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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



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

Introduction?

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.
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.? 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.®

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.*® Today, more than 13GWh of TES in
CSP are operational and most new CSP plants are incorporating TES.” 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.®

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.®

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 plantst?,
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.' 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% efficiency'? 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.'® Today, TES systems are utility



scale and operating all around the world.* Figure 1-2C is Crescent Dunes, a 110 MW CSP plant
in Nevada, USA, which became operational in 2015%°. 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).1*

Thermal energy

Collector Receiver Storage » Turbine

(A) (B) (9

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

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°C and freeze below 200°C,

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



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).t’
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 NaNO; CH,4 + H,0 & CO + 3H,
Energy density 0.11 kWh/kg 0.05 kWh/kg 2.04 kWh/kg
Temperature range 265-565°C 306°C 20-1000°C
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 (AH), and
reversibility.'® 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°C 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. %20

Among these types, fluid-phase TCES systems based on ammonia synthesis?* and methane
reforming?? 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



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.?>?* 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.

) Energy density . .
Phase Reaction Example kWh KkWh Advantages Disadvantag
types /kg m (°C) es
) NH; & Liquid NH; .
Fluid Ammonia 0.5N, + 1.5H, 109 745 () 200 for storage Low T
phase CH, + H,0 : Side
Methane & CO + 3H, 204 7.8(g) 700 High AH reaction
Metal MgH, < Good Slow
hydride Mg+ H, 080 580(s) 302 reversibility Kinetics
CaCO; & Cheap Poor
Solid- Carbonate Ca0 + CO, 049 692(s) 860 material reversibility
gas Sintering,
phase Hydroxide (éa%Oil)ﬁ ;’ 0.39 437(s) 525 No catalyst low
4 2 conductivity
. Co30,4 & Good Costly &
Oxide 3Co0 + 0.50, 024 295(s) 935 reversibility toxic

* Energy density based on the volume of specific reactant phase: I: 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.



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 CaC0O3/Ca0 Thermodynamics®  Fixed bed Process design®®-*
SrC05/Sr0 Kinetics?®%’ Rotary kiln®2-%  Techno-economic*
MgCO,/MgO Stability>26%  Fluidized bed®
Cyclone3®37
Hydroxide Ca(OH),/Ca0  Thermodynamics*®  Fixed bed*®>! Thermodynamic
Ba(OH),/Ba0 Kinetics**4 Moving bed®? analysis®’
Sr(OH),/Sr0 Stability*>4® Fluidized bed®~  Process design®®>
Screening®’ 56 Techno-
economic*26061
Redox  Ba0,/Ba0 Thermodynamics®>  Honeycomb’®-"2 Thermodynamic
C030,/Co0 6 Rotary Kiln 74 analysis’®"’
Mn,05/Mn;0, Kinetics®%° Moving bed”®  Techno-economic**

Perovskites Stability®6-68
Screening®

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(COB)y (S) < Mxoy (S) + y COZ (g)

Many carbonate reactions have been studied for CO, capture.”*-®! In the context of CSP-TCES,
CaCO05/Ca0 is the most investigated one due to its high operating temperature (885 °C at 1 bar
CO; partial pressure), high energy storage capacity (692 kWh/m?® CaCO;) as well as the abundant
and cheap limestone feedstock.*® However, CaO particles progressively deactive to ~20% over
repeated cycles due to sintering.8? The material stability can be enhanced by using calcium and
magnesium acetate as CaO precursors.®® SrCO;/SrO has also been studied for TCES because it

offers the ability to store and release energy at higher temperature (~1200 °C).8® Carbonation



conversion of SrO remains stable over the first 15 cycles and then decreases to 87% over 45 cycles.

