-02 6.92E-01 

Aerospace 1.48E-01 8.99E-03 1.57E-01 

Coatings, Paints and Pigments 2.96E-01 1.80E-02 3.14E-01 

Sensors 2.72E-01 6.29E-03 2.78E-01 

TOTAL (Laboratory scale w/ 

optimistic estimations) 
5.75E+00 1.91E-01 5.94E+00 
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Table B65. Industry based EU (tons N-eq./year) estimations separated by SW- and MW- CNTs 

and laboratory scale synthesis in 2019. 

 

Industry 
tons N-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 6.97E+02 1.10E+02 8.07E+02 

Composites 1.92E+03 1.33E+02 2.05E+03 

Energy and Environment 1.10E+03 1.05E+02 1.21E+03 

Automotive 5.61E+02 5.33E+01 6.14E+02 

Aerospace 1.27E+02 2.29E+01 1.50E+02 

Coatings, Paints and Pigments 2.54E+02 4.57E+01 3.00E+02 

Sensors 2.30E+02 1.60E+01 2.46E+02 

TOTAL (Laboratory scale w/ 

pessimistic estimations) 
4.89E+03 4.86E+02 5.38E+03 

Industry 
tons N-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 3.56E+03 5.61E+02 4.12E+03 

Composites 9.80E+03 6.81E+02 1.05E+04 

Energy and Environment 5.61E+03 5.37E+02 6.15E+03 

Automotive 2.87E+03 2.72E+02 3.14E+03 

Aerospace 6.49E+02 1.17E+02 7.66E+02 

Coatings, Paints and Pigments 1.30E+03 2.34E+02 1.53E+03 

Sensors 1.18E+03 8.17E+01 1.26E+03 

TOTAL (Laboratory scale w/ 

optimistic estimations) 
2.50E+04 2.48E+03 2.75E+04 
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Table B66. Industry based RE (tons PM2.5-eq./year) estimations separated by SW- and MW- 

CNTs and laboratory scale synthesis in 2019. 

Industry 
tons PM2.5-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 2.04E+03 6.87E+01 2.11E+03 

Composites 5.74E+03 8.34E+01 5.82E+03 

Energy and Environment 3.22E+03 6.59E+01 3.29E+03 

Automotive 1.70E+03 3.34E+01 1.73E+03 

Aerospace 3.71E+02 1.43E+01 3.85E+02 

Coatings, Paints and Pigments 7.42E+02 2.86E+01 7.71E+02 

Sensors 6.89E+02 1.00E+01 6.99E+02 

TOTAL (Laboratory scale w/ 

pessimistic estimations) 
1.45E+04 3.04E+02 1.48E+04 

Industry 
tons PM2.5-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 1.04E+04 3.51E+02 1.08E+04 

Composites 2.93E+04 4.26E+02 2.97E+04 

Energy and Environment 1.64E+04 3.37E+02 1.67E+04 

Automotive 8.69E+03 1.70E+02 8.86E+03 

Aerospace 1.90E+03 7.32E+01 1.97E+03 

Coatings, Paints and Pigments 3.79E+03 1.46E+02 3.94E+03 

Sensors 3.52E+03 5.11E+01 3.57E+03 

TOTAL (Laboratory scale w/ 

optimistic estimations) 
7.41E+04 1.56E+03 7.57E+04 
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Table B67. Industry based FF (MJ surplus energy/year) estimations separated by SW- and MW- 

CNTs and laboratory scale synthesis in 2019. 

Industry 
MJ surplus energy/year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 3.09E+06 9.48E+04 3.18E+06 

Composites 8.54E+06 1.15E+05 8.66E+06 

Energy and Environment 4.89E+06 9.09E+04 4.98E+06 

Automotive 2.53E+06 4.60E+04 2.58E+06 

Aerospace 5.64E+05 1.98E+04 5.84E+05 

Coatings, Paints and Pigments 1.13E+06 3.95E+04 1.17E+06 

Sensors 1.03E+06 1.38E+04 1.04E+06 

TOTAL (Laboratory scale w/ 

pessimistic estimations) 
2.18E+07 4.20E+05 2.22E+07 

Industry 
MJ surplus energy/year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 1.58E+07 4.84E+05 1.63E+07 

Composites 4.37E+07 5.88E+05 4.43E+07 

Energy and Environment 2.50E+07 4.64E+05 2.55E+07 

Automotive 1.29E+07 2.35E+05 1.31E+07 

Aerospace 2.88E+06 1.01E+05 2.98E+06 

Coatings, Paints and Pigments 5.76E+06 2.02E+05 5.96E+06 

Sensors 5.24E+06 7.05E+04 5.31E+06 

TOTAL (Laboratory scale w/ 

optimistic estimations) 
1.11E+08 2.14E+06 1.13E+08 
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Table B68. Industry based CED (MJ/year) estimations separated by SW- and MW- CNTs and 

laboratory scale synthesis in 2019. 

Industry 
MJ/year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 6.74E+07 1.75E+06 6.92E+07 

Composites 1.90E+08 2.12E+06 1.92E+08 

Energy and Environment 1.07E+08 1.68E+06 1.09E+08 

Automotive 5.63E+07 8.49E+05 5.71E+07 

Aerospace 1.23E+07 3.65E+05 1.27E+07 

Coatings, Paints and Pigments 2.46E+07 7.29E+05 2.53E+07 

Sensors 2.28E+07 2.55E+05 2.31E+07 

TOTAL (Laboratory scale w/ 

pessimistic estimations) 
4.79E+08 7.75E+06 4.87E+08 

Industry 
MJ/year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 3.44E+08 8.94E+06 3.53E+08 

Composites 9.70E+08 1.08E+07 9.81E+08 

Energy and Environment 5.44E+08 8.57E+06 5.53E+08 

Automotive 2.87E+08 4.34E+06 2.91E+08 

Aerospace 6.27E+07 1.86E+06 6.46E+07 

Coatings, Paints and Pigments 1.25E+08 3.73E+06 1.29E+08 

Sensors 1.16E+08 1.30E+06 1.17E+08 

TOTAL (Laboratory scale w/ 

optimistic estimations) 
2.45E+09 3.96E+07 2.49E+09 
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Table B69. Industry based PS (tons O3-eq./year) estimations separated by SW- and MW- CNTs 

and laboratory scale synthesis in 2019. 

Industry 
tons O3-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 3.21E+05 7.81E+03 3.29E+05 

Composites 9.09E+05 9.47E+03 9.18E+05 

Energy and Environment 5.08E+05 7.49E+03 5.15E+05 

Automotive 2.70E+05 3.79E+03 2.74E+05 

Aerospace 5.86E+04 1.63E+03 6.02E+04 

Coatings, Paints and Pigments 1.17E+05 3.25E+03 1.20E+05 

Sensors 1.09E+05 1.14E+03 1.10E+05 

TOTAL (Laboratory scale w/ 

pessimistic estimations) 
2.29E+06 3.46E+04 2.32E+06 

Industry 
tons O3-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 1.64E+06 3.99E+04 1.68E+06 

Composites 4.64E+06 4.84E+04 4.69E+06 

Energy and Environment 2.59E+06 3.82E+04 2.63E+06 

Automotive 1.38E+06 1.94E+04 1.40E+06 

Aerospace 2.99E+05 8.31E+03 3.07E+05 

Coatings, Paints and Pigments 5.99E+05 1.66E+04 6.16E+05 

Sensors 5.57E+05 5.81E+03 5.63E+05 

TOTAL (Laboratory scale w/ 

optimistic estimations) 
1.17E+07 1.77E+05 1.19E+07 
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Table B70. Industry based OD (tons CFC11-eq./year) estimations separated by SW- and MW- 

CNTs and laboratory scale synthesis in 2019. 

Industry 
tons CFC11-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 8.20E-03 5.05E-03 1.33E-02 

Composites 7.54E-03 6.13E-03 1.37E-02 

Energy and Environment 1.22E-02 4.84E-03 1.70E-02 

Automotive 2.02E-03 2.45E-03 4.47E-03 

Aerospace 1.50E-03 1.05E-03 2.55E-03 

Coatings, Paints and Pigments 2.99E-03 2.10E-03 5.09E-03 

Sensors 9.05E-04 7.36E-04 1.64E-03 

TOTAL (Laboratory scale w/ 

pessimistic estimations) 
3.53E-02 2.24E-02 5.77E-02 

Industry 
tons CFC11-eq./year 

SWCNTs MWCNTs TOTAL 

Electronics and Optics 4.19E-02 2.58E-02 6.77E-02 

Composites 3.85E-02 3.13E-02 6.98E-02 

Energy and Environment 6.22E-02 2.47E-02 8.69E-02 

Automotive 1.03E-02 1.25E-02 2.28E-02 

Aerospace 7.64E-03 5.37E-03 1.30E-02 

Coatings, Paints and Pigments 1.53E-02 1.07E-02 2.60E-02 

Sensors 4.62E-03 3.76E-03 8.38E-03 

TOTAL (Laboratory scale w/ 

optimistic estimations) 
1.81E-01 1.14E-01 2.95E-01 
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Appendix C 

Electronic supplemental information from Chapter 4 and associated references. 

 

Search Queries for Toxicity Literature Survey  

Crustaceans 

TOPIC (“toxicity" OR "LC50" OR "LC 50" OR "EC50" OR "EC 50" OR "acute" OR "chronic") 

AND ("crustaceans" OR "crustacean") AND ("silver nanoparticle" OR "silver nanoparticles" OR 

"nanosilver" OR "nano silver" OR "AgNP" OR "AgNPs" OR "nAg")  

Algae 

TOPIC (“toxicity" OR "LC50" OR "LC 50" OR "EC50" OR "EC 50" OR "acute" OR "chronic") 

AND ("algae" OR "alga") AND ("silver nanoparticle" OR "silver nanoparticles" OR "nanosilver" 

OR "nano silver" OR "AgNP" OR "AgNPs" OR "nAg")  

Fish 

TOPIC (“toxicity" OR "LC50" OR "LC 50" OR "EC50" OR "EC 50" OR "acute" OR "chronic") 

AND ("fish" OR "fishes") AND ("silver nanoparticle" OR "silver nanoparticles" OR 

"nanosilver" OR "nano silver" OR "AgNP" OR "AgNPs" OR "nAg")  

Protozoa 

TOPIC ("toxicity" OR "LC50" OR "LC 50" OR "EC50" OR "EC 50") AND ("ciliate" OR 

"ciliates" OR "protozoa" OR "protozoan" OR "protozoans") AND ("silver nanoparticle" OR 

"silver nanoparticles" OR "nanosilver" OR "nano silver" OR "AgNP" OR "AgNPs" OR "nAg") 
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Figure C1. Species level (SPL) HC50 calculation scheme. 

 

 

Figure C2. Trophic level (TPL) HC50 calculation scheme. 
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Table C1. Number of papers disaggregated based on coating, test medium and size for each aquatic organism. 

Size (nm) Organism 
Water Medium Mineral Medium Complex Medium Regardless of Medium 

cit PVP un o sum cit PVP un o sum cit PVP un o sum cit PVP un o sum 

1-10 

C 0 0 1 0 1 9 2 6 10 27 2 7 0 0 9 11 9 7 10 37 

A 0 1 0 0 1 5 1 3 6 15 0 1 0 0 1 5 3 3 6 17 

F 0 1 4 0 5 6 0 2 3 11 2 0 0 0 2 8 1 6 3 18 

P 0 0 2 0 2 0 0 0 0 0 0 0 0 1 1 0 0 2 1 3 

10.1-20 

C 2 2 0 6 10 5 7 8 7 27 1 0 0 6 7 8 9 8 19 44 

A 0 0 0 6 6 9 0 15 2 26 3 0 0 0 3 12 0 15 8 35 

F 0 0 14 1 15 1 5 11 3 20 6 0 6 0 12 7 5 31 4 47 

P 0 0 0 2 2 0 0 0 0 0 0 0 2 0 2 0 0 2 2 4 

20.1-30 

C 1 0 0 5 6 4 4 4 4 16 1 1 5 0 7 6 5 9 9 29 

A 0 0 0 0 0 6 3 3 10 22 0 0 2 0 2 6 3 5 10 24 

F 0 4 0 0 4 1 3 4 4 12 0 1 0 0 1 1 8 4 4 17 

P 0 0 0 0 0 0 2 0 0 2 0 0 0 0 0 0 2 0 0 2 

30.1-40 

C 2 1 0 1 4 3 0 7 3 13 1 0 0 0 1 6 1 7 4 18 

A 0 0 0 0 0 1 0 4 2 7 0 0 0 0 0 1 0 4 2 7 

F 0 0 0 0 0 0 0 4 1 5 0 0 0 0 0 0 0 4 1 5 

P 0 2 2 1 5 0 0 0 0 0 0 0 0 0 0 0 2 2 1 5 

40.1-50 

C 0 0 0 0 0 0 2 3 0 5 0 0 0 0 0 0 2 3 0 5 

A 0 0 0 0 0 0 1 3 2 6 0 0 0 0 0 0 1 3 2 6 

F 0 0 2 0 2 2 1 6 2 11 0 1 3 0 4 2 2 11 2 17 

P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

50.1-60 

C 1 0 0 0 1 5 1 1 0 7 0 0 0 0 0 6 1 1 0 8 

A 0 0 0 0 0 1 5 0 0 6 0 0 0 0 0 1 5 0 0 6 

F 0 0 0 0 0 0 7 2 2 11 0 0 0 0 0 0 7 2 2 11 

P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Size (nm) Organism 
Water Medium Mineral Medium Complex Medium Regardless of Medium 

cit PVP un o sum cit PVP un o sum cit PVP un o sum cit PVP un o sum 

60.1-70 

C 1 0 0 0 1 1 2 0 3 6 0 0 0 0 0 2 2 0 3 7 

A 0 0 0 0 0 1 0 2 4 7 0 0 0 0 0 1 0 2 4 7 

F 0 0 4 0 4 0 0 0 1 1 0 0 0 0 0 0 0 4 1 5 

P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

70.1-80 

C 1 0 0 0 1 3 1 4 0 8 0 0 0 1 1 4 1 4 1 10 

A 0 0 0 0 0 1 1 0 0 2 0 0 0 0 0 1 1 0 0 2 

F 1 0 1 0 2 0 1 4 0 5 0 0 0 1 1 1 1 5 1 8 

P 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 0 1 

80.1-90 

C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

A 0 0 0 0 0 0 1 1 0 2 0 0 0 0 0 0 1 1 0 2 

F 0 0 0 0 0 0 2 5 0 7 0 0 0 0 0 0 2 5 0 7 

P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

90.1-100 

C 0 0 1 0 1 1 0 1 1 3 1 0 0 0 1 2 0 2 1 5 

A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

F 1 6 8 0 15 0 1 0 1 2 0 0 0 0 0 1 7 8 1 17 

P 0 0 2 0 2 0 0 0 0 0 0 0 0 0 0 0 0 2 0 2 

>100 

C 1 1 0 2 4 1 0 6 1 8 0 0 1 0 1 2 1 7 3 13 

A 0 0 0 0 0 0 0 2 1 3 0 1 0 0 1 0 1 2 1 4 

F 0 0 4 0 4 2 3 2 4 11 0 1 0 0 1 2 4 6 4 16 

P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

C: crustaceans, A: algae, F: fish, P: protozoa, cit: citrate coated, PVP: polyvinylpyrrolidone, un: uncoated, o: other coatings, sum: regardless of coating 
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Figure C3. Number of toxicity data disaggregated by the test medium, nAg size and coating for 

A) crustaceans, B) algae, C) fish and D) protozoa. 
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Figure C4. Size versus Median L(E)C50 values for crustaceans. 

 

 

Figure C5. Size versus Median L(E)C50 values for algae. 
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Figure C6. Size versus Median L(E)C50 values for fish. 

 

 

Figure C7. Size versus Median L(E)C50 values for protozoa. 
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N/A: not enough data for calculation were available, therefore the corresponding EF could not be calculated. 

Figure C8. Effect factors (PAF.m3/kg) for PVP coated nAg based on size and test media. 
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N/A: not enough data for calculation were available, therefore the corresponding EF could not be calculated. 

Figure C9. Effect factors (PAF.m3/kg) for citrate coated nAg based on size and test media. 
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N/A: not enough data for calculation were available, therefore the corresponding EF could not be calculated. 

Figure C10. Effect factors (PAF.m3/kg) for uncoated nAg based on size and test media. 
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N/A: not enough data for calculation were available, therefore the corresponding EF could not be calculated. 

Figure C11. Effect factors (PAF.m3/kg) for nAg coated with other capping agents based on size and test media. 
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N/A: not enough data for calculation were available, therefore the corresponding EF could not be calculated. 

Figure C12. Effect factors (PAF.m3/kg) for nAg based on size and test media regardless of coating.
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Figure C13. Size dependent effect factors for different scenarios and respective trendlines. 
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Table C2. The LC50/EC50/IC50 values collected from the literature for silver nanoparticles for freshwater crustaceans (listed in 

alphabetical order based on references). 

Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Daphnia magna mortality 48 h A LC50 1.10E-06 5.94 citrate 

US EPA 

600/4-

90/027F 

mineral 

(MHRW) 
1.10E-06 [1] 

Daphnia magna mortality 48 h A LC50 3.15E-05 39.4 
coated 

(proprietary) 

US EPA 

600/4-

90/027F 

mineral 

(MHRW) 
1.10E-06 [1] 

Daphnia magna mortality 48 h A LC50 1.67E-05 681.4 uncoated 

US EPA 

600/4-

90/027F 

mineral 

(MHRW) 
1.10E-06 [1] 

Daphnia magna mortality 48 h A LC50 1.00E-06 773.6 coffee 

US EPA 

600/4-

90/027F 

mineral 

(MHRW) 
1.10E-06 [1] 

Daphnia magna mortality 48 h A LC50 4.40E-06 39.4 
coated 

(proprietary) 

US EPA 

600/4-

90/027F 

mineral 

(MHRW) 
7.00E-07 [1] 

Daphnia magna mortality 48 h A LC50 1.40E-06 681.4 uncoated 

US EPA 

600/4-

90/027F 

mineral 

(MHRW) 
7.00E-07 [1] 

Daphnia magna immobilization 48 h A EC50 2.00E-06 6.47 uncoated OECD 202 
mineral 

(M4) 
2.30E-06 [2] 

Daphnia magna immobilization 48 h A EC50 4.00E-06 7.32 citrate OECD 202 
mineral 

(M4) 
2.30E-06 [2] 

Daphnia magna immobilization 48 h A EC50 1.87E-04 17.97 uncoated OECD 202 
mineral 

(M4) 
2.30E-06 [2] 

Ceriodaphnia 

cornuta 
mortality 24 h A LC50 3.86E-02 9.4 

Camellia 

sinensis 
N/A 

mineral 

(OECD) 
1.92E-02 [3] 

Daphnia magna immobilization 48 h A EC50 5.40E-05 8.4 PVP OECD 202 
mineral 

(AFW) 
2.20E-06 [4] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Thamnocephalus 

platyurus 
mortality 24 h A LC50 6.88E-05 8.4 PVP OECD 202 

mineral 

(AFW) 
5.70E-06 [4] 

Daphnia magna immobilization 48 h A EC50 1.37E-04 8.4 PVP OECD 202 
complex 

(river) 
1.40E-05 [4] 

Thamnocephalus 

platyurus 
mortality 24 h A LC50 1.91E-04 8.4 PVP OECD 202 

complex 

(river) 
1.07E-05 [4] 

Daphnia magna immobilization 48 h A EC50 1.89E-04 8.4 PVP OECD 202 
complex 

(lake) 
9.00E-06 [4] 

Thamnocephalus 

platyurus 
mortality 24 h A LC50 3.90E-04 8.4 PVP OECD 202 

complex 

(lake) 
1.68E-05 [4] 

Daphnia magna 
reproduction/ 

mortality 
21 d C - 5.80E-05 8.4 PVP OECD 211 

complex 

(river) 
N/A [4] 

Daphnia magna immobilization 48 h A EC50 4.94E-05 12.5 protein OECD 202 
mineral 

(AFW) 
2.20E-06 [4] 

Thamnocephalus 

platyurus 
mortality 24 h A LC50 2.56E-04 12.5 protein OECD 202 

mineral 

(AFW) 
5.70E-06 [4] 

Daphnia magna immobilization 48 h A EC50 4.89E-05 12.5 protein OECD 202 
complex 

(river) 
1.40E-05 [4] 

Thamnocephalus 

platyurus 
mortality 24 h A LC50 1.62E-04 12.5 protein OECD 202 

complex 

(river) 
1.07E-05 [4] 

Daphnia magna immobilization 48 h A EC50 6.30E-05 12.5 protein OECD 202 
complex 

(lake) 
9.00E-06 [4] 

Thamnocephalus 

platyurus 
mortality 24 h A LC50 2.50E-04 12.5 protein OECD 202 

complex 

(lake) 
1.68E-05 [4] 

Daphnia magna 
reproduction/ 

mortality 
21 d C - 3.70E-05 12.5 protein OECD 211 

complex 

(river) 
N/A [4] 

Daphnia magna 
reproduction/ 

mortality 
21 d C - 7.40E-05 12.5 protein OECD 211 

complex 

(lake) 
N/A [4] 

Moina 

macrocopa 
mortality 48 h A LC50 1.10E-04 20.8 PVP OECD 202 

mineral 

(MHRW) 
N/A [5] 

Moina 

macrocopa 
mortality 48 h A LC50 1.16E-03 40.04 L Tyrosine OECD 202 

mineral 

(MHRW) 
N/A [5] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Daphnia magna 
growth and 

survival 
48 h A LC50 1.70E-05 10 CPA 

US EPA 

821/R-

02/012 

mineral 

(COMBO

) 

N/A [6] 

Daphnia magna mortality 48 h A LC50 2.75E-06 1–10 CPA OECD 202 

mineral 

(COMBO

) 

N/A [7] 

Daphnia magna 
growth and 

mortality 
96 h A LC50 1.00E-04 35 uncoated 

US EPA 

821/R-

02/012 

mineral 

(MHRW) 
N/A [8] 

Daphnia magna moulting 21 d C LC50 1.00E-06 35 uncoated 

US EPA 

821/R-

02/012 

mineral 

(MHRW) 
N/A [8] 

Daphnia magna moulting 21 d C LC50 5.00E-06 35 uncoated 

US EPA 

821/R-

02/012 

mineral 

(MHRW) 
N/A [8] 

Ceriodaphnia 

dubia 

mortality and/or 

immobilization 
48 h A LC50 4.60E-07 20-30 N/A 

US EPA 

3050B 

complex 

(Suwanne

e River) 

N/A [9] 

Ceriodaphnia 

dubia 

mortality and/or 

immobilization 
48 h A LC50 6.18E-06 20-30 N/A 

US EPA 

3050B 

complex 

(Suwanne

e River) 

N/A [9] 

Ceriodaphnia 

dubia 

mortality and/or 

immobilization 
48 h A LC50 7.71E-07 20-30 N/A 

US EPA 

3050B 

complex 

(Suwanne

e River) 

N/A [9] 

Ceriodaphnia 

dubia 

mortality and/or 

immobilization 
48 h A LC50 6.96E-07 20-30 N/A 

US EPA 

3050B 

complex 

(Suwanne

e River) 

N/A [9] 

Daphnia magna immobilization 48 h A EC50 1.20E-04 20 N/A OECD 202 
mineral 

(OECD) 
1.40E-06 [10] 

Daphnia magna immobilization 48 h A EC50 1.20E-06 23 N/A OECD 202 
mineral 

(OECD) 
1.40E-06 [10] 

Daphnia magna immobilization 48 h A EC50 2.00E-05 27 N/A OECD 202 
mineral 

(OECD) 
1.40E-06 [10] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Daphnia magna immobilization 48 h A EC50 6.50E-04 200 N/A OECD 202 
mineral 

(OECD) 
1.40E-06 [10] 

Ceriodaphnia 

dubia 

mortality and/or 

immobilization 
48 h A LC50 6.70E-05 26.6 metal oxide 

US EPA 

821/R-

02/013 

mineral 

(MHFW) 
1.60E-04 [11] 

Daphnia pulex 
mortality and/or 

immobilization 
48 h A LC50 4.00E-05 26.6 metal oxide 

US EPA 

821/R-

02/013 

mineral 

(MHFW) 
8.00E-06 [12] 

Daphnia magna mortality 7 d SC LC50 8.50E-06 20 citrate 

US EPA 

812/R‐

02/012 

mineral 

(VSRW) 
N/A [12] 

Daphnia magna mortality 7 d SC LC50 9.09E-06 20 citrate 

US EPA 

812/R‐

02/012 

mineral 

(SRW) 
N/A [12] 

Daphnia magna mortality 7 d SC LC50 7.03E-06 54 citrate 

US EPA 

812/R‐

02/012 

mineral 

(VSRW) 
N/A [12] 

Daphnia magna mortality 7 d SC LC50 5.98E-06 54 citrate 

US EPA 

812/R‐

02/012 

mineral 

(SRW) 
N/A [12] 

Daphnia magna mortality 7 d SC LC50 7.00E-06 76 citrate 

US EPA 

812/R‐

02/012 

mineral 

(VSRW) 
N/A [12] 

Daphnia magna mortality 7 d SC LC50 1.08E-05 76 citrate 

US EPA 

812/R‐

02/012 

mineral 

(SRW) 
N/A [12] 

Daphnia magna immobilization 48 h A EC50 1.94E-06 21 PVP OECD 202 
complex 

(lake) 
9.30E-07 [13] 

Daphnia magna mortality 48 h A LC50 7.00E-06 10 uncoated 

US EPA 

600/4-

90/027F 

mineral 

(Lake 

Superior) 

5.70E-07 [14] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Daphnia magna mortality 48 h A LC50 1.10E-05 20 uncoated 

US EPA 

600/4-

90/027F 

mineral 

(Lake 

Superior) 

5.70E-07 [14] 

Daphnia magna mortality 48 h A LC50 1.80E-05 30 uncoated 

US EPA 

600/4-

90/027F 

mineral 

(Lake 

Superior) 

5.70E-07 [14] 

Daphnia magna mortality 48 h A LC50 2.74E-05 50 uncoated 

US EPA 

600/4-

90/027F 

mineral 

(Lake 

Superior) 

5.70E-07 [14] 

Daphnia magna lethality 24 h A LC50 2.50E-05 40 PVP 

US EPA 

812/R‐

02/012 

water N/A [15] 

Daphnia magna lethality 24 h A LC50 8.90E-06 40 citrate 

US EPA 

812/R‐

02/012 

water N/A [15] 

Daphnia magna lethality 24 h A LC50 3.84E-05 110 PVP 

US EPA 

812/R‐

02/012 

water N/A [15] 

Daphnia magna lethality 24 h A LC50 1.74E-05 110 citrate 

US EPA 

812/R‐

02/012 

water N/A [15] 

Daphnia magna mortality 21 d C EC50 3.20E-04 8.6 citrate OECD 211 
mineral 

(M4) 
1.20E-06 [16] 

Daphnia magna immobilization 24 h A EC50 1.05E-04 8.6 citrate OECD 202 
mineral 

(M4) 
2.80E-06 [16] 

Daphnia magna immobilization 24 h A EC50 2.70E-04 8.6 citrate OECD 202 
complex 

(lake) 
7.50E-06 [16] 

Daphnia magna immobilization 48 h A EC50 1.10E-04 8.6 citrate OECD 202 
mineral 

(M4) 
1.80E-06 [16] 

Daphnia magna immobilization 48 h A EC50 2.70E-04 8.6 citrate OECD 202 
complex 

(lake) 
8.00E-06 [16] 

Daphnia magna immobilization 48 h A EC50 3.70E-05 15 uncoated OECD 202 
mineral 

(OECD) 
N/A [17] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 
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LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Daphnia magna immobilization 48 h A EC50 1.60E-06 44 uncoated OECD 202 
mineral 

(OECD) 
N/A [17] 

Daphnia magna immobilization 48 h A EC50 8.50E-06 241 uncoated OECD 202 
mineral 

(OECD) 
N/A [17] 

Daphnia magna immobilization 48 h A EC50 1.00E-05 10 citrate OECD 202 
mineral 

(AFW) 
2.00E-06 [18] 

Daphnia magna immobilization 48 h A EC50 3.40E-05 20 citrate OECD 202 
mineral 

(AFW) 
2.00E-06 [18] 

Daphnia magna immobilization 48 h A EC50 1.41E-04 40 citrate OECD 202 
mineral 

(AFW) 
2.00E-06 [18] 

Daphnia magna immobilization 48 h A EC50 1.68E-04 60 citrate OECD 202 
mineral 

(AFW) 
2.00E-06 [18] 

Daphnia magna immobilization 48 h A EC50 2.18E-04 80 citrate OECD 202 
mineral 

(AFW) 
2.00E-06 [18] 

Daphnia magna immobilization 48 h A EC50 2.50E-06 20.4 PVP OECD 202 
mineral 

(AFW) 
1.00E-06 [19] 

Ceriodaphnia 

cornuta 
mortality 1 h A LC50 2.35E-02 8.2 N/A 

OECD, US 

EPA 

water 

(SSF) 
1.47E-02 [20] 

Daphnia magna immobilization 24 h A EC50 1.00E-05 <100 N/A US EPA 
mineral 

(MHRW) 
3.20E-06 [21] 

Daphnia magna mortality 48 h A LC50 5.40E-06 10 N/A 

US EPA 

812/R‐

02/012 

mineral 

(MHRW) 
1.20E-06 [22] 

Daphnia magna mortality 48 h A LC50 5.30E-06 20 N/A 

US EPA 

812/R‐

02/012 

mineral 

(MHRW) 
1.20E-06 [22] 

Daphnia magna mortality 48 h A LC50 1.11E-05 29 citrate 

US EPA 

812/R‐

02/012 

mineral 

(MHRW) 
1.20E-06 [22] 

Daphnia magna mortality 48 h A LC50 1.80E-06 31 N/A 

US EPA 

812/R‐

02/012 

mineral 

(MHRW) 
1.20E-06 [22] 
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Species Endpoint 
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Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
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LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Daphnia magna mortality 48 h A LC50 1.49E-05 36 N/A 

US EPA 

812/R‐

02/012 

mineral 

(MHRW) 
1.20E-06 [22] 

Daphnia magna mortality 48 h A LC50 9.70E-05 41 PVP 

US EPA 

812/R‐

02/012 

mineral 

(MHRW) 
1.20E-06 [22] 

Daphnia magna mortality 48 h A LC50 5.40E-06 50 N/A 

US EPA 

812/R‐

02/012 

mineral 

(MHRW) 
1.20E-06 [22] 

Daphnia magna mortality 48 h A LC50 1.77E-05 80 N/A 

US EPA 

812/R‐

02/012 

mineral 

(MHRW) 
1.20E-06 [22] 

Ceriodaphnia 

dubia 
mortality 48 h A LC50 4.80E-06 20 citrate 

US EPA 

812/R‐

02/012 

mineral 

(MHRW) 
7.00E-07 [22] 

Ceriodaphnia 

dubia 
mortality 48 h A LC50 

>4.65E-

05 
20 citrate 

US EPA 

812/R‐

02/012 

complex 1.90E-06 [22] 

Ceriodaphnia 

dubia 
mortality 48 h A LC50 2.67E-05 100 citrate 

US EPA 

812/R‐

02/012 

mineral 

(MHRW) 
7.00E-07 [22] 

Ceriodaphnia 

dubia 
mortality 48 h A LC50 

>4.14E-

05 
100 citrate 

US EPA 

812/R‐

02/012 

complex 1.90E-06 [22] 

Daphnia magna immobilization 48 h A EC50 1.00E-06 60 uncoated OECD 202 
mineral 

(M4) 
5.00E-07 [23] 

Daphnia magna immobilization 48 h A EC50 1.40E-06 300 uncoated OECD 202 
mineral 

(M4) 
5.00E-07 [23] 

Daphnia magna immobilization 24 h A EC50 4.10E-05 20 uncoated OECD 202 
mineral 

(OECD) 
2.30E-06 [24] 

Daphnia magna immobilization 48 h A EC50 4.50E-05 56.6 PVP OECD 202 
mineral 

(MHW) 
N/A [25] 



 

  

3
4
9
 

Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
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Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Daphnia magna immobilization 48 h A EC50 7.98E-06 13.3 citrate N/A 
mineral 

(M4) 
5.70E-07 [26] 

Daphnia magna immobilization 48 h A EC50 7.50E-07 
60-

100 
uncoated N/A 

mineral 

(M4) 
5.70E-07 [26] 

Daphnia 

carinata 
immobilization 48 h A EC50 4.97E-05 10.56 tyrosine OECD 202 

mineral 

(MHW) 

ASTM 

1.21E-06 [27] 

Daphnia 

carinata 
immobilization 48 h A EC50 1.94E-05 9.27 

epigallocatec

hin gallate 
OECD 202 

mineral 

(MHW) 

ASTM 

1.21E-06 [27] 

Daphnia 

carinata 
immobilization 48 h A EC50 2.14E-05 13.68 curcumin OECD 202 

mineral 

(MHW) 

ASTM 

1.21E-06 [27] 

Daphnia magna mortality 48 h A LC50 1.20E-05 30 citrate-Au OECD 
water 

(SSF) 
2.00E-06 [28] 

Daphnia magna mortality 48 h A LC50 4.50E-06 36 citrate OECD 
water 

(SSF) 
2.00E-06 [28] 

Daphnia magna mortality 48 h A LC50 6.50E-06 52 citrate OECD 
water 

(SSF) 
2.00E-06 [28] 

Daphnia magna mortality 48 h A LC50 1.00E-05 66 citrate OECD 
water 

(SSF) 
2.00E-06 [28] 

Daphnia magna mortality 48 h A LC50 1.50E-05 72 citrate-Au OECD 
water 

(SSF) 
2.00E-06 [28] 

Daphnia magna immobilization 48 h A EC50 4.76E-05 30 citrate OECD 202 
mineral 

(M7) 
7.50E-07 [29] 

Daphnia magna reproduction 21 d C - 2.00E-05 30 citrate OECD 211 
mineral 

(M7) 
N/A [29] 

Ceriodaphnia 

dubia 
mortality 48 h A LC50 2.21E-04 76.8 carbon US EPA 

complex 

(Prairie 

Creek 

Preserve) 

N/A [30] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 
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EC50/ 
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EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
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LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Ceriodaphnia 

dubia 
mortality 48 h A LC50 4.33E-07 25.4 uncoated US EPA 

complex 

(Ichetuckn

ee River) 

N/A [30] 

Ceriodaphnia 

dubia 
mortality 48 h A LC50 4.82E-07 25.4 uncoated US EPA 

mineral 

(MHRW) 
N/A [30] 

Daphnia magna reproduction 21 d C - 1.07E-04 8.4 PVP N/A 
complex 

(E7) 
1.20E-05 [31] 

Daphnia magna immobilization 24 h A EC50 2.90E-04 8.4 PVP N/A 
complex 

(E7) 
1.39E-05 [31] 

Daphnia magna mortality 24 h A LC50 1.50E-06 <100 N/A OECD 211 water N/A [32] 

Daphnia 

lumholtzi 
mortality 24 h A LC50 6.93E-05 9.8 N/A OECD 202 

mineral 

(COMBO

) 

N/A [33] 

Daphnia 

lumholtzi 
mortality 48 h A LC50 5.76E-05 9.8 N/A OECD 202 

mineral 

(COMBO

) 

N/A [33] 

Daphnia 

lumholtzi 

survival, growth 

and 

reproduction 

21 d C - 
>5.00E-

07 
9.8 N/A OECD 202 

mineral 

(COMBO

) 

N/A [33] 

Daphnia magna mortality 48 h A EC50 7.98E-04 56.5 citrate US EPA 
mineral 

(MHW) 
4.30E-06 [34] 

Daphnia magna mortality 24 h A LC50 6.10E-06 35 uncoated US EPA 
mineral 

(MHRW) 
4.00E-07 [35] 

Daphnia magna mortality 24 h A LC50 1.80E-06 40 citrate US EPA 
mineral 

(MHRW) 
4.00E-07 [35] 

Daphnia magna mortality 24 h A LC50 1.06E-05 35-50 PVP US EPA 
mineral 

(MHRW) 
4.00E-07 [35] 

Daphnia magna immobilization 48 h A EC50 4.72E-05 3-11.4 citrate OECD mineral 4.50E-06 [36] 

Daphnia magna mortality 24 h A LC50 2.65E-01 17 protein 

US EPA 

821/R-

02/012 

water 

(SSF) 
N/A [37] 
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Species Endpoint 
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Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 
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LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Daphnia magna mortality 48 h A LC50 1.18E-01 17 protein 

US EPA 

821/R-

02/012 

water 

(SSF) 
N/A [37] 

Daphnia magna mortality 24 h A LC50 1.62E-01 18 protein 

US EPA 

821/R-

02/012 

water 

(SSF) 
N/A [37] 

Daphnia magna mortality 48 h A LC50 8.06E-02 18 protein 

US EPA 

821/R-

02/012 

water 

(SSF) 
N/A [37] 

Daphnia magna mortality 24 h A LC50 1.42E-01 27 protein 

US EPA 

821/R-

02/012 

water 

(SSF) 
N/A [37] 

Daphnia magna mortality 48 h A LC50 7.53E-02 27 protein 

US EPA 

821/R-

02/012 

water 

(SSF) 
N/A [37] 

Daphnia magna mortality 24 h A LC50 1.33E-01 28 protein 

US EPA 

821/R-

02/012 

water 

(SSF) 
N/A [37] 

Daphnia magna mortality 48 h A LC50 6.88E-02 28 protein 

US EPA 

821/R-

02/012 

water 

(SSF) 
N/A [37] 

Daphnia magna mortality 24 h A LC50 1.27E-01 120 protein 

US EPA 

821/R-

02/012 

water 

(SSF) 
N/A [37] 

Daphnia magna mortality 48 h A LC50 6.20E-02 120 protein 

US EPA 

821/R-

02/012 

water 

(SSF) 
N/A [37] 

Daphnia magna mortality 48 h A LC50 5.00E-05 20-40 N/A N/A 
mineral 

(RHFW) 
3.50E-06 [38] 

Daphnia magna 
feeding 

inhibition 
24 h A EC50 1.36E-05 7.5 alkane N/A 

mineral 

(MHW) 

ASTM 

2.03E-06 [39] 
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Chronic 
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IC50 

LC50/ 
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IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Daphnia magna lethality 24 h A EC50 1.14E-05 7.5 alkane N/A 

mineral 

(MHW) 

ASTM 

1.36E-06 [39] 

Daphnia magna lethality 48 h A EC50 1.10E-05 7.5 alkane N/A 

mineral 

(MHW) 

ASTM 

1.04E-06 [39] 

Daphnia magna immobilization 24 h A EC50 1.02E-05 7.5 alkane OECD 202 

mineral 

(MHW) 

ASTM 

1.05E-06 [39] 

Daphnia magna reproduction 21 d C EC50 1.00E-06 7.5 alkane OECD 211 

mineral 

(MHW) 

ASTM 

3.80E-07 [39] 

Daphnia magna immobilization 24 h A EC50 7.46E-06 7 citrate OECD 202 

mineral 

(OECD 

and ISO) 

N/A [40] 

Daphnia magna immobilization 48 h A EC50 2.43E-06 79.9 uncoated OECD 202 
mineral 

(OECD) 
2.50E-07 [41] 

Daphnia galeata immobilization 48 h A EC50 2.16E-06 79.9 uncoated OECD 202 
mineral 

(OECD) 
1.60E-07 [41] 

Bosmina 

longirostris 
immobilization 48 h A EC50 2.90E-06 79.9 uncoated OECD 202 

mineral 

(OECD) 
2.20E-07 [41] 

Daphnia magna mortality 24 h A LC50 4.21E-04 30 PVP US EPA 

mineral 

(COMBO

) 

8.00E-07 [42] 

Daphnia magna mortality 24 h A LC50 1.55E-04 30 SiO2 US EPA 

mineral 

(COMBO

) 

8.00E-07 [42] 

Daphnia magna mortality 24 h A LC50 2.61E-04 30 PVP US EPA 
mineral 

(MHW) 
6.00E-07 [42] 

Daphnia magna mortality 24 h A LC50 3.60E-06 30 SiO2 US EPA 
mineral 

(MHW) 
6.00E-07 [42] 
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Ag/m3) 
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Daphnia magna mortality 24 h A LC50 2.34E-04 65 PVP US EPA 

mineral 

(COMBO

) 

8.00E-07 [42] 

Daphnia magna mortality 24 h A LC50 5.22E-04 65 SiO2 US EPA 

mineral 

(COMBO

) 

8.00E-07 [42] 

Daphnia magna mortality 24 h A LC50 4.15E-04 65 PVP US EPA 
mineral 

(MHW) 
6.00E-07 [42] 

Daphnia magna mortality 24 h A LC50 2.27E-04 65 SiO2 US EPA 
mineral 

(MHW) 
6.00E-07 [42] 

Daphnia magna immobilization 48 h A EC50 4.12E-06 26 citrate OECD 202 
mineral 

(RHFW) 
2.47E-05 [43] 

Daphnia magna immobilization 48 h A EC50 1.26E-06 26 citrate OECD 202 complex 2.40E-05 [43] 

Daphnia magna mortality 21 d C - 5.02E-05 35 citrate OECD 211 
mineral 

(RHFW) 
2.47E-05 [43] 

Daphnia magna mortality 21 d C - 5.99E-05 35 citrate OECD 211 complex 2.40E-05 [43] 

Daphnia magna immobilization 48 h A EC50 7.35E-07 68 citrate OECD 202 
mineral 

(RHFW) 
2.47E-05 [43] 

Daphnia magna immobilization 48 h A EC50 2.14E-06 106 citrate OECD 202 
mineral 

(RHFW) 
2.47E-05 [43] 

Daphnia magna immobilization 48 h A EC50 5.74E-06 144 uncoated OECD 202 
mineral 

(RHFW) 
2.47E-05 [43] 

Daphnia magna immobilization 48 h A EC50 3.39E-06 144 uncoated OECD 202 complex 2.40E-05 [43] 

Ceriodaphnia 

cornuta 
immobilization 24 h A EC50 5.00E-05 

18.7-

63.4 
BLCFE OECD 202 

water 

(SSF) 
2.20E-05 [44] 

Daphnia magna mortality 48 h A LC50 4.10E-07 10 BPEI 

US 

EPA/600/8-

87/011 

mineral 

(MHW) 
N/A [45] 

Daphnia magna mortality 48 h A LC50 2.88E-06 56 citrate 

US 

EPA/600/8-

87/011 

mineral 

(MHW) 
N/A [45] 
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Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Daphnia magna mortality 48 h A LC50 4.79E-06 72 PVP 

US 

EPA/600/8-

87/011 

mineral 

(MHW) 
N/A [45] 

Daphnia magna immobilization 48 h A EC50 1.20E-05 5 citrate OECD 202 
mineral 

(M4) 
N/A [46] 

Daphnia magna 
immobilization 

and mortality 
24 h A EC50 1.38E-05 18.2 citrate OECD water 5.40E-06 [47] 

Daphnia magna 
immobilization 

and mortality 
48 h A EC50 1.24E-05 18.2 citrate OECD water 2.60E-06 [47] 

Ceriodaphnia 

cornuta 
mortality 24 h A LC50 7.94E-06 23 SA 

US EPA 

821/R-

02/012 

water 

(SSF) 
3.20E-06 [48] 

Daphnia magna immobilization 48 h A EC50 4.10E-05 15 
coated 

(proprietary) 
OECD 202 

mineral 

(OECD) 
N/A [49] 

Daphnia magna immobilization 4 d A EC50 3.10E-05 15 
coated 

(proprietary) 
OECD 202 

mineral 

(OECD) 
N/A [49] 

Daphnia magna immobilization 48 h A EC50 1.21E-04 15 PVP OECD 202 
mineral 

(M4) 
1.10E-06 [50] 

Daphnia magna mortality 21 d C - 9.20E-07 15 PVP OECD 211 
mineral 

(M4) 
N/A [50] 

Daphnia pulex immobilization 48 h A EC50 8.95E-06 15 PVP OECD 202 
mineral 

(M4) 
6.80E-07 [50] 

Daphnia pulex mortality 21 d C - 2.25E-06 15 PVP OECD 211 
mineral 

(M4) 
N/A [50] 

Daphnia galeata immobilization 48 h A EC50 1.39E-05 15 PVP OECD 202 
mineral 

(M4) 
2.13E-06 [50] 

Daphnia galeata mortality 21 d C - 3.45E-06 15 PVP OECD 211 
mineral 

(M4) 
N/A [50] 

Chydorus 

sphaericus 
immobilization 48 h A EC50 3.02E-05 35 uncoated OECD 202 

mineral 

(OECD) 
4.31E-06 [51] 

Chydorus 

sphaericus 
immobilization 48 h A EC50 8.63E-06 15 

coated 

(proprietary) 
OECD 202 

mineral 

(OECD) 
4.31E-06 [51] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Chydorus 

sphaericus 
immobilization 48 h A EC50 1.29E-05 80 PVP OECD 202 

mineral 

(OECD) 
4.31E-06 [51] 

Chydorus 

sphaericus 
immobilization 48 h A EC50 7.98E-04 200 PVP OECD 202 complex 9.71E-06 [52] 

Daphnia similis survival 21 d C - 2.00E-08 20 PVP OECD 211 water N/A [53] 

Daphnia similis mortality 48 h A LC50 1.59E-06 20 PVP OECD 211 water N/A [53] 

Daphnia magna mortality 48 h A LC50 2.20E-04 70 
PEG, Si, 

Ami-Si 
N/A mineral N/A [54] 

Daphnia similis 

baseline 

metabolite 

change 

48 h A LC50 1.59E-06 20 N/A OECD 
mineral 

(RHFW) 
N/A [55] 

Daphnia similis 

baseline 

metabolite 

change 

21 d C - 2.00E-08 20 N/A OECD 
mineral 

(RHFW) 
N/A [55] 

Daphnia magna mortality 48 h A LC50 
>5.00E-

04 
20 carbonate OECD 202 

water 

(SSF) 
2.51E-06 [56] 

Daphnia magna reproduction 21 d C - 5.00E-05 20 carbonate OECD 211 
water 

(SSF) 
1.60E-06 [56] 

Daphnia magna mortality 48 h A LC50 2.87E-05 <100 lactate OECD 202 mineral 8.80E-07 [57] 

Daphnia magna mortality 48 h A LC50 2.00E-06 10-20 PVP OECD 202 mineral 8.80E-07 [57] 

Daphnia magna mortality 48 h A LC50 1.10E-06 10-20 SDBS OECD 202 mineral 8.80E-07 [57] 
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Table C3. The LC50/EC50/IC50 values collected from the literature for silver nanoparticles for freshwater algae (listed in alphabetical 

order based on references). 

Species Endpoint 

Expo-

sure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for Ag+ 

(kg Ag/m3) 

Ref. 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C IC50 3.67E-05 4.2 PVP 

US EPA 600-

4-91-002 
complex 1.10E-06 [58] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C IC50 1.95E-05 5.9 PVP 

US EPA 600-

4-91-002 

water 

(SSF) 
1.10E-06 [58] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C IC50 3.00E-06 13.4 citrate 

US EPA 600-

4-91-002 

mineral 

(SSF) 
1.10E-06 [58] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C IC50 5.20E-06 14.7 citrate 

US EPA 600-

4-91-002 
complex 1.10E-06 [58] 

Microcystis 

aeruginosa 

growth 

inhibition 
10 d C EC50 7.50E-06 10-18 citrate N/A 

mineral 

(synthetic 

culture 

medium) 

N/A [59] 

Desmodesmus 

subspicatus 

growth 

inhibition 
72 h C EC50 2.20E-03 20 N/A ISO 8692 

mineral 

(ISO) 
4.20E-05 [10] 

Desmodesmus 

subspicatus 

growth 

inhibition 
72 h C EC50 3.40E-05 23 N/A ISO 8692 

mineral 

(ISO) 
4.20E-05 [10] 

Desmodesmus 

subspicatus 

growth 

inhibition 
72 h C EC50 3.30E-04 27 N/A ISO 8692 

mineral 

(ISO) 
4.20E-05 [10] 

Desmodesmus 

subspicatus 

growth 

inhibition 
72 h C EC50 3.70E-03 200 N/A ISO 8692 

mineral 

(ISO) 
4.20E-05 [10] 

Uronema 

confervicolum 

growth 

inhibition 
48 h A EC50 5.00E-04 20 citrate N/A 

mineral 

(COMBO

) 

4.20E-06 [60] 

Uronema 

confervicolum 

growth 

inhibition 
5 d C EC50 1.00E-03 20 citrate N/A 

mineral 

(COMBO

) 

3.36E-05 [60] 

Uronema 

confervicolum 

growth 

inhibition 
14 d C EC50 1.00E-03 20 citrate N/A 

mineral 

(COMBO

) 

3.94E-04 [60] 
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Species Endpoint 

Expo-

sure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for Ag+ 

(kg Ag/m3) 

Ref. 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
96 h C - 1.90E-04 26.6 

metal 

oxide 

US EPA 

821/R-02/013 

mineral 

(MHFW) 
N/A [11] 

Microcystis 

aeruginosa 

growth 

inhibition 
72 h C EC50 6.56E-04 6.24 HA N/A 

mineral 

(OECD) 
N/A [61] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 4.80E-05 15 uncoated OECD 201 

mineral 

(OECD) 
N/A [17] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 2.17E-05 44 uncoated OECD 201 

mineral 

(OECD) 
N/A [17] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 2.37E-03 241 uncoated OECD 201 

mineral 

(OECD) 
N/A [17] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 1.80E-04 10 citrate OECD 201 

mineral 

(synthetic 

culture 

medium) 

7.00E-06 [18] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 5.20E-04 20 citrate OECD 201 

mineral 

(synthetic 

culture 

medium) 

7.00E-06 [18] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 8.20E-04 40 citrate OECD 201 

mineral 

(synthetic 

culture 

medium) 

7.00E-06 [18] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 9.40E-04 60 citrate OECD 201 

mineral 

(synthetic 

culture 

medium) 

7.00E-06 [18] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 1.14E-03 80 citrate OECD 201 

mineral 

(synthetic 

culture 

medium) 

7.00E-06 [18] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 8.60E-06 20.4 PVP OECD 201 mineral 7.10E-06 [19] 
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Species Endpoint 

Expo-

sure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for Ag+ 

(kg Ag/m3) 

Ref. 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
24 h A EC50 5.77E-06 11 N/A OECD 201 

mineral 

(OECD) 
4.19E-06 [62] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 9.67E-06 11 N/A OECD 201 

mineral 

(OECD) 
3.36E-06 [62] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 9.74E-06 11 N/A OECD 201 

mineral 

(OECD) 
7.09E-06 [62] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
24 h A EC50 1.28E-05 16 N/A OECD 201 

mineral 

(OECD) 
4.19E-06 [62] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 2.95E-05 16 N/A OECD 201 

mineral 

(OECD) 
3.36E-06 [62] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 2.42E-05 16 N/A OECD 201 

mineral 

(OECD) 
7.09E-06 [62] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 6.17E-04 20 uncoated OECD 201 mineral 1.61E-05 [24] 

Scenedesmus 

vacuolatus 

growth 

inhibition 
24 h A EC50 1.40E-03 20 uncoated N/A mineral 8.40E-06 [24] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 1.63E-03 34 uncoated OECD 

mineral 

(OECD) 
N/A [63] 

Chlamydomonas 

reinhardtii 

growth 

inhibition 
72 h C EC50 1.35E-02 56.6 PVP OECD 201 

mineral 

(TAP) 
N/A [25] 

Chlorococcum 

infusionum 

growth 

inhibition 
72 h C EC50 6.80E-04 56.6 PVP OECD 201 

mineral 

(MHW) 
N/A [25] 

Chlamydomonas 

reinhardtii 

growth 

inhibition 
72 h C - 2.15E-03 56.6 PVP OECD 201 

mineral 

(TAP) 
N/A [25] 

Chlorococcum 

infusionum 

growth 

inhibition 
72 h C - 1.00E-04 56.6 PVP OECD 201 

mineral 

(MHW) 
N/A [25] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 5.40E-06 10 PEG OECD 

mineral 

(OECD) 
3.15E-06 [64] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 2.31E-05 10 citrate OECD 

mineral 

(OECD) 
3.15E-06 [64] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 2.29E-05 10 BPEI OECD 

mineral 

(OECD) 
3.15E-06 [64] 
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Species Endpoint 

Expo-

sure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for Ag+ 

(kg Ag/m3) 

Ref. 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 1.19E-05 30 PEG OECD 

mineral 

(OECD) 
3.15E-06 [64] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 3.83E-05 30 citrate OECD 

mineral 

(OECD) 
3.15E-06 [64] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 6.71E-05 30 BPEI OECD 

mineral 

(OECD) 
3.15E-06 [64] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 6.65E-05 70 PEG OECD 

mineral 

(OECD) 
3.15E-06 [64] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 1.18E-04 70 citrate OECD 

mineral 

(OECD) 
3.15E-06 [64] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 3.07E-04 70 BPEI OECD 

mineral 

(OECD) 
3.15E-06 [64] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
96 h C IC50 1.60E-03 25.4 uncoated 

US EPA 821‐

R‐02‐013 

complex 

(Prairie 

Creek 

Preserve) 

N/A [30] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
96 h C IC50 4.61E-06 25.4 uncoated 

US EPA 821‐

R‐02‐013 

mineral 

(synthetic 

culture 

medium) 

N/A [30] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
96 h C IC50 2.26E-05 25.4 uncoated 

US EPA 821‐

R‐02‐013 

complex 

(Ichetuckn

ee River) 

N/A [30] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 5.36E-06 8.4 PVP N/A 

mineral 

(AAP) 
2.52E-06 [31] 

Euglena gracilis 
photosynthetic 

yield 
1 h A EC50 2.00E-04 20 citrate OECD complex 9.17E-06 [65] 

Euglena gracilis 
photosynthetic 

yield 
2 h A EC50 1.60E-04 20 citrate OECD complex 9.60E-06 [65] 

Chlorococcum 

infusionum 

growth 

inhibition 
72 h C EC50 1.00E-04 57 PVP OECD 201 

mineral 

(MHW) 
N/A [66] 

Chlamydomonas 

reinhardtii 

growth 

inhibition 
1 h A EC50 3.60E-04 25 carbonate N/A mineral 2.00E-05 [67] 
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Species Endpoint 

Expo-

sure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for Ag+ 

(kg Ag/m3) 

Ref. 

