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Abstract 

Concentrating solar power (CSP) with thermal energy storage has the potential for grid-scale 

dispatchable power generation. Thermochemical energy storage (TCES), that is, the reversible 

conversion of solar-thermal energy to chemical energy, has high energy density and low heat loss 

over long periods. In this work, we develop optimization-based models for the design and analysis 

of CSP with different fluid-phase and solid-gas TCES systems. By proposing various TCES 

process strategies, evaluating their system performance, and identifying key areas of improvement, 

we hope that our study will help accelerate TCES development and solar power deployment.  

Specifically, we first develop a general process model for CSP plants employing fluid-phase TCES 

systems. We illustrate our model applicability by using ammonia and methane TCES systems. The 

analysis allows us to identify pressure vessels for aboveground gas storage as the main cost driver 

and compressor electricity consumption as the main energy driver. The overall energetic and 

economic performance can be significantly improved if cheap underground gas storage is available. 

We then propose an optimization-based framework for process synthesis under variability in two 

frequencies. We introduce scenarios and modes to represent low and high frequency variability 

respectively, and formulate the synthesis problem as a multimode two-stage stochastic 

programming model. The proposed approach is well suited to address the synthesis of renewable 

energy systems where the energy resource (e.g., solar, wind) often exhibits variability in two scales. 

Next, we develop an optimization model for the design and operation of CSP plants employing 

solid-gas TCES systems. Special emphasis is placed on the modeling of fixed-bed reactors that 

operate in a cyclic batch mode, which are modeled using partial differential equations in time and 

space. Finally, we provide a system-level analysis for CSP employing various solid-gas TCES 
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strategies, that is, different combinations of chemical reactions and process configurations. Six 

process configurations are proposed and three types (carbonate, hydroxide, and redox) of reactions 

are studied. Results show that, six out of the nine strategies have the potential to improve energy 

efficiency and reduce costs at the same time over two-tank molten salt storage. We also analyze 

the impacts of key reaction properties and process parameters on system performance. 
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Chapter 1  
Introduction1 

The 21st century has witnessed a growth of renewable energy as a green substitute for fossil-based 

electricity. Today, renewable sources account for 23% of the world electricity generation. Solar 

power, especially, maintains an annual growth of 51% in installed capacity for the last 10 years.1 

Solar energy serves as a clean and renewable energy source. However, the wider adoption of solar 

energy is considerably hindered by its intermittent, variable and uncertain nature.2 Moreover, the 

mismatch between solar availability and electricity consumption (see Figure 1-1) leads to surplus 

solar electricity curtailments during the day and insufficient supply during the night. As a result, 

integrating solar power with grid-scale energy storage to enable dispatchable power generation is 

necessary in pursuit of a 100% renewable infrastructure.3  

Concentrating solar power (CSP) integrated with thermal energy storage (TES) is considered to be 

a promising option to deliver cost effective renewable power while providing important attributes 

(i.e., dispatchability, reliability and stability) to the grid.4–6 Today, more than 13GWh of TES in 

CSP are operational and most new CSP plants are incorporating TES.7 According to IEA, under a 

high renewable energy scenario, 11% of electricity generation will come from CSP in 2050, with 

954 GW of installed capacity.8  

In this chapter, we provide a critical review of the CSP technology (Section 1.1), different types 

of TES (Section 1.2), and thermochemical energy storage (TCES) (Section 1.3), which is the 

reversible conversion of solar-thermal energy to chemical energy. 

                                                 
1 The contents of this section appear in Peng, Root and Maravelias, Green Chem. 2017 
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Figure 1-1. Electricity consumption and solar power production.9  

1.1 CSP with thermal energy storage 

Concentrating solar power is a renewable energy technology that has the capability of grid-scale 

dispatchable power generation. Figure 1-2A illustrates the working principle of a CSP plant: the 

collector focuses sunlight onto a receiver, where photons are absorbed and converted into heat. 

Part of the heat is delivered to a turbine for power generation while the other part is stored in a 

thermal energy storage system for night use. Two common types of commercial CSP plants10, 

classified by collector configurations, are the “line-focused” parabolic trough (Figure 1-2B) and 

the “point-focused” power tower (Figure 1-2C). 

Using heat or chemical as an intermediate, rather than converting sunlight directly to electricity as 

is done in photovoltaics (PV), provides CSP the opportunity to incorporate simple, efficient and 

low cost TES.11 A typical TES system in a CSP plant costs around $75/kW with a round-trip 

efficiency of 98%, compared to $300/kW and 75% efficiency12 that can be achieved using batteries 

for electricity storage in a PV plant.  Therefore, although PV is more cost-effective than CSP for 

electricity generation, CSP with TES systems remain cheaper than PV with battery systems for 

solar power generation requiring more than 6 hours of storage.13 Today, TES systems are utility 

Storage
needed

Electricity consumed
Solar output consumed
Surplus solar energy 
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scale and operating all around the world.14 Figure 1-2C is Crescent Dunes, a 110 MW CSP plant 

in Nevada, USA, which became operational in 201515. Crescent Dunes is coupled with 10-hour 

full load two-tank molten salt TES (1.1 GWh), which is comparable to the total capacity of 

batteries connected to the grid (1.5 GWh).14  

 

Figure 1-2. CSP plants with TES systems. (A) Schematic diagram (B) SEGS, a 354 MW parabolic trough 
plant in California, USA16 (C) Crescent Dunes, a 110 MW power tower plant in Nevada, USA.15  

1.2 Thermal energy storage 

TES systems for CSP can be classified into three types: sensible heat storage, latent heat storage 

and thermochemical energy storage. The characteristics of each type are given in Table 1-1.  

Sensible heat storage is the simplest system. The only TES for CSP in operation today is the two-

tank molten salt system, where one tank stores heated high-temperature salts coming from the 

receiver and the other tank holds the cooled down salt after turbine steam generation. A limitation 

of the current two-tank system is that molten salts decompose above 600℃ and freeze below 200℃, 

which leads to low turbine efficiency and needs auxiliary heating to prevent freezing during night. 

An alternative option is latent heat storage which has the advantage of isothermal operation. This 

method, however, suffers from poor heat transfer and low exergetic efficiency. Finally, 

thermochemical energy storage (TCES), which stores and releases energy by breaking and 

(B) (C)

Hot

Cold

Collector Receiver Storage Turbine

Sunlight
Power

Thermal energy

(A)
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reforming chemical bonds, has the advantages of higher energy density, operation over a wider 

temperature range, and longer storage periods. These desirable features make TCES, potentially, 

a better fit for the next generation CSP plants, where plant efficiency is improved through the use 

of high operating temperatures and more advanced power cycles (e.g., supercritical CO2 cycle).17 

However, compared to other forms of TES, TCES is still at an early stage of development due to 

its system complexity. 

Table 1-1. Comparison of three types of TES systems.  
 Sensible storage Latent heat storage  Thermochemical energy storage 

Example system Molten salt NaNO3 CH4 + H2O ↔ CO + 3H2 
Energy density                         0.11 kWh/kg  0.05 kWh/kg   2.04 kWh/kg  

Temperature range 265-565℃ 306℃ 20-1000℃ 
Storage period Limited  Limited Theoretically unlimited 

Complexity Simple Medium Complex 
Maturity Commercial Pilot scale Mainly lab scale 

1.3 Thermochemical energy storage 

An important consideration for TCES system is the selection of the reversible reaction. Important 

selection criteria include suitable reaction turning temperature, large reaction enthalpy (∆H), and 

reversibility.18 The concept of turning temperature (T*), defined as the temperature at which the 

reaction equilibrium constant K equals to 1, is useful for quick screening of reactions in the desired 

temperature range (ideally 500-1000℃ for high turbine efficiency). Previously, several reaction 

types have been studied as candidates, including dissociation of ammonia, hydrides, carbonates, 

oxides, hydroxides and methane reforming. Table 1-2 is a summary of reversible reactions studied 

for TCES systems.19,20 

Among these types, fluid-phase TCES systems based on ammonia synthesis21 and methane 

reforming22 have been investigated for 40 years and reached prototype status. However, our 

analyses in Chapter 2 for fluid-phase TCES systems show that they suffer from low energy 
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efficiency and high costs due to the need to store large amount of reaction gas. Recently, solid-gas 

reactions have started to receive more attention because they require less gas storage, have higher 

reaction temperature and easier product separation.23,24 Thus, in Chapter 4 and 5, we focus our 

study on solid-gas TCES, which we review in more detail below. 

Table 1-2. Summary of reversible reactions for TCES systems.  

Phase Reaction 
types Example 

Energy density 
𝑇𝑇∗ 

(℃) Advantages Disadvantag
es kWh

/kg 
kWh
/m3∗ 

Fluid 
phase 

Ammonia NH3 ↔ 
0.5N2 + 1.5H2 1.09 745 (l) 200 Liquid NH3 

for storage Low 𝑇𝑇∗ 

Methane CH4 + H2O
↔ CO + 3H2 2.04 7.8 (g) 700 High ∆H Side 

reaction 

Solid-
gas 

phase 

Metal 
hydride 

MgH2 ↔ 
Mg + H2 0.80 580 (s) 302 Good 

reversibility 
Slow 

kinetics 

Carbonate CaCO3 ↔ 
CaO + CO2 0.49 692 (s) 860 Cheap 

material 
Poor 

reversibility 

Hydroxide Ca(OH)2 ↔ 
CaO + H2O 0.39 437 (s) 525 No catalyst 

Sintering, 
low 

conductivity 

Oxide Co3O4 ↔ 
3CoO + 0.5O2 0.24 295 (s) 935 Good 

reversibility 
Costly & 

toxic  
* Energy density based on the volume of specific reactant phase: l: liquid; g: gas; s: solid;  

 

Research on solid-gas TCES systems has focused on three different areas: (1) reaction studies, (2) 

reactor studies and (3) system-level studies. In Table 1-3, we summarize previous studies on three 

types (carbonate, hydroxide and redox types) of TCES systems. For convenience, each solid-gas 

reaction  A (s) ⟷ B (s) + C (g) is referred to as A/B hereinafter. While this work focuses on 

system-level studies, we review each of the three research areas in the following subsections. 
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Table 1-3. Reaction candidates and previous works on three types of solid-gas TCES systems.  
Type Candidates  Reaction studies Reactor studies System-level studies 

Carbonate CaCO3/CaO 
SrCO3/SrO 
MgCO3/MgO 

Thermodynamics25 
Kinetics26,27 

Stability25,28–30 

Fixed bed31 
Rotary kiln32–34 
Fluidized bed35 

Cyclone36,37 

Process design38–41 
Techno-economic42 

Hydroxide Ca(OH)2/CaO 
Ba(OH)2/BaO 
Sr(OH)2/SrO 

Thermodynamics43 
Kinetics43,44 
Stability45,46 
Screening47 

Fixed bed48–51 
Moving bed52 

Fluidized bed53–

56 
 

Thermodynamic 
analysis57 

Process design58,59 
Techno-

economic42,60,61 
Redox BaO2/BaO 

Co3O4/CoO 
Mn2O3/Mn3O4 
Perovskites 

Thermodynamics62

–65 
Kinetics62,66 
Stability66–68 
Screening69 

Honeycomb70–72 
Rotary kiln 73,74 
Moving bed75 

Thermodynamic 
analysis76,77 

Techno-economic42,78 

 
1.3.1 Reaction studies 

Reaction studies include identifying suitable reversible reactions and studying their 

thermodynamics, kinetics and cycling stability. 

Carbonate system 

The general form of a carbonate reaction is:  

Mx(CO3)y (s) ↔ MxOy (s) + y CO2 (g) 

Many carbonate reactions have been studied for CO2 capture.79–81 In the context of CSP-TCES, 

CaCO3/CaO is the most investigated one due to its high operating temperature (885 ℃ at 1 bar 

CO2 partial pressure), high energy storage capacity (692 kWh/m3 CaCO3) as well as the abundant 

and cheap limestone feedstock.38 However, CaO particles progressively deactive to ~20% over 

repeated cycles due to sintering.82 The material stability can be enhanced by using calcium and 

magnesium acetate as CaO precursors.30 SrCO3/SrO has also been studied for TCES because it 

offers the ability to store and release energy at higher temperature (~1200 ℃).83 Carbonation 
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conversion of SrO remains stable over the first 15 cycles and then decreases to 87% over 45 cycles. 

MgCO3/MgO has also been widely studied but mainly for applications at lower temperature (e.g.,  

Hydroxide system 

The general form of a hydroxide reaction is:  

Mx(OH)y (s) ↔ MxO𝑦𝑦/2 (s) + y/2 H2O (g) 

The hydroxide reactions proposed for TCES systems are Ca(OH)2/CaO , Ba(OH)2/BaO, and 

Sr(OH)2/SrO reactions. Among them, Ca(OH)2/CaO reaction receives the most attention due to 

its high reaction enthalpy as well as the abundancy and low cost of Ca(OH)2. However, Ca(OH)2 

materials have poor mechanical properties that may lead to attrition and agglomeration over 

reaction cycles.46 Several material modifications have been proposed to enhance its mechanically 

stability, including adding nanoparticles45 and synthesizing composite material46.   

Redox system 

The general form of a redox reaction is:  

MxOy (s) ↔ MxOz (s) + (y − z)/2 O2 (g) 

In order to search candidates for redox TCES systems, Wong et al.69 screened 74 pure metal oxides 

based on thermodynamic calculations and identified 6 suitable redox reactions. In particular, 

Co3O4/CoO,BaO2/BaO and Mn2O3/Mn3O4 reactions are thermodynamically favorable at 700-

1000℃ temperature range and found to be the most attractive candidates for TCES.  

Co3O4/CoO has high reaction enthalpy and long-term cyclic stability.84 The material remains 

stable over 500 cycles.73 Mn2O3 and  BaO2 have been studied because they have lower material 

cost and toxicity than Co3O4 . Carillo et al.66 tested the Mn2O3/Mn3O4  over 30 oxidation-
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reduction cycles and found that the particle size had dramatic influence on the material cyclabililty. 

The feasibility of using BaO2/BaO for TCES has been demonstrated by Fahim and Ford62, but 

more work needs to be done to improve the cycling stability of this system. Beyond pure oxides, 

mixed oxides and perovskites (ABO3/ABO3−𝛿𝛿 ) were recently investigated as promising high 

temperature TCES candidates due to their potential to increase oxygen exchange capabilities.64,78 

1.3.2 Reactor studies 

Different solar reactors have been developed for solid-gas TCES systems and tested at 

laboratory/pilot scale. These reactors can be classified into stacked, fluidized and entrained 

reactors based on the reactor flow pattern.85,86 Stacked reactors can be further classified into fixed 

bed, rotary kiln and moving bed. The advantages and disadvantages of each reactor type are 

summarized in Table 2. Fixed-bed reactors are easy to design, construct and operate but typically 

have slow heat transfer due to low thermal conductivity of porous bed.51,87 The other two types of 

stacked reactors, rotary kiln and moving bed, enhance the heat transfer by rotating the reactor or 

moving the bed, at the cost of higher parasitic energy consumptions. Fluidized beds keep reacting 

particles in suspension, which increases gas-solid contact and particle residence time, but at the 

same time, also leads to high pressure drop and erosion of reactor vessels. Finally, cyclone reactors 

are worth considering if further separation between solid and gas is needed.85 

Table 1-4 summarizes the solar reactors that have been experimentally tested for the three types 

of solid-gas reactions. Carbonate reactions have been implemented in fixed beds31, rotary kilns32–

34, fluidized beds35, and cyclone reactors36,37.  Hydroxide reactions have been implemented in fixed 

bed48–51, moving bed52 , and fluidized beds53–56. Redox reactions have been implemented in 

powder-coated honeycomb reactors70–72, rotary kilns73,74, and moving beds75. Among all 68 
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reported solid-gas solar reactors, fixed bed is the most frequently adopted reactor type (50%), 

followed by fluidized bed (21%) and rotary kiln (15%).88 

Table 1-4. Comparison among different types of solid-gas solar reactors.  
Type Reactor Advantage Disadvantage 

Stacked Fixed 
bed 

Low cost, low parasitic energy 
Easy design, construction and 
operation, extensively studied 

Slow heat and mass transfer 
Difficult to be implemented for 
continuous commercial process 

Rotary 
kiln 

Fast heat and mass transfer 
Versatility, long life components 

Difficult to be scaled up 
High parasitic energy demand 

Moving 
bed 

Direct heat transfer 
High heat transfer coefficient 

Non-uniform irradiance distribution 
Need to control the residence time 

Fluidized  Fluidized 
bed 

Minimize hot spots and thermal 
instability; fast heat transfer 

High pressure drop and parasitic 
energy 

Complex reactor hydrodynamics, 
erosion 

Entrained Cyclone Continuously feed and separate 
solid and gas products 

Solid deposition on the reactor 
walls 

Reactor window eroded by solids  
 
1.3.3 System-level studies 

System-level studies include energy/exergy analysis, process design, and techno-economic 

analysis. Table 1-5 summarizes 12 system-level studies available in the literature for solid-gas 

TCES systems. We observe that all previous works have at least one of the following limitations: 

(1) Assumed ideal reactors which always reach thermodynamic equilibrium. However, neglecting 

the kinetics or heat transfer limitations, especially in fixed-bed reactors, may lead to unrealistic 

reactor designs and underestimated reactor costs.  

(2) Studied the system performance based on one (e.g., annual average) solar condition. However, 

in real operation, CSP plants are subject to variability in solar irradiance.  

(3) Assessed the plant performance solely based on energy efficiency, that is, did not analyze 

economic feasibility.  
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Table 1-5. Summary of system-level studies on solid-gas TCES in the literature. 

Ref. TCES reaction Scope Reaction 
kinetics Power cycle Energy 

analysis 
Cost 

analysis 
Design 

optimization 

Solar 
seasonal 

variability 
27 CaCO3/CaO CSP Yes CO2 Brayton Yes No No No 
40 CaCO3/CaO CSP No Steam 

Rankine Yes No No No  
40 CaCO3/CaO CSP No Air Brayton Yes No No No 
57 Ca(OH)2/CaO CSP No Steam 

Rankine Yes Yes No No 

58 Ca(OH)2/CaO TCES Yes Steam 
Rankine Yes No No No 

59 Ca(OH)2/CaO TCES Yes Steam 
Rankine Yes No No No 

60 Ca(OH)2/CaO CSP No Steam 
Rankine Yes Yes No No 

61 Ca(OH)2/CaO CSP Yes Steam 
Rankine Yes Yes Yes Yes, 4 

seasons 
76 Perovskites CSP No s-CO2 Brayton Yes No No No 
77 Co3O4/CoO TCES No Air Brayton Yes Yes No No 
78 Perovskites CSP Yes Air Brayton Yes Yes No No 
42 17 reactions TCES No Various cycles Yes Yes No No 

The
sis 

CaCO3/CaO 
Ca(OH)2/CaO 
Mn2O3/Mn3O4 

CSP Yes s-CO2 Brayton Yes Yes Yes Yes, 6 
scenarios 

 

Accordingly, in this thesis (Chapter 5), we address these challenges by (1) adopting accurate 

reactor models, which include reaction kinetics and consider heat transfer in fixed-bed reactors 

using partial differential equations in time and space, (2) using a stochastic programming model 

to evaluate plant performance under seasonal solar variability, and (3) providing both energy 

efficiency and cost analyses. Moreover, our study has three additional advantages. First, we 

evaluate the integrated plant performance, taking into account the interactions between TCES 

system and other plant components. Second, we adopt supercritical CO2 (s-CO2) Brayton cycle, 

which has superior performance at high turbine inlet temperature than traditional steam Rankine 

cycle. Third, we develop and use a process model to simultaneously optimize the design and 

operation of CSP-TCES systems. 
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1.4 Thesis scope and outline 

We aim to develop optimization-based models for the design and analysis of CSP with TCES 

systems and identify key areas of improvement for future TCES development. 

The remainder of this thesis is structured as follows. In Chapter 2, we develop a general process 

model for CSP with fluid-phase TCES systems and apply it to ammonia and methane TCES 

systems with two gas storage options. Then, in Chapter 3, we propose an optimization-based 

framework for process synthesis under variability in two frequencies. In Chapter 4, we model 

CSP plants with fixed-bed reactors for solid-gas TCES systems, with special emphasis placed on 

the modeling of fixed-bed reactors using partial differential equations (PDEs) in time and space. 

In Chapter 5, we provide a system-level analysis for CSP employing various solid-gas TCES 

strategies, that is, different combinations of three chemical reactions and six process configurations. 

Finally, in Chapter 6, we conclude this study and discuss future directions.  
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Chapter 2  
Process Modeling and Fluid-phase TCES2 

This Chapter presents an integrated process and a general process model we develop for CSP plants 

with fluid-phase TCES systems. We illustrate our model applicability by using ammonia and 

methane TCES systems with aboveground and underground gas storage. The analysis allows us to 

identify critical issues as well as key targets for fluid-phase TCES systems. 

2.1 General structure of TCES systems 

We consider a general TCES system including the following five tasks (shown in Figure 2-1):  

(1) Reaction: includes an endothermic reaction driven by concentrated sunlight and the reverse 

exothermic reaction generating heat for power generation. 

(2) Storage: The products of the endothermic reaction are stored in a “hot” tank for night use, 

while exothermic reaction products are stored in a “cold” tank. Note that the “Hot” and “cold” are 

not defined with respect to storing temperature. In general, gaseous products are stored at low 

temperature to reduce storage volume while solid products can be stored at high temperature to 

fully utilize the sensible heat in addition to the reaction heat. 

(3) Separation (optional): Unreacted reactants for both the endothermic and exothermic reactions 

are separated from products, so that higher conversions can be achieved and the purity in storage 

tanks is increased.  However, when the separation is challenging, the separation cost may outweigh 

the benefits, in which case a process without separation is preferred.  

                                                 
2 The contents of this chapter appear in Peng, Root and Maravelias, Green Chem. 2017 
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(4) Material handling: maintain material flows in the process (e.g. pumps and compressors) 

(5) Heat recovery: use a heat exchanger network to satisfy heat and cooling requirements 

 
Figure 2-1. General structure of TCES systems. 

Each task can be carried out using a variety of technologies, some of which are shown in Figure 

2-2. For example, the metal hydride-based reaction (𝑀𝑀𝑥𝑥𝐻𝐻𝑦𝑦 ↔ 𝑥𝑥𝑥𝑥 + 0.5𝑦𝑦𝐻𝐻2) could take place in 

a fluidized bed or packed bed reactor, while the hydrogen generated could be stored in 

aboveground pressure vessels, underground caves or absorbent materials. Figure 2-2 indicates that 

technologies used in fluid phase reactions differ from those used by gas-solid reactions. In this 

chapter, we focus on the well-studied fluid phase TCES systems, though the proposed model can 

be extended to study other TCES systems (e.g., solid-gas phase TCES).  
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Figure 2-2. Technology alternatives for TCES tasks.  

2.2 Optimization model 

We develop an optimization-based CSP plant model. We first introduce three basic sets: 

(1) Units 𝑖𝑖 ∈ 𝐈𝐈 , with subsets 𝐈𝐈𝐑𝐑 (reactors),  𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒(separation units),  𝐈𝐈𝐓𝐓𝐓𝐓  (storage tanks),  𝐈𝐈𝐂𝐂 

(compressors), and 𝐈𝐈𝐄𝐄 (heat exchangers). 

(2) Streams 𝑗𝑗 ∈ 𝐉𝐉; each process unit, 𝑖𝑖, has inlet (𝑗𝑗 ∈ 𝐉𝐉𝑖𝑖𝐈𝐈𝐈𝐈) and outlet (𝑗𝑗 ∈ 𝐉𝐉𝑖𝑖𝐎𝐎𝐎𝐎𝐎𝐎) streams.  

(3) Components 𝑘𝑘 ∈ 𝐊𝐊, include reactants and products of the reversible reaction. 

Figure 2-3 shows the important parameters and outputs of the optimization model, as well as main 

types of model equations. The complete list of parameters, variables and equations is given in 

Appendix A1.1. 
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Figure 2-3. Optimization-based TCES process model. 

The first type of input is reaction properties. The reversible reaction is expressed in a general form 

A+(B)↔C+D (for dissociation reactions, B does not exist). After selecting a specific reaction, its 

reaction enthalpy (∆𝐻𝐻) and entropy (∆𝑆𝑆), as well as the heat capacity for each component (𝐶𝐶𝑝𝑝𝑘𝑘) 

are given as parameters. Other inputs are plant characteristics (e.g., location and weather) and plant 

specifications (e.g., size, operation time) as well as cost assumptions. For all base case analysis, 

the CSP plant is located in California, U.S. with an annual average of 10h sun-hours and 800W/m2 

direct normal irradiance (DNI). The plant has a nameplate capacity (𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) equal to 100 MW and 

operates 24 hours a day, with a nominal daytime operation time 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 = 10ℎ and storage time 

𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠 = 14ℎ. All plant cost assumptions are based on the power tower configuration 89.   

The main constraints of the optimization model are unit mass and energy balances (further 

explained in Section 2.3.2). Other constraints include the performance models of the solar field, 

receiver and turbine. Finally, the objective function is to minimize the plant LCOE.  The output of 

the optimization model includes the plant LCOE and efficiency, as well as the corresponding 

process variables, including component flow rates (𝐹𝐹𝑗𝑗,𝑘𝑘 ), stream temperatures (𝑇𝑇𝑗𝑗 ) and the 
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operational conditions of each unit (unit temperature (𝑇𝑇𝑖𝑖), pressure (𝑃𝑃𝑖𝑖), heat duty (𝑄𝑄𝑖𝑖) and work 

load (𝑊𝑊𝑖𝑖)). The design variables are the solar field area and the sizing of all units. 

2.3 Modeling of fluid-phase TCES 

2.3.1 Process flowsheets 

Based on the TCES general structure (Figure 2-1), a process flowsheet for fluid phase TCES 

systems, with and without separation, is developed (Figure 2-4). Unlike traditional chemical plants, 

CSP plants operate in two different “modes”, day and night. Some units, such as the reactor for 

the endothermic reaction (R1), operate only during the day; while some units, such as the reactor 

for the exothermic reaction (R2), run both during the day and during the night. To model two 

modes, a unit is represented as two units to refer to its day and night operational modes.  

Figure 2-4A is the general process flowsheet of TCES with separation. During the day, stream 12 

from the cold storage tank (TK2) and stream 11 from the bottom of separation unit (V1) are mixed 

to feed R1, where an endothermic reaction is driven by concentrated sunlight. The hot outlet stream 

2, with major components C and D, is used to preheat the feeds of R1 and R2. Stream 5, from the 

top of separator V1, splits into stream 6, for day use, and stream 15, stored in the hot storage tank 

(TK1) for night use. In R2, the heat of exothermic reaction increases the temperature of the reactor 

effluent (stream 8). Heat is transferred from stream 8 to the turbine working fluid in heat exchanger 

(E4). During the night, stream 17 is sent from TK1 to R2 for power generation. Stream 22, from 

the top of V1 is recycled back to R2, while the bottom stream 23 is sent to TK2 for storage. 

Compressors C1 and C2 are used for the charging and discharging of TK1 and TK2.  
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A TCES system without separation (Figure 2-4B) has a simpler process. Stream 7 is cooled down 

for storage while stream 3 is directly sent to R2 to utilize both the sensible and reaction heat. The 

turbine is driven mostly by sensible heat during the day and reaction heat during the night.    

 

Figure 2-4. Process flowsheets of TCES systems (A) with separation (B) without separation. 

2.3.2 Unit models 

The mass and energy balances are based on models for all units and connectivity equations through 

process streams. Next, we demonstrate the modeling approaches for the five types of units 

presented in Section 2.1.   

Reaction 

For a reactor (𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑) with an inlet stream and outlet stream, Figure 2-5 shows the related process 

variables and reaction parameters. 

Both R1 and R2 are assumed as equilibrium reactors satisfying the Gibbs free energy equilibrium 

constant equation. The model can be readily extended to account for side reactions, if they also 

Day mode 10 h

Night mode 14h

(a) (b)

Day mode 10 h
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reach equilibrium, by simply adding their corresponding equilibrium equations.  The Gibbs free 

energy (∆𝐺𝐺) can be calculated from the reaction enthalpy and reaction entropy at the reactor 

temperature (𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂)      

∆𝐺𝐺 = ∆𝐻𝐻𝑖𝑖 − 𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂 ⋅ ∆𝑆𝑆𝑖𝑖    𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑  (2-1) 

and the equilibrium constant 𝐾𝐾𝑒𝑒𝑒𝑒 can be expressed as 

𝐾𝐾𝑒𝑒𝑒𝑒 = ∏ � 𝐹𝐹𝑂𝑂𝑂𝑂𝑇𝑇,𝑘𝑘⋅𝑃𝑃
𝐹𝐹𝑂𝑂𝑂𝑂𝑂𝑂
𝑇𝑇 ⋅𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎

�
𝑣𝑣𝑘𝑘

 𝑘𝑘   𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑  (2-2) 

where 𝑃𝑃 is the process pressure,  𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = 1 atm, 𝐹𝐹𝑂𝑂𝑂𝑂𝑂𝑂,𝑘𝑘 is the component molar flow rate of the 

reactor outlet stream and 𝐹𝐹𝑂𝑂𝑂𝑂𝑂𝑂𝑇𝑇  is the total molar flow rate.  

For the energy balance calculation, the reactor heat duty (𝑄𝑄𝑖𝑖) is equal to the enthalpy difference 

between the outlet stream and inlet stream. This enthalpy difference is the result of both component 

change and temperature change. 

𝑄𝑄𝑖𝑖 = ∆𝐻𝐻𝑖𝑖 ⋅ �𝐹𝐹𝐼𝐼𝐼𝐼,𝐴𝐴 − 𝐹𝐹𝑂𝑂𝑂𝑂𝑂𝑂,𝐴𝐴� + (𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑇𝑇𝐼𝐼𝐼𝐼) ⋅ �∑ 𝐹𝐹𝐼𝐼𝐼𝐼,𝑘𝑘 ⋅ 𝐶𝐶𝑝𝑝𝑘𝑘𝑘𝑘 �  𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑 (2-3) 

The heat absorbed by the solar receiver 𝑄𝑄𝑅𝑅1 is used to break chemical bonds and heat up the feed 

stream. In the exothermic reactor R2, the reaction heat increases the temperature of the reactor 

effluent, thereby delivering heat to the turbine at high temperature. The sensible heat is then used 

to generate steam in heat exchanger E4. 

 

Figure 2-5. General reaction unit. 

+
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Separation 

For a separation unit (𝑖𝑖 ∈ 𝐈𝐈𝑺𝑺𝑺𝑺𝑺𝑺), each component k is assigned a split fraction 𝜁𝜁𝑗𝑗,𝑘𝑘 for each outlet 

stream j. The mass balance of the separation unit can then be expressed as,  

𝐹𝐹𝑗𝑗,𝑘𝑘 = 𝜁𝜁𝑗𝑗,𝑘𝑘  
∙ ∑ 𝐹𝐹𝑗𝑗′,𝑘𝑘𝑗𝑗′∈𝐉𝐉𝐢𝐢

𝐈𝐈𝐈𝐈    𝑖𝑖 ∈ 𝐈𝐈𝑺𝑺𝑺𝑺𝑺𝑺, 𝑗𝑗 ∈ 𝐉𝐉i𝐎𝐎𝐎𝐎𝐎𝐎,𝑘𝑘 ∈ 𝐊𝐊  (2-4) 

where 𝜁𝜁𝑗𝑗,𝑘𝑘 is a function of the separation technology, operating condition and feed compositions 

𝐹𝐹𝑗𝑗′,𝑘𝑘. To calculate 𝜁𝜁𝑗𝑗,𝑘𝑘, we can either develop a complex first-principles separation model  or a  

surrogate model from existing experimental or simulation data 90. In Appendix A1.2, we 

demonstrate how to use the commercial process simulator ASPEN PLUS to generate a surrogate 

model for a flash tank used to separate H2 and N2 from NH3.  

Storage   

The mass balance for the two storage tanks TK1 and TK2 is, 

𝐹𝐹𝑗𝑗′,𝒌𝒌 ⋅ 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐹𝐹𝑗𝑗,𝒌𝒌 ⋅ 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠          𝑖𝑖 ∈ 𝐈𝐈𝐓𝐓𝐓𝐓, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈,𝑘𝑘 ∈ 𝐊𝐊  (2-5) 

where 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 = 10 ℎ𝑟𝑟 is the day operation time and 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠 = 14 ℎ𝑟𝑟 is the storage time.   

To support a 100 MW plant running for 14 hours during the night, substantial amount of gas needs 

to be stored (see specific numbers in Section 2.4). Two gas storage options are considered: 

(1) Aboveground storage: Using a series of 100 𝑚𝑚3 pressure vessels with maximum operating 

pressures of 700 bar91, unit capital cost of 5700 $/𝑚𝑚3, and a pressure factor of 0.44 92. 

(2) Underground storage: Compressed gas is stored in underground cavities with unit capital cost 

of 50 $/𝑚𝑚3  and maximum pressure of 300 bar. Abundant industrial experience in natural gas 

underground storage since 191693 and multiple studies for hydrogen underground storage 94 

suggest that this might be a feasible approach for TCES systems. 
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Although the capital cost of underground storage is notably lower, not all CSP plants can be located 

near an underground cave, so we study both alternatives (see Appendix A1.4 for a geological map 

displaying locations with potential underground storage).  

Material handling  

Let P be the process pressure, 𝑃𝑃𝐻𝐻 the maximum storage pressure, and 𝑃𝑃𝐿𝐿 the minimum (cushion) 

storage pressure. Every 24 hours, each storage tank goes through the following four phases (Figure 

2-6): 

(1) Charging from 𝑃𝑃𝐿𝐿 to P: gas flows into the tank without compression until the tank pressure 

reaches P; 

(2) Charging from P to 𝑃𝑃𝐻𝐻: gas is compressed into the tank until the tank pressure reaches 𝑃𝑃𝐻𝐻 at 

the end of the charging process (point B).  

(3) Discharging from 𝑃𝑃𝐻𝐻 to P: gas flows out of the tank without compression until tank pressure 

drops to 𝑃𝑃; 

(4) Discharging from P to 𝑃𝑃𝐿𝐿: gas is compressed out of the tank until the tank pressure drops to 

the cushion pressure 𝑃𝑃𝐿𝐿 at the end of the discharging process (point A).   

Using these three pressure variables (𝑃𝑃, 𝑃𝑃𝐻𝐻 and 𝑃𝑃𝐿𝐿), we calculate the storage tank size, compressor 

size and electricity consumption.  The size of the storage tank (𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) is calculated via, 

𝑉𝑉𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐹𝐹𝐼𝐼𝐼𝐼𝑇𝑇 ⋅ 𝑍𝑍𝐼𝐼𝐼𝐼 ⋅ 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 ⋅ 𝑅𝑅 ⋅ 𝑇𝑇𝐼𝐼𝐼𝐼 (𝑃𝑃i𝐻𝐻 − 𝑃𝑃i𝐿𝐿)⁄    𝑖𝑖 = 𝑇𝑇𝑇𝑇1   (2-6) 

where 𝐹𝐹𝐼𝐼𝐼𝐼𝑇𝑇  is the total molar flow rate of storage tank inlet stream (Stream 16), and 𝑍𝑍𝐼𝐼𝐼𝐼 is the 

average compressibility factor of the inlet stream (a detailed calculation of Z is provided in 

Appendix A1.6).   
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In Figure 2-6, the blue line shows how compression power varies with time. Point A and B are 

compression power peaks during (discharging) phase 4 and (charging) phase 2. The compressor 

rated power (PWR) is the highest power needed between these two peaks, 

𝑃𝑃𝑃𝑃𝑅𝑅𝑖𝑖 ⋅ 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = max �𝐹𝐹𝐹𝐹𝑝𝑝𝐼𝐼𝐼𝐼 ⋅ 𝑍𝑍𝐼𝐼𝐼𝐼 ⋅ 𝑇𝑇𝐼𝐼𝐼𝐼 ⋅ [�𝑃𝑃
𝐻𝐻

𝑃𝑃
�
𝛾𝛾−1
𝛾𝛾
− 1];𝐹𝐹𝐹𝐹𝑝𝑝𝑂𝑂𝑂𝑂𝑂𝑂 ⋅ 𝑍𝑍𝑂𝑂𝑂𝑂𝑂𝑂 ⋅ 𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂 ⋅ [� 𝑃𝑃

𝑃𝑃𝐿𝐿
�
𝛾𝛾−1
𝛾𝛾 − 1]�   𝑖𝑖 = 𝑇𝑇𝑇𝑇1   (2-7) 

where 𝐹𝐹𝐹𝐹𝑝𝑝𝐼𝐼𝐼𝐼 is the flow heat capacity, 𝛾𝛾 is the heat capacity ratio, and 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the compressor 

isentropic efficiency. Daily electricity consumption is calculated by integrating the compressor 

power over time.   

Figure 2-6. Tank pressure and compressor power changes in a day (TK1). 

Heat integration  

In general, the endothermic reaction occurs at high temperature but the gaseous reaction products 

are expected to be stored at low temperature to reduce gas storage volume. Recovering the sensible 

heat associated with this cooling process is necessary to achieve high energy efficiency. In our 

process, this heat is recovered by preheating the feeds of R1 and R2. The amount of exchanged 

heat is optimized accounting for both heat exchanger cost and gas storage cost. Besides product 
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cooling, we also need to satisfy the heat duty for separation, which can be done through either 

utilities or process streams. 

2.4 Results 

The proposed model is used to analyze four CSP plants based on ammonia dissociation and 

methane dry reforming reactions, each with two gas storage options (Table 2-1). For each case, 

we present the energy efficiency and economics, as well as the main operational variables 

(complete results given in the Appendix A1.3). To compare the performance of TCES systems 

with sensible heat storage, the commercially developed molten salt two-tank system is chosen as 

the reference case. Please note that our analysis and conclusions are based on the relative 

comparison across all cases, not the absolute numbers. The major conclusions would remain the 

same if different plant operational and economic assumptions were used.   

Table 2-1. Ammonia and methane reaction properties 

TCES system ∆H 
(kJ/mol) 

∆S 
(J mol ∙ K⁄ ) 

𝐶𝐶𝑝𝑝 (𝐽𝐽 mol ∙ K⁄ )∗ Gas storage option 

A B C D Pressure 
vessel 

Under 
ground 

Ammonia dissociation 
NH3 ⟷ 1.5 H2  + 0.5 N2 55 117 72 - 30 33 Case 1 Case 2 

Methane reforming 
CH4 +  CO2 ⟷ 2CO + 2H2 260 284 67 62 30 33 Case 3 Case 4 

* Temperature dependent heat capacities (given in Appendix A1.5) are used for all analyses.  
 
2.4.1 Energy efficiency analysis 

To evaluate the overall solar to electricity efficiency, we develop a simple model accounting for 

the efficiency of each CSP plant component based on the energy flows shown in Figure 2-7.  