MgCO0;/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) © M0y, (s) +y/2 H,0 (g)

The hydroxide reactions proposed for TCES systems are Ca(OH),/Ca0, Ba(OH),/Ba0O, and
Sr(OH),/SrO reactions. Among them, Ca(OH),/CaO reaction receives the most attention due to
its high reaction enthalpy as well as the abundancy and low cost of Ca(OH),. However, Ca(OH),
materials have poor mechanical properties that may lead to attrition and agglomeration over
reaction cycles.*® Several material modifications have been proposed to enhance its mechanically

stability, including adding nanoparticles*® and synthesizing composite material*®.
Redox system
The general form of a redox reaction is:

M0y (s) © M0, (s) + (y—2)/2 0, (g)

In order to search candidates for redox TCES systems, Wong et al.®® screened 74 pure metal oxides
based on thermodynamic calculations and identified 6 suitable redox reactions. In particular,
Co30,/C00,Ba0,/Ba0 and Mn,05/Mn;0, reactions are thermodynamically favorable at 700-

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

Co30,/Co0 has high reaction enthalpy and long-term cyclic stability.2* The material remains
stable over 500 cycles.”® Mn,05 and BaO, have been studied because they have lower material

cost and toxicity than Co30,. Carillo et al.®® tested the Mn,03/Mn;0, over 30 oxidation-



reduction cycles and found that the particle size had dramatic influence on the material cyclabililty.
The feasibility of using BaO,/Ba0 for TCES has been demonstrated by Fahim and Ford®?, but
more work needs to be done to improve the cycling stability of this system. Beyond pure oxides,
mixed oxides and perovskites (ABO;/ABO5_s) were recently investigated as promising high

temperature TCES candidates due to their potential to increase oxygen exchange capabilities.®*®

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.®># 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.>” 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.®

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 beds®!, rotary kilns®?-
3 fluidized beds®, and cyclone reactors®®3’. Hydroxide reactions have been implemented in fixed
bed*®%!, moving bed® , and fluidized beds®-*°. Redox reactions have been implemented in

powder-coated honeycomb reactors’®"2, rotary kilns’>"*, and moving beds”. 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%).%8

Table 1-4. Comparison among different types of solid-gas solar reactors.

Type Reactor Advantage Disadvantage
Stacked Fixed Low cost, low parasitic energy Slow heat and mass transfer
bed Easy design, construction and Difficult to be implemented for
operation, extensively studied continuous commercial process
Rotary Fast heat and mass transfer Difficult to be scaled up
Kiln Versatility, long life components High parasitic energy demand
Moving Direct heat transfer Non-uniform irradiance distribution
bed High heat transfer coefficient Need to control the residence time
Fluidized Fluidized Minimize hot spots and thermal High pressure drop and parasitic
bed instability; fast heat transfer energy
Complex reactor hydrodynamics,
erosion
Entrained Cyclone  Continuously feed and separate Solid deposition on the reactor
solid and gas products 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.

. Reaction Energy Cost Design Solar
Ref. TCES reactionScope . .. Power cycle : . _ Y seasonal
Kinetics analysis analysis optimization L
variability
2 CaCO5/Ca0  CSP  Yes CO;Brayton Yes No No No
Steam
40
CaCO5/Ca0 CSP No Rankine Yes No No No
%0 CaC05/Ca0  CSP  No Air Brayton  Yes No No No
Steam
57
Ca(OH),/Ca0 CSP No Rankine Yes Yes No No
Steam
58
Ca(OH),/CaO TCES  Yes Rankine Yes No No No
Steam
59
Ca(OH),/CaO TCES  Yes Rankine Yes No No No
Steam
60
Ca(OH),/Ca0 CSP No Rankine Yes Yes No No
1 Ca(OH),/Ca0 CSP  Yes Steam Yes  Yes Yes es, 4
Rankine seasons
% Perovskites CSP No s-CO;Brayton Yes No No No
" Co30,/Co0 TCES No Air Brayton  Yes  Yes No No
8 Perovskites CSP  Yes  AirBrayton Yes  Yes No No
42 17 reactions TCES No  Various cycles Yes Yes No No
CaCO5/Ca0
The Ca(OH),/Ca0 CSP Yes s-COz Brayton Yes Yes Yes Yes,§
sis scenarios
Mn203/Mn30O4

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-COz) 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 (PDESs) 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 TCES?