Chlamydomonas 

reinhardtii 

growth 

inhibition 
2 h A EC50 1.10E-04 25 carbonate N/A mineral 2.00E-05 [67] 

Chlamydomonas 

reinhardtii 

growth 

inhibition 
3 h A EC50 9.50E-05 25 carbonate N/A mineral N/A [67] 

Chlamydomonas 

reinhardtii 

growth 

inhibition 
5 h A EC50 8.90E-05 25 carbonate N/A mineral N/A [67] 

Chlamydomonas 

reinhardtii 

growth 

inhibition 
4 h A EC50 8.60E-05 25 carbonate N/A mineral N/A [67] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 5.66E-04 17 citrate N/A 

mineral 

(synthetic 

culture 

medium) 

1.94E-05 [68] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 3.51E-04 25 CHI N/A 

mineral 

(synthetic 

culture 

medium) 

1.94E-05 [68] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 2.18E-04 35 LAC N/A 

mineral 

(synthetic 

culture 

medium) 

1.94E-05 [68] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 3.15E-04 40 carbonate N/A 

mineral 

(synthetic 

culture 

medium) 

1.94E-05 [68] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 5.09E-04 42 GEL N/A 

mineral 

(synthetic 

culture 

medium) 

1.94E-05 [68] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 4.06E-04 45 SDBS N/A 

mineral 

(synthetic 

culture 

medium) 

1.94E-05 [68] 
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Species Endpoint 

Expo-

sure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for Ag+ 

(kg Ag/m3) 

Ref. 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 1.28E-04 70 PEG N/A 

mineral 

(synthetic 

culture 

medium) 

1.94E-05 [68] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 8.52E-05 84 PVP N/A 

mineral 

(synthetic 

culture 

medium) 

1.94E-05 [68] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 3.02E-05 456 DEX N/A 

mineral 

(synthetic 

culture 

medium) 

1.94E-05 [68] 

Scenedesmus 

acuminatus 

growth 

inhibition 
96 h C EC50 3.85E-05 9.8 N/A OECD 202 

mineral 

(COMBO

) 

N/A [33] 

Scenedesmus sp. 

(Chlorophyceae) 

growth 

inhibition 
72 h C EC50 8.99E-05 6-10 PVA OECD 202 

mineral 

(COMBO

) 

N/A [33] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
24 h A EC50 3.24E-05 7.5 alkane OECD 201 

mineral 

(MHW) 

ASTM 

3.38E-05 [39] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 7.75E-04 10.67 

protein 

(Vitelinat

o) 

N/A 
nanopure 

water 
8.40E-05 [69] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
2 h A EC50 7.88E-04 10.67 

protein 

(Vitelinat

o) 

N/A 
nanopure 

water 
8.03E-05 [69] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 1.17E-02 12.93 

protein 

(Colargol) 
N/A 

nanopure 

water 
8.40E-05 [69] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
2 h A EC50 1.00E-02 12.93 

protein 

(Colargol) 
N/A 

nanopure 

water 
8.03E-05 [69] 
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Species Endpoint 

Expo-

sure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for Ag+ 

(kg Ag/m3) 

Ref. 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
1 h A EC50 2.52E-02 17.96 

protein 

(Proteinat

o) 

N/A 
nanopure 

water 
8.40E-05 [69] 

Chlamydomonas 

reinhardtii 

photosynthetic 

yield 
2 h A EC50 2.06E-02 17.96 

protein 

(Proteinat

o) 

N/A 
nanopure 

water 
8.03E-05 [69] 

Chlamydomonas 

reinhardtii 

growth 

inhibition 
72 h C EC50 1.00E-05 16.7 N/A OECD 

mineral 

(AFW) 
N/A [70] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
72 h C EC50 7.40E-04 5 citrate OECD 201 

mineral 

(OECD) 
N/A [46] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 1.40E-04 15 uncoated OECD 

mineral 

(ISO) 
4.90E-06 [71] 

Pseudokirchneriella 

subcapitata 

14C 

assimilation 
2 h A EC50 5.00E-05 15 uncoated OECD 

mineral 

(ISO) 
6.00E-06 [71] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 3.10E-04 30 citrate OECD 

mineral 

(ISO) 
4.90E-06 [71] 

Pseudokirchneriella 

subcapitata 

growth 

inhibition 
48 h A EC50 7.50E-05 30 citrate OECD 

mineral 

(ISO) 
4.90E-06 [71] 

Pseudokirchneriella 

subcapitata 

14C 

assimilation 
2 h A EC50 7.10E-04 30 citrate OECD 

mineral 

(ISO) 
6.00E-06 [71] 

Pseudokirchneriella 

subcapitata 

14C 

assimilation 
2 h A EC50 1.50E-04 30 citrate OECD 

mineral 

(ISO) 
6.00E-06 [71] 

Chlamydomonas 

reinhardtii 

growth 

inhibition 
72 h C EC50 1.82E-03 50 PVP OECD 201 

mineral 

(MBL 

Woodshol

e 

medium) 

4.30E-05 [72] 

Chlamydomonas 

reinhardtii 

growth 

inhibition 
72 h C EC50 9.93E-04 3-8 alkane OECD 201 

mineral 

(MBL 

Woodshol

e 

medium) 

4.30E-05 [72] 
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Species Endpoint 

Expo-

sure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for Ag+ 

(kg Ag/m3) 

Ref. 

Desmodesmus 

subspicatus 

growth 

inhibition 
48 h A EC50 6.80E-05 15 

coated 

(proprietar

y) 

OECD 201 
mineral 

(OECD) 
N/A [49] 

Pseudokirchneriella 

subcapitata 
immobilization 4.5 h A EC50 8.96E-04 15 

coated 

(proprietar

y) 

OECD 202 
mineral 

(RHFW) 
3.13E-05 [51] 

Pseudokirchneriella 

subcapitata 
immobilization 4.5 h A EC50 2.11E-02 35 uncoated OECD 202 

mineral 

(RHFW) 
3.13E-05 [51] 

Pseudokirchneriella 

subcapitata 
immobilization 4.5 h A EC50 4.01E-03 80 PVP OECD 202 

mineral 

(RHFW) 
3.13E-05 [51] 

Pseudokirchneriella 

subcapitata 

photosynthetic 

yield 
4.5 h A EC50 2.99E-03 200 PVP OECD 202 complex 1.62E-05 [52] 

Chlamydomonas 

reinhardtii 
mortality 48 h A LC50 6.05E-04 70 

PEG, Si, 

Ami-Si 
N/A mineral N/A [54] 

Microcystis 

aeruginosa 

growth 

inhibition 
96 h C EC50 1.08E-07 10 citrate OECD 

mineral 

(OECD) 
N/A [73] 

Microcystis 

aeruginosa 

growth 

inhibition 
10 d C EC50 1.35E-04 10 citrate OECD 

mineral 

(OECD) 
N/A [73] 

Chlorella sp. 
growth 

inhibition 
48 h A EC50 8.90E-04 84 N/A OECD 201 

mineral 

(OECD) 
3.90E-04 [74] 

Euglena gracilis  
photosynthetic 

yield 
24 h A EC50 1.85E-04 19.4 citrate N/A mineral 1.00E-05 [75] 

Microcystis 

aeruginosa 

growth 

inhibition 
96 h C LC50 1.30E-04 23.4 PVP N/A 

mineral 

(HGZ-

145) 

N/A [76] 

Chlorella vulgaris 
growth 

inhibition 
72 h C EC50 7.00E-05 22.03 citrate OECD 201 

mineral 

(OECD) 
N/A [77] 

Chlorella vulgaris 
growth 

inhibition 
72 h C EC50 5.00E-05 28.98 PEI OECD 201 

mineral 

(OECD) 
N/A [77] 

Chlorella 

pyrenoidosa 

growth 

inhibition 
96 h C IC50 3.92E-05 19 citrate OECD 

mineral 

(OECD) 
1.20E-05 [78] 

Chlorella 

pyrenoidosa 

growth 

inhibition 
96 h C IC50 1.40E-04 22 PVP OECD 

mineral 

(OECD) 
1.20E-05 [78] 
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Species Endpoint 

Expo-

sure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for Ag+ 

(kg Ag/m3) 

Ref. 

Scenedesmus 

quadricauda 

growth 

inhibition 
96 h C EC50 2.00E-03 5 N/A N/A 

mineral 

(Knopp 

medium) 

1.00E-03 [79] 

Chlorella vulgaris 
growth 

inhibition 
96 h C EC50 1.00E-03 5 N/A N/A 

mineral 

(Knopp 

medium) 

1.10E-03 [79] 

Scenedesmus 

quadricauda 

growth 

inhibition 
96 h C EC50 5.10E-03 20 N/A N/A 

mineral 

(Knopp 

medium) 

1.00E-03 [79] 

Chlorella vulgaris 
growth 

inhibition 
96 h C EC50 2.00E-03 20 N/A N/A 

mineral 

(Knopp 

medium) 

1.10E-03 [79] 

Scenedesmus 

quadricauda 

growth 

inhibition 
96 h C EC50 4.00E-03 37 N/A N/A 

mineral 

(Knopp 

medium) 

1.00E-03 [79] 

Chlorella vulgaris 
growth 

inhibition 
96 h C EC50 5.00E-03 37 N/A N/A 

mineral 

(Knopp 

medium) 

1.10E-03 [79] 

Scenedesmus 

quadricauda 

growth 

inhibition 
96 h C EC50 8.00E-03 43 N/A N/A 

mineral 

(Knopp 

medium) 

1.00E-03 [79] 

Chlorella vulgaris 
growth 

inhibition 
96 h C EC50 2.30E-03 43 N/A N/A 

mineral 

(Knopp 

medium) 

1.10E-03 [79] 

Scenedesmus 

quadricauda 

growth 

inhibition 
96 h C EC50 7.60E-03 70 N/A N/A 

mineral 

(Knopp 

medium) 

1.00E-03 [79] 

Chlorella vulgaris 
growth 

inhibition 
96 h C EC50 4.50E-03 70 N/A N/A 

mineral 

(Knopp 

medium) 

1.10E-03 [79] 
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Table C4. The LC50/EC50/IC50 values collected from the literature for silver nanoparticles for freshwater fish (listed in alphabetical 

order based on references). 

Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Oreochromis 

niloticus 
mortality 96 h A LC50 in vivo 1.95E-02 <100 PVP US EPA water N/A [80] 

Tilapia zillii mortality 96 h A LC50 in vivo 2.00E-02 <100 PVP US EPA water N/A [80] 

Oreochromis 

niloticus 
mortality 24 h A LC50 in vivo 2.65E-02 <100 PVP US EPA water N/A [80] 

Tilapia zillii mortality 24 h A LC50 in vivo 2.69E-02 <100 PVP US EPA water N/A [80] 

Oreochromis 

niloticus 
mortality 48 h A LC50 in vivo 2.40E-02 <100 PVP US EPA water N/A [80] 

Tilapia zillii mortality 48 h A LC50 in vivo 2.46E-02 <100 PVP US EPA water N/A [80] 

Danio rerio 

(zebrafish) 

inhibition of 

hatchability 
48 h A EC50 in vitro 7.20E-05 21.5 PEG OECD 236 mineral 3.40E-05 [81] 

Danio rerio 

(zebrafish) 
mortality 48 h A LC50 in vivo 3.06E-04 21.5 PEG OECD 236 mineral 2.35E-04 [81] 

Acipenser persicus 

(Persian sturgeon) 
mortality 96 h A LC50 in vivo 8.90E-04 16.6 N/A OECD 203 

mineral 

(FW) 
N/A [82] 

Acipenser persicus 

(Persian sturgeon) 
mortality 96 h A LC50 in vivo 1.83E-03 16.6 N/A OECD 203 

mineral 

(brackish 

water) 

N/A [82] 

Poecilia reticulata 

(Guppy fish) 
mortality 24 h A LC50 in vivo 3.90E-03 9.4 N/A N/A mineral 3.90E-04 [3] 

Poeciliopsis lucida 

(topminnow fish) 

metabolic 

activity 
24 h A EC50 in vitro 8.76E-03 20 uncoated OECD 

complex 

(culture) 
1.37E-03 [83] 

Poeciliopsis lucida 

(topminnow fish) 

cell membrane 

integrity 
24 h A EC50 in vitro 3.45E-02 20 uncoated OECD 

complex 

(culture) 
8.80E-04 [83] 

Poeciliopsis lucida 

(topminnow fish) 

lysosomal 

functioning 
24 h A EC50 in vitro 1.49E-02 20 uncoated OECD 

complex 

(culture) 
6.50E-04 [83] 

Danio rerio 

(zebrafish) 
mortality 48 h A LC50 in vivo 8.40E-05 81 PVP OECD 

mineral 

(OECD) 
2.50E-05 [84] 

Danio rerio 

(zebrafish) 
mortality 48 h A LC50 in vivo 8.90E-05 81 PVP OECD 

mineral 

(OECD) 
2.80E-05 [84] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Poecilia reticulata 

(Guppy fish) 
mortality 24 h A LC50 in vivo 9.13E-03 76 N/A N/A water N/A [85] 

Danio rerio 

(zebrafish) 
mortality 96 h A LC50 in vivo 4.31E-03 30.7 maltose/gelatine OECD 236 

mineral 

(OECD) 
5.84E-05 [86] 

Danio rerio 

(zebrafish) 
mortality 96 h A LC50 in vivo 1.00E-01 58.4 PVP OECD 236 

mineral 

(OECD) 
5.84E-05 [86] 

Oryzias latipes 

(Japanese medaka) 
mortality 96 h A LC50 in vivo 3.46E-05 49.6 N/A 

US EPA 

712/C-

96/118 

water 3.65E-05 [87] 

Oryzias latipes 

(Japanese medaka) 
lethality 96 h A LC50 in vivo 8.40E-04 8.3 citrate OECD 203 

mineral 

(OECD) 
N/A [88] 

Oryzias latipes 

(Japanese medaka) 
lethality 96 h A LC50 in vivo 8.00E-04 8.3 citrate OECD 203 

mineral 

(OECD) 
N/A [88] 

Danio rerio 

(zebrafish) 

mortality and 

delayed 

hatching 

24 h A LC50 in vitro 2.50E-01 5-20 N/A N/A water N/A [89] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

liver cell line 24 h A IC50 in vitro 7.59E-02 20 uncoated N/A complex 1.10E-02 [90] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

hepatoma cell 

line 
24 h A IC50 in vitro 1.98E-02 20 uncoated N/A complex 1.10E-03 [90] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

fibroblast-like 

gonadal cell 

line 

24 h A IC50 in vitro 4.17E-02 20 uncoated N/A complex 2.80E-03 [90] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

24 h A LC50 in vivo 5.28E-03 42 N/A 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

48 h A LC50 in vivo 6.62E-03 42 N/A 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

24 h A LC50 in vivo 1.51E-02 46 citrate 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

48 h A LC50 in vivo 1.84E-02 46 citrate 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

24 h A LC50 in vivo 5.74E-02 48 gelatin 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

48 h A LC50 in vivo 4.35E-02 48 gelatin 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

24 h A LC50 in vivo 4.64E-04 52 PVP 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

48 h A LC50 in vivo 4.06E-04 52 PVP 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

24 h A LC50 in vivo 6.16E-03 53 thiol 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

48 h A LC50 in vivo 1.05E-02 53 thiol 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

24 h A LC50 in vivo 3.46E-03 77 N/A 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

48 h A LC50 in vivo 3.09E-03 77 N/A 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

24 h A LC50 in vivo 8.45E-05 108 thiol 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

48 h A LC50 in vivo 3.45E-05 108 thiol 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

24 h A LC50 in vivo 6.92E-03 110 citrate 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

48 h A LC50 in vivo 2.43E-03 110 citrate 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

24 h A LC50 in vivo 6.10E-05 140 PVP 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

48 h A LC50 in vivo 2.28E-04 140 PVP 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

24 h A LC50 in vivo 5.89E-03 155 gelatin 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Danio rerio 

(zebrafish) 

mortality and 

sublethal 

toxicity 

48 h A LC50 in vivo 3.04E-03 155 gelatin 
OECD 203, 

210, 212 

mineral 

(FSEW) 
N/A [91] 

Oryzias melastigma cell viability 48 h A EC50 in vitro 7.25E-06 46.6 PVP N/A 
complex 

(culture) 
4.20E-05 [92] 

Oryzias melastigma cell viability 48 h A EC50 in vitro 9.24E-04 74.2 oleic acid N/A 
complex 

(culture) 
4.20E-05 [92] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

inhibition of 

metabolic 

activity 

48 h A EC50 in vitro 2.60E-03 1-10 citrate N/A 
complex 

(culture) 
1.10E-03 [93] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

membrane 

stability 
48 h A EC50 in vitro 3.50E-03 1-10 citrate N/A 

complex 

(culture) 
1.39E-02 [93] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

inhibition of 

metabolic 

activity 

48 h A EC50 in vitro 2.50E-03 1-10 citrate N/A 
mineral 

(culture) 
1.10E-03 [93] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

membrane 

stability 
48 h A EC50 in vitro 4.90E-03 1-10 citrate N/A 

mineral 

(culture) 
1.39E-02 [93] 

Oreochromis 

mossambicus 
mortality 8 d SC LC50 in vitro 1.26E-02 60-80 citrate N/A water N/A [94] 

Danio rerio 

(zebrafish) 

mortality 

and/or 

immobilization 

48 h A LC50 in vivo 7.07E-03 26.6 metal oxide 

US EPA 

821/R-

02/013 

mineral 

(MHFW) 
2.22E-05 [11] 

Danio rerio 

(zebrafish) 

mortality 

and/or 

immobilization 

48 h A LC50 in vivo 7.20E-03 26.6 metal oxide 

US EPA 

821/R-

02/013 

mineral 

(MHFW) 
>1.00E-02 [11] 

Danio rerio 

(zebrafish) 
immobilization 96 h A EC50 in vivo 2.45E-05 21 PVP OECD 236 

complex 

(lake) 
1.55E-05 [13] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Pimephales 

promelas 

mortality and 

growh 

inhibition 

96 h A LC50 in vivo 8.94E-05 10 uncoated 

US EPA 

600/4-

90/027F, 

US EPA 

821/R-

02/013 

water 4.70E-06 [14] 

Danio rerio 

(zebrafish) 
not specified 72 h A EC50 in vivo 5.36E-04 15 uncoated OECD 236 

mineral 

(OECD) 
N/A [17] 

Danio rerio 

(zebrafish) 
not specified 72 h A EC50 in vivo 2.03E-04 44 uncoated OECD 236 

mineral 

(OECD) 
N/A [17] 

Danio rerio 

(zebrafish) 
not specified 72 h A EC50 in vivo 2.04E-02 241 uncoated OECD 236 

mineral 

(OECD) 
N/A [17] 

Hypophthalmichthys 

molitrix 
mortality 96 h A LC50 in vivo 6.64E-02 <100 N/A N/A water N/A [95] 

Carassius auratus 

(Goldfish) 
mortality 96 h A LC50 in vivo 8.39E-02 <100 N/A N/A water N/A [95] 

Hypophthalmichthys 

molitrix 
mortality 24 h A LC50 in vivo 1.13E-01 <100 N/A N/A water N/A [95] 

Carassius auratus 

(Goldfish) 
mortality 24 h A LC50 in vivo 1.44E-01 <100 N/A N/A water N/A [95] 

Hypophthalmichthys 

molitrix 
mortality 48 h A LC50 in vivo 1.01E-01 <100 N/A N/A water N/A [95] 

Carassius auratus 

(Goldfish) 
mortality 48 h A LC50 in vivo 1.44E-01 <100 N/A N/A water N/A [95] 

Hypophthalmichthys 

molitrix 
mortality 72 h A LC50 in vivo 8.70E-02 <100 N/A N/A water N/A [95] 

Carassius auratus 

(Goldfish) 
mortality 72 h A LC50 in vivo 1.01E-01 <100 N/A N/A water N/A [95] 

Danio rerio 

(zebrafish) 
mortality 24 h A LC50 in vivo 8.40E-05 20.4 PVP OECD 236 mineral 4.50E-05 [19] 

Danio rerio 

(zebrafish) 
mortality 48 h A LC50 in vivo 6.60E-05 20.4 PVP OECD 236 mineral 3.20E-05 [19] 

Poecilia reticulata 

(Guppy fish) 
mortality 48 h A LC50 in vivo 3.83E-02 8.2 N/A 

OECD, US 

EPA 
water (SSF) 1.82E-02 [19] 

Poecilia reticulata 

(Guppy fish) 
mortality 96 h A LC50 in vivo 3.45E-02 8.2 N/A 

OECD, US 

EPA 
water (SSF) 1.41E-02 [19] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 96 h A LC50 in vivo 2.50E-04 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 96 h A LC50 in vivo 7.10E-04 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 96 h A LC50 in vivo 2.16E-03 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 24 h A LC50 in vivo 2.75E-03 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 24 h A LC50 in vivo 1.09E-03 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 24 h A LC50 in vivo 3.76E-03 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 48 h A LC50 in vivo 4.40E-04 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 48 h A LC50 in vivo 1.02E-03 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 48 h A LC50 in vivo 3.13E-03 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 72 h A LC50 in vivo 3.50E-04 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 72 h A LC50 in vivo 9.60E-04 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 72 h A LC50 in vivo 2.39E-03 16.6 N/A OECD 215 
dechlorinated 

tap water 
N/A [96] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 24 h A LC50 in vivo 3.76E-03 196.1 N/A OECD 215 
dechlorinated 

tap water 
N/A [97] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 48 h A LC50 in vivo 3.13E-03 196.1 N/A OECD 215 
dechlorinated 

tap water 
N/A [97] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 72 h A LC50 in vivo 2.39E-03 196.1 N/A OECD 215 
dechlorinated 

tap water 
N/A [97] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 96 h A LC50 in vivo 2.16E-03 196.1 N/A OECD 215 
dechlorinated 

tap water 
N/A [97] 

Oryzias latipes 

(Japanese medaka) 
mortality 96 h A LC50 in vivo 1.39E-03 3.6 N/A N/A water N/A [98] 

Danio rerio 

(zebrafish) 
mortality 24 h A LC50 in vivo 2.97E-02 83.58 uncoated OECD 

mineral 

(OECD) 
N/A [99] 

Danio rerio 

(zebrafish) 
mortality 48 h A LC50 in vivo 2.74E-02 83.58 uncoated OECD 

mineral 

(OECD) 
N/A [99] 

Danio rerio 

(zebrafish) 
mortality 72 h A LC50 in vivo 2.43E-02 83.58 uncoated OECD 

mineral 

(OECD) 
N/A [99] 

Danio rerio 

(zebrafish) 
mortality 96 h A LC50 in vivo 1.68E-02 83.58 uncoated OECD 

mineral 

(OECD) 
N/A [99] 

Pimephales 

promelas 
mortality 48 h A LC50 in vivo 4.10E-05 10 N/A 

US EPA 

812/R-

02/013 

mineral 

(MHRW) 
6.26E-06 [22] 

Pimephales 

promelas 
mortality 48 h A LC50 in vivo 6.41E-05 20 N/A 

US EPA 

812/R-

02/013 

mineral 

(MHRW) 
6.26E-06 [22] 

Pimephales 

promelas 
mortality 48 h A LC50 in vivo 1.92E-05 29 citrate 

US EPA 

812/R-

02/013 

mineral 

(MHRW) 
6.26E-06 [22] 

Pimephales 

promelas 
mortality 48 h A LC50 in vivo 9.00E-06 31 N/A 

US EPA 

812/R-

02/013 

mineral 

(MHRW) 
6.26E-06 [22] 

Pimephales 

promelas 
mortality 48 h A LC50 in vivo 5.52E-05 36 N/A 

US EPA 

812/R-

02/013 

mineral 

(MHRW) 
6.26E-06 [22] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Pimephales 

promelas 
mortality 48 h A LC50 in vivo 

>6.99E-

05 
41 PVP 

US EPA 

812/R-

02/013 

mineral 

(MHRW) 
6.26E-06 [22] 

Pimephales 

promelas 
mortality 48 h A LC50 in vivo 6.07E-05 50 N/A 

US EPA 

812/R-

02/013 

mineral 

(MHRW) 
6.26E-06 [22] 

Pimephales 

promelas 
mortality 48 h A LC50 in vivo 1.25E-04 80 N/A 

US EPA 

812/R-

02/013 

mineral 

(MHRW) 
6.26E-06 [22] 

Cyprinus carpio 

(common carp) 
mortality 96 h A LC50 in vivo 2.90E-04 25 N/A OECD 203 

mineral 

(OECD) 
1.50E-04 [100] 

Cyprinus carpio 

(common carp) 
mortality 24 h A LC50 in vivo 4.30E-04 25 N/A OECD 203 

mineral 

(OECD) 
3.80E-04 [100] 

Cyprinus carpio 

(common carp) 
mortality 48 h A LC50 in vivo 3.10E-04 25 N/A OECD 203 

mineral 

(OECD) 
2.10E-04 [100] 

Cyprinus carpio 

(common carp) 
mortality 72 h A LC50 in vivo 2.90E-04 25 N/A OECD 203 

mineral 

(OECD) 
1.60E-04 [100] 

Oryzias latipes 

(Japanese medaka) 
mortality 96 h A LC50 in vivo 2.80E-05 60 uncoated OECD 203 mineral (M4) 5.00E-07 [23] 

Oryzias latipes 

(Japanese medaka) 
mortality 96 h A LC50 in vivo 6.70E-05 300 uncoated OECD 203 mineral (M4) 5.00E-07 [23] 

Danio rerio 

(zebrafish) 
abnormality 48 h A EC50 in vivo 1.11E+00 56.6 PVP OECD 212 

mineral 

(ERS w/out 

methylene 

blue) 

N/A [25] 

Oryzias latipes 

(Japanese medaka) 
abnormality 7 d SC EC50 in vivo 2.89E-03 56.6 PVP OECD 236 

mineral 

(ERS with 

methylene 

blue) 

N/A [25] 

Danio rerio 

(zebrafish) 
abnormality 7 d SC - in vivo 3.98E-04 56.6 PVP OECD 236 

mineral 

(ERS w/out 

methylene 

blue) 

N/A [25] 

Oryzias latipes 

(Japanese medaka) 
abnormality 16 d SC - in vivo 6.08E-04 56.6 PVP OECD 236 

mineral 

(ERS with 

methylene 

blue) 

N/A [25] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Pimephales 

promelas 
mortality 96 h A LC50 in vivo 9.40E-03 35 N/A N/A mineral 1.50E-05 [101] 

Pimephales 

promelas 
mortality 96 h A LC50 in vivo 1.06E-02 51-60 N/A N/A mineral 1.50E-05 [101] 

Rutilus kutum mortality 96 h A LC50 in vivo 2.80E-05 16.6 N/A OECD 215 
mineral 

(OECD) 
N/A [102] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

metabolic 

activity 
24 h A EC50 in vitro 1.25E-03 19 citrate N/A 

complex 

(Leibovitz) 
1.40E-04 [103] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

cell membrane 

integrity 
24 h A EC50 in vitro 2.11E-03 19 citrate N/A 

complex 

(Leibovitz) 
2.27E-04 [103] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

lysosome 

membrane 

integrity 

24 h A EC50 in vitro 4.85E-04 19 citrate N/A 
complex 

(Leibovitz) 
3.02E-04 [103] 

Danio rerio 

(zebrafish) 

growth 

inhibition 
48 h A EC50 in vivo 1.09E-03 20 N/A OECD 203 

mineral 

(OECD) 
7.30E-05 [104] 

Danio rerio 

(zebrafish) 

growth 

inhibition 
24 h A EC50 in vivo 1.13E-03 20 N/A OECD 203 

mineral 

(OECD) 
9.00E-05 [104] 

Danio rerio 

(zebrafish) 
mortality 24 h A LC50 in vivo 1.79E-03 20 N/A OECD 203 

mineral 

(OECD) 
1.20E-04 [104] 

Danio rerio 

(zebrafish) 
mortality 48 h A LC50 in vivo 1.26E-03 20 N/A OECD 203 

mineral 

(OECD) 
1.00E-04 [104] 

Danio rerio 

(zebrafish) 
mortality 48 h A LC50 in vivo 6.24E-03 18 

coated 

(proprietary) 
N/A mineral N/A [105] 

Danio rerio 

(zebrafish) 
mortality 48 h A LC50 in vivo 9.40E-04 18 

coated 

(proprietary) 
N/A water 1.63E-04 [105] 

Danio rerio 

(zebrafish) 
mortality 5 d A LC50 in vivo 5.00E-05 5 PVP/PEI OECD 236 

mineral 

(OECD) 
N/A [106] 

Danio rerio 

(zebrafish) 
mortality 48 h A LC50 in vivo 5.70E-05 5 PVP/PEI OECD 236 

mineral 

(OECD) 
N/A [106] 

Acipenser baerii 

(Siberian sturgeon) 
mortality 96 h A LC50 in vivo 1.50E-02 8.02 PVP N/A water N/A [107] 

Labeo rohita mortality 96 h A LC50 in vivo 3.47E-03 27 PVP OECD 203 
mineral 

(OECD) 
N/A [108] 

Labeo rohita mortality 96 h A LC50 in vivo 2.33E-03 103 PVP OECD 203 
mineral 

(OECD) 
N/A [108] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Labeo rohita mortality 7 d SC LC50 in vivo 1.00E-04 96 citrate N/A water N/A [109] 

Danio rerio 

(zebrafish) 
mortality 96 h A LC50 in vivo 2.52E-02 <100 lamarin OECD 203 

mineral 

(OECD) 
N/A [110] 

Danio rerio 

(zebrafish) 
mortality 96 h A LC50 in vivo 1.99E-02 <100 PVP OECD 203 

mineral 

(OECD) 
N/A [110] 

Danio rerio 

(zebrafish) 
mortality 24 h A LC50 in vivo 1.28E-04 7.5 alkane OECD 

mineral 

(MHW) 

ASTM 

7.83E-05 [39] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 48 h A LC50 N/A 3.50E-03 N/A N/A N/A water N/A [111] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 72 h A LC50 N/A 3.00E-03 N/A N/A N/A water N/A [111] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

mortality 96 h A LC50 N/A 2.30E-03 N/A N/A N/A water N/A [111] 

Hypophthalmichthys 

molitrix 
mortality 24 h A LC50 in vivo 8.10E-04 61 N/A OECD 

dechlorinated 

tap water 
N/A [112] 

Hypophthalmichthys 

molitrix 
mortality 48 h A LC50 in vivo 6.48E-04 61 N/A OECD 

dechlorinated 

tap water 
N/A [112] 

Hypophthalmichthys 

molitrix 
mortality 72 h A LC50 in vivo 3.83E-04 61 N/A OECD 

dechlorinated 

tap water 
N/A [112] 

Hypophthalmichthys 

molitrix 
mortality 96 h A LC50 in vivo 2.02E-04 61 N/A OECD 

dechlorinated 

tap water 
N/A [112] 

Danio rerio 

(zebrafish) 
mortality 6 d A LC50 in vivo 5.86E-05 15 uncoated OECD 210 

mineral 

(OECD) 
5.00E-06 [113] 

Danio rerio 

(zebrafish) 
mortality 96 h A LC50 in vivo 1.37E-04 15 uncoated OECD 210 

mineral 

(OECD) 
6.05E-06 [113] 

Labeo rohita mortality 96 h A LC50 in vivo 2.50E-05 50 N/A N/A water N/A [114] 

Oryzias latipes 

(Japanese medaka) 
mortality 96 h A LC50 in vivo 1.80E-03 5 citrate OECD 203 mineral N/A [46] 

Oreochromis 

niloticus 
mortality 24 h A LC50 in vivo 5.30E-02 10-20 N/A N/A water N/A [115] 

Gibelion catla 

(Catla) 
mortality 96 h A LC50 in vivo 1.27E-02 50 N/A OECD 203 

mineral 

(OECD) 
3.60E-03 [116] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Labeo rohita mortality 96 h A LC50 in vivo 1.23E-02 50 N/A OECD 203 
mineral 

(OECD) 
4.01E-03 [116] 

Gibelion catla 

(Catla) 
heart cell line 24 h A EC50 in vitro 2.08E-02 50 N/A OECD 203 

complex 

(Leibovitz) 
3.98E-03 [116] 

Gibelion catla 

(Catla) 
gill cell line 24 h A EC50 in vitro 1.86E-02 50 N/A OECD 203 

complex 

(Leibovitz) 
3.71E-03 [116] 

Labeo rohita gill cell line 24 h A EC50 in vitro 2.15E-02 50 N/A OECD 203 
complex 

(Leibovitz) 
4.01E-03 [116] 

Chapalichthys 

pardalis 
mortality 96 h A LC50 in vivo 1.03E-02 11.95 PVP OECD 203 

mineral 

(OECD) 
N/A [117] 

Danio rerio 

(zebrafish) 
mortality 48 h A EC50 in vivo 7.80E-04 15 

coated 

(proprietary) 
OECD 

mineral 

(OECD) 
N/A [49] 

Danio rerio 

(zebrafish) 

teratogenic 

effect 
96 h A EC50 in vitro 8.41E-05 15 

coated 

(proprietary) 
N/A 

mineral 

(RHFW) 
7.87E-05 [51] 

Danio rerio 

(zebrafish) 

teratogenic 

effect 
96 h A EC50 in vitro 1.74E-04 35 uncoated N/A 

mineral 

(RHFW) 
7.87E-05 [51] 

Danio rerio 

(zebrafish) 

teratogenic 

effect 
96 h A EC50 in vitro 1.47E-04 80 PVP N/A 

mineral 

(RHFW) 
7.87E-05 [51] 

Danio rerio 

(zebrafish) 

teratogenic 

effect 
96 h A EC50 in vitro 1.88E-03 200 PVP N/A complex 4.31E-05 [51] 

Oryzias latipes 

(Japanese medaka) 
mortality 72 h A LC50 in vivo 1.12E-03 29.9 PVP N/A 

dechlorinated 

tap water 
N/A [118] 

Oryzias latipes 

(Japanese medaka) 
mortality 96 h A LC50 in vivo 8.70E-04 29.9 PVP N/A 

dechlorinated 

tap water 
N/A [118] 

Oryzias latipes 

(Japanese medaka) 
mortality 48 h A LC50 in vivo 1.38E-03 29.9 PVP N/A 

dechlorinated 

tap water 
N/A [118] 

Oryzias latipes 

(Japanese medaka) 
mortality 48 h A LC50 in vivo 1.03E-03 25 PVP N/A water N/A [119] 

Danio rerio 

(zebrafish) 
mortality 48 h A LC50 in vivo 4.34E-04 70 

PEG, Si,  

Ami-Si 
N/A mineral N/A [54] 

Cyprinus carpio 

(common carp) 
mortality 24 h A LC50 in vivo 1.59E-03 11.5 PVP OECD 203 

mineral 

(OECD) 
1.30E-04 [120] 

Cyprinus carpio 

(common carp) 
mortality 48 h A LC50 in vivo 1.55E-03 11.5 PVP OECD 203 

mineral 

(OECD) 
1.10E-04 [120] 

Cyprinus carpio 

(common carp) 
mortality 72 h A LC50 in vivo 1.53E-03 11.5 PVP OECD 203 

mineral 

(OECD) 
1.00E-04 [120] 

Cyprinus carpio 

(common carp) 
mortality 96 h A LC50 in vivo 1.53E-03 11.5 PVP OECD 203 

mineral 

(OECD) 
1.00E-04 [120] 
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Species Endpoint 

Exposure 

Time  

(hours, 

days) 

Acute/ 

Chronic 

(Based 

on 

USEtox) 

Reported  

LC50/ 

EC50/ 

IC50 

In vivo/in 

vitro 

LC50/ 

EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Method 
Test 

Medium 

LC50/ 

EC50/ 

IC50 for 

Ag+ (kg 

Ag/m3) 

Ref. 

Danio rerio 

(zebrafish) 
mortality 96 h A LC50 in vivo 6.10E-03 10 citrate N/A 

mineral 

(AFW) 
N/A [121] 

Barbonymus 

gonionotus (Silver 

barb) 

mortality 48 h A LC50 in vivo 1.76E-03 84 N/A OECD 203 
mineral 

(OECD) 
5.70E-05 [74] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

metabolic 

activity 
24 h A EC50 in vitro 1.37E-03 19.4 citrate N/A 

complex 

(Leibovitz) 
8.63E-05 [122] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

cell membrane 

integrity 
24 h A EC50 in vitro 1.55E-03 19.4 citrate N/A 

complex 

(Leibovitz) 
9.71E-05 [122] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

lysosome 

membrane 

integrity 

24 h A EC50 in vitro 1.06E-03 19.4 citrate N/A 
complex 

(Leibovitz) 
6.47E-05 [122] 

Oncorhynchus 

mykiss (Rainbow 

trout) 

metabolic 

activity 
24 h A EC50 in vitro 4.15E-02 19.4 citrate N/A mineral 5.25E-03 [75] 
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Table C5. The LC50/EC50/IC50 values collected from the literature for silver nanoparticles for freshwater protozoa (listed in 

alphabetical order based on references). 

Species Endpoint 

Exposure 

Time 

(hours, 

days) 

Acute/ 

Chronic 

(Based on 

USEtox) 

Reported  

LC50/EC50/ 

IC50 

LC50/EC50/ 

IC50 (kg 

Ag/m3) 

Avg 

 Size  

(nm) 

Coating Test Medium 

LC50/EC50/ 

IC50 for Ag+ 

(kg Ag/m3) 

Ref. 

Paramecium 

tetraurelia 
mortality 20 h A LC50 2.34E-03 20 N/A 

complex (axenic 

broth culture) 
7.30E-04 [123] 

Paramecium 

tetraurelia 
inhibition 20 h A EC50 2.59E-03 20 N/A 

complex (axenic 

broth culture) 
7.60E-04 [123] 

Tetrahymena sp. mortality 1 h A LC50 7.96E-07 35 PVP deionized water N/A [124] 

Tetrahymena sp. mortality 1 h A LC50 1.00E-09 1-3 N/A deionized water N/A [124] 

Tetrahymena 

thermophila 

ATP 

concentration 
2 h A EC50 3.20E-03 20.4 PVP mineral 2.90E-03 [19] 

Tetrahymena 

thermophila 

ATP 

concentration 
24 h A EC50 3.90E-03 20.4 PVP mineral 2.90E-03 [19] 

Paramecium mortality 1 h A LC50 1.55E-02 8.2 N/A water (SSF) 1.12E-02 [20] 

Tetrahymena 

thermophila 

viability (ATP 

content) 
2 h A EC50 2.86E-01 <100 uncoated MilliQ water 1.80E-03 [125] 

Tetrahymena 

thermophila 

viability (ATP 

content) 
24 h A EC50 2.05E-01 <100 uncoated MilliQ water 1.50E-03 [125] 

Tetrahymena 

thermophila 

ATP 

concentration 
2 h A EC50 8.50E-02 14.6 casein MilliQ water 2.00E-03 [126] 

Tetrahymena 

thermophila 

ATP 

concentration 
24 h A EC50 8.95E-02 14.6 casein MilliQ water 2.70E-03 [126] 

Paramecium 

caudatum 
mortality 1 h A LC50 3.00E-02 40 uncoated water N/A [127] 

Paramecium 

caudatum 
mortality 1 h A LC50 1.60E-02 40 N/A water N/A [127] 

Paramecium 

caudatum 
mortality 1 h A LC50 3.80E-02 40 PEG water N/A [127] 

Paramecium 

caudatum 
mortality 1 h A LC50 3.60E-02 40 PVP water N/A [127] 

Tetrahymena 

pyriformis 
growth inhibition 24 h A EC50 1.46E-03 9 ATP 

complex (axenic 

broth culture) 
N/A [128] 
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Appendix D 

Electronic supplemental information from Chapter 5 and associated references. 

 

Table D1.Considerations for calculating the freshwater ecotoxicity characterization factors for ENMs (listed in alphabetical order 

based on references). 

ENM 
Considered processes for fate 

modeling 
FF (days) XF (%) 

EF 

(PAF.m3/kg) 

CF (PAF.m3.day/kg 

or CTUe/kg) 
Reference 

CNT 

Sedimentation  

(ksed= 6.8×10-10 s-1) 

Heteroaggregation  

(khetero-agg= 6.9×10-11 s-1) 

Advection  

(kadv= 6.91×10-9 s-1) 

1509 81.1 55.4 6.78+04 [1] 

GO 

Sedimentation 

(ksed= 2.5×10-8 s-1) 

Heteroaggregation 

(khetero-agg= 2.3×10-7 s-1) 

Advection 

(kadv= 4.6×10-8 s-1) 

Photodegradation 

(kphotodeg= 1.3×10-7 s-1) 

27.2 93 30.7 7.78E+02 [2] 

SWCNT 
Calculated using substance 

specific partitioning coefficients 

S1) 143 

S2) matter of days 

S1) 100 

S2) 98 

S1) 200 

S2) 200 

S1) 29000 

S2) 3700 
[3] 

Nano-TiO2 
Dissolution 

Aggregation 

0.633 (free form) 

44.8 (aggregated 

form) 

not 

mentioned 
26.9 (9.4−26.9) 1550 (free form) [4] 
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ENM 
Considered processes for fate 

modeling 
FF (days) XF (%) 

EF 

(PAF.m3/kg) 

CF (PAF.m3.day/kg 

or CTUe/kg) 
Reference 

nAg 

Calculated using substance 

specific partitioning coefficients 
S1) 30 

S2) 130 

S1) 60 

S2) 80 

S1) 13497  

S2) 281144 

S1) 2.43E+05  

S2) 2.92E+07  
[5] 

Nano-TiO2 
Calculated using substance 

specific partitioning coefficients 

S1) 0.053 

S2) 1 

S1) 100 

S2) 100 

S1) 79 

S2) 1180 

S1) 4 

S2) 1180 
[5] 

SWCNT 

Calculated using substance 

specific partitioning coefficients 
S1) 10 

S2) 143 

S1) 100 

S2) 100 

S1) 260 

S2) 288 

S1) 2600 

S2) 41184 
[5] 

C60 

Calculated using substance 

specific partitioning coefficients 
S1) 10 

S2) 143 

S1) 100 

S2) 100 

S1) 91 

S2) 161 

S1) 910 

S2) 23023 
[5] 

nAg 
Assumed due to many 

unknowns 
1 neglected 8576 8.57E+03  [6] 

Nano-TiO2 
Assumed due to many 

unknowns 
1  neglected 26.1 2.61E+01 [6] 

nCu 

Sedimentation 

Advection 

Dissolution  

1.15 100 5185 5.96E+03 [7] 

nAg 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

Dissolution (kdiss=3.42×10-6 s-1) 

1.36  

(3.86E-03 – 

3.38E+00) 

100 14502 1.98E+04 [8] 

Al2O3-NP 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

2.28 

(3.87E-03 – 

1.28E+03) 

100 53.083  1.21E+02 [8] 

Au-NP 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

2.28 

(3.87E-03 – 

1.18E+03) 

100 80.7  1.84E+02 [8] 
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ENM 
Considered processes for fate 

modeling 
FF (days) XF (%) 

EF 

(PAF.m3/kg) 

CF (PAF.m3.day/kg 

or CTUe/kg) 
Reference 

C60 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

2.28 

(3.87E-03 – 

1.33E+03) 

100 544 1.24E+03 [8] 

CeO2-NP 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

2.28 

(3.87E-03 – 

1.24E+03) 

100 139 3.18E+02 [8] 

nCu 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

Dissolution  

(kdiss=5.5×10-7 s-1) 

2.06  

(3.87E-03 – 

2.07E+01) 

100 8999  1.85E+04 [8] 

nCuO 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

Dissolution (kdiss=3.87×10-7 s-1) 

2.12 

(1.37E-01 – 

2.92E+01) 

100 223  4.74E+02 [8] 

Fe2O3-NP 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

2.28  

(3.86E-03 – 

1.26E+03) 

100 228  5.20E+02 [8] 

Fe3O4-NP 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

2.28  

(3.87E-03 – 

1.27E+03) 

100 21739  4.96E+04 [8] 

NiO-NP 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

Dissolution (kdiss=2.18×10-7 s-1) 

2.19  

(3.87E-03 – 

5.09E+01) 

100 14.2 3.10E+01 [8] 

Pt-NP 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

2.28  

(3.86E-03 – 

1.17E+03) 

100 126 2.88E+02 [8] 
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ENM 
Considered processes for fate 

modeling 
FF (days) XF (%) 

EF 

(PAF.m3/kg) 

CF (PAF.m3.day/kg 

or CTUe/kg) 
Reference 

SiO2-NP 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

Dissolution (kdiss=3.79×10-6 s-1) 

1.31  

(3.86E-03 – 

3.05E+00) 

100 27.8 3.62E+01 [8] 

Nano-TiO2 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

2.28  

(3.87E-03 – 

1.27E+03) 

100 56.7 1.29E+02 [8] 

ZnO-NP 

Sedimentation 

Advection 

(kadv= 8.1×10-9 s-1) 

Dissolution (kdiss=5.12×10-7 s-1) 

2.07  

(3.87E-03 – 

2.22E+01) 

100 2863 5.94E+03 [8] 

SWCNT 
Calculated using substance 

specific partitioning coefficients 
29 6.5E-04 650  1.25E-01 [9] 

MWCNT 
Calculated using substance 

specific partitioning coefficients 
92 100 8 7.40E+02 [9] 

nCu 
Calculated using substance 

specific partitioning coefficients 
37 33 4500 5.52E+04  [9] 

Nano-TiO2 

Sedimentation  

Heteroaggregation  

Advection  

0.053 100 32.1 2.81E+01 [10] 
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Hetero-aggregation 

𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 = 𝑘𝑐𝑜𝑙𝑙 ∗ 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔 ∗ 𝐶𝑆𝑃𝑀                                                                                                      (D1) 

where 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔 is aggregation efficiency, 𝐶𝑆𝑃𝑀 is suspended particulate matter concentration 

(1/m3) and 𝑘𝑐𝑜𝑙𝑙 is the collision rate (m3/s).  𝐶𝑆𝑃𝑀 needs to be calculated using equation (D2) as 

𝐶𝑆𝑃𝑀 =
𝐶𝑚𝑎𝑠𝑠,𝑆𝑃𝑀

4
3 ∗ 𝜌𝑆𝑃𝑀 ∗ π ∗

(
𝑑𝑆𝑃𝑀
2
)
3

 

                                                                                                           (D2) 

where 𝐶𝑚𝑎𝑠𝑠,𝑆𝑃𝑀is the mass concentration of suspended particulate matter in water (kg/m3), 𝜌𝑆𝑃𝑀 

is the density of suspended particulate matter (kg/m3) and 𝑑𝑆𝑃𝑀 is the diameter of the suspended 

particulate matter in water (m). Another component of equation (D1), the collision rate, can be 

calculated using equation (D3). 

𝑘𝑐𝑜𝑙𝑙 =
2𝑘𝐵𝑇𝑤𝑎𝑡𝑒𝑟
3𝜇𝑤𝑎𝑡𝑒𝑟

∗
(𝑟𝑛𝐴𝑔 + 𝑟𝑆𝑃𝑀)

2

𝑟𝑛𝐴𝑔 ∗ 𝑟𝑆𝑃𝑀
+
4

3
𝐺(𝑟𝑛𝐴𝑔 + 𝑟𝑆𝑃𝑀)

3
+ π(𝑟𝑛𝐴𝑔 + 𝑟𝑆𝑃𝑀)

2

∗ |𝑣𝑠𝑒𝑡
𝑛𝐴𝑔

− 𝑣𝑠𝑒𝑡
𝑆𝑃𝑀|                                                                                                             (D3) 

where 𝑘𝐵  is Boltzmann constant (JK-1), 𝑇𝑤𝑎𝑡𝑒𝑟 is the temperature of the water (K), 𝜇𝑤𝑎𝑡𝑒𝑟 is the 

dynamic viscosity of water (Ns/m2), 𝑟𝑛𝐴𝑔 is the radius of nAg (m), 𝑟𝑆𝑃𝑀 is the radius of 

suspended particulate matter (m), 𝐺 is the shear rate of the water (1/s), 𝑣𝑠𝑒𝑡
𝑛𝐴𝑔

 is the settling 

velocity of nAg (m/s) and 𝑣𝑠𝑒𝑡
𝑆𝑃𝑀 is the settling velocity of suspended particulate matter (m/s). 

Equations (D4) and (D5) are used to calculate the settling velocities of nAg and SPM to be used 

in the collision rate calculation. 

𝑣𝑠𝑒𝑡
𝑛𝐴𝑔

=
2

9
∗
𝜌𝑛𝐴𝑔 − 𝜌𝑤𝑎𝑡𝑒𝑟

𝜇𝑤𝑎𝑡𝑒𝑟
∗ 𝑔 ∗ 𝑟𝑛𝐴𝑔

2                                                                                                    (D4) 

𝑣𝑠𝑒𝑡
𝑆𝑃𝑀 =

2

9
∗
𝜌𝑆𝑃𝑀 − 𝜌𝑤𝑎𝑡𝑒𝑟

𝜇𝑤𝑎𝑡𝑒𝑟
∗ 𝑔 ∗ 𝑟𝑆𝑃𝑀

2                                                                                                   (D5) 
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where 𝜌𝑛𝐴𝑔 is the density of nAg (kg/m3), 𝜌𝑤𝑎𝑡𝑒𝑟 is the density of water (kg/m3), 𝜇𝑤𝑎𝑡𝑒𝑟 is the 

dynamic viscosity of water (Ns/m2), 𝑔 is is the gravitational acceleration on earth (m/s2), 𝑟𝑛𝐴𝑔 is 

the radius of nAg (m), 𝜌𝑆𝑃𝑀 is the density of suspended particulate matter (kg/m3) and 𝑟𝑆𝑃𝑀 is the 

radius of suspended particulate matter (m). 

 

Sedimentation 

Scenario 2 

𝑘𝑠𝑒𝑑
′ = 𝑘𝑠𝑒𝑑

𝑛𝐴𝑔
+ 𝑘𝑎𝑔𝑔−𝑠𝑒𝑑 + 𝑘𝑎𝑡𝑡−𝑠𝑒𝑑                                                                                                    (D6) 

where 𝑘𝑠𝑒𝑑
𝑛𝐴𝑔

 is the sedimentation rate constant (s-1), 𝑘𝑎𝑔𝑔−𝑠𝑒𝑑 is the minimum value of either 

pseudo-sedimentation rate constant for homo-aggregated nAg or the homo-aggregation rate 

constant as expressed in equation (D7) (s-1) and 𝑘𝑎𝑡𝑡−𝑠𝑒𝑑 is the minimum value of either pseudo-

sedimentation rate constant for hetero-aggregated (i.e. attached) nAg or the hetero-aggregation 

(i.e. attachment) rate constant as expressed in equation (D8) (s-1). 

𝑘𝑎𝑔𝑔−𝑠𝑒𝑑 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 (𝑘ℎ𝑜𝑚𝑜−𝑎𝑔𝑔, 𝑘𝑝𝑠−ℎ𝑜𝑚𝑜−𝑎𝑔𝑔)                                                                        (D7) 

where 𝑘𝑎𝑔𝑔 is the aggregation rate constant and 𝑘𝑝𝑠−𝑎𝑔𝑔 is the pseudo-sedimentation rate 

constant for aggregated nAg. In the current study, homo-aggregation is neglected, therefore this 

component is not calculated. 

𝑘𝑎𝑡𝑡−𝑠𝑒𝑑 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 (𝑘ℎ𝑒𝑡−𝑎𝑔𝑔, 𝑘𝑝𝑠−ℎ𝑒𝑡−𝑎𝑔𝑔)                                                                                (D8) 

where 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 is the attachment rate constant and 𝑘𝑝𝑠−ℎ𝑒𝑡−𝑎𝑔𝑔 is the pseudo-sedimentation rate 

constant for attached nAg. 

𝑘𝑠𝑒𝑑
𝑛𝐴𝑔

=
𝑣𝑠𝑒𝑡
𝑛𝐴𝑔

ℎ𝑤
                                                                                                                                              (D9) 
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where 𝑣𝑠𝑒𝑡
𝑛𝐴𝑔

is the settling velocity of nAg as expressed in equation (D4) (m/s) and ℎ𝑤 is the 

depth of the water compartment (m).  

𝑘𝑝𝑠−ℎ𝑒𝑡−𝑎𝑔𝑔 = 
𝑣𝑠𝑒𝑡
𝑆𝑃𝑀

ℎ𝑤
                                                                                                                             (D10) 

where 𝑣𝑠𝑒𝑡
𝑆𝑃𝑀is the settling velocity of suspended particulate matter as expressed in equation (D5) 

(m/s) and ℎ𝑤 is the depth of the water compartment (m).  

 

Dissolution 

The second method for 𝑘𝑑𝑖𝑠𝑠 calculation is using modified version of the solubility equilibrium 

(i.e. Ostwald-Freundlich relation) as presented in equations (D11) and (D12), which enables 

calculating size-dependent dissolution rates [11–14]. It is hypothesized that the amount of 

dissolved nAg per unit time is proportional with the surface area of nAg [15, 16] as 

𝑑𝑀

𝑑𝑡
= −𝑘𝑑𝑖𝑠𝑠 ∗ 𝑆𝑛𝐴𝑔 ∗ 𝐴                                                                                                                        (D11) 

𝑆𝑛𝐴𝑔 = 𝑆𝑏𝑢𝑙𝑘 ∗ exp(2 ∗ 𝛾 ∗
𝑉𝑚

𝑅 ∗ 𝑇 ∗ 𝑟𝑛𝐴𝑔 
)                                                                                      (D12) 

where 𝑀 is the dissolved mass of nAg (kg), 𝑡 is time (s), 𝑆𝑛𝐴𝑔 is the solubility of nAg (kg/m3), 𝐴 

is the surface area of nAg (m2), 𝑆𝑏𝑢𝑙𝑘 is the solubility of bulk silver (kg/m3), 𝛾 is the surface 

tension of nAg (typically 1 for nAg, J/m2), 𝑉𝑚 is the molar volume of nAg (m3/mol), 𝑅 is the gas 

constant (J/mol.K), 𝑇 is the temperature (K) and 𝑟𝑛𝐴𝑔 is the radius of nAg (m). Ma et al. 

calculated the 𝑘𝑑𝑖𝑠𝑠  for PVP coated nAg as 5.07×10-5 s-1 using this method [14]. Different from 

the previously explained methods, Dale et al. compiled a list of model parameters for nAg 

transformation where they included a range for 𝑘𝑑𝑖𝑠𝑠 based on the level of dissolved oxygen in 
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freshwaters from 1.3×10-8 d-1(mg O2/m
3)-1 to 5.1×10-4 d-1(mg O2/m

3)-1 with a nominal value of 

8.5×10-6 d-1(mg O2/m
3)-1 [17–19]. 

 

Table D2. Parameters for fate factor calculation extracted from a mesocosm studies by Geitner 

et al. and Stegemeier et al. [20–22]. 

Parameter Symbol Unit Value (Range) 

pH pH - 7-10 

Conductivity S μS/cm 111 ± 20 

Radius of nAg 𝑟𝑛𝐴𝑔 nm 24.65 (PVP-nAg) 

Diameter of nAg (DLS) 𝑑𝑛𝐴𝑔 nm 49.3 (PVP-nAg) 

Radius of SPM 𝑟𝑆𝑃𝑀 μm 0.75 

Diameter of SPM 𝑑𝑆𝑃𝑀 μm 1.5 ± 12 

Density of nAg 𝜌𝑛𝐴𝑔 kg/m3 10,500 

Mass concentration of SPM 𝐶𝑚𝑎𝑠𝑠,𝑆𝑃𝑀 mg/l 80 ± 12 

Aggregation efficiency 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔 - 0.012 

Depth of water  ℎ𝑤 m 1.2 

Volume of water 𝑉𝑤 m3 
3.56 (H/W/D 

0.81/3.66/1.2) 

Area of freshwater 𝐴𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟 m2  2.97 

Area of soil 𝐴𝑠𝑜𝑖𝑙 m2 0.732 

Water temperature 𝑇𝑤𝑎𝑡𝑒𝑟 K 295 

Dynamic viscosity of water 𝜇𝑤𝑎𝑡𝑒𝑟 Ns/m2 0.000958 (22oC)* 

Initial concentration of nAg 𝐶0 ppm 10 

Dissolved nAg at time t (2 days) 𝐶𝑖𝑜𝑛𝑠 ppm 0.53 

* calculated based on the formula of  𝜇𝑤𝑎𝑡𝑒𝑟 = (2.414 ∗ 10
−5) ∗ 10247.8/(𝑇−140)  
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Table D3. Remaining parameters for fate factor calculation that are not available in mesocosms 

(bold values are used in calculation). 