During the day, the heliostat reflects sunlight (𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠) to a central receiver. Typically, this process 

has an average 40% energy loss 95 so we assume a constant collector efficiency (𝜂𝜂𝑐𝑐) of 0.6.  
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Receiver efficiency (𝜂𝜂𝑟𝑟) is defined as the ratio of heat absorbed in the endothermic reaction (𝑄𝑄𝑅𝑅1) 

to heat absorbed by the receiver. 𝜂𝜂𝑟𝑟 decreases with increasing endothermic reaction temperature 

(𝑇𝑇𝑅𝑅1), which leads to greater radiation and convection losses96 (see Figure 2-8). The highest 

temperature of the heat delivered to the turbine from the TCES system (𝑄𝑄𝑅𝑅2 + 𝑄𝑄𝐸𝐸4) is at the 

exothermic reaction temperature (𝑇𝑇𝑅𝑅2). Turbine efficiency (𝜂𝜂𝑝𝑝) increases with 𝑇𝑇𝑅𝑅2.  

Part of the turbine rated power output (𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) is consumed by compressors in the TCES system.  

The storage efficiency (𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠)  calculation accounts for both the heat loss in TCES and the 

compressor power consumption ( 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, MWh/day), given as 

𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠 =
(𝑄𝑄𝐸𝐸4

𝑑𝑑𝑑𝑑𝑑𝑑+𝑄𝑄𝑅𝑅2
𝑑𝑑𝑑𝑑𝑑𝑑)⋅𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑+(𝑄𝑄𝐸𝐸4

𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡+𝑄𝑄𝑅𝑅2
𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡)⋅𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠− 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝⋅𝜂𝜂𝑝𝑝

𝑄𝑄𝑅𝑅1⋅𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑
   (2-8) 

where ηpara = 0.9 is the parasitic efficiency, considering a 10% parasitic load for the balance of 

plant. 

 
Figure 2-7. Energy flows and efficiency in a CSP plant.  

 
Figure 2-8. Receiver and turbine efficiency changing with temperature. 
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Finally, the solar to electricity conversion efficiency (𝜂𝜂𝑠𝑠−𝑒𝑒 ), defined as the ratio of daily net 

electricity output (𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒) to total received solar energy, can be calculated by multiplying all block 

efficiencies,  

𝜂𝜂𝑠𝑠−𝑒𝑒 = 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠⋅𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑
= 𝜂𝜂𝑐𝑐 ⋅ 𝜂𝜂𝑟𝑟 ⋅ 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ 𝜂𝜂𝑝𝑝 ⋅ 𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝     (2-9) 

Using the proposed energy model, we evaluate the energy efficiency of the four case studies, as 

shown in Table 2-2. Our analysis indicates that CSP plants employing fluid phase TCES systems 

have in general lower storage efficiency compared to plants with molten salt two-tank systems. 

The main reason is that in fluid phase TCES systems, compression is required during the charging 

and discharging process and this process consumes 17% of the generated power if pressure vessel 

is used for gas storage. Adopting underground gas storage, where products are stored at much 

lower pressure, could significantly reduce the compression power consumption and improve the 

overall energy efficiency and thus cost. 

Table 2-2. Energy efficiency of CSP plant components. 

Cases*  𝑇𝑇𝑅𝑅1(℃) 
𝑇𝑇𝑅𝑅2(℃) Compression 

(% of 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) 

Separation 
cooling  

(% of 𝑄𝑄𝑅𝑅1) 
𝜂𝜂𝑟𝑟 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠 𝜂𝜂p 𝜂𝜂𝑠𝑠−𝑒𝑒 

day night 
Reference 565 565 565 - - 0.91 0.98 0.37 17.8% 

1: NH3, PV 386 539 399 17% 17% 0.94 0.70 0.32 11.2% 
2: NH3, UG 548 543 350 2% 14% 0.92 0.82 0.30 12.2% 
3: CH4, PV 1000 1000 645 18% - 0.67 0.82 0.43 12.7% 
4: CH4, UG 919 919 692 3% - 0.75 0.97 0.44 17.1% 

* Reference: molten salt two-tank storage system, PV: pressure vessel, UG: underground.   
Table 2-2 also shows that CSP plants employing ammonia based TCES systems have lower 

storage efficiency than those employing methane. This is because ammonia TCES systems are 

subject to heat loss for separation cooling. In Case 1 and Case 2, separation cooling is the 

secondary energy driver, consuming more than 17% of the heat flowing into TCES. To investigate 

whether separation is worthwhile, we design an ammonia TCES system without separation. The 
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detailed results of Case 1, Case 1 without separation, and Case 3 are given in Figure 2-9, which 

shows the block flow diagrams of TCES systems with the optimized values of key process 

variables (e.g., mass and energy flows and unit operational conditions). 

 
Figure 2-9. Block flow diagram of the CSP plant: (A) Case 1 (B) Case 1 without separation (C) Case 3. 

Figure 2-9B shows that Case 1 without separation has no separation heat loss, but its storage 

efficiency is lower than that of Case 1 (Figure 2-9A), because the compression requirement 

doubles. Moreover, removing separation in Case 1 leads to an LCOE increase from 23.7 ₵/kWh 

to 36.8 ₵/kWh, primarily due to the increased gas storage cost and reduced electricity generation.  
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ammonia is cooled down to liquid phase and stored in the cold tank. Second, during the night, 

unreacted N2  and H2  are recycled back to the reactor from the separation unit, resulting in a 

smaller feed stream needed from the hot storage tank. Last, and the most important, separation can 

increase reaction conversions. Without separation, as shown in Figure 2-9B and C, the conversion 

of both the endothermic (∆𝑥𝑥𝑅𝑅1) and exothermic (∆𝑥𝑥𝑅𝑅2) reactions are equal to the difference 

between the equilibrium compositions at 𝑇𝑇𝑅𝑅1  and 𝑇𝑇𝑅𝑅2  (𝑇𝑇𝑅𝑅1  should be higher than 𝑇𝑇𝑅𝑅2 ). With 

separation, the inlet streams to both reactors contain practically pure components and 𝑇𝑇𝑅𝑅1 could 

be lower than 𝑇𝑇𝑅𝑅2, as shown in Figure 2-10A. This also explains why ammonia TCES systems 

with separation has lower 𝑇𝑇𝑅𝑅1  and higher receiver efficiency than methane systems without 

separation.  

With respect to the turbine efficiency, methane TCES systems perform better than ammonia 

systems due to their higher 𝑇𝑇𝑅𝑅2. Results show that R2, where the exothermic reaction happens, is 

almost adiabatic, and  𝑇𝑇𝑅𝑅2 can be estimated by, 

𝑇𝑇𝑅𝑅2 = ∆𝐻𝐻⋅∆𝑥𝑥𝑅𝑅2
𝐶𝐶𝑝𝑝

+ 𝑇𝑇𝑇𝑇𝑇𝑇1     (2-10) 

where ∆𝐻𝐻 is the reaction enthalpy, 𝐶𝐶𝑝𝑝 is the average stream heat capacity and ∆𝑥𝑥𝑅𝑅2 is the reaction 

conversion (see Figure 2-10). The storage tank temperature (𝑇𝑇𝑇𝑇𝑇𝑇1) is 27℃ in the ammonia system 

and 90℃ in the methane system. 

The high 𝑇𝑇𝑅𝑅2 of methane TCES system results from its high ∆𝐻𝐻/𝐶𝐶𝑝𝑝, which is 6050 ℃ compared 

to 1570 ℃ for ammonia. Generalizing this analysis, high ∆𝐻𝐻/𝐶𝐶𝑝𝑝 is a good criterion for reaction 

selection.   
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With respect to the overall plant efficiency, methane TCES systems without separation are superior 

to ammonia systems. Underground gas storage leads to compression power reduction and higher 

plant efficiency. Case 4 has the highest storage efficiency, but its overall efficiency (𝜂𝜂𝑆𝑆−𝐸𝐸) is lower 

compared to the efficiency of two-tank molten-salt storage, due to the low receiver efficiency as a 

result of high 𝑇𝑇𝑅𝑅1.   

 
Figure 2-10. Equilibrium curves of ammonia dissociation and methane reforming reactions at 300 bar. (A) 
Case 1, (B) Case 1 without separation, and (C) Case 3. The optimum reaction temperatures and conversions 
of endothermic and exothermic reactions are shown as red and blue.  

2.4.2 Economic analysis  

To evaluate the economic feasibility of the studied systems, we use levelized cost of electricity 

(LCOE) as the primary metric, defined as, 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂)/(365 ∙ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒)    (2-11) 

where CAPEX, the total capital cost, includes four plant components: collector, receiver, storage 

and turbine. The storage cost accounts for all units in the TCES process flowsheets (Figure 2-4); 

and CRF is the capital recovery factor used to calculate the equivalent annual capital cost. 

Assuming a 9% interest rate and 30 years plant operation, CRF is 0.1; OPEX is the annual 

operation cost for utility use and plant maintenance; and 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 is the daily net electricity output 

(detailed cost assumptions and calculations are given in Appendix A1.1). 
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The LCOE of the four case studies is shown in Figure 2-11. The processes employing pressure 

vessels (Case 1 and 3) have notably higher LCOE. This is because, even if reaction products are 

compressed and stored at around 550 bar, both ammonia and methane systems require 65,000 m3 

of gas storage at a vessel price of 8900 $/m3. Moreover, compression reduces the overall plant 

efficiency, which increases the unit cost of all subsystems. If underground gas storage is 

geologically available, in which case the storage unit price is 50 $/m3, TCES systems become 

more attractive.  

Furthermore, CSP plants employing methane TCES systems have lower LCOE 

than those employing ammonia. Methane systems mainly benefit from the high ∆𝐻𝐻 which reduces 

the reactant storage demand. Overall, Case 4 has the lowest LCOE, achieving a 13% LCOE 

reduction over the two-tank molten salt CSP plants. In two-tank systems, the storage media 

(molten salt) dominates the storage system cost, while in TCES systems, storage media cost is 

significantly lower due to the low price of chemicals (ammonia and methane) and high storage 

density (see Table 1-1).  

 
Figure 2-11. LCOE contributions of (A) CSP plants and (B) TCES systems.  
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2.4.3 Operational analysis 

Operational conditions affect reaction conversions, plant efficiency, and consequently economics. 

In this subsection, we derive simple cost functions to describe the impact of reaction temperature 

and operating pressure. We also use optimization results to provide general insights. 

Reaction temperature 

The temperature of the endothermic (𝑇𝑇𝑅𝑅1) and exothermic (𝑇𝑇𝑅𝑅2) reaction influence the total CSP 

plant cost (𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝), which consists of the solar collection cost and gas product storage cost: 

𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = [ 𝜆𝜆
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝜂𝜂𝑟𝑟⋅𝜂𝜂𝑝𝑝
+ 𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑐𝑐1] ⋅ 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟    (2-12) 

where λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the solar energy collection cost, including collector and receiver costs; 𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

is the gas storage cost, including the cost of tanks and compression; and 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the plant rated 

capacity. To simplify the cost expression, turbine and operation costs are lumped into constant c1. 

Eqn. (2-12) shows that the collection cost is inversely proportional to the receiver efficiency (𝜂𝜂𝑟𝑟) 

and turbine efficiency (𝜂𝜂𝑝𝑝). Further, 𝜂𝜂𝑟𝑟 decreases with increasing 𝑇𝑇𝑅𝑅1 while 𝜂𝜂𝑝𝑝 increases with 𝑇𝑇𝑅𝑅2 

(see Figure 2-8). Therefore, low 𝑇𝑇𝑅𝑅1 and high 𝑇𝑇𝑅𝑅2 lead to low collection cost. The storage cost is 

proportional to the gas flow rate (𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠), which can be calculated from the heat balance of R2, 

𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/(𝛥𝛥𝑥𝑥𝑅𝑅2 ⋅ 𝛥𝛥𝛥𝛥 ⋅ 𝜂𝜂𝑝𝑝)     (2-13) 

where Δ𝑥𝑥𝑅𝑅2  is the exothermic reaction conversion and its relation between 𝑇𝑇𝑅𝑅1  and 𝑇𝑇𝑅𝑅2  are 

described in Figure 2-10. As 𝑇𝑇𝑅𝑅1 − 𝑇𝑇𝑅𝑅2 increases, Δ𝑥𝑥𝑅𝑅2 increases thereby leading to lower storage 

cost, but at the expense of lower receiver and turbine efficiency. Eqn (2-13) also shows the benefit 

of high reaction enthalpy, which makes methane TCES systems more cost effective than ammonia 

systems.  
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Using our optimization model, we obtain the optimum 𝑇𝑇𝑅𝑅1  and 𝑇𝑇𝑅𝑅2 , 1000 ℃  and 645 ℃ 

respectively, while the reaction turning temperature (𝑇𝑇∗) is 700℃. For the ammonia-based TCES 

system, 𝑇𝑇𝑅𝑅1 (386℃) is lower than 𝑇𝑇𝑅𝑅2 (399℃) and its 𝑇𝑇∗ is 200℃. These results suggest that there 

are two approaches to dealing with the trade-off between collection cost and storage cost. First, 

𝑇𝑇𝑅𝑅1 and 𝑇𝑇𝑅𝑅2 should be in the vicinity of 𝑇𝑇∗ where the equilibrium composition changes fast with 

reaction temperature. Thus, maximum Δ𝑥𝑥𝑅𝑅2  can be achieved with a small difference between 

𝑇𝑇𝑅𝑅1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑇𝑇𝑅𝑅2. Second, separation can increase the reaction conversion and allow 𝑇𝑇𝑅𝑅1 < 𝑇𝑇𝑅𝑅2 .  

Operating pressure 

The process pressure (𝑃𝑃), maximum (𝑃𝑃𝐻𝐻) and minimum (𝑃𝑃𝐿𝐿) storage pressure determine the total 

gas storage cost, 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, which includes storage tanks, compressors, and electricity consumption, 

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜆𝜆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ⋅ � 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠

𝑃𝑃𝐻𝐻− 𝑃𝑃𝐿𝐿
� + 𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ⋅ �𝑙𝑙𝑙𝑙 𝑃𝑃𝐻𝐻

𝑃𝑃
+ 𝑙𝑙𝑙𝑙 𝑃𝑃

𝑃𝑃𝐿𝐿
� + 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ⋅ (𝑃𝑃

𝐻𝐻

𝑃𝑃
+ 𝑃𝑃

𝑃𝑃𝐿𝐿
)    (2-14) 

where λ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  and λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 are the unit capital costs of storage tank and compressor. To calculate the 

cost of compression power consumption, 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 is used as an estimation of the electricity price.  

 
Figure 2-12. Impacts of process pressure on compression work and LCOE in Case 1.  

Case 1

P

Safety
constraint
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Eqn (2-14) shows that the storage tank cost is inversely proportional to 𝑃𝑃𝐻𝐻 − 𝑃𝑃𝐿𝐿 , while the 

compression cost, including both the compressor and electricity cost, is  proportional to 𝑃𝑃𝐻𝐻/𝑃𝑃 and 

P/PL. Thus, there is a trade-off between storage tank cost and compression cost.  

To study this trade-off, we solve our model for several values of P from 150-600 bar. For each 

value, all other variables are optimized to yield the minimum LCOE. Figure 2-12 shows how the 

storage tank cost, compression cost and LCOE change with P in Case 1. Staring at 150 bar, 

increasing P leads to a steep decrease in both compression and storage cost because, with the same 

ratio of 𝑃𝑃𝐻𝐻/𝑃𝑃 and 𝑃𝑃/𝑃𝑃𝐿𝐿 , higher P leads to larger 𝑃𝑃𝐻𝐻 − 𝑃𝑃𝐿𝐿. However, when P exceeds 400 bar, 

storage cost rises with P. This is because 𝑃𝑃𝐻𝐻 has an upper limit of 700 bar, so increasing P leads 

to higher 𝑃𝑃𝐿𝐿 and thus smaller 𝑃𝑃𝐻𝐻 − 𝑃𝑃𝐿𝐿. The optimum P is around 500 bar, but we used an upper 

bound of 300 bar for operation safety.  

Figure 2-12 shows the corresponding 𝑃𝑃𝐻𝐻(560 bar) and 𝑃𝑃𝐿𝐿(115 bar) when P = 300 bar. Case 1 

uses expensive pressure vessel storage with λ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  9250 $/ m3 . The difference between 

𝑃𝑃𝐻𝐻and 𝑃𝑃𝐿𝐿  is large, reducing the storage volume at the expense of more compression power 

consumption. In Case 4, when cheap underground gas storage (50$/m3) is employed, 𝑃𝑃𝐻𝐻 − 𝑃𝑃𝐿𝐿 is 

only 40 bar, leading to smaller electricity consumption and larger storage volume. Moreover, 

unlike Case 1, LCOE is not sensitive to the variation of P in Case 4, which imparts the plant more 

operation flexibility.  

2.4.4 Sensitivity analysis 

To understand how various parameters affect the LCOE, we perform sensitivity analyses on Case 

1 and Case 4 (Figure 2-13). We choose these two cases because Case 1, using well-developed 
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ammonia and pressure vessel technologies, can be readily implemented in the near-term; while 

Case 4 is technically more challenging but has lower LCOE, so it can be implemented in the future.  

 
Figure 2-13. Tornado chart for various CSP characteristics in Case 1 and Case 4. 

Improving collector and receiver efficiency has been a long-term goal for CSP research. Our 

analysis shows that a 2% increase of the collector or receiver efficiency could lead to a 1% LCOE 

decrease for both cases. With respect to solar resource evaluation, we observe that direct normal 

irradiance (DNI) plays an important role: a 12.5% decrease results in an increase around 1 ₵/kWh 

in LCOE. We next study the storage system size, denoted by storage hours. For Case 1, where the 

TCES system is expensive, LCOE increases by 0.3 ₵/kWh if the storage time increases to 15 hour; 

while for Case 4, the LCOE decreases slightly. The impact of other plant components is analogous 

to their LCOE contribution (collector > receiver > turbine). Finally, the gas storage price has a 

great influence on LCOE in Case 1, when pressure vessel is the main cost driver.  

2.5 Conclusions 

In this chapter, we established a framework for the systematic study of different TCES systems. 

We developed a general process for CSP plants employing TCES systems, formulated an 

optimization-based model of the process, and used this model to study four different systems and 
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perform different types of analyses. We identified that, for fluid phase TCES systems, the main 

cost driver is the gas storage and the main energy driver is the electricity consumption for 

compressors. The overall efficiency and LCOE can be significantly improved if cheap 

underground gas storage is available. We also showed that careful design of separation system is 

critical. Finally, we discussed the impact of reaction temperatures and operating pressure. The 

proposed model can be used to study a wide range of systems, including solid-gas phase reactions, 

which will be the topic of future research. Finally, we hope that the proposed framework will be 

used not only for the evaluation of existing TCES systems, but also as a tool for the development 

of new CSP-TCES systems. 

Chapter 3  
Optimization-based Process Synthesis under Seasonal 

and Daily Variability3  

In Chapter 2, the CSP plant was designed based on an annual average solar condition. To consider 

the seasonal and daily variability in solar irradiance, in this chapter, we propose an optimization-

based framework for process synthesis under variability in two frequencies. 

3.1 Introduction 

Process synthesis under variability is a problem that is expected to receive considerable attention 

in the future due to the emergence of energy systems that are subject to variability in the 

availability of intermittent renewable sources. One common approach in handling variability is to 

                                                 
3 The contents of this chapter appear in Peng, Root and Maravelias, AIChE J. 2018 
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employ multiple scenarios/periods with different operating conditions and then formulate the 

synthesis problem as a multiscenario/multiperiod optimization problem 97. This approach has been 

widely used for the synthesis of flexible processes, such as heat exchanger networks 98,99, 

separation systems 100,101, and energy systems 102–107. This multiscenario approach is applicable 

when there is variability in one timescale. However, many systems, including systems employing 

renewable energy sources and buildings, involve variability in multiple scales. For example, the 

ambient temperature (important in building energy optimization) exhibits seasonal (low frequency) 

and daily (high frequency) variability (see Figure 3-1).   

 
Figure 3-1. Seasonal (left) and daily (right) variability of ambient temperature in California.  

The majority of research in the area of chemical process synthesis has focused on systems which 

operate in a single mode and also have reasonably small variability in terms of availability and 

quality of resources.  Thus, variability is modeled as a “deviation” from the nominal operating 

mode. Furthermore, it is assumed that variability effects can be compensated for through control 

actions 108. This treatment can be challenging, however, when the variability is so large and 

persistent that large subsystems of the process are essentially operating in completely different 

“modes”, or even, are shut down during, for example, the course of a day.  
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Accordingly, the and high frequency variability, coupled with a superstructure-based approach 

where different units may goal of this chapter is to develop a framework for the systematic design 

of processes under variability in two frequencies, for example, seasonal and daily variability. In 

doing so, we employ “scenarios” and “modes” to represent low be active during different modes. 

The resulting optimization model is a two-stage stochastic programming model with multiple 

modes embedded within each scenario. Finally, a propagation-based bound generation algorithm 

is proposed to enhance the solution. Design decisions are the first stage decisions, while 

operational decisions, for each scenario and mode, are second stage decisions. The proposed 

framework: (1) accounts for the two-frequency variability in an accurate yet tractable manner; (2) 

allows different units to be activated to handle high-frequency variability; and (3) considers 

temporal correlations among modes. The proposed framework enables the efficient optimization-

based synthesis of renewable energy systems where parameters describing the energy resource 

(e.g., solar, wind) exhibit variability in two scales 4,6,109–113. 

The remaining of this chapter is structured as follows. In the next section, we provide background 

on the synthesis of flexible chemical processes, stochastic programming (SP), and solution 

methods for SP models. Then, we present the optimization framework, which includes scenario 

and mode generation, multimode superstructure generation, the multimode two-stage stochastic 

programming model, and a propagation algorithm for bound tightening. Next, we illustrate the 

applicability of the proposed framework through the synthesis of concentrating solar power plants 

(CSP) with thermochemical energy storage (TCES).  Finally, we compare the performance of the 

proposed approach with conventional stochastic and deterministic approaches through a simple 

illustrative example.  
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3.2 Background  

3.2.1 Process synthesis and operational flexibility  

Pioneered by Rudd, Powers, and Siirola 114 , process synthesis has become an active research area 

over the past 60 years. The goal in a process synthesis exercise is to select unit operations and their 

interconnections so as to optimize a specific metric subject to given constraints 115,116.  A number 

of extensive reviews are available, including reviews on heat exchanger network synthesis 117–119, 

separation network synthesis 120,121, reactor network synthesis 122 and water network synthesis 123.  

Optimization-based approaches, in general, are one of the three major approaches to process 

synthesis 124.  Optimization superstructure-based approaches, in particular, have been proposed as 

an effective way to simultaneously consider and evaluate a large number of process alternatives.  

They have three main components: process representation, modeling 125–127, and solution of the 

resulting optimization models 128–131, typically a mixed-integer nonlinear (MINLP) model.   

Most previous process synthesis approaches consider a single nominal operating mode. While this 

assumption is appropriate for the majority of traditional chemical processes, the emergence of 

systems that operate at widely different conditions (e.g., solar power plants), interacting with 

systems that operate at different conditions (e.g., natural-gas-fired power plants in a grid with 

significant renewable electricity) or simply being subject to time-varying constraints (e.g., 

buildings subject to ambient temperature and occupancy fluctuations) has led to the need to 

develop methods that account for inherent variability, often in multiple sources and at different 

frequencies.  

One approach to account for variability is the design of flexible chemical processes which ensures 

feasible operation under parameter variations 97.  Systematic approaches have been developed for 
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using a quantitative index to measure the size of feasible operation space and then establishing 

trade-offs between feasibility and cost through a multiobjective approach 132–136.  Another 

approach is to design a system that has a fixed degree of flexibility at minimum cost. Specifically, 

potential operating conditions are first specified in terms of either a bounded region or a finite 

number of scenarios/ periods, and then the optimization model seeks to find the most economic 

design that can meet all specifications under all considered conditions. To solve this process 

synthesis problem, various mathematical programming approaches have been proposed 137, 

including stochastic programming 138–140 and robust optimization 141–144. Stochastic programming 

has the advantage of utilizing the probability distribution information of uncertain parameters and 

allowing recourse actions once uncertainty is revealed, which leads to less conservative results 

compared to robust optimization. 

In this chapter, rather than considering a single operating mode and treating variability as a 

deviation from the nominal operating mode (potentially via scenarios), we employ scenario and 

multiple modes and, importantly, we allow the process to operate under vastly different operating 

modes. The proposed approach leads to a two-stage stochastic programming models with a number 

of interconnected modes within each scenario.    

3.2.2 Stochastic programming  

The general formulation of a two-stage stochastic programming model is as follows 145:  

min
𝒙𝒙

 𝑓𝑓1(𝒙𝒙) + 𝐸𝐸𝜽𝜽{𝑄𝑄(𝒙𝒙,𝜽𝜽)}       𝒙𝒙 ∈ ℝ𝑛𝑛1, 𝜽𝜽 ∈ ℝ𝑛𝑛2 

(3-1)   𝑄𝑄(𝒙𝒙,𝜽𝜽) = min
𝑦𝑦
𝑓𝑓2(𝒙𝒙,𝒚𝒚,𝜽𝜽)  

s.t.    ℎ(𝒙𝒙,𝒚𝒚,𝜽𝜽) = 0; 𝑔𝑔(𝒙𝒙,𝒚𝒚,𝜽𝜽) ≤ 0   𝒚𝒚 ∈ ℝ𝑛𝑛3 
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where 𝒙𝒙 is the vector of first stage decisions which are made prior to the uncertainty realization; 𝒚𝒚 

is the vector of second stage decisions which are made after the realization of uncertain parameters 

𝜽𝜽 which is described by a continuous probability distribution function or a finite number of discrete 

scenarios through sampling approximations; ℎ(𝒙𝒙,𝒚𝒚,𝜽𝜽) and 𝑔𝑔(𝒙𝒙,𝒚𝒚,𝜽𝜽) are vectors of equality and 

inequality constraints, respectively; and the objective function contains the first stage cost 𝑓𝑓1(𝒙𝒙) 

and the expectation of the minimum second stage cost 𝑄𝑄(𝒙𝒙,𝜽𝜽) over all realizations.  

The scenario-based stochastic problem can then be written as, 

min
𝑥𝑥

 𝑓𝑓1(𝒙𝒙) + ∑ 𝜋𝜋𝑠𝑠 ⋅ 𝑄𝑄𝑠𝑠(𝒙𝒙,𝜽𝜽𝒔𝒔)𝑠𝑠     𝒙𝒙 ∈ ℝ𝑛𝑛1, 𝜽𝜽𝒔𝒔 ∈ ℝ𝑛𝑛2 

(3-2)  𝑄𝑄𝑠𝑠(𝒙𝒙,𝜽𝜽𝒔𝒔) = min
𝑦𝑦
𝑓𝑓2(𝒙𝒙,𝒚𝒚𝒔𝒔,𝜽𝜽𝒔𝒔)    ∀ 𝑠𝑠 ∈ 𝐒𝐒        

 s.t.    ℎ𝑠𝑠(𝒙𝒙,𝒚𝒚𝒔𝒔,𝜽𝜽𝒔𝒔) = 0; 𝑔𝑔𝑠𝑠(𝒙𝒙,𝒚𝒚𝒔𝒔,𝜽𝜽𝒔𝒔) ≤ 0       𝒚𝒚𝒔𝒔 ∈ ℝ𝑛𝑛3 

where 𝜽𝜽𝒔𝒔 and 𝜋𝜋𝑠𝑠 are the values of uncertain parameters and the probability of scenario 𝑠𝑠 ∈ 𝐒𝐒. 

In this study, we deal with variability, as opposed to uncertainty. While the latter refers to the 

unknown, single, true value of a quantity and is described by a probability distribution based upon 

our state of information, the former refers to the true values of a quantity varying with time and is 

quantified by frequency distribution derived from observed data146. The fact that both uncertainty 

and variability are represented by distributions allows us to employ stochastic programming to 

address problems under variability in one time scale. In this setting, 𝜽𝜽𝒔𝒔 and 𝜋𝜋𝑠𝑠 are redefined as 

variability parameter values and frequency of scenario occurrence, respectively. Also, the 

objective function involves the minimization of the total cost, including (1) the capital cost (a 

function of first stage decisions); and (2) the operational cost (a weighted function of second stage 

decisions), where the summation over scenarios represents, essentially, a weighted sum over time, 
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instead of the expected cost over realizations of random events.  We note, however, that traditional 

two-stage stochastic programs cannot readily account for variability in two frequencies.  

3.2.3 Solution methods 

The main challenge associated with stochastic programming models, especially when functions 

ℎ𝑠𝑠(𝒙𝒙,𝒚𝒚𝒔𝒔,𝜽𝜽𝒔𝒔) and 𝑔𝑔𝑠𝑠(𝒙𝒙,𝒚𝒚𝒔𝒔,𝜽𝜽𝒔𝒔) are nonlinear and involve binary variables, as in process synthesis 

problems, is that they quickly become intractable as the number of scenarios increases. To solve 

the resulting nonlinear programming (NLP) or mixed-integer nonlinear programming (MINLP) 

models, various global solvers such as BARON 147, SCIP 148, Couuenne 149 and Antigone 149 have 

been developed. To speed up the convergence to the global optimum, various domain reduction 

techniques have also been proposed to reduce the infeasible and suboptimal domains 150–152.  

Among these techniques, propagation-based bound tightening is generally effective and 

computationally inexpensive. For chemical production scheduling, Velez et al. proposed a back-

propagation algorithm based on customer demands 153 while Merchan and Maravelias proposed a 

forward-propagation algorithm based on inventory and resource availability 154.  Kong et al. 

extended these algorithms to address chemical process synthesis problems. Specifically, they 

developed methods for the calculation of bounds on component molar flows 155. However, the 

aforementioned methods are not effective for problems with significant variability because the 

scenario-independent bounds they yield are rather weak.  

Finally, the solution of stochastic programming models can be enhanced by exploiting their 

structure 156,157. The original complex problem can be decomposed into a sequence of subproblems, 

which can then be solved in parallel independently. Two main classes of decomposition methods 

for stochastic programming are Lagrangian decomposition 158,159 and L-shaped method 160. Several 
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extensions of Bender’s decomposition or L-shaped methods have been developed for nonlinear 161, 

nonconvex MINLP 162, and multi-stage stochastic programming problems 163. 

3.3 Modeling framework  

The outline of the proposed framework is given in Figure 3-2. In the remainder of the chapter we 

will consider daily and seasonal variability, but the proposed methods are applicable to problems 

under variability in any two frequencies, provided that there is there is sufficient time scale 

separation (see discussion in the following subsection). We use “scenarios” to represent seasonal 

variability and “modes” to represent daily variability. Scenarios (𝑠𝑠 ∈ 𝐒𝐒) are representative days, 

each with a frequency of occurrence (𝜋𝜋𝑠𝑠) within a year. For example, the variability of ambient 

temperature over a year can be represented by three scenarios: a typical winter day (25%), summer 

day (25%) and mid-season day (50%). Modes (𝑚𝑚 ∈ 𝐌𝐌) are essentially time periods within a day; 

and the values of the varying parameters in each mode are notably different from the corresponding 

values in another mode. For example, day and night modes may be used to describe daily solar 

irradiance variation.  

All scenarios have the same types of modes, which further occur in the same sequence, thereby 

allowing us to use the same temporal connections between consecutive modes across all modes. 

For example, operation between consecutive modes is linked through material and energy balances 

across modes. However, the parameter values and duration of modes are different across scenarios. 

For example, the day mode of a summer day scenario has higher solar irradiance and longer 

duration than the day mode of a winter day scenario.  

The main motivation behind using modes to represent daily variability is to enable the activation 

of different units and thus selection of different active flowsheets during the course of a day. 
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Another motivation for using modes (i.e., coarse time periods), instead of more refined time steps 

(e.g., 1-hour steps), is computational tractability, since we aim to employ relatively detailed unit 

models (e.g., reactor models with kinetics or equilibrium relationships) and even consider, 

simultaneously, heat integration (which plays a key role in the development of renewable energy 

systems).  

As shown in Figure 3-2, the proposed framework consists of four components: (1) scenario and 

mode generation; (2) multi-mode superstructure generation; (3) formulation of multimode 

stochastic programming model; and (4) propagation-based bound generation. In the following 

subsections, we present these four components in detail.  

 
Figure 3-2. Overview of the proposed optimization framework. 
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3.3.1 Scenario and mode generation  

 
Figure 3-3. Procedure of scenario and mode generation. 

The procedure of scenario and mode generation is shown in Figure 3-3. The proposed framework 

is applicable when the variability is in two frequencies whose timescales are order-of-magnitude 

different. Thus, the first step is to identify the two frequencies from the varying parameter data 

over the given time horizon. In some cases, the two frequencies are easy to determine (e.g., 

seasonal and daily variability for solar irradiance). In cases when the two frequencies are not 

obvious, time filters can serve as a useful tool to split the variability of a time series into ‘fast’ and 

‘slow’ components 164. For example, (1-2-1) and running mean are two simple filters for 

suppressing high frequency variability. For further information about different time filtering 

techniques, please refer to the following standard texts 165–167.  

The second step is to divide the entire time horizon into L time periods, each with the timescale of 

high frequency variability. As for seasonal and daily variability, one-year horizon is divided into 

365 days and daily profiles of the varying parameters (𝜽𝜽) are obtained. Due to the complexity of 
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centroid clustering algorithms (e.g., k-means clustering), where L profiles partition into N clusters 

so as to minimize the total point-to-centroid Euclidean distance. The profile and occurrence 

frequency (𝜋𝜋𝑠𝑠) of each cluster centroid (i.e., scenario) are the mean profile and the fraction of 

occurrences of all days belonging to the corresponding cluster. Figure 3-4A shows how the total 
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point-to-centroid distance decreases with the increase in the number of scenarios in the solar 

irradiance case. The daily solar condition (described by daytime average solar irradiance and sun 

hours) and 𝜋𝜋𝑠𝑠 of each scenario, if six scenarios are chosen to represent seasonal variability, are 

shown in Figure 3-4B and C, respectively. 

 
Figure 3-4. (A) Total point-to-centroid distance decreases with the number of scenarios. (B) Solar 
conditions and (C) occurrences of the 6 scenarios generated from 365 days 

The third step is to identify M modes from common patterns in daily profiles of 𝜽𝜽. A piecewise 

constant approximation with M intervals (modes) is then applied to approximate daily profiles of 

each scenario where 𝜽𝜽 varies continuously. The duration of mode 𝑚𝑚 ∈ 𝐌𝐌 in scenario 𝑠𝑠 ∈ 𝐒𝐒 is 

denoted by 𝑡𝑡𝑠𝑠,𝑚𝑚  whereas the parameter values are denoted by 𝜽𝜽𝒔𝒔,𝒎𝒎. 𝑡𝑡𝑠𝑠,𝑚𝑚  and 𝜽𝜽𝒔𝒔,𝒎𝒎 are carefully 

chosen such that the piecewise constant function is a good approximation of the actual continuous 

profile (e.g., they have the same integral over time). Figure 3-5 shows how daily profiles of solar 

irradiance can be approximated using two modes: a day mode with a positive constant irradiance 

and a night mode with zero irradiance.  

The employment of a coarse time resolution may lead to deviations in the performance of the 

optimal process when actual profiles are used to check the quality of the approximation. System 

performance based on the original parameter data and the mode-based approximation are 
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compared, post-optimization, using multiple scenarios. The approximation is valid if negligible 

differences are observed in important performance metrics. The validation procedure will be 

illustrated in the following case study section.  

 
Figure 3-5. (A) Daily profiles of solar irradiance; (B) a mode-represented daily profiles using piecewise 
constant approximation. 

3.3.2 Multimode superstructure generation  

As opposed to traditional superstructure optimization, where units are selected for a single nominal 

operating mode, the proposed framework has two levels of structural decisions: (1) design 

decisions (unit selection) and (2) mode-specific operational decisions (unit activation). Among all 

potential units, a subset of units is selected to be installed, and among all selected units, a subset 

is activated during a mode.  

To illustrate the concepts, we consider methanol production from solar energy in Figure 3-6.  In 

the day mode, solar irradiance provides heat for H2O and CO2 splitting, which can take place in 

either a fluidized bed or a fixed bed reactor. The unreacted CO2 is separated from CO using either 

membrane or distillation separation. To maintain 24-hour operation of the downstream methanol 

synthesis reactor, part of the produced syngas is stored in a tank for night use. In the night mode, 

Day mode

Nightmode
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the splitting reactor is shut down (i.e., no alternative reactors are activated) and the stored syngas 

is sent to the methanol synthesis reactor. If membrane separation is activated in the day mode, 

purified CO  is stored and no CO2/CO  separation is needed in the night mode. However, if 

distillation is activated during the day, it has to be also activated during the night to prevent daily 

column startup and shutdown. In this case, CO2/CO mixture is stored for night use without pre-

separation. This example illustrates the necessity of considering different process flow sheets for 

each mode, as well as the interactions between unit activations across modes.  

 
Figure 3-6. Multimode superstructure example: solar fuel production process with 2 modes. Streams 
connected to alternative reactor and separation units are shown in dashed lines. 

The graphic representation of a general unit model, including all the relevant first and second stage 

variables, is illustrated in Figure 3-7. For the representation and modeling of the superstructure, 

we introduce three basic sets: (1) units, 𝑖𝑖 ∈ 𝐈𝐈; (2) streams 𝑗𝑗 ∈ 𝐉𝐉; and (3) components, 𝑘𝑘 ∈ 𝐊𝐊.  
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Figure 3-7. A general processing unit. 

Binary variables 𝑍𝑍𝑖𝑖𝑑𝑑 denote the selection of unit 𝑖𝑖 for the overall design, while binary variables 

𝑍𝑍𝑖𝑖,𝑚𝑚𝑜𝑜  denote the activation of i in mode m. If i is not activated in m (𝑍𝑍𝑖𝑖,𝑚𝑚𝑜𝑜 = 0), all component flows 

of its inlet (𝑗𝑗 ∈ 𝐉𝐉𝑖𝑖,𝑚𝑚𝐈𝐈𝐈𝐈 ) and outlet streams (𝑗𝑗′ ∈ 𝐉𝐉𝑖𝑖,𝑚𝑚𝐎𝐎𝐎𝐎𝐎𝐎) are forced to zero. Streams are indexed over 

(𝑖𝑖,𝑚𝑚) because different streams can connect to the same unit in different modes (e.g., the stream 

connections to the compressor in Figure 3-6). Unit i is selected if it is activated in any mode. 