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

Material — Material flow
handling — Energy flow

i
Heat i
from |

1

Separation

— >

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 (M, H,, < xM + 0.5yH,) 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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integration

reaction handling
type Adsorbent
Membrane Material
Flash tank Underground
; mmonia H 1Xe e vessel ompressor
Fluid E tube hx
phase
Solid- | Oxide Fluidized bed I 6 Concrete silo Con\.zeyor -
gas Lift Solid-gas
hase heat
p | Carbonate Packed bed li exchanger

| Metal hydride Falling particles lf

—— Case studies

Hydroxide ......
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 i € I, with subsets IR (reactors), ISEP(separation units), I™ (storage tanks), I¢

(compressors), and IE (heat exchangers).

(2) Streams j € J; each process unit, i, has inlet (j € J™) and outlet (j € J°UT) streams.
(3) Components k € K, 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 Al.1.
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Parameters Optimization model Results
Reaction properties Minimize LCOE Condition variables
AoC+D Stream (Fj , T})
Reaction enthalpy (AH) Constraints Unit (T;, P;, Qi Wi)
Reaction entropy (AS) Unit .
ifich nit mass an - -
Specific heat (Cpy) Iln ot > energy balance in @ Design variables
Plant characteristics TCES system Solar field area
Plant location Unit size and cost
Weather data Solar field, receiver and
Nameplate capacity turbine model Evaluation metrics
Operation time Cost calculation LCO].E '
Cost data Energy efficiency

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 (AH) and entropy (AS), as well as the heat capacity for each component (Cpy)
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 /m?
direct normal irradiance (DNI). The plant has a nameplate capacity (P"%t¢) equal to 100 MW and
operates 24 hours a day, with a nominal daytime operation time t%% = 10h and storage time

tSt = 14h. All plant cost assumptions are based on the power tower configuration 8°.

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 (F; ), stream temperatures (7;) and the
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operational conditions of each unit (unit temperature (T;), pressure (P;), heat duty (Q;) and work

load (W;)). 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.

Tiot ok !
Day mode - 10 h 1_?@“ ! N Day mode 10h
Er::h__m; s s
— k«)ga——':
TR | = ) .s:::- 10-@5-1
Ez il
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Night mode 14h ey 17—)@-,
. » 18
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Temalp i . Hot tank
— B O )}
——T ]qﬂa‘: o9 ua@—ﬂ
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Heat to ; e
oD 2 % E4 l turbine
Sepa @ A - 15 i
r 3 4| rator KZ1 20 19 N vy
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1 23 reactur (R2) L
Night mode 14h
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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 (i € I®) 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
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reach equilibrium, by simply adding their corresponding equilibrium equations. The Gibbs free
energy (AG) can be calculated from the reaction enthalpy and reaction entropy at the reactor

temperature (Toyr)
AG = AH; — Toyr - AS; i €1IR (2-1)

and the equilibrium constant K., can be expressed as

. Yk
Keq = [k <M) ielR (2-2)

T _.patm
Foyr'P

where P is the process pressure, P™ =1 atm, Fyyr is the component molar flow rate of the

reactor outlet stream and FJ,; is the total molar flow rate.

For the energy balance calculation, the reactor heat duty (Q;) 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.

Qi = AH; - (Fina — Foura) + (Tour — Tin) - (B Finge - Cpy) i € IR (2-3)

The heat absorbed by the solar receiver Qg4 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.