Parameter Symbol Unit Value (Range) Reference 

Density of water 𝜌𝑤𝑎𝑡𝑒𝑟 kg/m3 1000 [23] 

Boltzmann constant 𝑘𝐵 J/K 1.38E-23 [1, 8] 

Surface water shear 

rate 
𝐺 s-1 10 [24] 

Gravitational 

acceleration on earth  
𝑔 m/s2 9.81 [23] 

Precipitation rate 𝑘𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 mm/yr 710 (for US) [25] 

Density of SPM 𝜌𝑆𝑃𝑀 kg/m3 

1570 averaged value 

2000a 

1230b 

1100 – 2500c 

1250 (1100 – 2000)d 

a [10] 

b [8] 

c [26] 

d [27] 

Water run-off 

fraction 
𝜑 % 37 (for US) [25] 
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Table D4. Calculated parameters based on the values presented in Tables D2-D3 (shaded values 

are used in FF calculation for the respective scenarios). 

Parameter Symbol Unit Value (Scenario 1) Value (Scenario 2) 

Dissolution rate constant  𝑘𝑑𝑖𝑠𝑠 s-1 3.15×10-7 3.15×10-7 

Hetero aggregation rate 

constant 
𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 s-1 3.44×10-5 - 

Concentration of SPM 𝐶𝑆𝑃𝑀 1/m3 2.88×1013 2.88×1013 

Collision rate 𝑘𝑐𝑜𝑙𝑙 m3/s 9.95×10-17 9.95×10-17 

Settling velocity of nAg 𝑣𝑠𝑒𝑡
𝑛𝐴𝑔

 m/s 1.31×10-8 1.31×10-8 

Settling velocity of SPM 𝑣𝑠𝑒𝑡
𝑆𝑃𝑀 m/s 7.29×10-7 7.29×10-7 

Sedimentation rate 

constant 
𝑘𝑠𝑒𝑑 s-1 1.09×10-8 6.19×10-7 

Advection rate constant 𝑘𝑎𝑑𝑣 s-1 2.05×10-8 2.05×10-8 

Removal rate constant for 

freshwater 
𝑘𝑤,𝑤 s-1 3.48×10-5 9.54×10-7 

Fate factor FF days 0.33 12 
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Table D5. List of characterization factors calculated in the current study and the literature 

values. 

Reference Scenarios 
XF 

(%) 

FF 

(days) 

EF 

(PAF.m3/kg) 

CF 

(PAF.m3.day/kg 

or CTUe/kg) 

[5] 
S1 60 30 1.35×104 2.43×105 

S2 80 130 2.81×105 2.92×107 

[8] - 100 1.36 1.45×104 1.97×104 

[6] - 100 1 8.58×103 8.58×103 

This study 

S1 – Optimistic  

(regardless of coating) 
100 0.33 8.04×103 2.67×103 

S1 – Skeptical  

(regardless of coating) 
100 0.33 1.47×104 4.88×103 

S2 – Optimistic  

(regardless of coating) 
100 12.13 8.04×103 9.74×104 

S2 – Skeptical  

(regardless of coating) 
100 12.13 1.47×104 1.78×105 

S1 – Optimistic  

(PVP coated) 
100 0.33 6.58×103 2.19×103 

S1 – Skeptical  

(PVP coated) 
100 0.33 1.93×104 6.42×103 

S2 – Optimistic  

(PVP coated) 
100 12.13 6.58×103 7.98×104 

S2 – Skeptical  

(PVP coated) 
100 12.13 1.93×104 2.34×105 

USEtox 

spreadsheet 
For ionic silver Ag (I) 41.2 18.1 2.60×104 1.94×105 

 

  



 

 

402 

 

Table D6. Scenario 1: sensitivity factors (SF) based on 20% change of inputs on the rate 

constants and fate factor. Reported numbers are SFs, where red cells indicate sensitive inputs. 

 𝑑𝑛𝐴𝑔 𝑑𝑆𝑃𝑀 𝜌𝑛𝐴𝑔 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔 𝐶𝑚𝑎𝑠𝑠,𝑆𝑃𝑀 𝐶0 𝐶𝑖𝑜𝑛𝑠 𝜌𝑆𝑃𝑀 

𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 -1.67E-01 -4.04E-01 -5.50E-05 1.67E-01 1.67E-01 0.00E+00 0.00E+00 -1.91E-01 

𝑘𝑠𝑒𝑑 3.06E-01 0.00E+00 1.81E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

𝑘𝑑𝑖𝑠𝑠 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.06E-01 1.71E-01 0.00E+00 

𝑘𝑎𝑑𝑣 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

𝑘𝑤,𝑤 -1.65E-01 -3.98E-01 1.51E-05 1.65E-01 1.65E-01 -1.55E-03 1.87E-03 -1.89E-01 

FF 1.41E-01 2.85E-01 -1.51E-05 -1.98E-01 -1.98E-01 1.54E-03 -1.87E-03 1.59E-01 

 

Table D7. Scenario 1: sensitivity factors (SF) based on 20% change of rate constants on fate 

factor. Reported numbers are SFs, where red cells indicate sensitive inputs. 

 𝑘ℎ𝑒𝑡−𝑎𝑔𝑔 𝑘𝑠𝑒𝑑 𝑘𝑑𝑖𝑠𝑠 𝑘𝑎𝑑𝑣 

𝑘𝑤,𝑤 1.65E-01 6.29E-05 1.81E-03 -1.18E-04 

FF -1.98E-01 -6.29E-05 -1.81E-03 -1.18E-04 
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Table D8. Scenario 2: sensitivity factors (SF) based on 20% change of inputs on the rate 

constants and fate factor. Reported numbers are SFs, where red cells indicate sensitive inputs. 

 𝑑𝑛𝐴𝑔 𝑑𝑆𝑃𝑀 𝜌𝑛𝐴𝑔 𝛼ℎ𝑒𝑡−𝑎𝑔𝑔 𝐶𝑚𝑎𝑠𝑠,𝑆𝑃𝑀 𝐶0 𝐶𝑖𝑜𝑛𝑠 𝜌𝑆𝑃𝑀 

𝑘𝑠𝑒𝑑 7.72E-03 3.02E-01 3.89E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.51E-01 

𝑘𝑑𝑖𝑠𝑠 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.06E-01 1.71E-01 0.00E+00 

𝑘𝑎𝑑𝑣 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

𝑘𝑤,𝑤 5.02E-03 2.19E-01 2.53E-03 0.00E+00 0.00E+00 -5.96E-02 6.39E-02 2.60E-01 

FF -5.05E-03 -2.80E-01 -2.53E-03 0.00E+00 0.00E+00 5.63E-02 -6.82E-02 -3.51E-01 

 

Table D9. Scenario 2: sensitivity factors (SF) based on 20% change of rate constants on fate 

factor. Reported numbers are SFs, where red cells indicate sensitive inputs. 

 𝑘𝑠𝑒𝑑 𝑘𝑑𝑖𝑠𝑠 𝑘𝑎𝑑𝑣 

𝑘𝑤,𝑤 1.15E-01 6.19E-02 4.28E-03 

FF -1.30E-01 -6.60E-02 -4.30E-03 
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Appendix E 

Electronic supplemental information from Chapter 6 and associated references. 

 

Table E1.Literature on Ag/nAg release from textile products during laundering (listed by the year of publication). 

Product type (mass and 

composition if available) 

Initial silver content 

(type and 

incorporation 

method if available) 

Washing procedure and conditions Ag release (speciation if available) Ref. 

Sock (29.3 g) 25.8 μg Ag/g (nano) 

Socks were soaked into 500 mL 

ultrapure water/tap water (pH 7) and 

agitated for 1-14 h at 50 rpm. This step 

was repeated for at least 3 times. 

Cumulative (four cycles): 28.53 μg/g 

[1] 

Sock (27.3 g) 57.8 μg Ag/g (metal) 
First cycle: 2.51 μg/g (~72% Ag+) 

Cumulative (four cycles): 67.58 μg/g (86% Ag+) 

Sock (23.0 g) 1358.3 μg Ag/g (nano) 
First cycle: 3.48 μg/g (~5% Ag+) 

Cumulative (four cycles): 7.17 μg/g (69% Ag+) 

Sock (21.9 g) 0.9 μg Ag/g (metal) Cumulative (four cycles): 0.86 μg/g 

Sock (79% cotton, 14% 

PA, 6% fiber, 1% elastane) 

21.6 mg Ag/g (metal- 

electrolytically 

deposited layer on 

fiber) Washing procedure was implemented 

based on ISO standard method (ISO 

105-C06). ECE 98-standard washing 

powder was used as a detergent with a 

pH 10 and the experiment was 

conducted at 40 °C for 30 minutes (40 

± 2 rpm) using Washtec-P Roaches 

washing machine. Steel balls were used 

to simulate physical stress. 

First cycle: 314 μg/g (~7% Ag+) 

Second cycle: 129 μg/g 

Bleach cycle: 172 μg/g 

[2] 

Sock (PES) 

0.39 mg Ag/g (nano- 

plasma coated fiber 

embedded in textile) 

First cycle: 67 μg/g (~50% Ag+) 

Fabric (cotton) 
0.008 mg Ag/g (AgCl-

bound to surface) 

First cycle: 2.7 μg/g (~0% Ag+) 

Second cycle: 1.8 μg/g 

Bleach cycle: 3.6 μg/g 

Fabric (cotton) 

0.012 mg Ag/g (AgCl-

incorporated in 

binder) 

First cycle: 2.4 μg/g (~0% Ag+) 

Second cycle: 0.9 μg/g 

Bleach cycle: 3.2 μg/g 

Fabric (PES) 
0.029 mg Ag/g (nano- 

bound to surface) 
First cycle: 10.1 μg/g (~5% Ag+) 
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Product type (mass and 

composition if available) 

Initial silver content 

(type and 

incorporation 

method if available) 

Washing procedure and conditions Ag release (speciation if available) Ref. 

Fabric (PES) 

0.099 mg Ag/g (nano- 

incorporated into 

fiber) 

First cycle: 1.3 μg/g (~0% Ag+) 

Second cycle: 0.35 μg/g 

Bleach cycle: 2.7 μg/g 

Fabric (80% PES, 20% 

PA) 

0.242 mg Ag/g (nano- 

incorporated into 

fiber) 

First cycle: 4.3 μg/g (~0% Ag+) 

Second cycle: 1.6 μg/g 

Bleach cycle: 10.2 μg/g 

Fabric (80% cotton, 20% 

elastic yarn) 

2.66 mg Ag/g (nano- 

incorporated into 

fiber) 

First cycle: 377 μg/g (~2% Ag+) 

Second cycle: 99 μg/g 

Bleach cycle: 184 μg/g 

Athletic shirt (178 g) 
30 ± 5.4 μg Ag/g 

(nano) 
Samples were washed and mixed using 

municipal tap water (pH 7.6) for 1 hour 

at room temperature. 

0.56 ± 0.01 μg/g  

[3] 

Unfinished cloth fabric 
44 ± 2.4 μg Ag/g 

(nano) 
0.8 ± 0.3 μg/g  

T-shirt (83% PES, 17% 

wool) 

183 ± 10 mg Ag/kg 

(silver) 

ISO standard method (ISO 105-C06) 

was applied in a laboratory washing 

machine (Washtex-P Roaches 40 ± 2 

rpm), and 8.0 ± 0.2 g of fabric was 

washed with a detergent having pH 

10.6 at 40 °C for 30 minutes. PE balls 

were used to simulate physical stress. 

The volume of wash water was 120 ± 

0.15 mL and after each washing cycle, 

two rinsing cycles with 20 ± 0.03 mL 

tap water were applied for 5 minutes. 

Lastly, samples were dried in a room 

temperature. 

20% of initial Ag (89% nAg, 7% Ag2S-NP, 3% 

Ag2O) 

[4] 

T-shirt (100% PES) 
45 ± 8 mg Ag/kg 

(silver ions) 

14.8% of initial Ag (66% nAg, 14% AgCl-NP, 9% 

Ag2S-NP, 11% Ag2O) 

Socks (80% cotton, 20% 

elastic yarn) 

2925 ± 19 mg Ag/kg 

(nano-integration into 

fiber) 

23.5% of initial Ag (8% nAg, 42% Ag2S-NP, 50% 

Ag3PO4) 

Trousers (93% PA, 7% 

elastane) 

41 ± 0.4 mg Ag/kg 

(AgCl-NP) 

17.6% of initial Ag (24% nAg, 33% AgCl-NP, 

28% Ag2S-NP, 15% Ag2O) 

Socks (41% PP, 31% PA, 

18% cotton, 10% wool) 

18 ± 2 mg Ag/kg 

(silver-integration into 

fiber) 

Machine washing was applied with a 

regular household cycle for 1 hour at 

40 °C (1200 rpm) and Persil Megaperls 

powder was used as a detergent. Also, 

medium soiled clothes were washed 

5% of initial Ag (31% AgCl-NP, 35% Ag2S-NP, 

14% AgNO3, 20% Ag2SO4) 
[5] 

T-shirt (83% PES, 17% 

wool) 

183 ± 10 mg Ag/kg 

(silver) 
22% of initial Ag (95% nAg, 5% Ag2S-NP) 
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Product type (mass and 

composition if available) 

Initial silver content 

(type and 

incorporation 

method if available) 

Washing procedure and conditions Ag release (speciation if available) Ref. 

Socks (80% cotton, 20% 

elastic yarn) 

2925 ± 19 mg Ag/kg 

(nano-integration into 

fiber) 

with samples. Then the samples were 

dried in room temperature.  
60% of initial Ag (59% AgCl-NP, 20% Ag2S-NP, 

14% Ag3PO4, 7% Ag2SO4) 

Trousers (93% PA, 7% 

elastane) 
41 ± 0.4 mg Ag/kg 

80% of initial Ag (11% nAg, 42% AgCl-NP, 38% 

Ag2S-NP, 9% Ag3PO4) 

Textile (PES) 
14.6 mg Ag/kg (AgCl- 

surface roll to roll) 

Adapted ISO standard method (ISO 

105-C06:2010) was applied with 

Washtex-P Roaches (40 ± 2 rpm) 

laboratory washing machine for 45 

minutes at 40 ± 2°C. Phosphate free 

detergent was used with a pH of 10.5-

10.8. PE balls were used to simulate 

physical stress. 

35% total Ag (in which 3.2 % nAg) 

[6] 

Textile (79% cotton, 12% 

PA, 6% nylon, 1% lycra) 

14500 mg Ag/kg 

(metal- surface 

electrolytic deposition) 

0.05% total Ag 

Textile (PES) 

19.5 mg Ag/kg (AgCl-

TiO2- surface roll to 

roll) 

9% total Ag (in which 2% nAg) 

Laboratory prepared 

fabric (PES) 

67.6 mg Ag/kg 

(Ag/zeolite- surface 

roll to roll) 

16% total Ag (in which 3.2% nAg) 

Textile (PES) 
116 ± 1 mg Ag/kg 

(nano Ag/SiO2- bulk) 
0.05% total Ag 

Textile (PES) 

18.2 ± 0.3 mg Ag/kg 

(nano Ag/SiO2- 

surface coated) 

11% total Ag (in which 0.5 % nAg) 

Textile (PES) 
15.5 ± 0.6 mg Ag/kg 

(nano- surface coated) 
8% total Ag (in which 0.7% nAg) 

Textile  

53,909 ± 14 mg Ag/kg 

(nano- coated via 

multi-target vacuum 

magnetron sputtering) 

Artificial ageing was conducted based 

on AATCC (186–2006) with slight 

modifications. Washing experiments 

were conducted with vapor-bathing 

shaker (150 rpm) at 15-35 °C under 

room light to simulate natural exposure 

for 1 hour. 

Tap water (pH 6.7): 2.1 μg/g (~70% Ag+) 

Pond water (pH 7.1): 1.7 μg/g (~80% Ag+) 

Rain water (pH 6.8): 7 μg/g (~25% Ag+) 

Artificial sweat (pH 6.2): 2.5 μg/g (~100% Ag+) 

Detergent solution (pH 5.8): 2 μg/g (~80% Ag+) 

[7] 
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Product type (mass and 

composition if available) 

Initial silver content 

(type and 

incorporation 

method if available) 

Washing procedure and conditions Ag release (speciation if available) Ref. 

Fabric (100% cotton) 

2.46 ± 0.77 μg Ag/g 

(nano-spraying on the 

surface) 

Sequential washing (20 cycles) was 

conducted using Milli-Q water (neutral) 

and commercially available detergent 

(alkaline). Samples from each fabric 

were placed in 50 mL Milli-

Q/detergent and stirred for 30 min (350 

rpm) to simulate washing machine. The 

liquid was collected by squeezing the 

washed samples. All experiments were 

conducted at 25 °C. 

30% of initial Ag with Milli-Q water 

[8] 

Sheet (80% cotton) 

2.69 ± 0.77 μg Ag/g 

(nano-spraying on the 

surface) 

52% of initial Ag with Milli-Q water 

Body suit (lycra) 

2.82 ± 0.44 μg Ag/g 

(nano- electrolytically 

deposited layer on 

fiber) 

55% of initial Ag with Milli-Q water 

Laboratory prepared 

fabric (cotton) 

254 μg Ag/g fabric 

(nano-pad-dry-cure) 

55% of initial Ag with Milli-Q water (10% Ag+) 

88% of initial Ag with detergent 

Laboratory prepared 

fabric (PES) 

350 ± 11.33 μg Ag/g 

(nano-pad-dry-cure) 

72% of initial Ag with Milli-Q water (3% Ag+) 

94% of initial Ag with detergent 

Laboratory prepared 

fabric (cotton with PES) 

339 ± 11.00 μg Ag/g 

(nano-pad-dry-cure)  

48% of initial Ag with Milli-Q water (2% Ag+) 

83% of initial Ag with detergent 

Laboratory prepared 

fabric (100% PES) 

41.95 mg Ag/kg 

(100% citrate coated 

metallic silver) 

Two scenarios were studied as direct 

washing and sunlight aging and 

washing. For sunlight aging, samples 

were exposed to artificial sunlight for 7 

days. For washing, adapted ISO 

standard method (ISO 105-C06:2010) 

was applied with a model washing 

machine (Washtex-P Roaches 40 ± 2 

rpm) for 0.5 g of fabric at 40 °C. PE 

balls were used to simulate physical 

stress and the washing cycle lasted 40 

minutes. The volume of wash liquid 

was 20 mL and seven different 

commercial detergents were used (two 

liquid solutions with pH 9.3 and pH 

pH 3.1: 35.69 mg Ag/kg (7.27 ± 1.20 mg Ag+/kg) 

pH 8.9: 7.05 mg Ag/kg (0.11 ± 0.02 mg Ag+/kg) 

pH 9.2: 3.60 mg Ag/kg (0.10 ± 0.04 mg Ag+/kg) 

pH 9.3: 3.39 mg Ag/kg (0.06 ± 0.03 mg Ag+/kg) 

pH 10.1: 9.17 mg Ag/kg (0.01 ± 0.00 mg Ag+/kg) 

pH 10.9: 11.12 mg Ag/kg (0.16 ± 0.01 mg 

Ag+/kg) 

pH 11.4: 5.06 mg Ag/kg (0.05 ± 0.05 mg Ag+/kg) [9] 

33.59 mg Ag/kg (81% 

citrate coated  nAg 

and 19% AgCl-NP) 

pH 3.1: 28.35 mg Ag/kg (32.86 ± 6.63 mg Ag+) 

pH 8.9: 19.11 mg Ag/kg (0.61 ± 0.97 mg Ag+) 

pH 9.2: 3.95 mg Ag/kg (1.16 ± 0.21 mg Ag+) 

pH 9.3: 8.40 mg Ag/kg (1.34 ± 1.38 mg Ag+) 

pH 10.1: 0.82 mg Ag/kg (0.12 ± 0.05 mg Ag+) 

pH 10.9: 2.77 mg Ag/kg (0.66 ± 0.61 mg Ag+) 

pH 11.4: 4.68 mg Ag/kg (0.23 ± 0.13 mg Ag+) 
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Product type (mass and 

composition if available) 

Initial silver content 

(type and 

incorporation 

method if available) 

Washing procedure and conditions Ag release (speciation if available) Ref. 

27.69 mg Ag/kg (73% 

PEG coated nAg and 

24% AgCl-NP) 

9.2; three powder with pH 11.4, pH 

10.1 and pH 10.9; one industrial liquid 

with pH 8.9; and one industrial powder 

with pH 3.1) 

pH 3.1: 24.27 mg Ag/kg (22.19 ± 1.17 mg Ag+) 

pH 8.9: 21.87 mg Ag/kg (18.16 ± 3.61 mg Ag+) 

pH 9.2: 1.40 mg Ag/kg (0.78 ± 0.20 mg Ag+) 

pH 9.3: 0.78 mg Ag/kg (1.48 ± 0.95 mg Ag+) 

pH 10.1: 13.22 mg Ag/kg (0.17 ± 0.05 mg Ag+) 

pH 10.9: 21.00 mg Ag/kg (2.03 ± 0.97 mg Ag+) 

pH 11.4: 7.98 mg Ag/kg (0.46 ± 0.04 mg Ag+) 

Sunlight aged sample-

42.18 mg Ag/kg 

(100% citrate coated 

metallic silver) 

pH 3.1: 35.35 mg Ag/kg (5.79 ± 0.78 mg Ag+/kg) 

pH 8.9: 11.15 mg Ag/kg (1.41 ± 0.76 mg Ag+/kg) 

pH 9.2: 9.91 mg Ag/kg (0.06 ± 0.04 mg Ag+/kg) 

pH 9.3: 7.91 mg Ag/kg (0.23 ± 0.24 mg Ag+/kg) 

pH 10.1: 5.85 mg Ag/kg (0.03 ± 0.03 mg Ag+/kg) 

pH 10.9: 4.68 mg Ag/kg (0.24 ± 0.23 mg Ag+/kg) 

pH 11.4: 6.45 mg Ag/kg (0.01 ± 0.01 mg Ag+/kg) 

Sunlight aged sample-

33.59 mg Ag/kg (85% 

citrate coated nAg) 

pH 3.1: 25.30 mg Ag/kg (26.15 ± 2.00 mg 

Ag+/kg) 

pH 8.9: 10.68 mg Ag/kg (16.15 ± 2.00 mg 

Ag+/kg) 

pH 9.2: 7.05 mg Ag/kg (0.54 ± 0.21 mg Ag+/kg) 

pH 9.3: 6.28 mg Ag/kg (0.64 ± 0.21 mg Ag+/kg) 

pH 10.1: 6.02 mg Ag/kg (0.08 ± 0.02 mg Ag+/kg) 

pH 10.9: 11.49 mg Ag/kg (3.54 ± 0.81 mg 

Ag+/kg) 

pH 11.4: 4.92 mg Ag/kg (0.52 ± 0.20 mg Ag+/kg) 

Sunlight aged sample-

27.69 mg Ag/kg (96% 

PEG coated nAg) 

pH 3.1: 13.05 mg Ag/kg (12.36 ± 3.59 mg 

Ag+/kg) 

pH 8.9: 4.68 mg Ag/kg (1.35 ± 0.80 mg Ag+/kg) 

pH 9.2: 2.75 mg Ag/kg (0.38 ± 0.11 mg Ag+/kg) 

pH 9.3: 1.23 mg Ag/kg (0.26 ± 0.06 mg Ag+/kg) 

pH 10.1: 7.96 mg Ag/kg (1.07 ± 1.39 mg Ag+/kg) 

pH 10.9: 3.43 mg Ag/kg (0.80 ± 1.29 mg Ag+/kg) 
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Product type (mass and 

composition if available) 

Initial silver content 

(type and 

incorporation 

method if available) 

Washing procedure and conditions Ag release (speciation if available) Ref. 

pH 11.4: 2.73 mg Ag/kg (0.22 ± 0.06 mg Ag+/kg) 

Laboratory prepared 

fabric (100% PES) 
14 mg Ag/kg (nano)  

Adapted ISO standard method (ISO 

105-C06:2010) was applied with 

Washtex-P Roaches (40 ± 2 rpm) 

laboratory washing machine for 45 

minutes at 40 ± 2°C. Standard and 

bleaching detergents were used. PE 

balls were used to simulate physical 

stress. 

pH 9.3 (one cycle): 10% of initial Ag 

pH 9.3 (ten cycles): 22% of initial Ag 

pH 10.2 (one cycle): 40% of initial Ag 

pH 10.2 (ten cycles): 82% of initial Ag 

[10] 

Laboratory prepared 

fabric (100% PES) 

22.8 ± 0.1 μg Ag/g 

(nano- covalently 

tethered) 

Adapted ISO standard method (ISO 

105-C06:2010) was applied. Samples 

washed with AATCC 2003 detergent 

and water in 40 rpm mixer for 30 

minutes. Glass beads were used to 

simulate physical stress. An additional 

scenario was studied to investigate the 

effect of light irradiation for passive 

release. 

pH 7 (four cycles): 76% of initial Ag (18 ± 3 μg/g) 

pH 7 (six cycles): 90% of initial Ag (3.4 ± 0.1 

μg/g more) (~92 % Ag+) 

pH 8.5 (four cycles): 56% of initial Ag (13 ± 1 

μg/g) (~31 % Ag+) 

pH 8.5 (six cycles): 63% of initial Ag  

[11] 

Laboratory prepared 

fabric (100% PES) 

1.07 ± 0.01 μg Ag/g 

(nano-electrostatically 

attached) 

pH 7 (four cycles): 79% of initial Ag (0.79 ± 0.18 

μg/g) 

pH 8.5 (four cycles): 58% of initial Ag (0.58 ± 

0.12 μg/g) 

Shirt (PES) 
16.4 ± 0.1 μg Ag/g 

(AgCl- coated) 

pH 7 (four cycles): 19% of initial Ag (3.1 ± 0.7 

μg/g) (~28 % Ag+) 

pH 8.5 (four cycles): 18% of initial Ag (2.9 ± 0.1 

μg/g) (~4 % Ag+) 

Shirt (PES) 
4,030 ± 60 μg Ag/g 

(metal- coated) 

pH 7 (four cycles): 2.6% of initial Ag (106 ± 10 

μg/g) (~80 % Ag+) 

pH 8.5 (four cycles): 2.5% of initial Ag (101 ± 15 

μg/g) (~22 % Ag+) 

Fabric (100% cotton) 
0.33% (AgCl and 

TiO2-pad-dry-cure) 

Washing procedure was conducted 

based on BS EN ISO 26330 Standard 
92.27% of initial Ag [12] 
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Product type (mass and 

composition if available) 

Initial silver content 

(type and 

incorporation 

method if available) 

Washing procedure and conditions Ag release (speciation if available) Ref. 

Fabric (100% cotton) 
0.37% (AgCl-NP-pad-

dry-cure) 

(5A) with Wascator machine and 4 g/L 

detergent at 40 °C for 20 cycles. 
90.56% of initial Ag 

Fabric (100% cotton) 

0.68% (Calcium 

phosphate-based silver 

ion-doped powder-

pad-dry-cure) 

73.43% of initial Ag 

Fabric (100% PES) 
0.33% (AgCl and 

TiO2-pad-dry-cure) 
89.70% of initial Ag 

Fabric (100% PES) 
0.37% (AgCl-NP- 

pad-dry-cure) 
76.92% of initial Ag 

Fabric (100% PES) 

0.68% (Calcium 

phosphate-based silver 

ion-doped powder-

pad-dry-cure) 

76.49% of initial Ag 

Sock (21 g) 

4317 ± 144 mg Ag/kg 

(silver-electrolytically 

deposited layer on 

fiber) 

Wearing and washing/rinsing 

procedures were applied. For wearing, 

two scenarios were investigated as 

walking for 28 hours/week (~ 8-16 km) 

and running for 1 hour/week (~ 15 km). 

For washing, adapted ISO 105-

C06:2010 procedure was used. Wash 

water was prepared using Tide 

detergent and tap water (300 mL) and 

samples were washed for 45 minutes at 

40 °C (150 rpm). As an extra scenario, 

PP balls were used to simulate artificial 

wearing. For rinsing, same procedure 

without the detergent was applied for 

three washing/rinsing cycles. 

Unworn control: 16.3 mg Ag/kg sock (~ 86% 

nAg, 10.5% AgCl, 3.5% Ag2O) 

Walking: First cycle: 46.6 mg Ag/kg sock  

Total (3 cycles): 159 mg Ag/kg sock (~91.76% 

nAg, 7.13% AgCl, %1.1 Ag2O) 

Running: 38.6 mg Ag/kg sock (~98% nAg, 1% 

AgCl, 1% Ag2O) 

Artificial wearing (PP balls): First cycle: 314 mg 

Ag/kg sock, Second cycle: 129 mg Ag/kg sock 

[13] 

PP: polypropylene, PA: polyamide, PEG: polyethylene glycol, PES: polyester.  
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Table E2. Literature on Ag/nAg release from textile products into artificial sweat (listed by the year of publication). 

Product type (mass and 

composition if available) 

Initial silver content 

(type and 

incorporation 

method if available) 

Washing procedure and conditions Ag release (speciation if available) Ref. 

Laboratory prepared 

fabric (100% cotton) 

36.12 ± 22.42 mg 

Ag/kg (AgCl/TiO2-

coating) 

Four different artificial sweat samples 

were used based on the following 

standards: ISO105-E04-2008E (pH 5.5-

8.0), AATCC Test Method 15-2002 

(pH 4.3), BS EN1811-1999 (pH 6.5). 

Fabrics were soaked in sweat samples 

and incubated at 37 °C for 24 hours. 

pH 4.3: 21.01 ± 4.13 mg Ag/kg 

pH 5.5: 15.53 ± 3.62 mg Ag/kg 

pH 6.5: 35.83 ± 19.68 mg Ag/kg 

pH 8.0: 34.27 ± 2.88 mg Ag/kg 

[14] 

Laboratory prepared 

fabric (100% cotton) 

56.57 ± 34.28 mg 

Ag/kg (AgCl/TiO2-

coating)  

pH 4.3: 33.39 ± 15.80 mg Ag/kg 

pH 5.5: 28.81 ± 10.34 mg Ag/kg 

pH 6.5: 77.96 ± 23.80 mg Ag/kg 

pH 8.0: 66.54 ± 46.29 mg Ag/kg 

Laboratory prepared 

fabric (100% cotton) 

95.12 ± 33.12 mg 

Ag/kg (AgCl/TiO2-

coating) 

pH 4.3: 70.15 ± 37.29 mg Ag/kg 

pH 5.5: 72.69 ± 11.99 mg Ag/kg 

pH 6.5: 152.20 ± 36.54 mg Ag/kg 

pH 8.0: 82.22 ± 26.99 mg Ag/kg 

Laboratory prepared 

fabric (100% cotton) 

425.21 ± 93.73 mg 

Ag/kg (AgCl/TiO2-

coating)  

pH 4.3: 217.61 ± 81.32 mg Ag/kg 

pH 5.5: 177.13 ± 57.13 mg Ag/kg 

pH 6.5: 322.21 ± 87.00 mg Ag/kg 

pH 8.0: 268.31 ± 131.15 mg Ag/kg 

Shirt 
15.16 ± 9.90 mg 

Ag/kg (nano) 

pH 4.3: 0.08 ± 0.05 mg Ag/kg 

pH 5.5: 0.01 ± 0.01 mg Ag/kg 

pH 6.5: 0.36 ± 0.10 mg Ag/kg 

pH 8.0: 0.50 ± 0.30 mg Ag/kg 

Shirt 
1.22 ± 0.87 mg Ag/kg 

(nano) 
pH 6.5: 0.05 ± 0.00 mg Ag/kg 

Cloth (100% nylon) 16.97% (nano) 

5 g of fabric was stirred with 200 rpm 

in simulated sweat samples. The 

volumes of wash liquids (artificial 

sweat based on ISO 105-E04) were 500 

mL with pH of 3.0-8.5, and the 

pH 3.0: 0.015% (15 min) – 0.047% (4 h) total Ag, 

consists of ~90% Ag+ in 30-60 min and ~40% Ag+ 

and ~60% nAg after 4h 

pH 8.0: 0.003% (15 min) – 0.032% (4 h) total Ag, 

consists of mostly nAg 

[15] 
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Product type (mass and 

composition if available) 

Initial silver content 

(type and 

incorporation 

method if available) 

Washing procedure and conditions Ag release (speciation if available) Ref. 

washing cycle lasted for 15-250 

minutes.  

pH 8.5: 0.012% (15 min) – 0.018% (4 h) total Ag, 

consists of 85% Ag+  

Shirt (89 g/male and 64 

g/female; 83% PES, 17% 

wool) 

183 ± 10 mg Ag/kg 

(nano) 

Adapted ISO standard method (ISO 

105-C06) was applied with a model 

washing machine (Washtex-P Roaches 

40 ± 2 rpm) for 8.0 ± 0.2 g of fabric at 

40 °C. The volume of wash liquid 

(artificial sweat based on ISO 105-E04) 

was 60-180 mL with a pH of 5.5-8.0. 

Acrylic plastic balls were used to 

simulate physical stress and the 

washing cycle lasted 30 minutes. 

pH 5.5: 43 ± 1 μg/g/L Ag+; 31 ± 5 μg/g/L nAg (< 

450 nm); 30 ± 0 μg/g/L nAg (> 450 nm) 

pH 8.0: 31 ± 0 μg/g/L Ag+; 34 ± 1 μg/g/L nAg (< 

450 nm); 11 ± 1 μg/g/L nAg (> 450 nm) 

[16] 

Trousers (345 g/male and 

300 g/female; 93% PA, 7% 

elastane) 

41 ± 0 mg Ag/kg 

(AgCl-NP) 

pH 5.5: 45 ± 5 μg/g/L Ag+ 

pH 8.0: 25 ± 0 μg/g/L Ag+; 23 ± 0 μg/g/L nAg (< 

450 nm) 

Laboratory prepared 

fabric (PES, PA) 

128.0 ± 12.3 mg 

Ag/kg (nano-

integration into fiber) 

Two different artificial sweat solutions 

were prepared based on ISO 105-E04 

(pH 8 and pH 5.5). Samples were 

soaked in artificial sweat and incubated 

in 37 °C for 24-48 h. 

pH 5.5 (1 d): 8.9 ± 1.4 mg/kg 

pH 5.5 (2 d): 2.5 mg/kg 

pH 8.0 (1 d): 10.5 ± 2.1 mg/kg 

pH 8.0 (2 d): 2.7 mg/kg 

[17] 

Laboratory prepared 

fabric (PES) 

12.4 ± 0.3 mg Ag/kg 

(nano-coating) 

pH 5.5 (1 d): 1.9 ± 0.3 mg/kg 

pH 8.0 (1 d): 2.1 ± 0.3 mg/kg 

Laboratory prepared 

fabric (PES) 

26.6 ±3.0 mg Ag/kg  

(AgCl-coating) 

pH 5.5 (1 d): 19.9 ± 0.4 mg/kg 

pH 5.5 (2 d): 4.5 mg/kg 

pH 8.0 (1 d): 21.9 ± 5.6 mg/kg 

pH 8.0 (2 d): 4.6 mg/kg 

Shirt (PES) 
14.2 ± 0.9 mg Ag/kg  

(silver-coating) 

pH 5.5 (1 d): 5.5 ± 0.2 mg/kg 

pH 5.5 (2 d): 1.4 mg/kg 

pH 8.0 (1 d): 5.2 ± 0.1 mg/kg 

pH 8.0 (2 d): 1.6 mg/kg 

Socks (44 g/pair; cotton, 

spandex, nylon) 

31.18-669.72 μg Ag/g 

(silver fiber) 

Artificial sweat was prepared based on 

BS EN1811-1999 with a pH of 6.5, 

samples were soaked in 25 mL of 

pH 6.5: 0.01% of initial Ag (~58% Ag+) 

pH 10: 0.015% of initial Ag (~25% Ag+) 
[18] 
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Product type (mass and 

composition if available) 

Initial silver content 

(type and 

incorporation 

method if available) 

Washing procedure and conditions Ag release (speciation if available) Ref. 

Socks (45.7 g/pair; cotton, 

PES, nylon, polyurethan) 

10.84-45.83 μg Ag/g 

(nano) 

liquid and stirred (150 rpm) at 37 °C 

for 1-4 h. For laundering scenario, 

sodium dodecyl sulfate was used as a 

detergent with a pH 10, samples were 

soaked in 25 mL of liquid and stirred 

(150 rpm) for 1 h. Then hydrogen 

peroxide was added as a bleach and 

stirred for 30 more minutes. 

pH 6.5: 0.10% of initial Ag (~60% Ag+) 

pH 10: 0.11% of initial Ag (~10% Ag+) 

Shorts (75.3 g; cotton) 
5.58-7.67 μg Ag/g 

(nano) 

pH 6.5: 25.71% of initial Ag (~70% Ag+) 

pH 10: 19.67% of initial Ag (~10% Ag+) 

Textile (PES) 

492 ± 21 μg Ag/g 

(silver-electrolytically 

deposited layer on 

fiber) 
Based on AATCC Method 15, acidic 

(pH 3.5) and alkali (pH 8.0) artificial 

sweat solutions were used as a liquid. 

Samples were soaked in 20 mL of 

artificial sweat or deionized water and 

incubated at 37 °C for 60 minutes. 

pH 3.5: 12.2 ± 0.7% of initial Ag 

pH 8.0: 41.0 ± 0.5% of initial Ag 

DI: 10.8 ± 0.5% of initial Ag 

[19] 

Textile (PES) 
22.7 ± 1.3 μg Ag/g 

(AgCl) 

pH 3.5: 18.9 ± 1.3% of initial Ag 

pH 8.0: 29.6 ± 2.1% of initial Ag 

DI: 10.5 ± 0.7% of initial Ag 

Laboratory prepared 

fabric (PES) 

1.08 ± 0.19 μg Ag/g 

(nano-electrostatic 

forces) 

pH 3.5: 40.0 ± 1.3% of initial Ag 

pH 8.0: 26.9 ± 4.8% of initial Ag 

DI: 13.8 ± 0.2% of initial Ag 

Laboratory prepared 

fabric (PES) 

21.2 ± 1.2 μg Ag/g 

(nano-proprietary) 

pH 3.5: 24.3 ± 1.7% of initial Ag 

pH 8.0: 16.0 ± 1.0% of initial Ag 

DI: 28.1 ± 3.6% of initial Ag 

PP: polypropylene, PA: polyamide, PEG: polyethylene glycol, PES: polyester



 

 

417 

 

 

Figure E1. The range of the initial silver content in silver-enabled textiles based on the silver 

source (nano or conventional). n indicates the number of data points used to draw boxplots. 

 

  n=39        n=29        n=68  
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Table E3. Inventory data and assumptions used to model cradle-to-grave life cycle assessment. 

Process Input/flow Unit 
Value 

Reference 
Product T Product E Product A Product C 

nAg synthesis nAg μg 3,306 155.15 2,378 584,350 [20] 

PES textile 

PET g 152.25 152.25 152.25 152.25 

[21] 
Deionized water kg 3.78 3.78 3.78 3.78 

Electricity kWh 3.01 3.01 3.01 3.01 

Natural gas, heat MJ 1.41 1.41 1.41 1.41 

Laundering with 

high efficiency 

washer/dryer 

Electricity kWh 0.713 0.713 0.713 0.713 

[22, 23] Water L 178 178 178 178 

Detergent mL 93 93 93 93 

Laundering with 

conventional 

efficiency 

washer/dryer 

Electricity kWh 7.2 7.2 7.2 7.2 

[22, 23] Water L 4.34 4.34 4.34 4.34 

Detergent mL 323 323 323 323 

Process Output/flow Unit 
Value 

Reference 
Product T Product E Product A Product C 

Incineration PES  g 7.25 7.25 7.25 7.25 [21] 

Sewage Water m3 0.0038 0.0038 0.0038 0.0038 [21] 

Landfill PES g 145 145 145 145 [22] 

Landfill leachate Ag+ g N/A N/A N/A 327.3 This study 

Wastewater 

treatment plant 

Ag2S μg 137.20 6.44 98.69 15,194.19 This study 

Ag+ μg 11.57 0.54 16.65 2,562.88 This study 

nAg μg 11.57 0.54 N/A N/A This study 

Ag(0) μg 4.96 0.23 3.57 549.19 This study 

Biosolids Ag2S μg 3,140.7 147.39 2,259.1 347,818.8 This study 
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Figure E2. Environmental impacts of various silver enabled textiles under different laundering 

scenarios A) OD, B) HHC, C) AC, D) PS, E) RE and F) FF (x axis reads product code_type of 

washer/type of dryer, e.g. T_HE/LN means product T with high efficiency washer and line 

drying).  
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Table E4. (T) TRACI characterization results for 1 nAg-enabled T-shirt (145 g, covalently 

tethered) laundered with high efficiency washer and dryer.  

T_HE_AP Silver Textile Laundering Landfill/WWTP Release Total 

OD 7.81E-11 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 1.44E-03 2.56E+00 5.58E+00 1.13E-01 - 8.26E+00 

PS 1.80E-04 1.37E-01 3.20E-01 8.87E-03 - 4.67E-01 

AC 3.08E-05 1.93E-02 4.69E-02 7.91E-04 - 6.70E-02 

EU 2.03E-05 1.49E-03 2.17E-03 5.57E-03 - 9.25E-03 

HHC 3.65E-10 3.55E-08 5.89E-08 2.74E-08 - 1.22E-07 

HHNC 1.33E-08 1.85E-07 3.01E-07 3.09E-07 2.30E-07 1.04E-06 

RE 2.95E-06 1.30E-03 2.84E-03 1.50E-04 - 4.30E-03 

EC 1.17E-01 5.60E+00 9.21E+00 3.29E+00 3.49E-01 1.86E+01 

FF 9.65E-04 3.35E+00 4.96E+00 9.11E-02 - 8.41E+00 

T_HE_CR Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.20E-10 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 1.70E-03 2.56E+00 5.58E+00 1.13E-01 - 8.26E+00 

PS 1.92E-04 1.37E-01 3.20E-01 8.87E-03 - 4.67E-01 

AC 3.14E-05 1.93E-02 4.69E-02 7.91E-04 - 6.70E-02 

EU 2.04E-05 1.49E-03 2.17E-03 5.57E-03 - 9.25E-03 

HHC 3.65E-10 3.55E-08 5.89E-08 2.74E-08 - 1.22E-07 

HHNC 1.34E-08 1.85E-07 3.01E-07 3.09E-07 2.30E-07 1.04E-06 

RE 2.92E-06 1.30E-03 2.84E-03 1.50E-04 - 4.30E-03 

EC 1.17E-01 5.60E+00 9.21E+00 3.29E+00 3.49E-01 1.86E+01 

FF 1.19E-03 3.35E+00 4.96E+00 9.11E-02 - 8.41E+00 

T_HE_FSP Silver Textile Laundering Landfill/WWTP Release Total 

OD 9.88E-11 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 1.40E-03 2.56E+00 5.58E+00 1.13E-01 - 8.26E+00 

PS 1.48E-04 1.37E-01 3.20E-01 8.87E-03 - 4.67E-01 

AC 2.38E-05 1.93E-02 4.69E-02 7.91E-04 - 6.70E-02 

EU 1.60E-05 1.49E-03 2.17E-03 5.57E-03 - 9.25E-03 

HHC 2.84E-10 3.55E-08 5.89E-08 2.74E-08 - 1.22E-07 

HHNC 1.01E-08 1.85E-07 3.01E-07 3.09E-07 2.30E-07 1.03E-06 

RE 2.36E-06 1.30E-03 2.84E-03 1.50E-04 - 4.30E-03 

EC 8.94E-02 5.60E+00 9.21E+00 3.29E+00 3.49E-01 1.85E+01 

FF 1.25E-03 3.35E+00 4.96E+00 9.11E-02 - 8.41E+00 
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T_HE_Spark Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.78E-10 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 2.87E-03 2.56E+00 5.58E+00 1.13E-01 - 8.26E+00 

PS 2.30E-04 1.37E-01 3.20E-01 8.87E-03 - 4.67E-01 

AC 3.94E-05 1.93E-02 4.69E-02 7.91E-04 - 6.70E-02 

EU 2.29E-05 1.49E-03 2.17E-03 5.57E-03 - 9.25E-03 

HHC 3.92E-10 3.55E-08 5.89E-08 2.74E-08 - 1.22E-07 

HHNC 1.35E-08 1.85E-07 3.01E-07 3.09E-07 2.30E-07 1.04E-06 

RE 4.45E-06 1.30E-03 2.84E-03 1.50E-04 - 4.30E-03 

EC 1.20E-01 5.60E+00 9.21E+00 3.29E+00 3.49E-01 1.86E+01 

FF 1.96E-03 3.35E+00 4.96E+00 9.11E-02 - 8.41E+00 

T_HE_AVG Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.69E-10 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 1.85E-03 2.56E+00 5.58E+00 1.13E-01 - 8.26E+00 

PS 1.87E-04 1.37E-01 3.20E-01 8.87E-03 - 4.67E-01 

AC 3.14E-05 1.93E-02 4.69E-02 7.91E-04 - 6.70E-02 

EU 1.99E-05 1.49E-03 2.17E-03 5.57E-03 - 9.25E-03 

HHC 3.51E-10 3.55E-08 5.89E-08 2.74E-08 - 1.22E-07 

HHNC 1.26E-08 1.85E-07 3.01E-07 3.09E-07 2.30E-07 1.04E-06 

RE 3.17E-06 1.30E-03 2.84E-03 1.50E-04 - 4.30E-03 

EC 1.11E-01 5.60E+00 9.21E+00 3.29E+00 3.49E-01 1.85E+01 

FF 1.34E-03 3.35E+00 4.96E+00 9.11E-02 - 8.41E+00 
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Table E5. (T) TRACI characterization results for 1 nAg-enabled T-shirt (145 g, covalently 

tethered) laundered with conventional efficiency washer and dryer.  

T_CE_AP Silver Textile Laundering Landfill/WWTP Release Total 

OD 7.81E-11 4.55E-08 2.08E-07 1.45E-08 - 2.68E-07 

GW 1.44E-03 2.56E+00 1.29E+01 1.93E-01 - 1.57E+01 

PS 1.80E-04 1.37E-01 7.41E-01 1.59E-02 - 8.94E-01 

AC 3.08E-05 1.93E-02 1.09E-01 1.43E-03 - 1.30E-01 

EU 2.03E-05 1.49E-03 4.00E-03 1.01E-02 - 1.56E-02 

HHC 3.65E-10 3.55E-08 1.09E-07 4.96E-08 - 1.95E-07 

HHNC 1.33E-08 1.85E-07 6.25E-07 5.59E-07 2.30E-07 1.61E-06 

RE 2.95E-06 1.30E-03 6.32E-03 2.72E-04 - 7.90E-03 

EC 1.17E-01 5.60E+00 1.76E+01 5.63E+00 3.49E-01 2.93E+01 

FF 9.65E-04 3.35E+00 1.13E+01 1.63E-01 - 1.48E+01 

T_CE_CR Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.20E-10 4.55E-08 2.08E-07 1.45E-08 - 2.68E-07 

GW 1.70E-03 2.56E+00 1.29E+01 1.93E-01 - 1.57E+01 

PS 1.92E-04 1.37E-01 7.41E-01 1.59E-02 - 8.94E-01 

AC 3.14E-05 1.93E-02 1.09E-01 1.43E-03 - 1.30E-01 

EU 2.04E-05 1.49E-03 4.00E-03 1.01E-02 - 1.56E-02 

HHC 3.65E-10 3.55E-08 1.09E-07 4.96E-08 - 1.95E-07 

HHNC 1.34E-08 1.85E-07 6.25E-07 5.59E-07 2.30E-07 1.61E-06 

RE 2.92E-06 1.30E-03 6.32E-03 2.72E-04 - 7.90E-03 

EC 1.17E-01 5.60E+00 1.76E+01 5.63E+00 3.49E-01 2.93E+01 

FF 1.19E-03 3.35E+00 1.13E+01 1.63E-01 - 1.48E+01 

T_CE_FSP Silver Textile Laundering Landfill/WWTP Release Total 

OD 9.88E-11 4.55E-08 2.08E-07 1.45E-08 - 2.68E-07 

GW 1.40E-03 2.56E+00 1.29E+01 1.93E-01 - 1.57E+01 

PS 1.48E-04 1.37E-01 7.41E-01 1.59E-02 - 8.94E-01 

AC 2.38E-05 1.93E-02 1.09E-01 1.43E-03 - 1.30E-01 

EU 1.60E-05 1.49E-03 4.00E-03 1.01E-02 - 1.56E-02 

HHC 2.84E-10 3.55E-08 1.09E-07 4.96E-08 - 1.95E-07 

HHNC 1.01E-08 1.85E-07 6.25E-07 5.59E-07 2.30E-07 1.61E-06 

RE 2.36E-06 1.30E-03 6.32E-03 2.72E-04 - 7.90E-03 

EC 8.94E-02 5.60E+00 1.76E+01 5.63E+00 3.49E-01 2.93E+01 

FF 1.25E-03 3.35E+00 1.13E+01 1.63E-01 - 1.48E+01 
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T_CE_Spark Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.78E-10 4.55E-08 2.08E-07 1.45E-08 - 2.68E-07 

GW 2.87E-03 2.56E+00 1.29E+01 1.93E-01 - 1.57E+01 

PS 2.30E-04 1.37E-01 7.41E-01 1.59E-02 - 8.94E-01 

AC 3.94E-05 1.93E-02 1.09E-01 1.43E-03 - 1.30E-01 

EU 2.29E-05 1.49E-03 4.00E-03 1.01E-02 - 1.56E-02 

HHC 3.92E-10 3.55E-08 1.09E-07 4.96E-08 - 1.95E-07 

HHNC 1.35E-08 1.85E-07 6.25E-07 5.59E-07 2.30E-07 1.61E-06 

RE 4.45E-06 1.30E-03 6.32E-03 2.72E-04 - 7.90E-03 

EC 1.20E-01 5.60E+00 1.76E+01 5.63E+00 3.49E-01 2.93E+01 

FF 1.96E-03 3.35E+00 1.13E+01 1.63E-01 - 1.48E+01 

T_CE_AVG Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.69E-10 4.55E-08 2.08E-07 1.45E-08 - 2.68E-07 

GW 1.85E-03 2.56E+00 1.29E+01 1.93E-01 - 1.57E+01 

PS 1.87E-04 1.37E-01 7.41E-01 1.59E-02 - 8.94E-01 

AC 3.14E-05 1.93E-02 1.09E-01 1.43E-03 - 1.30E-01 

EU 1.99E-05 1.49E-03 4.00E-03 1.01E-02 - 1.56E-02 

HHC 3.51E-10 3.55E-08 1.09E-07 4.96E-08 - 1.95E-07 

HHNC 1.26E-08 1.85E-07 6.25E-07 5.59E-07 2.30E-07 1.61E-06 

RE 3.17E-06 1.30E-03 6.32E-03 2.72E-04 - 7.90E-03 

EC 1.11E-01 5.60E+00 1.76E+01 5.63E+00 3.49E-01 2.93E+01 

FF 1.34E-03 3.35E+00 1.13E+01 1.63E-01 - 1.48E+01 
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Table E6. (T) TRACI characterization results for 1 nAg-enabled T-shirt (145 g, covalently 

tethered) laundered with high efficiency washer and line drying.  

T_HE_LN_AP Silver Textile Laundering Landfill/WWTP Release Total 

OD 7.81E-11 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 1.44E-03 2.56E+00 8.14E-01 1.13E-01 - 3.49E+00 

PS 1.80E-04 1.37E-01 4.74E-02 8.87E-03 - 1.94E-01 

AC 3.08E-05 1.93E-02 5.81E-03 7.91E-04 - 2.60E-02 

EU 2.03E-05 1.49E-03 1.62E-03 5.57E-03 - 8.70E-03 

HHC 3.65E-10 3.55E-08 4.92E-08 2.74E-08 - 1.12E-07 

HHNC 1.33E-08 1.85E-07 1.39E-07 3.09E-07 2.30E-07 8.76E-07 

RE 2.95E-06 1.30E-03 7.84E-04 1.50E-04 - 2.24E-03 

EC 1.17E-01 5.60E+00 6.85E+00 3.29E+00 3.49E-01 1.62E+01 

FF 9.65E-04 3.35E+00 8.28E-01 9.11E-02 - 4.27E+00 

T_HE_LN_CR Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.20E-10 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 1.70E-03 2.56E+00 8.14E-01 1.13E-01 - 3.49E+00 

PS 1.92E-04 1.37E-01 4.74E-02 8.87E-03 - 1.94E-01 

AC 3.14E-05 1.93E-02 5.81E-03 7.91E-04 - 2.60E-02 

EU 2.04E-05 1.49E-03 1.62E-03 5.57E-03 - 8.70E-03 

HHC 3.65E-10 3.55E-08 4.92E-08 2.74E-08 - 1.12E-07 

HHNC 1.34E-08 1.85E-07 1.39E-07 3.09E-07 2.30E-07 8.76E-07 

RE 2.92E-06 1.30E-03 7.84E-04 1.50E-04 - 2.24E-03 

EC 1.17E-01 5.60E+00 6.85E+00 3.29E+00 3.49E-01 1.62E+01 

FF 1.19E-03 3.35E+00 8.28E-01 9.11E-02 - 4.27E+00 

T_HE_LN_FSP Silver Textile Laundering Landfill/WWTP Release Total 

OD 9.88E-11 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 1.40E-03 2.56E+00 8.14E-01 1.13E-01 - 3.49E+00 

PS 1.48E-04 1.37E-01 4.74E-02 8.87E-03 - 1.94E-01 

AC 2.38E-05 1.93E-02 5.81E-03 7.91E-04 - 2.60E-02 

EU 1.60E-05 1.49E-03 1.62E-03 5.57E-03 - 8.69E-03 

HHC 2.84E-10 3.55E-08 4.92E-08 2.74E-08 - 1.12E-07 

HHNC 1.01E-08 1.85E-07 1.39E-07 3.09E-07 2.30E-07 8.73E-07 

RE 2.36E-06 1.30E-03 7.84E-04 1.50E-04 - 2.24E-03 

EC 8.94E-02 5.60E+00 6.85E+00 3.29E+00 3.49E-01 1.62E+01 

FF 1.25E-03 3.35E+00 8.28E-01 9.11E-02 - 4.27E+00 
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T_HE_LN_Spark Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.78E-10 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 2.87E-03 2.56E+00 8.14E-01 1.13E-01 - 3.49E+00 

PS 2.30E-04 1.37E-01 4.74E-02 8.87E-03 - 1.94E-01 

AC 3.94E-05 1.93E-02 5.81E-03 7.91E-04 - 2.60E-02 

EU 2.29E-05 1.49E-03 1.62E-03 5.57E-03 - 8.70E-03 

HHC 3.92E-10 3.55E-08 4.92E-08 2.74E-08 - 1.13E-07 

HHNC 1.35E-08 1.85E-07 1.39E-07 3.09E-07 2.30E-07 8.76E-07 

RE 4.45E-06 1.30E-03 7.84E-04 1.50E-04 - 2.24E-03 

EC 1.20E-01 5.60E+00 6.85E+00 3.29E+00 3.49E-01 1.62E+01 

FF 1.96E-03 3.35E+00 8.28E-01 9.11E-02 - 4.27E+00 

T_HE_LN_AVG Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.69E-10 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 1.85E-03 2.56E+00 8.14E-01 1.13E-01 - 3.49E+00 

PS 1.87E-04 1.37E-01 4.74E-02 8.87E-03 - 1.94E-01 

AC 3.14E-05 1.93E-02 5.81E-03 7.91E-04 - 2.60E-02 

EU 1.99E-05 1.49E-03 1.62E-03 5.57E-03 - 8.70E-03 

HHC 3.51E-10 3.55E-08 4.92E-08 2.74E-08 - 1.12E-07 

HHNC 1.26E-08 1.85E-07 1.39E-07 3.09E-07 2.30E-07 8.75E-07 

RE 3.17E-06 1.30E-03 7.84E-04 1.50E-04 - 2.24E-03 

EC 1.11E-01 5.60E+00 6.85E+00 3.29E+00 3.49E-01 1.62E+01 

FF 1.34E-03 3.35E+00 8.28E-01 9.11E-02 - 4.27E+00 
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Table E7. (T) TRACI characterization results for 1 nAg-enabled T-shirt (145 g, covalently 

tethered) laundered with conventional efficiency washer and line drying.  