𝑍𝑍𝑖𝑖𝑑𝑑 ≥ 𝑍𝑍𝑖𝑖,𝑚𝑚𝑜𝑜   𝑖𝑖 ∈ 𝐈𝐈,𝑚𝑚 ∈ 𝐌𝐌    (3-3) 

The unit operation over scenarios and modes can be formulated using a flow-based approach 127, 

in its general form, given as  

(𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟑𝟑 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟒𝟒 ) = 𝑓𝑓�𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟏𝟏 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟐𝟐 , ,𝜽𝜽𝒔𝒔,𝒎𝒎, 𝑡𝑡𝑠𝑠,𝑚𝑚�  𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌 (3-4) 

where 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟏𝟏 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟐𝟐  are input operational variables and 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟑𝟑 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟒𝟒  are output operational 

variables. Specifically, 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟏𝟏  are inlet stream variables (component flow rates 𝐹𝐹𝑗𝑗,𝑘𝑘,𝑠𝑠 , stream 

temperatures 𝑇𝑇𝑗𝑗,𝑠𝑠 and pressures 𝑃𝑃𝑗𝑗,𝑠𝑠); 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟐𝟐  are unit input variables (e.g., distillation reflux ratio); 

𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟑𝟑  are outlet stream variables (𝐹𝐹𝑗𝑗′,𝑘𝑘,𝑠𝑠,𝑇𝑇𝑗𝑗′,𝑠𝑠,𝑃𝑃𝑗𝑗′,𝑠𝑠 ); and 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟒𝟒  are unit output variables (e.g., 

heating duty 𝑄𝑄𝑖𝑖,𝑠𝑠,𝑚𝑚 , work 𝑊𝑊𝑖𝑖,𝑠𝑠,𝑚𝑚  and operating cost 𝐶𝐶𝑖𝑖,𝑠𝑠,𝑚𝑚
𝑜𝑜𝑜𝑜 ). 𝐶𝐶𝑖𝑖,𝑠𝑠,𝑚𝑚

𝑜𝑜𝑜𝑜  includes a fixed part and a 

varying part given as follows  
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𝐶𝐶𝑖𝑖,𝑠𝑠,𝑚𝑚
𝑜𝑜𝑜𝑜 = 𝑓𝑓𝑖𝑖

𝑜𝑜𝑜𝑜,𝑓𝑓𝑓𝑓𝑓𝑓(𝑍𝑍𝑖𝑖,𝑚𝑚𝑜𝑜 ) + 𝑓𝑓𝑖𝑖
𝑜𝑜𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑄𝑄𝑖𝑖,𝑠𝑠,𝑚𝑚,𝑊𝑊𝑖𝑖,𝑠𝑠,𝑚𝑚)  𝑖𝑖 ∈ 𝐈𝐈, 𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌 (3-5) 

While operational variables are different across scenarios and modes, design variables 𝒙𝒙𝒊𝒊 

(equipment size 𝐴𝐴𝑖𝑖, capital cost 𝐶𝐶𝑖𝑖𝑐𝑐𝑐𝑐) are first stage decisions, that is, are common across scenarios 

and modes. To guarantee operational feasibility, the equipment size is chosen as the maximum 

required size (𝐴𝐴𝑖𝑖,𝑠𝑠,𝑚𝑚
𝑜𝑜 ) among all scenarios and modes:  

𝐴𝐴𝑖𝑖 ≥ 𝐴𝐴𝑖𝑖,𝑠𝑠𝑠𝑠𝑜𝑜 = 𝑓𝑓𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟏𝟏 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟐𝟐 ,𝜽𝜽𝒔𝒔,𝒎𝒎, 𝑡𝑡𝑠𝑠,𝑚𝑚)  𝑖𝑖 ∈ 𝐈𝐈, 𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌 (3-6) 

where 𝑓𝑓𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the unit sizing function, carefully designed so that when unit inlet component 

flows are equal to zero, 𝐴𝐴𝑖𝑖,𝑠𝑠𝑠𝑠𝑜𝑜  is also equal to zero. In the sizing of equipment used for storing 

materials (i.e., storage tanks), durations 𝑡𝑡𝑠𝑠,𝑚𝑚 also need to be considered.   

The multimode superstructure can be generated based on any superstructure representation (e.g., 

STN, ETN, P-graph). Logic constraints that have been developed for conventional steady-state 

superstructure optimization are also applicable here using the design (unit selection) decisions. In 

addition, we introduce new types of logic constraints to describe the interactions between unit 

activations across modes. For example, a type of constraint is designed for units (e.g., distillation 

columns) which cannot be shutdown frequently (e.g., daily) during operation. This constraint 

ensures a unit being activated in all modes once it is selected, given as 

𝑍𝑍𝑖𝑖𝑑𝑑 = 𝑍𝑍𝑖𝑖,𝑚𝑚𝑜𝑜   𝑖𝑖 ∈ 𝐈𝐈,𝑚𝑚 ∈ 𝐌𝐌   (3-7) 

Another type of constraint is applied when the activation of one unit 𝑖𝑖 in one mode implies the 

activation of another unit i’ in another mode. For example, if a storage tank is active in a mode, a 

compressor or pump should be active in the next mode for stored material discharging. An example 

of such constraint is:  
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𝑍𝑍𝑖𝑖,𝑚𝑚𝑜𝑜 − 𝑍𝑍𝑖𝑖′,𝑚𝑚+1
𝑜𝑜 ≤ 0  𝑖𝑖, 𝑖𝑖′ ∈ 𝐈𝐈,𝑚𝑚 ∈ 𝐌𝐌   (3-8) 

3.3.3 Multimode stochastic programming model 

The optimization problem is formulated as a two-stage stochastic programming model with mode 

subproblems inside each scenario, leading to a multimode stochastic programming model:  

min
𝑥𝑥 

 𝑓𝑓1(𝒙𝒙) + ∑ 𝜋𝜋𝑠𝑠 ⋅ 𝑄𝑄𝑠𝑠�𝒙𝒙,𝜽𝜽𝒔𝒔,𝒎𝒎, 𝑡𝑡𝑠𝑠,𝑚𝑚�𝑠𝑠              

         𝒙𝒙 = [ 𝒙𝒙𝔹𝔹,𝒙𝒙ℂ],𝒙𝒙𝔹𝔹 ∈ {0,1}𝑛𝑛1 , 𝒙𝒙ℂ ∈ 𝐑𝐑𝑛𝑛2  

(3-9) 

 𝑄𝑄𝑠𝑠 = min
𝒚𝒚𝒔𝒔,𝒎𝒎 

 𝑓𝑓2(𝒙𝒙,𝒚𝒚𝒔𝒔,𝒎𝒎,𝜽𝜽𝒔𝒔,𝒎𝒎, 𝑡𝑡𝑠𝑠,𝑚𝑚)      ∀ 𝑠𝑠 ∈ 𝐒𝐒 

s.t.               

          

ℎ𝑠𝑠,𝑚𝑚�𝒙𝒙,𝒚𝒚𝒔𝒔,𝒎𝒎,𝜽𝜽𝒔𝒔,𝒎𝒎, 𝑡𝑡𝑠𝑠,𝑚𝑚� = 0
𝑔𝑔𝑠𝑠,𝑚𝑚�𝒙𝒙,𝒚𝒚𝒔𝒔,𝒎𝒎,𝜽𝜽𝒔𝒔,𝒎𝒎, 𝑡𝑡𝑠𝑠,𝑚𝑚� ≤ 0 

𝑟𝑟𝑠𝑠,𝑚𝑚�𝒙𝒙,𝒚𝒚𝒔𝒔,𝒎𝒎,𝜽𝜽𝒔𝒔,𝒎𝒎, 𝑡𝑡𝑠𝑠,𝑚𝑚,𝒚𝒚𝒔𝒔,𝒎𝒎+𝟏𝟏,𝜽𝜽𝒔𝒔,𝒎𝒎+𝟏𝟏, 𝑡𝑡𝑠𝑠,𝑚𝑚+1� = 0
 𝒚𝒚𝒔𝒔,𝒎𝒎 = � 𝒚𝒚𝒎𝒎𝔹𝔹 ,𝒚𝒚𝒔𝒔,𝒎𝒎

ℂ �,𝒚𝒚𝒎𝒎𝔹𝔹 ∈ {0,1}𝑛𝑛3 ,𝒚𝒚𝒔𝒔,𝒎𝒎
ℂ ∈ 𝐑𝐑𝑛𝑛4 ⎭

⎪
⎬

⎪
⎫

  ∀ 𝑚𝑚 ∈ 𝐌𝐌  

where 𝒙𝒙 are design variables, including discrete decisions 𝒙𝒙𝔹𝔹 (i.e., 𝑍𝑍𝑖𝑖𝑑𝑑) and continuous decisions 

𝒙𝒙ℂ (i.e., 𝐴𝐴𝑖𝑖 , 𝐶𝐶𝑖𝑖𝑐𝑐𝑐𝑐); 𝒚𝒚𝒔𝒔,𝒎𝒎 are operational variables, including discrete decisions 𝒚𝒚𝒎𝒎𝔹𝔹  (i.e., 𝑍𝑍𝑖𝑖,𝑚𝑚𝑜𝑜 ) and 

continuous decisions 𝒚𝒚𝒔𝒔,𝒎𝒎
ℂ  (i.e., 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟏𝟏 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟐𝟐 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟑𝟑 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟒𝟒 );ℎ𝑠𝑠,𝑚𝑚 are equality constraints (e.g., unit 

mass and energy balance, unit connectivity); 𝑔𝑔𝑠𝑠,𝑚𝑚 are inequality constraints including equipment 

sizing equations (eqn (3-6)) and design specifications; and 𝑟𝑟𝑠𝑠,𝑚𝑚  are coupling constraints (e.g., 

storage or inventory level tracking) that connect the operation across modes. Note that the 

stochastic programming formulation exhibits a nested block diagonal structure (see Figure 3-8). 

Inside the block of each scenario, blocks of modes are linked through coupling constraints. 



49 
 

 
Figure 3-8. The nested block diagonal structure of the multimode stochastic model (illustrated with two 
modes and two scenarios). 

3.3.4 Propagation-based bound generation 

To enhance the computational performance of the resulting MINLP model, we develop a constraint 

propagation algorithm (see Figure 3-9) for the calculation of lower and upper bounds on both first 

stage design variables 𝒙𝒙 and second stage operational variables 𝒚𝒚𝒔𝒔,𝒎𝒎. The propagation starts from 

initial bounds on a set of variables, which are usually given as feed, demand and unit specifications. 

Bounds on feed and demand stream variables (e.g., component flowrates) are scenario/mode 

specific second stage information; while specifications regarding first stage unit decisions should 

be satisfied in all scenarios and modes. For convenience, we use 𝑋𝑋/𝑋𝑋�  to denote the lower/upper 

bound on variable 𝑋𝑋.  

 
Figure 3-9. Bound propagation for two-stage multimode stochastic model. Circles are three information 
sources and colored arrows are corresponding information flows including forward propagation (red), 
backward propagation (green), and information exchange between 1st and 2nd stage (blue). 
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The direction of the propagation algorithm depends on the type of available information. If 

specifications on feed stream flowrates are given, bounds on downstream flowrates can be 

calculated sequentially through forward propagation, that is, calculate bounds on 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟑𝟑 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟒𝟒  from 

bounds on 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟏𝟏 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟐𝟐  utilizing the unit model (see Figure 3-7). Specifically, for every unit 𝑖𝑖, the 

tightest possible bounds on all involved operational variables 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎  based on given bounds 

(𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎/𝒚𝒚�𝒊𝒊,𝒔𝒔,𝒎𝒎) can be obtained by solving the following optimization problems for each variable 

individually, where 𝑦𝑦𝑖𝑖,𝑠𝑠,𝑚𝑚
(𝑘𝑘)  is the 𝑘𝑘𝑡𝑡ℎ element of 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎 (𝑘𝑘 = 1,2, … ,𝑛𝑛).  

min/max𝑦𝑦𝑖𝑖,𝑠𝑠,𝑚𝑚
(𝑘𝑘)         ∀ 𝑖𝑖 ∈ 𝐈𝐈, 𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌 

s.t.    𝑓𝑓�𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎,𝜽𝜽𝒔𝒔,𝒎𝒎, 𝑡𝑡𝑠𝑠,𝑚𝑚� = 0 

         𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎 ≤ 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎 ≤ 𝒚𝒚�𝒊𝒊,𝒔𝒔,𝒎𝒎 

          𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎 = � 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟏𝟏 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟐𝟐 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟑𝟑 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟒𝟒 �, 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎 ∈ ℝ𝑛𝑛 

(3-10) 

The solution of the min/max problem yields 𝑦𝑦𝑖𝑖,𝑠𝑠,𝑚𝑚
(𝑘𝑘) /𝑦𝑦�𝑖𝑖,𝑠𝑠,𝑚𝑚

(𝑘𝑘)  respectively.  

Similarly, if bounds on demand stream flowrates are given, we can calculate other flow rate bounds 

moving upstream through backward propagation (i.e., assigning bounds on 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟏𝟏 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟐𝟐  from 

bounds on 𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎
𝟑𝟑 ,𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎

𝟒𝟒 ). When there are loops (i.e., recycle streams) in the process, tear streams 

are used together with the forward/backward propagation algorithms 153.  

In our superstructure modeling, we use selection splitter (ss)/selection mixer (sm) to 

divide/combine the inlet/outlet streams of alternative units, respectively (see Figure 3-9). Since 

ss/sm are not actual splitter/mixer (i.e., only one unit intlet/outlet stream exists in the solution), 

special considerations are needed when propagating through them. In backward propagation, the 

upper bounds on outlet streams of all units connecting to sm are equal to the upper bound on the 
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outlet stream of sm, while the lower bounds on all unit outlet streams are zero. This can be 

illustrated using the example in Figure 3-9,  

𝐹𝐹�5,𝑘𝑘,𝑠𝑠 = 𝐹𝐹�6,𝑘𝑘,𝑠𝑠 = 𝐹𝐹�7,𝑘𝑘,𝑠𝑠  𝑘𝑘 ∈ 𝐊𝐊, 𝑠𝑠 ∈ 𝐒𝐒  (3-11) 

𝐹𝐹5,𝑘𝑘,𝑠𝑠 = 𝐹𝐹6,𝑘𝑘,𝑠𝑠 = 0  𝑘𝑘 ∈ 𝐊𝐊, 𝑠𝑠 ∈ 𝐒𝐒  (3-12) 

For an ss, the upper bound on its inlet stream is the maximum among the upper bounds on inlet 

streams of all units connecting to this ss. 

𝐹𝐹�2,𝑘𝑘,𝑠𝑠 = max (𝐹𝐹�3,𝑘𝑘,𝑠𝑠,𝐹𝐹�4,𝑘𝑘,𝑠𝑠)  𝑘𝑘 ∈ 𝐊𝐊, 𝑠𝑠 ∈ 𝐒𝐒  (3-13) 

Let 𝐹𝐹�𝑗𝑗,𝑘𝑘,𝑠𝑠 be the minimum flow of component 𝑘𝑘 along stream 𝑗𝑗 in scenario 𝑠𝑠, if the stream is active 

in (𝑠𝑠,𝑚𝑚). The lower bound on the inlet stream of ss is given as follows: 

𝐹𝐹2,𝑘𝑘,𝑠𝑠 = min (𝐹𝐹�3,𝑘𝑘,𝑠𝑠,𝐹𝐹�4,𝑘𝑘,𝑠𝑠)  𝑘𝑘 ∈ 𝐊𝐊, 𝑠𝑠 ∈ 𝐒𝐒  (3-14) 

After bounds on all 𝒚𝒚𝒔𝒔,𝒎𝒎 are calculated, bounds on required unit sizes (𝐴𝐴𝑖𝑖,𝑠𝑠,𝑚𝑚
𝑜𝑜 = 𝑓𝑓𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝒚𝒚𝒊𝒊,𝒔𝒔,𝒎𝒎)) in 

all scenarios/modes are calculated and used to calculate bounds on first stage unit sizes (𝐴𝐴𝑖𝑖), 

𝐴̅𝐴𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑚𝑚
𝑠𝑠,𝑚𝑚

𝐴̅𝐴𝑖𝑖,𝑠𝑠,𝑚𝑚
𝑜𝑜   𝑖𝑖 ∈ 𝐈𝐈, 𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌  (3-15) 

𝐴𝐴𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑚𝑚
𝑠𝑠,𝑚𝑚

𝐴𝐴𝑖𝑖,𝑠𝑠,𝑚𝑚
𝑜𝑜   𝑖𝑖 ∈ 𝐈𝐈, 𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌  (3-16) 

Alternatively, if first stage unit information is given for unit i, bounds on its design variables are 

used to tighten bounds on its operational variables. For example, bounds on reactor sizes and 

reaction information (e.g. kinetics), can be used to derive bounds on effluent flow rates.  

If multiple specifications or externally provided bounds are available, we use our propagation 

algorithms from different starting points and towards different directions. This process continues 
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until no more variable bounds can be updated. The bound propagation algorithm described in this 

section will be further illustrated in the case study.  

3.4 Case study 

We apply the proposed framework to concentrating solar power (CSP) plants with thermochemical 

energy storage (TCES). CSPs convert sunlight to heat, which then drives a turbine to generate 

electricity. Using heat as an intermediate, rather than converting sunlight directly to electricity as 

in photovoltaics (PV), CSP can incorporate efficient and low cost thermal energy storage (TES) 

for night power generation 11. Thermochemical energy storage reversibly converts solar-heat to 

chemical energy, offering high energy density and low heat loss over long periods. CSP plants 

with TCES have the potential for grid-scale dispatchable solar power generation. 

A deterministic optimization model for the design of general CSP+TCES processes has been 

developed and used to analyze the performance of multiple TCES technologies 168. Building upon 

that work, which employed annual average solar irradiance, we consider the seasonal and daily 

variability in solar irradiance using the proposed framework. Moreover, we present a new reactor 

configuration which allows more efficient steam generation from the heat of the exothermic 

reaction. The process flow sheet of CSP plants employing TCES is shown in Figure 3-10. The 

plant comprises four subsystems, the solar field (i.e., collector), receiver, TCES and turbine. Note 

that different process configurations are adopted in day and night modes. 
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Figure 3-10. Process flowsheet of CSP plants with fluid phase TCES systems (day and night modes). 

During the day, a large field of mirrors focuses sunlight onto the receiver, on top of a tower, where 

the concentrated sunlight drives an endothermic reaction (A + B → C + D) in reactor R1. A 

fraction of the effluent is cooled down and stored in storage tank TK1 while the remaining fraction 

is sent to reactor R2b, where the reverse exothermic reaction (C + D → A + B) takes place and the 

reaction heat is used to generate steam for daytime power production.   

During the night, the collector, receiver and R1 are deactivated, while reactor system R2 and the 

turbine run at a steady state, which can be different from daytime. Products stored in TK1 are 

preheated and sent to reactor system R2, which consists of (1) an adiabatic stage (only activated 

during the night), R2a, where the heat of exothermic reaction further increases the temperature of 

stream 16; and (2) a non-adiabatic stage, R2b, where the reaction heat is used for steam generation. 

This two-stage reactor configuration can achieve both high steam temperature and low equilibrium 

temperature of the exothermic reaction (illustrated in Figure 3-16B).   
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3.4.1 Scenario and mode generation 

We chose Daggett in southern California (34.87°N, 116.78°W) as the CSP plant site and obtain its 

typical meteorological year (TMY) data, that is, the standard hourly direct normal irradiance (DNI) 

in a 1-year period, from the National Solar Radiation Data Base 169. Following the procedure 

described in the previous section, we generate six scenarios, each with two modes. In the mode 

generation, the constant DNI in the day mode is equal to the daily maximum DNI (Figure 3-11A). 

The duration of the day mode is chosen to ensure the mode profile and continuous profile have the 

same daily solar energy (integral over time). The duration, DNI and occurrence frequency of all 

scenarios and modes are shown in Table 3-1.  

Table 3-1. Duration, DNI and occurrence frequency of all scenarios and modes. 

Scenario Duration (hours)  DNI (W/m2) Occurrence Day Night Day Night 
s1 3.9 20.1 273 0 4.4% 
s2 5.2 18.8 598 0 8.2% 
s3 6.8 17.2 747 0 11.0% 
s4 7.8 16.2 895 0 24.1% 
s5 9.6 14.4 938 0 30.7% 
s6 11.1 12.9 973 0 21.6% 

 

The replacement of the hourly time-step profiles with day and night modes using a piecewise 

constant approximation (Figure 3-11A) is valid because the two lead to similar results. For 

example, although the approximation through modes leads to a different total flow to the storage 

tank, the difference in the storage tank pressure and compression power, which ultimately affects 

the performance of the system, is negligible (Figure 3-11C).  
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Figure 3-11. Comparison of mode approximation (red) and hourly data (black). (A) DNI (W/m2), (B) flow 
delivered to storage tank (kmol/s) and (C) storage tank pressure (bar) during charging and the required 
compression power (MWh).  

3.4.2 CSP plant models  

Our objective is to minimize the overall levelized cost of electricity (LCOE) of the CSP plant. We 

specify the plant nameplate capacity as 100 MW to avoid the trivial solution (𝒙𝒙 = 𝟎𝟎). The first 

stage design variables (𝒙𝒙) include solar field area (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴), receiver size (𝑄𝑄𝑟𝑟) and TCES equipment 

sizes (𝐴𝐴𝑖𝑖 ). The second stage operational variables (𝒚𝒚𝒔𝒔,𝒎𝒎) include turbine output levels (𝑃𝑃𝑠𝑠,𝑚𝑚), 

stream flow rates (𝐹𝐹𝑗𝑗,𝑘𝑘,𝑠𝑠 ) and unit operating conditions (𝑃𝑃𝑖𝑖,𝑠𝑠,𝑚𝑚,𝑇𝑇𝑖𝑖,𝑠𝑠,𝑚𝑚,𝑄𝑄𝑖𝑖,𝑠𝑠,𝑚𝑚,  𝑊𝑊𝑖𝑖,𝑠𝑠,𝑚𝑚 ). Equality 

constraints arise from the physical model of the subsystems (i.e., collector, receiver and turbine), 

unit mass and energy balances, as well as cost calculations. Inequality constraints arise from 

equipment sizing and design specifications. Coupling constraints across modes arise from the 

material balances around storage tanks (TK1, TK2), which ensure the same amount of products 

are added and removed across modes within each scenario. The parameters include reaction 

properties, plant characteristics and cost assumptions.  

Energy flows and interactions between the four subsystems are shown in Figure 3-12. In the 

following subsections, we present models for each subsystem and the objective function, LCOE.  

Total compression 
work: 117 MWh

Total compression 
work: 118 MWh

A B C
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Figure 3-12. Energy flows in CSP plants. (yellow: solar energy, red: thermal energy, blue: electricity; dash 
line: daytime operation; solid line: 24-hour continuous operation).  

Collector and receiver  

Given the direct normal irradiance (𝐷𝐷𝐷𝐷𝐼𝐼𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑 ) and the solar field area (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴), solar energy 

collected by the solar field (𝑄𝑄𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑐𝑐 ) in each scenario is calculated as, 

𝑄𝑄𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑐𝑐 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ⋅ 𝐷𝐷𝐷𝐷𝐼𝐼𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑 ⋅ 𝜂𝜂𝑐𝑐  𝑠𝑠 ∈ 𝐒𝐒   (3-17) 

where 𝜂𝜂𝑐𝑐 = 0.6 is the collector efficiency (constant). The model can readily handle the variability 

in 𝜂𝜂𝑐𝑐 by simply treating the product of DNI and 𝜂𝜂𝑐𝑐 as the varying parameter.”  

The heat absorbed by R1 (𝑄𝑄𝑅𝑅1,𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑) is given as 

𝑄𝑄𝑅𝑅1,𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑 = ( 𝑄𝑄𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑐𝑐 − 𝑄𝑄𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) ⋅ 𝜂𝜂𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑟𝑟   𝑠𝑠 ∈ 𝐒𝐒  (3-18) 

where 𝑄𝑄𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  is the energy curtailed through heliostat defocus to prevent receiver from 

overheating in extremely sunny days; 𝜂𝜂𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑟𝑟  is the receiver efficiency (variable), which is a 

function of endothermic reaction temperature (𝑇𝑇𝑅𝑅1,s,day ) 96. Higher 𝑇𝑇𝑅𝑅1,s,day  leads to greater 

radiation and convection losses and thus lower 𝜂𝜂𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑟𝑟 . 

TCES system 

To model the TCES subsystem, we define subsets for the four types of units in TCES: reactors 

(𝐈𝐈𝐑𝐑), storage tanks (𝐈𝐈𝐓𝐓𝐓𝐓), compressors (𝐈𝐈𝐂𝐂), and heat exchangers (𝐈𝐈𝐄𝐄). Based upon flow-based 

formulations of general processing units, we develop models for each type of TCES units. 

Collector
AREA,

Receiver
at TurbineTCES

, 
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Reactor. Reactors are the key components of the TCES subsystem. Figure 3-13 shows the related 

process variables and parameters for a general reactor (𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑). The reversible reaction is expressed 

in a general form 𝑣𝑣𝐴𝐴𝐴𝐴 + 𝑣𝑣𝐵𝐵𝐵𝐵 ⟷ 𝑣𝑣𝐶𝐶𝐶𝐶+𝑣𝑣𝐷𝐷𝐷𝐷. In this case study, methane dry reforming CH4 +

CO2 ⟷ 2CO + 2H2 is used, with its reaction enthalpy (∆𝐻𝐻), entropy (∆𝑆𝑆), and component heat 

capacity (𝐶𝐶𝑝𝑝𝑘𝑘) given as parameters. Equilibrium reactors are assumed and the reactor heat duty 

(𝑄𝑄𝑖𝑖,𝑠𝑠,𝑚𝑚) is equal to the enthalpy difference between its outlet and inlet stream, resulting from both 

component and temperature changes, 

𝑄𝑄𝑖𝑖,𝑠𝑠,𝑚𝑚 = ∆𝐻𝐻
𝑣𝑣𝐴𝐴
⋅ �𝐹𝐹𝑂𝑂𝑂𝑂𝑂𝑂,𝐴𝐴,𝑠𝑠 − 𝐹𝐹𝐼𝐼𝐼𝐼,𝐴𝐴,𝑠𝑠�  + (𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂,𝑠𝑠 − 𝑇𝑇𝐼𝐼𝐼𝐼,𝑠𝑠) ⋅ �∑ 𝐹𝐹𝐼𝐼𝐼𝐼,𝑘𝑘,𝑠𝑠 ⋅ 𝐶𝐶𝑝𝑝𝑘𝑘𝑘𝑘 �  𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑, 𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌 (3-19) 

where 𝐹𝐹𝐼𝐼𝐼𝐼,𝑠𝑠
𝑇𝑇   and 𝐹𝐹𝑂𝑂𝑂𝑂𝑂𝑂,𝑠𝑠

𝑇𝑇  are total molar flow rates of inlet and outlet streams, 𝐹𝐹𝐼𝐼𝐼𝐼,𝑘𝑘,𝑠𝑠 and 𝐹𝐹𝑂𝑂𝑂𝑂𝑂𝑂,𝑘𝑘,𝑠𝑠 

are component flow rates. 

 
Figure 3-13. A general reaction unit. 

Storage and compression. The dynamic charging and discharging of TK1 in the course of the day 

(24 h) is illustrated in Figure 3-14. When products are charging into TK1 during the day mode, 

tank pressure increases from 𝑃𝑃𝑇𝑇𝑇𝑇1,𝑠𝑠
𝐿𝐿  to 𝑃𝑃𝑇𝑇𝑇𝑇1,𝑠𝑠

𝐻𝐻 . When products are discharging from TK1 during the 

night mode, tank pressure decrease from𝑃𝑃𝑇𝑇𝑇𝑇1,𝑠𝑠
𝐻𝐻  to 𝑃𝑃𝑇𝑇𝑇𝑇1,𝑠𝑠

𝐿𝐿 . The material balance around TK1 is 

given as, 

𝐹𝐹𝐼𝐼𝐼𝐼,𝑠𝑠
𝑇𝑇 ⋅ 𝑡𝑡𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐹𝐹𝑂𝑂𝑂𝑂𝑂𝑂,𝑠𝑠

𝑇𝑇 ⋅ 𝑡𝑡𝑠𝑠,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡   𝑠𝑠 ∈ 𝐒𝐒  (3-20) 

The tank pressures depends on the storage tank size (𝑉𝑉𝑇𝑇𝑇𝑇1𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) and the amount of stored products, 

𝑃𝑃𝑇𝑇𝑇𝑇1,𝑠𝑠
𝐻𝐻 − 𝑃𝑃𝑇𝑇𝑇𝑇1,𝑠𝑠

𝐿𝐿 = 𝐹𝐹𝐼𝐼𝐼𝐼,𝑠𝑠
𝑇𝑇 ⋅ 𝑡𝑡𝑠𝑠,𝑑𝑑𝑎𝑎𝑦𝑦 ⋅ 𝑅𝑅 ⋅ 𝑇𝑇𝐼𝐼𝐼𝐼,𝑠𝑠 𝑉𝑉𝑇𝑇𝑇𝑇1𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡⁄     𝑠𝑠 ∈ 𝐒𝐒 (3-21) 

+



58 
 

Compression is needed during the charging phase (2) when tank pressure exceeds TCES process 

pressure (𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) and the discharging phase (4) after tank pressure drops below 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇. In Figure 

3-14B, the blue line shows how compression power varies with time. Points A and B are 

compression power peaks during phase (4) and (2) respectively. The compressor rated power of 

C1 (𝑃𝑃𝑃𝑃𝑅𝑅𝐶𝐶1) is the maximum power required between these two peaks among all scenarios, 

𝑃𝑃𝑃𝑃𝑅𝑅𝐶𝐶1 = 𝑚𝑚𝑚𝑚𝑚𝑚
𝑠𝑠

�𝐹𝐹𝐹𝐹𝑝𝑝𝐼𝐼𝐼𝐼,𝑠𝑠 ⋅ 𝑇𝑇𝐼𝐼𝐼𝐼,𝑠𝑠 ⋅ [�𝑃𝑃𝑇𝑇𝑇𝑇1,𝑠𝑠
𝐻𝐻

𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
�
𝛾𝛾−1
𝛾𝛾
− 1]/𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐;𝐹𝐹𝐹𝐹𝑝𝑝𝑂𝑂𝑂𝑂𝑂𝑂,𝑠𝑠 ⋅ 𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂,𝑠𝑠 ⋅ [�𝑃𝑃

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝑃𝑃𝑇𝑇𝑇𝑇1,𝑠𝑠
𝐿𝐿 �

𝛾𝛾−1
𝛾𝛾
− 1]/𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� 𝑠𝑠 ∈ 𝐒𝐒(3-22) 

where 𝐹𝐹𝐹𝐹𝑝𝑝𝐼𝐼𝐼𝐼,𝑠𝑠  is the inlet flow heat capacity, 𝛾𝛾  is the heat capacity ratio, and 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  is the 

compressor isentropic efficiency. The max function is reformulated in the model implementation. 

Electricity consumed by C1 during the day (𝑊𝑊𝑇𝑇𝑇𝑇1,𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) and night (𝑊𝑊𝑇𝑇𝑇𝑇1,𝑠𝑠,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) are derived by 

integrating the compressor power over time. 

The above calculations show that smaller 𝑉𝑉𝑇𝑇𝑇𝑇1𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  leads to larger 𝑃𝑃𝑇𝑇𝑇𝑇1,𝑠𝑠
𝐻𝐻 − 𝑃𝑃𝑇𝑇𝑇𝑇1,𝑠𝑠

𝐿𝐿  and thus higher 

compressor cost and electricity cost. In this model, the storage tank sizes and compression strategy 

are simultaneously optimized considering the trade-offs between storage cost and compression 

cost. 
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Figure 3-14. (A) Charging and discharging process of TK1 inside a day; (B) daily profile of storage tank 
pressure and compressor power.  

Heat exchanger and steam generation. Reactions occur at high temperature while gaseous 

reaction products are stored at relatively low temperature to reduce the gas storage volume. To 

reduce utility usage, hot reactor effluents are used to preheat cold reactor feed streams in heat-

exchangers (E1-E3 for R1 and E5-E6 for R2 system). The effluent of R1 can be further cooled 

down by cold utilities in cooler E2. The effluent of R2b can be further cooled down by preheating 

the turbine feed water in cooler E4. The synthesis of the heat exchange network, which accounts 

for the heat exchanger cost, gas storage cost and cooling utility cost, is solved simultaneously with 

the process design problem.  

Exothermic reaction heat and sensible heat of R2b inlet stream are used to generate superheated 

steam for the turbine in R2b and E4, respectively (see Figure 3-15). The overall energy balance 

for steam generation is, 

−𝑄𝑄𝑅𝑅2𝑏𝑏,𝑠𝑠,𝑚𝑚 − 𝑄𝑄𝐸𝐸4,𝑠𝑠,𝑚𝑚 = 𝐹𝐹𝑠𝑠,𝑚𝑚
𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎 ⋅ (ℎ𝑃𝑃𝑃𝑃𝑃𝑃

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + ℎ𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + ℎ𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑠𝑠,𝑚𝑚

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )  𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌 (3-23) 

where 𝐹𝐹𝑠𝑠,𝑚𝑚
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the steam flow rate; ℎ𝑃𝑃𝑃𝑃𝑃𝑃

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,ℎ𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and ℎ𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑠𝑠,𝑚𝑚

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  are the heat (per mole) to preheat, 

evaporate and superheat steam. Given the fixed steam pressure (12.5 MPa) and feed water 
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temperature (𝑇𝑇𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =40℃), ℎ𝑃𝑃𝑃𝑃𝑃𝑃
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and ℎ𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 are pre-calculated parameters, while ℎ𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑠𝑠,𝑚𝑚
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is 

a function of the steam outlet temperature (𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂,𝑠𝑠,𝑚𝑚
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ), 

ℎ𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑠𝑠,𝑚𝑚
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ �𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂,𝑠𝑠,𝑚𝑚
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�  𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌 (3-24) 

where 𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the heat capacity of the superheated steam and 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 328℃  is the 

temperature of the saturated steam at 12.5 MPa.  

 
Figure 3-15. (A) Steam generation process and (B) the composite curve. 

In addition, we use constraints tailored to prevent violation of the second law of thermodynamics 

during steam generation. Although steam is generated at different conditions during the day and 

night modes, the same types of constraints are applied. Here, we use steam generation in the day 

mode for illustration. The inlet and outlet temperature difference between process streams and the 

steam stream should be greater than the minimum approach temperature ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 (10 ℃),  

𝑇𝑇5,𝑠𝑠 − 𝑇𝑇𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ≥ ∆Tmin; 𝑇𝑇3,𝑠𝑠 − 𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂,𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ≥ ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  𝑠𝑠 ∈ 𝐒𝐒 (3-25) 

Figure 3-15B shows that a potential pinch location exists in the composite curve at the end of 

steam preheating.  On the cold composite curve (steam), the enthalpy and temperature of this point 

is 𝐹𝐹𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ ℎ𝑃𝑃𝑃𝑃𝑃𝑃

𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎 and 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠; while on the hot composite curve (process stream), the temperature 
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corresponding to this enthalpy value ,𝑇𝑇𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ, can be determined by interpolation between 𝑇𝑇5,𝑠𝑠 and 

𝑇𝑇4,𝑠𝑠  (when 𝐹𝐹𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒 ⋅ ℎ𝑃𝑃𝑃𝑃𝑃𝑃

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ≤ −𝑄𝑄𝐸𝐸4,s,day ) or between 𝑇𝑇4,𝑠𝑠 and 𝑇𝑇3,𝑠𝑠  (when 𝐹𝐹𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ ℎ𝑃𝑃𝑃𝑃𝑃𝑃

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ≥

−𝑄𝑄𝐸𝐸4,s,day).  

To ensure feasible heat transfer (i.e., hot and cold composite curves do not cross), we introduce 

the following constraint: 

𝐹𝐹𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠⋅ℎ𝑃𝑃𝑃𝑃𝑃𝑃

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

−𝑄𝑄𝐸𝐸4,s,day
⋅ �𝑇𝑇4,𝑠𝑠 − 𝑇𝑇5,𝑠𝑠�+ 𝑇𝑇5,𝑠𝑠 ≥ 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠 ∈ 𝐒𝐒 (3-26) 

When 𝑇𝑇𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ  is between 𝑇𝑇5,𝑠𝑠 and 𝑇𝑇4,𝑠𝑠 , the left hand side of eqn (3-26) equals to 𝑇𝑇𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ . This 

constraint enforces the temperature difference between  𝑇𝑇𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ  and 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  being greater than 

∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 . When 𝑇𝑇𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ  is between 𝑇𝑇4,𝑠𝑠 and 𝑇𝑇3,𝑠𝑠 , hot and cold composite curves will never cross 

because the lower bound on 𝑇𝑇4,𝑠𝑠, specified based on the catalyst operating temperature range, is 

higher than 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚. In this case, eqn (3-26) is always satisfied given that 

𝐹𝐹𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠⋅ℎ𝑃𝑃𝑃𝑃𝑃𝑃

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

−𝑄𝑄𝐸𝐸4,s,day
⋅ �𝑇𝑇4,𝑠𝑠 − 𝑇𝑇5,𝑠𝑠�+ 𝑇𝑇5,𝑠𝑠 ≥ 𝑇𝑇𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑

𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ ≥ 𝑇𝑇4,𝑠𝑠 ≥ 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌 (3-27) 

TCES overview. In summary, the TCES subsystem (Figure 3-10) consists of a non-storage loop 

(stream 1-6) for daytime power generation, and a storage loop for nighttime power generation. In 

the day mode, stream 5 from the non-storage loop and and stream 12 from the storage loop combine 

in mixer m1, receive process heat and solar heat from E3 and R1, and then resplit into stream 3 

(non-storage loop) and 7 (storage loop) with corresponding split fractions 𝜁𝜁𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 and 𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠. Stream 

3 directly delivers heat to the turbine in R2b and E4, while stream 7 is cooled down and stored for 

the night use.   



62 
 

An X-T diagram (Figure 3-16) is used to illustrate the stream conditions (points) and unit 

operations (arrows connecting the points of its inlet and outlet streams) in these two loops. Heat 

exchangers are shown as horizontal arrows since this operation only changes the temperature (T) 

but not the composition (X) of its inlet stream. Reactor arrows can point in both T and X directions 

but cannot cross over the reaction equilibrium line. Heat duty of each unit (𝑄𝑄𝑖𝑖,𝑠𝑠,𝑚𝑚) is the enthalpy 

difference between its outlet and inlet streams (eqn (3-19)). The overall energy balances of non-

storage and storage loops are given as follows, respectively, 

−𝑄𝑄𝑅𝑅2𝑏𝑏,𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑄𝑄𝐸𝐸4,s,day = 𝜁𝜁𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ⋅ (𝑄𝑄𝐸𝐸3,s,day + 𝑄𝑄𝑅𝑅1,s,day)  𝑠𝑠 ∈ 𝐒𝐒 (3-28) 

−𝑄𝑄𝑅𝑅2𝑏𝑏,𝑠𝑠,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡 − 𝑄𝑄𝐸𝐸4,s,night = 𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ �𝑄𝑄𝐸𝐸3,s,day + 𝑄𝑄𝑅𝑅1,s,day� + 𝑄𝑄𝐸𝐸1,s,day + 𝑄𝑄𝐸𝐸2,s,day  𝑠𝑠 ∈ 𝐒𝐒 (3-29) 

Note that if the effluent of R1 is split evenly to the two loops (𝜁𝜁𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠 = 0.5), the heat 

delivered to the turbine in the day mode (−𝑄𝑄𝑅𝑅2,s,day − 𝑄𝑄𝐸𝐸4,s,day) is significantly higher than that 

delivered in the night mode. This is because that the sensible energy (high 𝑇𝑇) of stream 7 is 

consumed in cooler E1 and E2 and only its chemical energy (i.e., low 𝑥𝑥𝐶𝐶𝐻𝐻4) is stored for the night 

use. Moreover, extra compression power is required for gas storage, which makes the storage loop 

less energy efficient. 
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Figure 3-16. X-T diagram of the TCES subsystem: (A) non-storage loop (B) storage loop. Point: stream 
condition; arrow: unit operation (Heat exchangers between process streams, red: heating side, blue: cooling 
side; yellow: units with solar energy input; green: units with heat output for steam generation; black: 
adiabatic units. Solid arrow: daytime operation; dashed arrow: nighttime operation). 