ﬂQi ielIR

FIN'k ) UAA — Ucc‘l‘UDD FOUT;k
TIN AHL', ASi, Cpk

TOUT

Figure 2-5. General reaction unit.
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Separation

For a separation unit (i € ISEP), each component k is assigned a split fraction {j x for each outlet

stream j. The mass balance of the separation unit can then be expressed as,
Fik =ik Ly Frpe 1€15P j € JPUT ke K (2-4)

where {; ;. is a function of the separation technology, operating condition and feed compositions
Fjr . To calculate {; ,, we can either develop a complex first-principles separation model or a

surrogate model from existing experimental or simulation data *°. In Appendix Al.2, we
demonstrate how to use the commercial process simulator ASPEN PLUS to generate a surrogate

model for a flash tank used to separate H, and N, from NH.

Storage

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

Fip-t9 =F -5t iel™ e j eV keK (2-5)
where t4% = 10 hr is the day operation time and t5t° = 14 hr 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 m?3 pressure vessels with maximum operating

pressures of 700 bar®, unit capital cost of 5700 $/m3, and a pressure factor of 0.44 %2,

(2) Underground storage: Compressed gas is stored in underground cavities with unit capital cost
of 50 $/m3 and maximum pressure of 300 bar. Abundant industrial experience in natural gas
underground storage since 1916% and multiple studies for hydrogen underground storage %

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 Al.4 for a geological map

displaying locations with potential underground storage).
Material handling

Let P be the process pressure, P¥ the maximum storage pressure, and P the minimum (cushion)
storage pressure. Every 24 hours, each storage tank goes through the following four phases (Figure

2-6):

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

reaches P;

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

the end of the charging process (point B).

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

drops to P;

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

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

Using these three pressure variables (P, P? and PL), we calculate the storage tank size, compressor
size and electricity consumption. The size of the storage tank (V****) is calculated via,
vk = pL - Zpy - t9% - R - Ty /(PH — PE) i =TK1 (2-6)

where F1, is the total molar flow rate of storage tank inlet stream (Stream 16), and Z, is the
average compressibility factor of the inlet stream (a detailed calculation of Z is provided in

Appendix Al.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,

y-1
4

comp — pH P 77_1 P 2 7
PWR; -1 =max{FCp;y - Ziy - Tiy - [(T) — 1, FCpour * Zour * Tour - [(_) - 1] i=TK1 ( - )

pL

where FCp;y is the flow heat capacity, y is the heat capacity ratio, and n“°™? is the compressor
isentropic efficiency. Daily electricity consumption is calculated by integrating the compressor

power over time.

350 ‘ !
P H Compressor ::_ g::f,:“
300——————————}7/power X;/.\
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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 Al.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

C, (J/mol - K)* Gas storage option
TCES system AH AS Pressure Under
(kd/mol) (J/mol-K) A B C D
vessel ground
Ammonia dissociation
NH, <> 1.5 H, + 0.5 N, 55 117 72 - 30 33 Case 1 Case 2
Methane reforming 260 284 67 62 30 33  Case3 Case 4

CH, + CO, < 2CO + 2H,
* Temperature dependent heat capacities (given in Appendix Al.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 (E*“") to a central receiver. Typically, this process

has an average 40% energy loss * so we assume a constant collector efficiency (n¢) of 0.6.
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Receiver efficiency (n") is defined as the ratio of heat absorbed in the endothermic reaction (Qg;)
to heat absorbed by the receiver. n” decreases with increasing endothermic reaction temperature
(Tx1), which leads to greater radiation and convection losses®® (see Figure 2-8). The highest
temperature of the heat delivered to the turbine from the TCES system (Qg, + Qg4) IS at the

exothermic reaction temperature (Tx,). Turbine efficiency (n?) increases with Tx,.