T_CE_LN_AP Silver Textile Laundering Landfill/WWTP Release Total 

OD 7.81E-11 4.55E-08 2.07E-07 1.45E-08 - 2.67E-07 

GW 1.44E-03 2.56E+00 3.44E+00 1.93E-01 - 6.20E+00 

PS 1.80E-04 1.37E-01 1.98E-01 1.59E-02 - 3.52E-01 

AC 3.08E-05 1.93E-02 2.76E-02 1.43E-03 - 4.84E-02 

EU 2.03E-05 1.49E-03 2.90E-03 1.01E-02 - 1.45E-02 

HHC 3.65E-10 3.55E-08 9.02E-08 4.96E-08 - 1.76E-07 

HHNC 1.33E-08 1.85E-07 3.03E-07 5.59E-07 2.30E-07 1.29E-06 

RE 2.95E-06 1.30E-03 2.23E-03 2.72E-04 - 3.80E-03 

EC 1.17E-01 5.60E+00 1.29E+01 5.63E+00 3.49E-01 2.46E+01 

FF 9.65E-04 3.35E+00 3.11E+00 1.63E-01 - 6.63E+00 

T_CE_LN_CR Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.20E-10 4.55E-08 2.07E-07 1.45E-08 - 2.68E-07 

GW 1.70E-03 2.56E+00 3.44E+00 1.93E-01 - 6.20E+00 

PS 1.92E-04 1.37E-01 1.98E-01 1.59E-02 - 3.52E-01 

AC 3.14E-05 1.93E-02 2.76E-02 1.43E-03 - 4.84E-02 

EU 2.04E-05 1.49E-03 2.90E-03 1.01E-02 - 1.45E-02 

HHC 3.65E-10 3.55E-08 9.02E-08 4.96E-08 - 1.76E-07 

HHNC 1.34E-08 1.85E-07 3.03E-07 5.59E-07 2.30E-07 1.29E-06 

RE 2.92E-06 1.30E-03 2.23E-03 2.72E-04 - 3.80E-03 

EC 1.17E-01 5.60E+00 1.29E+01 5.63E+00 3.49E-01 2.46E+01 

FF 1.19E-03 3.35E+00 3.11E+00 1.63E-01 - 6.63E+00 

T_CE_LN_FSP Silver Textile Laundering Landfill/WWTP Release Total 

OD 9.88E-11 4.55E-08 2.07E-07 1.45E-08 - 2.68E-07 

GW 1.40E-03 2.56E+00 3.44E+00 1.93E-01 - 6.20E+00 

PS 1.48E-04 1.37E-01 1.98E-01 1.59E-02 - 3.52E-01 

AC 2.38E-05 1.93E-02 2.76E-02 1.43E-03 - 4.84E-02 

EU 1.60E-05 1.49E-03 2.90E-03 1.01E-02 - 1.45E-02 

HHC 2.84E-10 3.55E-08 9.02E-08 4.96E-08 - 1.76E-07 

HHNC 1.01E-08 1.85E-07 3.03E-07 5.59E-07 2.30E-07 1.29E-06 

RE 2.36E-06 1.30E-03 2.23E-03 2.72E-04 - 3.80E-03 

EC 8.94E-02 5.60E+00 1.29E+01 5.63E+00 3.49E-01 2.46E+01 

FF 1.25E-03 3.35E+00 3.11E+00 1.63E-01 - 6.63E+00 
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T_CE_LN_Spark Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.78E-10 4.55E-08 2.07E-07 1.45E-08 - 2.68E-07 

GW 2.87E-03 2.56E+00 3.44E+00 1.93E-01 - 6.20E+00 

PS 2.30E-04 1.37E-01 1.98E-01 1.59E-02 - 3.52E-01 

AC 3.94E-05 1.93E-02 2.76E-02 1.43E-03 - 4.84E-02 

EU 2.29E-05 1.49E-03 2.90E-03 1.01E-02 - 1.45E-02 

HHC 3.92E-10 3.55E-08 9.02E-08 4.96E-08 - 1.76E-07 

HHNC 1.35E-08 1.85E-07 3.03E-07 5.59E-07 2.30E-07 1.29E-06 

RE 4.45E-06 1.30E-03 2.23E-03 2.72E-04 - 3.80E-03 

EC 1.20E-01 5.60E+00 1.29E+01 5.63E+00 3.49E-01 2.46E+01 

FF 1.96E-03 3.35E+00 3.11E+00 1.63E-01 - 6.63E+00 

T_CE_LN_AVG Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.69E-10 4.55E-08 2.07E-07 1.45E-08 - 2.68E-07 

GW 1.85E-03 2.56E+00 3.44E+00 1.93E-01 - 6.20E+00 

PS 1.87E-04 1.37E-01 1.98E-01 1.59E-02 - 3.52E-01 

AC 3.14E-05 1.93E-02 2.76E-02 1.43E-03 - 4.84E-02 

EU 1.99E-05 1.49E-03 2.90E-03 1.01E-02 - 1.45E-02 

HHC 3.51E-10 3.55E-08 9.02E-08 4.96E-08 - 1.76E-07 

HHNC 1.26E-08 1.85E-07 3.03E-07 5.59E-07 2.30E-07 1.29E-06 

RE 3.17E-06 1.30E-03 2.23E-03 2.72E-04 - 3.80E-03 

EC 1.11E-01 5.60E+00 1.29E+01 5.63E+00 3.49E-01 2.46E+01 

FF 1.34E-03 3.35E+00 3.11E+00 1.63E-01 - 6.63E+00 
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Table E8. (E) TRACI characterization results for 1 nAg-enabled T-shirt (145 g, electrostatically 

attached) laundered with high efficiency washer and dryer.  

E_HE_AP Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.66E-12 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 6.77E-05 2.56E+00 5.58E+00 1.13E-01 - 8.26E+00 

PS 8.45E-06 1.37E-01 3.20E-01 8.87E-03 - 4.67E-01 

AC 1.45E-06 1.93E-02 4.69E-02 7.91E-04 - 6.70E-02 

EU 9.53E-07 1.49E-03 2.17E-03 5.57E-03 - 9.23E-03 

HHC 1.71E-11 3.55E-08 5.89E-08 2.74E-08 - 1.22E-07 

HHNC 6.26E-10 1.85E-07 3.01E-07 3.09E-07 1.08E-08 8.06E-07 

RE 1.39E-07 1.30E-03 2.84E-03 1.50E-04 - 4.29E-03 

EC 5.49E-03 5.60E+00 9.21E+00 3.29E+00 1.64E-02 1.81E+01 

FF 4.53E-05 3.35E+00 4.96E+00 9.11E-02 - 8.41E+00 

E_HE_CR Silver Textile Laundering Landfill/WWTP Release Total 

OD 5.64E-12 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 7.97E-05 2.56E+00 5.58E+00 1.13E-01 - 8.26E+00 

PS 9.02E-06 1.37E-01 3.20E-01 8.87E-03 - 4.67E-01 

AC 1.48E-06 1.93E-02 4.69E-02 7.91E-04 - 6.70E-02 

EU 9.59E-07 1.49E-03 2.17E-03 5.57E-03 - 9.23E-03 

HHC 1.71E-11 3.55E-08 5.89E-08 2.74E-08 - 1.22E-07 

HHNC 6.29E-10 1.85E-07 3.01E-07 3.09E-07 1.08E-08 8.06E-07 

RE 1.37E-07 1.30E-03 2.84E-03 1.50E-04 - 4.29E-03 

EC 5.50E-03 5.60E+00 9.21E+00 3.29E+00 1.64E-02 1.81E+01 

FF 5.60E-05 3.35E+00 4.96E+00 9.11E-02 - 8.41E+00 

E_HE_FSP Silver Textile Laundering Landfill/WWTP Release Total 

OD 4.63E-12 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 6.57E-05 2.56E+00 5.58E+00 1.13E-01 - 8.26E+00 

PS 6.93E-06 1.37E-01 3.20E-01 8.87E-03 - 4.67E-01 

AC 1.12E-06 1.93E-02 4.69E-02 7.91E-04 - 6.70E-02 

EU 7.52E-07 1.49E-03 2.17E-03 5.57E-03 - 9.23E-03 

HHC 1.33E-11 3.55E-08 5.89E-08 2.74E-08 - 1.22E-07 

HHNC 4.73E-10 1.85E-07 3.01E-07 3.09E-07 1.08E-08 8.06E-07 

RE 1.11E-07 1.30E-03 2.84E-03 1.50E-04 - 4.29E-03 

EC 4.20E-03 5.60E+00 9.21E+00 3.29E+00 1.64E-02 1.81E+01 

FF 5.85E-05 3.35E+00 4.96E+00 9.11E-02 - 8.41E+00 
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E_HE_Spark Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.77E-11 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 1.35E-04 2.56E+00 5.58E+00 1.13E-01 - 8.26E+00 

PS 1.08E-05 1.37E-01 3.20E-01 8.87E-03 - 4.67E-01 

AC 1.85E-06 1.93E-02 4.69E-02 7.91E-04 - 6.70E-02 

EU 1.07E-06 1.49E-03 2.17E-03 5.57E-03 - 9.23E-03 

HHC 1.84E-11 3.55E-08 5.89E-08 2.74E-08 - 1.22E-07 

HHNC 6.32E-10 1.85E-07 3.01E-07 3.09E-07 1.08E-08 8.06E-07 

RE 2.09E-07 1.30E-03 2.84E-03 1.50E-04 - 4.29E-03 

EC 5.65E-03 5.60E+00 9.21E+00 3.29E+00 1.64E-02 1.81E+01 

FF 9.17E-05 3.35E+00 4.96E+00 9.11E-02 - 8.41E+00 

E_HE_AVG Silver Textile Laundering Landfill/WWTP Release Total 

OD 7.91E-12 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 8.69E-05 2.56E+00 5.58E+00 1.13E-01 - 8.26E+00 

PS 8.80E-06 1.37E-01 3.20E-01 8.87E-03 - 4.67E-01 

AC 1.47E-06 1.93E-02 4.69E-02 7.91E-04 - 6.70E-02 

EU 9.34E-07 1.49E-03 2.17E-03 5.57E-03 - 9.23E-03 

HHC 1.65E-11 3.55E-08 5.89E-08 2.74E-08 - 1.22E-07 

HHNC 5.90E-10 1.85E-07 3.01E-07 3.09E-07 1.08E-08 8.06E-07 

RE 1.49E-07 1.30E-03 2.84E-03 1.50E-04 - 4.29E-03 

EC 5.21E-03 5.60E+00 9.21E+00 3.29E+00 1.64E-02 1.81E+01 

FF 6.29E-05 3.35E+00 4.96E+00 9.11E-02 - 8.41E+00 
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Table E9. (E) TRACI characterization results for 1 nAg-enabled T-shirt (145 g, electrostatically 

attached) laundered with conventional efficiency washer and dryer.  

E_CE_AP Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.66E-12 4.55E-08 2.08E-07 1.45E-08 - 2.68E-07 

GW 6.77E-05 2.56E+00 1.29E+01 1.93E-01 - 1.57E+01 

PS 8.45E-06 1.37E-01 7.41E-01 1.59E-02 - 8.94E-01 

AC 1.45E-06 1.93E-02 1.09E-01 1.43E-03 - 1.30E-01 

EU 9.53E-07 1.49E-03 4.00E-03 1.01E-02 - 1.56E-02 

HHC 1.71E-11 3.55E-08 1.09E-07 4.96E-08 - 1.95E-07 

HHNC 6.26E-10 1.85E-07 6.25E-07 5.59E-07 1.08E-08 1.38E-06 

RE 1.39E-07 1.30E-03 6.32E-03 2.72E-04 - 7.89E-03 

EC 5.49E-03 5.60E+00 1.76E+01 5.63E+00 1.64E-02 2.89E+01 

FF 4.53E-05 3.35E+00 1.13E+01 1.63E-01 - 1.48E+01 

E_CE_CR Silver Textile Laundering Landfill/WWTP Release Total 

OD 5.64E-12 4.55E-08 2.08E-07 1.45E-08 - 2.68E-07 

GW 7.97E-05 2.56E+00 1.29E+01 1.93E-01 - 1.57E+01 

PS 9.02E-06 1.37E-01 7.41E-01 1.59E-02 - 8.94E-01 

AC 1.48E-06 1.93E-02 1.09E-01 1.43E-03 - 1.30E-01 

EU 9.59E-07 1.49E-03 4.00E-03 1.01E-02 - 1.56E-02 

HHC 1.71E-11 3.55E-08 1.09E-07 4.96E-08 - 1.95E-07 

HHNC 6.29E-10 1.85E-07 6.25E-07 5.59E-07 1.08E-08 1.38E-06 

RE 1.37E-07 1.30E-03 6.32E-03 2.72E-04 - 7.89E-03 

EC 5.50E-03 5.60E+00 1.76E+01 5.63E+00 1.64E-02 2.89E+01 

FF 5.60E-05 3.35E+00 1.13E+01 1.63E-01 - 1.48E+01 

E_CE_FSP Silver Textile Laundering Landfill/WWTP Release Total 

OD 4.63E-12 4.55E-08 2.08E-07 1.45E-08 - 2.68E-07 

GW 6.57E-05 2.56E+00 1.29E+01 1.93E-01 - 1.57E+01 

PS 6.93E-06 1.37E-01 7.41E-01 1.59E-02 - 8.94E-01 

AC 1.12E-06 1.93E-02 1.09E-01 1.43E-03 - 1.30E-01 

EU 7.52E-07 1.49E-03 4.00E-03 1.01E-02 - 1.56E-02 

HHC 1.33E-11 3.55E-08 1.09E-07 4.96E-08 - 1.95E-07 

HHNC 4.73E-10 1.85E-07 6.25E-07 5.59E-07 1.08E-08 1.38E-06 

RE 1.11E-07 1.30E-03 6.32E-03 2.72E-04 - 7.89E-03 

EC 4.20E-03 5.60E+00 1.76E+01 5.63E+00 1.64E-02 2.89E+01 

FF 5.85E-05 3.35E+00 1.13E+01 1.63E-01 - 1.48E+01 
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E_CE_Spark Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.77E-11 4.55E-08 2.08E-07 1.45E-08 - 2.68E-07 

GW 1.35E-04 2.56E+00 1.29E+01 1.93E-01 - 1.57E+01 

PS 1.08E-05 1.37E-01 7.41E-01 1.59E-02 - 8.94E-01 

AC 1.85E-06 1.93E-02 1.09E-01 1.43E-03 - 1.30E-01 

EU 1.07E-06 1.49E-03 4.00E-03 1.01E-02 - 1.56E-02 

HHC 1.84E-11 3.55E-08 1.09E-07 4.96E-08 - 1.95E-07 

HHNC 6.32E-10 1.85E-07 6.25E-07 5.59E-07 1.08E-08 1.38E-06 

RE 2.09E-07 1.30E-03 6.32E-03 2.72E-04 - 7.89E-03 

EC 5.65E-03 5.60E+00 1.76E+01 5.63E+00 1.64E-02 2.89E+01 

FF 9.17E-05 3.35E+00 1.13E+01 1.63E-01 - 1.48E+01 

E_CE_AVG Silver Textile Laundering Landfill/WWTP Release Total 

OD 7.91E-12 4.55E-08 2.08E-07 1.45E-08 - 2.68E-07 

GW 8.69E-05 2.56E+00 1.29E+01 1.93E-01 - 1.57E+01 

PS 8.80E-06 1.37E-01 7.41E-01 1.59E-02 - 8.94E-01 

AC 1.47E-06 1.93E-02 1.09E-01 1.43E-03 - 1.30E-01 

EU 9.34E-07 1.49E-03 4.00E-03 1.01E-02 - 1.56E-02 

HHC 1.65E-11 3.55E-08 1.09E-07 4.96E-08 - 1.95E-07 

HHNC 5.90E-10 1.85E-07 6.25E-07 5.59E-07 1.08E-08 1.38E-06 

RE 1.49E-07 1.30E-03 6.32E-03 2.72E-04 - 7.89E-03 

EC 5.21E-03 5.60E+00 1.76E+01 5.63E+00 1.64E-02 2.89E+01 

FF 6.29E-05 3.35E+00 1.13E+01 1.63E-01 - 1.48E+01 
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Table E10. (E) TRACI characterization results for 1 nAg-enabled T-shirt (145 g, 

electrostatically attached) laundered with high efficiency washer and line drying.  

E_HE_LN_AP Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.66E-12 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 6.77E-05 2.56E+00 8.14E-01 1.13E-01 - 3.49E+00 

PS 8.45E-06 1.37E-01 4.74E-02 8.87E-03 - 1.94E-01 

AC 1.45E-06 1.93E-02 5.81E-03 7.91E-04 - 2.59E-02 

EU 9.53E-07 1.49E-03 1.62E-03 5.57E-03 - 8.68E-03 

HHC 1.71E-11 3.55E-08 4.92E-08 2.74E-08 - 1.12E-07 

HHNC 6.26E-10 1.85E-07 1.39E-07 3.09E-07 1.08E-08 6.44E-07 

RE 1.39E-07 1.30E-03 7.84E-04 1.50E-04 - 2.23E-03 

EC 5.49E-03 5.60E+00 6.85E+00 3.29E+00 1.64E-02 1.58E+01 

FF 4.53E-05 3.35E+00 8.28E-01 9.11E-02 - 4.27E+00 

E_HE_LN_CR Silver Textile Laundering Landfill/WWTP Release Total 

OD 5.64E-12 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 7.97E-05 2.56E+00 8.14E-01 1.13E-01 - 3.49E+00 

PS 9.02E-06 1.37E-01 4.74E-02 8.87E-03 - 1.94E-01 

AC 1.48E-06 1.93E-02 5.81E-03 7.91E-04 - 2.59E-02 

EU 9.59E-07 1.49E-03 1.62E-03 5.57E-03 - 8.68E-03 

HHC 1.71E-11 3.55E-08 4.92E-08 2.74E-08 - 1.12E-07 

HHNC 6.29E-10 1.85E-07 1.39E-07 3.09E-07 1.08E-08 6.44E-07 

RE 1.37E-07 1.30E-03 7.84E-04 1.50E-04 - 2.23E-03 

EC 5.50E-03 5.60E+00 6.85E+00 3.29E+00 1.64E-02 1.58E+01 

FF 5.60E-05 3.35E+00 8.28E-01 9.11E-02 - 4.27E+00 

E_HE_LN_FSP Silver Textile Laundering Landfill/WWTP Release Total 

OD 4.63E-12 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 6.57E-05 2.56E+00 8.14E-01 1.13E-01 - 3.49E+00 

PS 6.93E-06 1.37E-01 4.74E-02 8.87E-03 - 1.94E-01 

AC 1.12E-06 1.93E-02 5.81E-03 7.91E-04 - 2.59E-02 

EU 7.52E-07 1.49E-03 1.62E-03 5.57E-03 - 8.68E-03 

HHC 1.33E-11 3.55E-08 4.92E-08 2.74E-08 - 1.12E-07 

HHNC 4.73E-10 1.85E-07 1.39E-07 3.09E-07 1.08E-08 6.44E-07 

RE 1.11E-07 1.30E-03 7.84E-04 1.50E-04 - 2.23E-03 

EC 4.20E-03 5.60E+00 6.85E+00 3.29E+00 1.64E-02 1.58E+01 

FF 5.85E-05 3.35E+00 8.28E-01 9.11E-02 - 4.27E+00 
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E_HE_LN_Spark Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.77E-11 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 1.35E-04 2.56E+00 8.14E-01 1.13E-01 - 3.49E+00 

PS 1.08E-05 1.37E-01 4.74E-02 8.87E-03 - 1.94E-01 

AC 1.85E-06 1.93E-02 5.81E-03 7.91E-04 - 2.59E-02 

EU 1.07E-06 1.49E-03 1.62E-03 5.57E-03 - 8.68E-03 

HHC 1.84E-11 3.55E-08 4.92E-08 2.74E-08 - 1.12E-07 

HHNC 6.32E-10 1.85E-07 1.39E-07 3.09E-07 1.08E-08 6.44E-07 

RE 2.09E-07 1.30E-03 7.84E-04 1.50E-04 - 2.23E-03 

EC 5.65E-03 5.60E+00 6.85E+00 3.29E+00 1.64E-02 1.58E+01 

FF 9.17E-05 3.35E+00 8.28E-01 9.11E-02 - 4.27E+00 

E_HE_LN_AVG Silver Textile Laundering Landfill/WWTP Release Total 

OD 7.91E-12 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 8.69E-05 2.56E+00 8.14E-01 1.13E-01 - 3.49E+00 

PS 8.80E-06 1.37E-01 4.74E-02 8.87E-03 - 1.94E-01 

AC 1.47E-06 1.93E-02 5.81E-03 7.91E-04 - 2.59E-02 

EU 9.34E-07 1.49E-03 1.62E-03 5.57E-03 - 8.68E-03 

HHC 1.65E-11 3.55E-08 4.92E-08 2.74E-08 - 1.12E-07 

HHNC 5.90E-10 1.85E-07 1.39E-07 3.09E-07 1.08E-08 6.44E-07 

RE 1.49E-07 1.30E-03 7.84E-04 1.50E-04 - 2.23E-03 

EC 5.21E-03 5.60E+00 6.85E+00 3.29E+00 1.64E-02 1.58E+01 

FF 6.29E-05 3.35E+00 8.28E-01 9.11E-02 - 4.27E+00 
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Table E11. (E) TRACI characterization results for 1 nAg-enabled T-shirt (145 g, 

electrostatically attached) laundered with conventional efficiency washer and line drying.  

E_CE_LN_AP Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.66E-12 4.55E-08 2.07E-07 1.45E-08 - 2.67E-07 

GW 6.77E-05 2.56E+00 3.44E+00 1.93E-01 - 6.20E+00 

PS 8.45E-06 1.37E-01 1.98E-01 1.59E-02 - 3.52E-01 

AC 1.45E-06 1.93E-02 2.76E-02 1.43E-03 - 4.84E-02 

EU 9.53E-07 1.49E-03 2.90E-03 1.01E-02 - 1.45E-02 

HHC 1.71E-11 3.55E-08 9.02E-08 4.96E-08 - 1.75E-07 

HHNC 6.26E-10 1.85E-07 3.03E-07 5.59E-07 1.08E-08 1.06E-06 

RE 1.39E-07 1.30E-03 2.23E-03 2.72E-04 - 3.80E-03 

EC 5.49E-03 5.60E+00 1.29E+01 5.63E+00 1.64E-02 2.42E+01 

FF 4.53E-05 3.35E+00 3.11E+00 1.63E-01 - 6.63E+00 

E_CE_LN_CR Silver Textile Laundering Landfill/WWTP Release Total 

OD 5.64E-12 4.55E-08 2.07E-07 1.45E-08 - 2.67E-07 

GW 7.97E-05 2.56E+00 3.44E+00 1.93E-01 - 6.20E+00 

PS 9.02E-06 1.37E-01 1.98E-01 1.59E-02 - 3.52E-01 

AC 1.48E-06 1.93E-02 2.76E-02 1.43E-03 - 4.84E-02 

EU 9.59E-07 1.49E-03 2.90E-03 1.01E-02 - 1.45E-02 

HHC 1.71E-11 3.55E-08 9.02E-08 4.96E-08  1.75E-07 

HHNC 6.29E-10 1.85E-07 3.03E-07 5.59E-07 1.08E-08 1.06E-06 

RE 1.37E-07 1.30E-03 2.23E-03 2.72E-04 - 3.80E-03 

EC 5.50E-03 5.60E+00 1.29E+01 5.63E+00 1.64E-02 2.42E+01 

FF 5.60E-05 3.35E+00 3.11E+00 1.63E-01 - 6.63E+00 

E_CE_LN_FSP Silver Textile Laundering Landfill/WWTP Release Total 

OD 4.63E-12 4.55E-08 2.07E-07 1.45E-08 - 2.67E-07 

GW 6.57E-05 2.56E+00 3.44E+00 1.93E-01 - 6.20E+00 

PS 6.93E-06 1.37E-01 1.98E-01 1.59E-02 - 3.52E-01 

AC 1.12E-06 1.93E-02 2.76E-02 1.43E-03 - 4.84E-02 

EU 7.52E-07 1.49E-03 2.90E-03 1.01E-02 - 1.45E-02 

HHC 1.33E-11 3.55E-08 9.02E-08 4.96E-08 - 1.75E-07 

HHNC 4.73E-10 1.85E-07 3.03E-07 5.59E-07 1.08E-08 1.06E-06 

RE 1.11E-07 1.30E-03 2.23E-03 2.72E-04 - 3.80E-03 

EC 4.20E-03 5.60E+00 1.29E+01 5.63E+00 1.64E-02 2.42E+01 

FF 5.85E-05 3.35E+00 3.11E+00 1.63E-01 - 6.63E+00 
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E_CE_LN_Spark Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.77E-11 4.55E-08 2.07E-07 1.45E-08 - 2.67E-07 

GW 1.35E-04 2.56E+00 3.44E+00 1.93E-01 - 6.20E+00 

PS 1.08E-05 1.37E-01 1.98E-01 1.59E-02 - 3.52E-01 

AC 1.85E-06 1.93E-02 2.76E-02 1.43E-03 - 4.84E-02 

EU 1.07E-06 1.49E-03 2.90E-03 1.01E-02 - 1.45E-02 

HHC 1.84E-11 3.55E-08 9.02E-08 4.96E-08 - 1.75E-07 

HHNC 6.32E-10 1.85E-07 3.03E-07 5.59E-07 1.08E-08 1.06E-06 

RE 2.09E-07 1.30E-03 2.23E-03 2.72E-04 - 3.80E-03 

EC 5.65E-03 5.60E+00 1.29E+01 5.63E+00 1.64E-02 2.42E+01 

FF 9.17E-05 3.35E+00 3.11E+00 1.63E-01 - 6.63E+00 

E_CE_LN_AVG Silver Textile Laundering Landfill/WWTP Release Total 

OD 7.91E-12 4.55E-08 2.07E-07 1.45E-08 - 2.67E-07 

GW 8.69E-05 2.56E+00 3.44E+00 1.93E-01 - 6.20E+00 

PS 8.80E-06 1.37E-01 1.98E-01 1.59E-02 - 3.52E-01 

AC 1.47E-06 1.93E-02 2.76E-02 1.43E-03 - 4.84E-02 

EU 9.34E-07 1.49E-03 2.90E-03 1.01E-02 - 1.45E-02 

HHC 1.65E-11 3.55E-08 9.02E-08 4.96E-08 - 1.75E-07 

HHNC 5.90E-10 1.85E-07 3.03E-07 5.59E-07 1.08E-08 1.06E-06 

RE 1.49E-07 1.30E-03 2.23E-03 2.72E-04 - 3.80E-03 

EC 5.21E-03 5.60E+00 1.29E+01 5.63E+00 1.64E-02 2.42E+01 

FF 6.29E-05 3.35E+00 3.11E+00 1.63E-01 - 6.63E+00 

 

Table E12. (C) TRACI characterization results for 1 Ag-enabled T-shirt (145 g, coated) 

laundered with high efficiency washer and dryer.  

C_HE Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.31E-08 4.55E-08 1.21E-07 8.14E-09 - 1.88E-07 

GW 2.26E-01 2.56E+00 5.58E+00 1.13E-01 - 8.49E+00 

PS 3.01E-02 1.37E-01 3.20E-01 8.87E-03 - 4.97E-01 

AC 5.24E-03 1.93E-02 4.69E-02 7.91E-04 - 7.22E-02 

EU 3.54E-03 1.49E-03 2.17E-03 5.57E-03 - 1.28E-02 

HHC 6.39E-08 3.55E-08 5.89E-08 2.74E-08 - 1.86E-07 

HHNC 2.36E-06 1.85E-07 3.01E-07 3.09E-07 2.55E-05 2.86E-05 

RE 4.95E-04 1.30E-03 2.84E-03 1.50E-04 - 4.79E-03 

EC 2.06E+01 5.60E+00 9.21E+00 3.29E+00 3.87E+01 7.74E+01 

FF 1.52E-01 3.35E+00 4.96E+00 9.11E-02 - 8.56E+00 
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Table E13. (C) TRACI characterization results for 1 Ag-enabled T-shirt (145 g, coated) 

laundered with conventional efficiency washer and dryer.  

C_CE Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.31E-08 4.55E-08 2.08E-07 1.45E-08 - 2.81E-07 

GW 2.26E-01 2.56E+00 1.29E+01 1.93E-01 - 1.59E+01 

PS 3.01E-02 1.37E-01 7.41E-01 1.59E-02 - 9.24E-01 

AC 5.24E-03 1.93E-02 1.09E-01 1.43E-03 - 1.35E-01 

EU 3.54E-03 1.49E-03 4.00E-03 1.01E-02 - 1.91E-02 

HHC 6.39E-08 3.55E-08 1.09E-07 4.96E-08 - 2.58E-07 

HHNC 2.36E-06 1.85E-07 6.25E-07 5.59E-07 2.55E-05 2.92E-05 

RE 4.95E-04 1.30E-03 6.32E-03 2.72E-04 - 8.39E-03 

EC 2.06E+01 5.60E+00 1.76E+01 5.63E+00 3.87E-+01 8.81E+01 

FF 1.52E-01 3.35E+00 1.13E+01 1.63E-01 - 1.50E+01 

 

Table E14. (C) TRACI characterization results for 1 Ag-enabled T-shirt (145 g, coated) 

laundered with high efficiency washer and line drying.  

C_HE_LN Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.31E-08 4.55E-08 1.21E-07 8.14E-09 - 1.88E-07 

GW 2.26E-01 2.56E+00 8.14E-01 1.13E-01 - 3.72E+00 

PS 3.01E-02 1.37E-01 4.74E-02 8.87E-03 - 2.24E-01 

AC 5.24E-03 1.93E-02 5.81E-03 7.91E-04 - 3.12E-02 

EU 3.54E-03 1.49E-03 1.62E-03 5.57E-03 - 1.22E-02 

HHC 6.39E-08 3.55E-08 4.92E-08 2.74E-08 - 1.76E-07 

HHNC 2.36E-06 1.85E-07 1.39E-07 3.09E-07 2.55E-05 2.84E-05 

RE 4.95E-04 1.30E-03 7.84E-04 1.50E-04 - 2.73E-03 

EC 2.06E+01 5.60E+00 6.85E+00 3.29E+00 3.87E+01 7.50E+01 

FF 1.52E-01 3.35E+00 8.28E-01 9.11E-02 - 4.42E+00 
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Table E15. (C) TRACI characterization results for 1 Ag-enabled T-shirt (145 g, coated) 

laundered with conventional efficiency washer and line drying.  

C_CE_LN Silver Textile Laundering Landfill/WWTP Release Total 

OD 1.31E-08 4.55E-08 2.07E-07 1.45E-08 - 2.81E-07 

GW 2.26E-01 2.56E+00 3.44E+00 1.93E-01 - 6.42E+00 

PS 3.01E-02 1.37E-01 1.98E-01 1.59E-02 - 3.82E-01 

AC 5.24E-03 1.93E-02 2.76E-02 1.43E-03 - 5.36E-02 

EU 3.54E-03 1.49E-03 2.90E-03 1.01E-02 - 1.80E-02 

HHC 6.39E-08 3.55E-08 9.02E-08 4.96E-08 - 2.39E-07 

HHNC 2.36E-06 1.85E-07 3.03E-07 5.59E-07 2.55E-05 2.89E-05 

RE 4.95E-04 1.30E-03 2.23E-03 2.72E-04 - 4.30E-03 

EC 2.06E+01 5.60E+00 1.29E+01 5.63E+00 3.87E+01 8.35E+01 

FF 1.52E-01 3.35E+00 3.11E+00 1.63E-01 - 6.78E+00 

 

Table E16. (A) TRACI characterization results for 1 Ag-enabled T-shirt (145 g, attached) 

laundered with high efficiency washer and dryer.  

A_HE Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.43E-11 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 5.92E-04 2.56E+00 5.58E+00 1.13E-01 - 8.26E+00 

PS 8.20E-05 1.37E-01 3.20E-01 8.87E-03 - 4.67E-01 

AC 1.37E-05 1.93E-02 4.69E-02 7.91E-04 - 6.70E-02 

EU 9.23E-06 1.49E-03 2.17E-03 5.57E-03 - 9.24E-03 

HHC 1.67E-10 3.55E-08 5.89E-08 2.74E-08 - 1.22E-07 

HHNC 6.13E-09 1.85E-07 3.01E-07 3.09E-07 1.65E-07 9.66E-07 

RE 1.29E-06 1.30E-03 2.84E-03 1.50E-04 - 4.30E-03 

EC 5.36E-02 5.60E+00 9.21E+00 3.29E+00 2.51E-01 1.84E+01 

FF 3.98E-04 3.35E+00 4.96E+00 9.11E-02 - 8.41E+00 
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Table E17. (A) TRACI characterization results for 1 Ag-enabled T-shirt (145 g, attached) 

laundered with conventional efficiency washer and dryer.  

A_CE Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.43E-11 4.55E-08 2.08E-07 1.45E-08 - 2.68E-07 

GW 5.92E-04 2.56E+00 1.29E+01 1.93E-01 - 1.57E+01 

PS 8.20E-05 1.37E-01 7.41E-01 1.59E-02 - 8.94E-01 

AC 1.37E-05 1.93E-02 1.09E-01 1.43E-03 - 1.30E-01 

EU 9.23E-06 1.49E-03 4.00E-03 1.01E-02 - 1.56E-02 

HHC 1.67E-10 3.55E-08 1.09E-07 4.96E-08 - 1.95E-07 

HHNC 6.13E-09 1.85E-07 6.25E-07 5.59E-07 1.65E-07 1.54E-06 

RE 1.29E-06 1.30E-03 6.32E-03 2.72E-04 - 7.90E-03 

EC 5.36E-02 5.60E+00 1.76E+01 5.63E+00 2.51E-01 2.91E+01 

FF 3.98E-04 3.35E+00 1.13E+01 1.63E-01 - 1.48E+01 

 

Table E18. (A) TRACI characterization results for 1 Ag-enabled T-shirt (145 g, attached) 

laundered with high efficiency washer and line drying.  

A_HE_LN Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.43E-11 4.55E-08 1.21E-07 8.14E-09 - 1.75E-07 

GW 5.92E-04 2.56E+00 8.14E-01 1.13E-01 - 3.49E+00 

PS 8.20E-05 1.37E-01 4.74E-02 8.87E-03 - 1.94E-01 

AC 1.37E-05 1.93E-02 5.81E-03 7.91E-04 - 2.59E-02 

EU 9.23E-06 1.49E-03 1.62E-03 5.57E-03 - 8.68E-03 

HHC 1.67E-10 3.55E-08 4.92E-08 2.74E-08 - 1.12E-07 

HHNC 6.13E-09 1.85E-07 1.39E-07 3.09E-07 1.65E-07 8.04E-07 

RE 1.29E-06 1.30E-03 7.84E-04 1.50E-04 - 2.23E-03 

EC 5.36E-02 5.60E+00 6.85E+00 3.29E+00 2.51E-01 1.60E+01 

FF 3.98E-04 3.35E+00 8.28E-01 9.11E-02 - 4.27E+00 
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Table E19. (A) TRACI characterization results for 1 Ag-enabled T-shirt (145 g, attached) 

laundered with conventional efficiency washer and line drying.  

A_CE_LN Silver Textile Laundering Landfill/WWTP Release Total 

OD 3.43E-11 4.55E-08 2.07E-07 1.45E-08 - 2.67E-07 

GW 5.92E-04 2.56E+00 3.44E+00 1.93E-01 - 6.20E+00 

PS 8.20E-05 1.37E-01 1.98E-01 1.59E-02 - 3.52E-01 

AC 1.37E-05 1.93E-02 2.76E-02 1.43E-03 - 4.84E-02 

EU 9.23E-06 1.49E-03 2.90E-03 1.01E-02 - 1.45E-02 

HHC 1.67E-10 3.55E-08 9.02E-08 4.96E-08 - 1.76E-07 

HHNC 6.13E-09 1.85E-07 3.03E-07 5.59E-07 1.65E-07 1.22E-06 

RE 1.29E-06 1.30E-03 2.23E-03 2.72E-04 - 3.80E-03 

EC 5.36E-02 5.60E+00 1.29E+01 5.63E+00 2.51E-01 2.45E+01 

FF 3.98E-04 3.35E+00 3.11E+00 1.63E-01 - 6.63E+00 

 

Table E20. Uncertainty analysis results for product T 

T_HE/HE Median 
Lower 

Bound 

Upper 

Bound 
T_HE/LN Median 

Lower 

Bound 

Upper 

Bound 

AC 6.70E-02 6.59E-02 6.84E-02 AC 2.59E-02 2.48E-02 2.73E-02 

HHC 1.07E-07 6.48E-08 2.59E-07 HHC 9.76E-08 5.52E-08 2.57E-07 

EC 1.79E+01 1.21E+01 3.26E+01 EC 1.50E+01 9.45E+00 2.85E+01 

EU 8.94E-03 7.02E-03 1.32E-02 EU 8.39E-03 6.27E-03 1.25E-02 

FF 8.39E+00 7.83E+00 9.21E+00 FF 4.21E+00 3.70E+00 5.04E+00 

GW 8.25E+00 8.04E+00 8.58E+00 GW 3.47E+00 3.26E+00 3.76E+00 

HHNC 9.72E-07 7.38E-07 1.75E-06 HHNC 8.04E-07 5.73E-07 1.60E-06 

OD 1.67E-07 1.09E-07 2.83E-07 OD 1.68E-07 1.11E-07 2.88E-07 

RE 4.28E-03 4.00E-03 4.72E-03 RE 2.21E-03 1.91E-03 2.69E-03 

PS 4.66E-01 4.55E-01 4.84E-01 PS 1.93E-01 1.82E-01 2.09E-01 

T_CE/CE Median 
Lower 

Bound 

Upper 

Bound 
T_CE/LN Median 

Lower 

Bound 

Upper 

Bound 

AC 1.30E-01 1.28E-01 1.32E-01 AC 4.84E-02 4.68E-02 5.06E-02 

HHC 1.72E-07 1.02E-07 4.34E-07 HHC 1.51E-07 7.87E-08 4.26E-07 

EC 2.74E+01 1.92E+01 5.20E+01 EC 2.33E+01 1.43E+01 4.17E+01 

EU 1.51E-02 1.18E-02 2.15E-02 EU 1.42E-02 1.08E-02 2.11E-02 

FF 1.48E+01 1.42E+01 1.57E+01 FF 6.60E+00 5.97E+00 7.50E+00 

GW 1.57E+01 1.54E+01 1.61E+01 GW 6.19E+00 5.90E+00 6.63E+00 

HHNC 1.47E-06 1.12E-06 2.67E-06 HHNC 1.16E-06 8.08E-07 2.68E-06 

OD 2.51E-07 1.58E-07 4.34E-07 OD 2.56E-07 1.64E-07 4.35E-07 

RE 7.85E-03 7.40E-03 8.61E-03 RE 3.78E-03 3.29E-03 4.54E-03 

PS 8.93E-01 8.77E-01 9.15E-01 PS 3.51E-01 3.35E-01 3.75E-01 
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Table E21. Uncertainty analysis results for product E 

E_HE/HE Median 
Lower 

Bound 

Upper 

Bound 
E_HE/LN Median 

Lower 

Bound 

Upper 

Bound 

AC 6.70E-02 6.59E-02 6.85E-02 AC 2.59E-02 2.48E-02 2.74E-02 

HHC 1.05E-07 6.52E-08 2.54E-07 HHC 9.57E-08 5.18E-08 2.55E-07 

EC 1.71E+01 1.16E+01 3.12E+01 EC 1.46E+01 9.10E+00 2.92E+01 

EU 9.02E-03 7.00E-03 1.36E-02 EU 8.44E-03 6.39E-03 1.24E-02 

FF 8.38E+00 7.84E+00 9.26E+00 FF 4.25E+00 3.68E+00 5.09E+00 

GW 8.26E+00 8.04E+00 8.57E+00 GW 3.48E+00 3.26E+00 3.78E+00 

HHNC 7.27E-07 5.02E-07 1.44E-06 HHNC 5.68E-07 3.38E-07 1.37E-06 

OD 1.66E-07 1.12E-07 2.89E-07 OD 1.68E-07 1.10E-07 2.90E-07 

RE 4.28E-03 3.99E-03 4.77E-03 RE 2.22E-03 1.90E-03 2.67E-03 

PS 4.66E-01 4.55E-01 4.84E-01 PS 1.93E-01 1.82E-01 2.10E-01 

E_CE/CE Median 
Lower 

Bound 

Upper 

Bound 
E_CE/LN Median 

Lower 

Bound 

Upper 

Bound 

AC 1.30E-01 1.28E-01 1.32E-01 AC 4.83E-02 4.69E-02 5.08E-02 

HHC 1.77E-07 1.06E-07 3.77E-07 HHC 1.52E-07 8.07E-08 4.03E-07 

EC 2.74E+01 1.88E+01 5.19E+01 EC 2.27E+01 1.37E+01 4.89E+01 

EU 1.53E-02 1.19E-02 2.19E-02 EU 1.42E-02 1.08E-02 2.08E-02 

FF 1.48E+01 1.42E+01 1.57E+01 FF 6.59E+00 5.99E+00 7.68E+00 

GW 1.57E+01 1.54E+01 1.61E+01 GW 6.19E+00 5.91E+00 6.64E+00 

HHNC 1.27E-06 8.74E-07 2.69E-06 HHNC 9.59E-07 5.84E-07 2.61E-06 

OD 2.58E-07 1.64E-07 4.52E-07 OD 2.55E-07 1.63E-07 4.45E-07 

RE 7.87E-03 7.43E-03 8.68E-03 RE 3.76E-03 3.34E-03 4.52E-03 

PS 8.93E-01 8.77E-01 9.19E-01 PS 3.51E-01 3.36E-01 3.78E-01 
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Table E22. Uncertainty analysis results for product A 

A_HE/HE Median 
Lower 

Bound 

Upper 

Bound 
A_HE/LN Median 

Lower 

Bound 

Upper 

Bound 

AC 6.69E-02 6.59E-02 6.85E-02 AC 2.59E-02 2.48E-02 2.74E-02 

HHC 1.08E-07 6.23E-08 2.70E-07 HHC 9.75E-08 5.45E-08 2.69E-07 

EC 1.70E+01 1.16E+01 3.16E+01 EC 1.50E+01 9.35E+00 2.95E+01 

EU 8.88E-03 6.88E-03 1.35E-02 EU 8.51E-03 6.34E-03 1.25E-02 

FF 8.38E+00 7.82E+00 9.15E+00 FF 4.22E+00 3.70E+00 5.05E+00 

GW 8.25E+00 8.03E+00 8.56E+00 GW 3.48E+00 3.26E+00 3.75E+00 

HHNC 8.73E-07 6.64E-07 1.68E-06 HHNC 7.26E-07 5.07E-07 1.56E-06 

OD 1.67E-07 1.12E-07 2.76E-07 OD 1.67E-07 1.14E-07 2.87E-07 

RE 4.28E-03 3.99E-03 4.72E-03 RE 2.22E-03 1.92E-03 2.64E-03 

PS 4.66E-01 4.54E-01 4.84E-01 PS 1.93E-01 1.82E-01 2.08E-01 

A_CE/CE Median 
Lower 

Bound 

Upper 

Bound 
A_CE/LN Median 

Lower 

Bound 

Upper 

Bound 

AC 1.30E-01 1.28E-01 1.32E-01 AC 4.83E-02 4.69E-02 5.07E-02 

HHC 1.70E-07 1.04E-07 4.08E-07 HHC 1.50E-07 8.39E-08 3.82E-07 

EC 2.73E+01 1.90E+01 4.80E+01 EC 2.31E+01 1.45E+01 4.98E+01 

EU 1.52E-02 1.19E-02 2.10E-02 EU 1.40E-02 1.07E-02 1.99E-02 

FF 1.48E+01 1.42E+01 1.57E+01 FF 6.59E+00 6.03E+00 7.55E+00 

GW 1.57E+01 1.54E+01 1.61E+01 GW 6.18E+00 5.91E+00 6.64E+00 

HHNC 1.41E-06 1.04E-06 2.74E-06 HHNC 1.09E-06 7.26E-07 2.48E-06 

OD 2.49E-07 1.59E-07 4.56E-07 OD 2.53E-07 1.68E-07 4.35E-07 

RE 7.85E-03 7.43E-03 8.54E-03 RE 3.75E-03 3.30E-03 4.55E-03 

PS 8.93E-01 8.77E-01 9.17E-01 PS 3.51E-01 3.35E-01 3.75E-01 
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Table E23. Uncertainty analysis results for product C 

C_HE/HE Median 
Lower 

Bound 

Upper 

Bound 
C_HE/LN Median 

Lower 

Bound 

Upper 

Bound 

AC 7.20E-02 7.02E-02 7.45E-02 AC 3.11E-02 2.91E-02 3.35E-02 

HHC 1.60E-07 9.10E-08 4.03E-07 HHC 1.53E-07 8.44E-08 4.31E-07 

EC 7.17E+01 5.72E+01 1.42E+02 EC 6.95E+01 5.46E+01 1.17E+02 

EU 1.22E-02 8.91E-03 2.18E-02 EU 1.16E-02 8.42E-03 2.06E-02 

FF 8.51E+00 8.00E+00 9.32E+00 FF 4.38E+00 3.81E+00 5.27E+00 

GW 8.47E+00 8.26E+00 8.77E+00 GW 3.70E+00 3.46E+00 4.00E+00 

HHNC 2.81E-05 2.69E-05 3.20E-05 HHNC 2.80E-05 2.68E-05 3.28E-05 

OD 1.79E-07 1.20E-07 3.00E-07 OD 1.80E-07 1.25E-07 2.92E-07 

RE 4.76E-03 4.43E-03 5.19E-03 RE 2.70E-03 2.39E-03 3.17E-03 

PS 4.94E-01 4.75E-01 5.23E-01 PS 2.23E-01 2.03E-01 2.49E-01 

C_CE/CE Median 
Lower 

Bound 

Upper 

Bound 
C_CE/LN Median 

Lower 

Bound 

Upper 

Bound 

AC 1.35E-01 1.33E-01 1.38E-01 AC 5.36E-02 5.15E-02 5.65E-02 

HHC 2.28E-07 1.38E-07 5.33E-07 HHC 2.05E-07 1.19E-07 6.55E-07 

EC 8.25E+01 6.60E+01 1.42E+02 EC 7.84E+01 6.09E+01 1.32E+02 

EU 1.83E-02 1.40E-02 2.78E-02 EU 1.73E-02 1.30E-02 2.64E-02 

FF 1.50E+01 1.44E+01 1.58E+01 FF 6.74E+00 6.14E+00 7.58E+00 

GW 1.59E+01 1.56E+01 1.63E+01 GW 6.42E+00 6.11E+00 6.82E+00 

HHNC 2.88E-05 2.74E-05 3.39E-05 HHNC 2.84E-05 2.71E-05 3.33E-05 

OD 2.68E-07 1.70E-07 4.49E-07 OD 2.67E-07 1.70E-07 4.58E-07 

RE 8.36E-03 7.89E-03 9.10E-03 RE 4.26E-03 3.76E-03 5.08E-03 

PS 9.22E-01 9.00E-01 9.57E-01 PS 3.80E-01 3.58E-01 4.15E-01 
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Figure E3. Sensitivity factors of each input/output parameter to environmental impact categories 

under HE/HE scenario. 
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Figure E4. Sensitivity factors of each input/output parameter to environmental impact categories 

under CE/CE scenario. 
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Figure E5. Sensitivity factors of each input/output parameter to environmental impact categories 

under CE/LN scenario. 
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Table E24. Sensitivity factors for product T under each scenario (red cells indicate sensitive parameters). 

HE/HE Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.07% 15.38% 1.23% 0.02% 8.73% 10.84% 52.08% 0.05% 0.01% 0.20% 4.41% 0.00% 

GW 0.02% 5.54% 0.07% 23.03% 1.20% 0.98% 3.13% 56.31% 0.18% 0.01% 1.18% 0.00% 

PS 0.04% 4.66% 0.07% 23.31% 0.20% 1.01% 3.32% 56.96% 0.02% 0.03% 1.84% 0.00% 

AC 0.05% 2.99% 0.04% 24.36% 0.19% 0.60% 1.99% 59.33% 0.00% 0.01% 1.16% 0.00% 

EU 0.22% 12.56% 0.26% 2.49% 0.45% 4.62% 11.94% 6.50% 0.08% 0.02% 53.65% 0.00% 

HHC 0.30% 23.04% 0.75% 3.28% 0.88% 4.07% 33.06% 8.54% 0.06% 0.02% 21.37% 0.00% 

HHNC 1.29% 10.56% 0.19% 6.44% 0.32% 2.73% 8.97% 16.58% 0.11% 0.01% 27.95% 21.20% 

RE 0.07% 9.33% 0.24% 19.28% 0.42% 2.36% 10.88% 47.69% 0.00% 0.02% 3.45% 0.00% 

EC 0.63% 22.49% 0.67% 5.24% 0.65% 4.16% 29.62% 13.55% 2.18% 0.01% 15.04% 1.87% 

FF 0.01% 15.88% 0.05% 19.75% 2.84% 2.58% 2.38% 48.78% 0.00% 0.04% 1.04% 0.00% 

HE/LN Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.07% 15.39% 1.23% 0.02% 8.73% 10.85% 52.10% 0.00% 0.01% 0.20% 4.41% 0.00% 

GW 0.05% 12.92% 0.16% 51.27% 2.83% 2.32% 7.34% 13.18% 0.42% 0.02% 2.78% 0.00% 

PS 0.10% 11.08% 0.17% 52.70% 0.47% 2.44% 7.91% 13.58% 0.05% 0.08% 4.41% 0.00% 

AC 0.12% 7.64% 0.11% 58.38% 0.49% 1.54% 5.11% 15.18% 0.01% 0.03% 2.99% 0.00% 

EU 0.23% 13.34% 0.28% 2.65% 0.47% 4.91% 12.68% 0.63% 0.09% 0.02% 56.69% 0.00% 

HHC 0.32% 24.92% 0.82% 3.56% 0.95% 4.42% 35.70% 0.85% 0.07% 0.02% 23.12% 0.00% 

HHNC 1.53% 12.46% 0.23% 7.61% 0.38% 3.23% 10.59% 1.82% 0.13% 0.01% 32.78% 24.92% 

RE 0.13% 17.64% 0.45% 35.78% 0.80% 4.53% 20.49% 8.97% 0.01% 0.04% 6.59% 0.00% 

EC 0.72% 25.58% 0.76% 6.00% 0.74% 4.76% 33.63% 1.43% 2.49% 0.02% 17.15% 2.15% 

FF 0.03% 30.32% 0.10% 37.43% 5.55% 5.04% 4.66% 9.40% 0.00% 0.07% 2.05% 0.00% 
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CE/CE Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.04% 10.15% 0.81% 0.01% 5.74% 8.42% 60.57% 0.07% 0.01% 0.13% 5.22% 0.00% 

GW 0.01% 2.94% 0.04% 12.41% 0.63% 0.61% 2.99% 68.06% 0.09% 0.00% 1.13% 0.00% 

PS 0.02% 2.44% 0.04% 12.45% 0.10% 0.63% 3.14% 68.26% 0.01% 0.02% 1.74% 0.00% 

AC 0.02% 1.55% 0.02% 12.86% 0.10% 0.37% 1.87% 70.27% 0.00% 0.01% 1.09% 0.00% 

EU 0.13% 7.52% 0.15% 1.48% 0.26% 3.25% 12.81% 9.04% 0.05% 0.01% 57.25% 0.00% 

HHC 0.19% 14.69% 0.47% 2.06% 0.55% 3.03% 37.26% 12.51% 0.04% 0.01% 24.16% 0.00% 

HHNC 0.83% 6.85% 0.12% 4.17% 0.21% 2.08% 10.44% 24.73% 0.07% 0.01% 32.35% 13.86% 

RE 0.04% 5.12% 0.13% 10.68% 0.23% 1.52% 10.74% 59.53% 0.00% 0.01% 3.41% 0.00% 

EC 0.40% 14.48% 0.42% 3.33% 0.41% 3.12% 33.74% 19.95% 1.38% 0.01% 17.21% 1.19% 

FF 0.01% 9.12% 0.03% 11.38% 1.61% 1.73% 2.44% 63.03% 0.00% 0.02% 1.07% 0.00% 

CE/LN Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.04% 10.16% 0.81% 0.01% 5.74% 8.43% 60.60% 0.02% 0.01% 0.13% 5.23% 0.00% 

GW 0.03% 7.36% 0.09% 30.22% 1.60% 1.55% 7.50% 42.44% 0.24% 0.01% 2.84% 0.00% 

PS 0.05% 6.16% 0.09% 30.46% 0.26% 1.59% 7.91% 42.77% 0.03% 0.04% 4.40% 0.00% 

AC 0.06% 4.12% 0.06% 33.08% 0.26% 0.98% 4.98% 46.34% 0.01% 0.01% 2.91% 0.00% 

EU 0.14% 8.09% 0.17% 1.59% 0.28% 3.49% 13.76% 2.29% 0.05% 0.01% 61.06% 0.00% 

HHC 0.21% 16.24% 0.52% 2.29% 0.61% 3.36% 41.00% 3.29% 0.04% 0.02% 26.66% 0.00% 

HHNC 1.04% 8.53% 0.16% 5.19% 0.26% 2.59% 12.98% 7.46% 0.09% 0.01% 39.78% 17.20% 

RE 0.08% 10.52% 0.27% 21.67% 0.47% 3.15% 21.80% 30.66% 0.00% 0.02% 7.03% 0.00% 

EC 0.48% 17.13% 0.50% 3.96% 0.49% 3.71% 39.63% 5.69% 1.64% 0.01% 20.34% 1.41% 

FF 0.02% 19.97% 0.06% 24.78% 3.59% 3.85% 5.44% 34.96% 0.00% 0.05% 2.39% 0.00% 
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Table E25. Sensitivity factors for product E under each scenario (red cells indicate sensitive parameters). 