Turbine and part-load conditions 

The steam turbine performance at rated (𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 100 𝑀𝑀𝑀𝑀) and part-load conditions is simulated 

using a rigorous Rankine cycle model 170. At rated output, simulation results of turbine efficiency 

(𝜂𝜂𝑝𝑝,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) at different steam temperatures are shown in Figure 3-17A. It can be seen that 𝜂𝜂𝑝𝑝,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

depends linearly on 𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and this correlation can be fitted by linear regression, 

𝜂𝜂𝑠𝑠,𝑚𝑚
𝑝𝑝,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 1.55 × 10−4 𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂,𝑠𝑠,𝑚𝑚

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 0.34   𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌 (3-30) 

The steam turbine can also operate at part-load conditions using the sliding pressure method 171. 

Turbine (part-load) efficiency (𝜂𝜂𝑠𝑠,𝑚𝑚
𝑝𝑝 ), defined as the ratio of the generated power to the turbine 

input heat load, reduces as the power output level (𝑃𝑃𝑠𝑠,𝑚𝑚) deviates from the nominal full load 

condition 

𝜂𝜂𝑠𝑠,𝑚𝑚
𝑝𝑝 = 𝑃𝑃𝑠𝑠,𝑚𝑚/𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝/�−𝑄𝑄𝑅𝑅2,𝑠𝑠,𝑚𝑚 − 𝑄𝑄𝐸𝐸4,𝑠𝑠,𝑚𝑚�    𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌 (3-31) 

where 𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 0.9 is the parasitic efficiency.   
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Simulation data (Figure 3-17B) shows that 𝜂𝜂𝑠𝑠,𝑚𝑚
𝑝𝑝  depends on 𝑃𝑃𝑠𝑠,𝑚𝑚 in a non-linear way, but the input 

heat load presents a nearly linear relation with 𝑃𝑃𝑠𝑠,𝑚𝑚. Assuming a 5% efficiency reduction at 50% 

load level, we derive the linear relation between the input heat load and 𝑃𝑃𝑠𝑠,𝑚𝑚,  

−𝑄𝑄𝑅𝑅2,𝑠𝑠,𝑚𝑚 − 𝑄𝑄𝐸𝐸4,𝑠𝑠,𝑚𝑚 = (18
19
𝑃𝑃𝑠𝑠,𝑚𝑚 + 1

19
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)/𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝/𝜂𝜂𝑠𝑠,𝑚𝑚

𝑝𝑝,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌 (3-32) 

By substituting eqn (3-32) into eqn (3-31), we calculate 𝜂𝜂𝑠𝑠,𝑚𝑚
𝑝𝑝  based on this linear approximation,  

𝜂𝜂𝑠𝑠,𝑚𝑚
𝑝𝑝 = 𝜂𝜂𝑠𝑠,𝑚𝑚

𝑝𝑝,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/(18
19

+ 1
19

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑃𝑃𝑠𝑠,𝑚𝑚
)   𝑠𝑠 ∈ 𝐒𝐒,𝑚𝑚 ∈ 𝐌𝐌   (3-33) 

From Figure 3-17B, we can see the calculated 𝜂𝜂𝑠𝑠,𝑚𝑚
𝑝𝑝  (black line) fits well with the simulation data 

(black squares). Thus, eqns (3-30) and (3-32) are used to describe the turbine performance. 

 
Figure 3-17. (A) Turbine full load efficiency as a function of steam temperature (B) turbine performance 
at part-load conditions. 

Electricity generation and cost calculation 

The total capital cost of the CSP plant (CAPEX) consists of the costs of four subsystems and 

depends only on the first stage design variables. The cost of the TCES subsystem includes 

equipment cost and the storage material cost, which is accounted as working capital with a cost 

Full load: 100 MW

A B
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factor of 0.15. The second stage operational costs (𝑂𝑂𝑂𝑂𝑂𝑂𝑋𝑋𝑠𝑠,𝑚𝑚) account for the cooling utility cost 

and the operation and maintenance cost.  

The daily net electricity output of the CSP plant in each scenario is given as, 

𝑊𝑊𝑠𝑠
𝑒𝑒𝑒𝑒𝑒𝑒 = ∑ (𝑃𝑃𝑠𝑠,𝑚𝑚 𝑚𝑚 ∙ 𝑡𝑡𝑠𝑠,𝑚𝑚 −𝑊𝑊𝑇𝑇𝑇𝑇1,𝑠𝑠,𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 −𝑊𝑊𝑇𝑇𝑇𝑇2,𝑠𝑠,𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 )   𝑠𝑠 ∈ 𝐒𝐒 (3-34) 

Finally, the objective function, the overall levelized cost of electricity (LCOE), is 

min 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶 + ∑ 𝜋𝜋𝑠𝑠 ∙ ∑ 𝑂𝑂𝑂𝑂𝑂𝑂𝑋𝑋𝑠𝑠,𝑚𝑚 𝑚𝑚 𝑠𝑠  )/(365 ⋅ ∑ 𝜋𝜋𝑠𝑠 ∙ 𝑊𝑊𝑠𝑠
𝑒𝑒𝑒𝑒𝑒𝑒

 𝑠𝑠  ) (3-35) 

where 𝐶𝐶𝐶𝐶𝐶𝐶 is the capital recovery factor used to calculate the annual capital cost. Assuming a 9% 

interest rate and 30 years plant operation, 𝐶𝐶𝐶𝐶𝐶𝐶 = 0.1.  

3.4.3 Problem-specific bound generation 

We apply the propagation algorithm described in the previous section to generate variable bounds. 

The three types of given information (feed, demand, unit) and propagation directions (forward, 

backward, exchange between two stages) are shown in Figure 3-18.  

 
Figure 3-18. Bound propagation for case study.  

The parameters we use for propagation include the fixed turbine capacity (100 MW) and the solar 

conditions (𝐷𝐷𝐷𝐷𝐼𝐼𝑠𝑠,𝑚𝑚, 𝑡𝑡𝑠𝑠,𝑚𝑚). To calculate bounds on the received solar energy (𝑄𝑄𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑖𝑖𝑖𝑖 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ⋅

𝐷𝐷𝐷𝐷𝐼𝐼𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑 ⋅ 𝜂𝜂𝑐𝑐 − 𝑄𝑄𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐), we need bounds on collector area (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴), which can be calculated as 

follows. Based on the operation of two existing CSP plants, Gemasolar 172 and Cresent Dunes 173, 

in the very sunny days, CSP plants maintain 24-hour full-load (𝑃𝑃𝑠𝑠6,𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑃𝑃𝑠𝑠6,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡 = 100 𝑀𝑀𝑀𝑀) 
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with, potentially, solar energy curtailment. Thus, 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  is calculated through backward 

propagation assuming that no curtailment is needed,  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = ( 𝑃𝑃𝑠𝑠6,𝑑𝑑𝑑𝑑𝑑𝑑

𝜂𝜂�𝑠𝑠6,𝑑𝑑𝑑𝑑𝑑𝑑
𝑝𝑝 ∙𝜂𝜂�𝑠𝑠6,𝑑𝑑𝑑𝑑𝑑𝑑

𝑠𝑠𝑠𝑠𝑠𝑠 ∙𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
+ 𝑃𝑃𝑠𝑠6,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡

𝜂𝜂�𝑠𝑠6,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡
𝑝𝑝 ∙𝜂𝜂�𝑠𝑠6,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡

𝑠𝑠𝑠𝑠𝑠𝑠 ∙𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
⋅ 𝑡𝑡𝑠𝑠6,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡

𝑡𝑡𝑠𝑠6,𝑑𝑑𝑑𝑑𝑑𝑑
)/(𝜂̅𝜂𝑠𝑠6,𝑑𝑑𝑑𝑑𝑑𝑑

𝑟𝑟 ⋅ 𝜂𝜂𝑐𝑐 ⋅ 𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠6,𝑑𝑑𝑑𝑑𝑑𝑑) (3-36) 

where 𝜂̅𝜂𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑟𝑟 , 𝜂̅𝜂𝑠𝑠,𝑚𝑚

𝑠𝑠𝑠𝑠𝑠𝑠 , and 𝜂̅𝜂𝑠𝑠,𝑚𝑚
𝑝𝑝  are upper bounds on receiver, TCES, and turbine efficiency. In the 

least sunny scenario (s1), the CSP plant is expected to maintain a low output level (𝑃𝑃�𝑠𝑠1,𝑑𝑑𝑑𝑑𝑑𝑑 =

50 𝑀𝑀𝑀𝑀) during the day and no night power output (𝑄𝑄𝑠𝑠1,𝑑𝑑𝑑𝑑𝑑𝑑
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑠𝑠1,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡 = 0). Thus, 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 is 

calculated as, 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴�������� = ( 𝑃𝑃�𝑠𝑠1,𝑑𝑑𝑑𝑑𝑑𝑑

𝜂𝜂𝑠𝑠1,𝑑𝑑𝑑𝑑𝑑𝑑
𝑝𝑝 ∙𝜂𝜂𝑠𝑠1,𝑑𝑑𝑑𝑑𝑑𝑑

𝑠𝑠𝑠𝑠𝑠𝑠 ∙𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
+ 𝑃𝑃𝑠𝑠1,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡

𝜂𝜂𝑠𝑠1,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡
𝑝𝑝 ∙𝜂𝜂𝑠𝑠1,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡

𝑠𝑠𝑠𝑠𝑠𝑠 ∙𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
⋅ 𝑡𝑡𝑠𝑠1,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡

𝑡𝑡𝑠𝑠1,𝑑𝑑𝑑𝑑𝑑𝑑
)/(𝜂𝜂𝑠𝑠1,𝑑𝑑𝑑𝑑𝑑𝑑

𝑟𝑟 ⋅ 𝜂𝜂𝑐𝑐 ⋅ 𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠1,𝑑𝑑𝑑𝑑𝑑𝑑) (3-37) 

Given bounds on 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴, we calculate bounds on 𝑄𝑄𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑
𝑖𝑖𝑖𝑖  for every scenario and propagate forward 

from the collector to the turbine to obtain bounds on all energy flows. In the TCES subsystem, 

bounds on stream flow rates are also calculated by forward propagation moving downstream from 

R1 to R2b. Other given equipment and unit operation information (e.g., upper temperature limit 

of the receiver, steam generation requirements, and reaction characteristics) are also utilized. 

Design (𝐴𝐴𝑖𝑖 , 𝐶𝐶𝑖𝑖𝑐𝑐𝑐𝑐 ) and operational variables (𝑄𝑄𝑖𝑖,𝑠𝑠,𝑚𝑚 , 𝑊𝑊𝑖𝑖,𝑠𝑠,𝑚𝑚  and 𝐶𝐶𝑖𝑖,𝑠𝑠,𝑚𝑚
𝑜𝑜𝑜𝑜 ) are functions of stream 

conditions so their bounds can be generated accordingly. Finally, the bound on LCOE is derived 

from bounds on capital cost (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶), operational costs (𝑂𝑂𝑂𝑂𝑂𝑂𝑋𝑋𝑠𝑠,𝑚𝑚) and net electricity outputs 

(𝑊𝑊𝑠𝑠
𝑒𝑒𝑒𝑒𝑒𝑒). 

3.4.4 Results  

The optimization model is an MINLP with 1095 variables and 1461 constraints. The nonlinear 

constraints mainly arise from reaction equilibrium and compression power calculations, as well as 
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equipment sizing. The model is formulated in GAMS (25.0.2) and solved using global 

optimization solver BARON (17.10.16) 147 on an Intel® i7-4790 CPU (3.6 GHz) with 8 GB RAM. 

Due to the complexity of the detailed CSP model, only low time resolution (i.e. 2 modes and ≤ 6 

scenarios) leads to computationally tractable problems. Thus, in this case study, we compare the 

solutions of the proposed stochastic model and the deterministic model, where the design is based 

on an annual average day (𝐷𝐷𝐷𝐷𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎,𝑑𝑑𝑑𝑑𝑑𝑑=891 W/m2, 𝑡𝑡𝑎𝑎𝑣𝑣𝑣𝑣,𝑑𝑑𝑑𝑑𝑑𝑑=8.6 h). The two designs are evaluated 

through the following process (see Figure 3-19). A one-day CSP plant operational model is used, 

where the first stage design variables are fixed to the ones found by the stochastic/deterministic 

synthesis approach; and the goal of the operational problem is to achieve maximum daily net 

electricity output (𝑊𝑊𝑑𝑑
𝑒𝑒𝑒𝑒𝑒𝑒) under the solar condition of a specific day (𝐷𝐷𝐷𝐷𝐼𝐼𝑑𝑑,𝑚𝑚, 𝑡𝑡𝑑𝑑,𝑚𝑚). The one-day 

model is solved separately for each day 𝑑𝑑  of a year (𝑑𝑑 = 1,2, … 365) , using historic solar 

irradiance data. The maximum annual power output (∑ 𝑊𝑊𝑑𝑑
𝑒𝑒𝑒𝑒𝑒𝑒

𝑑𝑑 ) and thus the evaluated LCOE of 

the given design (LCOE = Annualized cost
∑ 𝑊𝑊𝑑𝑑

𝑒𝑒𝑒𝑒𝑒𝑒
𝑑𝑑 )

) is then calculated.   

 
Figure 3-19. Evaluation process for stochastic and deterministic approaches. 

The results from the stochastic and deterministic approaches are compared in Table 3-2. The 

stochastic design achieves a 0.3 ₵/𝑘𝑘𝑘𝑘ℎ evaluated LCOE reduction over the deterministic design. 

While the turbine capacity in both designs are fixed to 100 MW, the deterministic approach leads 

to a design where the other subsystems are larger (i.e., higher capital cost). This is because the 
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average day assumption overestimates the plant annual power output to a great extent, and thus 

underestimates the LCOE (see Table 3-2). This larger deterministic design is better for the average 

day, but inferior when the seasonal variability is considered. The stochastic approach, utilizing the 

knowledge of distributions on solar conditions, allows a more accurate estimation of the power 

output and LCOE. 

Table 3-2. Comparison of stochastic and deterministic designs. 

Approach 
LCOE 

(₵/kWh)  
Annual average 

power level (MW) Capital cost (M$) 

Approximated Evaluated Approximated Evaluated Total Collector Receiver TCES Turbine 
Stochastic 12.4 13.0 78.6 74.9 789 386 180 43 179 

Deterministic 11.1 13.3 97.4 81.4 879 454 194 52 179 

Finally, to better understand the second stage operational decisions of the proposed approach, 

power output and compression demand in different scenarios are shown in Figure 3-20. In 

scenarios s5 and s6, the plant maintains full-load during both day and night. In scenarios with 

lower solar irradiance, the production during daytime is high but drops notably during the night, 

because night generation requires compression for gas storage, the amount of which depends on 

the night production level and duration. Finally, in scenario s1, there is no night production because 

the total solar input is low. 

 
Figure 3-20. Turbine output levels and compression demands for storage in all scenarios. 
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3.5 Remarks 

In this section, we study the accuracy of the proposed multimode stochastic programming 

approach through an illustrative example, in which a simplified CSP plant (as shown in Figure 

3-21) is designed. The simplified process considers the plant at the subsystem level, instead of the 

detailed unit level, as is done in the previous case study. The price (𝜆𝜆) and efficiency (𝜂𝜂) of each 

subsystem are given as parameters. This simplified process preserves the main characteristics of 

CSP plants and leads to a tractable optimization problem, allowing us to compare designs obtained 

from various approaches with different time resolution.  

 
Figure 3-21. The simplified CSP process with main optimization variables (design: green, operation: black) 
and parameters (blue). 

The 1-year hourly DNI data of southern California (described in the previous case study section) 

is used in this example. To deal with the seasonal and daily variability in DNI, three approaches 

are explored. The first approach is deterministic, where the design is based on an annual average 

day divided into 24 1-hour periods or 2 modes.  The second one is the conventional stochastic 

programming, where the seasonal variability is represented by a small number of typical days (i.e., 

scenarios) and each day is divided into 24 1-hour periods with the associated hourly DNI data. The 

third approach is the proposed multimode stochastic programming, which further approximates 

the hourly daily profile of each scenario through modes. For the last two approaches, different 

number of scenarios (365, 12 and 6) are used. Scenarios are further considered to be temporally 

independent, and energy can only be stored and used within each day. Given that energy storage 

time-step
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across days may occur in real CSP operation, we also use a full fidelity model (ℳ), which utilizes 

the original 1-year hourly DNI data and allows stored energy to pass on to any consecutive time-

steps. By solving ℳ , we obtain a benchmark design (𝒙𝒙∗) which is considered as the optimal 

design in real plant operation.  

For each approach, an optimization model is developed for the optimal design (i.e., collector and 

storage size) and operational decisions (i.e., energy flows between subsystems at each time-step) 

using annual profit maximization as objective function. The parameters, variables, and equations 

of model ℳ, which is the most complex and detailed model, are given in the Appendix A2.2 

information. The design obtained from each approach is then evaluated, post optimization, using 

hourly DNI data over 365 days. The evaluation is performed using model ℳ𝑂𝑂𝑂𝑂𝑂𝑂𝑅𝑅  which is, 

essentially, model ℳ with fixed design decisions. In other words, a design obtained from a given 

approach is evaluated assuming that operations can be optimized on a daily basis using a detailed 

operational model.  

All models are solved using CPLEX (12.8.0) via GAMS (25.0.2) and on an Intel® i7-4790 CPU 

(3.6 GHz) with 8 GB RAM. Default options with resource limit of 3 hours are used. The 

computational statistics of the three approaches and ℳ are shown in Table 3-3. The computational 

results show that, not surprisingly, ℳ  is the most computationally demanding model. The 

conventional stochastic programming approach leads to significantly smaller solution times as the 

number of scenarios decreases, and the proposed multimode SP approach further reduces the 

problem size and solution times. Notably, the multimode SP model appears to be 2-3 orders of 

magnitude faster than the standard SP model when the same number of scenarios are used, and all 

three instances based on the multimode SP approach are solved to optimality in 2s.  
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Table 3-3. Comparison of computational statistics of different approaches. 
Approach Scenarios Periods Constraints Variables CPU (s) Gap  

Deterministic 1 2 45 40 0.1 - 
1 24 336 310 0.1 - 

Stochastic 
6 24 1,896 1,750 0.2 - 
12 24 3,768 3,478 101 - 
365 24 114,269 105,142 10,800 4% 

Stochastic 
Multimode 

6 2 150 130 0.1 - 
12 2 276 238 0.1 - 
365 2 7,689 6,592 2 - 

ℳ 365 24 113,904 105,142 10,800 10% 

 

The eight designs obtained from three approaches, as well as their evaluated profits, are compared 

with the benchmark design 𝒙𝒙∗ in Table 3-4 and Figure 3-22, where the X and Y axes correspond 

to the two design variables, solar multiple and storage hour, respectively. The former yields the 

size of the collector and the latter the size of the storage subsystem, both normalized with respect 

to the fixed turbine size (100 MW). Figure 3-22 shows that plant designs based on an annual 

average day (shown as purple dots) deviate significantly from 𝒙𝒙∗  (red diamond), while better 

designs are obtained when stochastic approaches is adopted. Note that the multimode SP approach 

leads to superior designs (green dots) than the ones based on conventional SP (blue dots). This is 

because the two-mode approximation, which centralizing the DNI profile (see Figure 3-5B), 

overestimates the storage size requirement. This overestimation offsets the underestimation caused 

by assuming temporally independent scenarios.  

Our proposed approach with 12 scenarios and 2 modes leads to a significantly smaller optimization 

problem compared to ℳ, but yields a design that is very similar to the optimal design   𝒙𝒙∗, and 

leads to an evaluated profit that is only 0.3% lower than the evaluated profit of the optimal design 

(3.30 M$/y compared to 3.31 M$/y).  
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Table 3-4. Comparison of results of different approaches. 

Approach Scenarios Periods Solar 
multiple 

Storage 
hour 

Profit (M$/y) 
Approximated Evaluated 

Deterministic 1 2 3.30 14.3 23.46 2.02 
1 24 3.16 10.7 28.53 -2.80 

Stochastic 
6 24 2.69 10.9 11.48 0.66 
12 24 2.72 10.5 10.77 -0.43 
365 24 2.96 12.1 4.50 2.19 

Stochastic 
Multimode 

6 2 2.81 14.2 5.85 3.20 
12 2 2.87 13.8 5.06 3.30 
365 2 2.89 14.0 3.78 3.30 

ℳ 365 24 2.87 14.0 3.31 3.31 

 

 
Figure 3-22. Comparison of design decisions based on different approaches and their corresponding 
evaluated profits. 

3.6 Conclusions 

In this work, we developed an optimization-based framework for process synthesis under resource, 

broadly defined, variability in two frequencies. We first introduced scenarios and modes to 

represent low and high frequency variability, respectively. We then proposed a multimode 

superstructure to consider different process alternatives for each mode, and formulated the 

synthesis problem as a multimode two-stage stochastic programming model. Compared to 
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deterministic approaches, the proposed approach yields significantly better solutions. Compared 

to conventional stochastic programming approaches, it leads to computationally more efficient 

models which, in addition, yield designs that are very close to the designs that would be obtained 

if the exact problem could be solved to optimality, which rarely can be. The proposed approach is 

well suited to address, specifically, the synthesis of renewable energy systems where the energy 

resource (e.g., solar, wind) often exhibits variability in two scales.  

Chapter 4  
Design of Fixed-bed Reactors for Solid-gas TCES4  

4.1 Introduction 

Different solar reactors have also been developed for solid-gas reactions. Among all 68 reported 

solid-gas solar reactors, fixed bed is the most frequently adopted reactor type (50%), followed by 

fluidized bed (21%) and rotary kiln (15%) 88. In fixed-bed reactors, solid reactants are packed 

inside the reactor with heat transfer fluid (HTF) or working fluid (WF) flowing through the 

stationary bed. Fixed beds are easy to design, construct and operate. They have been 

experimentally tested for carbonate 31, hydroxide 48,49,87,174,175, and redox TCES systems 70–72.  In 

parallel, numerical models with different levels of complexity have been developed 23,176,177, for 

system diagnosis, experimental results evaluation,  and reactor design improvements. Slow heat 

transfer due to low thermal conductivity of porous bed has been identified as the major limitation 

for fixed-bed reactor in TCES 51,87.  

                                                 
4 The contents of this chapter appear in Peng, Yao, Root and Maravelias, Appl Energy. submitted 
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While most research on TCES focuses on reaction and reactor studies, a few system-level studies 

are available for CSP with solid-gas TCES systems (hereinafter referred to as "CSP-TCES" 

systems), including energy/exergy analyses, process design, and techno-economic analysis (TEA). 

Albrecht et al. 76 and Lei et al. 178 evaluated the thermodynamic performance of redox TCES. Pelay 

et al 57. performed exergy analyses on several integration concepts of TCES in Rankine-cycle 

driven CSP. Conceptual process design has been conducted for CSP employing carbonate 27,179,180, 

hydroxide 59,60 and redox TCES 69,78. Bayon et al. 42 assessed the techno-economic performance 

for 17 solid-gas TCES systems. Salas et al. 61,181 optimized the design of CSP-Ca(OH)2 TCES 

together with its power production strategy in spot electricity markets. 

Nevertheless, previous reactor and system-level TCES studies have some limitations. The detailed 

reactor studies investigate the TCES reactor in isolation, neglecting its interactions with other plant 

components (e.g., receiver and turbine). The reactors are typically studied under one specified 

condition where hot and cold fluids flow through the reactor at a constant flowrate and inlet 

temperature. However, in real plant operation, the HTF flowrate varies under different solar 

conditions during reactor charging and the WF outlet temperature decreases during reactor 

discharging. Designing the reactor in isolation and based on one specific operating condition does 

not necessarily result in high integrated plant performance. On the other hand, the system-level 

studies evaluate the integrated plant performance, but are typically based on ideal reactors which 

do not take into account the rate of reaction and heat transfer. Neglecting the kinetics and heat 

transfer limitations, especially in fixed-bed reactors, may lead to unrealistic reactor designs and 

underestimated reactor costs. Moreover, although CSP plants are subject to variability in solar 

irradiance, the majority of system-level studies evaluate the plants based on an annual average 

solar condition, which may result in inaccurate estimation of plant performance.  
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Accordingly, the goal of this work is to provide a system-level analysis for CSP-TCES using an 

optimization-based process model. The proposed model: (1) considers the interactions between 

plant components; (2) accurately predicts the reactor performance over a wide operating space; 

and (3) evaluates the overall plant performance under seasonal solar variability. Special emphasis 

is placed on the modeling of fixed-bed reactors that operate in a cyclic batch mode, which are 

modeled using partial differential equations (PDEs) in time and space.  

The outline of this chapter is shown in Figure 4-1. We first specify the TCES integration strategy 

and fixed-bed reactor configuration given its unique heat-transfer considerations; then carry out 

expensive reactor simulations offline at various operating conditions; generate reactor surrogate 

models via dimensional analysis and data fitting; and, finally, integrate the surrogate models into 

the CSP-TCES process synthesis optimization model to obtain the optimal design and plant 

performance. In the last section, we discuss the impacts of key process and reaction parameters on 

CSP-TCES performance.  

  
Figure 4-1. Outline of the proposed system-level analysis. 
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4.2 System description 

4.2.1 CSP-TCES process 

This study considers a central receiver CSP plant (illustrated in Figure 4-2), which comprises four 

components: the solar field (i.e., collector), receiver, TCES system and power block. The TCES is 

based on a solid-gas reversible reaction ( A (s) ⟷ B (s) + C (g)), which is carried out in a fixed-

bed reactor.    

 
Figure 4-2. Schematic diagram of a power tower CSP plant with solid-gas TCES employing a fixed-bed 
reactor.  

During the day, the solar field concentrates sunlight onto a receiver, where sunlight is converted 

to heat and absorbed by a heat transfer fluid (HTF). The hot HTF splits into a portion flowing 

through the power block heater for power generation and the remainder through a fixed-bed reactor 

for heat storage. The fixed-bed reactor operates in a cyclic batch mode. During daytime operation, 

heat is transferred from the HTF to the fixed bed and drives an endothermic reaction (A → B + C). 

During nighttime operation, the power block working fluid (WF) enters the fixed-bed reactor and 

extracts the heat released by the reverse (exothermic) reaction (B + C → A).  
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Solid reactants A, B are packed inside the reactor and converted, back and forth, in a cyclic 

operation. Gas reactant C leaves/enters the reactor during storage charging/discharging. In this 

work, we study three solid-gas reactions, summarized in Table 4-1, to represent carbonate, 

hydroxide and redox types respectively. Based on the properties of C (i.e., percentage in air, boiling 

point), the three reactions are applied with different gas storage options (see Figure 4-3). An open-

loop configuration is used for the redox reaction, where O2 generated during charging is directly 

emitted and air is used as the source of oxygen during discharging. A closed-loop configuration is 

used for the hydroxide and carbonate reactions, where the generated H2O and CO2 are stored in 

water vessels (1 bar, 25℃) and liquid CO2 vessels (75 bar, 25℃), respectively.  

Since reactions occur at high temperature but C is emitted/ stored at low temperature, significant 

amount of sensible heat is associated with this cooling process (up to 40% of the total heat stored 

in TCES). Storing this heat and reusing it to preheat the gas entering the reactor during discharging 

is necessary for high plant efficiency. To achieve this, a sensible heat storage unit is used in this 

study.  For the carbonate reaction, a compressor is used to compress CO2 into the storage vessels. 

When CO2 exits the vessels during discharging, it expands through a turbine for power generation.  

Table 4-1. Reaction properties and material prices of selected reactions. 

Type A(s) ↔  B(s)+ C(g) 𝑇𝑇𝑒𝑒𝑒𝑒* 
(K) 

∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 
(kJ/kg A) 

𝐶𝐶𝐶𝐶𝐴𝐴 
(kJ kg ∙ K⁄ ) 

Price of A 
($/ton) 

Redox 6Mn2O3 ↔ 4Mn3O4 + O2 1094 202 0.83 1000 
Hydroxide Ca(OH)2 ↔ CaO + H2O  778 1409 1.53 150 
Carbonate CaCO3 ↔ CaO + CO2 1168 1779 1.29 100 

*𝑇𝑇𝑒𝑒𝑒𝑒 is calculated at gas C partial pressure of 1 bar for hydroxide and carbonate reactions, at 0.21 
bar for redox reactions. 
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Figure 4-3. Gas storage options for three TCES reactions.  

4.2.2 Power block 

The commercially developed CSP plants use molten-salt as HTF, with a maximum operating 

temperature of 565℃ . To attain higher temperature and therefore higher turbine efficiency, 

supercritical CO2 (s-CO2) has been identified as a promising candidate both as the HTF and WF. 

In the meantime, s-CO2 Brayton cycles attract increasingly attention because they have higher 

power cycle efficiency, smaller equipment and lower costs than current steam Rankine cycles 182–

184. In this study, we use s-CO2 as both the HTF and WF and s-CO2 Brayton cycle for power 

generation. 

The s-CO2 Brayton cycle adopts a simple recuperative configuration (see Figure 4-4A), which 

consists of one compressor, turbine, recuperator, heater/reactor and cooler. The recuperator 

transfers heat from the hot turbine exhaust to the cold compressor outlet. The recuperator outlet is 

then heated to turbine inlet temperature (TIT) in the heater by the HTF (daytime) or in the reactor 

by the exothermic reaction (nighttime).  We build a s-CO2 power cycle model to evaluate the power 

cycle performance at different turbine inlet temperatures (TIT) with the following assumptions: 

(1) HTF pressure and turbine inlet pressure are 25 MPa; turbine pressure ratio is 3.  
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(2) Dry cooling is adopted. Assuming a 30℃  ambient temperature and a 10℃  approach 

temperature, the compressor inlet temperature is 40℃.  

(3) Isentropic efficiencies of the turbine and compressor are 0.9. 

(4) The minimum approach temperature of the recuperator is 10℃.  

Figure 4-4A illustrates the T-S diagram of the s-CO2 cycle at TIT of 1000 K. Figure 4-4B shows 

the power cycle efficiency (𝜂𝜂𝑝𝑝) and heater/reactor inlet temperature varying as a function of TIT. 

Both relations are obtained through data fitting (functions shown in Figure 4-4B) and used in the 

reactor and plant models.  

  
Figure 4-4. (A) T-S diagram of the s-CO2 cycle at TIT of 1000 K; (B) power cycle efficiency (blue) and 
heater inlet temperature (black) versus TIT. 

4.2.3 Fixed-bed reactor   

The fixed-bed reactor adopts a shell-and-tube configuration (see Figure 4-5) to enable heat 

exchange between reactants and HTF/WF. The fixed bed (i.e., the shell side) is packed with solid 

reactants and HTF/WF flow through a bundle of tubes (distributed evenly inside the bed). The 

computational domain of our reactor numerical simulation consists of one tube and the bed around 
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it (illustrated as the dashed boxes in Figure 4-5). The key reactor parameters are listed in Table 

4-2. 

 
Figure 4-5. Fixed-bed reactor with indirect heat exchange. 

A disadvantage of indirect reactors is the slow heat transfer so our goal is to enhance the overall 

heat transfer coefficient (𝑈𝑈) between the fluid and the bed, which can be expressed as  

1/𝑈𝑈 = 1/ℎ𝑓𝑓  + (𝐷𝐷 − 𝑑𝑑)/𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏       (4-1) 

where 1/ℎ𝑓𝑓  and  (𝐷𝐷 − 𝑑𝑑)/𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏 characterize the heat transfer resistance in the tube and shell side, 

respectively. On the tube side, ℎ𝑓𝑓 is the convective heat transfer coefficient of the fluids (HTF/WF), 

which can be calculated from Nusselt number (Nu), 

ℎ𝑓𝑓 = 𝑁𝑁𝑁𝑁 ⋅ 𝑘𝑘𝑓𝑓/𝑑𝑑       (4-2) 

Due to the high fluid density, a small 𝑢𝑢𝑊𝑊𝑊𝑊 of 0.1 m/s is adopted to ensure long fluid residence time 

for a moderate-length reactor. At this velocity, the fluids are in laminar flow region with a constant 

Nu of 4.4.185 Therefore, according to eqn (4-2), small d is required to achieve high ℎ𝑓𝑓. 
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On the shell side, 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏 is the bed thermal conductivity, which is typically low (~1 W/m-K) due to 

the porous bed structure. Previous studies show that 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏  can be enhanced by adding high 

conductive fillers/fins185. In this study, we assume that the bed porosity is 0.7, comprising reactants 

A/B in the solid phase and C in the gas phase. We use fins to increase 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏 to 5 W/m-K. In addition 

to high 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏, a small (𝐷𝐷 − 𝑑𝑑) is also needed to achieve high 𝑈𝑈. 

To determine the optimal reactor geometry, we run reactor numerical simulations with different 

tube diameters (see Appendix A3.3) and find that d≤2 mm is required for efficient heat transfer. 

This finding agrees with previous studies on Ca(OH)2 TCES where a pilot scale fixed-bed reactor 

with HTF channel width of 1.5 mm was simulated 186 and built 187. However, the previous Ca(OH)2 

reactor adopts a plate heat exchanger configuration which allows maximum HTF pressure of 5 bar. 

To be compatible with the 75 bar s-CO2, shell-and-tube heat exchanger is used in this study with 

tube diameter of 2 mm, wall thickness of 0.5 mm and tube distance of 20 mm. The proposed TCES 

reactors are similar to microchannel heat exchangers/reactors which have been designed and 

fabricated economically at an industrial scale 188. Since heat exchangers with ultra-small tubes are 

still an emerging technology, we have conservative cost estimations on them. The capital costs of 

the proposed heat exchangers are 50 times of their construction material costs while 1.5 times are 

suggested for conventional heat exchangers 189. Given the uncertainty in this cost estimation, we 

also provide sensitivity analysis on reactor costs in the Discussion Section.  

To determine the optimal HTF/WF inlet temperatures, we also run simulations with different 

combinations of 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 /𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖  for all three reactions. For a reversible reaction in TCES, temperatures 

should satisfy 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖 < 𝑇𝑇𝑒𝑒𝑒𝑒 <  𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 . The selected 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 /𝑇𝑇𝑊𝑊𝑊𝑊

𝑖𝑖𝑖𝑖  are shown in Table 4-2 and the 

detailed comparisons among different inlet temperatures can be found in Appendix A3.2. 
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Table 4-2. Key reactor parameters for numerical simulations. 
Fixed-bed reactor geometry 

Tube diameter  d 0.002 m 
Distance between tubes  D 0.02 m 
Heat transfer coefficient  U 127 W/m2-K 

Bed porosity  𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏 0.7 
HTF & WF: s-CO2 at 250 bar 

HTF inlet velocity a 𝑢𝑢𝐻𝐻𝐻𝐻𝐻𝐻 0.05 – 0.2 m/s 
WF inlet velocity  𝑢𝑢𝑊𝑊𝑊𝑊 m/s 

  Mn2O3 Ca(OH)2 CaCO3 
HTF inlet temperature  𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖   1273 K 923 K 1373 K 
WF inlet temperature b 𝑇𝑇𝑊𝑊𝑊𝑊

𝑖𝑖𝑖𝑖  1009 K 704 K 1095 K 

a.  𝑢𝑢𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑢𝑢𝑊𝑊𝑊𝑊 ⋅ 𝑡𝑡𝑑𝑑/ 𝑡𝑡𝑐𝑐; b. 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖  will decrease during discharging  

4.3 Methods 

4.3.1 Reactor numerical simulations 

The major assumptions of the reactor numerical model used are summarized as follows:  

(1) The model is based on a one-dimensional (1D) representation of the fixed-bed reactor along 

the axial (z) direction. The reactor has indirect heat exchange between the two domains: the 

porous bed and the fluids. This assumption is valid since the temperature gradient in the radial 

direction is negligible based on the reactor parameters shown in Table 4-2. 

(2) The HTF/WF in the tube and the gas in the bed are at constant pressure, 250 bar and 1bar, 

respectively. It is assumed that gas C produced (consumed) can be removed from (added to) 

the bed instantaneously at the bed temperature.  

(3) 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖  and 𝑇𝑇𝑊𝑊𝑊𝑊

𝑜𝑜𝑜𝑜𝑜𝑜 follow the relationship obtained from the power cycle model (see Figure 4-4B).  

(4) The porous bed is treated as continuum. The resistances of heat and mass transfer between the 

solid and gas in bed are neglected.  

(5) The heat loss to the ambient is neglected.  
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According to the above assumptions, a numerical model describing the heat transfer, energy 

balance and reaction in the fixed-bed reactor is developed. For brevity, we only present the major 

governing equations. The details of the numerical model, including initial and boundary conditions, 

and kinetic models are provided in Appendix A3.1.  

The energy balance for the fluids (HTF/WF) is 

𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑓𝑓
𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝜕𝜕

+ 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑓𝑓𝑢𝑢𝑓𝑓
𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝜕𝜕

− 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑘𝑘𝑓𝑓
𝜕𝜕2𝑇𝑇𝑓𝑓
𝜕𝜕𝑧𝑧2

= 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑈𝑈(𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑇𝑇𝑓𝑓)     (4-3) 

where 𝑇𝑇𝑓𝑓  and 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏  denote the temperature of the fluids and the bed, respectively; 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  is the 

cross-sectional area of the tube; and 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the cross-sectional perimeter.  