Part of the turbine rated power output (P74t¢) is consumed by compressors in the TCES system.
The storage efficiency (n5%°) calculation accounts for both the heat loss in TCES and the

compressor power consumption ( W <°™?  MWh/day), given as

day , ~day. ,da night , night,  sto  WCOMP
sto (Qp,” +Qgy 7 ) t*Y+(Qg,  +Qpy )t 7Para D
Qr1 .tday

where nP2" = 0.9 is the parasitic efficiency, considering a 10% parasitic load for the balance of

plant.
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Figure 2-7. Energy flows and efficiency in a CSP plant.
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Figure 2-8. Receiver and turbine efficiency changing with temperature.
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Finally, the solar to electricity conversion efficiency (n°~¢), defined as the ratio of daily net

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

efficiencies,
s—e wete c r sto p para
n = ESun.gday =n-n-n nt-n (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.
Separation
Cooling nr .r’StO np T’S—e

Tgr,(°C i
Cases* Ty (°C) r2(°C)  Compression

. 0, rate
day night (% of PT) (% of Qg,)

Reference 565 565 565 - - 091 098 0.37 17.8%
1:NHs3, PV 386 539 399 17% 17% 094 070 032 11.2%
2:NH3, UG 548 543 350 2% 14% 092 082 030 12.2%
3: CH4, PV 1000 1000 645 18% - 067 0.82 043 12.7%
4: CH4, UG 919 919 692 3% - 075 097 044 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



25

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).
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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 C/kWh

to 36.8 C/kWh, primarily due to the increased gas storage cost and reduced electricity generation.

Separation is beneficial to ammonia TCES systems in three ways. First, after separation, reaction

products are stored at lower temperature, which reduces the storage tank volume. Unreacted



26

ammonia is cooled down to liquid phase and stored in the cold tank. Second, during the night,
unreacted N, and H, 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 (Axz;) and exothermic (Axg,) reactions are equal to the difference
between the equilibrium compositions at Tz, and Ty, (Tg; should be higher than Tg,). With
separation, the inlet streams to both reactors contain practically pure components and Tk, could
be lower than Ty,, as shown in Figure 2-10A. This also explains why ammonia TCES systems
with separation has lower Tz, 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 Tg,. Results show that R2, where the exothermic reaction happens, is

almost adiabatic, and Ty, can be estimated by,

Try = AH'CA% + Tri1 (2-10)

where AH is the reaction enthalpy, C_p is the average stream heat capacity and Axg, is the reaction
conversion (see Figure 2-10). The storage tank temperature (Tyx4) is 27°C in the ammonia system

and 90°C in the methane system.

The high Ty, of methane TCES system results from its high AH/C_p, which is 6050 °C compared

to 1570 °C for ammonia. Generalizing this analysis, high AH/C_p 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 (n°~F) is lower

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

result of high Tg;.

Ale, AxRZ
= 0.25

TRZ TRl
860 1000 0™ £) 2(‘]0 4[;0 660 8(‘]0 1000
T(°C)
©)
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,
LCOE = (CAPEX - CRF + OPEX)/(365 - W®'¢) (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 W e is the daily net electricity output

(detailed cost assumptions and calculations are given in Appendix Al.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 AH 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).

. . . Case 1: 9.4 ¢/KWh
Collector ~ MW Receiver Storage M Turbine Operation Separator Ream{r Media

250 23.7 ¢/kWh Comprezg/gr % 1%

2.2 20.6 ¢/KWh
200 fr— R
§150 9.4 13.7 ¢/kWh »
= 11 ¢/kWh = ' Case 2: 0.9 ¢/kWh
2.4 B #
5.0 _ 6 0.3 ¢/kWh
. 7.0
4.8 e 5.0
0.0
Reference Casel Case 2 Case 3 Case 4
(a) (b)

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 (Tg;) and exothermic (Tg,) reaction influence the total CSP

plant cost (CP'*"t), which consists of the solar collection cost and gas product storage cost:

Acollection

Cplant — [ + Astorage . FStO + Cl] . Prate (2_12)
nr.np

where Acoltection s the solar energy collection cost, including collector and receiver costs; A5t°79¢
is the gas storage cost, including the cost of tanks and compression; and P"#t€ is the plant rated