HE/HE Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.00% 15.39% 1.23% 0.02% 8.74% 10.85% 52.11% 0.05% 0.01% 0.20% 4.42% 0.00% 

GW 0.00% 5.54% 0.07% 23.03% 1.20% 0.98% 3.13% 56.32% 0.18% 0.01% 1.18% 0.00% 

PS 0.00% 4.66% 0.07% 23.32% 0.20% 1.01% 3.32% 56.98% 0.02% 0.03% 1.84% 0.00% 

AC 0.00% 2.99% 0.04% 24.37% 0.19% 0.60% 2.00% 59.36% 0.00% 0.01% 1.16% 0.00% 

EU 0.01% 12.59% 0.26% 2.50% 0.45% 4.63% 11.96% 6.52% 0.08% 0.02% 53.76% 0.00% 

HHC 0.01% 23.10% 0.75% 3.29% 0.88% 4.09% 33.15% 8.57% 0.06% 0.02% 21.43% 0.00% 

HHNC 0.08% 13.51% 0.25% 8.26% 0.41% 3.50% 11.48% 21.15% 0.14% 0.01% 35.41% 1.33% 

RE 0.00% 9.34% 0.24% 19.29% 0.42% 2.37% 10.88% 47.72% 0.00% 0.02% 3.46% 0.00% 

EC 0.03% 23.01% 0.68% 5.37% 0.66% 4.26% 30.30% 13.88% 2.23% 0.01% 15.40% 0.09% 

FF 0.00% 15.89% 0.05% 19.75% 2.84% 2.58% 2.38% 48.79% 0.00% 0.04% 1.04% 0.00% 

HE/LN Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.00% 15.40% 1.23% 0.02% 8.74% 10.86% 52.13% 0.00% 0.01% 0.20% 4.42% 0.00% 

GW 0.00% 12.93% 0.16% 51.30% 2.83% 2.32% 7.34% 13.18% 0.42% 0.02% 2.78% 0.00% 

PS 0.00% 11.09% 0.17% 52.70% 0.47% 2.44% 7.92% 13.59% 0.05% 0.08% 4.41% 0.00% 

AC 0.01% 7.65% 0.11% 58.40% 0.49% 1.55% 5.12% 15.20% 0.01% 0.03% 2.99% 0.00% 

EU 0.01% 13.37% 0.28% 2.66% 0.47% 4.92% 12.71% 0.63% 0.09% 0.02% 56.80% 0.00% 

HHC 0.02% 24.99% 0.82% 3.58% 0.96% 4.44% 35.80% 0.85% 0.07% 0.02% 23.19% 0.00% 

HHNC 0.10% 16.80% 0.31% 10.30% 0.51% 4.38% 14.29% 2.48% 0.18% 0.01% 43.54% 1.67% 

RE 0.01% 17.66% 0.45% 35.80% 0.80% 4.53% 20.52% 8.98% 0.01% 0.04% 6.60% 0.00% 

EC 0.03% 26.27% 0.79% 6.16% 0.76% 4.89% 34.52% 1.47% 2.56% 0.02% 17.62% 0.10% 

FF 0.00% 30.33% 0.10% 37.40% 5.55% 5.05% 4.66% 9.41% 0.00% 0.07% 2.05% 0.00% 
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CE/CE Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.00% 10.16% 0.81% 0.01% 5.74% 8.42% 60.59% 0.07% 0.01% 0.13% 5.22% 0.00% 

GW 0.00% 2.94% 0.04% 12.41% 0.63% 0.61% 2.99% 68.07% 0.09% 0.00% 1.13% 0.00% 

PS 0.00% 2.44% 0.04% 12.45% 0.10% 0.63% 3.14% 68.27% 0.01% 0.02% 1.74% 0.00% 

AC 0.00% 1.55% 0.02% 12.87% 0.10% 0.37% 1.87% 70.29% 0.00% 0.01% 1.09% 0.00% 

EU 0.01% 7.53% 0.15% 1.48% 0.26% 3.25% 12.83% 9.05% 0.05% 0.01% 57.31% 0.00% 

HHC 0.01% 14.72% 0.47% 2.07% 0.55% 3.03% 37.32% 12.53% 0.04% 0.01% 24.20% 0.00% 

HHNC 0.05% 7.98% 0.15% 4.86% 0.24% 2.43% 12.16% 28.65% 0.08% 0.01% 37.38% 0.78% 

RE 0.00% 5.12% 0.13% 10.68% 0.23% 1.53% 10.74% 59.54% 0.00% 0.01% 3.41% 0.00% 

EC 0.02% 14.69% 0.43% 3.38% 0.42% 3.17% 34.22% 20.25% 1.40% 0.01% 17.46% 0.06% 

FF 0.00% 9.12% 0.03% 11.38% 1.61% 1.73% 2.44% 63.03% 0.00% 0.02% 1.07% 0.00% 

CE/LN Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.00% 10.16% 0.81% 0.01% 5.74% 8.43% 60.62% 0.02% 0.01% 0.13% 5.23% 0.00% 

GW 0.00% 7.36% 0.09% 30.23% 1.60% 1.55% 7.50% 42.45% 0.24% 0.01% 2.84% 0.00% 

PS 0.00% 6.16% 0.09% 30.48% 0.26% 1.59% 7.91% 42.79% 0.03% 0.04% 4.41% 0.00% 

AC 0.00% 4.13% 0.06% 33.10% 0.26% 0.98% 4.98% 46.37% 0.01% 0.01% 2.91% 0.00% 

EU 0.01% 8.10% 0.17% 1.60% 0.28% 3.50% 13.78% 2.30% 0.05% 0.01% 61.14% 0.00% 

HHC 0.01% 16.27% 0.52% 2.29% 0.61% 3.36% 41.07% 3.30% 0.04% 0.02% 26.71% 0.00% 

HHNC 0.06% 10.36% 0.19% 6.32% 0.31% 3.16% 15.73% 9.06% 0.11% 0.01% 47.65% 1.02% 

RE 0.00% 10.53% 0.27% 21.69% 0.47% 3.16% 21.81% 30.68% 0.00% 0.02% 7.03% 0.00% 

EC 0.02% 17.43% 0.51% 4.03% 0.50% 3.78% 40.30% 5.79% 1.67% 0.01% 20.70% 0.07% 

FF 0.00% 19.97% 0.06% 24.78% 3.59% 3.85% 5.44% 34.97% 0.00% 0.05% 2.39% 0.00% 
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Table E26. Sensitivity factors for product A under each scenario (red cells indicate sensitive parameters). 

HE/HE Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.02% 15.39% 1.23% 0.02% 8.73% 10.85% 52.10% 0.05% 0.01% 0.20% 4.41% 0.00% 

GW 0.01% 5.54% 0.07% 23.03% 1.20% 0.98% 3.13% 56.32% 0.18% 0.01% 1.18% 0.00% 

PS 0.02% 4.66% 0.07% 23.32% 0.20% 1.01% 3.32% 56.97% 0.02% 0.03% 1.84% 0.00% 

AC 0.02% 2.99% 0.04% 24.37% 0.19% 0.60% 1.99% 59.35% 0.00% 0.01% 1.16% 0.00% 

EU 0.10% 12.58% 0.26% 2.50% 0.45% 4.62% 11.95% 6.51% 0.08% 0.02% 53.71% 0.00% 

HHC 0.14% 23.07% 0.75% 3.29% 0.88% 4.08% 33.11% 8.56% 0.06% 0.02% 21.40% 0.00% 

HHNC 0.63% 11.33% 0.21% 6.91% 0.34% 2.93% 9.62% 17.77% 0.12% 0.01% 29.90% 16.54% 

RE 0.03% 9.34% 0.24% 19.29% 0.42% 2.37% 10.88% 47.71% 0.00% 0.02% 3.45% 0.00% 

EC 0.29% 22.67% 0.67% 5.29% 0.65% 4.20% 29.87% 13.67% 2.19% 0.01% 15.17% 1.36% 

FF 0.00% 15.89% 0.05% 19.75% 2.84% 2.58% 2.38% 48.78% 0.00% 0.04% 1.04% 0.00% 

HE/LN Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.02% 15.39% 1.23% 0.02% 8.74% 10.85% 52.12% 0.00% 0.01% 0.20% 4.42% 0.00% 

GW 0.02% 12.93% 0.16% 51.28% 2.83% 2.32% 7.34% 13.18% 0.42% 0.02% 2.78% 0.00% 

PS 0.04% 11.08% 0.17% 52.73% 0.47% 2.44% 7.92% 13.58% 0.05% 0.08% 4.41% 0.00% 

AC 0.05% 7.65% 0.11% 58.42% 0.49% 1.54% 5.12% 15.19% 0.01% 0.03% 2.99% 0.00% 

EU 0.11% 13.36% 0.28% 2.66% 0.47% 4.92% 12.69% 0.63% 0.09% 0.02% 56.75% 0.00% 

HHC 0.15% 24.96% 0.82% 3.57% 0.96% 4.43% 35.76% 0.85% 0.07% 0.02% 23.16% 0.00% 

HHNC 0.76% 13.55% 0.25% 8.28% 0.41% 3.51% 11.51% 1.99% 0.14% 0.01% 35.49% 19.74% 

RE 0.06% 17.65% 0.45% 35.81% 0.80% 4.53% 20.51% 8.97% 0.01% 0.04% 6.60% 0.00% 

EC 0.33% 25.83% 0.77% 6.06% 0.75% 4.81% 33.95% 1.45% 2.51% 0.02% 17.32% 1.56% 

FF 0.01% 30.33% 0.10% 37.44% 5.55% 5.04% 4.66% 9.41% 0.00% 0.07% 2.05% 0.00% 
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CE/CE Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.01% 10.16% 0.81% 0.01% 5.74% 8.42% 60.58% 0.07% 0.01% 0.13% 5.22% 0.00% 

GW 0.00% 2.94% 0.04% 12.41% 0.63% 0.61% 2.99% 68.07% 0.09% 0.00% 1.13% 0.00% 

PS 0.01% 2.44% 0.04% 12.45% 0.10% 0.63% 3.14% 68.27% 0.01% 0.02% 1.74% 0.00% 

AC 0.01% 1.55% 0.02% 12.87% 0.10% 0.37% 1.87% 70.28% 0.00% 0.01% 1.09% 0.00% 

EU 0.06% 7.53% 0.15% 1.48% 0.26% 3.25% 12.82% 9.04% 0.05% 0.01% 57.28% 0.00% 

HHC 0.09% 14.71% 0.47% 2.07% 0.55% 3.03% 37.30% 12.52% 0.04% 0.01% 24.18% 0.00% 

HHNC 0.40% 7.17% 0.13% 4.36% 0.22% 2.17% 10.92% 25.82% 0.08% 0.01% 33.76% 10.50% 

RE 0.02% 5.12% 0.13% 10.68% 0.23% 1.52% 10.74% 59.54% 0.00% 0.01% 3.41% 0.00% 

EC 0.18% 14.55% 0.43% 3.35% 0.41% 3.14% 33.91% 20.06% 1.39% 0.01% 17.30% 0.86% 

FF 0.00% 9.12% 0.03% 11.38% 1.61% 1.73% 2.44% 63.03% 0.00% 0.02% 1.07% 0.00% 

CE/LN Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 0.01% 10.16% 0.81% 0.01% 5.74% 8.43% 60.61% 0.02% 0.01% 0.13% 5.23% 0.00% 

GW 0.01% 7.36% 0.09% 30.23% 1.60% 1.55% 7.50% 42.45% 0.24% 0.01% 2.84% 0.00% 

PS 0.02% 6.16% 0.09% 30.47% 0.26% 1.59% 7.91% 42.78% 0.03% 0.04% 4.41% 0.00% 

AC 0.03% 4.13% 0.06% 33.09% 0.26% 0.98% 4.98% 46.36% 0.01% 0.01% 2.91% 0.00% 

EU 0.06% 8.09% 0.17% 1.59% 0.28% 3.49% 13.77% 2.30% 0.05% 0.01% 61.10% 0.00% 

HHC 0.09% 16.26% 0.52% 2.29% 0.61% 3.36% 41.04% 3.30% 0.04% 0.02% 26.69% 0.00% 

HHNC 0.50% 9.02% 0.17% 5.50% 0.27% 2.75% 13.72% 7.89% 0.10% 0.01% 41.92% 13.21% 

RE 0.03% 10.52% 0.27% 21.68% 0.47% 3.16% 21.81% 30.67% 0.00% 0.02% 7.03% 0.00% 

EC 0.22% 17.24% 0.51% 3.99% 0.49% 3.74% 39.87% 5.73% 1.65% 0.01% 20.47% 1.02% 

FF 0.01% 19.97% 0.06% 24.78% 3.59% 3.85% 5.44% 34.97% 0.00% 0.05% 2.39% 0.00% 
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Table E27. Sensitivity factors for product C under each scenario (red cells indicate sensitive parameters). 

 HE/HE Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 6.89% 14.35% 1.15% 0.02% 8.14% 10.11% 48.83% 0.04% 0.01% 0.18% 4.11% 0.00% 

GW 2.65% 5.40% 0.07% 22.45% 1.17% 0.96% 3.05% 54.99% 0.17% 0.01% 1.15% 0.00% 

PS 5.98% 4.38% 0.07% 21.97% 0.18% 0.95% 3.12% 53.90% 0.02% 0.03% 1.73% 0.00% 

AC 7.15% 2.77% 0.04% 22.69% 0.18% 0.56% 1.85% 55.53% 0.00% 0.01% 1.08% 0.00% 

EU 26.26% 9.16% 0.19% 1.81% 0.32% 3.35% 8.70% 4.73% 0.06% 0.01% 40.05% 0.00% 

HHC 32.21% 15.39% 0.49% 2.17% 0.58% 2.69% 22.25% 5.65% 0.04% 0.01% 14.26% 0.00% 

HHNC 8.10% 0.39% 0.01% 0.24% 0.01% 0.10% 0.33% 0.62% 0.00% 0.00% 1.07% 75.54% 

RE 10.13% 8.39% 0.21% 17.37% 0.37% 2.12% 9.78% 43.21% 0.00% 0.02% 3.10% 0.00% 

EC 25.26% 5.58% 0.16% 1.27% 0.16% 1.00% 7.44% 3.32% 0.52% 0.00% 3.69% 45.48% 

FF 1.77% 15.61% 0.05% 19.41% 2.79% 2.53% 2.34% 48.00% 0.00% 0.04% 1.02% 0.00% 

HE/LN Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 6.89% 14.35% 1.15% 0.02% 8.14% 10.11% 48.85% 0.00% 0.01% 0.18% 4.11% 0.00% 

GW 6.01% 12.16% 0.15% 48.47% 2.66% 2.18% 6.90% 12.40% 0.40% 0.02% 2.62% 0.00% 

PS 13.10% 9.62% 0.15% 46.31% 0.41% 2.11% 6.87% 11.80% 0.04% 0.07% 3.82% 0.00% 

AC 16.25% 6.38% 0.09% 49.60% 0.41% 1.29% 4.27% 12.71% 0.01% 0.02% 2.49% 0.00% 

EU 27.39% 9.57% 0.20% 1.89% 0.34% 3.51% 9.09% 0.45% 0.06% 0.01% 41.72% 0.00% 

HHC 33.86% 16.21% 0.52% 2.28% 0.61% 2.83% 23.41% 0.54% 0.04% 0.02% 15.02% 0.00% 

HHNC 8.15% 0.39% 0.01% 0.24% 0.01% 0.10% 0.33% 0.06% 0.00% 0.00% 1.08% 75.91% 

RE 17.52% 14.55% 0.37% 29.71% 0.65% 3.71% 16.92% 7.37% 0.01% 0.03% 5.42% 0.00% 

EC 26.01% 5.75% 0.17% 1.31% 0.16% 1.04% 7.67% 0.31% 0.54% 0.00% 3.81% 46.77% 

FF 3.42% 29.35% 0.10% 36.25% 5.36% 4.87% 4.50% 9.09% 0.00% 0.07% 1.98% 0.00% 



 

  

4
5
3
 

CE/CE Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 4.63% 9.69% 0.77% 0.01% 5.48% 8.04% 58.09% 0.07% 0.01% 0.12% 4.98% 0.00% 

GW 1.42% 2.90% 0.03% 12.24% 0.62% 0.60% 2.95% 67.23% 0.09% 0.00% 1.11% 0.00% 

PS 3.23% 2.36% 0.04% 12.05% 0.10% 0.61% 3.04% 66.35% 0.01% 0.02% 1.69% 0.00% 

AC 3.84% 1.49% 0.02% 12.38% 0.09% 0.35% 1.79% 67.94% 0.00% 0.00% 1.05% 0.00% 

EU 17.85% 6.16% 0.13% 1.21% 0.22% 2.65% 10.51% 7.40% 0.04% 0.01% 47.72% 0.00% 

HHC 23.57% 11.16% 0.36% 1.56% 0.42% 2.29% 28.62% 9.49% 0.03% 0.01% 18.44% 0.00% 

HHNC 7.94% 0.38% 0.01% 0.23% 0.01% 0.12% 0.59% 1.43% 0.00% 0.00% 1.90% 74.28% 

RE 5.83% 4.82% 0.12% 10.06% 0.21% 1.44% 10.12% 56.43% 0.00% 0.01% 3.21% 0.00% 

EC 22.32% 4.91% 0.14% 1.11% 0.14% 1.04% 11.74% 6.81% 0.46% 0.00% 5.85% 40.38% 

FF 1.01% 9.03% 0.03% 11.27% 1.59% 1.71% 2.42% 62.47% 0.00% 0.02% 1.06% 0.00% 

CE/LN Ag/nAg 
PET for 

t-shirt 

Water for 

t-shirt  

Electricity 

for t-shirt 

Natural gas 

for t-shirt 

Detergent 

for laundry 

Water for 

laundry 

Electricity 

for laundry 

Waste 

PET 

Textile 

landfill 
WWTP Release 

OD 4.63% 9.70% 0.77% 0.01% 5.48% 8.04% 58.12% 0.02% 0.01% 0.12% 4.99% 0.00% 

GW 3.49% 7.11% 0.09% 29.23% 1.54% 1.49% 7.24% 41.08% 0.23% 0.01% 2.74% 0.00% 

PS 7.76% 5.68% 0.09% 28.21% 0.24% 1.47% 7.30% 39.69% 0.03% 0.04% 4.06% 0.00% 

AC 9.57% 3.73% 0.05% 30.06% 0.24% 0.88% 4.50% 42.23% 0.01% 0.01% 2.63% 0.00% 

EU 18.90% 6.53% 0.13% 1.28% 0.23% 2.81% 11.13% 1.85% 0.04% 0.01% 50.34% 0.00% 

HHC 25.36% 12.03% 0.38% 1.68% 0.45% 2.47% 30.78% 2.42% 0.03% 0.01% 19.86% 0.00% 

HHNC 8.03% 0.39% 0.01% 0.23% 0.01% 0.12% 0.60% 0.34% 0.00% 0.00% 1.93% 74.98% 

RE 11.27% 9.34% 0.24% 19.28% 0.42% 2.80% 19.40% 27.34% 0.00% 0.02% 6.23% 0.00% 

EC 23.51% 5.18% 0.15% 1.18% 0.14% 1.10% 12.39% 1.69% 0.49% 0.00% 6.18% 42.44% 

FF 2.23% 19.54% 0.06% 24.25% 3.51% 3.77% 5.32% 34.24% 0.00% 0.05% 2.34% 0.00% 
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Abstract 

Nanoscale silver is widely utilized in consumer products due to its antimicrobial nature. 

This widespread application has the potential to be both environmentally beneficial and 

detrimental, depending on how the silver is incorporated and utilized within the products. This 

work reviews current life cycle assessment literature of nanosilver enabled consumer products, 

and ultimately divides the products into three categories of potential environmental benefits, 

including representative products examples. These include “human behavioral benefits”, 

“passive benefits”, and “replacement benefits”. In the “human behavioral benefits” category, 

there is an additional environmental impact due to nano-enabling the products, and any 

reductions in environmental impact will occur as a result of changes in human behavior which is 

represented by textiles. Products in the “passive benefits” category will not reduce the 

environmental impact of the product itself, but will have other environmental benefits, such as 

nanosilver food storage containers reducing food losses and thus the environmental impact of 

food production. In products where the silver replaces another component, “replacement 

benefits”, such as nanosilver replacing ointment for bandages, the potential shift in 

environmental impacts requires comparing the impact of the silver to what it is replacing. 

Through the creation of different categories of nanosilver enabled products and their potential 

environmental impacts, guidance is provided as to where potential environmental benefits may 

occur in the life cycle of these products. 
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1. Introduction 

Silver has been utilized since antiquity due to its antimicrobial efficacy [1–3]. The 

antimicrobial effects present at the bulk scale have been found to be enhanced at the nanoscale, 

where at least one dimension of the silver is <100 nm [4]. Nanoscale silver (nAg) is commonly 

utilized in consumer products, and its global production is only anticipated to increase (Figure 

F1). 

 

Figure F1. Estimated global nAg production forecasts [5–13]  

 

Figure F1 presents different estimates and future forecasts of global nAg production 

volumes. Although the estimates have varied somewhat, and future forecasts are presented 

through both optimistic and skeptical lenses, nAg production is indicated to increase. In part this 

is due to the use of nAg is various consumer products, largely due to its antimicrobial nature [14, 

15]. Figure F2 presents data from the Nanotechnology Products Database as to the current uses 

of nAg and relative market share [16]. 
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Figure F2. Number of nAg products per industry and their relative share of the market [16] 

 

The application of nAg in products is largely attributed to its antimicrobial 

characteristics. Medical applications, which comprise the largest category of products in the 

database, include nAg enabled bandages, catheters, and creams among others [17]. Many of the 

medical applications have been on the market for a decade or more and their efficacy is well 

proven [18–23]. Textiles, comprising the second largest product group in the database, have been 

widely advertised as “anti-stink gear”, on the premise that sweat does not smell, but the bacteria 

living on the wearer's skin is what causes him or her to smell after sweating. nAg has been 

incorporated into wearable textiles such as socks, shirts, and underwear, and other textiles, such 

as baby blankets and bed sheets [14, 15, 24–30], although the efficacy of many of the textile 
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applications is still subject to debate [31–33]. Food storage containers, where the edible lifetime 

of the food is prolonged due to the addition of nAg have been studied, although their efficacy is 

also still subject to debate [34–48]. nAg has also been incorporated into other consumer 

products, such as cosmetics and home appliances, although these areas have been less well 

studied and environmental impact data is not widely available. 

The environmental impact of nAg enabled consumer products has been analyzed 

previously using life cycle assessment (LCA) [14, 15, 24, 25, 34–36, 49–52]. LCA is a tool for 

evaluating the environmental impacts of products and processes in a systematic framework. The 

goal of this work is to review the previously completed nAg LCA work on consumer products, 

and to generate categories or groupings based on the portions of the life cycle of the products 

that will provide potential environmental savings as a function of nano-enabling. This will 

inform the discussion of nAg enabled products overall from an environmental standpoint, 

particularly with respect to where potential environmental benefits may be realized. 

 

2. Methods/materials 

Studies were selected from the published body of literature with respect to the LCA of 

nAg enabled consumer products based on multiple criteria. The criteria were based on the goal of 

this work to understand the potential environmental benefits of these products, compared to their 

conventional counterparts, across multiple life cycle stages. First, only studies using process 

based LCA were considered. Thus, studies that utilized Economic Input Output LCA (EIO-LCA) 

were excluded, due to the aggregated nature of the information provided. Meyer et al. may be 

given as an example study that considered EIO-LCA [50]. Although it was pioneering at its time 

of publication, the level of detail is fairly low due to the method utilized. Second, only studies 
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considering at least three stages of the entire life cycle of the product were considered. Although 

there are excellent studies that focus on the cradle to gate aspect of the products' lifecycles [51], a 

major goal of this work is to analyze the impacts across the entire lifecycle of the nAg enabled 

product. And finally, each study considered needed to include at least one environmental impact 

category in order to provide an environmental assessment. 

The literature meeting the criteria are summarized in Table F1, and then expanded upon 

in the following sections. The products are then classified based on the commonalties within 

their lifecycles and environmental impacts, to inform a multiple category system. The categories 

are then used to suggest where the potential for environmental benefits may exist due to the 

usage of nAg enabled consumer products. 

 

Table F1. Summary of cradle to grave studies considered. 

Product  Impact Categories Considered  Reference  

T-shirts (types: conventional, four nAg 

syntheses, and Triclosan, materials: 

polyester) 

Global warming, freshwater and 

seawater aquatic toxicity  
[24] 

T-shirts (types: conventional and nAg, 

materials: polyester and cotton) 

TRACI categories (v 2.1, nine 

categories)  
[15] 

T-shirts (types: conventional, nAg, and 

Triclosan, materials: bio-based man-made 

cellulose fibers) 

ReCiPe (v 1.05), IPCC 2007, and 

freshwater and seawater aquatic 

toxicity [24] 

[25] 

Hospital gowns (types: conventional and 

nAg, materials: cotton–polyester blend) 

TRACI categories (nine categories for 

nAg only) and CED (for hospital 

gowns) 

[52] 

T-shirts (types: conventional, and three nAg 

loadings, materials: polyester) 

TRACI categories (v 2.1, nine 

categories) 
[14] 

Bandages (types: nAg)  TRACI (v 2., nine categories) [49] 

Food storage container (types: conventional 

and micron Ag, short lifetime) 

TRACI categories (v 2.1, nine 

categories) 
[34] 

Food storage container (types: conventional 

and nAg) 

TRACI categories (v 2.1, nine 

categories) 
[35] 
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3. Results and discussion 

LCA literature analyzing the environmental impacts of nAg enabled consumer products 

is summarized in Table F1. The studies were selected as described in the methods section. 

Textiles, and T-shirts in particular, have been the most studied consumer products, with five 

different LCA studies produced. For the medical category, one study investigating nAg enabled 

bandages was found. For the food storage containers, two studies were found that employed 

LCA over multiple environmental impact categories. As Eckelman and Graedel stated, with the 

increasing use of silver mainly in textiles, plastics and medical industries may change the 

environmental impacts resulting from the life cycle of silver itself, which also supports the 

outline of considered studies in this work [53]. 

 

3.1. Textiles 

The purpose of clothing in the utilitarian sense is to protect the wearer from the elements 

[54], and to conceal portions of the body which society has deemed necessary [55]. Nano-

enabling textiles in general does not enhance or provide new functionality to this purpose, 

although it may serve to shift the environmental impact of textiles and prevent textiles from 

transmitting infections [15, 52]. 

The nAg content and attachment methods of antimicrobial textiles vary significantly and 

influence the overall environmental impact. Many studies have sought to quantify initial nAg 

content along with losses during the lifetime as a function of laundering [26–30], while others 

have sought to determine the efficacy of nAg enabled textiles [31–33]. 

A comparatively smaller number of studies, as presented in Table F1, have utilized LCA 

to elucidate the environmental impacts of nAg enabling these textiles along with their potential 



 

 

464 

 

benefits. Walser et al. analyzed polyester T-shirts coated with both Triclosan and nAg in order to 

make them antimicrobial, utilizing environmental impacts categories of global warming potential 

and both fresh and saltwater eco toxicity [24]. The authors found the environmental impacts with 

respect to greenhouse gas emissions vary as a function of how the nAg was produced, with some 

of the methods producing a similar impact to both the conventional and Tricolsan enabled T-

shirts, while others had environmental impacts two orders of magnitude greater. When the 

freshwater eco toxicity was considered during the use and disposal phases, the Triclosan had a 

lower environmental impact, however, when seawater eco toxicity was considered the nAg had a 

greater environmental impact. Walser et al. also suggested that the use phase is critical to 

consider when looking to reduce the environmental impact of textiles, particularly with respect to 

frequency of launderings which may (but not necessarily) will be influenced by the penetration 

of nAg textiles into the market, and corresponding shifts in human laundering behaviors [24]. 

Manda et al. investigated nAg and Triclosan enabled T-shirts, in particular focusing on the 

difference in environmental impact of coating the nAg onto the fibers prior to them being 

incorporated into the garment [25]. Multiple environmental impact categories were considered, 

along with difference in the frequency of wearings prior to laundering as a function of the 

antimicrobial coating employed. While the conventional textile was assumed to have a lifetime 

of 100 wearings and 50 launderings, the antimicrobial shirts were assumed to be laundered 

between 30 and 46 times during their lifetime. This led to the observation of a reduction in the 

environmental impact of the antimicrobial shirts, in part due to reduced frequency of laundering, 

due to a shift in human behavior. 

Hicks et al. [15] and Hicks and Theis [14] analyzed the environmental impact of nAg 

enabled textiles utilizing a suite of nine environmental impact categories across the life cycle. 
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Hicks et al. modeled both conventional cotton and polyester textiles and their nAg enabled 

counterparts, along with high efficiency and conventionally efficient laundering scenarios [15]. 

They found that for many of the impact categories the majority of the impact was due to the 

production of the textile itself (not the added nAg) or the laundering (when a conventionally 

efficient washer and dryer pairing was used). In the eco-toxicity category, the release of the nAg 

(modeled as ionic silver) was found to be significant with respect to environmental impact. Hicks 

and Theis analyzed three commercially available polyester textiles with different initial silver 

concentrations compared to a conventional polyester textiles [14]. One often touted benefit of 

nAg enabled textiles is the potential to launder them less frequently. The authors found using 

environmental payback period that for some of the impact categories (such as global warming) it 

would be possible to reduce the frequency of launderings enough to compensate for the 

additional environmental impact of the added silver, however, for other impact categories such 

as eco-toxicity it may be impossible, particularly when the silver loading of the textile is very 

high. Which suggests as did Walser et al. that human behavior and laundering may play the 

greatest role in changing the environmental impact of textiles, regardless of whether they are 

nAg enabled [24]. 

Hicks et al. compared the environmental costs of reusable nAg enabled hospital gowns to 

single use disposable gowns with a life cycle assessment perspective [52]. The lifetime of 

reusable gowns was assumed as 75 launderings, while single use gowns were assumed to be 

disposed immediately. They found that at wear 12, the environmental impact of nAg and 

disposable gowns become equal, and after this point reusable gown becomes less 

environmentally impactful option than its disposable alternative. It should be noted that different 

nAg synthesis methods may change these results significantly. In Benn et al., it is indicated that 
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using nAg containing products may have negative impacts on human and environmental health 

[56]. Also, Benn et al. suggested that consumers need to weigh the potential consequences 

against the benefits of using these products in order to scheme their behaviors [56], which is a 

similar statement as given by Walser et al. [24] and Hicks et al. [57, 58]. 

 

3.2. Medical applications 

The purpose of bandages in general is to promote wound healing [59]. Nano-enabling 

bandages and dressings with silver provides novel functionality compared to conventional 

dressings in that the wounds heal more quickly and the dressings need to be changed less 

frequently. Beyond that, nAg enabled dressings have been found to cause less pain during 

dressing changes in burn victims [19]. The addition of nAg to these bandages makes them 

superior in performance to their conventional counterparts. The avoidance of more frequent 

bandage changes, a longer duration of bandage usage, and the usage of antimicrobial treatments 

has the potential to shift the environmental impact of treating wounds through the usage of these 

products. 

Medical applications of nAg are arguably one of the most critical utilizations of the 

antimicrobial properties of nAg. This includes dental instruments, coating contact lenses, 

endodontic fillings, bandages and wound care, cardiovascular implants, catheters, bone cement 

and other implants, and for the general treatment and diagnoses of disease [17]. These are 

applications where infection control is critical, whereas in some of the other nAg enabled 

products, such as shirts, it is merely an attractive feature. Although some overlap does exist 

between medical applications and textiles, such as in the instances of nAg enabled hospital 

gowns [52] and curtains [60], the major goal of using nAg in a medical context is to reduce 
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infection, and it has been hailed in the popular media as a potential ‘silver bullet’ for the 

prevention of nosocomial infections [61, 62]. Hospital acquired infections have been associated 

with increases in the cost of treatment and prolonged stay durations [63, 64], making this a 

critical area of research. 

Although there are many applications and current uses of nAg enabled products in a 

medical setting, there is relatively little life cycle environmental impact data available. Although 

there is a great deal of literature on the current or anticipated efficacy of these products [18, 65–

80], to date only one study was found that fits within the literature selection criteria. Pourzahedi 

and Eckelman applied LCA to nAg enabled bandages, analyzing the impacts from cradle to gate 

and then the disposal phase (omitting the use phase) [49]. The authors found that although the 

nAg comprises 6% of the mass of the bandage, for the raw materials and manufacturing that the 

nAg is responsible for between 40% and 90% of the environmental impact. With respect to 

disposal, in this instance incineration, for impact categories such as eco toxicity the silver and its 

eventual release critically influences the environmental impact. However, for both global 

warming and eco toxicity impacts, the contribution of end of life stage is lower than the raw 

materials and manufacturing stages. As Pourzahedi and Eckelman make note in their study, it is 

relevant to compare the use of nAg enabled bandages to their conventional counterparts, such as 

a bandage coupled with an ointment, to better understand the relative tradeoffs. This is 

representative of the use of silver enabling a replacement of a part or a whole of a conventionally 

utilized product. 
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3.3. Food storage containers 

The purpose of food storage containers is to enhance resource sustainability through the 

preservation of food [81]. Silver has been utilized since antiquity history to preserve liquids, in 

the form of silver lined storage vessels and silver coins [82]. Nano-enabling food storage 

containers with silver has the potential to increase the edible lifetime of food through augmented 

preservation due to the antimicrobial characteristic of nAg. The addition of nAg marginally 

changes the environmental impact of the food storage container itself, however, it has the 

potential to avoid food losses at the consumer level due to spoilage and thus decrease the need 

for replacement food and its associated environmental impact. 

nAg enabled food storage containers have the potential to reduce food spoilage and losses 

through their antimicrobial nature. Literature has presented a fairly mixed view with respect to 

the efficacy of these containers, as a function of the quantity of silver used, the food type stored, 

and the application of the silver [37–48]. For instance, Cushen et al. compiled a detailed list of 

nanotechnology examples from food industry along with used nanocomponents (i.e. Ag, ZnO, 

Silica) and their functions (i.e. antimicrobial, anti-UV, inhibition of polymerization) [83]. 

Westerband and Hicks presented a review of current silver food packaging efficacy studies [36]. 

Despite the fact that the nAg are permanently embedded in the food containers/ packaging, many 

studies have found migration of silver (either nano or ionic forms) from food 

containers/packaging to the food and ultimately to receiving water bodies [76, 83–86] which may 

be a matter of concern for both the environment and public health. 

Bi et al. studied both the efficacy and life cycle environmental impacts for a silver 

enabled (at the micro scale) food storage container compared to its conventional counterpart (a 

multiuse plastic food storage container) [34]. From an environmental impact perspective, the 
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contribution of the silver was fairly small compared to the use (washing) phase, in particular due 

to the low content of silver found in the container. With respect to the efficacy, based on 

Escherichia coli (E.coli) inhibition, the silver enabled container was not any better than the 

conventional container, suggesting that the studied container would not prolong the lifetime of 

food stored in it, and thus would be unable to compensate for the additional environmental 

impact of the silver enabling it. Westerband and Hicks found that the additional environmental 

impact of adding the nAg to the food storage containers was a very small percentage of the total 

cradle to grave environmental impact, with the use phase being the most significant [35]. 

Westerband and Hicks also compared the additional environmental cost of nano-enabling the 

food storage containers to their potential food savings benefits, finding that if the containers are 

effective at prolonging the lifetime of the stored food, then the additional capital environmental 

impact would be worth it [36]. This varies as a function of the type of food storage (i.e. meat 

versus vegetables) and its corresponding environmental impact, and it predicated on the 

effectiveness of the antimicrobial characteristics of the container. This suggests that any potential 

environmental benefits that will occur with the use of nAg enabled food storage containers will 

occur outside of the strict life cycle of the storage containers themselves, if the boundaries are 

drawn for only the storage container. However, if the system and boundaries were to be 

expanded, such as including the environmental impacts of the production of the stored food, then 

the benefits could be realized within the system life cycle. 

 

3.4. Grouping potential environmental impacts and benefits 

Adding nAg to consumer products to generate nano-enabled products has the potential to 

both increase and decrease environmental impacts, along with bestowing benefits not found in 
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the conventional products. For instance, due to their antibacterial properties, enabling nAg into 

conventional textile products helps to prevent bacterial activity on the skin thus inhibit odors 

[87]. Another example may be given from medical industry, where nAg enabled bandages not 

only eliminate the consumption of antibacterial ointment but also shorten recovery times 

compared to conventional bandages [51]. Further, compared to conventional food storage 

containers, nAg enabled containers help to extend the lifetime of the stored food which reduces 

food losses [35, 36]. Gilbertson et al. listed the primary life cycle impact indicators for nAg 

enabled consumer products and stated that the raw materials and manufacturing phases 

contribute significantly to global warming potential, fossil fuel depletion and mineral resource 

depletion, while use and end of life phases contribute on terrestrial, freshwater and marine eco 

toxicity and non-carcinogenics [88]. The human toxicity category is indicated as a concern for all 

four phases [88]. Added benefits and impacts of nano-enabled textiles, bandages and food 

storage containers along with break-even points are included in Table F2. There is also the 

potential based on the quantity of nAg added to these products for no environmental benefits to 

be realized. The authors also recognize the limited nature of the categories suggested here, due to 

existing gaps in the breadth of LCA studies on nAg enabled consumer products. And that if 

future nAg enabled consumer product studies become available that there is the potential to 

increase the number of categories. 
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Table F2. Added environmental benefits and impacts of nano-enabled products with break-even 

points. 

 Added Benefits Added Impacts Break-even points 

Textiles  

(Human 

behavioral 

benefits)  

Potential to 

launder less 

frequently 

Producing nAg and its 

release to environment 

When the human behavioral 

benefits compensate the added 

impacts of producing and 

enabling nAg 

Bandages  

(Replacement 

benefits) 

Eliminated 

ointment need, 

better wound 

healing (i.e. 

time) 

Producing nAg and its 

release to 

environment, although 

may be offset by 

avoided ointment less 

frequent bandage 

changes 

When the nAg enabled bandage 

use compensates the life cycle of 

bandage coupled with an 

ointment 

Food Storage 

Containers  

(Passive 

benefits) 

Reduced food 

loss due to 

extended food 

life 

Producing nAg and its 

release to 

environment, and also 

potential migration of 

nAg into stored food 

When the nAg enabled food 

storage container production/use 

compensates the environmental 

impacts associated with food 

production and replacement food 

 

Certain aspects of each of these products enable the creation of different groupings, or 

case studies, which illustrate if and where in the product life cycle environmental benefits will 

occur (Figure F3). The three presented overlapping circles acknowledge that there is also some 

overlap in these categories: “human behavioral benefits” which is embodied by the nAg enabled 

consumer textiles, “replacement benefits” which is illustrated by the nAg enabled bandages, and 

“passive benefits” which is displayed by the food storage containers. 
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Figure F3. Bins of nAg enabled products by potential environmental benefits. 

 

For the nAg enabled textiles, such as the T-shirts presented, the generalizable model is 

that from a cradle to gate perspective the environmental impact of the nAg textile will be higher, 

due to the environmental cost of mining, refining, nanosizing, and attaching the silver. 

Essentially the nAg is an “add on” component to the conventional textile. If the textile is 

laundered in the same manner and at the same frequency as the conventional textile, then the 

environmental impact of the nAg textile will be greater over the course of its lifetime. LCA 

research has shown that the real potential to reduce the environmental impact through the 

addition of nAg to textiles is a result of changes in human behavior, such as laundering 

frequency due to the antimicrobial nature of the textiles. If human behavior does not change, 

then the environmental impact of the nAg enabled textiles will actually be greater than the 

conventional textiles. Conversely, if human behavior does change, there will be a reduction in 

overall environmental impact of nAg enabled textile, i.e. due to less frequent laundering, savings 

in both energy and water consumption can be achieved. Human behavior, in the context of the 

adoption and use of new technology is challenging to both anticipate and change. Characteristics 
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of products that would fit within this category are as follows: 1) a significant impact due to the 

use phase, and 2) the potential for human behavior to greatly alter the use phase impact. 

Examples of other nAg enabled consumer products within this category include common 

consumer textiles beyond wearables (i.e. bed linens, towels, etc.). Beyond that, if the nAg 

enabled product changes consumer behavior and thus environmental impact, then it would 

belong in this category. 

The nAg enabled bandages are an example of the “replacement benefits” category, where 

the addition of nAg is use in the stead of another component, such as an antimicrobial ointment 

or more frequent bandage changes. The nAg displaces the environmental impact of the ointment 

(and additional bandages) due to its discontinuation of usage. Whether there is an overall 

reduction in the environmental impact of the nAg enabled bandage compared to the conventional 

bandage plus an ointment, depends on the environmental impact of the nano-enabled product 

compared to the two products that were utilized together previously. Characteristics of products 

that would belong in this category include: 1) replacement of a conventional product or 

component with a nAg enabled component. One example of product within this category would 

be a nAg enabled consumer antibacterial soap, where the nAg replaces another active 

antibacterial component, such as Triclosan. Another more nuanced example would involve 

hospital gowns. Due to growing concerns of hospital acquired infections (i.e. nosocomial 

infections) there has been an effort to shift to single use items. However, this is in conflict with 

the goal of making healthcare more sustainable [89]. In a previous study reusable nAg enabled 

hospital gowns were compared with single use gowns, to determine the environmental breakeven 

point while still maintaining antimicrobial efficacy [52]. Benefits would be seen to due to 

replacement of the disposal gown product with a reusable nAg enabled gown. 
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The “passive benefits” category is illustrated with the nAg food storage container. There 

is an additional environmental impact to nano-enabling the food storage container, which may 

range as a function of the quantity of nAg used. Like the “human behavioral benefits” category, 

this is in addition to essentially the environmental impact of a conventional food storage 

container. Unlike the textiles, however, there is the potential to extend the lifetime of the stored 

food. Although this does not directly affect the life cycle environmental impact of the food 

storage container itself, the prolonging of the time in which food is of sufficient quality to eat, 

has the potential to reduce food losses and waste due to spoilage. Which in turn has the potential 

to provide “passive benefits” overall to society through the reduction in food waste, and the 

associated environmental impact of food production and replacement food. Characteristics of 

products that would fit into this category include: 1) changing the lifetime or usage phase 

duration of another separate product or process. Catheters that are nAg enabled are an example 

for this category, where the antimicrobial efficacy does not change how the catheter is utilized, 

nor does it provide life cycle impact benefits, however, there is the potential for benefits to be 

realized outside of the product system, such as reduced infection rates which would require 

additional resources and environmental impacts to treat. A second example would be nAg 

enabled cutting boards. Cutting boards have been shown to harbor pathogens [90], which lead to 

illness. If the cutting board is enabled with nAg and it effectively reduces the pathogen load and 

thus the transmission to other foods and illness, then benefits will occur outside of the life cycle 

of the cutting board itself. 

The three proposed categories of nAg enabled consumer products allow for the 

conceptualization either without or prior to conducting an LCA as to where potential 

environmental benefits may occur in the system. The primary benefit bestowed by nanoenabling 
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products with Ag is antimicrobial efficacy. This is critical in anticipating the potential 

environmental tradeoffs with respect to nAg enabled consumer products, and ultimately in 

determining which products are worth nanoenabling. This is particularly important as the number 

of nAg enabled products continues to grow in diversity of applications, and global nAg product 

continues to increase. The authors recognize that these are first attempt at categorizing the 

potential environmental benefits of nAg enabled consumer products and that in the future there 

will likely be revision and expansion of these definitions and categories. 

 

3.5. Use phase considerations: efficacy and human behavior 

As discussed previously, impacts resulting from the use phase may affect the overall 

environmental costs of nano-enabled products significantly. To elaborate more on the use phase 

considerations for each category, efficacy of nAg enabled products and human behavioral 

implications are included herein. 

 

3.5.1. Textiles 

In the “human behavioral benefits” category, which is illustrated by textiles, several 

efficacy studies have been conducted to examine the antibacterial activity of nAg enabled 

textiles. These studies suggested, the speciation of nAg may be modified during use phase which 

may limit the antibacterial efficacy [31, 91–93], therefore the efficacy is a function of 

transformation in the silver species as well as the attachment method [94]. Spielman-Sun et al. 

conducted a study where different types of silver species (i.e. Ag coated, AgCl coated, 

electrostatic-nAg and tethered-nAg) were tested for their efficacies by measuring the number of 

E. coli (gram-negative) recovered from polyester textiles after 24 h [94]. They found that except 
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the electrostatic-nAg, all speciations performed complete reduction. Further, Lee et al. studied 

antibacterial efficacies of nAg padded cotton and polyester textiles on Staphylococcus aureus 

(gram-positive) and Klebsiella pneumoniae (gram-negative), and the fabrics showed 99.9% 

reduction of both species [95]. Similarly, El-Rafie et al. conducted experiments to evaluate the 

antibacterial efficacy of nAg enabled cotton fabric on Escherichia coli and Staphylococcus 

aureus and a reduction of colonies by 90% was achieved [96]. Besides biocidal activities, 

McQueen and Ehnes mentioned that in vitro tests should also be conducted to better understand 

the antimicrobial efficacy of nAg enabled textiles on people [33]. 

Although the results of existing research on antibacterial efficacy are promising, there is 

still an improvement needed to balance the risks and benefits of nano-enabled products in order 

to assess the impact and performance together [31]. Considering that laundering phase is 

associated with the biggest environmental cost [15], human behavior is a prominent contributor 

to overall life cycle of textiles due to possible changes in laundering frequency. Hicks and Theis 

argued that although there are many studies on public acceptance of nanotechnology, changes in 

consumer behavior as a result of this new technology are not well explored [14]. Given that the 

premise of nAg enabled textiles from a consumer perspective is their anti-odor function [94], this 

may be an effective factor in changing the laundering frequency. However, as various studies 

discussed, besides odor reduction, there are several considerations for laundering need such as 

cleanliness of garment, look, shrinkage and the need to “freshen” up [97–100], as well as cultural 

habits, time and garment type [97, 101, 102]. Which suggests that consumers will not necessarily 

change their laundering behavior after adopting a nAg textile, and thus erode the potential for 

savings. Hicks and Theis explored the potential to pay back the initial environmental impacts 

invested in nAg production and loss, and found that for some environmental impact categories it 
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would be feasible to reduce the overall environmental impact as a function of reduced 

laundering, whereas for others even if no laundering occurred, it would not be possible [14]. 

 

3.5.2. Bandages 

In “replacement benefits” category, which is demonstrated by bandages, there are various 

studies discussing the efficacy of nAg enabled bandages in wound healing. Identifying the 

differences between the efficacy of the nAg enabled bandages and the current protocol is one of 

the important considerations for the use phase. Chaloupka et al. [103] and Ge et al. [17] reviewed 

the efficacy studies which conducted random clinical trials and summarized that nAg enabled 

wound dressings could reduce the healing time by 3.35 days with an increased bacterial 

clearance. They also added that silver in nano form may be safer since it prevents the elevated 

silver concentration in blood [17, 103]. However, nAg enabled bandages may not utilized in 

exactly the same manner as conventional protocols. Tredget et al. preformed a randomized 

treatment study, to compare the nAg bandage with the institution's standard burn care procedure 

(0.5% silver nitrate solution) [19]. The standard protocol involved moistening the gauze soaked 

in the silver nitrate solution every two hours, whereas, the nAg enabled bandages were changed 

on a daily basis. Patients found the dressing removal significantly less painful with the nAg 

enabled bandage when compared to the conventional burn treatment protocol. The nursing staff 

reported the ease of using both dressing types to be similar to one another. This is another change 

in human behavior to consider when these products are utilized. 

According to Faberga et al., exposure to nAg enabled consumer products do not result in 

any adverse effects on humans. However, toxicity of nAg may depend on environmental 

conditions (i.e. organic matter, hardness, chloride levels) which may change the bioaccumulation 
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patterns of nAg [104, 105]. Rigo et al. demonstrated in vivo and in vitro experiments to examine 

the efficacy of nAg enabled wound dressings and found similar results with Faberga et al., 

suggesting that these bandages lead to restoration of skin without any toxicity concerns [105, 

106]. Recently, Gorka et al. published a study where they modeled human exposure scenarios for 

nAg wound dressings and showed that chemical and physical transformations may occur when in 

contact with sweat or wound fluid [107]. However, they also mentioned that these 

transformations do not affect the antimicrobial efficacy but may have unintended environmental 

consequences when disposed [107]. 

The body of literature on nAg enabled bandages and wound dressings has focused on the 

treatment of burns in a hospital setting. Different protocols and adaptions in human behavior 

exist compared to home treatment of small wounds. Tredget et al. discuss changes in how the 

nAg dressings were utilized compared to their standard treatment protocols in the case of burns 

treated as a hospital [19]. More recently, silver enabled bandages (both at the nano and bulk 

scales) have been available on the consumer market for home usage [108, 109]. In this usage 

scenario there is the potential for the replacement of using ointment and the conventional 

bandage in concert, with a silver enabled bandage, which will potentially shift the environmental 

impact of the product, through “replacement”. 

 

3.5.3. Food storage containers 

With respect to “passive benefits” category, which is exemplified by food storage 

containers, several studies suggest that nAg enabled food storage containers help increasing shelf 

life of solid and liquid food by inhibiting the bacterial growth in varying conditions and spans 

(i.e. under 2 °C for 14–25 days, 35 °C for 7 days). By utilizing nAg enabled food storage 
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containers Metak and Ajaal observed decreased fungi growth on carrots, An et al. reported 

increased shelf life of green asparagus and Emamifar et al. found reduced fungi and bacteria 

growth in orange juice [37, 38, 110]. Conversely, Bi et al. conducted an antimicrobial testing on 

food stored with nAg enabled food storage containers and found that silver inclusion did not 

improve eliminating the microbial activity of E. coli [34]. Williams et al. studied the impact of 

using nAg enabled food storage containers on the growth of Salmonella typhimurium (gram-

negative) and suggested that nAg inclusion may not have significant effect to protect food from 

loss [111]. As the efficacy results differ dramatically, it is challenging to provide a clear 

statement on whether nAg enabling is promising for preventing food loss. It should be noted that 

the efficacy of these containers may be a function of the plastic composition, size and form of 

nAg embedded and manufacturing method. Bi et al. argued that polypropylene matrix effectively 

limits silver migration and decrease the antibacterial efficacy [34]. Overall, the efficacy tests for 

“passive benefits” have not been well explored. Further, impact of change in the human behavior 

in “passive benefits” category does not have a significant contribution on whether decreasing or 

increasing environmental cost because the benefit occurs outside of the product. 

 

3.6. End of life evaluations: release and fate in the environment 

Considering that nAg is the most commercialized engineered nanomaterial (ENM) 

accounting for >50% of the global nanomaterial consumer products [112], examining the release 

and fate mechanisms is criticaly important. Various studies have been conducted to model nAg 

released from consumer products and their fate in the environment. Recently, Potter et al. 

published a study where nAg release from 22 nAg enabled publicly available consumer products 

(including dietary supplements, first aid sprays and surface sanitizers) were examined by 
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conducting simulated use and disposal phases [113]. They argued that nAg added to consumer 

products do not behave same as the ones synthesized in a laboratory environment [113]. Benn et 

al. also studied the nAg release from consumer products used at home including textile, medical 

mask and cloth, toothpaste, shampoo, detergent, a towel, a toy teddy bear, and two humidifiers 

[56]. The initial silver concentrations were between 1.4 and 270,000 μg Ag/g product and the 

amount of release was found up to 45 μg Ag/g product [56]. Similarly, Quadros et al. assessed 

nAg enabled consumer products for children such as plush toy, baby blanket, sleepsuit, pair of 

baby scratch mitts, breast milk storage bags, sippy cups, cleaning products, humidifiers, and 

humidifier accessory [114]. They examined releases of nAg into different media including water, 

orange juice, milk formula, synthetic saliva, sweat, urine, air and dermal wipes. Initial silver 

content ranged between 0.6 and 109.8 μg Ag/g product and after simulating use and aging 

processes, the amount of silver release ranged between 0.07 and 18.5 μg Ag/g product [114]. 

Beyond simply the quantity and speciation of the released Ag, the development of 

adequate life cycle impact assessment characterization factors for nAg. Many of the LCA studies 

which exist for nAg release model the release Ag as Ag+ [14, 15, 34–36, 52, 57, 58] due to a lack 

of nAg specific characterization factors. Gilbertson et al. discuss the uncertainty surrounding the 

release and impacts of engineered nanomaterials [88]. In particular, focusing on the existing 

knowledge gaps for creating LCIA factors necessary for comprehensive LCA work that 

adequately considers the end of life. 

 

3.6.1. Textiles 

Enabling nAg into textiles (i.e. sock, T-shirt, blanket, trousers) or fibers implies 

utilization of different forms of silver and application of different attachment techniques, which 
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affect the quantity of silver emitted from the use phase [15, 115, 116]. Review of the previous 

literature on silver release from nAg enabled textile products and their implications are tabulated 

in Table F3. It should be noted that both the mass of initial silver content and release are 

presented in ranges, since the particle characterization is not detailed in most of the sources. As 

Mitrano et al. argued, the amount of silver released may be dependent on the chemical structure 

of nAg, mode of binding, adhesion ability, adsorption capacity, moisture content and properties 

of fibers that they are incorporated in [117], and this may complicate the exposure assessment 

[29]. 

 

Table F3. Literature on silver (Ag) release from nAg enabled textile products. 

Product Type nAg Release Implications  Ref. 

Sock  

(6 samples) 

IC: 0.9−1,358 μg Ag/g of sock.  

[27] 
P: Washing unworn and unweathered socks with ultrapure water and without 

detergent for 1-24 hours.  

R: 19-1,845 μg of the Ag in sock samples were released. 

Sock  

(9 samples) 

IC: 3−21,600 μg nAg/g of sock.  

[26] 
P: Washing socks at pH 10, buffered by 0.005 M sodium carbonate with 0.1 g/L 

sodium dodecyl sulfate as surfactant. Bleaching cycle was examined as well. 

R: 1.3-377 μg of the nAg in sock samples were released. 

Sock  

(5 samples),  

t-shirt  

(2 samples), 

trousers  

(1 sample) 

IC: 1.5−2,925 μg Ag/g of textile.  

[28] 

P: Washing textiles with a laboratory washing machine and a detergent having pH 

10.6 (consisting of linear alkylbenzene sulfonate, (8%), sodium triphosphate 

(43.8%), sodium and magnesium silicate (9.4%), and sodium sulfate (21%)) 

R: 4.5–575 μg/g of Ag released into the washing solution and 1.8–113 μg/g of Ag 

released into the rinsing solution. 

Sock  

(2 samples), t-

shirt 

(2 samples), 

trousers  

(1 sample) 

IC: 18−2,925 μg Ag/g of textile.  

[29] 

P: Washing textiles (1) with a laboratory washing machine (LW) using the same 

detergent as Lorenz et al. [28], and (2) with a commercial washing machine (CW) 

using Persil Megaperls for three sets. 

R: 6.7-687 μg/g of Ag released by using LW, 0.9-1,755 μg/g of Ag released by 

using CW. 

Textile 

(5 samples) 

IC: 15−14,500 μg Ag/g of textile. 

[30] P: Washing textiles at 40oC using a phosphate-free detergent without a brightener. 

R: 0.675-2,347 μg of the Ag in textile samples were released. 

IC: 3.9-1,095 μg Ag/g of textile. [118] 
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Product Type nAg Release Implications  Ref. 

Textile (glove 

and underwear) 

P: Simulating a typical textile use scenario by weathering with synthetic sweat, 

skin surface film liquid (which consists of aqueous sweat component and a lipid 

sebum) and saliva and washing. 