The energy balance for the bed is  

𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏�𝜌𝜌𝐶𝐶𝑝𝑝�𝑏𝑏𝑏𝑏𝑏𝑏
𝜕𝜕𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝜕𝜕𝜕𝜕

− 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏
𝜕𝜕2𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝜕𝜕𝑧𝑧2 = 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑈𝑈(𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏)      (4-4) 

where 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏 is the cross-sectional area of the surrounding bed; �𝜌𝜌𝐶𝐶𝑝𝑝�𝑏𝑏𝑏𝑏𝑏𝑏 is the effective volumetric 

heat capacity of the porous bed, comprising the gas and solid phase, 

�𝜌𝜌𝐶𝐶𝑝𝑝�𝑏𝑏𝑏𝑏𝑏𝑏 = 𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏 ∙ �𝜌𝜌𝑔𝑔𝐶𝐶𝑝𝑝𝑔𝑔� + (1 − 𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏) ∙ (𝜌𝜌𝑠𝑠𝐶𝐶𝑝𝑝𝑠𝑠)      (4-5) 

The rate of heat generation/depletion due to the reaction, is given by  

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 = (1 − 𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏)𝜌𝜌𝑠𝑠∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏
𝑑𝑑𝑑𝑑

       (4-6) 

where ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 is the reaction enthalpy, and 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 is the conversion of solid reactant A in the bed (0: 

pure A; 1: pure B). The rate of conversion is calculated using the empirical kinetics models 

presented in previous studies177,190–192, 

𝑑𝑑𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏
𝑑𝑑𝑑𝑑

= 𝑘𝑘0 exp �− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏

� 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎(1− 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏)𝑏𝑏 �1 − 𝑝𝑝𝐶𝐶
𝑝𝑝C
𝑒𝑒𝑒𝑒�

𝑠𝑠
      (4-7) 
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where 𝑝𝑝𝐶𝐶 is the partial pressure of gas C and 𝑝𝑝𝐶𝐶
𝑒𝑒𝑞𝑞is the equilibrium pressure of gas C at the bed 

temperature. The values of 𝑘𝑘0, 𝐸𝐸𝑎𝑎, 𝑎𝑎, 𝑏𝑏, and 𝑠𝑠 for the three reactions can be found in Appendix 

A3.1.  

The reactor model is implemented in the commercial software, COMSOL Multiphysics® and 

solved by the finite element method. The geometry and time are discretized by customized non-

uniform grids (0.0005-0.005 m) and time steps (0.000001-5 s), respectively. To simulate the 

periodic operation of TCES reactor, the boundary conditions are specified alternately in 

accordance with either the charging or the discharging half-cycle. The final state of the previous 

half-cycle is the initial state for the subsequent one. The simulations are repeated for multiple 

cycles until the reactor reaches quasi-steady state (i.e., discrepancy of local bed temperatures at 

the final state between two consecutive cycles is less than 0.1 K) 

4.3.2 Surrogate modeling 

 
Figure 4-6. Procedure of surrogate model generation. 

The procedure to replace the reactor numerical model in the previous section with a surrogate 

model is shown in Figure 4-6. The first step is to identify the input variables 𝒙𝒙 and define their 

lower and upper bounds (𝒙𝒙 �/𝒙𝒙). Table 4-3 shows the three input variables and their ranges in this 

study. The fixed-bed reactor length (𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏) is the design variable. Simulations with various 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 

can help us understand how the plant performance improves with increasing storage capacity. A 

reactor can operate differently under various solar conditions over a year. To simulate these 

different conditions, we have reactor charging and discharging time (𝑡𝑡𝑐𝑐  and 𝑡𝑡𝑑𝑑) as two operational 

input variables.  

𝒙𝒙𝑖𝑖 samples
𝑖𝑖 = 1,2… 𝑎𝑎 𝒙𝒙 �/𝒙𝒙

𝒙𝒙Define 
inputs

Design of 
experiments

Numerical 
simulations

Model selection 
& data fitting

𝒚𝒚𝑖𝑖
𝒚𝒚∗ = 𝑓𝑓(𝒙𝒙∗)

Surrogate model Dimensional 
analysis

𝒙𝒙𝑖𝑖∗

𝒚𝒚𝑖𝑖∗
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The next step is to generate sampling points (𝒙𝒙𝑖𝑖) in the design space using design of experiments. 

Based on the variable ranges defined in Table 4-3, a total of 72 sampling points are generated via 

Latin hypercube sampling. A simulation is carried out for each sample in COMSOL Multiphysics® 

using the reactor numerical model. Bed temperature and conversion profiles, as well as HTF/WF 

outlet temperatures are obtained as outputs (𝒚𝒚𝑖𝑖) for each simulation. 

Compared to conventional surrogate modeling, we add a dimensional analysis step before data 

fitting.  The surrogate models are then constructed based on dimensionless variables (𝒙𝒙𝑖𝑖∗ , 𝒚𝒚𝑖𝑖∗) 

instead of (𝒙𝒙𝑖𝑖, 𝒚𝒚𝑖𝑖). Table 4-3 shows the dimensionless input and output variables (𝒙𝒙∗,𝒚𝒚∗) in this 

study. The detailed definitions of theses variables will be given in the Results Section. The benefit 

of dimensional analysis, illustrated by Sanchez et al 193 in the thermal modeling of different 

multiphysics systems, is that it leads to surrogate models that have more compact forms and better 

predictive accuracy over a wide range of design variables. Another benefit is potential 

dimensionality reductions by identifying the correlations between the original input variables. This 

will be illustrated in Figure 4-10 where the output variables χ and 𝜑𝜑 are only functions of one 

dimensionless variable 𝜃𝜃 instead of three original input variables (𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏, 𝑡𝑡𝑐𝑐 , 𝑡𝑡𝑑𝑑). Finally, based on 

the sampling data, we select the surrogate model structure and fit the data through regression. 
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Table 4-3. Surrogate model input and output variables. 
Original input variables 𝒙𝒙 

Bed length  𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 0.8-3.2 m 
Charging time  𝑡𝑡𝑐𝑐 3-12 h 

Discharging time  𝑡𝑡𝑑𝑑  3-12 h 
Dimensionless input variables  𝒙𝒙∗ 

Normalized bed storage capacity 𝜃𝜃 0.5-5 
Heat transfer effectiveness 

during charging/discharging  𝜅𝜅𝑐𝑐/𝜅𝜅𝑑𝑑 7-103 

Original output variables 𝒚𝒚 
Bed temperature  𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧, 𝑡𝑡) 255-1373 K 
Bed conversion  𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧, 𝑡𝑡) 0-1 

HTF/WF outlet temperature 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻/𝑊𝑊𝑊𝑊
𝑜𝑜𝑜𝑜𝑜𝑜  333-1373 K 

Dimensionless output variables 𝒚𝒚∗ 
Bed storage capacity utilization  𝜑𝜑 0.2-2 

Overall bed conversion  χ 0-1  
Power generation effectiveness  γ 0-1 

4.3.3 Process optimization 

We select Daggett in southern California (34.87°N,116.78°W) as the plant site and obtain its 

weather data from the National Solar Radiation Data Base 194. To consider the seasonal variability 

in solar irradiance, we generate six representative scenarios (i.e., days) from the annual data using 

centroid clustering algorithm. The sun hours, solar irradiance and occurrence frequency of each 

scenario is provided in shown in Table 3-1. 

Peng et al. developed a general process model for CSP-fluid-phase TCES systems 195 and an 

optimization-based framework for process synthesis under seasonal and daily variability 196. 

Building upon these two works, we develop a process model for the design of CSP-solid-gas TCES 

systems. The model objective is to minimize the levelized cost of electricity (LCOE) of the CSP 

plant. The associated cost assumptions are provided in Table 5-3. The optimization problem is 

formulated as a two-stage stochastic programming model 196. This allows us to optimize both first-

stage design decisions (e.g., solar field area, receiver size and TCES reactor sizes) and scenario 

specific second-stage operational decisions (e.g., 𝑡𝑡𝑐𝑐 , 𝑡𝑡𝑑𝑑 ,stream flowrates) simultaneously. The 
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optimization model is a nonlinear programming (NLP) model, formulated in GAMS (28.1.0), and 

solved using global optimization solver BARON (19.7.13) 197. 

4.4 Results  

In this section, we present the results from the application of the methods introduced in the 

previous section. Specifically, we present reactor temperature and conversion profiles, reactor 

surrogate models, and a techno-economic analysis of CSP-TCES systems. 

4.4.1 Reactor numerical simulations 

Temperature and conversion profiles 

To study some key simulation outputs (fixed-bed temperature, 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 , and conversion, 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 

profiles), we select one out of the 72 simulations and show its 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 and 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 axial profiles during 

one charging-discharging cycle in Figure 4-7. The selected simulation is based on Mn2O3 TCES, 

with inputs 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 = 1.6 m, 𝑡𝑡𝑐𝑐 = 𝑡𝑡𝑑𝑑 = 6 h. During charging, HTF at 1273 K enters the fixed-bed 

reactor from the left inlet (𝑧𝑧 = 0) and delivers heat to the bed. The continuous flow of the hot HTF 

results in bed temperature (Figure 4-7A) and reaction fronts (Figure 4-7B) moving to the right. 

Once the local 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧, 𝑡𝑡)  increases above 𝑇𝑇𝑒𝑒𝑒𝑒(1094 K), the endothermic reduction reaction starts 

but initially at a slow reaction rate. As the bed is being further heated, reduction rate grows rapidly 

with the increase of 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 until the reaction heat absorption and HTF heat input balance out. This 

leads to the stabilization of 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏  at 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 ≈ 1190 K  (blue arrow in Figure 4-7A points to the 

plateau of the temperature front). After Mn2O3 is fully reduced (i.e., 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 = 1), the bed is heated 

to 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  rapidly.  
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Figure 4-7. Fixed-bed reactor temperature and conversion profiles during charging (A, B) and discharging 
(C, D). In AC, the solid curves denote the bed temperature and the dashed curves denote the fluid 
temperature. 

During discharging, cooler WF enters the reactor from the right (𝑧𝑧 = 1.6 m) so the temperature 

(Figure 4-7C) and reaction fronts (Figure 4-7D) move in a reverse direction. When 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 drops 

below 𝑇𝑇𝑒𝑒𝑒𝑒, the exothermic oxidation reaction starts. A temperature plateau is observed at 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 ≈

1090 K. The 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 and 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 profiles at the start of charging (𝑡𝑡 = 0) and end of discharging (𝑡𝑡 =

12 h) are identical, indicating the reactor operates at a quasi-steady state. Figure 4-7A/C show 

that the temperature difference between the bed and the HTF/WF during charging/discharging are 

small (≈ 20 K), indicating good heat transfer is achieved using this reactor design.  

D
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Reactor length   

We further study the impact of fixed-bed length on reactor performance. Results of three 

simulations with Mn2O3 TCES, 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 = 0.8, 1.6, 3.2 m and 𝑡𝑡𝑐𝑐 = 𝑡𝑡𝑑𝑑 = 6 h are compared in Figure 

4-8. Figure 4-8A shows 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 profiles along dimensionless z axis (𝑧𝑧∗ = 𝑧𝑧/𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏) at the start and 

end of charging. The overall bed conversion 𝜒𝜒 can be calculated as the area enclosed by these two 

𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 profiles, i.e., 

𝜒𝜒 = ∫ 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧∗, 𝑡𝑡𝑐𝑐) − 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧∗, 0)1 
0 𝑑𝑑𝑧𝑧∗      (4-8) 

If 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 = 0.8 m, then 96% of the bed reacts, while if 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 = 3.2 m, then only a small fraction 

(12%) reacts. The unreacted fraction of the bed only serves as sensible heat storage.  

Figure 4-8B shows the HTF/WF inlet (𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻/𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖 ) and outlet temperatures (𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻/𝑊𝑊𝑊𝑊

𝑜𝑜𝑜𝑜𝑜𝑜 ) in one 

charging-discharging cycle. During charging (𝑡𝑡=0-6 h), 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  is constant at 1273 K while 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜  

increases with time as the bed is heated up (see Figure 4-8A). 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜  stays close to 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 until the 

bed at the HTF outlet (𝑧𝑧∗=1) is fully reduced. During discharging (𝑡𝑡=6-12 h), 𝑇𝑇𝑊𝑊𝑊𝑊
𝑜𝑜𝑜𝑜𝑜𝑜 decreases with 

time as the bed is cooled down. Based on the power cycle model (Figure 4-4), 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖  depends on 

𝑇𝑇𝑊𝑊𝑊𝑊
𝑜𝑜𝑜𝑜𝑜𝑜  and decreases as 𝑇𝑇𝑊𝑊𝑊𝑊

𝑜𝑜𝑜𝑜𝑜𝑜  decreases.  𝑇𝑇𝑊𝑊𝑊𝑊
𝑜𝑜𝑜𝑜𝑜𝑜  stays close to 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜  until the bed at the WF outlet 

(𝑧𝑧∗=0) is fully oxidized. After that, 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖  and 𝑇𝑇𝑊𝑊𝑊𝑊

𝑜𝑜𝑜𝑜𝑜𝑜  drop rapidly (see blue line in Figure 4-8B) 

which leads to lower power cycle efficiency (𝜂𝜂𝑝𝑝). To quantify the decrease in 𝜂𝜂𝑝𝑝, we define a 

dimensionless output variable 𝛾𝛾 to measure the power generation effectiveness,  

𝛾𝛾 = 𝑊𝑊𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡

𝑊𝑊𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡,𝑚𝑚𝑚𝑚𝑚𝑚 =
∫ �𝑇𝑇𝑊𝑊𝑊𝑊

𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡)−𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖 (𝑡𝑡)�∙𝜂𝜂𝑝𝑝(𝑡𝑡) 𝑡𝑡𝑐𝑐+𝑡𝑡𝑑𝑑  

𝑡𝑡𝑐𝑐 𝑑𝑑𝑑𝑑

�𝑇𝑇𝑊𝑊𝑊𝑊
𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡=𝑡𝑡𝑐𝑐)−𝑇𝑇𝑊𝑊𝑊𝑊

𝑖𝑖𝑖𝑖 (𝑡𝑡=𝑡𝑡𝑐𝑐)�∙𝜂𝜂𝑝𝑝(𝑡𝑡𝑐𝑐)∙𝑡𝑡𝑑𝑑
       (4-9) 

where 𝑊𝑊𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡 is the actual power generated during discharging and 𝑊𝑊𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡,𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum 

power generated during discharging if there is no decrease in 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖 , 𝑇𝑇𝑊𝑊𝑊𝑊

𝑜𝑜𝑜𝑜𝑜𝑜 and 𝜂𝜂𝑝𝑝. The 𝛾𝛾 values of 



90 
 

the three reactors with different 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 are shown in Figure 4-8B. In reactors with larger 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 (i.e., 

storage capacity), the stored energy is not fully depleted so 𝑇𝑇𝑊𝑊𝑊𝑊
𝑜𝑜𝑜𝑜𝑜𝑜 stays relatively high, leading to 

higher power generation efficiency (i.e., 𝛾𝛾). 

 
Figure 4-8. (A) Bed conversion and (B) fluid temperature of fixed-bed reactors with different bed length 
(blue: 0.8 m, red: 1.6 m, green: 3.2 m). In A, conversions at the start of charging (t=0) are shown as dashed 
lines and at the end of charging (t=6 h) as solid lines. In B, fluid temperatures at the inlet are shown as dash-
dotted lines and at the outlet as solid lines. Note that the black dash-dotted line in B denotes an overlap of 
lines in blue, red, and green. 

TCES reactions 

Finally, we compare the performance of rectors employing different reactions. For a fair 

comparison, we consider reactors with the same normalized storage capacity (𝜃𝜃), which is the bed 

storage capacity normalized by the WF heat requirement (dimensionless), 

𝜃𝜃 = 𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏
𝑄𝑄𝑊𝑊𝑊𝑊
𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏((𝜌𝜌𝜌𝜌𝜌𝜌)𝑏𝑏𝑏𝑏𝑏𝑏∆𝑇𝑇𝑊𝑊𝑊𝑊

𝑚𝑚𝑚𝑚𝑚𝑚+(1−𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏)𝜌𝜌𝑠𝑠∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟)
𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑢𝑢𝑊𝑊𝑊𝑊𝜌𝜌𝑊𝑊𝑊𝑊𝐶𝐶𝐶𝐶𝑊𝑊𝑊𝑊∆𝑇𝑇𝑊𝑊𝑊𝑊

𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝑑𝑑
      (4-10) 

The numerator,𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏, is the “nominal design” bed storage capacity, based on both sensible and 

chemical energy storage. At the nominal design, we assume (1) the average bed temperature 

increase during charging is equal to ∆𝑇𝑇𝑊𝑊𝑊𝑊
𝑚𝑚𝑚𝑚𝑚𝑚 and (2) full bed conversion (i.e., 𝜒𝜒 = 1). ∆𝑇𝑇𝑊𝑊𝑊𝑊

𝑚𝑚𝑎𝑎𝑎𝑎 is the 

temperature difference between 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖  and 𝑇𝑇𝑊𝑊𝑊𝑊

𝑜𝑜𝑜𝑜𝑜𝑜 at the beginning of discharging. The denominator, 

BA

𝜒𝜒 = 96%
𝜒𝜒 = 55%
𝜒𝜒 = 12%
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𝑄𝑄𝑊𝑊𝑊𝑊
𝑚𝑚𝑚𝑚𝑚𝑚, is the maximum heat required by WF during discharging if there is no decrease in 𝑇𝑇𝑊𝑊𝑊𝑊

𝑖𝑖𝑖𝑖  and 

𝑇𝑇𝑊𝑊𝐹𝐹
𝑜𝑜𝑜𝑜𝑜𝑜. 

We compare the simulation results, with 𝜃𝜃 = 1, for Mn2O3, Ca(OH)2, and CaCO3 TCES reactors 

with 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 of 1.6, 0.9 and 0.5 m, respectively. Ca(OH)2 and CaCO3 reactors are shorter than the 

Mn2O3 reactor because the former two reactions have much higher ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 (see Table 4-1). Figure 

4-9A shows 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 profiles and overall conversion 𝜒𝜒 of the three reactors. With 𝜃𝜃 identical for each 

reactor, the differences between 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏  are attributed to the different reaction kinetics. CaCO3 

reaction has the fastest reaction rate, which leads to the sharpest 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 profile and largest 𝜒𝜒 (76%).  

Figure 4-9B shows the profiles of HTF/WF inlet and outlet temperatures. Different 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  and 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖  

are selected for the three reactions based on their 𝑇𝑇𝑒𝑒𝑒𝑒. For the slow Mn2O3 reaction, 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜  increases 

gradually while for the other two faster reactions, 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜  rapidly reaches the endothermic reaction 

temperature. Since the HTF energy input is proportional to (𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 − 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜 ), more energy is stored 

in the Mn2O3 reactor during charging. Therefore, Mn2O3 reactor supplies more energy to WF 

during discharging and has the highest 𝛾𝛾. 

 
Figure 4-9. (A) Bed conversion and (B) fluid temperature of fixed-bed reactors with different TCES 
reactions (blue: Mn2O3, red: Ca(OH)2, green: CaCO3) at 𝜃𝜃 = 1. In A, conversions at the start of charging 

B

𝛾𝛾 = 88%
𝛾𝛾 = 75%
𝛾𝛾 = 81%
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(t=0) are shown as dashed lines and at the end of charging (t=6 h) as solid lines. In B, fluid temperatures at 
the inlet are shown as dash-dotted lines and at the outlet as solid lines. 

4.4.2 Surrogate modeling  

The surrogate model has two (dimensionless) input variables and three (dimensionless) output 

variables (see Table 4-3). The first input variable 𝜃𝜃, which has been defined in the previous section, 

denotes the bed storage capacity, while the actual heat stored in the bed may be limited by slow 

heat transfer. Hence, to measure the heat transfer effectiveness, we define another input variable 

𝜅𝜅, which is obtained from nondimensionalizing the governing equations of the reactor numerical 

model (see details in Appendix A3.1): 

𝜅𝜅 = Heat transfer rate across tube wall
Heat advection rate along the tube

= 4𝑈𝑈/𝑑𝑑
𝑢𝑢𝑓𝑓𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑓𝑓/𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏

       (4-11) 

Note that the heat transfer effectiveness may be different during charging (𝜅𝜅𝑐𝑐) and discharging 

(𝜅𝜅𝑑𝑑 ) due to different fluid velocities (𝑢𝑢𝑓𝑓). A larger 𝜅𝜅  is preferred, which leads to a smaller 

temperature difference between fluid and bed and thus higher exergy efficiency.   

The three output variables are (1) overall bed conversion 𝜒𝜒, (2) power generation effectiveness 𝛾𝛾, 

and (3) bed storage capacity utilization 𝜑𝜑. Since 𝜒𝜒 and 𝛾𝛾 have been introduced in the previous 

section, we hereby only define 𝜑𝜑, which is the total stored energy (𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠) normalized by the bed 

storage capacity (𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏), 

𝜑𝜑 = 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠

𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏
= 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏�(𝜌𝜌𝜌𝜌𝜌𝜌)𝑏𝑏𝑏𝑏𝑏𝑏∆𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏

𝑎𝑎𝑎𝑎𝑎𝑎+𝜒𝜒(1−𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏)𝜌𝜌𝑠𝑠∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟�
𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏((𝜌𝜌𝜌𝜌𝜌𝜌)𝑏𝑏𝑏𝑏𝑏𝑏∆𝑇𝑇𝑊𝑊𝑊𝑊

𝑚𝑚𝑚𝑚𝑚𝑚+(1−𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏)𝜌𝜌𝑠𝑠∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟)
      (4-12) 

where ∆𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎  is the average temperature increase of the bed during charging, which can be 

calculated from 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 profiles at 𝑡𝑡 = 0 and 𝑡𝑡𝑐𝑐,  

∆𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎 = ∫ 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧∗, 𝑡𝑡𝑐𝑐) − 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧∗, 0)1 

0 𝑑𝑑𝑧𝑧∗      (4-13) 
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Note that ∆𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎/∆𝑇𝑇𝑊𝑊𝑊𝑊

𝑚𝑚𝑚𝑚𝑚𝑚  represents the utilization percentage of sensible heat storage and 𝜒𝜒 

represents the utilization of chemical energy storage. Figure 4-10B and C show that 𝜒𝜒 , 

∆𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎/∆𝑇𝑇𝑊𝑊𝑊𝑊

𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜑𝜑 all decrease with the increase of 𝜃𝜃. Also, ∆𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎/∆𝑇𝑇𝑊𝑊𝑊𝑊

𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜑𝜑 can exceed 

1 when the reactor is under designed (𝜃𝜃 < 1), and 𝑇𝑇𝑊𝑊𝑊𝑊
𝑜𝑜𝑜𝑜𝑜𝑜 drops significantly during discharging of 

small reactors, leading to large ∆𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎 (i.e., high 𝜑𝜑) but less efficient power generation (i.e., low 

𝛾𝛾). 

Figure 4-10 shows the simulation results for 26 Mn2O3 TCES sampling points. We observe that 

the impact of 𝜃𝜃 on the three reactor performance indicators (𝛾𝛾, 𝜒𝜒 and 𝜑𝜑) is significant when 𝜃𝜃 is 

small and becomes less prominent as 𝜃𝜃 increases. Each of the three outputs forms a monotonic 

smooth function of 𝜃𝜃, with a horizontal asymptote line. Therefore, we use (rotated) hyperbola 

functions (see Table 4-4) to fit the data points in terms of 𝜃𝜃.  

We also observe that 𝜅𝜅𝑐𝑐  and 𝜅𝜅𝑑𝑑  have a notable impact on 𝛾𝛾 but negligible impact on 𝜒𝜒 and 𝜑𝜑 

(black dots at same 𝜃𝜃 and different 𝜅𝜅𝑐𝑐, 𝜅𝜅𝑑𝑑 overlap in Figure 4-10B and C). Therefore, we only 

include 𝜅𝜅𝑐𝑐  and 𝜅𝜅𝑑𝑑  in the surrogate model of 𝛾𝛾 . When 𝜅𝜅𝑐𝑐  and 𝜅𝜅𝑑𝑑  are small, the heat transfer 

between the fluid and the bed is ineffective which appreciably limits 𝛾𝛾. As 𝜅𝜅𝑐𝑐 and 𝜅𝜅𝑑𝑑 increase, 𝛾𝛾 

increases as the transport limitation is alleviated but further increase of 𝜅𝜅𝑐𝑐 ,𝜅𝜅𝑑𝑑  becomes less 

beneficial to 𝛾𝛾, which is now limited by 𝜃𝜃. To represent this behavior, two penalty terms (𝑐𝑐4
𝜅𝜅𝑐𝑐

+ 𝑐𝑐5
𝜅𝜅𝑐𝑐

) 

are added to the fitting of 𝛾𝛾.  

We determine the parameters (𝑐𝑐𝑖𝑖) in the fitting functions by regression, minimizing the mean 

squared error (MSE). The surrogate models for Mn2O3 TCES are shown as red lines in Figure 

4-10. The parameters and the surrogate models for all three reactions are given in Table 4-4. All 

nine surrogate models are highly accurate (𝑅𝑅2 > 0.99). In the next section, we integrate these 
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reactor surrogate models into the CSP plant model for process optimization. To avoid extrapolation 

errors, we bound the input variables within the sampling domains.  

 
Figure 4-10. Simulation data and fitted surrogate models of Mn2O3 TCES.  

Table 4-4. Surrogate model fitted from reactor numerical simulations. 

TCES 
reaction 

Power generation effectiveness Overall bed conversion Bed capacity utilization 
𝛾𝛾 = 𝑐𝑐1 +

𝑐𝑐2
𝜃𝜃 − 𝑐𝑐3

+
𝑐𝑐4
𝜅𝜅𝑐𝑐

+
𝑐𝑐5
𝜅𝜅𝑑𝑑

 𝜒𝜒 = 𝑐𝑐1 +
𝑐𝑐2

𝜃𝜃 − 𝑐𝑐3
 𝜑𝜑 = 𝑐𝑐1 +

𝑐𝑐2
𝜃𝜃 − 𝑐𝑐3

 

𝑐𝑐1 𝑐𝑐2 𝑐𝑐3 𝑐𝑐4 𝑐𝑐5 𝑅𝑅2 𝑐𝑐1 𝑐𝑐2 𝑐𝑐3 𝑅𝑅2 𝑐𝑐1 𝑐𝑐2 𝑐𝑐3 𝑅𝑅2 
Mn2O3 1.01 -0.14 -0.13 -0.09 -0.40 0.995 -0.19 0.84 -0.21 0.996 0 0.98 -0.06 1.000 

Ca(OH)2 1.02 -1.06 -3.75 -0.16 -0.37 0.997 -0.12 1.04 -0.30 0.994 -0.01 0.99 -0.09 0.999 
CaCO3 1.03 -1.42 -7.18 -0.08 -0.19 0.991 -0.13 1.15 -0.30 0.996 0.01 0.91 -0.02 1.000 
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4.4.3 Process optimization 

The proposed process model is used to optimize the design and operation of CSP plants employing 

three different TCES systems (Mn2O3, Ca(OH)2, and CaCO3) . We also compare their 

performance against commercially developed CSP plants which employ two-tank molten salt 

storage. For each case, we present its optimal LCOE and the corresponding design and energy 

efficiency.  

Economic analysis 

The optimal LCOE of the four cases are shown in Figure 4-11A. Using Mn2O3 and CaCO3 TCES 

lead to 0.1 and 0.7 ₵/kWh LCOE reductions, respectively, when compared to CSP plants with 

two-tank storage. This is mainly because these two TCES lead to higher overall solar-to-electricity 

efficiency (𝜂𝜂𝑠𝑠−𝑒𝑒) (see Figure 4-12) and thus require less input energy (i.e., smaller solar field and 

receiver) to produce the same amount of electricity. The CSP plant with Ca(OH)2 TCES has the 

lowest 𝜂𝜂𝑠𝑠−𝑒𝑒 due to its low reaction temperature and therefore has the highest LCOE among the 

four cases. 

Figure 4-11B shows detailed cost distribution for the storage systems. In two-tank TES, storage 

material (molten salt) is the main cost driver, while in TCES systems, material costs are 

significantly lower, especially for Ca(OH)2 and CaCO3, due to their low material price and high 

storage density. The Mn2O3 TCES system has the highest storage cost due to its expensive fixed-

bed reactor (i.e., shell-and-tube heat exchanger), which contributes to 87% of the storage cost. The 

reactor is highly expensive because in this 100 MW plant, ~15 million small diameter (2 mm) 

tubes are used to ensure fast heat transfer.   
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The Ca(OH)2 and CaCO3 TCES systems have smaller reactors (i.e., lower reactor costs) compared 

to the one employing Mn2O3 reaction. This is because ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 of Ca(OH)2 (1409 kJ/kg) and CaCO3 

(1779 kJ/kg) reactions are significantly higher than the Mn2O3 reaction (202 kJ/kg). However, 

gas/liquid storage of reactant C in Ca(OH)2 and CaCO3 TCES are more expensive. Figure 4-3 

shows the unit operations used for storing C in the three TCES systems. In Ca(OH)2 TCES, the 

sensible heat storage unit and water tank account for 99% and 1% of the gas storage cost, 

respectively. A large amount of heat needs to be stored during the cooling process of H2O where 

phase change occurs. In CaCO3  TCES, the compressor for CO2 storage and the turbine for 

electricity generation during CO2 expansion account for 69% of the gas storage cost because CO2 

is stored at 75 bar.  

Interestingly, the two-tank storage system has the lowest storage costs but the second highest 

LCOE, which indicates that storage systems should not be designed and evaluated in isolation. 

Their interactions with other components and their impact on the overall plant performance should 

also be considered. 

Energetic analysis 

The designs that yield the minimum LCOE and the corresponding energy flows and energy 

efficiencies are shown in Figure 4-12. CSP plants with Mn2O3  or CaCO3  TCES have higher 

overall solar-to-electricity efficiency (𝜂𝜂𝑠𝑠−𝑒𝑒) than that with two-tank storage. Note that 𝜂𝜂𝑠𝑠−𝑒𝑒  is 

proportional to the product of receiver efficiency (𝜂𝜂𝑟𝑟)  and turbine efficiency (𝜂𝜂𝑝𝑝); 𝜂𝜂𝑟𝑟 decreases 

with the increase of 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 , whose values are CaCO3: 1373 K > Mn2O3: 1273 K >

Ca(OH)2: 923 K >two-tank: 838 K. With respect to 𝜂𝜂𝑝𝑝 , high 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  leads to high working fluid 

temperature (𝑇𝑇𝑊𝑊𝑊𝑊
𝑜𝑜𝑜𝑜𝑜𝑜) and thus high 𝜂𝜂𝑝𝑝. While 𝑇𝑇𝑊𝑊𝐹𝐹

𝑜𝑜𝑜𝑜𝑜𝑜 remains the same as 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  in two-tank sensible 
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storage, 𝑇𝑇𝑊𝑊𝑊𝑊
𝑜𝑜𝑜𝑜𝑜𝑜 drops during the storage discharging in fixed-bed TCES. This is why Ca(OH)2 has 

higher 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  but lower 𝜂𝜂𝑝𝑝 than two-tank storage. 

In the TCES reactors, energy is stored in the form of both sensible heat and chemical energy, with 

the percentages shown in Figure 4-12. Reactions with high ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 and fast reaction rates (e.g., 

CaCO3 reaction) have higher fraction of chemical energy storage. This leads to higher bed storage 

density (i.e., smaller reactor) at a penalty of higher cooling duty and compression power for gas 

storage since more C is generated.  

 
Figure 4-11. Cost distribution of (A) plant LCOE and (B) thermal energy storage. 

 
Figure 4-12. Daily energy flows in CSP plants (weighted average of six scenarios). The four plant 
components are shown as blocks with their energy efficiency and capital costs. Assuming no heat loss to 
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ambient and full gas cooling heat recovery, the storage efficiency is 100% for all cases and thus not shown 
inside the storage block. Instead, the percentages of sensible heat and chemical energy storage are shown. 

Operational analysis To better understand the plant operation under different solar irradiance 

conditions, we show the daytime and nighttime power generation in six scenarios in Figure 4-13. 

Scenarios 1-6 are ranked from low to high irradiance (see Table 3-1). Both plants maintain 24-

hour full-load operation in scenario 6. The CaCO3 TCES system has larger capacity and supports 

full-load operation in scenario 5 as well. In scenarios 2-4, the plant generates power during the day 

but only during a part of the night. In scenario 1, the solar input is too low to support full-time 

operation during the day and no power is generated during the night.  

Furthermore, operating at full-load for part of the night is preferred over operating at part-load 

during the entire night. This is because part-load operation leads to a reduction in power cycle 

efficiency and thus the total produced power. The proposed model can be extended to use other 

objective functions (e.g., profit) and account for time-varying value of electricity.  

Figure 4-13 also shows the normalized bed capacity 𝜃𝜃 in different scenarios. While the bed storage 

capacity is a design variable which is fixed across scenarios, 𝜃𝜃 are smaller in scenarios with longer 

nighttime power generation hours. Based on this analysis, we derive some general insights into the 

sizing of TCES fixed-bed reactors. If the reactor is relatively expensive (e.g., Mn2O3 reactor), then 

the optimal 𝜃𝜃 is around 0.5 in high-irradiance scenarios (5 and 6), and if the reactor is relatively 

cheap (e.g., CaCO3 reactor), then the optimal 𝜃𝜃 in these scenarios is around 1. 
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Figure 4-13. Daytime and nighttime power generation hours in six scenarios (A: Mn2O3 TCES, B: CaCO3 
TCES).   

4.5 Discussion 

4.5.1 Sensitivity analysis  

To understand how various process parameters affect system performance, we perform sensitivity 

analyses for all three TCES cases (see Figure 4-14). First, we consider solar irradiance, which 

plays an important role by directly affecting the size of the solar field. A 10% decrease of solar 

irradiance in all scenarios results in an increase in the LCOE increases by 4% in all cases.  

We then study the impacts of the prices of reactor, storage material, and gas C sensible heat storage 

unit. LCOE is most sensitive to the reactor cost, which is the main contributor to the storage cost 

(see Figure 4-11B). This high reactor cost is expected to decrease as the maturity of microchannel 

heat exchangers/reactors increases. If reactor costs decrease by 50%, the LCOE of CSP plants with 

Mn2O3 and CaCO3 TCES will become 12.3 and 12.2 ₵/kWh, respectively, which is more than 1 

₵/kWh lower than the LCOE of CSP plants with two-tank storage. For Mn2O3 TCES, where the 

storage material is relatively expensive (see Table 4-1), the material price has a moderate impact 

on LCOE. The gas C heat storage price has the highest impact on Ca(OH)2 TCES, where large 

amount of heat is released during H2O condensation.  
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Finally, beyond TCES, improving collector, receiver and power cycle efficiency has been a long-

term goal of CSP research. Our analysis shows that 5% increases in one of these three efficiencies 

could lead to a 3-8% decrease in LCOE. Power cycle efficiency typically has higher impact on 

LCOE than receiver and collector efficiency because its improvement benefits all upstream 

components.    

 
Figure 4-14. Sensitivity of LCOE with respect to different process parameters.  

4.5.2 Reaction properties 

We summarize how reaction properties affect storage costs and energy efficiencies in Table 4-5. 

The first key reaction property is 𝑇𝑇𝑒𝑒𝑒𝑒, which determines the operating temperatures of the receiver 

and turbine as well as their efficiencies 𝜂𝜂𝑝𝑝 and 𝜂𝜂𝑟𝑟. In the range of 700-1473K, increasing 𝑇𝑇𝑒𝑒𝑒𝑒 leads 

to an increase in (𝜂𝜂𝑝𝑝 ∙ 𝜂𝜂𝑟𝑟) and thus higher overall plant efficiency 𝜂𝜂𝑠𝑠−𝑒𝑒. However, since gas C 

needs to be cooled down from 𝑇𝑇𝑒𝑒𝑒𝑒 to storage temperature, an increase in 𝑇𝑇𝑒𝑒𝑒𝑒 also results in larger 

sensible heat storage unit (i.e., higher gas storage cost).  

The second property is reaction kinetics (i.e., 𝑘𝑘0, 𝐸𝐸𝐸𝐸), which determines the reaction rate. Faster 

reactions lead to higher bed conversion 𝜒𝜒 , higher bed storage density and thus smaller bed. 

However, since more energy is stored as chemical energy, more gas C is generated and stored, 

resulting in an increase in the gas storage cost. 

11.5 11.9 12.3 12.7 13.1 13.5 13.913.7 14.1 14.5 14.9 15.3 15.7 16.112.1 12.5 12.9 13.3 13.7 14.1 14.5

LCOE (₵/kWh) LCOE (₵/kWh) LCOE (₵/kWh)

Solar irradiance  (-10%, +10%)
Reactor price (-50%, +50%)

Material price (-50%, +50%)
Gas heat storage price (-50%, +50%)

Collector efficiency (-0.05, +0.05)
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Higher reaction enthalpy (∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟)  or solid heat capacity (𝐶𝐶𝐶𝐶𝐴𝐴 ) means that more reaction or 

sensible heat can be stored using the same amount of storage materials. This leads to a smaller bed 

and reductions in all three types of storage costs. Increasing the gas heat capacity 

(𝐶𝐶𝐶𝐶𝐶𝐶)/stoichiometric coefficient of C (𝜈𝜈𝐶𝐶) would increase the gas heat storage demand/the amount 

of C generated, both leading to a higher gas storage cost. 

Next, high solid conductivity (𝑘𝑘𝐴𝐴) means high heat transfer effectiveness (𝜅𝜅) and hence more 

efficient power generation (i.e., high 𝜂𝜂𝑝𝑝), as suggested by the correlation between 𝜅𝜅 and 𝛾𝛾 (see 

Figure 4-10A). Also, with high 𝑘𝑘𝐴𝐴, larger distance between tubes and less fins are needed, leading 

to a reduction in reactor cost. Finally, lower material price reduces the material cost but its effect 

on overall LCOE may be limited, as indicated in the sensitivity analysis (see Figure 4-14). 

Table 4-5. The effects of reaction properties on storage cost and energy efficiency. a

 Reaction property 
TCES storage cost Energy efficiency 

Reactor Gas/Liquid 
storage 

Storage 
material 𝜂𝜂𝑟𝑟 𝜂𝜂𝑝𝑝 

Equilibrium temperature (𝑇𝑇𝑒𝑒𝑒𝑒) 0 − 0 − + 
Kinetics (𝑘𝑘0, −𝐸𝐸𝐸𝐸) + − + 0 0 

Reaction enthalpy (∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟) + + + 0 0 
Solid heat capacity (𝐶𝐶𝐶𝐶𝐴𝐴) + + + 0 0 
Gas heat capacity (𝐶𝐶𝐶𝐶𝐶𝐶) 0 − 0 0 0 

Stoichiometric coefficient of C (𝜈𝜈𝐶𝐶) 0 − 0 0 0 
Solid conductivity (𝑘𝑘𝐴𝐴) + 0 0 0 + 

Material price 0 0 − 0 0 

a.  +  suggests that increasing the specific reaction property is beneficial to the process 
performance (i.e., reduction in cost or increase in energy efficiency); − suggests that increasing 
this reaction property is detrimental to the process performance (i.e., increase in cost or decrease 
in energy efficiency); and 0 suggests that the reaction property has no significant effect on the 
performance. 