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

Eqgn. (2-12) shows that the collection cost is inversely proportional to the receiver efficiency (n")
and turbine efficiency (n?). Further, n” decreases with increasing Tz, wWhile n? increases with Ty,
(see Figure 2-8). Therefore, low Tk, and high Ty, lead to low collection cost. The storage cost is

proportional to the gas flow rate (FS°), which can be calculated from the heat balance of R2,
Fsto — Prate/(Asz -AH - r,p) (2-13)

where Axg, is the exothermic reaction conversion and its relation between Tg; and Ty, are
described in Figure 2-10. As Tz, — Ty, increases, Axy, 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 Ty, and Ty, , 1000 °C and 645 °C
respectively, while the reaction turning temperature (7*) is 700°C. For the ammonia-based TCES
system, Tr; (386°C) is lower than T, (399°C) and its T* is 200°C. These results suggest that there
are two approaches to dealing with the trade-off between collection cost and storage cost. First,
TR, and Ty, should be in the vicinity of T* where the equilibrium composition changes fast with
reaction temperature. Thus, maximum Axg, can be achieved with a small difference between

TR, and Tx,. Second, separation can increase the reaction conversion and allow Ty, < Ty, .
Operating pressure

The process pressure (P), maximum (P#) and minimum (P%) storage pressure determine the total

gas storage cost, CSt°"29¢ which includes storage tanks, compressors, and electricity consumption,

FStO

H H
gstorage = prank . () 4 1°0m . (In 2=+ In2) + LCOE - (5 + =) (2-14)

where At and A°™P are the unit capital costs of storage tank and compressor. To calculate the

cost of compression power consumption, LCOE is used as an estimation of the electricity price.
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Figure 2-12. Impacts of process pressure on compression work and LCOE in Case 1.
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Eqn (2-14) shows that the storage tank cost is inversely proportional to P — PL, while the
compression cost, including both the compressor and electricity cost, is proportional to P* /P 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 P /P and P/PL, higher P leads to larger P — PL. However, when P exceeds 400 bar,
storage cost rises with P. This is because P has an upper limit of 700 bar, so increasing P leads
to higher PL and thus smaller P¥ — PL. 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 P# (560 bar) and PX(115 bar) when P = 300 bar. Case 1
uses expensive pressure vessel storage with Afe™ = 9250 $/m3. The difference between
PHand Pt is large, reducing the storage volume at the expense of more compression power
consumption. In Case 4, when cheap underground gas storage (50$/m3) is employed, P — PL 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.

Case 1 (23.7 ¢/kWh) Case 4 (9.6 ¢/kWh)
Receiver efficiency (0.94+0.05) 232 24.3 Receiver efficiency (0.75+0.05) 9.15 10.08
Collector efficiency (0.6+0.05) 23.1 244 Collector efficiency (0.6+0.05) 9.20 10.04
Storage hours (14+1 h) 233 24.0 Storage hours (14+1 h) 9.54 9.64
Gas storage price (5700570 $/cum) 229 24.5 Gas storage price (50+5 $/cum) 9.54 9.63
Collector price (250+25 $/m"2) 229 24.5 Collector price (250+25 $/m*2) 9.09 10.09
Receiver price (20020 $/kW-t) 23.4 24.0 Receiver price (20020 $/kW-t) 9.40 9.78
Turbine price (1000£100 $/kW-t) 23.6 239 Turbine price (1000+100 $/kW-t) 9.46 9.72
DNI (800£100 W/m"2) 229 24.8 DNI (800+100 W/m"2) 9.03 10.30
22.0 23.0 24.0 25.0 85 9.0 9.5 10.0 10.5
LCOE(-) ®LCOE(+) LCOE(-) ®LCOE(+)

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 C/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 C/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 Variability?