R: 2.12-2.46 μg of the Ag in textile samples were released. 

Textile  

(4 samples) 

IC: 7.5-10.7 μg Ag/g of textile. 

[117] 

P: Full spectrum sunlight irradiation and/or washing in seven different detergent 

formulas 

R: 3.39-35.69 μg of the Ag in textile samples were released after washing only, 

and 4.68-35.35 μg of the Ag in textile samples were released after sunlight 

weathering and washing. 

T-shirt 

(4 samples) 

IC: 1-4,076 μg Ag/g of textile. 

[31] 

P: After simulated use phases, two scenarios were applied as (1) laundering with a 

standard American Association of Textile Colorists and Chemists (AATCC) 

laundry detergent, and (2) washing with deionized (DI) water. 

R: As a result of washing with DI water, Ag0-coated textile released 

approximately 106 μg total Ag/g of textile, tethered-AgNP textile released 18 

μg/g, electrostatic-AgNP released 0.79 μg/g and Ag salt-coated textile released 3.1 

μg/g. Washing with AATCC detergent showed similar trends with the ones 

observed in DI water. 

Textile 

IC: 35 μg Ag/g of textile. 

[119] 

P: Exposure to three types of environmental weathering conditions with varying 

amounts of sunlight, rain and temperature during two weeks without considering 

wearing and washing phases. 

R: Approximately 1.7 μg Ag/g of textile were released into the precipitation 

runoff sample. 

Sock 

(7 samples), 

textile 

(4 samples) 

IC: <37 (detection limit)-6,408 μg Ag/g of textile. 

[116] 

P: Two different wearing procedure was applied. First one was walking, which 

was carried out by three male participants in an office setting for 4 days/week (8-

16 km/week). Second one was running, which was carried out by two male and 

two female participants for 1 hour per week (15 km/week). After wearing, 

standard washing procedure was applied by using Tide detergent. These wearing 

and washing cycles were conducted as three sets. 

R: 46.6 μg Ag/g of sock were released after walking and washing procedure in the 

first cycle. 38.6 μg Ag/g of sock were released after running and washing 

procedure in the first cycle. The unworn control had 16.3 μg Ag/g of sock. Second 

and third cycles did not show a large difference between worn and unworn 

samples. 

IC: Initial silver content, P: Procedure and conditions, R: Silver release. 

Distinct from aforementioned studies, Arvidsson et al. applied particle flow analysis in 

order to estimate emissions due to the usage of nAg enabled textiles [115]. Instead of mass-based 

indicators, they used particle number in their equations to be able to predict the variations 

coming from the particle properties (i.e. size) since they vary greatly because of different 
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synthesis methods/technologies. They modeled an ‘explorative scenario’ with extremely high 

adaption and calculated the amount of nAg enabled textile usage as 32 kg/capita/year in that 

scenario. Therefore, nAg release from textiles may be a matter of concern in the future if 

widespread adoption occurs. 

 

3.6.2. Bandages 

As elaborated previously, incorporating nAg into wound dressings helps decreasing the 

recovery time for certain degrees (i.e. level of burns or depth) of wounds. Parsons et al. 

investigated the release of silver from seven different commercially available wound dressings 

into deionized water [120]. The initial silver content was 6–13 mg/100 cm2 dressing and they 

were put in contact with deionized water for 7 days at 37 °C. It was found that the silver release 

started after 48 h and varied dramatically as 17–111 μg Ag/100 cm2 dressing. Authors also found 

no correlation between silver release and silver content, meaning that high silver content does 

not result in high silver release for wound dressings. In the aforementioned study by Arvidsson et 

al., emissions resulting from the use of wound dressings are estimated as well, by applying 

particle flow analysis [115]. With regard to the ‘explorative scenario’ that they modeled, the 

amount of nAg enabled wound dressing usage was calculated as 7 cm2/capita/year. They 

indicated that in wound dressings, emissions may be generated both during the use phase (i.e. 

when it is taped onto the wound) and the disposal phase (i.e. when it is thrown away). Although 

these bandages release silver during their life cycle, since their usage is relatively low comparing 

to the nAg enabled textiles, it might not have a major environmental importance. However, if in 

an effort to decrease nosocomial infections the rate of use of nAg increased, there is the potential 

for silver release to be of concern. 
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3.6.3. Food storage containers 

Although the efficacy of nAg enabled food storage containers is subject to debate, many 

studies have demonstrated migration of silver from food storage containers to food and to 

environment, which should be assessed for both environmental and public health purposes. 

Westerband and Hicks compiled a review of the previous literature on silver migration from nAg 

enabled food storage containers along with initial (total) silver content and the amount of silver 

released [35, 36]. Products including bags (i.e. polyethylene, high density polyethylene) and 

rigid containers (i.e. polyolefin, low density polyethylene, polypropylene, rubber sealing 

container, high density polyethylene, polycarbonate) were analyzed to quantify the silver 

released into the food simulants. Water (ultrapure, Milli-Q, distilled), acetic acid (3%, 4%), 

ethanol (10%, 50%, 95%), hexane and olive oil samples were used as food simulants throughout 

the literature. The experimental procedure was similar in the existing research: the food 

containers were put in contact with the selected food simulants for certain amount of time (varied 

from 1 h to 15 days) under different temperature conditions (varied from 25 °C to 70 °C), and the 

silver released was quantified using mass spectrometry [86, 121–125]. Overall finding from 

these studies was that, nAg migration increases with increasing storage time and temperature and 

more acidic food substances result in high Ag migration. Further, Westerband and Hicks argued 

that nAg which migrates from the food storage containers/bags can potentially reach sewage 

system through ingestion and excretion of the stored food or wash water [35, 36]. In order to 

assess the overall environmental impact, speciation of silver that is migrated/released to food 

simulants need to be examined as well [85]. 
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3.6.4. Fate in the environment 

Besides release studies, examining the fate of nAg in the environment is also significant, 

as it influences the mobility and environmental impact of the nAg. Keller and Lazareva 

quantified nAg released from different industries with a cradle to grave perspective as 240 metric 

tons/year emissions to landfill, 45 metric tons/year emissions to soil, 95 metric tons/year 

emissions to water and 20 metric tons/year emissions to air, globally [8]. Donia and Carbone 

reviewed the fate of ENMs in environment resulting from different disposal techniques (i.e. 

landfill, incineration, recycling, wastewater) [126]. They suggested that the behavior of ENMs is 

highly dependent on their physical/chemical properties as well as characteristics of the receiving 

location [126]. Although most of the nAg enabled consumer products are treated as conventional 

wastes at end of their lives without passing through any special treatments, wastewater treatment 

facilities may eliminate 80% of ENMs or incinerators may capture large proportions of ENMs 

[126]. Another study by Wang et al. examined the effect of nAg on terrestrial environments by 

utilizing a ‘meta-analysis’ for their behavior from source through wastewater treatment plant and 

soil and finally to receptor [127]. They concluded that nAg loses its nano properties after passing 

through wastewater treatment plant and becomes less soluble and bioavailable, which reduce its 

risk on terrestrial plants and fauna. However, Wang et al. suggested that additional analysis is 

required to examine the impacts of nAg consumption on soil microbes and aquatic organisms 

[127]. More broadly, Cucurachi and Rocha schematized the potential release and exposure of 

ENMs with a cradle to grave perspective and predicted that they may have midpoint impacts on 

human toxicity, eco toxicity, climate change, eutrophication, ozone depletion and acidification 

[128]. Also, through changes in species composition and decreases in biodiversity, release and 

exposure of ENMs may result in endpoint impacts on human health, ecosystem damage and 
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natural resources [128]. However, there are still uncertainties regarding LCA studies which limit 

providing a general interpretation on the release and exposure impacts of nAg, in part due to the 

lack of consensus of LCIA factors specific to nAg. 

 

4. Conclusions 

nAg is utilized in a large variety of consumer products, chiefly due to its antimicrobial 

properties. As the number of products utilizing nAg continues to increase, along with a growing 

forecasted global production of nAg, it is critical to evaluate the consumer products currently on 

the market from a life cycle perspective. This allows for the grouping of products to better 

understand the potential environmental benefits and detriments of nAg enabled products, and 

where in the life cycle they have the potential to occur. As mentioned before, consumer behavior 

affects both use and end of life phases, which may have a significant contribution to the overall 

life cycle of the product. It is important to conduct a holistic LCA to distinguish the hotspots and 

to suggest improvements in order to increase the potential benefits and to decrease the potential 

drawbacks. The proposed three category system helps to provide an indication of where the 

potential exists for environmental benefits of nAg enabled consumer products. Also, break-even 

points listed for each category may help researchers to evaluate similar nano-enabled products by 

their respective environmental payback periods. The authors recognize that the three categories 

proposed are not terminal, and that future additions and modifications will occur. Besides 

proposing a classification framework, the current study provides a comprehensive review on 

existing nAg release studies. The surprising outcome from the previous literature was that, in 

general, the amount of silver released has been reported as a wide range which is challenging for 

making end of life LCA assumptions. Furthermore, identifying the speciation of silver that is 
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released is crucial to construct a relevant cradle to grave life cycle inventory for any nano-

enabled product. Considering existing data in the literature on the use and end of life phases, 

potential risks of exposure of nAg enabled products are not sufficiently explored. 
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Abstract 

Climate change caused by excessive CO2 emissions in the atmosphere has attracted 

widespread public concern in recent years. Current industrial methods generally utilize 

monoethanolamine for CO2 capture; however, the CO2 regeneration requires a high temperature 

and energy demand during every adsorption/desorption process, along with material losses. 

Many solid amines with high capture capacity and stability are developed as adsorbents to 

overcome the limitations. However, the environmental impacts caused by adsorbents themselves 

are not holistically considered and discussed; meanwhile, material syntheses and consumptions 

are also associated with CO2 emission. To determine the environmental impacts and identify 

hotspots of novel CO2 capture adsorbents, two carbon nanotube supported polyethyleneimine, 

physically adsorbed and covalently bonded, were compared with traditional monoethanolamine 

method using life cycle assessment. The carbon payback periods were also analyzed to gain 

understanding on whether the currently evaluated novel materials are suitable for industrial 

application. Results suggest that, material usage, especially carbon nanotubes, contributes the 

majority of the overall environmental impacts for both types of carbon nanotube supported 

polyethyleneimine. Meanwhile, their carbon payback periods are over 40 times longer than 

monoethanolamine during the synthesis phase. However, the energy consumption of physically 

adsorbed polyethyleneimine saves up to 60% compared to monoethanolamine in every 

adsorption/desorption cycle due to its lower heat capacity. In addition, the rate of cumulative 

CO2 remission for carbon nanotube supported polyethyleneimine is twice higher than 

monoethanolamine, indicating the potential application for industrial CO2 capture. Overall, our 

study indicates that current status of solid amine has a potential in CO2 capture, but requires 

much improvements. Future research should pay attention on decreasing the initial material 
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synthesis and increasing the product life time due to their high environmental tradeoffs. 

Meanwhile, our study highlights that unilateral emphasis of the CO2 capture efficiency by novel 

materials may not be adequate, comprehensive considerations should be focused on the 

comparison throughout material life cycles including use and preparation phases. 

 

1. Introduction 

The use of fossil fuels, changes in land, industries, transportation and buildings have 

given rise to an increase in greenhouse gas (GHG) emissions [1]. The increased level of GHG 

emissions leads to climate change and global warming, which are unequivocal facts and cause 

growing concern. Carbon dioxide (CO2) is the biggest contributor to global GHG with an 

approximately 80% share [2]. In addition, the result of the latest measurement for CO2 level (in 

March 2020) reported by the National Aeronautics and Space Administration (NASA) [3] is 

413.03 parts per million in Mauna Loa Observatory, Hawaii, which is the highest level recorded 

in the past 650,000 years. These realizations pave new ways to develop sustainable solutions to 

limit the emission and enhance the capture of CO2. Besides moving towards energy efficient 

applications and fostering renewable energy usage, one option in order to minimize the 

environmental impacts resulting from the increased levels of CO2 is to capture it properly [4, 5]. 

Carbon capture and storage is one of the climate change mitigation strategies currently under 

intense consideration [6, 7], which was also outlined as one of the main strategies that could limit 

continuous global warming [8]. 

CO2 capture can be achieved by post-combustion, pre-combustion and air separation 

followed by oxyfuel combustion methods [9]. Due to the high efficiency, low cost, and relatively 

low energy demand, sorption is one of the promising CO2 capture methods [10]. Several physical 
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and chemical sorption processes have been extensively investigated in previous studies for CO2 

capture [11–13]. Among those, chemical absorption using aqueous amine solutions, specifically 

monoethanolamine (MEA) is the most commercially used method [14–16]. Despite that MEA is 

efficient and economically favorable for CO2 capture, the high energy demand, and direct and 

indirect CO2 emissions at both downstream and upstream processes highlight the importance of 

seeking alternative CO2 capture strategies [16]. To be more specific, research has shown the 

MEA solvent regeneration step can occupy about 60% of the required energy in the CO2 capture 

process [17]. Additionally, the use and generation of toxic materials (e.g. ethylene oxide) during 

the MEA production process, increase the environmental concerns in other environmental impact 

considerations (e.g. eco-toxicity, human health, etc.). Since the use of MEA in CO2 capture is a 

point of concern and a global application, it may not be the optimal strategy in the long run. 

Many advances in solid based materials for CO2 capture have been reviewed recently 

including solid sorbents and solid supports functionalized with amines [9, 18]. Polymeric 

amines, such as polyethyleneimine (PEI), are promising amine sources for CO2 capture due to 

their higher amine group density compared to other amine-containing compounds [19, 20]. In 

addition, amines bonded to high surface area supports including metal oxides, zeolites, and 

carbon-based materials are promising adsorbents because they offer low energy solutions for 

regenerable, low cost, efficient and selective CO2 capture [21]. As a support, metal oxides are 

cost-effective, easily modified, provide avenues for mesoporous hierarchical structure, and allow 

both covalent and physical grafting of amines to the surfaces, but are susceptible to thermal 

degradation and often undergo self-catalyzed oxidation of amines at moderate temperatures 

resulting in lower CO2 sorption efficiency. Zeolites have previously been functionalized with 

amines [22]; however, the small pore size often limits the amount of amine that can be loaded 
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onto the material, and the synthesis method often impacts not only the loading of amine, but also 

the distribution and availability of sites. Metal organic frameworks have arguably been quite 

efficient at CO2 adsorption at low temperatures and pressures; however, they are often 

prohibitively expensive to make and susceptible to poor gas adsorption selectivity upon exposure 

to water vapor [10]. With high durability, physical and chemical stability, large surface areas for 

adsorbate molecules, high micropore volume, and relatively low cost, carbon nanotubes (CNT) 

are preferable support materials for amines as adsorbents for post-combustion CO2 capture [23]. 

CNT have strong electrical, chemical, thermal and mechanical properties [24, 25]. In 

addition, the physicochemical properties of CNT are maintained under flue gas conditions due to 

their hydrophobicity as well as chemical and thermal stability. Given that CNT are porous 

materials and have hollow structures, these properties make them favored geometric structures 

for both inside and outside adsorption [6]. Meanwhile, CNTs are hydrophobic therefore they are 

resistant to water vapor, which makes them more durable than other alternatives [26, 27]. Several 

studies use multi-wall (MW) CNT and amine modified MWCNTs as adsorbents for CO2 capture 

[15, 28, 29]. Previous studies showed a comparable adsorption capacity of CNT-PEI compared 

to current MEA (30% weight) adsorption. It has been also suggested that CNT supported amine 

for CO2 capturing is stable, requires much less energy for the desorption, and has a similar CO2 

capture capacity even comparable to the traditional MEA method at laboratory scale [10]. 

Many novel materials with high efficiency and stability are developed recently for CO2 

capture purposes. However, the material syntheses phase also involves high energy inputs, which 

generates CO2 emissions. Although solid amine using CNT as novel adsorbent materials imply 

high capability in CO2 capture, the impacts of material preparation, usage and disposal on the 

overall environment is rarely studied. Meanwhile, large quantities of electricity are used to 



 

 

 

505 

provide thermal and kinetic energy during the materials preparation and carbon regeneration 

phases, which are potential environmental burdens that could be overlooked. This study first 

investigates the environmental impacts of two CNT supported PEI, physiosorbed (Phy-CNT-

PEI) and covalently bound (Cov-CNT-PEI) synthesized at laboratory scale, using life cycle 

assessment (LCA). After that, the carbon payback period and economic payback are analyzed for 

Phy-CNT-PEI and traditional MEA methods (Figure G1). The goal of this study is to understand 

the life cycle impacts of CNT-PEI synthesis as novel CO2 adsorbents, and also gain further 

understanding on the potential environmental benefits and tradeoffs during the use phase. 

Ultimately, this study aims to identify the potential limitations and applicability of novel CO2 

capture technologies. 

 

Figure G1. Flow diagram illustrates the study. 
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2. Methods and modeling 

This study serves as a case study to illustrate the major challenges that solid amine as a 

novel CO2 capture technology encounters in cleaner production. The methods and modeling 

section is divided into two parts: (I) life cycle assessment and (II) carbon payback analysis. 

Figure G1 illustrates the flow of current research. 

 

2.1. Life cycle assessment 

2.1.1. Goal and scope 

The goals of this research are to investigate the environmental impact profiles of two 

laboratory synthesized CNT-PEI, identify the hotspots and gain understanding on the potential 

carbon payback period for different CO2 capture methods. The environmental impacts of both 

types of CNT-PEI syntheses were assessed initially using LCA. LCA is a systematic tool for 

determining the environmental impacts (using metrics such as kilograms of carbon dioxide 

emitted) of a product or process across its entire life cycle or a portion of its life cycle [30, 31]. 

The system boundaries are depicted in Figure G2. Two functional units were used for initial 

direct comparison, 1 kilogram (kg) of material synthesis cost (mass-based), and materials 

required to adsorb 1 kg CO2. Adsorption capacities are summarized in Table G1. 
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Figure G2. System boundaries and schematics of CNT-PEI (covalent&physical) syntheses 

(additional syntheses, including CNT, PEI, DMF, are illustrated in the SI). CNT, PEI and DMF 

aredenoted as carbon nanotube, polyethyleneimine and dimethylformamide, respectively.  
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Table G1. Summary of the initial CO2 adsorption capacity for each adsorption/desorption (A/D) 

cycle. Dry condition: introducing CO2 at a flow rate of 10 mL min-1 with 40 mL min-1 N2. Wet 

condition: 3 H2O steam by volume was introduced in the system by bubbling 40 mL min-1 N2 

into H2O bath. CO2 flow rate is still 10 mL min-1. 

Type of material  
Capacity (mmol/g) 

kg CO2/kg 

material 

Dry Wet Dry Wet 

Cov-CNT-PEI 0.98 1.12 0.04 0.05 

Phy-CNT-PEI 6.18 0.3 0.27 0.01 

MEA 6.82 0.30 

 

2.1.2. Life cycle inventory 

Information on materials and reagents used for the laboratory syntheses was from Zhou et 

al. [10]. The CNT used here was synthesized through the chemical vapor deposition (CVD) 

method, which has also been identified as one of the most utilized methods for industrial growth 

of carbon nanotubes [32, 33]. In this study, materials and energy inputs were collected from a 

pilot scale multi-wall CNT (MWCNT) production plant (Table GS1&GS2) [34]. The life cycle 

impacts of the MWCNT in this study was also compared to a suite of other MWCNT synthesis 

studies to understand the relative impact of the production scale. 

Due to the limited information from the chemical vendor, PEI synthesis procedures were 

obtained from multiple literature sources [35–37]. The flow chart of PEI synthesis and material 

inputs are presented in Figure GS1 and Table GS3&GS4, respectively. Materials and energy 

inputs for synthesizing both CNT-PEI are listed in Table GS5&GS6. The electricity and energy 

usage to produce CNT-PEI were either collected directly from the laboratory equipment, or 

estimated based on the first law of thermodynamics (equations GS1 and GS2) when the materials 
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were not synthesized on-site [38]. Detailed equations and numbers are presented in the 

supporting information (SI). 

 

2.1.3. Life cycle impact assessment and interpretation 

The life cycle environmental and human health impacts were modeled using the SimaPro 

software (version 8.5) with Ecoinvent and USLCI (U.S. Life Cycle Inventory) databases as 

inventories [39]. SimaPro is one of the most widely used LCA softwares, which provides a 

modeling environment from simple to complex products or systems. TRACI 2.1 (tool for the 

reduction and assessment of chemical and other environmental impacts) was used as the 

assessment method to represent an United States based study [40]. The midpoint categories 

considered include ozone depletion (OD; kg CFC-11 equivalent), global warming (GW; kg CO2 

eq), smog (PS; kg O3 eq), acidification (AC; mol SO2 eq), eutrophication (EU; kg N eq), 

carcinogenic (HHC; CTUh), non-carcinogenic (HHNC; CTUh), respiratory effects (RE; kg 

PM2.5 eq), ecotoxicity (EC; CTUe), and fossil fuel depletion (FF; MJ surplus) [38]. 

 

2.1.4. Sensitivity and uncertainty analyses 

Sensitivity analysis determines the output parameter percentage change by varying an 

individual input parameter while all the other parameters are constant [41], which shows the 

influence of one parameter (the independent variable) on the value of another (the dependent 

variable). In this case, the purpose of the sensitivity analysis is to monitor how sensitive of each 

synthesis procedure is to the overall CNT-PEI production. Therefore, the sensitivities of CNT-

PEI syntheses were assessed by varying a single parameter value (increased by 25%), and 

compare the change of the overall impact for each impact category. The uncertainties associated 
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with the unit processes in the life cycle database were analyzed using Monte-Carlo simulations in 

SimaPro for 1000 runs to the 95th confidence interval. 

 

2.2. Carbon payback analysis 

As the targeted application of the studied technology is to store CO2, global warming 

potential was selected as a major indicator to analyze the environmental payback in this study. 

The concept of environmental payback is well established and has been used to compare the 

relative environmental impact of numerous conventional and emerging technologies, particularly 

in energy applications such as fuels and photovoltaics [42–44]. Here, the carbon payback is 

calculated as the number of adsorption/desorption (A/D) cycles required to obtain CO2 saving 

equivalent to the initial CO2 cost, which is generated from the material syntheses. The carbon 

paybacks of carbon capture technologies were compared with a commonly adapted MEA strip 

method to gain further understanding on the potential of application. 

The summaries of CO2 adsorption capacity under varying scenarios are presented in 

Table G1. From previous experiments, results suggest that Cov-CNT-PEI has a higher CO2 

adsorption capacity than Phy-CNT-PEI under wet adsorption scenario, whereas the CO2 

adsorption capacity for Phy-CNT-PEI is much higher under dry condition than Cov-CNT-PEI, 

and similar to MEA [10, 45, 46]. Most industrial CO2 exhaust streams are generated in post-

combustion processes, where the concentration of CO2 in the gas mixture ranges from 3 to 20% 

by volume [47]. Therefore, the CO2 concentration used in the adsorption capacity test was 20% 

in N2 by volume. Phy-CNT-PEI under dry condition was investigated further for the 

environmental payback comparison due to the comparatively high adsorption capacity. Two 

scenarios were considered to evaluate the carbon payback of the targeting technology. 
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2.2.1. Scenario 1: CO2 payback period comparison 

In scenario 1, the number of A/D cycles required to match with the initial MEA and 

CNT-PEI CO2 cost during syntheses are calculated. The net amount of CO2 remission by 1 kg of 

adsorbents are expressed as eqn (G1). 

Life time CO2 remission =  ∑(𝐾 − 𝐷)

𝑛

𝐾=0

− 𝐼                                                                                  (𝐺. 1) 

In which, K represents the CO2 adsorption after corresponding cycle (kg CO2), and D represents 

the CO2 generated from the desorption energy use (kg CO2). (K – D) represents the net gain of 

CO2 remission for each corresponding cycle.  represents the initial synthesis cost (kg CO2). 

 

2.2.2. Scenario 2: CO2 remission rate comparison 

The rates for CO2 remission between Phy-CNT-PEI and MEA were compared in scenario 

2. More industrially relevant approach was considered by replenishing fresh MEA once the 

capacity decrease to a certain level. During industrial application, the CO2 adsorption capacity 

should be maintained at a relatively stable level. Since liquid MEA can degrade after each A/D 

cycle, MEA was replenished when the adoption capacity is decreased to 95% of the original 

capture capacity (which equals to every 10 cycles). No replenishing or replacement was 

considered for CNT-PEI due to their stability nature. 

 

3. Results and discussion 

The results are presented in the following order: life cycle impact comparison between 

two CNT-PEI syntheses with different functional units (Figure G3); impact contribution for two 

CNT-PEI synthesis (Figure G4); carbon emission for synthesizing 1 kg of each absorbent (Figure 

G5); carbon payback analysis: scenario 1 and scenario 2 (Figure G6 and Figure G7). 
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3.1. Life cycle impact of CNT-PEI production 

3.1.1. Impact comparisons between two types of CNT-PEI 

Figure G3 shows the relative environmental impacts comparison between Phy-CNT-PEI 

and Cov-CNT-PEI by using two different functional units. When the mass based functional unit 

was used, the environmental impacts generated from synthesizing Phy-CNT-PEI were ranged 

from 40 to 80% compared to Cov-CNT-PEI in all impact categories, suggesting that the Phy-

CNT-PEI has low environmental burdens during synthesis phase. Only the consideration of mass 

may not accurately estimate the impact of CNT-PEI with respect to the utility of CO2 remission. 

The functional units should specifically focus at the targeted material function, which in this 

case, amount of CO2 adsorption was added as the additional functional unit for comparison. 

When the results were rescaled based on the CO2 adsorption efficiency, Cov-CNT-PEI showed 

even higher impacts, with nearly 10 times higher impacts than Phy-CNT-PEI (Figure G3b). This 

is mainly due to the lower CO2 adsorption capacity in Cov-CNT-PEI than Phy-CNT-PEI. The 

CO2 adsorption capacity of Phy-CNT-PEI is nearly 6 folds higher than Cov-CNT-PEI under dry 

CO2 condition (Table G1). From the previous material characterization on both types of CNT-

PEI, it shows that 40% PEI was physically adsorbed on CNT (Phy-CNT-PEI), whereas only 16% 

PEI was covalently bound to CNT (Cov-CNT-PEI). Therefore, improve amine group that bound 

to CNT could potentially enhance their CO2 capture capacity, meanwhile decrease the 

corresponding environmental burdens generated from material production. Overall, both 

functional units illustrate that the Cov-CNT-PEI has higher overall impacts than the Phy-CNT-

PEI. 
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Figure G3. Normalized percent impact for all assessed categories by comparing both CNT-PEI 

when (a) synthesis 1 kg CNT-PEI and (b) adsorb 1 kg CO2 as function unit, respectively. Ozone 

depletion (OD), global warming (GW), smog (PS), acidification (AC), eutrophication (EU), 

carcinogenic (HHC), noncarcinogenic (HHNC), respiratory effects (RE), ecotoxicity(EC), and 

fossil fuel depletion (FF). 

 

3.1.2. Impact contributions of each procedure 

Figure G4 illustrates the environmental impact contributions of each main procedure 

during both CNT-PEI syntheses. In Figure G4a, CNT manufacturing is the driving 

environmental burden in all impact categories, it contributes more than 50% of environmental 

burdens to all the categories due to its intense synthesis conditions such as high temperature and 

large amount of feedstocks (Figure GS5). PEI synthesis was identified to be the second largest 

contributor (∼20%). Compared to the materials, the contribution by electricity consumption is 

negligible in Phy-CNT-PEI. For Cov-CNT-PEI, additional chemical compounds (i.e. DMF, 

thionyl chloride) were involved in the synthesis to form strong covalent bonds between the CNT 
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and PEI, which generate additional environmental burdens due to the large quantity being 

utilized (Figure G4b). 

 

 

Figure G4. Impact contributions during CNT-PEI syntheses. a) impact contribution of Phy-

CNT-PEI; b) Cov-CNT-PEI. (higher categories normalized as 100%). Ozone depletion (OD), 

globalwarming (GW), smog (PS), acidification (AC), eutrophication (EU), carcinogenic (HHC), 

noncarcinogenic (HHNC), respiratory effects (RE), ecotoxicity (EC), and fossil fuel 

depletion(FF).  

 

Furthermore, the sensitivity analyses for both CNT-PEI syntheses are listed in Table 

GS15&GS16. Results show that CNT and PEI syntheses are the most sensitive parameters 

during material synthesis throughout life cycle, which again confirms that the CNT and PEI 

production dominate the environmental impacts in the both CNT-PEI syntheses. Additionally, 

the use of organic compounds, especially thionyl chloride (SOCl2) and dimethylformamide 

(DMF) showed high sensitivity to the impacts associated with Cov-CNT-PEI. The associated 

uncertainties around both CNT-PEI syntheses were analyzed and revealed to be low (Figure 
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GS4). The environmental impacts related to all materials synthesis are tabulated in Table GS7-

GS14, and the environmental impact contributions are graphically presented in Figure GS5-GS8. 

By using global warming potential as an indicator, Figure G5 illustrates the CO2 

produced through the manufacturing of 1 kg of adsorbent. MEA requires much less materials and 

energy input than CNT-PEI due to their industrial scale manufacture. The CO2 generation 

associated with CNT-PEI syntheses are 72 (Phy-CNT-PEI) and 113 (Cov-CNT-PEI) times 

higher than MEA. CNT contributes over 50% of GW to the overall production process in both 

CNT-PEI. Meanwhile, Cov-CNT-PEI generates more GHG emissions than Phy-CNT-PEI, 

largely attributed to the pre-treatment of CNT (for creating covalent bonds) and organic chemical 

compounds (e.g. DMF) used. 

 

 

Figure G5. Quantity of CO2 generated by synthesizing 1 kg of Phy-CNT-PEI, Cov-CNT-PEI, 

and MEA. Color schemes represent the materials and processes contribution in each type of 

product synthesis. GWP: global warming potential. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the Web version of this article.) 
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3.1.3. Major GW contributor and implication 

Life cycle inventory for CNT production were compiled based on a pilot scale 

manufacturing plant (up to 20 g MWCNT/h) [34]. LCA analysis indicates supporting gas and 

electricity are the two major contributors for the overall CNT production (Figure GS6). 

Especially for GW impact category, electricity contributed over 80% of the greenhouse gas 

emissions. Other LCA research also investigated the environmental impacts of CNT syntheses 

under laboratory conditions, and identified the largest impact was due to the energy 

consumption, followed by the equipment infrastructure [48]. Thus, converting to cleaner energy 

sources may decrease future CO2 emissions associated with the environmental manufacturing 

cost. For PEI and other chemical syntheses, material usage, including organic and inorganic 

chemicals, and electricity dominated the environmental impacts for the production (Figure GS6-

GS8). 

Although environmental impact results analyzed based on laboratory scale production 

cannot be scaled up directly, it is helpful to identify the energy and material intensive processes, 

and to minimize the corresponding cost and lower the associated environmental impacts before 

scaling up. In addition, it provides the maximum environmental impacts possible during the 

material synthesis phase, which generates the most conservative comparison in CO2 paybacks to 

our study. 

It has to be recognized that scale up from laboratory level to pilot scale can potentially 

save materials and energy sources due to higher reaction yields, recycling of reagents and 

efficient equipment [49]. Research also suggests scaling up the process could potentially save up 

to 6.5 times more material and energy inputs than a typical laboratory synthesis [50]. Compared 

to other laboratory scale CNT syntheses, results using a pilot plant data generated up to 40 times 
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less CO2 emission than the most intensive chemical vapor deposition method (Figure GS2). 

Since industrial scale production could further decrease the corresponding environmental 

impacts by improving the materials and energy efficiency, there is still a large potential for 

lowering the associated environmental burdens for PEI-CNT to be manufactured when scaling 

up. 

 

3.2. Carbon payback comparison 

Although CNT-PEI shows large CO2 cost during synthesis, the high stability and 

consistency in CO2 remission overtime provides potential for them to achieve environmental 

benefits in the long run. Thus, the carbon payback of Phy-CNT-PEI was analyzed and further 

compared with MEA. 

 

3.2.1. Scenario 1: CO2 payback period comparison 

Table G2 summarizes the net CO2 remission between 1 kg of Phy-CNT-PEI and MEA 

during one A/D cycle. Phy-CNT-PEI saves up to 60% energy demand compare to the MEA 

method for each A/D cycle due to its lower heat capacity. With a lower CO2 remission capacity, 

Phy-CNT-PEI still shows a similar net CO2 remission per cycle compared with MEA, due to the 

lower energy required per A/D cycles. This is also a benefit of utilizing solid supported amine 

for CO2 capture due to the low heat capacity compared to liquid phase materials.  
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Table G2. Comparison of the net CO2 remission between Phy-CNT-PEI and MEA. 

Type of material 

Heat 

capacity 

(KJ/kg-

K) 

kg CO2 

saving/kg 

of Product 

Energy 

required/cycle 

(KJ) 

Corresponding 

CO2 

produced/cycle 

(kg) 

Net CO2 

remission/cycle 

(kg） 

Phy-CNT-PEI 1.40 0.27 70.20 0.02 0.26 

MEA 3.46 0.30 172.85 0.04 0.26 

 

CO2 payback period of utilizing 1 kg MEA and Phy-CNT-PEI are calculated (based on 

equation (G1)) and compared in Figure G6. For MEA, the maximum CO2 capture has been 

modeled to be 11.76 kg after considering the degradation (Figure G6a). Since the CO2 cost for 

manufacturing 1 kg MEA equals to 2.88 kg CO2, the net cumulative CO2 remission is 8.88 kg 

CO2/kg MEA. The CO2 payback period is estimated to be 21 A/D cycles. There will be no CO2 

savings after 176 cycles because the amount of CO2 generated from the desorption process is 

higher than the remission savings. 

 

 

Figure G6. Lifetime cumulative CO2 remission and payback cycles for MEA (a) and 

physiosorbed CNT-PEI (b) (scenario 1). Red dash line in both panels indicates the corresponding 

CO2 payback after cycles of use. Blue solid line in panel a indicates the lifetime payback and 

cycles of use for MEA, in panel b indicates the cycles required to remediate the same quantity of 
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CO2 compared to MEA. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the Web version of this article.) 

 

For Phy-CNT-PEI, the cumulative CO2 remission tends to follow a linear trend because 

of the slow degradation rate and relative stable CO2 recovery capacity over cycles. However, 

Phy-CNT-PEI has a nearly 72 times higher initial manufacturing CO2 cost than MEA, with 209 

kg CO2 generation when synthesizing 1 kg Phy-CNT-PEI (Figure G5). The initial CO2 cost 

requires an estimate of 916 A/D cycles to obtain a payback breakeven point (Figure G6b). Due to 

the relatively high and stable CO2 capacity, only additional 38 A/D cycles (954 in total) reach 

equivalent lifetime CO2 remission with 1 kg MEA. 

 

3.2.2. Scenario 2: CO2 remission rate comparison 

Research indicates that MEA can be degraded to other products with much lower CO2 

adsorption capacity, such as 2-oxazolidone, N-(2-hydroxyethyl)-ethylenediamine, and 1-(2-

hydroxyethyl)-2-imidazolidinone over time [46]. During this 8 weeks study, the thermal 

degradation of MEA has shown a reduction by 95% at 160°C [46]. Another study showed a 

MEA degradation by 2.5–6% every 2-week cycles [51]. In contrast, the recovery rate of CNT-

PEI has been proven to be much higher and more stable than MEA. CNT-PEI has previously 

been proven experimentally to maintain a stable recovery rate up to 100 cycles [52]. Su et al. 

also showed a slow degradation for CNT-PEI, where recovery after 1, 50, and 100 A/D cycles 

are 100, 94.37, and 92% [52]. The CO2 adsorption capacity for Phy-CNT-PEI and MEA through 

cycles were fitted with an exponential and linear decay curve, respectively. The exponential 

decay curve (eqn (G2)) was fitted following a recovery study conducted by Zhang et al. [53]. 
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They showed a 10-cycle data points including the initial state and the steady state during the 

capture process [53]. In order to accurately estimate the material stability for CO2 capture, the 

data was used to establish a prediction for material stability in a long-term CO2 capture. For 

MEA, the degradation rate was fitted using egn (G3), with a conservative estimation 

approximately 0.5% MEA loss per cycle [51]. The fitted models are presented in Figure GS3 and 

GS4. 

For CNT-PEI (exponential decay): 

𝑦1 = −1.72 × ln(𝑥) + 98.8                                                                                                                 (𝐺. 2) 

For MEA (linear decay): 

𝑦2 = −0.51𝑥 + 99.9                                                                                                                              (𝐺. 3) 

In eqn (G.2) and (G.3), y1 and y2 are the adsorption/absorption capacities of CNT-PEI and MEA 

at x cycle, respectively. 

In reality, replenishing degraded and lost MEA after certain cycles could maintain a 

consistent and stable CO2 capture capacity. Since approximately 5% of MEA degradation is 

expected with every 10 A/D cycles, to maintain a consistent capture capacity, an additional 5% 

of MEA was replenished after every 10 cycles for comparison in this scenario. The 

corresponding CO2 generation associated with the 5% MEA replenished was included as a loss 

for the cumulative CO2 remission (demonstrated in Figure G7a). The results suggest that during 

the 10 cycles, replenishing the first A/D cycle offsets the 5% MEA CO2 manufacturing cost. 

Therefore, the remaining 9 cycles are the actual net CO2 remission. 
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Figure G7. a) Cumulative CO2 remission when replenishing 5% MEA back after every 10 

cycles (red triangle represents an ideal condition where no degradation of MEA, blue circle 

represents the loss of cumulative CO2 remission after replenishing 5% MEA every 10 cycles); b) 

comparative cumulative CO2 remission between replenishing MEA scenario with Phy-CNT-PEI. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the 

Web version of this article.) 

 

The rate for CO2 remission between Phy-CNT-PEI and replenishing MEA are compared 

in Figure G7b. Results show that Phy-CNT-PEI has a much higher CO2 remission rate (0.23 kg 

CO2/cycle) than the replenishing MEA scenario (0.12 kg CO2/cycle). By simply assuming 1000 

A/D cycles as a lifetime for CNT-PEI, the cumulative CO2 remission in Phy-CNT-PEI at 1000 

cycles are more than doubled compared to the MEA. Therefore, operational lifetime of CNT-PEI 

is the determining factor and critical for the overall environmental performance in CO2 

remission.  
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3.3. Environmental implications 

Although many studies have conducted LCA on the capture of CO2 under industrial post-

combustion, and have found that post-combustion CO2 capture can decrease the global warming 

potential [54, 55], there are other environmental impacts associated and additional fuels 

demanded [56]. With the limitations of current CO2 capture technologies, novel materials are in 

urgently needed to improve the efficiency. Previous studies investigated the life cycle impacts of 

a membrane separation technology, where they found membrane separation has lower life cycle 

emissions compared to conventional MEA absorption process [57]. The authors indicate that the 

environmental impacts are strongly related to the membrane material, which is similar in our 

case where the materials usage are the determine factor in terms of life cycle emissions. In 

another study, researchers used potassium carbonate as an alternative for CO2 capture, and the 

LCA results suggest potassium carbonate is better than MEA in all environmental categories 

[58]. Although these studies compared the life cycle impacts of different carbon capture 

technologies, none of these considered the environmental payback period from manufacturing 

and the environmental tradeoffs over the life time. Solid amine as a novel absorbent in CO2 

capture, the life cycle emissions have not been previously investigated. In addition, researchers 

summarize that energy penalty, functional units, scale-up issues, market effects and several other 

issues are the major challenges, which are overlooked in carbon capture and storage 

investigations [59]. Thus, the present study attempts to serve as a case study and discuss some of 

the current major challenges. 

The results suggest that carbon payback analyzed in present study is largely dependent on 

the lifetime (A/D cycles) of CNT-PEI. Although many studies only showed consistent recovery 

rate up to 100 cycles, our results indicate that a total of 912 A/D cycles are required to be able to 
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obtain a breakeven CO2 payback for Phy-CNT-PEI (Figure G6b). Currently, very limited number 

of studies reported the actual lifetime and the A/D cycles of CNT-PEI that can be achieved. 

Begag et al. studied the capacity of a solid state amine (amine-functionalized aerogel) over 2000 

A/D cycles in a fixed bed [60]. They found that the capacity was decreased by only a small 

amount (from 1.5 to 1.4 mmol CO2/g sorbent) over such a large number of cycles [60]. This 

study provides evidence suggesting solid state amine should have a long lifetime to achieve 

environmental benefits. In addition, to optimize the synthesis procedures and enhance the CO2 

adsorption capacity, future research should also investigate and ensure the maximum lifetime 

capacity of current CNT-PEI under extreme conditions in order to receive more concise payback 

outcomes. Importantly, this present study simplifies the A/D process by assuming no additional 

adverse environmental impact caused by the degradants of MEA. In reality, MEA degradants can 

also dilute the MEA concentration, which decrease the CO2 capture capacity. These technical 

challenges minimize the benefits of liquid phase capturing technologies, and highlight the 

benefits of developing solid supported amine for CO2 remission. 

Although research related to solid state amines for CO2 capture is still in the early stage 

and many technical challenges needed to be overcome, solid state amines have become more 

attractive in CO2 capture recently since the technology is solvent free [20], which reduces the 

energy penalty from regeneration compared to traditional liquid capture methods (Table G2). 

However, the large energy requirement for the adsorbent preparation (production and 

characterization) is still an issue that can almost counteract the energy requirement for 

regeneration. Substantial studies should be conducted to optimize the reduction of energy 

required in adsorbent preparation, improvement of adsorbent stability (e.g. thermal and steam) 

and CO2 capture capacity under realistic flue gas conditions [9]. Moreover, reactor and process 
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design should be optimized for solid state amines since very few publications are involved in this 

field [61]. 

 

3.4. Economic implications 

From a business perspective, the cost of reducing emissions should be taken into account 

when making economically sustainable decisions [62]. Table G3 shows the estimated price for 

CO2 adsorbents and electricity used per cycle based on the material flow. For the synthesis of 1 

kg Phy-CNT-PEI, 0.6 kg CNT, 0.4 kg PEI and 50 kg ethanol was used. Ethanol was recycled 

during syntheses and adjusts the total cost of manufacturing 1 kg Phy-CNT-PEI at $580. CNT 

contributes 72% of the cost. Monoethanolamine (MEA, 98%) has been commercialized and can 

be directly purchased with the price of $40/kg. Since the concentration of MEA is 30% in the 

industrial CO2 capture and thus the price can be adjusted to $12/kg. The syntheses cost of Phy-

CNT-PEI is 48 times higher than MEA. However, since MEA suffers from chemical degradation 

and caused equipment erosion, additional material usage and maintenance are required. In 

addition, extra electricity will be consumed each desorption cycle, the energy cost of MEA is 2.5 

times higher than Phy-CNT-PEI. Although Phy-CNT-PEI shows benefits in costs during the use 

phase, the high synthesis cost limits the widespread industrial application. The total cost of Phy-

CNT-PEI can be reduced to be the same as MEA after 8900 cycles. By integrating economic 

analysis, energy stakeholders and general public would gain better interests towards 

environmental technologies in the future research [63].  
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Table G3. Summary of the CO2 adsorbents price and electricity used per cycle. Detailed material 

price are presented in Table GS17. 

Type of material 

Market 

price 

($/kg) 

Energy 

(kWh/cycle) 

Mean price 

($/cycle) 

Phy-CNT-PEI 580 0.02 0.0026 

MEA 12 0.05 0.0064 

 

It is relevant to note that it is an overestimation based on the assumptions such as 

laboratory scale and high grade of chemicals used for CNT-PEI. However, from the economic 

point of view, traditional MEA remains to be a better alternative for industrial application. Same 

as the environmental payback outcomes, decreasing the CNT and other material costs will 

benefit the application of solid amine adsorbents in CO2 capture. 

In general, CO2 capture phase contributes 70%–80% of total costs during carbon capture 

and strange [64], therefore, developing novel CO2 sorbents that satisfy technical and economic 

needs is the ultimate goal to achieve sustainability. Metal oxides, such as alumina, have low 

production cost, but easy to corrode over time could enhance the maintenance cost dramatically, 

meanwhile, high energy consumption during CO2 desorption indicates an overall low 

sustainability. Zeolites, silica materials, and metal organic frameworks are known for their poor 

economic efficiency due to high production cost. Especially for metal organic frameworks, 

which typically cost serval thousand dollars per kilogram, therefore limit the application at larger 

scales [64]. In addition, other carbon-based materials such as carbonaceous materials, are 

potential alternatives for CO2 capture. They are thermal and steam stable, with reasonable 

production cost, and low energy consumption in the desorption process. Although the cost and 

the economic implication of these alternatives have not been investigated extensively. In addition 

to the environmental burdens generated during materials production, the economic efficiency of 
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alternative materials should be considered and investigated thoroughly for the future work to 

benefit decision making. 

 

4. Conclusions 

Many researchers develop novel CO2 capture adsorbents generally put emphasis on 

improving adsorption efficiency and stability during the capture processes. However, the 

environmental burdens generated through material syntheses and utilization are largely 

overlooked. Our study serves as an example, to investigate the environmental impacts of solid 

amine as a carbon capture application, and performed environmental and economic trade-off 

comparisons with a traditional carbon capture method for the first time. The key findings of this 

study are: 

(1) CNT-PEI as a solid amine absorbent, showed much higher environmental costs than the 

traditional MEA method during their initial manufacturing phase. CNT production 

identified as the major contributor during the life cycle environmental impacts. There is 

still potential to optimize current technology, such as using more sustainable energy 

source, scaling up and recycle to enhance the production efficiency. 

(2) The carbon payback period for Phy-CNT-PEI is 917 cycles. With higher CO2 remission 

rate, consistent capture capacity and reusability, Phy-CNT-PEI provided great potential to 

overcome some barriers such as offset CO2 cost and increase the sustainability of current 

CO2 capture techniques, however, high initial environmental and economic costs do not 

favor CNT-PEI to be used in industrial application with current performance. 

Given that CO2 emissions play a major role in global climate change, developing novel 

technologies that mitigate CO2 emissions is critical. However, when implementing a novel 
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technology, the corresponding environmental impacts should be taken into consideration. Our 

study highlights that unilateral emphasis of the CO2 capture efficiency by novel materials is not 

enough, comprehensive environmental and economic impact comparisons throughout material 

life cycles should be investigated. In this study, an understanding of hotspots in the material life 

cycle allows researchers and developers to work towards optimizing the production processes 

(CNT and PEI syntheses in the present study), and to limit negative environmental impacts that 

may be associated with CNT enabled adsorption technologies. In addition, future development 

for solid amine adsorption that enhances the CO2 remission capacity and extends product 

lifetime are important in making this technology more valuable and competitive. 
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Electronic supplemental information 

 

Additional methods: 

The electricity and energy usage to produce CNT-PEI were either collected directly from 

the laboratory equipment, or estimated based on the first law of thermodynamics (eqn GS1 and 

GS2) when the materials were not synthesized on-site.  

Q heating = m ∗ Cp ∗ ∆T  (eqn GS1) 

where m is mass (kg), Cp is the heat capacity of the targeting compounds (KJ/(kg∙°C)), and ∆T is 

the difference in the temperature (°C) between the system and the ambient surroundings. For 

evaporating and drying the liquid from the solution phase, 

Q drying = Σm ∗ Hv    (eqn GS2) 

where m is the weight of each compound in the mixture (kg) and Hv is the enthalpy of 

vaporization of each compound (KJ/kg). Notably, the energy calculations using the above 

method do not account for energy losses.  

 

Additional discussion: 

The preparation of Phy-CNT-PEI can be achieved using wet impregnation methods, 

which are commonly applied for grafting amines to the CNT support through Van der Waals 

forces between the support and the adsorbent. The method is easy to conduct for solid state 

amine preparation with high amine loading and CO2 capture efficiency [65–68]. The amount of 

CO2 generation resulting from the synthesis based on this method proved to conserve by 36% 

compared to Cov-CNT-PEI. However, a main challenge of this method is that in a prototypical 

tube flow reactor system for the CO2 capture, the physically grafted amine may be separated 
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from the support in the presence of steam; meanwhile, the agglomeration of the residual amine 

on the CNT supporter has the potential to further reduce the available sites for CO2, which 

lowers the sustainability and increases the cost of materials for the post-combustion CO2 capture 

[69]. According to our previous study, amine loading is reduced by 33% and the CO2 capture 

efficiency is reduced by 77% for Phy-CNT-PEI under steam heavy environments. To overcome 

the shortcoming, a more moisture resistant covalent bonded amine on CNT should be developed 

and investigated. In this study, although the net CO2 removal of Cov-CNT-PEI is much less than 

MEA in each A/D cycle, its long-term cumulative CO2 capture has a potential to be higher than 

MEA due to its high thermal and steam stability. Therefore, improving current method to 

covalently bond more amine to CNT may provide great potential for the improvement of CO2 

capture efficiency.  
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Table GS1. Input / output materials and energy required to produce Ferrocene. 

 Section Material Amount Unit Corresponding LCI Database Comments 

1
7
0
 g

 F
er

ro
ce

n
e 

In
p
u
t 

Iron (III) 

chloride 
86.2 g 

Without water, in 40% 

solution state {CH}| 

iron (III) chloride 

production, product in 

40% solution state | 

APOS, U 

Ecoinvent 

V3 
 

Iron scrap 43.1 g 

Unsorted {US}| 

container production, 

for collection of post-

consumer waste 

plastic for recycling | 

APOS, U 

Ecoinvent 

V3 
 

Water 1130 g 

Deionised, from tap 

water, at user {RoW}| 

production | APOS, U 

Ecoinvent 

V3 
 

Sodium 

methoxide 
121.5 g 

{GLO}| production | 

APOS, U 

Ecoinvent 

V3 
 

Benzene 132 g 
{RoW}| production | 

APOS, U 

Ecoinvent 

V3 
 

Methanol 472 g 
{GLO}| production | 

APOS, U 

Ecoinvent 

V3 
 

Sulfuric 

acid 
3210 g 

{RoW}| production | 

APOS, U 

Ecoinvent 

V3 
 

Nitrogen 0.26 g 

Liquid {RoW}| air 

separation, cryogenic | 

APOS, U 

Ecoinvent 

V3 
 

Electricity 0.48 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI  

Electricity 0.02 kWh 
Natural gas, at power 

plant/US 
USLCI  

Output Wastewater 4.61 kg 
Untreated, organic 

contaminated EU-27 S 
ELCD  
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Table GS2. Input materials and energy required to produce 1 kg of carbon nanotubes (CNT) via 

chemical vapor deposition (CVD) method. 

 Material Amount Unit Corresponding LCI Database Comments 

1
 k

g
 I

n
d
u
st

ri
al

 C
N

T
 

Ferrocene 0.15 kg Created   

Benzene 13.15 kg 
{RoW}| production | 

APOS, U 

Ecoinvent 

V3 
 

Hydrogen 0.00054 kg 

Liquid, chlor-alkali 

electrolysis, at 

plant/RNA 

USLCI  

Argon 2.68 kg 
Liquid {RoW}| 

production | APOS, U 

Ecoinvent 

V3 
 

Water 5 kg 

Decarbonised, at user 

{RoW}| water 

production and supply, 

decarbonised | APOS, 

U 

Ecoinvent 

V3 
 

Hydrochloric 

acid 
30.42 kg 

Without water, in 30% 

solution state {RoW}| 

benzene chlorination | 

APOS, U 

Ecoinvent 

V3 
 

Electricity 482 MJ 
At grid, US, 

2010/kWh/RNA 
USLCI  
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Table GS3. Input materials and energy required to produce 1 kg PEI. 
  Material Amount Unit Corresponding LCI Database Comments 

2
.6

3
 k

g
 

M
o

n
o

et
h

an
o

la
m

i

n
e 

h
y

d
ro

ch
lo

ri
d

e 

Monoethanolamine 1.83 kg 
{RoW}| ethanolamine 

production | APOS, U 

Ecoinvent 

V3 
 

Ethanol, without 

water 
10.83 kg 

In 99.7% solution state, from 

ethylene {RoW}| ethylene 

hydration | APOS, U 

Ecoinvent 

V3 
 

Hydrochloric acid 3.67 kg At plant /kg/RNA USLCI  

3
 k

g
 

2
-c

h
lo

ro
et

h
y

la
m

in
e 

h
y

d
ro

ch
lo

ri
d

e 

Monoethanolamine 

hydrochloride 
2.63 kg Created   

Thionyl chloride 3.4 kg {RoW}| production | APOS, U 
Ecoinvent 

V3 
 

Toluene 3.67 kg 
Liquid {RoW}| production | 

APOS, U 

Ecoinvent 

V3 
 

Electricity 0.21 kWh At grid, US, 2010/kWh/RNA USLCI  

1
 k

g
 A

zi
ri

d
in

e 

2-chloroethylamine 

hydrochloride 
3 kg Created   

Sodium hydroxide 2.58 kg Production mix, at plant/RNA USLCI  

Water 17 kg 

Decarbonised, at user {RoW}| 

water production and supply, 

decarbonised | APOS, U 

Ecoinvent 

V3 
 

Electricity 0.64 kWh At grid, US, 2010/kWh/RNA USLCI Heating (3) 

Electricity 1.27 kWh At grid, US, 2010/kWh/RNA USLCI Heating (4) 

Electricity 4.8 kWh At grid, US, 2010/kWh/RNA USLCI  

1
 k

g
 P

E
I 

Aziridine 1 kg Created   

Water 12.5 kg 

Decarbonised, at user {RoW}| 

water production and supply, 

decarbonised | APOS, U 

Ecoinvent 

V3 
 

Hydrochloric acid 0.23 kg At plant /kg/RNA USLCI  

Diethyl ether 3.67 kg 

without water, in 99.95% 

solution state {RoW}| ethylene 

hydration | APOS, U 

Ecoinvent 

V3 
 

Ethanol 0.65 kg 

Without water, in 99.7% 

solution state, from ethylene 

{RoW}| ethylene hydration | 

APOS, U 

Ecoinvent 

V3 
 

Electricity 2.3 kWh At grid, US, 2010/kWh/RNA USLCI 
Heating for 

4 days 

Electricity 0.08 kWh At grid, US, 2010/kWh/RNA USLCI 

Recycling 

(overall for 

pumping) 
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Table GS4. Input materials and energy required to produce Dimethylformamide (DMF) [70]. 

 Material Amount Unit Corresponding LCI Database Comments 

1
 k

g
 

D
im

et
h

y
lf

o
rm

am
id

e 

(D
M

F
) 

Dimethylamine 0.62 kg 
{RoW}| production 

| APOS, U 

Ecoinvent 

V3 
 

Methyl formate  0.41 kg 
{RoW}| production 

| APOS, U 

Ecoinvent 

V3 
 

Electricity 3557 kJ 
At grid, US, 

2010/kWh/RNA 
USLCI  

 

Table GS5. Input materials and energy required to produce physiosorbed CNT-PEI (Phy-CNT-

PEI). 

 Material Amount Unit Corresponding LCI Database Comments 

0
.3

4
7
5
 k

g
 P

h
y

-C
N

T
-P

E
I 

Ethanol 5.02 g 

Without water, in 

99.7% solution state, 

from ethylene {RoW}| 

ethylene hydration | 

APOS, U 

Ecoinvent 

V3 
 

PEI 0.25 g Created   

Industrial 

CNT 
0.375 g Created   

Electricity 0.0001 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Stirring (1) 

Electricity 0.0002 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Heating (1) 

Electricity 0.0011 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Heating (3) 

Electricity 0.000003 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Drying (4) 

Electricity 0.00007 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI 

Recycle 

pump 
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Table GS6. Input materials and energy required to produce covalent bond CNT-PEI (Cov-CNT-

PEI). 