4.6 Conclusion 

In this work, we developed models to simultaneously optimize the design and operation of CSP-

TCES systems and provided a high-level analysis for three types (redox, hydroxide, and carbonate) 
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of solid-gas TCES chemistries. Results show that CSP employing 6Mn2O3 ↔ 4Mn3O4 + O2 

TCES has the highest solar-to-electricity energy efficiency and CSP with CaCO3 ↔ CaO + CO2 

TCES has the greatest LCOE reduction potential over two-tank molten salt storage.  

The fixed-bed reactor is identified as the major cost driver because of the ultra-small tube diameter 

(i.e., large heat exchange area) required for efficient heat transfer between fluids and the fixed bed. 

This cost can be potentially reduced by advances in microchannel heat exchanger/reactor 

technologies. Gas reactant storage, including sensible heat storage units, gas storage vessels, as 

well as compressors and turbines, is identified as the second cost driver.  

Finally, we evaluated the impacts of key process parameters and reaction properties. Ideal reaction 

candidates for TCES should have the following characteristics, ranked from high to low 

importance: high 𝑇𝑇𝑒𝑒𝑒𝑒, large ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟, fast kinetics and low material price. By providing insights for 

fixed-bed reactor design, evaluating performance of integrated CSP plants, and identifying key 

areas for future research, we hope that our study will help accelerate TCES development and solar 

power deployment.  
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Chapter 5  
Optimization and System Analysis of Solid-gas TCES 

Strategies5  

5.1 Introduction 

While considerable work has been done in reaction selection, there are limited system-level studies 

for CSP integrated with solid-gas TCES systems (hereinafter referred to as "CSP-TCES" systems). 

As a result, it remains unclear what is the best process configuration for CSP-TCES systems. 

Accordingly, the goal of this work is to study the system performance of different TCES strategies 

using an optimization-based process model. Specifically, we determine (1) what are the potential 

solid-gas TCES process configurations, (2) how a specific combination of reaction and process 

configuration impacts the CSP-TCES performance under seasonal variability, and (3) given the 

properties of a reversible reaction, how to select the optimal configuration for this reaction. 

The remaining of this chapter is structured as follows. In Section 5.2, we identify four key process 

characteristics and propose six process configurations. In Section 5.3, we present process 

flowsheets for the proposed configurations and an optimization-based process model used for our 

analyses. In Section 5.4, we present the results for all TCES strategies, including their optimal 

design, energy efficiency, and cost. Finally, in Section 5.5, we analyze the impacts of key reaction 

and process properties. 

                                                 
5 The contents of this chapter appear in Peng, Yao, Root and Maravelias, Energy Environ. Sci. submitted 
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5.2 TCES process and strategy 

5.2.1 TCES process characteristics 

Figure 5-1 shows a CSP plant which comprises of four components: the solar field (i.e., collector), 

receiver, TCES system and power cycle. During the day, the collector focuses sunlight onto a 

receiver, where photons are absorbed and converted into heat. Part of the heat is delivered to the 

power block for power generation while the other part is converted to chemical energy and stored 

in TCES for night use. The key units of a TCES system are two reactors: R1, where the solar heat 

drives an endothermic reaction ( A (s) → B (s) + C (g)); and R2, where the reverse exothermic 

reaction takes place and heats up the power cycle working fluid (WF). To systematically describe 

a TCES system and its integration within a CSP plant, we identify four key process characteristics, 

which are further discussed in the following subsections. 

 
Figure 5-1. Schematic diagram of a CSP plant with solid-gas TCES system. 

Solar irradiation on R1 

Reactor R1 can be directly or indirectly irradiated. Directly irradiated R1 have concentrated 

sunlight incident upon the reactants, while reactants in indirect irradiated R1 are not exposed to 

solar irradiation. Instead, a heat transfer fluid (HTF) is heated in the solar receiver and then 
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transfers the heat to R1. Requiring the HTF between the receiver and reactor, indirect irradiated 

R1 has more heat-transfer resistance than direct irradiated R1 but maintains a more uniform 

temperature distribution and minimizes the thermal shocks inside the reactor chamber.85 

Heat transfer between R2 and power cycle 

Two options are available for the heat exchange between reactor R2 and the WF. The reactor, 

where its reactants have direct contact with the WF, is referred to as “direct R2”; and the reactor, 

where reactants have indirect contact with the WF (e.g., using a shell-and-tube heat exchanger), is 

referred to as “indirect R2”. Although indirect R2 may have slower mass and heat transfer than 

direct R2, it has the following advantages: 

(1) Indirect R2 is compatible with all types of HTF/WF (e.g., liquid) while direct R2 can only 

employ reactant gas C as both HTF and WF. 

(2) By maintaining the physical separation between reactants and the WF, the R2 and power cycle 

can operate at different pressures. This is important because the solid-gas reactions typically 

take place at low pressure (~1 bar) while the WF is at high pressure (200-300 bar).  

(3) Indirect contact reduces the risks of introducing impurities (e.g., solid reactants) in the WF and 

thus leads to safer turbine operation. 

In summary, indirect R2 can be more readily integrated in a CSP-TCES facility and is therefore 

selected in this study. 

Reactor operating mode  

Reactors R1 and R2 can be continuous or fixed-bed reactors. Continuous reactors (e.g., moving 

beds, fluidized beds) operate at a steady state with reactants flowing in and products flowing out. 

The particle movement leads to a more uniform temperature distribution and enhances heat and 
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mass transfer.56 On the other hand, fixed-bed reactors operate at a cyclic batch mode with solid 

reactants packed inside and HTF/WF going through the bed. During charging, the reaction zone 

and temperature front move forward with the continuous supply of hot HTF. During discharging, 

the directions of the cold WF and hence the temperature front are reversed. The fixed-bed reactor 

is the most experimentally tested reactor type because it is easy to design and operate. 

Gas storage  

The configuration of a TCES system can have a closed-loop or open-loop structure, depending on 

whether the gas phase reactant C is stored in a vessel or directly emitted from R1. In this study, 

we use the closed-loop structure for carbonate (C = CO2) and hydroxide (C = H2O) systems, and 

the open-loop structure for redox (C = O2) systems. Using atmospheric air as the source of oxygen 

for R2, open-loop configurations have no need for pressure vessels and compression for gas 

storage, which are the main cost and energy drivers for fluid-phase TCES systems.168 

5.2.2 TCES strategy  

In the previous subsection, we introduced two options for each of the four process characteristics: 

direct/indirect irradiated R1 (DR1/IR1), direct/indirect R2 (DR2/IR2), continuous/fixed-bed 

reactor (CON/FIX), and closed-loop/ open-loop structure (CL/OL). A process configuration is the 

outcome of four option selections. For example, the process in Figure 5-1 is based on the selection 

of IR1, IR2, CON and CL. Figure 5-2 shows the six out of 24 configurations selected in this study. 

The other configurations are not selected because (1) only indirect R2 is selected and (2) fixed-

bed reactors, which require HTF flowing through, can only use indirect R1.  
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A TCES strategy is defined as a combination of a reversible reaction and a process configuration. 

Based on the review in Section 1.3.1, we select one representative reaction from each reaction 

type (see  

Table 5-1). TCES systems based on CaCO3/CaO and Ca(OH)2/CaO reactions employ three 

configurations with a closed-loop structure, while those based on Mn2O3/Mn3O4 reaction employ 

the other three configurations with an open-loop structure, leading to nine strategies in total (see 

Figure 5-2). 

  
Figure 5-2. TCES strategies as combinations of configurations and reactions. Each orange circle represents 
a process characteristic, which branches into its two possible options. Since only indirect R2 is selected, 
each process configuration is described by the other three process characteristics connected with dashed 
lines. 

Table 5-1. Selected reactions and their key properties. 

Type A(s) ↔  B(s)+ C(g) 𝑇𝑇𝑒𝑒𝑒𝑒* (℃) ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 (kJ/kg A) 
Carbonate CaCO3 ↔ CaO + CO2 895 1779 
Hydroxide Ca(OH)2 ↔ CaO + H2O  505 1409 

Redox 6Mn2O3 ↔ 4Mn3O4 + O2 821 202 

*𝑇𝑇𝑒𝑒𝑒𝑒 is the reaction equilibrium temperature at gas pressure of 1 bar. For redox reactions, 
O2 partial pressure in air is 0.21 bar. ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 is the reaction enthalpy. 
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5.3 Process modeling  

5.3.1 Process flowsheets of CSP-TCES  

We generate process flowsheets for the six selected CSP-TCES system configurations (see Figure 

5-3). Unlike traditional chemical plants, CSP plants operate in two modes (i.e., day and night). 

Some units, such as reactor R1, operate only during the day; while some units, such as reactor R2, 

run during both day and night but could be operated under different conditions. To guarantee 

operational feasibility, all units are designed at the maximum required size over daily and seasonal 

variability in solar irradiance. 

To attain high HTF temperature and power block efficiency, all configurations use s-CO2 as HTF 

and WF, and s-CO2 Brayton cycle for power generation (see Section 4.2.2). The TCES systems 

have five types of units, classified based on the tasks they perform (shown with different colors in 

Figure 5-3). The main differences between configurations are the following: 

(1) DR1 vs IR1: Direct irradiated R1 is located at the top of a tower and a lifting conveyor is 

required to transport reactant A from solid storage tank A to R1. Indirect R1, where reaction 

heat is provided by HTF, can be placed on the ground. Also, for indirect R1, HTF delivers heat 

to WF during the day and R2 delivers heat only during the night. Thus, endothermic and 

exothermic reactions can take place alternately during day and night in the same reactor. 

(2) CON vs FIX: Continuous reactors are typically smaller than fixed-bed reactors, where all solid 

reactants are packed inside the bed. However, continuous reactors require extra solid storage 

vessels for both A and B as well as conveyors for solid transportation between reactors and 

tanks. 



109 
 

(3) CL vs OL: In an open-loop structure, no gas storage vessel is needed while in a closed-loop 

structure, H2O and CO2 are stored in water vessels (1 bar, 25℃) and CO2 vessels (75 bar, 25℃), 

respectively. Carbonate TCES also requires a compressor for storage charging and a turbine 

for power generation via CO2 expansion during discharging. The endothermic reaction in R1 

typically occurs at high temperature but C is expected to be stored or emitted at low 

temperature to reduce the storage volume or heat loss. Thus, heat released during gas cooling 

is stored in a sensible heat storage unit and reused to preheat C during the night. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
Figure 5-3. Process flowsheets of different CSP-TCES process configurations. 

5.3.2 Optimization model 

Peng et al. developed a general process model for CSP plant with fluid-phase TCES systems168 

and an optimization-based framework for process synthesis under seasonal and daily variability196. 

Building upon these two works, we develop an optimization model (as shown in Figure 5-4) for 
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the design of CSP plants with solid-gas TCES systems. The complete list of parameters, variables 

and equations is given in the Appendix A4.3.  

The first type of input is the TCES strategy. For the selected reaction, its material properties (e.g., 

material cost, density, specific heat capacity) and reaction characteristics (e.g., reaction enthalpy, 

kinetics) are given as parameters. For the selected process configuration, its flowsheet serves as a 

basis for expressing mass and energy balances as well as operational constraints. The other inputs 

include plant specifications (e.g., plant location and nameplate capacity), weather data and cost 

assumptions. In this study, all TCES strategies are implemented in a 100 MW CSP plant with 

power tower configuration. Daggett in southern California (34.87°N,116.78°W) is selected as the 

plant location and its weather data is obtained from the National Solar Radiation Data Base.194 To 

consider the seasonal variability in solar irradiance, we generate six representative scenarios (i.e., 

days) from the annual data using centroid clustering algorithm196. The sun hours, solar irradiance 

and occurrence frequency of each scenario are provided in Table 3-1. 

The main constraints of the model arise from the physical model of plant components, unit mass 

and energy balances, as well as equipment sizing and costing calculations. The objective is to 

minimize the overall levelized cost of electricity (LCOE), though a different objective can be 

readily used. The optimization model is a nonlinear programming (NLP) model, formulated in 

GAMS (28.1.0) and solved using global optimization solver BARON (19.7.13)197. By solving the 

model, we obtain the design decisions (e.g., collector area and all equipment sizes) and scenario-

specific operational decisions (e.g., storage hours, flow rates, unit operating temperatures and 

pressures) that yield the minimum LCOE. 
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Figure 5-4. Overview of the optimization-based CSP-TCES process model. 

5.4 Results 

The proposed model is used to optimize the design and operation of CSP plants with the nine solid-

gas TCES strategies. For each strategy, we present its optimal design and the corresponding LCOE 

and energy efficiency. We also compare their performance against commercially developed CSP 

plants which employ two-tank molten salt storage. 

5.4.1 Energetic analysis 

The primary energetic metric we use is the overall solar-to-electricity efficiency (𝜂𝜂𝑠𝑠−𝑒𝑒), defined 

as the ratio of net electricity output to solar energy input. It depends on block efficiencies of the 

four plant components. As shown in Figure 5-5, receiver efficiency (𝜂𝜂𝑟𝑟) decreases with increasing 

receiver temperature (𝑇𝑇𝑟𝑟), and power cycle efficiency (𝜂𝜂𝑝𝑝) increases with increasing turbine inlet 

temperature (𝑇𝑇𝑝𝑝). The heat transfer process of the TCES system is illustrated in Figure 5-6. During 
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the day, reactant A is heated up and then converted to B in R1 by absorbing the heat from HTF; 

during the night, B is cooled down and converted back to A in R2 by releasing heat to WF. Heat 

is stored in the form of both chemical and sensible energy. We impose modeling constraints to 

prevent the violation of the second law of thermodynamics during heat transfer (details see 

Appendix A4.2). Figure 5-6 shows the relation between operating temperatures, 

 𝑇𝑇𝑟𝑟 = 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻 > 𝑇𝑇𝑅𝑅1 > 𝑇𝑇𝑒𝑒𝑒𝑒 > 𝑇𝑇𝑅𝑅2      (5-1) 

where 𝑇𝑇𝑅𝑅1 and 𝑇𝑇𝑅𝑅2 are the endothermic and exothermic reaction temperatures. 𝑇𝑇𝑝𝑝 lies between 

𝑇𝑇𝑅𝑅1 and 𝑇𝑇𝑅𝑅2 and moves towards 𝑇𝑇𝑅𝑅2 as the fraction of chemical energy storage increases. Since  

𝑇𝑇𝑟𝑟 is always higher than 𝑇𝑇𝑝𝑝, it is impossible to have both low 𝑇𝑇𝑟𝑟 (i.e., high 𝜂𝜂𝑟𝑟) and high 𝑇𝑇𝑝𝑝 (i.e., 

high 𝜂𝜂𝑝𝑝 ). Figure 5-5 shows how 𝜂𝜂𝑟𝑟 ⋅ 𝜂𝜂𝑝𝑝  changes with 𝑇𝑇𝑟𝑟  at two different 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑝𝑝  (0℃  and 

100℃). In general, CSP plants that have high 𝜂𝜂𝑠𝑠−𝑒𝑒 need to satisfy two conditions:  

• Condition 1: have 𝑇𝑇𝑟𝑟 as high as possible in the range of 500-1200 ℃. 

• Condition 2: have small exergy losses during heat transfer (i.e., small 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑝𝑝). 

 
Figure 5-5. Receiver (orange) and power cycle efficiency (blue) as a function of temperature. 
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Figure 5-6. Temperature-enthalpy diagram of heat transfer between HTF and R1 during the day (solid 
lines), and between WF and R2 during the night (dashed lines).  

For each TCES strategy, its key operating temperatures and energy efficiencies are shown in Table 

5-2 and the corresponding detailed energy flows are shown in Figure 5-7. Table 5-2 shows that 

CSP with CaCO3 or Mn2O3TCES have higher 𝜂𝜂𝑠𝑠−𝑒𝑒 than that with two-tank storage or Ca(OH)2 

TCES. Also, importantly, the configurations that have the highest 𝜂𝜂𝑠𝑠−𝑒𝑒 are different for the three 

representative reactions (e.g., DR1-CON-CL for CaCO3 and IR1-FIX-OL for Mn2O3). Based on 

the two conditions for high 𝜂𝜂𝑠𝑠−𝑒𝑒, we can investigate the impact of two reaction properties and two 

process characteristics on 𝜂𝜂𝑠𝑠−𝑒𝑒: 

(1) Reaction equilibrium temperature (𝑇𝑇𝑒𝑒𝑒𝑒): In order to have a small 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑝𝑝  (Condition 2), 

operating temperatures 𝑇𝑇𝑟𝑟 ,𝑇𝑇𝑅𝑅1,𝑇𝑇𝑅𝑅2, and 𝑇𝑇𝑝𝑝 should all be in the neighborhood of 𝑇𝑇𝑒𝑒𝑒𝑒 (see eqn 

(5-1)). Then based on Condition 1, a high 𝑇𝑇𝑒𝑒𝑒𝑒 tends to result in a high 𝜂𝜂𝑠𝑠−𝑒𝑒. 𝑇𝑇𝑒𝑒𝑒𝑒 of the three 

reactions are CaCO3(895℃) > Mn2O3(821℃) > Ca(OH)2(505℃) , which explains their 

ranks in terms of 𝜂𝜂𝑠𝑠−𝑒𝑒.  

(2) Reaction kinetics: TCES reactions should be fast to enable rapid heat absorbing from HTF and 

heat releasing to WF, as well as short reactor residence time (i.e., small reactors). The reaction 

rate depends on both the reaction rate constant and the thermodynamic driving force (i.e., 
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𝑇𝑇𝑅𝑅1 − 𝑇𝑇𝑒𝑒𝑒𝑒  for endothermic reaction and 𝑇𝑇𝑒𝑒𝑒𝑒−𝑇𝑇𝑅𝑅2 for exothermic reaction). To achieve the 

same reaction rate, reactions with larger rate constants need smaller 𝑇𝑇𝑅𝑅1−𝑇𝑇𝑅𝑅2 and thus have 

higher 𝜂𝜂𝑠𝑠−𝑒𝑒 based on Condition 2. The ranking of the three reactions in terms of rate constant 

is  CaCO3 > Ca(OH)2 > Mn2O3 . The detailed kinetic and reactor models are provided in 

Appendix A3.1 and A4.2.  

(3) DR1 vs IR1: Compared to directly irradiated R1 (𝑇𝑇𝑟𝑟 = 𝑇𝑇𝑅𝑅1), indirect irradiated R1 has one 

more heat transfer between HTF and R1 (𝑇𝑇𝑟𝑟 = 𝑇𝑇𝐻𝐻𝐻𝐻𝐹𝐹 > 𝑇𝑇𝑅𝑅1), which may lead to a larger 𝑇𝑇𝑟𝑟 −

𝑇𝑇𝑝𝑝. However, IR1 has the advantage, over DR1, that its HTF directly delivers heat to WF 

during the day, leading to a small 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑝𝑝 (10℃) and high 𝜂𝜂𝑝𝑝. Thus, IR1 is better suitable for 

slow reactions (e.g., Ca(OH)2), whose efficiency is limited by large thermal dynamic driving 

force.  

(4) CON vs FIX: For each strategy, the fractions of chemical and sensible energy storage in TCES 

are shown in Figure 5-7. Compared to continuous reactors, fixed-bed reactors have lower 

fraction of chemical energy storage because only a small fraction of the bed reaches the 

equilibrium temperature and reacts. Less chemical energy storage in FIX means 𝑇𝑇𝑝𝑝 is closer 

to 𝑇𝑇𝑅𝑅1, resulting in a higher 𝑇𝑇𝑝𝑝 and smaller 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑝𝑝. However, the cyclic batch operation of 

fixed-bed reactors has a disadvantage that the bed and WF temperatures, as well as 𝜂𝜂𝑝𝑝, all 

decrease during discharging (see Table 5-2). In summary, FIX is more advantageous for slow 

reactions with large 𝑇𝑇𝑅𝑅1−𝑇𝑇𝑅𝑅2 requirement so the elevation in 𝑇𝑇𝑝𝑝 outweighs its decrease during 

discharging. 
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Table 5-2. Operating conditions and energy efficiencies of different strategies. 

Storage system 𝑇𝑇𝑟𝑟(℃) 𝑇𝑇𝑅𝑅2 
(℃) 

𝑇𝑇𝑝𝑝(℃) 𝜂𝜂𝑟𝑟 𝜂𝜂𝑝𝑝��� ∗ 𝜂𝜂𝑠𝑠−𝑒𝑒 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻 𝑇𝑇𝑅𝑅1 Day Night 
Two-tank 565 - - 565 565 0.92 0.41 0.197 

CaCO3 + DR1-CON-CL - 921 884 880 880 0.85 0.51 0.226 
CaCO3 + IR1-CON-CL 990 912 884 980 879 0.83 0.52 0.225 
CaCO3 + IR1-FIX-CL 1100 Bed: 456-1097 1100 615-1100  0.54 0.219 

Ca(OH)2 + DR1-CON-CL - 793 495 527 527 0.88 0.38 0.174 
Ca(OH)2 + IR1-CON-CL 940 878 495 930 536 0.84 0.44 0.192 
Ca(OH)2 + IR1-FIX-CL 650 Bed: 118-650 650 261-650  0.40 0.190 
Mn2O3 + DR1-CON-OL - 1088 789 919 919 0.79 0.52 0.210 
Mn2O3 + IR1-CON-OL 1112 1072 745 1102 875 0.78 0.53 0.216 
Mn2O3 + IR1-FIX-OL 1000 Bed: 552-1000 1000 769-1000  0.51 0.221 

  * 𝜂𝜂𝑝𝑝��� is the energy weighted average of daytime and nighttime power cycle efficiency. 
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Figure 5-7. Daily energy flows in CSP plants (weighted average of six scenarios). The four plant 
components are shown as blocks with their energy efficiency and capital costs. A constant collector 
efficiency (𝜂𝜂𝑐𝑐) of 0.6 is assumed.  Assuming no heat loss to ambient and full gas cooling heat recovery, 
the storage efficiency is 100% for all strategies and thus not shown inside the storage block. Instead, the 
percentages of sensible and chemical energy storage are shown. 
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5.4.2 Economic analysis  

Levelized cost of electricity (LCOE) is used as the primary economic metric and optimization 

objective for the design of all CSP plants with TCES. LCOE is defined as follows, 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = (𝑇𝑇𝑇𝑇𝑇𝑇 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂)/(365 ∙ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒)      (5-2) 

where TIC, the total installed cost, includes direct and indirect capital costs of the collector, 

receiver, turbine and all units in the TCES system; CRF is the capital recovery factor used to 

calculate the annual capital cost. Assuming a 9% interest rate and 30 years plant operation, CRF 

is 0.1; and OPEX is the annual operation and maintenance cost. The cost assumptions are given in 

Table 5-3. 

Table 5-3. Major cost assumptions.  
Item Price 

 
Equipment 

cost 

Collector 200 $/m2 
Receiver 175 $/kWt 
Turbine 1200 $/kW 

Sensible storage 30 $/kWht 
Fluidized bed  reactor 5000 $/m3 

Fixed bed reactor 500 $/m3 
Solid storage 1800 $/m3 

Water or liquid CO2 storage 100 $/m3 
Heat exchanger 100 $/m2 

Conveyor 1000 $/kW 
Compressor 1000 $/kW 

Pump 200 $/kW 

Material 
cost 

CaCO3 100 $/ton 
Ca(OH)2 150 $/ton 
Mn2O3 1000 $/ton 

Direct capital cost = Total equipment cost + Material cost + Contingency cost 
Contingency cost = 7% of total equipment cost 

Total installed cost (TIC) = Direct capital cost + Indirect capital cost 
Operation cost (OPEX) 

Fixed operation cost 65 $/kW/y 
Variable operation cost 3.5 $/MWh 
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The optimal LCOEs of all cases are shown in Figure 5-8. Notably, seven out of the nine TCES 

systems lead to 0.1–1.5 ₵/kWh LCOE reductions compared to CSP plants with two-tank storage. 

CSP plants with CaCO3 and Mn2O3 TCES systems have lower LCOE than those with Ca(OH)2 

systems. This is mainly because CaCO3  and Mn2O3  TCES systems result in higher 𝜂𝜂𝑠𝑠−𝑒𝑒  (see 

Table 5-2) and thus require less input energy (i.e., smaller solar field and receiver) to produce the 

same amount of electricity.  

The detailed cost distributions for the storage system are shown in Figure 5-9. The storage costs 

range from 21–42 $/kWh. Configuration IR1-FIX has significantly higher TCES cost than DR1-

CON and IR1-CON because fixed-bed reactors are more expensive than continuous reactors due 

to: (1) large reactor volume because all solid reactants packed in the bed, and (2) large heat 

exchange area to ensure efficient heat transfer between fluids and the fixed bed (see Chapter 4).   

For configurations employing continuous reactors, the main cost drivers are different for the three 

reactions. In CaCO3 TCES systems, the compressor for CO2 storage and the turbine for electricity 

generation during CO2 expansion account for 60% of the TCES cost since CO2 is stored at 75 bar. 

In Ca(OH)2 TCES systems, the sensible heat storage unit is the main cost driver because a large 

amount of heat needs to be stored during the cooling process of H2O where phase change occurs. 

Mn2O3 TCES systems with open-loop configurations, have lower costs associated with gas storage 

but higher solid storage costs. More solid reactants are needed in Mn2O3 TCES because ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 of 

the Mn2O3  reaction (202 kJ/kg) is significantly lower than Ca(OH)2 (1409 kJ/kg) and CaCO3 

(1779 kJ/kg) reactions. In two-tank TES, storage material (molten salt) is the main cost driver, 

while in TCES systems, material costs are significantly lower, especially for Ca(OH)2 and CaCO3 

TCES, due to their low material price and high storage density. 
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Figure 5-8. LCOE distribution of CSP plants with two-tank or thermochemical storage. 

 
Figure 5-9. Cost distribution of thermal energy storage systems. 
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of the sphere indicates the reaction type and its size is proportional to the total volume needed to 

store 1 kWh heat, including volumes of reactors, gas and solid storage vessels. A smaller sphere 

size means the storage system has higher volumetric energy storage density. Figure 5-10 shows 

that all six CaCO3 and Mn2O3 TCES strategies exhibit superiority over today’s two-tank molten 

salt storage system. In particular, CaCO3 +IR1/DR1-CON-OL and Mn2O3+IR1-CON-OL are 

identified as the most promising strategies. 

 
Figure 5-10. LCOE and 𝜂𝜂𝑠𝑠−𝑒𝑒 of CSP plants with two-tank storage or TCES. The sphere colors indicate the 
reaction type. The volume of the spheres represents the storage volume needed to store 1 kWh heat. 
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systems, which suffer from high sensible heat storage unit cost and high compression cost 

respectively, have the medium and highest gas storage costs.  

Faster reactions can not only reduce reactor costs because of shorter reactor residence time, but 

also improve 𝜂𝜂𝑠𝑠−𝑒𝑒  due to smaller thermodynamic driving force (i.e., 𝑇𝑇𝑅𝑅1 − 𝑇𝑇𝑒𝑒𝑒𝑒  and 𝑇𝑇𝑒𝑒𝑒𝑒−𝑇𝑇𝑅𝑅2). 

Higher reaction enthalpy (∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟) or solid heat capacity (𝐶𝐶𝐶𝐶𝐴𝐴 ) means that more chemical or 

sensible heat can be stored using the same amount of storage materials, leading to reductions in 

storage materials and storage costs. In the meantime, increasing ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 or decreasing 𝐶𝐶𝐶𝐶𝐴𝐴 has a 

negative impact on 𝜂𝜂𝑠𝑠−𝑒𝑒 since 𝑇𝑇𝑝𝑝 decreases as the fraction of chemical energy storage increases 

(see Figure 5-6). Material price has a limited effect on storage cost since feedstock cost is not the 

main cost driver (see Figure 5-9). 

Finally, we use a decision matrix to evaluate the three reactions (see Table 5-4). We first assign 

weights to each reaction property based on its effects on costs and 𝜂𝜂𝑠𝑠−𝑒𝑒 . We then score each 

property from 1 (poor) to 3 (good) and calculate the weighted sum of scores for each reaction. As 

a result, CaCO3 reaction achieves the highest score, followed by Mn2O3 and Ca(OH)2 reactions. 

This result is consistent with our energetic and economic analyses (see Figure 5-10). This simple 

decision matrix can serve as an efficient tool for preliminary screening on TCES reactions. After 

several promising candidates are selected, system-level analyses can be further conducted to 

evaluate their detailed performance.  
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Table 5-4. Effects of reaction properties on CSP performance and decision matrix for three reactions.  
TCES cost a 𝜂𝜂𝑠𝑠−𝑒𝑒a Reaction properties Weight CaCO3

 b Ca(OH)2
 b Mn2O3

b 
0 + + + Equilibrium temperature (𝑇𝑇𝑒𝑒𝑒𝑒) 5 3 1 2 

+ + 0 Gas C type (boiling point) 4 1 2 3 
+ + + Kinetics (rate constant) 2 3 2 1 

+ + − Reaction enthalpy (∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟) 1 3 2 1 
+ + Solid heat capacity (𝐶𝐶𝐶𝐶𝐴𝐴) 1 2 3 1 
− 0 Material price 0.5 3 2 1 
  Total weighted score 31.5 23 26.5 

a. +  suggests that increasing the specific reaction property is beneficial to the process 
performance (i.e., reduction in cost or increase in energy efficiency); −  suggests that 
increasing this reaction property is detrimental to the process performance (i.e., increase in 
cost or decrease in energy efficiency); and 0 suggests that the reaction property has no 
significant effect on the performance. 

b. Each reaction is scored for each reaction property from 1 (poor) to 3 (good) 
 

5.5.3 Process configurations 

Finally, we summarize four general findings for the selection of TCES process configurations: 

(1) Configuration IR1-CON leads to the lowest LCOE for all three reactions. IR1-CON has better 

economic performance than DR1-CON and IR1-FIX for two reasons. First, HTF directly 

exchanges heat with WF during the day, which reduces 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑝𝑝  and enables high 𝜂𝜂𝑠𝑠−𝑒𝑒 . 

Second, only one continuous reactor is needed (i.e., R1 and R2 take place alternately in the 

same equipment), resulting in low reactor costs.  

(2) The superiority of IR1 over DR1 decreases if the reaction has fast kinetics (i.e., small 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑝𝑝) 

or high 𝑇𝑇𝑒𝑒𝑒𝑒 (i.e., high 𝑇𝑇𝑝𝑝). As illustrated in this study, the difference in performance between 

DR1-CON and IR1-CON is significant for Ca(OH)2 reaction, which has slow kinetics and low 

𝑇𝑇𝑒𝑒𝑒𝑒, but is not obvious for Mn2O3 and CaCO3 reactions. 

(3) Compared to continuous reactors, fixed-bed reactors are significantly more expensive due to 

their large volume and heat exchange areas. Fixed beds will be more attractive if the reactor 

costs can be reduced by advances in microchannel heat exchanger/reactor technologies. 
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(4) For redox reactions, open-loop configurations are better than closed-loop ones by eliminating 

the gas storage tanks.  

5.6 Conclusion 

In this work, we provided a system-level analysis for nine solid-gas TCES strategies, which are 

the combinations of three chemistries (carbonate, hydroxide, and redox reactions) and six process 

configurations. The performance of these strategies was evaluated using a proposed process model, 

which optimizes the design of CSP-TCES systems under seasonal variability.  

Results show that six out of the nine strategies have both higher 𝜂𝜂𝑠𝑠−𝑒𝑒 and lower LCOE than two-

tank storage. In particular, CaCO3+IR1/DR1-CON-CL and Mn2O3+IR1-CON-OL are identified 

as the most promising strategies. We also analyzed the impacts of six reaction properties on system 

performance. Based on the importance of these properties, a decision matrix was built for 

preliminary screening on reaction candidates. Finally, we identified IR1-CON-OL as the best 

process configuration and summarized several matching rules between reactions and 

configurations.  

By proposing various TCES process configurations and strategies, evaluating their system 

performance, and providing general insights on strategy selection, we hope that our study will help 

accelerate the TCES development and solar power deployment.  
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Chapter 6  
Conclusions and Future work 

In this work, we developed optimization models for the design and analysis of CSP plants with 

fluid-phase and solid-gas TCES systems to provide guidance for future TCES development. 

Specifically, we first developed a general process for CSP plants employing fluid-phase TCES 

systems, formulated an optimization-based model of the process, and used this model to study 

ammonia and methane TCES systems. We identified pressure vessels for gas storage as the main 

cost driver and gas compression as the main energy driver. 

Next, we developed an optimization-based framework for process synthesis under variability in 

two frequencies. The proposed multimode stochastic programming approach yields significantly 

better solutions than deterministic approaches, and leads to computationally more efficient models 

than conventional stochastic programming approaches. 

We then developed models to simultaneously optimize the design and operation of CSP with solid-

gas TCES systems. For fixed-bed reactors, we conducted numerical simulations at various 

operating conditions and built efficient surrogate models. Finally, we provided a system-level 

analysis for nine solid-gas TCES strategies, which are the combinations of three chemistries 

(carbonate, hydroxide, and redox reactions) and six process configurations. Results show that six 

out of the nine strategies have both higher 𝜂𝜂𝑠𝑠−𝑒𝑒 and lower LCOE than two-tank storage. We also 

analyzed the impacts of key reaction properties and process parameters on system performance. 

Potential future directions of this work are as follows: 
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1. CSP electricity market participation. 

In this study, we use levelized cost of electricity (LCOE) as the economic metric, which neglects 

the time-varying value of electricity. LCOE may undervalue dynamic flexibility provided by 

thermal energy storage, which is the competitive advantage of CSP technologies.198 Thus, it is 

worth exploring co-optimizing the design and market participation of a CSP system, and use 

revenue or net present value for economic assessments. Unfortunately, considering participation 

in the electricity market, especially the real-time market with 5 and 15-min intervals, together with 

variability in solar irradiance will result in large scale mixed-integer nonlinear optimization 

problems, which are computationally challenging to solve with existing tools. This challenge may 

be addressed by (1) constructing smaller representative weather-market data sets and formulating 

the problem using the multimode stochastic programming approach proposed in Chapter 3, (2) 

model simplifications, such as the surrogate models we develop for fixed-bed reactors in Chapter 

4, and (3) exploiting problem structure and developing decomposition methods. 