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 °’. This approach has been
widely used for the synthesis of flexible processes, such as heat exchanger networks 98
separation systems %0191 and energy systems %2797, 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).
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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 1%, 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 46109113,

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 14

, 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 *>16, A number
of extensive reviews are available, including reviews on heat exchanger network synthesis 117-11°,

122

separation network synthesis 12121, reactor network synthesis *?? and water network synthesis 22,

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 1227 and solution of the

resulting optimization models 128131 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 %”. 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 *271%,  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 7,
including stochastic programming 140 and robust optimization #*-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 %

mxin f1(x) + Eg{Q(x,0)} x €R™, 9 e R
Q(x,6) = min f *(x,y,0) (3-1)

st. h(x,y,0) =0;g(x,y,80) <0 y€eR"
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where x is the vector of first stage decisions which are made prior to the uncertainty realization; y
is the vector of second stage decisions which are made after the realization of uncertain parameters
6 which is described by a continuous probability distribution function or a finite number of discrete
scenarios through sampling approximations; h(x,y, 8) and g(x, y, @) are vectors of equality and
inequality constraints, respectively; and the objective function contains the first stage cost f(x)

and the expectation of the minimum second stage cost Q (x, @) over all realizations.
The scenario-based stochastic problem can then be written as,

min f1(x) + Y7 - Qs(x,0,) x € R™, 9, € R"?
X
Qs(x,05) = myin f2(x,y5,05s) VsES (3-2)

st hs(x, Y5 05) = 0; gs(x,¥5,0,) <0 y; ER™
where 6, and 7, are the values of uncertain parameters and the probability of scenario s € S.

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 data'*®. 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, 8, and m; 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
he(x,y,, 05) and g.(x,y,, B5) 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 4’| SCIP 148 Couuenne *° and Antigone *° 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 1°%-1°2,

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 *>* while Merchan and Maravelias proposed a
forward-propagation algorithm based on inventory and resource availability 4. 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 *°. 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 %1% 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 °81° and L-shaped method 1. Several
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extensions of Bender’s decomposition or L-shaped methods have been developed for nonlinear 62,

nonconvex MINLP 12, and multi-stage stochastic programming problems 2,

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 (s € S) are representative days,
each with a frequency of occurrence () 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 (m € M) 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.
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Figure 3-2. Overview of the proposed optimization framework.
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3.3.1 Scenario and mode generation

i i iability i i ich- | Clusterin i i i
Varying parameter Time sc‘ale Variability in two | | Multiple hlgh g Represen.tatlve Piecewise Moc.:le
data separation frequencies frequency profiles scenarios constant | profiles

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 %4 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 165167,

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 (0) are obtained. Due to the complexity of
process synthesis problems, a small number (N) of typical days (i.e., scenarios) are selected to
represent these L days. The scenarios can be generated through a variety of methods, including
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 () 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 rrg of each scenario, if six scenarios are chosen to represent seasonal variability, are

shown in Figure 3-4B and C, respectively.
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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 8. A piecewise
constant approximation with M intervals (modes) is then applied to approximate daily profiles of
each scenario where @ varies continuously. The duration of mode m € M in scenario s € S is
denoted by t,,, whereas the parameter values are denoted by 6 ,,. ts,, and O, 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.
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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 H,0 and CO,, splitting, which can take place in
either a fluidized bed or a fixed bed reactor. The unreacted CO, 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,
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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 CO,/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, CO,/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.

CO/H, storage

Day mode

P I . -

[ Il - —
HINY = -—-—T—-J " MeOH
C0,/CO —» synthesis

CO,, H,0 splitting  separation

‘& Night mode

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, i € I; (2) streams j € J; and (3) components, k € K.
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Figure 3-7. A general processing unit.