 Material Amount Unit Corresponding LCI Database Comments 

0
.7

3
2
1

 g
 o

-C
N

T
 

Industrial CNT 1 g Created   

Nitric acid 13.23 g 
Without water, in 

50% solution state  

Ecoinvent 

V3 
 

Electricity 0.0003 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Sonication (1) 

Electricity 0.0007 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Stirring (1) 

Electricity 0.002 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Heating (1) 

0
.4

5
9
9

 g
 C

o
v

-C
N

T
-P

E
I 

Dimethylformamide 

(DMF) 
1.90 g Created  1st wash 

Thionyl chloride 4.94 g 
{RoW}| production | 

APOS, U 

Ecoinvent 

V3 
 

o-CNT 0.4 g Created   

PEI 0.4 g Created   

Water 9.02 g Decarbonised water 
Ecoinvent 

V3 
 

Dimethylformamide 

(DMF) 
1.90 g Created  2nd wash 

Electricity 0.00003 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Sonication (2) 

Electricity 0.0003 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Stirring (2) 

Electricity 0.0024 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Heating (2) 

Electricity 0.0045 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Centrifuging (2) 

Electricity 0.0000002 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Stirring (3) 

Electricity 0.0009 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Heating (4) 

Electricity 0.0015 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Centrifuging (4) 

Electricity 0.0017 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Stirring (4) 

Electricity 0.001 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Heating (5) 

Electricity 0.0015 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Centrifuging (6) 

Electricity 0.00006672 kWh 
At grid, US, 

2010/kWh/RNA 
USLCI Recycling 
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Table GS7. Life cycle environmental impacts of producing 1 kg carbon nanotubes (CNT) via 

chemical vapor deposition (CVD) used in present study (pilot scale). 

Impact 

category 
Unit Ferrocene Benzene Hydrogen Argon Water 

Hydrochloric 

acid 
Electricity Total 

OD 
kg CFC-

11 eq 
3.57E-07 7.34E-09 3.89E-15 4.13E-07 3.35E-12 4.30E-06 1.43E-09 5.08E-06 

GW 
kg CO2 

eq 
1.01E+00 2.35E+01 5.18E-03 7.21E+00 4.00E-05 1.60E+01 8.87E+01 1.36E+02 

PS kg O3 eq 9.10E-02 9.17E-01 3.01E-05 3.45E-01 2.34E-06 8.51E-01 5.08E+00 7.28E+00 

AC 
kg SO2 

eq 
2.47E-02 8.19E-02 7.71E-06 3.18E-02 1.55E-07 7.26E-02 7.63E-01 9.74E-01 

EF kg N eq 3.23E-03 3.99E-03 6.77E-08 2.86E-02 1.34E-07 1.64E-01 1.03E-02 2.11E-01 

HHC CTUh 7.73E-08 5.10E-07 7.30E-12 3.95E-07 8.55E-12 1.14E-06 1.80E-07 2.30E-06 

HHNC CTUh 5.69E-07 2.31E-07 7.84E-11 1.41E-06 1.81E-11 4.62E-06 3.01E-06 9.85E-06 

RF 
kg PM2.5 

eq 
1.98E-03 5.89E-03 4.41E-07 1.03E-02 4.34E-08 2.09E-02 3.83E-02 7.74E-02 

EC CTUe 1.39E+01 2.58E+01 1.53E-03 4.67E+01 6.13E-04 3.82E+02 4.37E+01 5.12E+02 

FF 
MJ 

surplus 
6.74E+00 1.24E+02 1.26E-02 4.75E+00 3.90E-05 3.48E+01 7.69E+01 2.47E+02 

 

Table GS8. Life cycle environmental impacts of producing 1 kg monoethanolamine (MEA). 

1 kg MEA with water Unit Total 

OD kg CFC-11 eq 2.13E-07 

GW kg CO2 eq 2.88E+00 

PS kg O3 eq 1.16E-01 

AC kg SO2 eq 1.11E-02 

EF kg N eq 1.57E-02 

HHC CTUh 1.22E-07 

HHNC CTUh 5.78E-07 

RF kg PM2.5 eq 2.10E-03 

EC CTUe 1.62E+01 

FF MJ surplus 8.60E+00 
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Table GS9. Life cycle environmental impacts of producing 1 kg Monoethanolamine 

hydrochloride for PEI synthesis.  

Impact category Unit Total Monoethanolamine Ethanol 
Hydrochloric 

acid 

OD kg CFC-11 eq 4.56E-07 1.48E-07 1.13E-07 1.95E-07 

GW kg CO2 eq 9.37E+00 2.00E+00 5.02E+00 2.34E+00 

PS kg O3 eq 4.78E-01 8.04E-02 2.57E-01 1.40E-01 

AC kg SO2 eq 3.55E-02 7.69E-03 1.78E-02 9.99E-03 

EF kg N eq 2.76E-02 1.09E-02 1.65E-02 1.79E-04 

HHC CTUh 2.68E-07 8.46E-08 1.81E-07 2.11E-09 

HHNC CTUh 1.33E-06 4.02E-07 8.66E-07 6.10E-08 

RF kg PM2.5 eq 4.08E-03 1.46E-03 2.04E-03 5.76E-04 

EC CTUe 3.45E+01 1.13E+01 2.30E+01 2.81E-01 

FF MJ surplus 3.48E+01 5.98E+00 2.52E+01 3.56E+00 

 

Table GS10. Life cycle environmental impacts of producing 1 kg 2-chloroethylamine 

hydrochloride for PEI synthesis.  

Impact 

category 
Unit 

Monoethanolamine 

hydrochloride 

Thionyl 

chloride 
Toluene Electricity Total 

OD kg CFC-11 eq 1.20E-06 1.88E-06 1.55E-09 5.13E-10 3.08E-06 

GW kg CO2 eq 2.46E+01 3.96E+00 5.49E+00 3.18E+01 6.59E+01 

PS kg O3 eq 1.26E+00 3.12E-01 1.88E-01 1.82E+00 3.58E+00 

AC kg SO2 eq 9.33E-02 6.80E-02 1.38E-02 2.74E-01 4.49E-01 

EF kg N eq 7.26E-02 1.89E-02 8.37E-04 3.70E-03 9.61E-02 

HHC CTUh 7.04E-07 3.47E-07 9.61E-08 6.44E-08 1.21E-06 

HHNC CTUh 3.50E-06 2.41E-06 4.72E-08 1.08E-06 7.04E-06 

RF kg PM2.5 eq 1.07E-02 8.41E-03 1.08E-03 1.37E-02 3.40E-02 

EC CTUe 9.09E+01 5.36E+01 5.20E+00 1.57E+01 1.65E+02 

FF MJ surplus 9.15E+01 7.31E+00 3.29E+01 2.76E+01 1.59E+02 
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Table GS11. Life cycle environmental impacts of producing 1 kg Aziridine for PEI synthesis. 

Impact 

category 
Unit 

2-

chloroethylamine 

hydrochloride 

Sodium 

hydroxide 
Water Electricity Total 

OD 
kg CFC-11 

eq 
3.08E-06 3.66E-07 1.14E-11 6.36E-10 3.45E-06 

GW kg CO2 eq 6.59E+01 2.83E+00 1.36E-04 3.95E+01 1.08E+02 

PS kg O3 eq 3.58E+00 1.48E-01 7.95E-06 2.26E+00 5.98E+00 

AC kg SO2 eq 4.49E-01 2.44E-02 5.27E-07 3.39E-01 8.13E-01 

EF kg N eq 9.61E-02 3.72E-04 4.57E-07 4.59E-03 1.01E-01 

HHC CTUh 1.21E-06 1.04E-08 2.91E-11 7.99E-08 1.30E-06 

HHNC CTUh 7.04E-06 3.13E-07 6.15E-11 1.34E-06 8.69E-06 

RF kg PM2.5 eq 3.40E-02 1.34E-03 1.48E-07 1.70E-02 5.24E-02 

EC CTUe 1.65E+02 2.46E+00 2.08E-03 1.95E+01 1.87E+02 

FF MJ surplus 1.59E+02 4.48E+00 1.33E-04 3.42E+01 1.98E+02 

 

Table GS12. Life cycle environmental impacts of producing 1 kg PEI. 

Impact 

category 
Unit Aziridine Water 

Hydrochloric 

acid 

Diethyl 

ether 
Ethanol Electricity Total 

OD 
kg CFC-

11 eq 
3.44E-06 8.37E-12 3.21E-08 3.10E-07 1.77E-08 2.54E-11 3.80E-06 

GW kg CO2 eq 4.15E+01 1.00E-04 3.85E-01 1.38E+01 7.90E-01 1.58E+00 5.81E+01 

PS kg O3 eq 2.17E+00 5.84E-06 2.31E-02 7.08E-01 4.04E-02 9.02E-02 3.03E+00 

AC kg SO2 eq 2.39E-01 3.88E-07 1.64E-03 4.90E-02 2.80E-03 1.36E-02 3.06E-01 

EF kg N eq 9.33E-02 3.36E-07 2.94E-05 4.54E-02 2.59E-03 1.83E-04 1.42E-01 

HHC CTUh 1.17E-06 2.14E-11 3.48E-10 4.98E-07 2.85E-08 3.19E-09 1.70E-06 

HHNC CTUh 6.42E-06 4.52E-11 1.00E-08 2.38E-06 1.36E-07 5.36E-08 9.01E-06 

RF 
kg PM2.5 

eq 
2.36E-02 1.08E-07 9.47E-05 5.63E-03 3.21E-04 6.81E-04 3.03E-02 

EC CTUe 1.54E+02 1.53E-03 4.63E-02 6.33E+01 3.62E+00 7.78E-01 2.22E+02 

FF 
MJ 

surplus 
1.40E+02 9.76E-05 5.86E-01 6.95E+01 3.97E+00 1.37E+00 2.16E+02 
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Table GS13. Life cycle environmental impacts of producing 1 kg Cov-CNT-PEI.   

Impact 

category 
Unit Total DMF 

Thionyl 

chloride 
o-CNT PEI Water Electricity 

OD 
kg CFC-11 

eq 
2.25E-05 5.20E-06 5.93E-06 8.09E-06 3.31E-06 1.31E-11 3.22E-10 

GW kg CO2 eq 3.26E+02 2.83E+01 1.25E+01 2.15E+02 5.05E+01 1.57E-04 2.00E+01 

PS kg O3 eq 1.71E+01 1.34E+00 9.83E-01 1.10E+01 2.63E+00 9.16E-06 1.14E+00 

AC kg SO2 eq 2.18E+00 1.46E-01 2.15E-01 1.38E+00 2.66E-01 6.08E-07 1.72E-01 

EF kg N eq 6.15E-01 1.40E-01 5.96E-02 2.89E-01 1.23E-01 5.27E-07 2.32E-03 

HHC CTUh 6.90E-06 9.50E-07 1.09E-06 3.34E-06 1.48E-06 3.35E-11 4.04E-08 

HHNC CTUh 3.97E-05 5.69E-06 7.61E-06 1.79E-05 7.83E-06 7.09E-11 6.78E-07 

RF kg PM2.5 eq 1.89E-01 2.18E-02 2.66E-02 1.06E-01 2.63E-02 1.70E-07 8.63E-03 

EC CTUe 1.28E+03 1.49E+02 1.69E+02 7.60E+02 1.93E+02 2.40E-03 9.84E+00 

FF MJ surplus 6.42E+02 9.12E+01 2.31E+01 3.23E+02 1.88E+02 1.53E-04 1.73E+01 

 

Table GS14. Life cycle environmental impacts of producing 1 kg Phy-CNT-PEI. 

Impact 

category 
Unit Total Ethanol PEI CNT Electricity 

OD  kg CFC-11 eq 8.62E-06 3.95E-07 2.74E-06 5.48E-06 4.35E-11 

GW kg CO2 eq 2.09E+02 1.76E+01 4.18E+01 1.47E+02 2.70E+00 

PS kg O3 eq 1.11E+01 9.01E-01 2.18E+00 7.86E+00 1.55E-01 

AC kg SO2 eq 1.36E+00 6.24E-02 2.20E-01 1.05E+00 2.32E-02 

EF kg N eq 3.87E-01 5.79E-02 1.02E-01 2.27E-01 3.14E-04 

HHC CTUh 4.34E-06 6.35E-07 1.22E-06 2.48E-06 5.47E-09 

HHNC CTUh 2.02E-05 3.03E-06 6.48E-06 1.06E-05 9.17E-08 

RF kg PM2.5 eq 1.14E-01 7.16E-03 2.18E-02 8.35E-02 1.17E-03 

EC CTUe 7.95E+02 8.07E+01 1.60E+02 5.53E+02 1.33E+00 

FF MJ surplus 5.13E+02 8.85E+01 1.55E+02 2.67E+02 2.34E+00 
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Table GS15. Sensitivity analysis of Phy-CNT-PEI production. The sensitivities of Phy-CNT-PEI 

production was assessed by increasing 25% of single parameter values and compare the 

corresponding change to the overall impact at each impact category. 

Ethanol 
Increase by 

25% 
New New:Old PEI 

Increase by 

25% 
New New:Old 

OD  4.93E-07 8.71E-06 101.1% OD  3.42E-06 9.30E-06 107.9% 

GW 2.20E+01 2.14E+02 102.1% GW 5.22E+01 2.20E+02 105.0% 

PS 1.13E+00 1.13E+01 102.0% PS 2.72E+00 1.16E+01 104.9% 

AC 7.80E-02 1.37E+00 101.1% AC 2.75E-01 1.41E+00 104.1% 

EF 7.23E-02 4.02E-01 103.7% EF 1.27E-01 4.13E-01 106.6% 

HHC 7.93E-07 4.50E-06 103.7% HHC 1.53E-06 4.65E-06 107.0% 

HHNC 3.79E-06 2.10E-05 103.8% HHNC 8.10E-06 2.19E-05 108.0% 

RF 8.95E-03 1.15E-01 101.6% RF 2.72E-02 1.19E-01 104.8% 

EC 1.01E+02 8.15E+02 102.5% EC 2.00E+02 8.35E+02 105.0% 

FF 1.11E+02 5.35E+02 104.3% FF 1.94E+02 5.52E+02 107.6% 

        

CNT 
Increase by 

25% 
New New:Old Electricity 

Increase by 

25% 
New New:Old 

OD  6.85E-06 9.99E-06 115.9% OD  5.44E-11 8.62E-06 100.0% 

GW 1.84E+02 2.46E+02 117.6% GW 3.38E+00 2.10E+02 100.3% 

PS 9.82E+00 1.31E+01 117.7% PS 1.93E-01 1.11E+01 100.3% 

AC 1.31E+00 1.62E+00 119.4% AC 2.90E-02 1.36E+00 100.4% 

EF 2.84E-01 4.44E-01 114.7% EF 3.93E-04 3.87E-01 100.0% 

HHC 3.10E-06 4.96E-06 114.3% HHC 6.84E-09 4.34E-06 100.0% 

HHNC 1.33E-05 2.29E-05 113.1% HHNC 1.15E-07 2.03E-05 100.1% 

RF 1.04E-01 1.35E-01 118.4% RF 1.46E-03 1.14E-01 100.3% 

EC 6.91E+02 9.33E+02 117.4% EC 1.66E+00 7.95E+02 100.0% 

FF 3.33E+02 5.79E+02 113.0% FF 2.93E+00 5.13E+02 100.1% 
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Table GS16. Sensitivity analysis of Cov-CNT-PEI production. The sensitivities of Phy-CNT-

PEI production was assessed by increasing 25% of single parameter values and compare the 

corresponding change to the overall impact at each impact category. 

DMF Increase by 25% New New:Old 
Thionyl 

chloride 

Increase by 

25% 
New New:Old 

OD  6.49E-06 2.38E-05 105.8% OD  7.41E-06 2.40E-05 106.6% 

GW 3.53E+01 3.33E+02 102.2% GW 1.56E+01 3.29E+02 101.0% 

PS 1.68E+00 1.75E+01 102.0% PS 1.23E+00 1.74E+01 101.4% 

AC 1.83E-01 2.21E+00 101.7% AC 2.68E-01 2.23E+00 102.5% 

EF 1.75E-01 6.50E-01 105.7% EF 7.46E-02 6.30E-01 102.4% 

HHC 1.19E-06 7.14E-06 103.4% HHC 1.37E-06 7.17E-06 104.0% 

HHNC 7.11E-06 4.11E-05 103.6% HHNC 9.52E-06 4.16E-05 104.8% 

RF 2.72E-02 1.94E-01 102.9% RF 3.32E-02 1.96E-01 103.5% 

EC 1.86E+02 1.32E+03 102.9% EC 2.11E+02 1.32E+03 103.3% 

FF 1.14E+02 6.64E+02 103.6% FF 2.88E+01 6.47E+02 100.9% 

        

o-CNT Increase by 25% New New:Old PEI 
Increase by 

25% 
New New:Old 

OD  1.01E-05 2.45E-05 109.0% OD  4.14E-06 2.33E-05 103.7% 

GW 2.69E+02 3.80E+02 116.5% GW 6.32E+01 3.39E+02 103.9% 

PS 1.38E+01 1.99E+01 116.1% PS 3.29E+00 1.78E+01 103.8% 

AC 1.72E+00 2.52E+00 115.8% AC 3.33E-01 2.24E+00 103.1% 

EF 3.62E-01 6.87E-01 111.8% EF 1.54E-01 6.45E-01 105.0% 

HHC 4.17E-06 7.74E-06 112.1% HHC 1.85E-06 7.27E-06 105.3% 

HHNC 2.24E-05 4.42E-05 111.3% HHNC 9.79E-06 4.17E-05 104.9% 

RF 1.32E-01 2.15E-01 114.0% RF 3.29E-02 1.96E-01 103.5% 

EC 9.50E+02 1.47E+03 114.8% EC 2.41E+02 1.33E+03 103.8% 

FF 4.03E+02 7.22E+02 112.6% FF 2.34E+02 6.89E+02 107.3% 

        

Water Increase by 25% New New:Old Electricity 
Increase by 

25% 
New New:Old 

OD  1.64E-11 2.25E-05 100.0% OD  4.02E-10 2.25E-05 100.0% 

GW 1.96E-04 3.26E+02 100.0% GW 2.50E+01 3.31E+02 101.5% 

PS 1.15E-05 1.71E+01 100.0% PS 1.43E+00 1.74E+01 101.7% 

AC 7.60E-07 2.18E+00 100.0% AC 2.15E-01 2.22E+00 102.0% 

EF 6.59E-07 6.15E-01 100.0% EF 2.90E-03 6.15E-01 100.1% 

HHC 4.19E-11 6.90E-06 100.0% HHC 5.05E-08 6.91E-06 100.1% 

HHNC 8.86E-11 3.97E-05 100.0% HHNC 8.48E-07 3.99E-05 100.4% 

RF 2.13E-07 1.89E-01 100.0% RF 1.08E-02 1.91E-01 101.1% 

EC 3.00E-03 1.28E+03 100.0% EC 1.23E+01 1.28E+03 100.2% 

FF 1.91E-04 6.42E+02 100.0% FF 2.16E+01 6.46E+02 100.7% 
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Table GS17. Costs of feedstocks for CO2 adsorbents 
M

at
er

ia
ls

 

Vendor 
Price 

($/kg) 
Reference 

EtOH 

Decon 

Laboratories, 

200 proof 

20 www.laballey.com/products/ethanol-200-proof-100-usp-decon-labs 

PEI 
Sigma-

Aldrich 
400 

www.sigmaaldrich.com/catalog/search?term=25987-06-

8&interface=CAS%20No.&N=0+&mode=partialmax&lang=en&regi

on=US&focus=product 

CNT 
Cheaptubes, 

>95% 
700 

www.cheaptubes.com/product/multi-walled-carbon-nanotubes-20-

30nm/ 

MEA 

Sigma-

Aldrich, >98

% 

40 
www.sigmaaldrich.com/catalog/product/sial/e9508?lang=en&region=

US 

MEA 
Sigma-

Aldrich, 30% 
12 According to the calculation 40 kg * 30% =12 kg 
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Figure GS1. Scheme for the production of PEI [71–73]. 
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Figure GS2. The GWP comparison between the laboratory and pilot scale CNT production 

methods (AM: arc-method [74]; CVD-FC: chemical vapor deposition with horizontal tubular 

reactor made of quartz tube [75]; CVD- FBC: chemical vapor deposition with fluidized bed 

catalytic reactor [76]; CVD-FB: chemical vapor deposition with quartz glass tube and vertical 

furnace [77]; CVD: chemical vapor deposition (Steinfeldt, 2010); CVD-C: chemical vapor 

deposition with horizontal three zone tube furnace [79]. 
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Figure GS3. The fitted linear degradation of MEA over the adsorption/desorption (A/D) cycles.  

 

 

Figure GS4. The fitted degradation of CNT-PEI over the A/D cycles. 
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Figure GS5. TRACI impact and the associated uncertainty for both physiosorbed and covalently 

bond CNT-PEI. 
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Figure GS6. Percent of environmental impact contribution of synthesizing CNT using chemical 

vapor deposition in a pilot plant.  

 

 

Figure GS7. Percent of environmental impact contribution of synthesizing 3-chloroethaylamine 

hydrochloride to be used in producing PEI.  
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Figure GS8. Percent of environmental impact contribution of synthesizing Aziridine to be used 

in producing PEI.  

 

 

Figure GS9. Percent of environmental impact contribution of synthesizing PEI.  
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Abstract 

Recovering valuable nutrients (e.g., P and N) from waste materials has been extensively 

investigated at the laboratory scale. Although it has been shown that struvite precipitation from 

several manure sources contributes to nutrient management practices by recovering valuable 

nutrients and preventing them from reaching water bodies, it has not been widely applied in 

commercial (i.e., farm) scales. The purpose of this study is to evaluate the potential 

environmental impacts of the struvite recovery process from the liquid portion of the 

anaerobically digested dairy cow manure generated in Wisconsin, USA, dairy farms using life 

cycle assessment methodology for both bench‐ and farm‐scale scenarios. The struvite 

precipitation process involves the use of additional chemicals and energy; therefore, 

investigating upstream impacts is crucial to evaluate the environmental costs and benefits of this 

additional treatment process. Results indicate that up to a 78% impact decrease in eutrophication 

potential can be achieved when P and N are recovered in the form of struvite and are applied in 

lieu of conventional fertilizers, rather than using the liquid portion of the anaerobically digested 

dairy manure as a fertilizer. Additionally, significant differences are identified in the majority of 

environmental impact categories when the struvite precipitation process is modeled and 

evaluated in a farm‐scale setting. Future work should expand to evaluate the overall 

environmental impacts and trade‐offs of struvite recovery application, including the anaerobic 

digestion system itself at the farm scale.  
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Introduction 

Phosphorus (P) and nitrogen (N) are key nutrients for both plants and animals, and play a 

central role in agricultural applications. Worldwide phosphate fertilizer demand is expected to 

reach a total of 46 million tons, and N fertilizer need is forecasted to exceed 118 million tons by 

2020 [1]. Phosphorus used in fertilizers is typically produced by mining of phosphate rock (in the 

form of P2O5), and the consumption of phosphate rock is estimated to increase to 50.5 million 

tons in 2022 [2]. There is a growing concern regarding the sustainability of global phosphate 

rock deposits; being a finite resource, they are expected to be exhausted in 100 to 250 y [3–5]. 

Meanwhile, given that 78% of the atmosphere is comprised of N, the Haber–Bosch process is 

typically used to fixate N in the form of ammonia [4]. However, the Haber–Bosch process relies 

heavily on natural gas, which also raises concerns as to its environmental consequences [6]. For 

reference, 1% of the global energy is consumed for fixing atmospheric N using the Haber–Bosch 

process [7]. These 2 nutrients are grouped under the process named “biogeochemical flows,” 

which is one of the 9 processes that are listed as planetary boundaries [8–10]. In addition to 

concern about the increased demand for P and N, their excessive release to water bodies is the 

reason for their inclusion in the planetary boundaries [11, 12]. Research suggests that recovering 

valuable nutrients (such as P and N) from waste materials contributes to decreasing the burdens 

that contribute to planetary boundaries and is part of a circular economy approach [13–16]. 

Twenty‐three percent of the dairy farms in the United States are located in Wisconsin, 

accounting for 1.3 million dairy cows [17]. Given that each dairy cow generates 20 tons of 

manure annually [18], more than 25 million tons of manure is expected to be generated per year 

from Wisconsin. Spreading animal manure as fertilizer is the most applied manure management 

strategy for small‐scale farms [19]. For larger farms (i.e., farms that have more than 200 head of 
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cattle), anaerobic digestion is a common manure management method [20]. As of March 2020, 

there are 41 dairy farms with anaerobic digesters in Wisconsin [21]. These farms are feeding a 

total of 109,685 dairy cows, which corresponds to 8.7% of cows in Wisconsin [21]. There are 

several benefits to anaerobic digestion, including biogas recovery and energy generation (e.g., 

electricity, fuel, compressed natural gas), methane emissions reduction, pathogen elimination, 

and odor reduction [22]. While the solid fraction of anaerobically digested dairy manure can be 

used as a flowerpot or livestock bedding material, the liquid fraction (AD‐L‐dairy manure) can 

be applied as a fertilizer or further processed and sold. However, the nutrients (P and N) that 

make manure and/or digestate a valuable fertilizer also cause eutrophication of ground and 

surface water due to agricultural runoff [23]. For instance, if the fertilizer (i.e., manure/digestate) 

need is calculated to meet the N demand of the soil, P (that is already present in the 

manure/digestate together with N) may be over applied and reach to water bodies due to runoff 

[24]. 

One method to recover P and N from manure is through struvite precipitation. Struvite 

(i.e., magnesium ammonium phosphate or MgNH4PO4.6H2O) is a slow‐release fertilizer that has 

a high nutrient density and can be used directly without any postprocessing [25]. Being an 

odorless, nonsludgy, light and insoluble crystal, struvite is a good alternative for conventional 

fertilizers [26]. There have been numerous studies on struvite precipitation from different types 

of manure sources as well as various pretreatment approaches, as detailed in Supplemental Data 

Table HS1. The characteristics (i.e., physicochemical composition) of the same type (animal 

source) of manure may vary depending on both internal and external factors such as seasons, 

animal diet, feeding operations, manure collection and handling practices, location, and climate 

conditions, which are constraints for developing a standardized experimental setting for struvite 
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precipitation [27]. Therefore, studies that are presented in Supplemental Data Table HS1 used 

individualized procedures based on the treated manure characteristics. An additional table is 

included in the Supplemental Data to summarize the literature on struvite precipitation from 

anaerobically digested dairy manure (Supplemental Data Table HS2), which is the primary input 

of the present study. 

Research on recovering economically and environmentally valuable nutrients from waste 

materials is gaining momentum; however, the environmental implications of these processes 

have not historically been well studied. One way to analyze the environmental impacts of a 

struvite recovery system is through life cycle assessment (LCA). Life cycle assessment is a tool 

to evaluate the potential environmental impacts of any product or process by quantifying the 

inputs and outputs throughout their life cycles, from raw materials acquisition to end of life, 

including manufacturing, use, and disposal phases [28]. Previous LCAs mostly examined the 

struvite precipitation (i.e., nutrient recovery) from wastewater treatment plants (WWTPs). Sena 

and Hicks compiled a review of the previous LCA literature on struvite recovery from WWTPs 

and separated urine streams along with details on data collection, methodology, and functional 

units considered [4]. They suggested that inclusion of a conventional fertilizer offset should be a 

component of all LCA studies, and the amount of struvite that is equivalent to P and N fertilizers 

should be stated explicitly. This suggestion is applicable for all struvite precipitation and nutrient 

recovery research in the sense that the struvite replaces the conventional fertilizer. Furthermore, 

LCA literature on struvite recovery from all types of manure is very limited. A summary is 

presented in Supplemental Data Table HS3 along with the details of the LCA components 

considered. 
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Environmental impact assessments based on bench‐scale inventories help identify 

hotspots of the system. However, given that bench‐scale studies are not optimized in terms of 

resource efficiency because processes are not in a continuous flow setting [29], scaling bench‐

scale results to project farm‐scale impacts would not be accurate. As Li et al. identified this gap 

in their review, most studies on struvite crystallization were performed in laboratory scale and 

few of them conducted analyses on an industrial scale [5]. For instance, Bowers and Westerman 

applied a field‐scale (10.6 m3/d) continuous crystallizer [30], and Suzuki et al. used a pilot‐scale 

reactor (0.58 m3/d) to recover struvite from swine waste [31]. However, they have not 

incorporated the environmental implications of crystallizing struvite, which prevents evaluating 

the process feasibility at different scales. 

The objective of the present study is to evaluate the environmental impacts of struvite 

precipitation from the AD‐L‐dairy manure generated in Wisconsin farms using LCA 

methodology. Additionally, environmental impacts as a result of farm‐scale struvite precipitation 

process are also predicted by using simplified literature‐based data in order to address the 

potential savings in the materials and energy consumption per unit mass of product. Results will 

provide an understanding of the performance of the particular nutrient recovery technology in the 

context of dairy waste management. 

 

Materials And Methods 

System description 

Struvite formation can be achieved when the 3 ions magnesium (Mg2+), ammonium 

(NH4
+), and phosphate (PO4

3−) are in the solution with a 1:1:1 molar ratio to reach 

supersaturation [32]. There are several considerations that need to be taken into account while 
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designing the struvite precipitation process. A detailed overview is included in the Supplemental 

Data, where various literature on struvite precipitation from dairy manure are summarized. The 

struvite precipitation procedure in the present work is based on the reviewed literature. 

 

 

Figure H1. System description for struvite precipitation from AD‐L‐dairy manure (bench scale), 

where dashed outline indicates system boundaries for life cycle assessment. AD‐L = liquid 

fraction of anaerobically digested dairy cow manure; C2H2O4 = oxalic acid; H2O= water; HCl = 

hydrochloric acid; MgCl2 = magnesium chloride; N = nitrogen; NaOH = sodium hydroxide; P = 

phosphorus 

 

Figure H1 shows the framework of the present study. It includes the details of struvite 

crystallization procedure from anaerobically digested dairy cow manure in a laboratory setting. 

Firstly, the AD‐L‐dairy manure is diluted using deionized water. Following this step, oxalic acid 
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is added into the solution to remove the Ca impurities [33], because they may interfere with P 

compounds that prevent Mg from forming struvite [34]. This reaction should take place in an 

acidic environment; therefore, by using hydrochloric acid (HCl, 1M), pH is decreased to 5 [32]. 

In order to further remove the suspended solids formed in the solution, an anionic flocculant, 

polyacrylamide, is used (Krishnapuram Karthikeyan, University of Wisconsin‐Madison 

Biological Systems Engineering, USA, personal communication), and the solution is stirred 

using a jar tester [35]. After the precipitates are removed, pH of the solution is increased to 8 

using sodium hydroxide (NaOH, 1M) because higher pH is favorable for struvite formation [36]. 

Next, magnesium chloride (MgCl2) is added to the system until the majority of P precipitates as 

struvite[3]. Following the stirring and decanting the solids, the precipitate (i.e., struvite) is dried 

in a desiccator, and the effluent is discharged to surface waters. 

 

Life cycle assessment 

Goal and scope definition 

The goal of the present study is to evaluate the environmental impacts of a struvite 

precipitation process from anaerobically digested dairy cow manure generated by Wisconsin 

farms. As mentioned in the Introduction section, struvite can be applied instead of conventional 

fertilizers, which helps avoid production of N and P fertilizers. Therefore, these offsets are also 

included in the assessment in order to highlight the potential benefits to the environment. The 

dashed outline in Figure H1 indicates the system boundaries considered in the present study. 

Anaerobic digestion and screw press (i.e., solid–liquid separation) processes are excluded from 

the system boundaries because the primary objective of these processes is not struvite 

precipitation. Wisconsin has the highest number of farm‐based anaerobic digestion systems 
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compared to other states in the United States, regardless of having the additional process of 

struvite recovery [21]. Currently a large number of farms have already implemented anaerobic 

digestion and solid–liquid separation systems as a manure management strategy and take 

advantage of their benefits. These benefits include on‐site energy generation (e.g., electricity 

cogeneration or compressed natural gas), emission and odor control, as well as producing 

fertilizers and/or soil amendments from digestate. The present work represents a new scope of 

further processing the digestate; for this reason, producing digestate is excluded from the system 

boundaries. 

Functional unit is a quantified performance that helps evaluate the environmental impacts 

of a product or system based on a reference [28]. There are different functional units used in the 

published body of literature for projecting the impacts of struvite recovery from different sources 

of manure. These include mass of manure produced per day [37], mass of treated manure [38], 

and volume of treated manure per day [39, 40]. In the present study, 2 different functional units 

are selected in order to account for properties of the produced struvite for fertilization purposes 

and the necessity of manure management. Both are mass‐based units that represent different 

functions: 1 kg of AD‐L‐dairy manure treated, and 1 kg of struvite produced from the 

anaerobically digested dairy cow manure input. 

 

Inventory analysis 

Before quantifying inputs and outputs of the system, characteristics of the AD‐L‐dairy 

manure are listed in order to calculate the quantity of chemicals required to precipitate struvite. 

Data from Wang et al. [41], Aguirre‐Villegas et al. [42, 43], and Sampat et al. [44] are used to 

calculate total nitrogen (TN), total phosphorus (TP), calcium (Ca2+), and magnesium (Mg2+) 
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parameters for the AD‐L‐dairy manure input, as these studies are based on Wisconsin farms. 

Other microminerals are listed as a miscellaneous category. Supplemental Data Table HS4 

shows the basis for calculation of struvite recovery from raw dairy manure and wash water. 

Using this information, AD‐L‐dairy manure (with wash water) characteristics are developed and 

summarized in Table H1. 

 

Table H1. Liquid fraction of anaerobically digested (AD‐L‐) dairy cow manure characteristics 

(for 1 kg) considered in the current study. 

Parameter Value  
Values are derived by 

making assumptions from: 

Densitya (for anaerobically digested 

dairy manure) 
1023 kg/m3 [41] 

Dry matterb (for raw dairy manure) 78.5 g [43] 

Water 0.965 kg [41–43] 

Calcium (Ca2+)c 1.74 g [42] 

Magnesium (Mg2+)d 0.846 g [42] 

Total nitrogen (TN) 1.59 g [41–44] 

Total phosphorus (TP) 0.680 g [41–44] 

Miscellaneous  30.24 g [41–44] 
a Density of anaerobically digested dairy cow manure ranges from 990-1056 kg/m3; b Total solids content of raw 

manure = 7%; c Calcium = 2.19% of dry mass; d Magnesium = 1.06% of dry mass. 

 

As mentioned in the System description section, the struvite precipitation procedure in 

the present work is designed using information from the literature. Therefore, using values listed 

in Table H1, the required quantities of oxalic acid (C2H2O4) and magnesium chloride (MgCl2) 

were calculated. Inventory of a bench‐scale experiment for struvite precipitation is presented in 

Table H2, where the efficiency of P recovery as struvite is calculated as 66%. Given that struvite 

can be used as a replacement for conventional fertilizers, the avoided impacts resulting from the 
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production of N and P fertilizers are also presented in Table H2. Specific inventory choices 

(Supplemental Data Table HS5) and further calculations are included in the Supplemental Data. 

 

Table H2. Life cycle inventory for bench‐scale struvite precipitation per 1 kg of AD‐L‐dairy 

cow manure treated. 

Input Parameter Value Notes  

HCl (1M) 1.61 g to decrease pH from 8 to pH 5 

NaOH (1M) 1.76 g to increase pH from 5 to pH 8 

Water 3.28 L to dilute the liquid portion of the digestate 

Oxalic acid 3.92 g 
to bind calcium and precipitate it as calcium 

oxalate (desired calcium to oxalic acid ratio=1:1) 

Polyacrylamide  2.19 mL anionic flocculant suspension, polymer 

Magnesium chloride (10%) 8.74 g 

to ensure there is enough magnesium for struvite 

precipitation (desired magnesium to phosphate 

ratio=2:1) 

Electricity 0.789 kWh stirring jar tester 

Output Parameter Value Notes 

Struvite 4.77 g 66% phosphorus recovery as struvite 

Calcium oxalate precipitate 5.66 g  waste management  

Nitrogen, total 1.36 g excess nutrient, discharged to surface water 

Phosphate, total 0.114 g excess nutrient, discharged to surface water 

Water 3.50 kg effluent 

Avoided Impacts Value Notes 

Nitrogen fertilizer  0.744 g 1 kg struvite ≡ 0.156 kg nitrogen fertilizer as N 

Phosphate fertilizer  2.78 g 
1 kg struvite ≡ 0.583 kg phosphate fertilizer as 

P2O5 

 

In the present study, efficiency of recovery indicates the ratio of P in the struvite to the 

TP in the raw dairy manure. Given that the efficiency of P recovery in the form of struvite ranges 

from 60% to 80% [27], different efficiencies were assumed and back calculations were 

performed considering 60%, 70%, 75%, and 78% recovery yields. On the basis of the manure 

characteristics presented in Table H1, 78% is the maximum efficiency that could be achieved, 
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that is, where the majority of P present in the AD‐L‐dairy manure was precipitated in the form of 

struvite. It is assumed that the excess nutrients in the effluent were discharged to surface waters 

[37, 38]. 

 

Inventory analysis for farm‐scale struvite precipitation 

Potential environmental impacts per functional unit for a farm‐scale struvite precipitation 

are expected to be lower due to the interconnections of industrial production line [45]. According 

to De Vrieze et al., the electricity consumption per ton of manure for struvite crystallization is 

0.5 kWh for a farm that has a treatment capacity of 160 to 200 m3/d [46]. Assuming 0.5 kWh/ton 

electricity requirement and the same stoichiometry for struvite precipitation (Table H2), farm‐

scale struvite precipitation from AD‐L‐dairy manure was modeled. In a farm setting, there will 

be an anaerobic digestion step prior to struvite precipitation. Given that energy can be produced 

by anaerobic digestion, for farm‐scale LCA inventory, biogas is assumed as an energy source. 

Furthermore, in order to dilute the AD‐L‐dairy manure in a farm, using deionized water in farm 

settings would not be realistic. In order to imitate farm‐scale process, 2 different water sources, 

well and gray water, are considered as water inputs. Similar to the bench‐scale process, impact 

assessments for 60%, 70%, 75%, and 78% recovery yields were also conducted. The authors 

recognize that projecting farm scale impacts using these data is a simplified approach. However, 

given that there is a lack of primary data collected from dairy farms, this approach can help to 

project preliminary environmental impacts of farm‐scale struvite precipitation process. 
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Impact assessment 

Environmental impacts of the current system are modeled using the SimaPro 8.5.2 

software [47] with Ecoinvent 3 [48] and United States Life Cycle Inventory (USLCI) [49] 

databases. Tool for the Reduction and Assessment of Chemical and Other Environmental 

Impacts (TRACI 2.1) [50] and Building for Environmental and Economic Sustainability (BEES) 

[51] impact assessment methodologies are used to quantify the impacts of the considered system. 

The midpoint environmental impact categories, along with their units and abbreviations based on 

TRACI 2.1 are ozone depletion (ODP in kg CFC11‐eq), global warming (GWP in kg CO2‐eq), 

smog (SP in kg O3‐eq), acidification (AP in kg SO2‐eq), eutrophication (EP in kg N‐eq.), 

carcinogenics (CP in comparative toxic unit for human [CTUh]), noncarcinogenics (NCP in 

CTUh), respiratory effects (RP in kg PM2.5‐eq), ecotoxicity (ETP in comparative toxic unit for 

ecotoxicity), and fossil fuel depletion (FFP in megajoules [MJ] surplus energy) potentials. 

Additionally, in order to assess the direct and indirect water consumption of the system, BEES 

provides water intake impact category in liters (WP in L). The TRACI 2.1 impact assessment 

was selected because it considers the best applicable methodologies within each category for the 

Unites States [50], and BEES methodology is included because it provides the overall water 

footprint for the considered processes. 

 

Sensitivity and uncertainty analyses 

A sensitivity analysis was performed in order to highlight the parameters to which the 

LCA results of the struvite precipitation system are sensitive. The value for each of the input 

parameters was modified by 20%. Following this step, the potential environmental impacts of the 

system were recalculated to determine how the change in the inputs affected the overall LCA 
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results. Sensitivity factor (SFs; i.e., the relative change of the output over relative change of the 

input) for each parameter was calculated, and the parameters with an SF of ≤2% were considered 

as not sensitive to the system [52]. Additionally, uncertainty analysis was conducted using 

Monte Carlo simulations in SimaPro 8.5.2 in order to estimate the highest and the lowest bounds 

of environmental impacts for each scenario. For the present evaluation, 95% confidence interval 

was selected, and analysis was run 1000 times. Results are provided in the Supplemental Data 

Table HS6 for the bench‐scale scenario, Table HS7 for the farm‐scale scenario using well water, 

and Table HS8 for the farm‐scale scenario using gray water. 

 

Results and Discussion 

Life cycle impact assessment for bench‐scale process 

Evaluation of the struvite precipitation from AD‐L‐dairy manure (i.e., digestate from 

anaerobically digested cow manure) was performed, and characterization results are presented in 

Figure H2 by involving the impact categories from TRACI 2.1 and BEES. Impact assessment 

results of each input and output parameter are tabulated in Supplemental Data Tables HS9 and 

HS10. 
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Figure H2. Total life cycle environmental impacts and relative contributions of all input and 

output parameters for a bench‐scale study, where the functional unit is 1 kg struvite precipitation. 

AP = acidification; CFC = chlorofluorocarbon; CP = carcinogenic; CTU = comparative toxic 

unit; EP = eutrophication, ETP = ecotoxicity; FFP = fossil fuel depletion; GWP= global 

warming; MJ = megajoule; NCP = noncarcinogenic; ODP = ozone depletion; PM= particulate 

matter; RP = respiratory effects; SP = smog; WP = water intake. 

 

The analysis shows that the MgCl2 input has a negligible impact in all categories. In the 

majority of the environmental impact categories considered (GWP, SP, AP, NCP, RP, and FFP), 

electricity is found to be the main contributor, accounting for more than 51% impact share. Grid 

electricity (US average grid) input is used for stirring purposes throughout the bench‐scale 

struvite precipitation process. Additionally, results indicated that oxalic acid is the major 

contributor among other chemicals. It contributes more than 45% of ODP, 35% of CP, 34% of 
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ETP, 29% of WP, 23% of NCP, and 21% of EP. These findings are compatible with those of 

Ishii and Boyer, who found that the upstream impacts of manufacturing chemicals as well as the 

grid electricity are the main reasons for high environmental cost of the system [53]. As expected, 

in the WP category, deionized water input is the most impactful contributor (>60%). Lastly, for 

EP, the effluent discharge (42%) is found as the most impactful parameter. As mentioned in the 

Methods section and depicted in Figure H1, the effluent is considered as being directly 

discharged to surface waters. Given that the effluent discharge contains the excess N and P that 

are not recovered as struvite, its contribution to EP is reasonable. 

There are several promising aspects of struvite precipitation. These include converting 

waste materials (e.g., dairy manure in the present study) into valuable resources (i.e., slow‐

release fertilizer), avoiding production of conventional mineral fertilizers and nutrient 

management [54]. In the present study, N and phosphate fertilizer offsets due to the utilization of 

struvite are calculated and incorporated into the overall life cycle impact assessment results. 

Avoided N fertilizer manufacturing shows the most offset in the ODP impact category with a  

–4% share. Offset in ETP follows ODP with a –3% impact ratio. The rest of the categories show 

0.3% to 2% decrease in environmental impacts. In terms of avoided phosphate fertilizer 

production, the largest offsets are observed in CP, EP, ETP, NCP, and ODP categories with 

ratios of –14%, –12%, –12%, –11%, and –8%, respectively. Offsets in WP (–5%) and RP (–4%) 

follow the trend. Similar to the case of N fertilizer, the rest of the categories show 1% to 2% 

decrease in environmental impacts resulting from the decreased manufacturing of conventional 

phosphate fertilizer. It should be highlighted that these results are representative for 1 kg of 

struvite precipitation on a bench‐scale study. Results for struvite precipitation from 1 kg of AD‐

L‐dairy manure treated are presented in Supplemental Data Figure HS1. 
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Life cycle impact assessment for farm‐scale process 

Considering farm‐scale inventory for struvite precipitation, characterization results are 

presented in Figure H3 by involving the impact categories from TRACI 2.1 and BEES. Impact 

assessment results of each input and output parameter are tabulated in Supplemental Data Tables 

HS11 and HS12. 

 

Figure H3. Total life cycle environmental impacts and relative contributions of all input and 

output parameters for a farm‐scale study, where the functional unit is 1 kg struvite precipitation. 

AP = acidification; CFC = chlorofluorocarbon; CP = carcinogenic; CTU = comparative toxic 

unit; EP = eutrophication, ETP = ecotoxicity; FFP = fossil fuel depletion; GWP= global 

warming; MJ = megajoule; NCP = noncarcinogenic; ODP = ozone depletion; PM= particulate 

matter; RP = respiratory effects; SP = smog; WP = water intake. 
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The farm‐scale LCA results show that MgCl2 and energy (biogas) inputs have negligible 

impact contributions in all impact categories. In the majority of the environmental impact 

categories considered (ODP, GWP, SP, AP, CP, NCP, RP, and ETP), oxalic acid is found to be 

the main contributor, accounting for more than 52% impact share. Given that a significant 

amount of nitric acid is needed to produce oxalic acid itself [55], oxalic acid input has the 

greatest contribution in the majority of impact categories. Scaling the process for farm scale 

showed a negligible change in the total WP. However, the impact contribution resulting from the 

effluent discharge on WP increased significantly (>58%). The effluent is modeled by considering 

that the excess nutrients contaminate the water that was initially obtained from natural origins 

(e.g., well water). Lastly, for EP, the effluent discharge (49%) is found as the most impactful 

parameter due to containing excess N and P that cannot be recovered as struvite. 

In terms of the negative impacts (i.e., environmental benefits) resulting from avoided N 

fertilizer manufacturing, the largest offset is identified in the FFP impact category with a –9% 

share. Offsets in GWP, SP, ODP, AP, and ETP follow FFP with –8%, –6%, –5%, –5%, and –5% 

impact ratios, respectively. The rest of the categories show less than 3% decrease in 

environmental impacts. Considering associated environmental benefits resulting from avoided 

phosphate fertilizer manufacturing, more than 17% offset is observed in the NCP, CP, ETP, RP, 

and AP impact categories. Fossil fuel depletion, EP, and SP follow the trend with equal amounts 

of offsets as 14%. The rest of the impact categories show less than 5% to 9% decrease in 

environmental impacts resulting from the avoided manufacturing of conventional phosphate 

fertilizer. Results for farm‐scale struvite precipitation from 1 kg of AD‐L‐dairy manure are 

presented in Supplemental Data Figure HS2. 
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As expected, farm‐scale environmental impact assessment results showed lower impacts 

in all of the 11 potential environmental impact categories. With the farm‐scale struvite 

precipitation from AD‐L‐dairy manure, life cycle impacts per unit mass of AD‐L‐dairy manure 

treated (or unit mass of struvite precipitated) showed a significant decrease (>55%) in 8 of the 11 

potential environmental impact categories (GWP, SP, AP, CP, NCP, RP, ETP, and FFP). The 

main reason for this decrease in the majority of environmental impacts is the utilization of biogas 

as an energy source instead of grid electricity. Research suggested that up to 49% decrease in 

greenhouse gas emissions (and therefore potential environmental impacts) can be achieved by 

substituting grid electricity with biogas [56], which is comparable to the results obtained in the 

present study. Due to the excess nutrient discharge to surface waters, EP did not show as much 

as reduction as other impact categories (19%). Lastly, 21% decrease in ODP and 3% decrease in 

WP were observed as a result of farm‐scale struvite precipitation model. 

 

Environmental impacts using different functional units 

Depending of the purpose of the project, results can be presented using different 

functional units. For instance, if the primary objective is to treat dairy manure, the mass of 

treated manure can be used as a reference unit [38]. Moreover, if the main objective is to 

precipitate the struvite, the mass of struvite generation may be selected. Analyzing LCA results 

using multiple units enables incorporation of multifunctionality and increases the accuracy [52]. 

Figure H4 shows four of the potential environmental impacts of struvite precipitation process for 

2 different functional units under bench and farm scales. Global warming potential is included in 

Figure H4, as it has been historically used to report single category results as climate change 

[57]. Ecotoxicity potential is presented because it showed a significant offset compared to other 
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potential environmental impact categories due to the avoided fertilizer production. Water intake 

potential is selected because struvite precipitation is a water‐intensive process and evaluating this 

category is essential. Lastly, EP is included in Figure H4 because eutrophication is the primary 

consequence of excess nutrient runoff to water streams. Error bars represent the standard 

deviations of impacts resulting from the inclusion of different efficiencies, and the rest of the 

characterization graphs are presented in Supplemental Data Figures HS3 and HS4. 

 

 

Figure H4. Potential environmental impacts based on different functional units represented in 

logarithmic scale: EP (A), WP (B), GWP (C), and ETP (D). (Error bars represent the standard 

deviations of impacts resulting from the inclusion of different efficiencies.) AD‐L = liquid 
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fraction of anaerobically digested dairy cow manure; EP = eutrophication; ETP = ecotoxicity; 

GWP = global warming; WP = water intake potential. 

 

As demonstrated, LCA results based on the unit mass of struvite precipitation resulted in 

more than 200 times higher impacts in all impact categories. This is due to a relatively larger 

amount of dairy manure need to precipitate 1 kg of struvite. For reference, to obtain 1 kg of 

struvite, 200 to 260 kg of raw dairy manure is needed, considering manure characteristics from 

Wisconsin farms [41–44], which corresponds to collecting manure from 4 to 5 cows per day. 

Therefore, potentially, larger farms (≥200 head) that have anaerobic digesters may produce a 

minimum of 40 to 50 kg of struvite per day. Although a significant quantity of dairy manure is 

needed, it is an inescapable byproduct of farming, inexpensive, and abundantly available, which 

make it an appropriate source for struvite recovery [54]. From struvite production point of view, 

given that it serves as an alternative fertilizer to decrease the amount of excess nutrients from 

reaching water sources, it helps to reduce the risk of eutrophication. In both ways, struvite 

recovery technology is promising in terms of its contributions to managing dairy manure. 

 

Sensitivity analysis 

For all of the 11 potential environmental impact categories, sensitivity analysis was 

conducted and SFs were calculated. Figure H5 shows the SFs for each input parameter with 

respective impact categories for bench‐scale (Figure H5A) and farm‐scale (Figure H5B) struvite 

precipitation process. The red circle in the center indicates the cutoff value (2%). Sensitivity 

factors that are located outside of the red circle (i.e., cutoff value) are considered sensitive 

parameters, whereas SFs that are inside the circle are considered not sensitive. Because the 
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impact assessment results for both bench and farm scale processes are not sensitive to 

magnesium chloride, it is excluded from Figure H5. 

 

 

Figure H5. Sensitivity factors (SFs) of all inputs associated with the investigated potential 

environmental impact categories for bench scale (A) and farmscale (B). AP = acidification; CP = 

carcinogenic; EP= eutrophication, ETP= ecotoxicity; FFP = fossil fuel depletion; GWP = global 

warming; NCP= noncarcinogenic; ODP = ozone depletion; RP= respiratory effect; SP = smog; 

WP = water intake potential. 

 

In terms of bench‐scale process, as depicted in Figure H5A, the SFs for 6 inputs are 

sensitive for more than 5 of the 11 impact categories considered. These can be listed as HCl, 

NaOH, energy produced from grid electricity, oxalic acid, polyacrylamide, and deionized water 

inputs. With respect to ODP, HCl, NaOH, oxalic acid, deionized water, and polyacrylamide are 
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found to be the sensitive parameters. This means that any changes in other inputs (e.g., grid 

electricity and MgCl2) will not have any significant impact on the overall ODP of the system. 

Considering CP, NCP, and ETP categories, grid electricity is identified as an additional sensitive 

parameter besides the aforementioned ones. Considering EP, in addition to these parameters, 

effluent is identified as a sensitive parameter. For GWP, SP, and AP categories, only two of the 

inputs, oxalic acid and grid electricity, are identified as sensitive inputs. For RP, sensitive inputs 

are found to be deionized water, oxalic acid, and electricity grid. Finally, in FFP, 

polyacrylamide, oxalic acid, and electricity grid inputs showed sensitivity. 

Among all inputs, grid electricity has the highest SFs (0.8 > SF > 0.15) for 9 of the 11 

impact categories (i.e., all except ODP and WP), meaning that any small change in electricity 

input will significantly change the overall environmental impact of the struvite precipitation from 

the AD‐L‐dairy manure process. As expected, the deionized water input is the most sensitive 

parameter for WP (SF ≈ 0.6), followed by oxalic acid (SF ≈ 0.31). The trend for SFs is found to 

be very different for the ODP impact category, where oxalic acid was the most sensitive 

parameter (SF ≈ 0.53), followed by deionized water (SF ≈ 0.20), NaOH (SF ≈ 0.14), HCl 

(SF ≈ 0.13), and polyacrylamide, respectively. All of the SFs for the bench‐scale struvite 

precipitation process are tabulated and can be found in Supplemental Data Table HS13. 

Regarding the farm‐scale struvite precipitation process, the trends for SFs changed 

drastically. Four inputs of the system, HCl, NaOH, oxalic acid, and polyacrylamide, are found to 

be sensitive parameters for all the 11 impact categories considered. As presented in Figure H5B, 

for the farm‐scale process, oxalic acid showed the highest sensitivity in all impact categories 

(SF > 0.65) except FFP (SF ≈ 0.53), EP (SF ≈ 0.35), and WP (SF ≈ 0.32). This means any small 

change in oxalic acid input would change the overall environmental impact of the struvite 
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precipitation process. For EP and WP, the effluent was identified as the most sensitive 

parameter. This is due to the high consumption of flush water to dilute the AD‐L‐dairy manure 

and the excess N and P contained in the discharged stream. All of the SFs for the farm‐scale 

struvite precipitation process are tabulated and can be found in Supplemental Data Table HS14. 

 

Discussion and implications 

Struvite precipitation process contributes to both manure management and nutrient 

management practices. Given that N and P recovery can be achieved in the form of struvite, it 

may replace the conventional fertilizers. This decreases the utilization of Haber–Bosch process 

[58, 59] as well as reduces the need of phosphate mining [60, 61] to manufacture synthetic 

fertilizers. Additionally, the nutrients (P and N) that are present in dairy manure can cause 

eutrophication [62]. Because P and N from AD‐L‐dairy manure can be recovered in the form of 

struvite, there is a lower risk of eutrophication due to agricultural runoff. For reference, 

7.29 kg N‐eq/kg of P and 0.986 kg N‐eq/kg of N of impact (i.e., eutrophication potential) is 

omitted as a result of nutrient recovery [63]. 

Munasinghe‐Arachchige and Nirmalakhandan ranked 5 different technologies for nutrient 

recovery from the liquid portion of anaerobically digested sludge, including air stripping, ion 

exchange, struvite precipitation, reverse osmosis, and gas permeable membrane separation, using 

multicriteria decision analysis [59]. Based on 10 performance criteria, they concluded that 

struvite precipitation performs as the second best (after gas permeable membrane technology) in 

terms of recovery performance, operating conditions, and the amount of chemical and energy 

requirements [59]. Several other researchers recommended the implementation of struvite 
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precipitation technology for both nutrient recovery and waste management practices due to its 

relatively low cost and high performance [61, 64–66]. 