2. Systematic screening of potential reactions for TCES 

In this study, we have used the proposed process model to assess the system performance of five 

representative TCES reactions (two in fluid-phase and three in solid-gas phase). In the future, we 

can use the general process model for a more extensive screening on a wide range of potential 

reactions. Currently, close to 1000 reactions have been identified as candidates and are listed in 

the online available VIENNA TCES-database.199 Furthermore, by changing reaction properties 

from parameters to variables (with carefully designed bounds), we can solve an optimization 

problem to obtain an ideal combination of properties. Given the desired properties, new reaction 

materials can be synthesized through inverse design. 
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Appendix 

A1 Explanations to Chapter 2 

A1.1 Process model of CSP with fluid-phase TCES 

 
Figure A1-1. Process flowsheet of TCES systems with separation  

Sets 

𝑖𝑖 ∈ 𝐈𝐈  Units  

𝑗𝑗 ∈ 𝐉𝐉  Streams  

𝑘𝑘 ∈ 𝐊𝐊  Components  

Subsets 

𝐈𝐈𝐑𝐑    Reaction units {R1, R2, nR2} 

𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒   Separation units {V1, nV1} 

𝐈𝐈𝐓𝐓𝐓𝐓   Storage units {TK1, TK2} 

𝐈𝐈𝐄𝐄   Heat exchangers {E1, E2, E3, E4, E5, E6, nE4, nE5} 

𝐈𝐈𝐂𝐂   Compressor {C1, C2, nC1, nC2} 

𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈   Inlet streams of unit 𝑖𝑖 

Day mode 10 h

Night mode 14h

Material flow
Energy flow

R1 Endothemic reactor
R2/nR2 Exothermic reactor
TK1 Hot storage tank
TK2 Cold storage tank
V1/nV1 Separator
C1/nC1 TK1 compressor
C2/nC2 TK2 compressor
E1 R1 cooler
E2 Separation cooler 1
E3/E6 R2/R1 preheater
E4/nE4 Steam preheater
E5/nE5 Separation cooler 2
S1 Storage splitter
M1 Mixer for R1
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𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎   Outlet streams of unit 𝑖𝑖 

Parameters 

CRF  Capital recovery factor 

𝐶𝐶𝑝𝑝𝑘𝑘   Specific heat capacity of component k (J/mol-K) 

𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟  Reference direct normal irradiance (W/m2) 

ℎ𝑎𝑎𝑎𝑎𝑎𝑎  Average heat transfer coefficient (W/m2-K) 

MAT  Minimum approach temperature (K) 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟   CSP plant rated capacity (MW) 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎  Atmosphere pressure (bar) 

𝑅𝑅   Gas constant (J/mol·K) 

∆𝐻𝐻0  Reaction enthalpy at reference temperature 𝑇𝑇0 (kJ/mol) 

∆𝑆𝑆0  Reaction entropy at reference temperature 𝑇𝑇0 (J/mol-K) 

d∆𝐻𝐻  Rate of reaction enthalpy changing with temperature (kJ/mol-K) 

d∆𝑆𝑆  Rate of reaction entropy changing with temperature (J/mol-K2) 

𝑇𝑇0   Reference temperature (K) 

𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑   Daytime operation time (h) 

𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠   Storage time (h) 

𝑧𝑧𝑘𝑘(𝑃𝑃)  Compressibility of component k at pressure P 

𝜂𝜂𝑐𝑐    Collector efficiency 

𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐    Compressor motor efficiency 

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝   plant parasitic efficiency 

𝜆𝜆𝑐𝑐  Collector price ($/m2 mirror aperture) 

𝜆𝜆𝑟𝑟   Receiver price ($/𝑘𝑘𝑊𝑊𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) 

𝜆𝜆𝑝𝑝   Power block price ($/𝑘𝑘𝑘𝑘) 

𝜆𝜆𝑡𝑡𝑡𝑡  Storage tank price ($/𝑚𝑚3) 

𝜆𝜆ℎ𝑥𝑥  Heat exchanger price ($/𝑚𝑚2) 

𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟  Reactor price ($/𝑚𝑚3) 

𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Compressor price ($/𝑘𝑘𝑘𝑘) 

𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠  Separation price ($/(𝑚𝑚𝑚𝑚𝑚𝑚
𝑠𝑠

)) 

𝜆𝜆𝑘𝑘𝑠𝑠𝑠𝑠  Storage media price of component k ($/𝑡𝑡𝑡𝑡𝑡𝑡) 

𝜆𝜆𝑐𝑐𝑐𝑐  Cooling utility price ($/kW-year)  

𝜆𝜆𝑜𝑜𝑜𝑜   Operation and maintenance ($/kW-year) 
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𝑣𝑣𝑘𝑘   Stoichiometric coefficient of component k in the reversible reaction 

𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟   Reactor holding time (s) 

𝜔𝜔𝑘𝑘  Molecular weight of component k (g/mol) 

Variables 

AREA  Solar field area (m2) 

CAPEX  Plant total capital cost ($) 

𝐶𝐶𝑐𝑐𝑐𝑐    Cooling utility cost ($/year) 

𝐶𝐶𝑡𝑡𝑡𝑡  Storage tank cost ($) 

𝐶𝐶ℎ𝑥𝑥  Heat exchanger cost ($) 

𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟  Reactor cost ($) 

𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Compressor cost ($) 

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠  Separation cost ($) 

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠    TCES system cost ($) 

𝐶𝐶𝑠𝑠𝑠𝑠    TCES storage media cost ($) 

𝐹𝐹𝑗𝑗𝑇𝑇   Total molar flow rate in stream j (mol/s) 

𝐹𝐹𝑗𝑗,𝑘𝑘   Molar flow rate of component k in stream j (mol/s) 

LCOE  Levelized cost of electricity (₵/kWh) 

OPEX  Operation cost per year ($/year) 

P  Process pressure (bar) 

𝑃𝑃𝑖𝑖𝐻𝐻  Maximum storage pressure (bar), 𝑖𝑖 ∈ 𝐈𝐈𝐓𝐓𝐓𝐓 

𝑃𝑃𝑖𝑖𝐿𝐿   Minimum storage pressure (bar), 𝑖𝑖 ∈ 𝐈𝐈𝐓𝐓𝐓𝐓 

𝑃𝑃𝑃𝑃𝑅𝑅𝑖𝑖   Rated power of the compressor for storage tank i (MW) , 𝑖𝑖 ∈ 𝐈𝐈𝐓𝐓𝐓𝐓 

𝑄𝑄𝑖𝑖  Heat duty of unit i (kW) 

𝑇𝑇𝑗𝑗   Temperature of stream 𝑗𝑗 (K) 

𝑇𝑇𝑖𝑖  Temperature of unit i (K) defined as its outlet stream T (Ti = 𝑇𝑇𝑗𝑗,   𝑗𝑗 = 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎) 

△ Ti/i′    Arithmetic mean temperature difference (K) of matched heat exchangers i and i’ 

∆𝐻𝐻𝑖𝑖  Reaction enthalpy at the temperature of reactor i (kJ/mol), 𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑 

∆𝑆𝑆𝑖𝑖  Reaction entropy at the temperature of reactor i (J/mol-K), 𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑 

𝑉𝑉𝑖𝑖  Volume of storage tank (𝑚𝑚3), 𝑖𝑖 ∈ 𝐈𝐈𝐓𝐓𝐓𝐓 

𝑊𝑊𝑐𝑐𝑜𝑜𝑚𝑚𝑚𝑚  Total electricity consumed by compressor per day (MWh/day) 

𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒  Net electricity generation per day (MWh/day) 

𝑍𝑍𝚥𝚥�   Average compressibility of stream j 
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𝜁𝜁𝑗𝑗,𝑘𝑘  Split fraction of component k in the outlet stream j of the separation unit 

𝜂𝜂𝑟𝑟  Receiver efficiency 

𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠  Storage system round-trip efficiency 

𝜂𝜂𝑝𝑝,𝑑𝑑𝑑𝑑𝑑𝑑,𝜂𝜂𝑝𝑝,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡, 𝜂𝜂𝑝𝑝  Day, night and overall turbine efficiency 

𝜂𝜂𝑠𝑠−𝑒𝑒  Overall solar to electricity efficiency 

𝜉𝜉𝑗𝑗
𝑠𝑠𝑠𝑠𝑠𝑠   Split fraction for outlet stream of splitter S1  

Cost data 

Table A1-1. Comparison of computational statistics of different approaches 
Item Price Item Price Item Price 

Collector 𝜆𝜆𝑐𝑐 250 $/𝑚𝑚2 Reactor 𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟 6500$/𝑚𝑚3 Ammonia 

𝜆𝜆𝑠𝑠𝑠𝑠 

320 $/𝑡𝑡𝑡𝑡𝑡𝑡 

Receiver 𝜆𝜆𝑟𝑟 200 $/𝑘𝑘𝑊𝑊𝑡𝑡 Separation 𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠 200$/(𝑚𝑚𝑚𝑚𝑚𝑚
𝑠𝑠

) Methane 180 $/𝑡𝑡𝑡𝑡𝑡𝑡 

Turbine 𝜆𝜆𝑝𝑝 1200$/𝑘𝑘𝑘𝑘 Heat 
exchanger 𝜆𝜆ℎ𝑥𝑥 50$/𝑚𝑚3 Carbone 

dioxide 40 $/𝑡𝑡𝑡𝑡𝑡𝑡 

Cooling 𝜆𝜆𝑐𝑐𝑐𝑐 20$/𝑘𝑘𝑘𝑘yr Pressure 
vessel 

𝜆𝜆𝑡𝑡𝑡𝑡 
5700$/𝑚𝑚3 

Compressor 𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
 

1000 $/
𝑘𝑘𝑘𝑘 O&M 𝜆𝜆𝑜𝑜𝑜𝑜 65 $/𝑘𝑘𝑘𝑘yr Underground 

storage 50$/𝑚𝑚3 

Model Equations  

Total molar flow rate 𝐹𝐹𝑗𝑗𝑇𝑇 = � 𝐹𝐹𝑗𝑗,𝑘𝑘 
 𝑘𝑘∈𝐊𝐊

       𝑗𝑗 ∈ 𝐉𝐉 (A1-1) 

Mass balance 𝐹𝐹𝑗𝑗,𝑘𝑘 = 𝐹𝐹𝑗𝑗′,𝑘𝑘 ∙ 𝜉𝜉𝑗𝑗
𝑠𝑠𝑠𝑠𝑠𝑠     𝑖𝑖 = 𝑆𝑆1, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈,𝑘𝑘 ∈ 𝐊𝐊 (A1-2) 

Mass balance 𝐹𝐹𝑗𝑗,𝑘𝑘 = � 𝐹𝐹𝑗𝑗′,𝑘𝑘
 𝑗𝑗′∈𝐉𝐉𝐢𝐢

𝐢𝐢𝐢𝐢

    𝑖𝑖 = 𝑀𝑀1, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎,𝑘𝑘 ∈ 𝐊𝐊 (A1-3) 

Mass balance 𝐹𝐹𝑗𝑗,𝑘𝑘 = 𝐹𝐹𝑗𝑗′,𝑘𝑘      𝑖𝑖 ∈ 𝐈𝐈𝐄𝐄 ∪ 𝐈𝐈𝐂𝐂, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈,𝑘𝑘 ∈ 𝐊𝐊 (A1-4) 

Mass balance 𝐹𝐹𝑗𝑗,𝑘𝑘 = 𝐹𝐹𝑗𝑗′,𝑘𝑘 ∙      𝑖𝑖 ∈ 𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈,𝑘𝑘 ∈ 𝐊𝐊 (A1-5) 

Mass balance 𝐹𝐹𝑗𝑗′,𝑘𝑘 ⋅ 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐹𝐹𝑗𝑗,𝑘𝑘 ⋅ 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠          𝑖𝑖 ∈ 𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈,𝑘𝑘 ∈ 𝐊𝐊 (A1-6) 

Mass balance 
(𝐹𝐹𝑗𝑗,𝑨𝑨 − 𝐹𝐹𝑗𝑗′,𝑨𝑨) ∙ 𝑣𝑣𝑘𝑘 = (𝐹𝐹𝑗𝑗,𝒌𝒌 − 𝐹𝐹𝑗𝑗′,𝒌𝒌) ∙ 𝑣𝑣𝐴𝐴 

𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈,𝑘𝑘 = B, C, D 
(A1-7) 
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Reaction enthalpy ∆𝐻𝐻𝑖𝑖 =  ∆𝐻𝐻0 + (𝑇𝑇𝑖𝑖 − 𝑇𝑇0) ∙ d∆𝐻𝐻  𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑 (A1-8) 

Reaction entropy ∆𝑆𝑆𝑖𝑖 =  ∆𝑆𝑆0 + (𝑇𝑇𝑖𝑖 − 𝑇𝑇0) ∙ d∆𝐻𝐻  𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑 (A1-9) 

Reaction equilibrium 
−𝑅𝑅𝑅𝑅∑ 𝑣𝑣𝑘𝑘 𝑘𝑘∈𝐊𝐊 �ln�𝐹𝐹𝑗𝑗,𝑘𝑘� − ln�𝐹𝐹𝑗𝑗𝑇𝑇� + ln � 𝑃𝑃

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎
�� = ∆𝐻𝐻𝑖𝑖 − 𝑇𝑇𝑖𝑖∆𝑆𝑆𝑖𝑖  

𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎 
(A1-10) 

Unit heat duty 
𝑄𝑄𝑖𝑖 = � 𝑇𝑇𝑗𝑗 ⋅ �� 𝐹𝐹𝑗𝑗,𝑘𝑘 ⋅ 𝐶𝐶𝑝𝑝𝑘𝑘

 𝑘𝑘∈𝐊𝐊

�
𝑗𝑗∈𝐉𝐉𝐢𝐢

𝐎𝐎𝐎𝐎𝐎𝐎

− � 𝑇𝑇𝑗𝑗′ ⋅ �� 𝐹𝐹𝑗𝑗′,𝑘𝑘 ⋅ 𝐶𝐶𝑝𝑝𝑘𝑘
 𝑘𝑘∈𝐊𝐊

�
,𝑗𝑗′∈𝐉𝐉𝐢𝐢

𝐈𝐈𝐈𝐈

 

𝑖𝑖 ∈ 𝐈𝐈\𝐈𝐈𝐑𝐑 

(A1-11) 

Unit heat duty 
𝑄𝑄𝑖𝑖 = ∆𝐻𝐻𝑖𝑖 ⋅ �𝐹𝐹𝑗𝑗′,𝐴𝐴 − 𝐹𝐹𝑗𝑗,𝐴𝐴� + �𝑇𝑇𝑗𝑗 − 𝑇𝑇𝑗𝑗′� ⋅ ��𝐹𝐹𝑗𝑗′,𝑘𝑘 ⋅ 𝐶𝐶𝑝𝑝𝑘𝑘

𝑘𝑘

� 

𝑖𝑖 ∈ 𝐈𝐈𝐑𝐑, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈 

(A1-12) 

Constant T units 𝑇𝑇𝑗𝑗,𝑘𝑘 = 𝑇𝑇𝑗𝑗′,𝑘𝑘      𝑖𝑖 ∈ 𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒 ∪ {𝑆𝑆1,𝑀𝑀1}, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈 (A1-13) 

No heat duty units 𝑄𝑄𝑖𝑖 = 0           𝑖𝑖 ∈ 𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒 ∪ {𝑆𝑆1,𝑀𝑀1} (A1-14) 

Heat integration −QE1 = 𝑄𝑄𝐸𝐸3 + 𝑄𝑄𝐸𝐸6 (A1-15) 

Minimum approach 

temperature 

T2 ≥ 𝑇𝑇7 + 𝑀𝑀𝑀𝑀𝑀𝑀;  T3 ≥ 𝑇𝑇6 + 𝑀𝑀𝑀𝑀𝑀𝑀;     (E1-E3) 

T2 ≥ 𝑇𝑇1 + 𝑀𝑀𝑀𝑀𝑀𝑀;  T3 ≥ 𝑇𝑇14 + 𝑀𝑀𝑀𝑀𝑀𝑀;    (E1-E6) 
(A1-16) 

Mean Temperature 

Difference 

△ 𝑇𝑇𝐸𝐸1/𝐸𝐸3 = (𝑇𝑇2 − 𝑇𝑇7 + 𝑇𝑇3 − 𝑇𝑇6)/2 

△ 𝑇𝑇𝐸𝐸1/𝐸𝐸6 = (𝑇𝑇2 − 𝑇𝑇1 + 𝑇𝑇3 − 𝑇𝑇14)/2 
(A1-17) 

Storage tank size 𝑉𝑉𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ⋅
𝑃𝑃𝑖𝑖𝐻𝐻 − 𝑃𝑃𝑖𝑖𝐿𝐿

𝑅𝑅 ⋅ 𝑇𝑇
= 𝑍𝑍𝚥𝚥� ⋅ 𝐹𝐹𝑗𝑗′𝑇𝑇 ⋅ 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑    𝑖𝑖 ∈ 𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈 (A1-18) 

Charging power 𝑃𝑃𝑃𝑃𝑅𝑅𝑖𝑖 ≥ 𝑍𝑍𝚥𝚥� ⋅ 𝐹𝐹𝑗𝑗′𝑇𝑇 ⋅ 𝑇𝑇 ⋅ [�𝑃𝑃𝑖𝑖
𝐻𝐻

𝑃𝑃
�
1.3

− 1]/𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐      𝑖𝑖 ∈ 𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈 (A1-19) 
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Discharging power 𝑃𝑃𝑃𝑃𝑅𝑅𝑖𝑖 ≥ 𝑍𝑍𝚥𝚥� ⋅ 𝐹𝐹𝑗𝑗𝑇𝑇 ⋅ 𝑇𝑇 ⋅ [�
𝑃𝑃
𝑃𝑃𝑖𝑖𝐿𝐿
�
1.3

− 1]/𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐      𝑖𝑖 ∈ 𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎 (A1-20) 

Daily electricity for 

charging 

𝑊𝑊𝑖𝑖
𝑖𝑖𝑖𝑖 = 𝑍𝑍𝚥𝚥� ⋅ {

∑ (𝐹𝐹𝑗𝑗′,𝑘𝑘𝐶𝐶𝑝𝑝𝑘𝑘)𝑘𝑘 ⋅𝑉𝑉𝑖𝑖
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡⋅𝑃𝑃

1.3
⋅ [�𝑃𝑃𝑖𝑖

𝐻𝐻

𝑃𝑃
�
1.3

− 1] − 𝑍𝑍𝚥𝚥� ⋅

∑ (𝐹𝐹𝑗𝑗′,𝑘𝑘𝐶𝐶𝑝𝑝𝑘𝑘)𝑘𝑘 ⋅ 𝑉𝑉𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ⋅ (𝑃𝑃𝑖𝑖𝐻𝐻 − 𝑃𝑃)}/(𝐹𝐹𝑗𝑗′𝑇𝑇 ⋅ 𝑅𝑅 ⋅ 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)      

 𝑖𝑖 ∈ 𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈 

(A1-21) 

Daily electricity for 

discharging 

𝑊𝑊𝑖𝑖
𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑍𝑍𝚥𝚥� ⋅ {

∑ (𝐹𝐹𝑗𝑗,𝑘𝑘𝐶𝐶𝑝𝑝𝑘𝑘)𝑘𝑘 ⋅𝑉𝑉𝑖𝑖
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡⋅𝑃𝑃

0.7
[1 − �𝑃𝑃𝑖𝑖

𝐿𝐿

𝑃𝑃
�
0.7

] − 𝑍𝑍𝚥𝚥� ⋅ ∑ 𝐹𝐹𝑗𝑗,𝑘𝑘𝐶𝐶𝑝𝑝𝑘𝑘)𝑘𝑘 ⋅

𝑉𝑉𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ⋅ (𝑃𝑃 − 𝑃𝑃𝑖𝑖𝐿𝐿)}/(𝐹𝐹𝑗𝑗𝑇𝑇 ⋅ 𝑅𝑅 ⋅ 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)      𝑖𝑖 ∈ 𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎 

(A1-22) 

Total daily electricity 

consumption 
𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = � (𝑊𝑊𝑖𝑖

𝑖𝑖𝑖𝑖 + 𝑊𝑊𝑖𝑖
𝑜𝑜𝑜𝑜𝑜𝑜)

𝑖𝑖∈𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒
 (A1-23) 

Compression T 𝑇𝑇𝑗𝑗,𝑘𝑘 = 𝑇𝑇𝑗𝑗′,𝑘𝑘       𝑖𝑖 = 𝐈𝐈𝐂𝐂, 𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎, 𝑗𝑗′ ∈ 𝐉𝐉𝐢𝐢𝐈𝐈𝐈𝐈 (A1-24) 

Power block 

efficiency  
𝜂𝜂𝑝𝑝,𝑑𝑑𝑑𝑑𝑑𝑑 =  1 −�330/𝑇𝑇𝑅𝑅2, 𝜂𝜂𝑝𝑝,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡 =  1 −�330/𝑇𝑇𝑛𝑛𝑛𝑛2 (A1-25) 

Output in the day −(𝑄𝑄𝑅𝑅2 + 𝑄𝑄𝐸𝐸4) ∙  𝜂𝜂𝑝𝑝,𝑑𝑑𝑑𝑑𝑑𝑑 ∙ ηpara = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (A1-26) 

Output at night −(𝑄𝑄𝑛𝑛𝑛𝑛2 + 𝑄𝑄𝑛𝑛𝑛𝑛4) ∙  𝜂𝜂𝑝𝑝,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡 ∙ ηpara = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (A1-27) 

Solar field area 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑄𝑄𝑅𝑅1/(𝐷𝐷𝐷𝐷𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ ηc ⋅ ηr) (A1-28) 

Receiver efficiency 
ηr = −0.02𝑇𝑇∗3 − 0.08𝑇𝑇∗2 − 0.18𝑇𝑇∗ + 0.78 

𝑇𝑇∗ = (𝑇𝑇𝑅𝑅1 − 1150)/245 
(A1-29) 

Average power block 

efficiency 
𝜂𝜂𝑝𝑝 =

𝑄𝑄𝑟𝑟2 ⋅ 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 ⋅ 𝜂𝜂𝑝𝑝,𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑄𝑄𝑛𝑛𝑛𝑛2 ⋅ 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ 𝜂𝜂𝑝𝑝,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡

𝑄𝑄𝑟𝑟2 ⋅ 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑄𝑄𝑛𝑛𝑛𝑛2 ⋅ 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠
 (A1-30) 
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TCES efficiency 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑄𝑄𝐸𝐸4 ⋅ 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑄𝑄𝑛𝑛𝐸𝐸4 ⋅ 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠 −

𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ⋅ 𝜂𝜂𝑝𝑝
𝑄𝑄𝑅𝑅1 ⋅ 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑

 (A1-31) 

Overall efficiency 𝜂𝜂𝑠𝑠−𝑒𝑒 = 𝜂𝜂𝑐𝑐 ⋅ 𝜂𝜂𝑟𝑟 ⋅ 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ 𝜂𝜂𝑝𝑝 ⋅ 𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (A1-32) 

Compressor cost 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ � 𝑃𝑃𝑃𝑃𝑅𝑅𝑖𝑖
 𝑖𝑖∈𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒

 (A1-33) 

Separation cost 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 ≥ 𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ � 𝐹𝐹𝑗𝑗′
𝑇𝑇

 𝑗𝑗′∈𝐉𝐉𝐢𝐢
𝐢𝐢𝐢𝐢

       𝑖𝑖 = 𝑉𝑉1,𝑛𝑛𝑛𝑛1 (A1-34) 

Heat exchanger cost 𝐶𝐶ℎ𝑥𝑥 = 𝜆𝜆ℎ𝑥𝑥 �
𝑄𝑄𝑖𝑖

∆𝑇𝑇𝑖𝑖 ⋅ havg
 𝑖𝑖=E3,E6  

 (A1-35) 

Reactor cost (R2) 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 ≥ 𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝐹𝐹𝑗𝑗𝑇𝑇𝑅𝑅𝑇𝑇𝑖𝑖𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟 𝑃𝑃⁄            𝑖𝑖 = 𝑅𝑅2,𝑛𝑛𝑛𝑛2;   𝑗𝑗 ∈ 𝐉𝐉𝐢𝐢𝐎𝐎𝐎𝐎𝐎𝐎 (A1-36) 

Storage tank cost 
𝐶𝐶𝑡𝑡𝑡𝑡 = ∑ 𝜆𝜆𝑖𝑖𝑡𝑡𝑡𝑡 ⋅ �𝑃𝑃𝑖𝑖𝐻𝐻 200⁄ �0.44 ⋅ 𝑉𝑉𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖∈𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒  , aboveground storage  

𝐶𝐶𝑡𝑡𝑡𝑡 = ∑ 𝜆𝜆𝑖𝑖𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ⋅ 𝑉𝑉𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖∈𝐈𝐈𝐒𝐒𝐒𝐒𝐒𝐒  , underground storage 
(A1-37) 

Storage media cost 𝐶𝐶𝑠𝑠𝑠𝑠 = 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠 ∙�𝐹𝐹17,𝑘𝑘 ⋅
 𝑘𝑘  

𝜆𝜆𝑘𝑘𝑠𝑠𝑠𝑠 ⋅ 𝜔𝜔𝑘𝑘 (A1-38) 

Storage system cost 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐶𝐶𝑠𝑠𝑠𝑠 + 𝐶𝐶𝑡𝑡𝑡𝑡 + 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐶𝐶ℎ𝑥𝑥 + 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 (A1-39) 

Capital cost 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 + 𝜆𝜆𝑠𝑠𝑠𝑠 ⋅ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝜆𝜆𝑟𝑟 ⋅ 𝑄𝑄𝑅𝑅1/ηr + 𝜆𝜆𝑝𝑝 ⋅ 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ηpara⁄  (A1-40) 

Cooling utility cost 𝐶𝐶𝑐𝑐𝑐𝑐 = 𝜆𝜆𝑐𝑐𝑐𝑐 [(𝑄𝑄𝐸𝐸2 + 𝑄𝑄𝐸𝐸5) ∙ 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑄𝑄𝑛𝑛𝑛𝑛5 ∙ 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠 ]/24 (A1-41) 

Operation cost 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 𝐶𝐶𝑐𝑐𝑐𝑐 + 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝜆𝜆𝑜𝑜𝑜𝑜 (A1-42) 

Daily net electricity  𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ (𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑡𝑡𝑠𝑠𝑡𝑡𝑜𝑜 ) −𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (A1-43) 

LCOE calculation 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂)/(365 ∙ 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒) (A1-44) 



133 
 

A1.2 Separation surrogate model    

In the ammonia TCES system, a flash tank is used to separate unreacted ammonia from hydrogen 

and nitrogen (see Figure 2-4A). To model the flash tank, we derive the relation of ammonia liquid 

phase recovery (𝜁𝜁𝑁𝑁𝐻𝐻3
) by fitting the simulation data from ASPEN Plus. 

Through ASPEN Plus simulation, 66 sample points are generated by varying the feed stream 

ammonia molar fraction (xNH3) and flash tank temperature (Tflash) between 0.1-0.6 and 10-60℃ 

respectively. Using the sample points, the function  𝜁𝜁𝑁𝑁𝐻𝐻3
= 𝑓𝑓(xNH3, Tflash)  is fitted through 

polynomial regression in Matlab. Before fitting, variables are scaled and centered using standard 

normalization (𝑥𝑥∗ = (𝑥𝑥 − 𝑥𝑥�)/𝜎𝜎 ). Different polynomial order combinations are tried to decide a 

relatively simple and accurate fitting. Figure A1-2 shows the sample points and the fitting surface 

using the fitting function described as eqn (A1-45). 

 
Figure A1-2. Sample points and fitting surface of 𝜁𝜁𝑁𝑁𝐻𝐻3   

𝜁𝜁𝑁𝑁𝐻𝐻3
= 0.84 − 0.095 𝑇𝑇∗ + 0.15 𝑥𝑥∗ + 0.06 𝑇𝑇∗𝑥𝑥∗ − 0.09 𝑥𝑥∗2 (A1-45) 
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A1.3 Optimization results: Case 1 

Table A1-2. Stream temperature (T) and component molar flow rate (F) 
Stream # 1 2 3 4 5 6 7 8 9 10 11 12 

T(℃) 251 386 27 17 17 17 349 539 80 17 17 17 
𝐹𝐹NH3(mol/s) 34445 21956 21956 21956 1777 836 836 3034 3034 3034 23214 11231 
𝐹𝐹H2(mol/s) 392 19124 19124 19124 29319 13789 13789 10491 10491 10491 296 96 
𝐹𝐹N2(mol/s) 196 6440 6440 6440 9894 4653 4653 3554 3554 3554 100 96 

Stream # 13 14 15 16 17 18 19 20 21 22 23 24 
T(℃) 17 17 17 17 17 17 399 80 17 17 17 17 

𝐹𝐹NH3(mol/s) 11231 34445 941 941 672 672 8636 8636 8636 614 8022 8022 
𝐹𝐹H2(mol/s) 96 392 15530 15530 11093 11093 6844 6844 6844 6775 68 68 
𝐹𝐹N2(mol/s) 96 196 5241 5241 3743 3743 6844 6844 6844 6775 68 68 

 

Table A1-3. Unit temperature, pressure, heat duty and work load (day and night mode) 
Unit R1 R2 TK1 TK2 V1 C1 C2 S1 M1 

Temperature (℃) 386 539 17 17 1 17 1 17 17 

Pressure (bar) 300 300 
115-
564 

188-
393 

300 
300-
564 

188-
300 

300 300 

Heat duty (MW) 1005 0 0 0 0 0 0 0 0 
Work (MWh/day) 0 0 0 0 0 192 32 0 0 

Unit E1 E2 E3 E4 E5 E6 
Temperature (℃) 386-27 27-17 17-349 539-80 80-17 17-251 

Pressure (bar) 300 300 300 300 300 300 
Heat duty (MW) -968 -25 216 -310 -43 753 

Work (MWh/day） 0 0 0 0 0 0 
Unit nR2 nV1 nC1 nC2 nE4 nE5 

Temperature (℃) 399 17 17 17 399-80 80-17 
Pressure (bar) 300 300 115-300 300-393 300 300 

Heat duty (MW) 0 0 0 0 -370 -72 
Work (MWh/day） 0 0 140 34 0 0 
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A1.4 Geological map for underground storage 

There are three types of underground storage facilities: depleted gas reservoirs, aquifers, and mined 

salt caverns. 93 Figure A1-3 and Figure A1-4 shows the potential geologic underground storage 

areas in the United States and around the word. 

 
Figure A1-3. Potential geologic underground storage areas in the United States 200 

 
Figure A1-4. Safe locations for underground carbon dioxide storage 201 
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A1.5 Temperature dependent heat capacity 

Figure A1-5 shows how the heat capacities of NH3, H2 and N2 change with temperature at 300 

bar. We note that ammonia has a significant higher heat capacity between 80-300 ℃ due to the 

continuous phase change. To account for the latent heat, we divide the temperature into 3 stages: 

cold (10-80 ℃), warm (80-300 ℃) and hot (>300 ℃). For each component 𝑘𝑘, different average 

heat capacities are used for each temperature stage (denoted by C𝑝𝑝𝑘𝑘
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, C𝑝𝑝𝑘𝑘

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑎𝑎𝑎𝑎𝑎𝑎 C𝑝𝑝𝑘𝑘
ℎ𝑜𝑜𝑜𝑜). 

 
Figure A1-5.  Heat capacities of NH3, H2 and N2 at 300 bar 

We then classify each process stream j into either cold stream (𝐉𝐉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐), warm stream (𝐉𝐉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤) or hot 

stream (𝐉𝐉ℎ𝑜𝑜𝑜𝑜) based on the stream temperature range (see Figure A1-6). For a general unit i, the 

temperature stage of its inlet and outlet streams are known from the stream classification. 

Accordingly, the unit heat duty calculation equation is derived. Figure A1-7 illustrates the heat 

duty calculation for a unit with cold inlet stream and hot outlet stream.  

 



137 
 

 
Figure A1-6. Classify process streams into cold, warm and hot stream. 

     
Figure A1-7. An example of unit heat duty calculation. 

A1.6 Compressibility factor 

In our TCES systems, gas products are compressed and stored at high pressure (150-550 bar). To 

account for the real gas behavior, we introduce compressibility factors for the calculation of 

compression work and storage tank volumes. Figure A1-8 shows the compressibility factors of all 

gas products at 100 ℃ (obtained from ASPEN PLUS property database using Schwartzentruber-
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Renon equation-of-state). Based on these data, we can calculate the stream average compressibility 

factor as a function of stream pressure and composition.  

 
Figure A1-8. Compressibility factor of different components at 100 ℃ 

A2 Explanations to Chapter 3 

A2.1 Optimization results: stochastic model    

Table A2-1. Stream total molar flow rate 𝑭𝑭𝒋𝒋,𝒔𝒔𝑻𝑻  (mol/s)  
Scenario 1 2 3 4 5 6 7 8 9 10 

1 3508 4368 1686 1347 1347 3508 2682 2682 2682 2682 
2 11532 13507 3864 3266 3266 11532 9643 9643 9643 9643 
3 13252 16002 3607 2955 2955 13252 12395 12395 12395 12395 
4 13043 16490 3317 2600 2600 13043 13174 13174 13174 13174 
5 11773 15374 3173 2424 2424 11773 12201 12201 12201 12201 
6 6912 9958 2761 1917 1917 6912 7197 7197 7197 7197 

Scenario 11 12 13 14 15 16 17 18 19 20 
1 2160 2160 520 520 520 464 419 419 419 419 
2 8266 8266 2667 2667 2667 2452 2286 2286 2286 2286 
3 10297 10297 4900 4900 4900 4456 4071 4071 4071 4071 
4 10444 10444 6343 6343 6343 5668 5028 5028 5028 5028 
5 9349 9349 8134 8134 8134 7058 6233 6233 6233 6233 
6 4996 4996 6193 6193 6193 5177 4299 4299 4299 4299 
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Table A2-2. Stream composition: mole fraction of methane 𝒙𝒙𝑪𝑪𝑯𝑯𝟒𝟒,𝒋𝒋,𝒔𝒔  
Scenario 1 2 3 4 5 6 7 8 9 10 

1 0.494 0.299 0.299 0.499 0.499 0.494 0.299 0.299 0.299 0.299 
2 0.489 0.345 0.345 0.499 0.499 0.489 0.345 0.345 0.345 0.345 
3 0.489 0.319 0.319 0.499 0.499 0.489 0.319 0.319 0.319 0.319 
4 0.49 0.283 0.283 0.499 0.499 0.49 0.283 0.283 0.283 0.283 
5 0.497 0.263 0.263 0.499 0.499 0.497 0.263 0.263 0.263 0.263 
6 0.499 0.194 0.194 0.499 0.499 0.499 0.194 0.194 0.194 0.194 

Scenario 11 12 13 14 15 16 17 18 19 20 
1 0.491 0.491 0.299 0.299 0.299 0.395 0.491 0.491 0.491 0.491 
2 0.485 0.485 0.345 0.345 0.345 0.419 0.485 0.485 0.485 0.485 
3 0.486 0.486 0.319 0.319 0.319 0.4 0.486 0.486 0.486 0.486 
4 0.488 0.488 0.283 0.283 0.283 0.377 0.488 0.488 0.488 0.488 
5 0.496 0.496 0.263 0.263 0.263 0.38 0.496 0.496 0.496 0.496 
6 0.499 0.499 0.194 0.194 0.194 0.33 0.499 0.499 0.499 0.499 

 

Table A2-3. Stream temperature 𝑻𝑻𝒋𝒋,𝒔𝒔(℃)   
Scenario 11 12 13 14 15 16 17 18 19 20 

1 50 50 40 40 483 760 495 495 50 50 
2 50 50 40 40 527 722 538 538 50 50 
3 50 50 40 40 525 752 537 537 50 50 
4 50 50 40 40 508 786 520 520 50 50 
5 50 50 40 40 428 782 440 440 50 50 
6 50 50 40 40 326 808 338 338 50 50 

Scenario 1 2 3 4 5 6 7 8 9 10 
1 556 881 881 338 50 50 881 60 40 40 
2 599 827 827 338 50 50 827 60 40 40 
3 670 858 858 338 50 50 858 60 40 40 
4 722 898 898 338 50 50 898 60 40 40 
5 736 920 920 338 50 50 920 60 40 40 
6 734 1000 1000 338 50 50 1000 60 40 40 

 

A2.2 Simplified CSP process model  

This section provides the simplified CSP plant model used to study the accuracy of the proposed 

multimode stochastic programming approach in Section 3.3. 
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Figure A2-1. The simplified CSP process with main optimization variables (design: green, operation: black) 
and parameters (blue). 

Set 

𝑡𝑡 ∈ 𝐓𝐓  Set of 8760 hourly time steps in the time horizon of a year 

Parameters 

CRF  Capital recovery factor 

𝐷𝐷𝐷𝐷𝐼𝐼𝑡𝑡  Solar direct normal irradiance (W/m2) 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟  Reference thermal energy storage capacity (kWht) 

𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 Indirect cost factor 

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Contingency cost factor 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟   CSP plant rated capacity (kWe) 

𝑃𝑃𝑙𝑙𝑙𝑙   Minimum turbine operation level (kWe) 

𝑃𝑃𝑢𝑢𝑢𝑢   Maximum turbine operation level (kWe) 

𝑄𝑄𝑟𝑟,𝑟𝑟𝑟𝑟𝑟𝑟  Reference size of receiver (kWt) 

𝛾𝛾𝑟𝑟  Scaling factor of receiver 

𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠  Scaling factor of storage system 

𝜂𝜂𝑡𝑡𝑐𝑐    Collector efficiency 

𝜂𝜂𝑡𝑡𝑟𝑟   Receiver efficiency 

𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠   Storage efficiency 

𝜂𝜂𝑝𝑝,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  Turbine efficiency at rated power output level 100 MW 

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝   Plant parasitic efficiency 

𝜆𝜆𝑐𝑐  Collector price ($/m2 mirror aperture) 

𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒  Electricity power purchase agreement price (₵/kWhe) 

𝜆𝜆𝑟𝑟   Receiver price at size 𝑄𝑄𝑟𝑟,𝑟𝑟𝑟𝑟𝑟𝑟 ($/kWt) 

𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠   Two-tank storage system price at size 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟 ($/kWht) 

𝜆𝜆𝑝𝑝   Power block (turbine) price ($/kW) 

𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  Cost for turbine start-up ($/start_up) 

time-step

Collector
,

Receiver

Storage

Turbine

100 MW
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𝜆𝜆𝑜𝑜𝑜𝑜,𝑓𝑓𝑓𝑓𝑓𝑓   Operation and maintenance, fix cost ($/kW-year) 

𝜆𝜆𝑜𝑜𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣  Operation and maintenance, varying cost ($/kWhe electricity generated) 

Nonnegative Continuous Variables 

AREA  Solar field area (m2) 

CAPEX  Plant total capital cost ($) 

𝐶𝐶𝑟𝑟   Receiver cost ($) 

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠   Storage system cost ($) 

LCOE  Levelized cost of electricity (₵/kWhe) 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂  Operational cost ($/year) 

𝑃𝑃𝑃𝑃𝑃𝑃  Net annual profit ($/year) 

𝑃𝑃𝑡𝑡  Turbine output level (kWe) 

𝑄𝑄𝑟𝑟  Receiver size (kWt)  

𝑄𝑄𝑡𝑡
𝑠𝑠𝑠𝑠  Thermal power received by receiver (kWt) 

𝑄𝑄𝑡𝑡
𝑟𝑟𝑟𝑟  Thermal power directly delivered from receiver to the turbine (kWt) 

𝑄𝑄𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 Heat curtailed from receiver (kWt) 

𝑄𝑄𝑡𝑡𝑖𝑖𝑖𝑖  Thermal energy charging into storage system (kWt) 

𝑄𝑄𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜  Thermal energy discharging out of storage system (kWt) 

𝑄𝑄𝑡𝑡
𝑝𝑝  Thermal power delivered to the turbine (kWt) 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠  Thermal energy storage capacity (kWht) 

𝐸𝐸𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  Storage level at time t (kWht) 

Binary variables 

𝑌𝑌𝑡𝑡   1 if the turbine is on at time t  

𝑌𝑌𝑡𝑡
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  1 if the turbine starts up at time t  

𝑍𝑍𝑡𝑡𝑖𝑖𝑖𝑖   1 if energy is charging into storage system at time t  

𝑍𝑍𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜   1 if energy is discharging out of storage system at time t  

Model Equations  

Energy received 𝑄𝑄𝑡𝑡
𝑠𝑠𝑠𝑠 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ⋅ 𝐷𝐷𝐷𝐷𝐼𝐼𝑡𝑡 ⋅ 𝜂𝜂𝑡𝑡

𝑐𝑐 ⋅ 𝜂𝜂𝑡𝑡
𝑟𝑟   𝑡𝑡 ∈ 𝐓𝐓 (A2-1) 

Receiver energy  𝑄𝑄𝑡𝑡
𝑠𝑠𝑠𝑠 = 𝑄𝑄𝑡𝑡

𝑖𝑖𝑖𝑖 + 𝑄𝑄𝑡𝑡
𝑟𝑟𝑟𝑟 + 𝑄𝑄𝑡𝑡

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐   𝑡𝑡 ∈ 𝐓𝐓 (A2-2) 
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Storage level 𝐸𝐸𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐸𝐸𝑡𝑡−1
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝑄𝑄𝑡𝑡

𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑡𝑡
𝑜𝑜𝑜𝑜𝑜𝑜   𝑡𝑡 ∈ 𝐓𝐓 (A2-3) 

Storage capacity 𝐸𝐸𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ≤ 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠   𝑡𝑡 ∈ 𝐓𝐓 (A2-4) 

Storage charging 𝑄𝑄𝑡𝑡
𝑖𝑖𝑖𝑖 ≤ 𝑀𝑀 ⋅ 𝑍𝑍𝑡𝑡𝑖𝑖𝑖𝑖   𝑡𝑡 ∈ 𝐓𝐓 (A2-5) 

Storage discharging 𝑄𝑄𝑡𝑡
𝑜𝑜𝑜𝑜𝑜𝑜 ≤ 𝑀𝑀 ⋅ 𝑍𝑍𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜   𝑡𝑡 ∈ 𝐓𝐓 (A2-6) 

Charge/discharge 𝑍𝑍𝑡𝑡𝑖𝑖𝑖𝑖 + 𝑍𝑍𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 ≤ 1   𝑡𝑡 ∈ 𝐓𝐓 (A2-7) 

Heat to turbine 𝑄𝑄𝑡𝑡
𝑝𝑝 = 𝑄𝑄𝑡𝑡

𝑟𝑟𝑟𝑟 + 𝑄𝑄𝑡𝑡
𝑜𝑜𝑢𝑢𝑢𝑢 ⋅ 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠   𝑡𝑡 ∈ 𝐓𝐓 (A2-8) 

Turbine output level 𝑄𝑄𝑡𝑡
𝑝𝑝 ⋅ 𝜂𝜂𝑝𝑝,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 18

19 ⋅ 𝑃𝑃𝑡𝑡 + 1
19𝑃𝑃

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝑌𝑌𝑡𝑡  𝑡𝑡 ∈ 𝐓𝐓 (A2-9) 

Operation range 𝑌𝑌𝑡𝑡 ⋅ 𝑃𝑃𝑙𝑙𝑙𝑙 ≤ 𝑃𝑃𝑡𝑡 ≤ 𝑌𝑌𝑡𝑡 ⋅ 𝑃𝑃𝑢𝑢𝑢𝑢    𝑡𝑡 ∈ 𝐓𝐓 (A2-10) 

Turbine start-up 𝑌𝑌𝑡𝑡 − 𝑌𝑌𝑡𝑡−1 ≤ 𝑌𝑌𝑡𝑡
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠    𝑡𝑡 ∈ 𝐓𝐓 (A2-11) 

Receiver cost* 𝐶𝐶𝑟𝑟 = 𝜆𝜆𝑟𝑟 ∙ 𝑄𝑄𝑟𝑟,𝑟𝑟𝑟𝑟𝑟𝑟 ∙ �
𝑄𝑄𝑟𝑟

𝑄𝑄𝑟𝑟,𝑟𝑟𝑟𝑟𝑟𝑟 �
𝛾𝛾𝑟𝑟

 (A2-12) 

Storage cost* 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟 ∙ �
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟 �
𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠

 (A2-13) 

Capital cost 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = (𝜆𝜆𝑐𝑐 ⋅ 𝐴𝐴𝐴𝐴𝐸𝐸𝐴𝐴 + 𝐶𝐶𝑟𝑟 + 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 +
𝜆𝜆𝑝𝑝 ⋅ 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
) ∙ (1

+ 𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) ∙ (1 + 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 

(A2-14) 

Operation cost 
𝑂𝑂𝑂𝑂𝑂𝑂X = 𝜆𝜆𝑜𝑜𝑜𝑜,𝑓𝑓𝑓𝑓𝑓𝑓 ∙ 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  + 𝜆𝜆𝑜𝑜𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 ∙�𝑃𝑃𝑡𝑡

 𝑡𝑡  

+ 𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢

∙�𝑌𝑌𝑡𝑡
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 𝑡𝑡  

 
(A2-15) 

Objective PFT 𝑃𝑃𝑃𝑃𝑃𝑃 = 𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒 ∙�𝑃𝑃𝑡𝑡
 𝑡𝑡  

− 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 (A2-16) 

* Receiver and storage costs are formulated using piecewise linear function in GAMS. 
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A3 Explanations to Chapter 4 

A3.1 Numerical simulations of fixed-bed reactors 

Initial and boundary conditions 

The initial and boundary conditions for reactor simulations (see Section 4.3.1) during multi-cycle 

operation are provided in Table A3-1.  