Considering the AD‐L‐dairy manure characteristics (i.e., TP, TN, and other parameters as 

presented in Table 1), a simple LCA for a direct discharge scenario is modeled in SimaPro. It is 

found that, if the AD‐L‐dairy manure would be discharged directly to the water streams (e.g., 

surface water, river) without further treatment process, the eutrophication potential would be 

1.69 × 10–3 kg N‐eq per 1 kg AD‐L‐dairy manure treated. However, the EP of farm‐scale struvite 

precipitation from AD‐L‐dairy manure process is found as 3.80 × 10–4 kg N‐eq per 1 kg AD‐L‐

dairy manure treated, even though it also contains upstream impacts (e.g., energy, acquisition of 

chemicals). In Wisconsin, there are 41 farms with 109,685 cows, which have anaerobic digesters 

[21]. This is equivalent to 2.194 million tons of dairy manure generation per year. Taking into 

account that all of this would be converted to struvite, more than 2.87 × 106 kg of N‐eq emissions 

could be saved annually. This amount of N‐eq emissions is equivalent to releasing more than 

23,900 tons of ammonia to air or dumping 395 tons of P to water. For reference, the EP of 

releasing 1 kg of ammonia to air is 0.12 kg N‐eq, and discharging 1 kg of P to water is 7.3 kg N‐

eq [50, 63]. This highlights the importance of further treatment approaches in nutrient 

management and environmental impact mitigation. 

Another benefit of struvite crystallization is the reduced transportation costs for hauling 

the waste stream. Farmers with limited available land spaces may want to transport the manure 

generated from their farms to off‐site management facilities, rather than managing them on‐site. 

However, the waste stream generated from dairy farms is expected to be very dilute, which 

results in high environmental and economic costs associated with hauling. Struvite is a light 

crystal [26]; therefore, its transportation would be easier and economical [18]. Besides all these 
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direct and indirect benefits of this technology, chemicals and energy consumed to recover the 

struvite may have additional environmental implications, which are presented throughout the 

present study. Results are intended to inform future research in this area, particularly evaluating 

potential costs and benefits of further processing the dairy manure in order to decrease 

environmental impacts associated with managing this inescapable material. 

 

Conclusions 

Struvite crystallization, which is recovering valuable nutrients from waste materials (e.g., 

wastewater or manure), is one of the promising approaches for nutrient management practices. 

The present study investigated the environmental implications as well as impact hotspots of 

bench‐scale and farm‐scale struvite precipitation from AD‐L‐dairy manure (i.e., digestate from 

anaerobically digested cow manure) process using LCA methodology. The midpoint LCA results 

highlight that incorporating the struvite recovery process may help reduce EP up to 78% while 

managing the amount of nutrients that reach water bodies as a result of agricultural runoff. 

Oxalic acid, polyacrylamide, HCl, and NaOH were found as sensitive parameters for the 

majority of impact categories of both bench‐scale and farm‐scale processes. In addition to those, 

deionized water and grid electricity were identified as sensitive parameters for the bench‐scale 

struvite recovery process. In other words, a minor reduction in any of those inputs can result in a 

major reduction in overall environmental impacts. Moreover, with the farm‐scale scenario, due 

to the utilization of biogas instead of grid electricity, more than 55% impact reduction was 

observed in the majority of environmental impacts associated with the struvite precipitation 

process. Future work should combine both economic (e.g., operational and capital expenditure) 

and environmental cost and benefit implications of these processes for strong and sustainable 
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decision making. Finally, incorporating all respective processes (e.g., anaerobic digestion, screw 

press, struvite reactor) in the form of a continuous flow should be considered for more thorough 

evaluation. 
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Electronic supplemental information 

 

Table HS1. Previously published studies for struvite precipitation from different types of 

manure sources with various pretreatment options 

Manure Source Pretreatment Reference 

Dairy manure Anaerobic digestion [32, 67–71] 

Swine waste Anaerobic digestion [72–77] 

Poultry manure Anaerobic digestion [78–82] 

Livestock waste Anaerobic digestion [83–85] 

Dairy manure Acidification [86] 

Dairy manure Microwave [87–89] 

Swine manure 
ultrasound/H2O2 

digestion 
[90] 
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Table HS2. Review of literature on struvite precipitation from anaerobically digested dairy manure 

Source Location Equipment 
Mg source and 

amount added 

pH and adjustment 

method 
Temp. 

%P removal or 

recovery 

%N removal or 

recovery 

[67] Japan 

semi-continuous 

stirred tank 

reactor 

MgCl2 

Desired ratio of Mg2+: 

PO4
3- is 1-10:1 

pH: 10  

by CO2 removal 
38oC 

N/A (in 

experimental 

phase) 

N/A (in 

experimental 

phase) 

[68] 
USA 

(WA) 
struvite reactor 

MgCl2  (10%) 

Desired ratio of  

Mg2+ : PO4
3- is 1.5:1 

pH: 8.2  

by NaOH addition 
N/A 

62% TP removal 

as struvite, and 

total of 80% TP 

removal 

N/A 

[69] Spain 

high load 

anaerobic 

reactor 

MgCl2.6H2O
 

Desired ratio of  

Mg2+ : PO4
3- is 0.75-

1.2:1 and of  

Mg2+ : NH3 is 1.2:1 

pH: 8.3-9.8  

by NaOH addition 
N/A N/A 70.8-92.7% 

[71] 
USA 

(WA) 

continuously 

stirred batch 

reactor  

MgCl2.6H2O, 

Mg(OH)2
 

Mg2+: 0.016-0.137 M 

pH: 8.5-9.2 

by NaOH addition 
21-22oC N/A 95% 

[70] 
USA 

(WA) 

same anaerobic 

digestion reactor 

MgCl2.6H2O: 7-78 mL  

Mg(OH)2: 7.2-28.8 

mL 

pH: 8.53-9.6 

not adjusted 
N/A N/A 

objective was 

ammonia removal 

(11% extra NH3 

removed) 

[32] 
USA 

(WA) 

cone-shaped 

fluidized bed 

struvite 

crystallizer 

MgCl2: 0-155.4 

mmol/L 

pH: 7.8 

by NaOH addition 
N/A 

65-82% as 

struvite  
N/A 

oC: Celsius; CO2: Carbon dioxide; L: liter; M: molar; mL: milliliter; mmol: millimole; Mg2+: Magnesium; MgCl2: Magnesium chloride; MgCl2.6H2O: 

Magnesium chloride hexahydrate; Mg(OH)2: Magnesium hydroxide; NaOH: Sodium hydroxide; NH3: Ammonia;  N/A: no such information available; PO4
3-: 

Phosphate; TP: Total Phosphorus; WA: Washington 
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Table HS3. Summary of LCA studies on struvite precipitation from different types of manure  

Source 

Location (L) 

and  

Manure (M) 

Data 

Collection 

Methodology (M) 

and Software (S)  

System 

Boundary 

Functional Unit (FUn) 

and  

Scale (S) 

System Description 

[39, 40] 

L: United 

States (FL) 

 

M: Swine 

literature, 

laboratory 

experiments, 

surveys and 

interviews with 

industry 

professionals 

M: TRACI (version 

not specified)  

 

S: SimaPro v7.2 

cradle to use  

FUn: 50.82 m3/day of 

swine waste treated for 

20 years 

 

S: medium (7000 pigs) 

and large (33600 pigs) 

anaerobic digestion, 

dewatering, struvite 

precipitation and recovery of 

N/K by ion exchange 

[37] 

L: Spain 

 

M: Livestock 

(pig and cow) 

literature, 

laboratory 

experiments 

and Ecoinvent 

database (v3.2) 

M: ReCiPe Midpoint 

(H) v1.12  

 

S: N/A 

cradle to 

gate 

FUn: 274 tons/day 

 

S: medium/pilot 

(100,000-ton feeding 

mixture per year) 

anaerobic digestion, 

acidification, centrifugation, 

membrane ultrafiltration, 

struvite precipitation, 

nitritation, denitritaton, high 

rate activated sludge and 

partial nitritation anammox  

[38] 

L: Cyprus 

 

M: Livestock 

laboratory 

experiments of 

LiveWaste 

project and 

Ecoinvent 

database 

M: ReCiPe Midpoint 

(H) (version not 

specified)  

 

S: N/A 

only the 

treatment 

processes  

FUn: 1 ton of livestock 

waste treated 

 

S: full scale treatment 

plant 

LiveWaste treatment plant: 

anaerobic digestion, 

solid/liquid separation, 

digestate treatment, struvite 

application, biotrickling filter, 

biofilter, cogeneration heat and 

power and composting 

FL: Florida; m3/day: cubic meters per day; Midpoint (H): midpoint hierarchist method; N: nitrogen; N/A: no such information available; TRACI: the tool for 

the reduction and assessment of chemical and other environmental impacts. 
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Overview of Struvite Precipitation 

Struvite formation can be achieved when the three ions, magnesium (Mg2+), ammonium 

(NH4
+) and phosphate (PO4

3-) are in the solution with a 1:1:1 molar ratio to reach supersaturation 

[32, 67]. However, this process may be affected by the pH of the solution or the differing 

physicochemical characteristics of the manure itself (e.g. having calcium as an impurity). 

Besides being a widely implemented farm-scale energy recovery method, anaerobic digestion is 

one of the pretreatment options applied to dairy manure in order to stabilize the waste, to break 

down organic materials and convert organic phosphates into inorganic phosphorus for increasing 

the available phosphate/phosphorus ratio [68, 69, 81]. However, the calcium (Ca2+) that is 

present in the digested manure and the neutral to alkali conditions of the media [32, 72] result in 

formation of Ca3(PO4)2, Ca(H2PO4)2, CaHPO4 and other compounds before Mg forms struvite 

[34]. In order to dissolve the Ca-PO4 compounds, acidification is the most applied option [32]. 

Examples include the addition of oxalic acid, which decreases the pH of the solution and break 

the Ca-PO4 bonds as well as binds the Ca and make it insoluble in the form of calcium oxalate. 

Since higher pH is favorable for struvite formation, Ca should be captured before the pH 

adjustment stage. Additionally, in most of the cases addition of Mg source is required to increase 

the amount of struvite produced [69]. Yilmazel and Demirer suggested that in order to 

supplement Mg, compounds such as MgO, Mg(OH)2 and MgCl2.6H2O are the popular 

alternatives; however, depending on the objective (e.g. either P or N removal/recovery) the 

preference may be different, although MgCl2.6H2O is the most favored option for all cases [3]. 

The quantity of Mg source added may not be the same due to the different characteristics of 

manure.  
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Table HS4. Basis for calculation of struvite recovery from dairy manure and wash water (100 

kg) 

[41–44] Amount Unit Output Flow 

100 kg raw dairy manure + 

wash water 

93.03 kg water 

0.08  kg P 

0.19 kg N 

6.7 kg miscellaneous 

Process:  

Anaerobic Digestion 

98.79 kg digestate 

92.98 kg water 

0.08 kg P 

0.19 kg N 

5.54 kg miscellaneous 

1.21 kg biogas 

0.49 kg methane 

0.67 kg carbon dioxide 

0.05 kg water 

Process:  

Screw Press 

10.87 kg solid digestate 

8.15 kg water 

0.01 kg P 

0.05 kg N 

2.66 kg miscellaneous 

87.92 kg liquid digestate 

84.83 kg water 

0.06 kg P 

0.14 kg N 

2.88 kg miscellaneous 

Process:  

Granulation 

2.61 kg pellet 

0.261 kg water 

0.0017 kg P 

0.05 kg N 

2.30 kg miscellaneous 

8.26 kg liquid 

7.89 kg water 

0.01 kg P 

0.00 kg N 

0.36 kg miscellaneous 

Process: 

Struvite Precipitation 

 

(final waste: 66% P recovery, 
13% N recovery, 0.5% 

moisture content) 

0.42 kg struvite precipitation 

0.00211 kg water 

0.053 kg P 

0.024 kg N 

0.34 kg miscellaneous 

87.50 kg liquid 

84.83 kg water 

0.01 kg P 

0.12 kg N 

2.54 kg miscellaneous 
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Assumptions and calculations for creating life cycle inventory 

• Oxalic Acid 

Desired calcium to oxalic acid ratio is 1:1 [68]: 

1.741 𝑔 𝑐𝑎𝑙𝑐𝑖𝑢𝑚

1 𝑘𝑔 𝐴𝐷 − 𝐿 − 𝑑𝑎𝑖𝑟𝑦 𝑚𝑎𝑛𝑢𝑟𝑒
∗

1 𝑚𝑜𝑙 

40 𝑔 𝑐𝑎𝑙𝑐𝑖𝑢𝑚
=

0.044  𝑚𝑜𝑙

1 𝑘𝑔 𝐴𝐷 − 𝐿 − 𝑑𝑎𝑖𝑟𝑦 𝑚𝑎𝑛𝑢𝑟𝑒
 

90.03 𝑔 𝑜𝑥𝑎𝑙𝑖𝑐 𝑎𝑐𝑖𝑑

𝑚𝑜𝑙
∗

0.044  𝑚𝑜𝑙

1 𝑘𝑔 𝐴𝐷 − 𝐿 − 𝑑𝑎𝑖𝑟𝑦 𝑚𝑎𝑛𝑢𝑟𝑒
=

3.92 𝑔 𝑜𝑥𝑎𝑙𝑖𝑐 𝑎𝑐𝑖𝑑

1 𝑘𝑔 𝐴𝐷 − 𝐿 − 𝑑𝑎𝑖𝑟𝑦 𝑚𝑎𝑛𝑢𝑟𝑒
  

• Magnesium Chloride (10%)  

Desired magnesium to phosphate ratio is 2:1 [37, 68]  

[𝑇𝑃𝑂4 = 𝑇𝑃 ∗ 3.065 [91]] 

2.0842 𝑔 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒

1 𝑘𝑔 𝐴𝐷 − 𝐿 − 𝑑𝑎𝑖𝑟𝑦 𝑚𝑎𝑛𝑢𝑟𝑒
∗

1 𝑚𝑜𝑙 

94.97 𝑔 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒
=

0.022 𝑚𝑜𝑙

1 𝑘𝑔 𝐴𝐷 − 𝐿 − 𝑑𝑎𝑖𝑟𝑦 𝑚𝑎𝑛𝑢𝑟𝑒
 

24.3 𝑔 𝑚𝑎𝑔𝑛𝑒𝑠𝑖𝑢𝑚

𝑚𝑜𝑙
∗

2 ∗ 0.022 𝑚𝑜𝑙

1 𝑘𝑔 𝐴𝐷 − 𝐿 − 𝑑𝑎𝑖𝑟𝑦 𝑚𝑎𝑛𝑢𝑟𝑒
=

1.067 𝑔 𝑚𝑎𝑔𝑛𝑒𝑠𝑖𝑢𝑚

1 𝑘𝑔 𝐴𝐷 − 𝐿 − 𝑑𝑎𝑖𝑟𝑦 𝑚𝑎𝑛𝑢𝑟𝑒
 

0.846 𝑔 𝑚𝑎𝑔𝑛𝑒𝑠𝑖𝑢𝑚 𝑖𝑠 𝑎𝑙𝑟𝑒𝑎𝑑𝑦 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 →  1.067 − 0.846 = 0.223 𝑔 𝑀𝑔 𝑖𝑠 𝑛𝑒𝑒𝑑𝑒𝑑 

MgCl2 (10%) addition is assumed = in 100 g solution, 10 g is MgCl2 = 0.105 mol = 2.55 g Mg 

0.223 𝑔 𝑀𝑔 ∗ 100 𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

2.55 𝑔 𝑀𝑔
= 8.74 𝑔 𝑀𝑔𝐶𝑙2 (10%) 𝑖𝑠 𝑛𝑒𝑒𝑑𝑒𝑑 

• Sodium Hydroxide 

0.044 mole Mg2+ is present in the system and the ratio should be Mg2+:Na+ = 1:1 [92] 

0.044 𝑚𝑜𝑙 ∗ 40
𝑔

𝑚𝑜𝑙
= 1.76 𝑔 𝑁𝑎𝑂𝐻 

• Electricity requirement 

Stirring for 30 minutes with Phipps and bird PB-900 jar tester [35]. 

Power 24 volts → 360 Watt (with a current of 15 amps) = 0.18 kWh/0.228 kg AD-L-dairy 

For 1 kg AD-L-dairy manure = 0.789 kWh 
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• Avoided Phosphorus fertilizer  

From the corresponding SimaPro processes it was assumed that 48% of P is available as P2O5 in 

triple superphosphate. Given that struvite fertilizer contains 28% available P as P2O5, avoided 

phosphorus fertilizer resulting from using 1 kg of struvite is 0.583 kg [39, 93, 94]. In other 

words, 0.583 kg phosphate fertilizer is equivalent to 1 kg of struvite in terms of P content based 

on the aforementioned assumptions. 

 

• Avoided Nitrogen fertilizer  

From the corresponding SimaPro processes it was assumed that 32% N is available in urea 

ammonium nitrate. Given that struvite fertilizer contains 5% total N, avoided nitrogen fertilizer 

resulting from using 1 kg of struvite is 0.156 kg [39, 93, 94]. In other words, 0.156 kg nitrogen 

fertilizer is equivalent to 1 kg of struvite in terms of N content based on the aforementioned 

assumptions. 

 

• Electricity from biogas generation in farm scale scenario 

According to Sampat et al., 1.24 m3 biogas (obtained as a result of anaerobic digestion of 

manure) can generate 2.18 kWh electricity [44]. De Vrieze et al. mentioned that the electricity 

consumption per ton of manure for struvite crystallization is 0.5 kWh [46]. Therefore, in order to 

have 0.005 kWh of electricity for 1 kg AD-L-dairy manure, 284.4 cm3 biogas is required. 
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Table HS5. Life cycle inventory data and unit process details for bench-scale struvite 

precipitation per 1 kg of AD-L-dairy manure treated 

Input 

Parameter 
Value Notes  Unit Process Selected in SimaPro 8.5.2 

HCl (1M) 1.61 g 
to decrease pH from 8 

to pH 5 

Hydrochloric acid, without water, in 30% solution 

state {RoW}| hydrochloric acid production, from 

the reaction of hydrogen with chlorine | Alloc Def, 

U 

NaOH (1M) 1.76 g 
to increase pH from 5 

to pH 8 

Sodium hydroxide, without water, in 50% solution 

state {RoW}| chlor-alkali electrolysis, diaphragm 

cell | Alloc Def, U 

Water 3.29 L 

to dilute the liquid 

portion of the 

digestate 

Water, deionised, from tap water, at user {RoW}| 

production | Alloc Def, U 

Oxalic acid 3.92 g 
to have a 1:1 molar 

ratio with Ca2+ 
Citric acid {RoW}| production | Alloc Def, U [95] 

Polyacrylamide  2.19 mL 
anionic flocculant 

suspension, polymer 
Polyacrylamide {GLO}| production | Alloc Def, U 

Magnesium 

chloride (10%) 
8.74 g 

desired magnesium to 

phosphate ratio=2:1 

new process was created based on the inventory 

data from [96] 

Electricity 0.789 kWh stirring jar tester Electricity, at grid, US/US 

Output 

Parameter 
Value Notes Unit Process Selected in SimaPro 8.5.2 

Struvite 4.77 g 
66% phosphorus 

recovery as struvite 
product 

Calcium oxalate 

precipitate 
5.66 g  waste management  Calcium compounds, unspecified 

Nitrogen, total 1.36 g excess nutrient Nitrogen, total, discharged to surface water 

Phosphate, total 0.114 g excess nutrient Phosphate, total, discharged to surface water 

Water 3.5 kg effluent 
Waste water, unspecified, discharged to surface 

water 

Avoided 

Impacts 
Value Notes Unit Process Selected in SimaPro 8.5.2 

Nitrogen 

fertilizer  
0.744 g 

1 kg struvite ≡ 0.156 

kg nitrogen fertilizer 

Nitrogen fertiliser, as N {RoW}| urea ammonium 

nitrate production | Alloc Def, U 

Phosphate 

fertilizer  
2.78 g 

1 kg struvite ≡ 0.583 

kg phosphate fertilizer 

Phosphate fertiliser, as P2O5 {RoW}| triple 

superphosphate production | Alloc Def, U 
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 Table HS6. Uncertainties around each efficiency (phosphorus recovery) simulated by Monte Carlo Analysis for bench-scale LCA 

C1: Potential environmental impact categories considered in the current study. C2: Lower bound (LB), median (M) and upper bound (UB) of emissions based on 95% confidence 

intervals for the uncertainties. ODP in kg CFC11-eq., GWP in kg CO2-eq., SP in kg O3-eq., AP in kg SO2-eq., EP in kg N-eq., HHCP in CTUh, HHNCP in CTUh, RP in kg 

PM2.5-eq., ETP in CTUe, FFP in MJ surplus energy, WP in Liters

BENCH-

SCALE 
Functional unit: 1 kg of AD-L-dairy manure treated Functional unit: 1 kg of struvite produced 

C1 C2 60% 66% 70% 75% 78% 60% 66% 70% 75% 78% 

AP  

LB 5.50E-03 5.49E-03 5.48E-03 5.48E-03 5.47E-03 1.27E+00 1.15E+00 1.09E+00 1.01E+00 9.75E-01 

M 5.54E-03 5.53E-03 5.53E-03 5.52E-03 5.52E-03 1.28E+00 1.16E+00 1.10E+00 1.02E+00 9.83E-01 

UB 5.57E-03 5.57E-03 5.56E-03 5.56E-03 5.55E-03 1.29E+00 1.17E+00 1.10E+00 1.03E+00 9.89E-01 

CP 

LB 2.44E-09 2.33E-09 2.15E-09 2.02E-09 2.00E-09 5.52E-07 4.76E-07 4.22E-07 3.78E-07 3.38E-07 

M 3.42E-09 3.36E-09 3.32E-09 3.29E-09 3.27E-09 7.89E-07 7.02E-07 6.59E-07 6.07E-07 5.81E-07 

UB 5.43E-09 5.37E-09 5.23E-09 5.36E-09 5.25E-09 1.28E-06 1.13E-06 1.07E-06 1.02E-06 9.61E-07 

ETP 

LB 5.17E-01 4.96E-01 4.78E-01 4.68E-01 4.61E-01 1.19E+02 9.55E+01 9.26E+01 8.55E+01 8.14E+01 

M 6.24E-01 6.08E-01 6.05E-01 5.98E-01 5.88E-01 1.44E+02 1.27E+02 1.21E+02 1.10E+02 1.06E+02 

UB 8.15E-01 7.67E-01 7.99E-01 7.64E-01 7.74E-01 1.88E+02 1.63E+02 1.56E+02 1.42E+02 1.36E+02 

EP  

LB 7.31E-04 5.41E-04 4.25E-04 2.72E-04 1.78E-04 1.69E-01 1.14E-01 8.48E-02 4.96E-02 3.23E-02 

M 7.73E-04 5.84E-04 4.70E-04 3.17E-04 2.26E-04 1.79E-01 1.22E-01 9.33E-02 5.87E-02 4.06E-02 

UB 8.31E-04 6.50E-04 5.25E-04 3.75E-04 2.84E-04 1.93E-01 1.35E-01 1.04E-01 6.97E-02 4.97E-02 

FFP 

LB 4.19E-01 4.17E-01 4.16E-01 4.15E-01 4.14E-01 9.70E+01 8.73E+01 8.26E+01 7.69E+01 7.37E+01 

M 4.27E-01 4.25E-01 4.25E-01 4.24E-01 4.23E-01 9.88E+01 8.92E+01 8.43E+01 7.85E+01 7.54E+01 

UB 4.36E-01 4.35E-01 4.34E-01 4.33E-01 4.32E-01 1.01E+02 9.14E+01 8.60E+01 8.03E+01 7.71E+01 

GWP 

LB 6.51E-01 6.51E-01 6.50E-01 6.49E-01 6.48E-01 1.51E+02 1.36E+02 1.29E+02 1.20E+02 1.16E+02 

M 6.55E-01 6.54E-01 6.54E-01 6.53E-01 6.53E-01 1.52E+02 1.37E+02 1.30E+02 1.21E+02 1.16E+02 

UB 6.60E-01 6.59E-01 6.59E-01 6.58E-01 6.58E-01 1.53E+02 1.38E+02 1.31E+02 1.22E+02 1.17E+02 

NCP 

LB 2.49E-08 2.36E-08 2.34E-08 2.31E-08 2.23E-08 5.85E-06 4.68E-06 4.44E-06 4.17E-06 3.98E-06 

M 2.89E-08 2.85E-08 2.84E-08 2.80E-08 2.80E-08 6.70E-06 5.97E-06 5.62E-06 5.21E-06 4.98E-06 

UB 3.24E-08 3.14E-08 3.17E-08 3.15E-08 3.12E-08 7.65E-06 6.82E-06 6.32E-06 5.73E-06 5.64E-06 

ODP 

LB 7.49E-09 7.34E-09 7.20E-09 7.00E-09 7.02E-09 1.74E-06 1.52E-06 1.42E-06 1.30E-06 1.24E-06 

M 9.09E-09 9.03E-09 8.83E-09 8.79E-09 8.78E-09 2.11E-06 1.87E-06 1.77E-06 1.63E-06 1.56E-06 

UB 1.19E-08 1.16E-08 1.17E-08 1.18E-08 1.15E-08 2.72E-06 2.48E-06 2.30E-06 2.19E-06 2.07E-06 

RP 

LB 3.02E-04 3.00E-04 2.99E-04 2.98E-04 2.97E-04 6.99E-02 6.29E-02 5.94E-02 5.51E-02 5.30E-02 

M 3.09E-04 3.07E-04 3.06E-04 3.06E-04 3.05E-04 7.15E-02 6.44E-02 6.08E-02 5.66E-02 5.43E-02 

UB 3.19E-04 3.16E-04 3.16E-04 3.15E-04 3.14E-04 7.36E-02 6.62E-02 6.26E-02 5.84E-02 5.59E-02 

SP 

LB 4.33E-02 4.32E-02 4.32E-02 4.32E-02 4.31E-02 1.00E+01 9.07E+00 8.58E+00 7.99E+00 7.68E+00 

M 4.36E-02 4.35E-02 4.35E-02 4.34E-02 4.34E-02 1.01E+01 9.12E+00 8.63E+00 8.05E+00 7.73E+00 

UB 4.39E-02 4.38E-02 4.37E-02 4.37E-02 4.37E-02 1.02E+01 9.18E+00 8.68E+00 8.10E+00 7.78E+00 

WP 

LB -1.01E+00 -8.97E-01 -9.47E-01 -7.91E-01 -5.23E-01 -4.58E+02 -2.56E+02 -2.65E+02 -6.71E+01 -8.03E+01 

M 5.07E+00 5.12E+00 4.77E+00 4.68E+00 4.81E+00 1.11E+03 1.03E+03 9.94E+02 8.85E+02 8.72E+02 

UB 1.24E+01 1.24E+01 1.23E+01 1.11E+01 1.16E+01 2.87E+03 2.51E+03 2.44E+03 2.13E+03 1.97E+03 
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Table HS7.  Uncertainties around each efficiency (i.e. phosphorus recovery) simulated by Monte Carlo Analysis for farm-scale LCA 

using well water for dilution. 

LARGE & 

WELL 
Functional unit: 1 kg of AD-L-dairy manure treated Functional unit: 1 kg of struvite produced 

C1 C2 60% 66% 70% 75% 78% 60% 66% 70% 75% 78% 

AP  

LB 1.81E-04 1.70E-04 1.64E-04 1.55E-04 1.50E-04 4.24E-02 3.49E-02 3.25E-02 2.90E-02 2.65E-02 

M 2.14E-04 2.08E-04 2.03E-04 1.98E-04 1.94E-04 4.96E-02 4.36E-02 3.99E-02 3.64E-02 3.46E-02 

UB 2.42E-04 2.34E-04 2.32E-04 2.26E-04 2.23E-04 5.55E-02 4.93E-02 4.58E-02 4.18E-02 3.98E-02 

CP 

LB 7.00E-10 6.04E-10 6.03E-10 4.49E-10 2.58E-10 1.58E-07 8.26E-08 1.33E-07 6.82E-08 5.36E-08 

M 1.66E-09 1.61E-09 1.58E-09 1.54E-09 1.53E-09 3.91E-07 3.40E-07 3.18E-07 2.85E-07 2.70E-07 

UB 2.39E-09 2.16E-09 2.10E-09 2.05E-09 2.05E-09 5.37E-07 4.82E-07 4.38E-07 4.01E-07 3.47E-07 

ETP 

LB 1.74E-01 1.53E-01 1.23E-01 9.20E-02 9.85E-02 4.43E+01 3.12E+01 2.60E+01 2.04E+01 1.88E+01 

M 2.90E-01 2.83E-01 2.72E-01 2.66E-01 2.62E-01 6.73E+01 5.89E+01 5.41E+01 4.94E+01 4.67E+01 

UB 3.59E-01 3.39E-01 3.31E-01 3.21E-01 3.26E-01 8.17E+01 7.31E+01 6.70E+01 6.10E+01 5.58E+01 

EP  

LB 6.41E-04 4.53E-04 3.33E-04 1.75E-04 8.94E-05 1.49E-01 9.50E-02 6.73E-02 3.36E-02 1.59E-02 

M 6.80E-04 4.90E-04 3.77E-04 2.25E-04 1.34E-04 1.57E-01 1.03E-01 7.50E-02 4.16E-02 2.42E-02 

UB 7.14E-04 5.25E-04 4.14E-04 2.63E-04 1.72E-04 1.65E-01 1.11E-01 8.14E-02 4.83E-02 3.06E-02 

FFP 

LB 2.82E-02 2.68E-02 2.53E-02 2.49E-02 2.27E-02 6.71E+00 5.59E+00 5.17E+00 4.63E+00 4.24E+00 

M 3.60E-02 3.51E-02 3.43E-02 3.30E-02 3.24E-02 8.34E+00 7.33E+00 6.79E+00 6.14E+00 5.76E+00 

UB 4.43E-02 4.43E-02 4.32E-02 4.22E-02 4.23E-02 1.04E+01 9.38E+00 8.70E+00 7.73E+00 7.43E+00 

GWP 

LB 3.34E-02 3.23E-02 3.17E-02 3.11E-02 3.02E-02 7.76E+00 6.82E+00 6.31E+00 5.75E+00 5.45E+00 

M 3.66E-02 3.57E-02 3.52E-02 3.46E-02 3.41E-02 8.47E+00 7.51E+00 6.99E+00 6.39E+00 6.10E+00 

UB 3.98E-02 3.89E-02 3.84E-02 3.77E-02 3.75E-02 9.26E+00 8.12E+00 7.63E+00 6.97E+00 6.70E+00 

NCP 

LB 3.26E-09 2.10E-09 -1.85E-10 6.10E-12 3.55E-10 6.65E-07 4.36E-07 1.61E-07 5.36E-08 -1.23E-07 

M 7.83E-09 7.55E-09 7.26E-09 6.96E-09 6.87E-09 1.82E-06 1.58E-06 1.44E-06 1.29E-06 1.22E-06 

UB 9.92E-09 9.34E-09 9.17E-09 8.94E-09 8.91E-09 2.22E-06 1.96E-06 1.83E-06 1.66E-06 1.56E-06 

ODP 

LB 6.15E-09 5.88E-09 5.78E-09 5.69E-09 5.64E-09 1.42E-06 1.26E-06 1.15E-06 1.04E-06 9.66E-07 

M 7.29E-09 7.17E-09 7.06E-09 6.97E-09 6.92E-09 1.69E-06 1.51E-06 1.41E-06 1.29E-06 1.24E-06 

UB 8.96E-09 8.98E-09 8.71E-09 8.66E-09 8.78E-09 2.09E-06 1.86E-06 1.76E-06 1.61E-06 1.57E-06 

RP 

LB 3.84E-05 3.67E-05 3.52E-05 3.33E-05 3.28E-05 8.80E-03 7.64E-03 6.96E-03 6.14E-03 5.88E-03 

M 4.32E-05 4.20E-05 4.10E-05 4.00E-05 3.93E-05 1.00E-02 8.83E-03 8.12E-03 7.39E-03 7.03E-03 

UB 4.92E-05 4.75E-05 4.64E-05 4.56E-05 4.54E-05 1.14E-02 9.91E-03 9.18E-03 8.46E-03 8.08E-03 

SP 

LB 1.75E-03 1.69E-03 1.65E-03 1.61E-03 1.56E-03 4.12E-01 3.56E-01 3.27E-01 2.98E-01 2.81E-01 

M 1.97E-03 1.93E-03 1.89E-03 1.85E-03 1.83E-03 4.57E-01 4.04E-01 3.74E-01 3.43E-01 3.25E-01 

UB 2.17E-03 2.10E-03 2.09E-03 2.03E-03 2.02E-03 4.99E-01 4.42E-01 4.11E-01 3.78E-01 3.60E-01 

WP 

LB 2.62E+00 2.54E+00 2.62E+00 2.58E+00 2.82E+00 5.83E+02 5.66E+02 5.16E+02 5.04E+02 4.80E+02 

M 4.95E+00 4.95E+00 4.88E+00 4.94E+00 4.83E+00 1.16E+03 1.05E+03 9.63E+02 9.03E+02 8.63E+02 

UB 7.24E+00 7.04E+00 6.95E+00 7.31E+00 7.22E+00 1.68E+03 1.45E+03 1.42E+03 1.29E+03 1.28E+03 
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Table HS8. Uncertainties around each efficiency (i.e. phosphorus recovery) simulated by Monte Carlo Analysis for farm-scale LCA 

using gray water for dilution. 

LARGE & 

GRAY 
Functional unit: 1 kg of AD-L-dairy manure treated Functional unit: 1 kg of struvite produced 

C1 C2 60% 66% 70% 75% 78% 60% 66% 70% 75% 78% 

AP  

LB 1.79E-04 1.69E-04 1.65E-04 1.52E-04 1.50E-04 4.17E-02 3.56E-02 3.23E-02 2.96E-02 2.63E-02 

M 2.14E-04 2.07E-04 2.03E-04 1.98E-04 1.93E-04 4.97E-02 4.35E-02 4.04E-02 3.66E-02 3.43E-02 

UB 2.40E-04 2.37E-04 2.30E-04 2.28E-04 2.24E-04 5.61E-02 4.93E-02 4.58E-02 4.23E-02 4.01E-02 

CP 

LB 7.98E-10 5.63E-10 4.28E-10 3.69E-10 2.08E-10 1.18E-07 1.22E-07 9.50E-08 5.18E-08 4.28E-08 

M 1.68E-09 1.62E-09 1.60E-09 1.52E-09 1.49E-09 3.91E-07 3.39E-07 3.14E-07 2.84E-07 2.64E-07 

UB 2.28E-09 2.20E-09 2.07E-09 2.08E-09 1.97E-09 5.29E-07 4.54E-07 4.21E-07 4.07E-07 3.57E-07 

ETP 

LB 1.69E-01 1.37E-01 1.41E-01 1.03E-01 1.01E-01 4.24E+01 3.15E+01 2.49E+01 2.19E+01 2.04E+01 

M 2.90E-01 2.81E-01 2.74E-01 2.66E-01 2.61E-01 6.71E+01 5.90E+01 5.44E+01 4.98E+01 4.65E+01 

UB 3.55E-01 3.41E-01 3.31E-01 3.25E-01 3.21E-01 8.21E+01 7.04E+01 6.65E+01 6.11E+01 5.88E+01 

EP  

LB 6.40E-04 4.47E-04 3.35E-04 1.82E-04 8.83E-05 1.48E-01 9.50E-02 6.64E-02 3.41E-02 1.57E-02 

M 6.79E-04 4.90E-04 3.77E-04 2.24E-04 1.33E-04 1.57E-01 1.03E-01 7.49E-02 4.19E-02 2.41E-02 

UB 7.15E-04 5.28E-04 4.11E-04 2.62E-04 1.76E-04 1.66E-01 1.10E-01 8.14E-02 4.85E-02 3.07E-02 

FFP 

LB 2.85E-02 2.71E-02 2.48E-02 2.50E-02 2.35E-02 6.64E+00 5.53E+00 5.13E+00 4.69E+00 4.10E+00 

M 3.62E-02 3.51E-02 3.38E-02 3.29E-02 3.21E-02 8.43E+00 7.37E+00 6.76E+00 6.12E+00 5.77E+00 

UB 4.51E-02 4.34E-02 4.38E-02 4.20E-02 4.08E-02 1.05E+01 9.30E+00 8.62E+00 7.99E+00 7.37E+00 

GWP 

LB 3.36E-02 3.24E-02 3.18E-02 3.09E-02 3.05E-02 7.83E+00 6.82E+00 6.32E+00 5.69E+00 5.41E+00 

M 3.65E-02 3.58E-02 3.52E-02 3.46E-02 3.41E-02 8.48E+00 7.51E+00 6.98E+00 6.39E+00 6.06E+00 

UB 3.96E-02 3.90E-02 3.84E-02 3.78E-02 3.77E-02 9.18E+00 8.13E+00 7.67E+00 6.99E+00 6.64E+00 

NCP 

LB 2.55E-09 2.06E-09 1.53E-09 1.52E-10 2.97E-10 9.26E-07 1.89E-07 3.66E-07 1.23E-07 -6.86E-08 

M 7.85E-09 7.46E-09 7.29E-09 7.03E-09 6.86E-09 1.82E-06 1.58E-06 1.45E-06 1.31E-06 1.20E-06 

UB 9.54E-09 9.49E-09 9.07E-09 8.88E-09 8.63E-09 2.22E-06 1.93E-06 1.82E-06 1.68E-06 1.60E-06 

ODP 

LB 6.11E-09 6.00E-09 5.82E-09 5.71E-09 5.60E-09 1.43E-06 1.25E-06 1.14E-06 1.04E-06 9.69E-07 

M 7.28E-09 7.20E-09 7.09E-09 7.00E-09 6.94E-09 1.69E-06 1.51E-06 1.40E-06 1.30E-06 1.24E-06 

UB 8.93E-09 8.95E-09 8.93E-09 8.81E-09 8.52E-09 2.08E-06 1.83E-06 1.76E-06 1.60E-06 1.55E-06 

RP 

LB 3.80E-05 3.67E-05 3.50E-05 3.38E-05 3.29E-05 8.75E-03 7.61E-03 6.98E-03 6.19E-03 5.86E-03 

M 4.35E-05 4.21E-05 4.10E-05 4.01E-05 3.92E-05 1.00E-02 8.80E-03 8.18E-03 7.42E-03 6.98E-03 

UB 4.83E-05 4.78E-05 4.67E-05 4.57E-05 4.47E-05 1.13E-02 9.95E-03 9.29E-03 8.47E-03 8.01E-03 

SP 

LB 1.76E-03 1.71E-03 1.65E-03 1.61E-03 1.55E-03 4.14E-01 3.59E-01 3.27E-01 2.97E-01 2.76E-01 

M 1.98E-03 1.93E-03 1.89E-03 1.85E-03 1.82E-03 4.60E-01 4.04E-01 3.76E-01 3.43E-01 3.24E-01 

UB 2.14E-03 2.12E-03 2.07E-03 2.05E-03 2.02E-03 5.03E-01 4.42E-01 4.12E-01 3.80E-01 3.59E-01 

WP 

LB 2.74E+00 2.46E+00 2.74E+00 2.78E+00 2.75E+00 5.62E+02 4.60E+02 5.45E+02 4.88E+02 4.75E+02 

M 4.91E+00 4.94E+00 4.89E+00 4.78E+00 4.85E+00 1.15E+03 1.03E+03 9.68E+02 8.98E+02 8.53E+02 

UB 7.23E+00 7.40E+00 7.19E+00 6.97E+00 7.14E+00 1.69E+03 1.53E+03 1.43E+03 1.31E+03 1.25E+03 
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Table HS9. Midpoint impact assessment results for treating 1 kg AD-L-dairy manure for struvite production with process 

contributions (bench-scale) 

 HCl NaOH DI-Water 
Polyacry

lamide 

Oxalic 

acid 
MgCl2 

Electricity 

(Grid) 

Nitrogen 

fertilizer 

offset 

Phosphate 

fertilizer 

offset 

Effluent TOTAL 

ODP 1.21E-09 1.34E-09 1.88E-09 6.20E-10 5.34E-09 9.45E-12 1.11E-11 -4.72E-10 -9.09E-10 0.00E+00 9.03E-09 

GWP 2.53E-03 2.35E-03 4.81E-03 7.83E-03 3.18E-02 4.74E-05 6.14E-01 -4.68E-03 -5.27E-03 0.00E+00 6.54E-01 

SP 1.94E-04 1.27E-04 2.88E-04 2.79E-04 1.90E-03 1.71E-06 4.13E-02 -1.91E-04 -4.32E-04 0.00E+00 4.35E-02 

AP 1.33E-05 1.24E-05 2.48E-05 4.29E-05 2.15E-04 2.24E-07 5.30E-03 -1.97E-05 -6.41E-05 0.00E+00 5.52E-03 

EP 1.16E-05 1.05E-05 2.09E-05 4.31E-05 1.42E-04 1.04E-07 7.50E-05 -5.67E-06 -8.08E-05 2.59E-04 4.75E-04 

CP 1.64E-10 1.36E-10 7.99E-10 2.38E-10 1.81E-09 3.86E-12 1.14E-09 -1.03E-10 -7.43E-10 0.00E+00 3.45E-09 

NCP 9.75E-10 6.67E-10 1.75E-09 1.26E-09 8.88E-09 2.01E-11 1.97E-08 -7.57E-10 -4.38E-09 0.00E+00 2.81E-08 

RP 4.90E-06 4.65E-06 8.83E-06 5.65E-06 4.20E-05 4.13E-08 2.57E-04 -2.82E-06 -1.35E-05 0.00E+00 3.07E-04 

ETP 3.10E-02 2.36E-02 1.08E-01 4.55E-02 3.00E-01 4.62E-04 2.40E-01 -2.74E-02 -1.11E-01 0.00E+00 6.10E-01 

FFP 2.15E-03 1.64E-03 3.71E-03 2.51E-02 2.04E-02 9.07E-05 3.87E-01 -6.06E-03 -9.27E-03 0.00E+00 4.25E-01 

WP 
7.46E-02 1.06E-01 3.43E+00 1.12E-01 1.68E+00 3.82E-03 0.00E+00 -6.15E-02 -3.04E-01 0.00E+00 5.04E+0

0 

ODP in kg CFC11-eq., GWP in kg CO2-eq., SP in kg O3-eq., AP in kg SO2-eq., EP in kg N-eq., HHCP in CTUh, HHNCP in CTUh, RP in kg PM2.5-eq., ETP in 

CTUe, FFP in MJ surplus energy, WP in Liters 
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Table HS10. Midpoint impact assessment results for 1 kg struvite production from AD-L-manure with process contributions (bench-

scale) 

 HCl NaOH DI-Water 
Polyacryl

amide 

Oxalic 

acid 
MgCl2 

Electricity 

(Grid) 

Nitrogen 

fertilizer 

offset 

Phosphate 

fertilizer 

offset 

Effluent TOTAL 

ODP 2.43E-07 2.69E-07 3.77E-07 1.24E-07 1.07E-06 1.90E-09 2.24E-09 -9.39E-08 -1.81E-07 0.00E+00 1.82E-06 

GWP 5.07E-01 4.71E-01 9.65E-01 1.57E+00 6.39E+00 9.52E-03 1.23E+02 -9.31E-01 -1.05E+00 0.00E+00 1.31E+02 

SP 3.90E-02 2.54E-02 5.78E-02 5.60E-02 3.82E-01 3.43E-04 8.29E+00 -3.79E-02 -8.60E-02 0.00E+00 8.72E+00 

AP 2.68E-03 2.49E-03 4.98E-03 8.60E-03 4.31E-02 4.49E-05 1.06E+00 -3.91E-03 -1.28E-02 0.00E+00 1.11E+00 

EP 2.32E-03 2.11E-03 4.20E-03 8.65E-03 2.84E-02 2.09E-05 1.50E-02 -1.13E-03 -1.61E-02 5.55E-02 9.90E-02 

CP 3.30E-08 2.74E-08 1.60E-07 4.79E-08 3.63E-07 7.75E-10 2.29E-07 -2.06E-08 -1.48E-07 0.00E+00 6.93E-07 

NCP 1.96E-07 1.34E-07 3.52E-07 2.54E-07 1.78E-06 4.04E-09 3.94E-06 -1.51E-07 -8.72E-07 0.00E+00 5.64E-06 

RP 9.84E-04 9.34E-04 1.77E-03 1.13E-03 8.42E-03 8.28E-06 5.16E-02 -5.60E-04 -2.69E-03 0.00E+00 6.16E-02 

ETP 6.22E+00 4.73E+00 2.17E+01 9.13E+00 6.03E+01 9.26E-02 4.81E+01 -5.45E+00 -2.21E+01 0.00E+00 1.23E+02 

FFP 4.32E-01 3.28E-01 7.45E-01 5.05E+00 4.09E+00 1.82E-02 7.76E+01 -1.21E+00 -1.84E+00 0.00E+00 8.53E+01 

WP 1.50E+01 2.12E+01 6.88E+02 2.24E+01 3.36E+02 7.67E-01 0.00E+00 -1.22E+01 -6.06E+01 0.00E+00 1.01E+03 

ODP in kg CFC11-eq., GWP in kg CO2-eq., SP in kg O3-eq., AP in kg SO2-eq., EP in kg N-eq., HHCP in CTUh, HHNCP in CTUh, RP in kg PM2.5-eq., ETP in 

CTUe, FFP in MJ surplus energy, WP in Liters 
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Table HS11. Midpoint impact assessment results for treating 1 kg AD-L-dairy manure for struvite production with process 

contributions (farm-scale) 

 HCl NaOH 
Polyacry

lamide 

Oxalic 

acid 
MgCl2 

Energy 

(Biogas) 

Nitrogen 

fertilizer 

offset 

Phosphate 

fertilizer 

offset 

Effluent TOTAL 

ODP 1.21E-09 1.34E-09 6.20E-10 5.34E-09 9.45E-12 1.17E-11 -4.72E-10 -9.09E-10 0.00E+00 7.16E-09 

GWP 2.53E-03 2.35E-03 7.83E-03 3.18E-02 4.74E-05 5.63E-04 -4.68E-03 -5.27E-03 0.00E+00 3.52E-02 

SP 1.94E-04 1.27E-04 2.79E-04 1.90E-03 1.71E-06 6.95E-06 -1.91E-04 -4.32E-04 0.00E+00 1.89E-03 

AP 1.33E-05 1.24E-05 4.29E-05 2.15E-04 2.24E-07 1.95E-06 -1.97E-05 -6.41E-05 0.00E+00 2.02E-04 

EP 1.16E-05 1.05E-05 4.31E-05 1.42E-04 1.04E-07 8.76E-07 -5.67E-06 -8.08E-05 2.59E-04 3.80E-04 

CP 1.64E-10 1.36E-10 2.38E-10 1.81E-09 3.86E-12 9.27E-12 -1.03E-10 -7.43E-10 0.00E+00 1.52E-09 

NCP 9.75E-10 6.67E-10 1.26E-09 8.88E-09 2.01E-11 6.26E-11 -7.57E-10 -4.38E-09 0.00E+00 6.73E-09 

RP 4.90E-06 4.65E-06 5.65E-06 4.20E-05 4.13E-08 2.24E-07 -2.82E-06 -1.35E-05 0.00E+00 4.11E-05 

ETP 3.10E-02 2.36E-02 4.55E-02 3.00E-01 4.62E-04 1.56E-03 -2.74E-02 -1.11E-01 0.00E+00 2.64E-01 

FFP 2.15E-03 1.64E-03 2.51E-02 2.04E-02 9.07E-05 1.05E-04 -6.06E-03 -9.27E-03 0.00E+00 3.42E-02 

WP 7.46E-02 1.06E-01 1.12E-01 1.68E+00 3.82E-03 1.29E-03 -6.15E-02 -3.04E-01 3.29E+00 4.90E+00 

ODP in kg CFC11-eq., GWP in kg CO2-eq., SP in kg O3-eq., AP in kg SO2-eq., EP in kg N-eq., HHCP in CTUh, HHNCP in CTUh, RP in kg PM2.5-eq., ETP in 

CTUe, FFP in MJ surplus energy, WP in Liters 
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Table HS12. Midpoint impact assessment results for 1 kg struvite production from AD-L-manure with process contributions (farm-

scale) 

 HCl NaOH 
Polyacry

lamide 

Oxalic 

acid 
MgCl2 

Energy 

(Biogas) 

Nitrogen 

fertilizer 

offset 

Phosphate 

fertilizer 

offset 

Effluent TOTAL 

ODP 2.43E-07 2.69E-07 1.24E-07 1.07E-06 1.90E-09 2.35E-09 -9.39E-08 -1.81E-07 0.00E+00 1.44E-06 

GWP 5.07E-01 4.71E-01 1.57E+00 6.39E+00 9.52E-03 1.13E-01 -9.31E-01 -1.05E+00 0.00E+00 7.08E+00 

SP 3.90E-02 2.54E-02 5.60E-02 3.82E-01 3.43E-04 1.40E-03 -3.79E-02 -8.60E-02 0.00E+00 3.80E-01 

AP 2.68E-03 2.49E-03 8.60E-03 4.31E-02 4.49E-05 3.92E-04 -3.91E-03 -1.28E-02 0.00E+00 4.06E-02 

EP 2.32E-03 2.11E-03 8.65E-03 2.84E-02 2.09E-05 1.76E-04 -1.13E-03 -1.61E-02 5.55E-02 8.00E-02 

CP 3.30E-08 2.74E-08 4.79E-08 3.63E-07 7.75E-10 1.86E-09 -2.06E-08 -1.48E-07 0.00E+00 3.06E-07 

NCP 1.96E-07 1.34E-07 2.54E-07 1.78E-06 4.04E-09 1.26E-08 -1.51E-07 -8.72E-07 0.00E+00 1.36E-06 

RP 9.84E-04 9.34E-04 1.13E-03 8.42E-03 8.28E-06 4.49E-05 -5.60E-04 -2.69E-03 0.00E+00 8.28E-03 

ETP 6.22E+00 4.73E+00 9.13E+00 6.03E+01 9.26E-02 3.13E-01 -5.45E+00 -2.21E+01 0.00E+00 5.32E+01 

FFP 4.32E-01 3.28E-01 5.05E+00 4.09E+00 1.82E-02 2.11E-02 -1.21E+00 -1.84E+00 0.00E+00 6.89E+00 

WP 1.50E+01 2.12E+01 2.24E+01 3.36E+02 7.67E-01 2.59E-01 -1.22E+01 -6.06E+01 6.60E+02 9.83E+02 

ODP in kg CFC11-eq., GWP in kg CO2-eq., SP in kg O3-eq., AP in kg SO2-eq., EP in kg N-eq., HHCP in CTUh, HHNCP in CTUh, RP in kg PM2.5-eq., ETP in 

CTUe, FFP in MJ surplus energy, WP in Liters 
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Figure HS1. Total life cycle environmental impacts and relative contributions of all input and 

output parameters (functional unit: 1 kg of AD-L-dairy manure treated). 

 

 

Figure HS2. Total life cycle environmental impacts and relative contributions of all input and 

output parameters for a farm-scale study (functional unit: 1 kg of AD-L-dairy manure treated). 
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Figure HS3. Potential environmental impacts based on different functional units represented in 

logarithmic scale for bench-scale. Error bars represent the standard deviations of impacts 

resulting from the inclusion of different efficiencies. 
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Figure HS4. Potential environmental impacts based on different functional units represented in 

logarithmic scale for farm-scale. Error bars represent the standard deviations of impacts resulting 

from the inclusion of different efficiencies.  
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Table HS13. Bench-scale: Sensitivity factors (SF) based on 20% inputs change for different 

impact contributors of the assessed process. Reported numbers are SFs, where red cells indicate 

sensitive inputs. 

 HCl NaOH 
DI-

Water 

Polyacryl

amide 

Oxalic 

acid 
MgCl2 

Electricity 

(from grid) 
Effluent 

ODP 1.31E-01 1.44E-01 2.00E-01 6.77E-02 5.29E-01 1.05E-03 1.23E-03 - 

GWP 3.86E-03 3.59E-03 7.34E-03 1.19E-02 4.82E-02 7.25E-05 7.91E-01 - 

SP 4.46E-03 2.92E-03 6.62E-03 6.41E-03 4.34E-02 3.93E-05 7.98E-01 - 

AP 2.41E-03 2.24E-03 4.48E-03 7.75E-03 3.86E-02 4.05E-05 8.05E-01 - 

EP 2.42E-02 2.20E-02 4.36E-02 8.90E-02 2.81E-01 2.19E-04 1.53E-01 4.91E-01 

CP 4.72E-02 3.93E-02 2.22E-01 6.82E-02 4.75E-01 1.12E-03 3.10E-01 - 

NCP 3.45E-02 2.37E-02 6.16E-02 4.46E-02 2.98E-01 7.16E-04 6.14E-01 - 

RP 1.59E-02 1.51E-02 2.86E-02 1.84E-02 1.33E-01 1.35E-04 7.18E-01 - 

ETP 5.03E-02 3.83E-02 1.71E-01 7.35E-02 4.48E-01 7.57E-04 3.64E-01 - 

FFP 5.06E-03 3.85E-03 8.73E-03 5.85E-02 4.76E-02 2.13E-04 7.71E-01 - 

WP 1.48E-02 2.09E-02 5.99E-01 2.21E-02 3.12E-01 7.59E-04 - - 

 



 

 

 

601 

Table HS14. Farm-scale: Sensitivity factors (SF) based on 20% inputs change for different 

impact contributors of the assessed process. Reported numbers are SFs, where red cells indicate 

sensitive inputs. 

 HCl NaOH 
Polyacry

lamide 

Oxalic 

acid 
MgCl2 

Energy (from 

biogas) 
Effluent 

ODP 1.64E-01 1.81E-01 8.52E-02 6.50E-01 1.32E-03 1.64E-03 - 

GWP 7.08E-02 6.58E-02 2.13E-01 7.66E-01 1.35E-03 1.59E-02 - 

SP 1.01E-01 6.63E-02 1.44E-01 8.39E-01 9.05E-04 3.68E-03 - 

AP 6.52E-02 6.06E-02 2.04E-01 8.78E-01 1.11E-03 9.66E-03 - 

EP 3.02E-02 2.75E-02 1.11E-01 3.47E-01 2.73E-04 2.30E-03 5.99E-01 

CP 1.06E-01 8.83E-02 1.52E-01 9.64E-01 2.54E-03 6.10E-03 - 

NCP 1.41E-01 9.72E-02 1.81E-01 1.04E+00 2.99E-03 9.28E-03 - 

RP 1.16E-01 1.11E-01 1.34E-01 8.48E-01 1.00E-03 5.44E-03 - 

ETP 1.15E-01 8.76E-02 1.67E-01 9.27E-01 1.75E-03 5.91E-03 - 

FFP 6.21E-02 4.74E-02 6.41E-01 5.33E-01 2.65E-03 3.07E-03 - 

WP 1.52E-02 2.15E-02 2.27E-02 3.20E-01 7.81E-04 2.64E-04 5.92E-01 
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