Table A3-1. Initial and boundary conditions of fixed-bed reactor simulations. 

Cycle 
Starting time Energy balance for 

the fluids  
eqn (4-3) 

Energy balance for the 
reactor bed  
eqn (4-4) 

Rate of conversion in 
the reactor bed 

eqn (4-7) 
Inlet 

Outlet 

1st cycle 
charging 

𝑡𝑡 = 0 𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖 (𝑧𝑧, 𝑡𝑡

= 0) 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖 (𝑧𝑧, 𝑡𝑡 = 0) 

𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 = 0.001  

𝑧𝑧 = 0 𝑇𝑇𝑓𝑓 = 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖   

𝑧𝑧 = 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝜕𝜕 = 0  𝜕𝜕𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏

𝜕𝜕𝜕𝜕 = 0   

1st cycle 
dischargin

g 

𝑡𝑡 = 𝑡𝑡𝑐𝑐 𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑓𝑓(𝑧𝑧, 𝑡𝑡 = 𝑡𝑡𝑐𝑐) 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧, 𝑡𝑡 = 𝑡𝑡𝑐𝑐) 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧, 𝑡𝑡 = 𝑡𝑡𝑐𝑐)  
𝑧𝑧 = 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑊𝑊𝑊𝑊

𝑖𝑖𝑖𝑖  𝜕𝜕𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝜕𝜕𝜕𝜕 = 0   

𝑧𝑧 = 0 𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝜕𝜕 = 0  𝜕𝜕𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏

𝜕𝜕𝜕𝜕 = 0   

kth cycle  
charging  
(k > 1) 

𝑡𝑡 = (𝑘𝑘 −
1)𝑡𝑡𝑐𝑐 + (𝑘𝑘 −

1)𝑡𝑡𝑑𝑑   

𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑓𝑓(𝑧𝑧, 𝑡𝑡 =
(𝑘𝑘 − 1)𝑡𝑡𝑐𝑐 + (𝑘𝑘 −

1)𝑡𝑡𝑑𝑑)  

𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧, 𝑡𝑡 =
(𝑘𝑘 − 1)𝑡𝑡𝑐𝑐 + (𝑘𝑘 − 1)𝑡𝑡𝑑𝑑)  

𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧, 𝑡𝑡 =
(𝑘𝑘 − 1)𝑡𝑡𝑐𝑐 + (𝑘𝑘 −

1)𝑡𝑡𝑑𝑑)  
𝑧𝑧 = 0 𝑇𝑇𝑓𝑓 = 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  𝜕𝜕𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏

𝜕𝜕𝜕𝜕 = 0   

𝑧𝑧 = 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝜕𝜕 = 0  𝜕𝜕𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏

𝜕𝜕𝜕𝜕 = 0  

kth cycle 
dischargin

g  
(k > 1) 

𝑡𝑡 = 𝑘𝑘𝑡𝑡𝑐𝑐 + (𝑘𝑘 −
1)𝑡𝑡𝑑𝑑   

𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑓𝑓(𝑧𝑧, 𝑡𝑡 =
𝑘𝑘𝑡𝑡𝑐𝑐 + (𝑘𝑘 − 1)𝑡𝑡𝑑𝑑)  

𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧, 𝑡𝑡 =
𝑘𝑘𝑡𝑡𝑐𝑐 + (𝑘𝑘 − 1)𝑡𝑡𝑑𝑑)  

𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏(𝑧𝑧, 𝑡𝑡 =
𝑘𝑘𝑡𝑡𝑐𝑐 + (𝑘𝑘 − 1)𝑡𝑡𝑑𝑑)  

𝑧𝑧 = 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖  𝜕𝜕𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏

𝜕𝜕𝜕𝜕 = 0   

𝑧𝑧 = 0 𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝜕𝜕 = 0  𝜕𝜕𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏

𝜕𝜕𝜕𝜕 = 0   

 

Kinetic models  

Table A3-2 shows the kinetic models used in reactor simulations.  
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For 6Mn2O3 ↔ 4Mn3O4 + O2  and CaCO3 ↔ CaO + CO2  reactions, the kinetic model is in the 

form of 

𝑑𝑑𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏
𝑑𝑑𝑑𝑑

= 𝑘𝑘0 exp �− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏

� 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎(1− 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏)𝑏𝑏 �1 − 𝑝𝑝𝐶𝐶
𝑝𝑝C
𝑒𝑒𝑒𝑒�

𝑠𝑠
  (A3-1) 

For Ca(OH)2 ↔ CaO + H2O reaction, the kinetic model is in the form of 

𝑑𝑑𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏
𝑑𝑑𝑑𝑑

= 𝑘𝑘0𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎(1 − 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏)𝑏𝑏 �1 − 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝑒𝑒𝑒𝑒 �

𝑠𝑠
  (A3-2) 

 

Table A3-2. Kinetic models used in reactor numerical simulations. 

Reaction 
Charging 

𝑘𝑘0 (s-1) 𝐸𝐸𝑎𝑎 (J/mol) 𝑎𝑎 𝑏𝑏 𝑠𝑠 Reference 
Discharging 

Mn2O3 Reduction 8.2167×109 2.504×105 0.45633 1.4584 20 177 Oxidation -2.8089×1012 2.997×105 1.0245 0.64231 1.3676 

Ca(OH)2 Dehydration 0.05  0 1 1 190 Hydration -0.2  1 0 1 

CaCO3 Calcination 1.12×106 1.50×105 0 1.5 1.86 191 
Carbonation -5.53×105 1.59×105 1.5 0 1 192 

 

Nondimensionalization 

The dimensionless input variable 𝜅𝜅 is obtained from nondimensionalizing the governing equations 

of the reactor numerical model. Here we provide the procedure of nondimensionalization. 

Firstly, the dimensionless time, coordinate, bed temperature and fluid temperature are defined as 

𝑡𝑡∗ = 𝑡𝑡
𝑡𝑡𝑐𝑐

   (A3-3) 

𝑧𝑧∗ = 𝑧𝑧
𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏

      (A3-4) 

𝑇𝑇𝑓𝑓∗ = 𝑇𝑇𝑓𝑓−𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖 (𝑡𝑡=0)

𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻
𝑖𝑖𝑖𝑖 −𝑇𝑇𝑊𝑊𝑊𝑊

𝑖𝑖𝑖𝑖 (𝑡𝑡=0)       (A3-5) 
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𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏∗ = 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏−𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖 (𝑡𝑡=0)

𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻
𝑖𝑖𝑖𝑖 −𝑇𝑇𝑊𝑊𝑊𝑊

𝑖𝑖𝑖𝑖 (𝑡𝑡=0)      (A3-6) 

where 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖 (𝑡𝑡 = 0) is the WF inlet temperature at the beginning of discharging, and 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  is the 

HTF inlet temperature.  

The governing equation eqn (4-3) is then expressed in terms of dimensionless variables,  

𝜕𝜕𝑇𝑇𝑓𝑓
∗

𝜕𝜕𝑡𝑡∗ + 𝑢𝑢𝑓𝑓𝑡𝑡𝑐𝑐

𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏

𝜕𝜕𝑇𝑇𝑓𝑓
∗

𝜕𝜕𝑧𝑧∗ −
𝑡𝑡𝑐𝑐𝑘𝑘𝑓𝑓

𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑓𝑓𝐿𝐿𝑏𝑏𝑒𝑒𝑒𝑒
2
𝜕𝜕2𝑇𝑇𝑓𝑓

∗

𝜕𝜕𝑧𝑧∗2 = 4𝑡𝑡𝑐𝑐𝑈𝑈
𝑑𝑑𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑓𝑓

�𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏∗ − 𝑇𝑇𝑓𝑓∗�       (A3-7) 

From the coefficient of the second term on the left-hand side and the coefficient of the term on the 
right-hand side, we can derive 𝜅𝜅 that measures the ratio of heat transfer rate across tube wall to the 
heat advection rate along the tube: 

𝜅𝜅 = 4𝑈𝑈/𝑑𝑑
𝑢𝑢𝑓𝑓𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑓𝑓/𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏

       (A3-8) 

𝜅𝜅𝑐𝑐 and 𝜅𝜅𝑑𝑑 are defined for charging (𝑓𝑓 =HTF) and discharging (𝑓𝑓 =WF) accordingly. 

A3.2 Selection of HTF and WF inlet temperature 

For each reaction, we run simulations with different 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  and 𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖  and determine the appropriate 

fluid inlet temperature based on the corresponding reactor performance.   

Mn2O3 TCES 

In Figure A3-1, we compare the simulation results of Mn2O3 TCES reactor with 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 1173, 

1273 , 1373 K, 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 = 1.6 m and 𝑡𝑡𝑐𝑐 = 𝑡𝑡𝑑𝑑 = 6  h. Both overall bed conversion (𝜒𝜒) and power 

generation effectiveness (𝛾𝛾 ) reach maximum when 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  is 1273  K, therefore we use this 

temperature as  𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  for Mn2O3 TCES reactor in this study.  
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Figure A3-1. (A) Bed conversion and (B) fluid temperature of fixed-bed reactors with different HTF and 
WF inlet temperatures (blue: 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 1173 K, red: 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 1273 K, green: 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 1373 K) in Mn2O3 

TCES. In A, conversions at the start of charging (t=0) are shown as dashed lines and at the end of charging 
(t=6 h) as solid lines. In B, fluid temperatures at the inlet are shown as dash-dotted lines and at the outlet as 
solid lines.  

Ca(OH)2 TCES 

In Figure A3-2, we compare the simulation results of Ca(OH)2 TCES reactor with 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 873, 

923, 1023 K, 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 = 1.1 m and 𝑡𝑡𝑐𝑐 = 𝑡𝑡𝑑𝑑 = 6 h. As 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  increases, 𝜒𝜒 increases monotonically but 

the power generation effectiveness 𝛾𝛾 increases to 77% at 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 923 K and starts to decrease. 

Considering the limited improvement of 𝜒𝜒 brought by the 100 K temperature increase, we choose 

923 K as 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  for Ca(OH)2 TCES reactor in this study.  

 
Figure A3-2. (A) Bed conversion and (B) fluid temperature of fixed-bed reactors with different HTF and 
WF inlet temperatures (blue: 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 873 K, red: 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 923 K, green: 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 1023 K) in Ca(OH)2 
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TCES. In A, conversions at the start of charging (t=0) are shown as dashed lines and at the end of charging 
(t=6 h) as solid lines. In B, fluid temperatures at the inlet are shown as dash-dotted lines and at the outlet as 
solid lines. Note that the black dashed line in A denotes an overlap of lines in blue and red. 

CaCO3 TCES 

In Figure A3-3, we compare the simulation results of CaCO3 TCES reactor with 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 1273, 

1323, 1373 K, 𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 = 0.5 m and 𝑡𝑡𝑐𝑐 = 𝑡𝑡𝑑𝑑 = 6 h. As 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  increases, both 𝜒𝜒 and power generation 

effectiveness 𝛾𝛾 increase. Increasing 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖  above 1373 K may further improve 𝜒𝜒 and 𝛾𝛾, but it would 

lower the receiver efficiency. As a result, we select 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 1373 K for CaCO3 TCES reactor in 

this study.  

 
Figure A3-3. (A) Bed conversion and (B) fluid temperature of fixed-bed reactors with different HTF and 
WF inlet temperatures (blue: 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 1273 K, red: 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 1323 K, green: 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 = 1373 K) in CaCO3 

TCES. In A, conversions at the start of charging (t=0) are shown as dashed lines and at the end of charging 
(t=6 h) as solid lines. In B, fluid temperatures at the inlet are shown as dash-dotted lines and at the outlet as 
solid lines. Note that the black dashed line in A denotes an overlap of lines in blue, red, and green.  

A3.3 Selection of tube diameter 

To determine the optimal tube diameter (d), we run simulations of Mn2O3 TCES reactor at 𝜃𝜃 = 1 

with 𝑑𝑑 = 1 mm, 2 mm, 4 mm, and 1 cm. The reactor performance of the four cases are compared 

in Figure A3-4. As 𝑑𝑑 increases, both 𝜒𝜒 and 𝛾𝛾 decrease. Increasing 𝑑𝑑 to 1 cm is notably detrimental 
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to the reactor performance while reducing 𝑑𝑑 from 2 mm to 1 mm brings marginal improvement. 

Hence, tube diameter of 2 mm is selected in our design.  

 
Figure A3-4. (A) Bed conversion and (B) fluid temperature of fixed-bed reactors with different tube 
diameters (blue: 0.001 m, red: 0.002 m, green: 0.004 m, orange: 0.010 m) in Mn2O3 TCES. In A, 
conversions at the start of charging (t=0) are shown as dashed lines and at the end of charging (t=6 h) as 
solid lines. In B, fluid temperatures at the inlet are shown as dash-dotted lines and at the outlet as solid lines. 
Note that the black dash-dotted line in B denotes an overlap of lines in blue, red, green and orange.  

A4 Explanations to Chapter 5 

A4.1 Reaction parameters 

Table A4-1 lists reaction parameters used in this study, including the properties of s-CO2 and 

reactants as well as the relations between equilibrium temperature 𝑇𝑇𝑒𝑒𝑒𝑒 and gas C pressure for each 

reaction.  
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Table A4-1. Reaction parameters used in this study. 
HTF & WF: s-CO2 at 250 bar 

Heat capacity of fluid: 𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐻𝐻 & 𝐶𝐶𝐶𝐶𝑊𝑊𝑊𝑊 1.281 kJ/kg-K 
Thermal conductivity of fluid:  𝑘𝑘𝐻𝐻𝐻𝐻𝐻𝐻 & 𝑘𝑘𝑊𝑊𝑊𝑊 0.075 W/m-K 

Reactions & Reactants 

A ↔ B + C 
6Mn2O3 ↔

4Mn3O4 + O2  
Ca(OH)2 ↔ CaO +

H2O  
CaCO3 ↔ CaO +

CO2  
Molecular weight  
𝑀𝑀𝑀𝑀𝐴𝐴,𝑀𝑀𝑀𝑀𝐵𝐵,𝑀𝑀𝑀𝑀𝐶𝐶 

(g/mol) 
158, 229, 32 74, 56, 18 100, 56, 44 

Solid density, 𝜌𝜌𝐴𝐴 
(kg/m3)  4500 2200 2710 

Solid density, 𝜌𝜌𝐵𝐵 
(kg/m3) 4860 3340 3340 

Gas density, 𝜌𝜌𝐶𝐶 
(kg/m3) 0.35 0.28 0.48 

Gas density at storage, 
𝜌𝜌𝐶𝐶 (kg/m3) / 997 764 

Heat capacity, 𝐶𝐶𝐶𝐶𝐴𝐴 
(kJ/kg-K) 0.83 1.53 1.29 

Heat capacity, 𝐶𝐶𝐶𝐶𝐵𝐵 
(kJ/kg-K) 0.82 0.95 0.95 

Heat capacity, 𝐶𝐶𝐶𝐶𝐶𝐶 
(kJ/kg-K) 1.10 2.14 1.27 

Reaction enthalpy 
∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 (kJ/kg A) 202 1409 1779 

Equilibrium pressure 
of gas C, 𝑝𝑝𝐶𝐶

𝑒𝑒𝑒𝑒 (bar) 
ln𝑝𝑝𝐶𝐶

𝑒𝑒𝑒𝑒 = − 21650
𝑇𝑇𝑒𝑒𝑒𝑒 +

18.231   
ln𝑝𝑝𝐶𝐶

𝑒𝑒𝑒𝑒 = − 12845
𝑇𝑇𝑒𝑒𝑒𝑒 +

16.508  
ln𝑝𝑝𝐶𝐶

𝑒𝑒𝑒𝑒 = − 20474
𝑇𝑇𝑒𝑒𝑒𝑒 +

17.538  
𝑇𝑇𝑒𝑒𝑒𝑒(K)@ 1bar 1094 778 1168 

Cooling duty of C 
from 𝑇𝑇𝑒𝑒𝑒𝑒 to 298K 

(kJ/kg) 

810  3395 971 

 
A4.2 Continuous reactor model 

The key units of a TCES system are two reactors: R1, where the heat from solar irradiation or heat 

transfer fluid (HTF) drives an endothermic reaction ( 𝑣𝑣𝐴𝐴A (s) → 𝑣𝑣𝐵𝐵B (s) + 𝑣𝑣𝐶𝐶C (g)) and R2, where 

the reverse exothermic reaction takes place and heats up the power cycle working fluid (WF). 

Figure A4-1 shows a simplified process flowsheet of TCES systems with continuous reactors.  
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Figure A4-1. Process flowsheet of configuration IR1-CON-OL. 

To model the continuous reactors, we first build the mass balances for reactors R1 and R2, 

𝐹𝐹𝑅𝑅1𝐵𝐵,𝑠𝑠 = 𝑣𝑣𝐵𝐵/𝑣𝑣𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅1𝐴𝐴,𝑠𝑠  𝑠𝑠 ∈ 𝐒𝐒  (A4-1) 

𝐹𝐹𝑅𝑅1𝐶𝐶,𝑠𝑠 = 𝑣𝑣𝐶𝐶/𝑣𝑣𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅1𝐴𝐴,𝑠𝑠  𝑠𝑠 ∈ 𝐒𝐒  (A4-2) 

𝐹𝐹𝑅𝑅2𝐵𝐵,𝑠𝑠 = 𝑣𝑣𝐵𝐵/𝑣𝑣𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅2𝐴𝐴,𝑠𝑠  𝑠𝑠 ∈ 𝐒𝐒  (A4-3) 

𝐹𝐹𝑅𝑅2𝐶𝐶,𝑠𝑠 = 𝑣𝑣𝐶𝐶/𝑣𝑣𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅2𝐴𝐴,𝑠𝑠  𝑠𝑠 ∈ 𝐒𝐒  (A4-4) 

where 𝐹𝐹𝑗𝑗,𝑠𝑠 is the molar flow rate of stream 𝑗𝑗 ∈ 𝐉𝐉 in scenario 𝑠𝑠 ∈ 𝐒𝐒,  𝑣𝑣𝑘𝑘  is the stoichiometry of 

reactant 𝑘𝑘 ∈ 𝐊𝐊. 

The heat duties of R1 and R2 (𝑄𝑄𝑅𝑅1,𝑠𝑠,𝑄𝑄𝑅𝑅2,𝑠𝑠)  are equal to the enthalpy difference between its outlet 

and inlet stream, resulting from both component and temperature changes, 

𝑄𝑄𝑅𝑅1,𝑠𝑠 = ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝑀𝑀𝑀𝑀𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅1𝐴𝐴,𝑠𝑠  + (𝑇𝑇𝑅𝑅1 − 𝑇𝑇𝑅𝑅2) ⋅ 𝐶𝐶𝐶𝐶𝐴𝐴 ⋅ 𝑀𝑀𝑀𝑀𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅1𝐴𝐴,𝑠𝑠   𝑠𝑠 ∈ 𝐒𝐒 (A4-5) 

𝑄𝑄𝑅𝑅2,𝑠𝑠 = ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝑀𝑀𝑀𝑀𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅2𝐴𝐴,𝑠𝑠  + (𝑇𝑇𝑅𝑅1 − 𝑇𝑇𝑅𝑅2) ⋅ 𝐶𝐶𝐶𝐶𝐵𝐵 ⋅ 𝑀𝑀𝑀𝑀𝐵𝐵 ⋅ 𝐹𝐹𝑅𝑅2𝐵𝐵,𝑠𝑠   𝑠𝑠 ∈ 𝐒𝐒 (A4-6) 

where ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 is the reaction enthalpy, 𝐶𝐶𝐶𝐶𝐴𝐴 is the heat capacity of A, and 𝑀𝑀𝑀𝑀𝑘𝑘 is the molecular 

weight of reactant 𝑘𝑘  (see Table A4-1 for their values). 𝑇𝑇𝑅𝑅1  and 𝑇𝑇𝑅𝑅2  are the endothermic and 

exothermic reaction temperatures, which follow 𝑇𝑇𝑅𝑅1 > 𝑇𝑇𝑒𝑒𝑒𝑒 > 𝑇𝑇𝑅𝑅2. 
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The endothermic and exothermic reaction rate, 𝑅𝑅𝑅𝑅1  and 𝑅𝑅𝑅𝑅2 , can be calculated based on the 

kinetics models given in Table A3-2, 

𝑅𝑅𝑅𝑅1 = 𝑘𝑘0 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝑎𝑎

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑇𝑇𝑅𝑅1
�0.5𝑎𝑎(1− 0.5)𝑏𝑏 �1− 1

𝑝𝑝𝐶𝐶,𝑅𝑅1
𝑒𝑒𝑒𝑒 �

𝑠𝑠

 (A4-7) 

𝑅𝑅𝑅𝑅2 = 𝑘𝑘0 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝑎𝑎

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑇𝑇𝑅𝑅2
�0.5𝑎𝑎(1− 0.5)𝑏𝑏 �1− 1

𝑝𝑝𝐶𝐶,𝑅𝑅2
𝑒𝑒𝑒𝑒 �

𝑠𝑠

 (A4-8) 

where 𝑝𝑝𝐶𝐶,𝑅𝑅1
𝑒𝑒𝑒𝑒 /𝑝𝑝𝐶𝐶,𝑅𝑅2

𝑒𝑒𝑒𝑒  is the equilibrium pressure of gas C at 𝑇𝑇𝑅𝑅1/𝑇𝑇𝑅𝑅2 (see Table A4-1). 

The reactor sizing equations ensure the reactor volume (𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ) is greater than the sizing 

requirement of R1 and R2 in any scenario. For process configurations with indirect R1, 

endothermic and exothermic reactions can take place alternately during the day and night in the 

same reactor (i.e., R1 and R2 share the same equipment).   

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ≥ 𝑀𝑀𝑀𝑀𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅1𝐴𝐴,𝑠𝑠/𝜌𝜌𝐴𝐴 /(1− 𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏)/𝑅𝑅𝑅𝑅1   𝑠𝑠 ∈ 𝐒𝐒 (A4-9) 

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ≥ 𝑀𝑀𝑀𝑀𝐵𝐵 ⋅ 𝐹𝐹𝑅𝑅2𝐵𝐵,𝑠𝑠/𝜌𝜌𝐵𝐵 /(1− 𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏)/𝑅𝑅𝑅𝑅2   𝑠𝑠 ∈ 𝐒𝐒 (A4-10) 

where 𝜌𝜌𝑘𝑘 is the solid density of reactant 𝑘𝑘 (see Table A4-1), 𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏 is the reactor porosity 0.7.  

For indirect R1, the endothermic reaction heat is provided by HTF,  

𝑄𝑄𝑅𝑅1,𝑠𝑠 = (𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻) ⋅ 𝐶𝐶𝐶𝐶𝐻𝐻𝑇𝑇𝐹𝐹 ⋅ 𝑀𝑀𝑀𝑀𝐻𝐻𝐻𝐻𝐻𝐻 ⋅ 𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,𝑠𝑠   𝑠𝑠 ∈ 𝐒𝐒 (A4-11) 

where 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 and 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 are HTF  inlet and outlet temperatures at R1. 

For indirect R2, the exothermic reaction heat is delivered to WF,  

𝑄𝑄𝑅𝑅2,𝑠𝑠 = (𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 − 𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊) ⋅ 𝐶𝐶𝐶𝐶𝑊𝑊𝑊𝑊 ⋅ 𝑀𝑀𝑀𝑀𝑊𝑊𝑊𝑊 ⋅ 𝐹𝐹𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊,𝑠𝑠   𝑠𝑠 ∈ 𝐒𝐒 (A4-12) 

where 𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 and 𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 are WF  inlet and outlet temperatures at R2. 
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In addition, we use constraints tailored to prevent the violation of the second law of 

thermodynamics during heat transfer between HTF-R1 (daytime) and R2-WF (nighttime), 

𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − 𝑇𝑇𝑅𝑅1 ≥ ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  (A4-13) 

𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − 𝑇𝑇𝑅𝑅2 ≥ ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  (A4-14) 

𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − (𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻) ⋅ ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝑀𝑀𝑀𝑀𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅1𝐴𝐴,𝑠𝑠/𝑄𝑄𝑅𝑅1,𝑠𝑠 − 𝑇𝑇𝑅𝑅1 ≥ ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  𝑠𝑠 ∈ 𝐒𝐒 (A4-15) 

𝑇𝑇𝑅𝑅1 − 𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 ≥ ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  (A4-16) 

𝑇𝑇𝑅𝑅2 − 𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 ≥ ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  (A4-17) 

𝑇𝑇𝑅𝑅2 − 𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 − (𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 − 𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊) ⋅ ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝑀𝑀𝑀𝑀𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅2𝐴𝐴,𝑠𝑠/𝑄𝑄𝑅𝑅2,𝑠𝑠 ≥ ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  𝑠𝑠 ∈ 𝐒𝐒 (A4-18) 

where the minimum approach temperature ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 is 10 ℃ in this study. 
 
A4.3 Process model of CSP with solid-gas TCES 

In this section, we present the process model eqns (A4-1)-(A4-42) for CSP plants with solid-gas 

TCES systems in IR1-CON-OL configuration (see Figure A4-1).  

Sets 

𝑖𝑖 ∈ 𝐈𝐈    Units 

𝑗𝑗 ∈ 𝐉𝐉    Streams 

𝑘𝑘 ∈ {HTF, WF, A, B, C}  Materials 

𝑠𝑠 ∈ 𝐒𝐒    Scenarios 

Parameters 

CRF  Capital recovery factor 

𝐶𝐶𝑝𝑝𝑘𝑘   Specific heat capacity 

𝐷𝐷𝐷𝐷𝐼𝐼𝑠𝑠  Solar direct normal irradiance 

𝑑𝑑𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Conveyor unit power consumption 

𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 Indirect cost factor 
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𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Contingency cost factor 

∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟  Reaction enthalpy 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟   CSP plant rated capacity 

𝑄𝑄𝑟𝑟,𝑟𝑟𝑟𝑟𝑟𝑟  Reference size of receiver 

𝑇𝑇𝑒𝑒𝑒𝑒  Reaction equilibrium temperature 

∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  Minimum approach temperature during heat transfer 

𝑡𝑡𝑠𝑠
𝑑𝑑𝑑𝑑𝑑𝑑   Duration of daytime in scenario s  

𝑡𝑡𝑠𝑠
𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡   Duration of nighttime in scenario s 

𝛽𝛽𝑟𝑟  Scaling factor of receiver 

𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏  Bed porosity 

𝜀𝜀𝑡𝑡𝑡𝑡  Solid storage tank porosity 

𝜂𝜂𝑐𝑐    Collector efficiency 

𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏   Balance of plant efficiency (0.9, considering 10% parasitic load in the plant) 

𝜆𝜆𝑐𝑐  Collector price  

𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Conveyor price  

𝜆𝜆𝑟𝑟   Receiver price at size 𝑄𝑄𝑟𝑟,𝑟𝑟𝑟𝑟𝑟𝑟  

𝜆𝜆𝑝𝑝   Power block price  

𝜆𝜆ℎ𝑥𝑥    Fixed bed reactor cost  

𝜆𝜆𝑠𝑠𝑠𝑠  Storage media price 

𝜆𝜆𝑜𝑜𝑜𝑜,𝑓𝑓𝑓𝑓𝑓𝑓   Operation and maintenance, fixed cost 

𝜆𝜆𝑜𝑜𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣  Operation and maintenance, variable cost 

𝜋𝜋𝑠𝑠  Occurrence frequency of scenario s 

𝜌𝜌𝑘𝑘   Density of material k 

First stage variables 

AREA  Heliostat (collector) area 

CAPEX  Plant total capital cost 

𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Conveyor cost 

𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔    Reactant C gas storage cost 

𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇    TCES system cost 

LCOE  Levelized cost of electricity 

𝑚𝑚𝑠𝑠𝑠𝑠    Storage media (A) weight 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂  Annual operational cost 
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𝑄𝑄𝑟𝑟  Receiver size 

𝑅𝑅𝑅𝑅1   Endothermic reaction rate 

𝑅𝑅𝑅𝑅2  Exothermic reaction rate 

𝑇𝑇𝑅𝑅1   Endothermic reaction temperature 

𝑇𝑇𝑅𝑅2  Exothermic reaction temperature 

𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖   HTF inlet temperature at R1 

𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜   HTF outlet temperature at R1 

𝑇𝑇𝑊𝑊𝑊𝑊
𝑖𝑖𝑖𝑖   WF inlet temperature at R2 

𝑇𝑇𝑊𝑊𝑊𝑊
𝑜𝑜𝑜𝑜𝑜𝑜  WF outlet temperature at R2 

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 Reactor volume 

𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒  Annual Total electricity output 

𝜂𝜂𝑟𝑟   Receiver efficiency 

𝜂𝜂𝑝𝑝,𝑑𝑑𝑑𝑑𝑑𝑑/𝜂𝜂𝑝𝑝,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡 Daytime/ nighttime power block efficiency 

 

Second stage variables 

𝐹𝐹𝑗𝑗,𝑠𝑠   Stream molar flowrate  

𝑊𝑊𝑠𝑠
𝑑𝑑𝑑𝑑𝑑𝑑  Daytime power generated 

𝑊𝑊𝑠𝑠
𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡  Nighttime power generated 

𝑃𝑃𝑠𝑠
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Conveyor power 

𝑄𝑄𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 Energy curtailed through heliostat defocus 

𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻,𝑠𝑠   HTF thermal energy requirement during charging 

𝑡𝑡𝑠𝑠𝑐𝑐   Duration of daytime power generation (charging) 

𝑡𝑡𝑠𝑠𝑑𝑑   Duration of nighttime power generation (discharging) 

Equations 

Turbine efficiency 

day 

𝜂𝜂𝑝𝑝,𝑑𝑑𝑑𝑑𝑑𝑑 = −0.25�
𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

1000 �
2

+ 0.87�
𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

1000 � − 0.15 

(A4-19) 

Turbine efficiency 

night 

𝜂𝜂𝑝𝑝,𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡 = −0.25�
𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 − ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

1000 �
2

+ 0.87�
𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 − ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

1000 � − 0.15 

(A4-20) 
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Power cycle model 𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 0.87 ⋅ 𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 − 98.3 (A4-21) 

Receiver efficiency 𝜂𝜂𝑟𝑟  = 0.95− [2.41�
𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

100 �
4

  

+  10(𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − 293)]/576000 

(A4-22) 

Charging time 𝑡𝑡𝑠𝑠𝑐𝑐 ≤ 𝑡𝑡𝑠𝑠
𝑑𝑑𝑑𝑑𝑑𝑑  𝑠𝑠 ∈ 𝐒𝐒 (A4-23) 

Discharging time 𝑡𝑡𝑠𝑠𝑑𝑑 ≤ 𝑡𝑡𝑠𝑠
𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡  𝑠𝑠 ∈ 𝐒𝐒 (A4-24) 

Mass balance tank A 𝐹𝐹𝑅𝑅1𝐴𝐴,𝑠𝑠 ⋅ 𝑡𝑡𝑠𝑠𝑐𝑐 = 𝐹𝐹𝑅𝑅2𝐴𝐴,𝑠𝑠 ⋅ 𝑡𝑡𝑠𝑠𝑑𝑑   𝑠𝑠 ∈ 𝐒𝐒 (A4-25) 

Mass balance tank B 𝐹𝐹𝑅𝑅1𝐵𝐵,𝑠𝑠 ⋅ 𝑡𝑡𝑠𝑠𝑐𝑐 = 𝐹𝐹𝑅𝑅2𝐵𝐵,𝑠𝑠 ⋅ 𝑡𝑡𝑠𝑠𝑑𝑑   𝑠𝑠 ∈ 𝐒𝐒 (A4-26) 

R2 heat duty 𝑄𝑄𝑅𝑅2,𝑠𝑠 ⋅ 𝜂𝜂
𝑝𝑝,𝑛𝑛𝑖𝑖𝑖𝑖ℎ𝑡𝑡 ⋅ 𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟   𝑠𝑠 ∈ 𝐒𝐒 (A4-27) 

HTF heat duty 𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻,𝑠𝑠 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/𝜂𝜂𝑝𝑝/𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏 + 𝑄𝑄𝑅𝑅1,𝑠𝑠    𝑠𝑠 ∈ 𝐒𝐒 (A4-28) 

Receiver size 𝑄𝑄𝑟𝑟 ⋅ 𝜂𝜂𝑟𝑟 ⋅ 𝑡𝑡𝑠𝑠
𝑑𝑑𝑑𝑑𝑦𝑦 ≥ 𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻,𝑠𝑠 ⋅ 𝑡𝑡𝑠𝑠

𝑐𝑐     𝑠𝑠 ∈ 𝐒𝐒 (A4-29) 

Plant energy balance 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ⋅ 𝐷𝐷𝐷𝐷𝐼𝐼𝑠𝑠 ⋅ 𝜂𝜂𝑐𝑐 ⋅ 𝜂𝜂𝑟𝑟 ⋅ 𝑡𝑡𝑠𝑠
𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻,𝑠𝑠 ⋅ 𝑡𝑡𝑠𝑠𝑐𝑐 + 𝑄𝑄𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠 ∈ 𝐒𝐒 (A4-30) 

Conveyor power 𝑃𝑃𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑀𝑀𝑀𝑀𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅1𝐴𝐴,𝑠𝑠 ⋅ 𝑑𝑑𝑃𝑃
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐   𝑠𝑠 ∈ 𝐒𝐒 (A4-31) 

Conveyor cost 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≥ 𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  𝑠𝑠 ∈ 𝐒𝐒 (A4-32) 

Tank A volume 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡 ≥ 𝑀𝑀𝑀𝑀𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅1𝐴𝐴,𝑠𝑠/𝜌𝜌𝐴𝐴 /(1− 𝜀𝜀𝑡𝑡𝑡𝑡) ⋅ 𝑡𝑡𝑠𝑠𝑐𝑐   𝑠𝑠 ∈ 𝐒𝐒 (A4-33) 

Tank B volume 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡 ≥ 𝑀𝑀𝑀𝑀𝐵𝐵 ⋅ 𝐹𝐹𝑅𝑅1𝐵𝐵,𝑠𝑠/𝜌𝜌𝐵𝐵 /(1− 𝜀𝜀𝑡𝑡𝑡𝑡) ⋅ 𝑡𝑡𝑠𝑠𝑐𝑐   𝑠𝑠 ∈ 𝐒𝐒 (A4-34) 

Storage media 𝑚𝑚𝑠𝑠𝑠𝑠 = 𝑀𝑀𝑀𝑀𝐴𝐴 ⋅ 𝐹𝐹𝑅𝑅1𝐴𝐴,𝑠𝑠 ⋅ 𝑡𝑡𝑠𝑠
𝑐𝑐 (A4-35) 

TCES cost 𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝜆𝜆𝑡𝑡𝑡𝑡(𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡) + 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +
𝜆𝜆𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠 + 𝐶𝐶𝑔𝑔𝑎𝑎𝑎𝑎 * 

(A4-36) 
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Capital cost 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = [𝜆𝜆𝑐𝑐 ⋅ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝜆𝜆𝑟𝑟 ∙ 𝑄𝑄𝑟𝑟,𝑟𝑟𝑟𝑟𝑟𝑟 ∙ �
𝑄𝑄𝑟𝑟

𝑄𝑄𝑟𝑟,𝑟𝑟𝑟𝑟𝑟𝑟 �
𝛽𝛽𝑟𝑟

+ 𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

+
𝜆𝜆𝑝𝑝 ⋅ 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏
] ∙ (1 + 𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) ∙ (1 + 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 

(A4-37) 

Operational cost 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 𝜆𝜆𝑜𝑜𝑜𝑜,𝑓𝑓𝑓𝑓𝑓𝑓 ∙ 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  + 𝜆𝜆𝑜𝑜𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 ∙ 𝑊𝑊𝑠𝑠
𝑒𝑒𝑒𝑒𝑒𝑒 (A4-38) 

Total daytime power 𝑊𝑊𝑠𝑠
𝑑𝑑𝑑𝑑𝑑𝑑 = (𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑃𝑃𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) ⋅ 𝑡𝑡𝑠𝑠𝑐𝑐    𝑠𝑠 ∈ 𝐒𝐒 (A4-39) 

Total nighttime power 𝑊𝑊𝑠𝑠
𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝑡𝑡𝑠𝑠𝑑𝑑    𝑠𝑠 ∈ 𝐒𝐒 (A4-40) 

Annual power output 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 = 365�𝜋𝜋𝑠𝑠(
 𝑠𝑠

𝑊𝑊𝑠𝑠
𝑑𝑑𝑑𝑑𝑑𝑑 +𝑊𝑊𝑠𝑠

𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑡𝑡) (A4-41) 

Objective LCOE 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂)/𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 (A4-42) 

* For Mn2O3 TCES, 𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 includes the cost of the sensible heat storage unit; For Ca(OH)2 TCES, 

𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 includes the costs of the sensible heat storage unit and the water storage tank; For CaCO3 

TCES, 𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 includes the costs of the sensible heat storage unit, the supercritical CO2 storage tank 

as well as the CO2 compressor and turbine. 
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