Binary variables Z¢ denote the selection of unit i for the overall design, while binary variables

Z;n, denote the activation of i in mode m. If i is not activated in m (Z7,,, = 0), all component flows
of its inlet (j € ]}})‘n) and outlet streams (j' € ]8},?) are forced to zero. Streams are indexed over
(i, m) 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.
Z¢ =72, i€elLmeM (3-3)

The unit operation over scenarios and modes can be formulated using a flow-based approach ?7,

in its general form, given as

(y?,s,mJ ygl,s,m) = f(yil,s,m' yiz,s,mi ’ es,m' ts,m) S € S' meM (3'4)

where yism, Yism are input operational variables and y3, .., ¥ism are output operational
variables. Specifically, yil,s,m are inlet stream variables (component flow rates F; ., stream
temperatures T; ; and pressures P; ); yﬁs,m are unit input variables (e.g., distillation reflux ratio);
Yism are outlet stream variables (Fj, s, Tjrs, Prs); @nd yis,, are unit output variables (e.g.,
heating duty Q; ., work W; ., and operating cost C’,,). C/s,, includes a fixed part and a

varying part given as follows
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coc = foc,fix(ng) + 27" Qi Wism) LELsESmMEM (3-5)

Lsm i

While operational variables are different across scenarios and modes, design variables x;
(equipment size A;, capital cost C{°) 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 (A{s ,,,) among all scenarios and modes:

A= A = M (Y o Ve Osmr tsm) L ELS ES,mEM (3-6)

i,sm

where £,°**™7 is the unit sizing function, carefully designed so that when unit inlet component
flows are equal to zero, A7, is also equal to zero. In the sizing of equipment used for storing

materials (i.e., storage tanks), durations t; ,,, 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
Z¢ =272, i€elLmeM (3-7)

Another type of constraint is applied when the activation of one unit i 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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Zom — 23 <0ii'eElLmeM (3-8)

i"m+1 =

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 f(x) + s 75 - Qs(%, O5ms tom)
x = [xB x%],x® € {0,1}", x* € R*?

QS = mln fz(x’ yS,m’ BS,m’ ts,m) v S € S

s,m

st (3-9)

hsm (% Vs Osms tsm) =0 \
gs,m(xl ys,m' es,m' ts,m) <0
ré,m (x' ys,m: es,m: ts,m: ys,m+1' 05,m+1' ts,m+1) =0
Ysm = | Yoo Yom] ¥ € (0,1}, ¥5,, € R
where x are design variables, including discrete decisions x® (i.e., Z%) and continuous decisions

VmeM

x® (i.e., A;, Cf°); y5.m are operational variables, including discrete decisions y5, (i.e., Z{m) and
continuous decisions Y&, (i-6., Yism Yosm Yism Yism)ihsm are equality constraints (e.g., unit
mass and energy balance, unit connectivity); g, are inequality constraints including equipment
sizing equations (eqn (3-6)) and design specifications; and r; ,,, 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.
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Figure 3-8. The nested block diagonal structure of the multimode stochastic model (illustrated with two
modes and two scenarios).
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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 x and second stage operational variables y, ,,,. 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 X/X to denote the lower/upper

bound on variable X.

Unit info

‘\\Demand info

First stage X

Second stage

Yom M .

Sl AL T3
SES J
meM Feed info

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 1t and 2™ 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 )’?,s,m' y;l:s,m from
bounds on yil,s,m, yﬁs,m utilizing the unit model (see Figure 3-7). Specifically, for every unit i, the
tightest possible bounds on all involved operational variables y; ., based on given bounds

(Xi,s,m/yi,s,m) can be obtained by solving the following optimization problems for each variable

individually, where y(k‘)

i,sm

is the k" element of y; . (k = 1,2, ..., n).

min/maxy.(k) VielLseSmeM

Lsm

st f(Wism Osmtsm) =0 (3-10)

Xi,s,m < Yi,s,m < yi,s,m
— 1 2 3 4 n
yi,s,m - [ yi,s,m' yi,s,ml yi,s,ml yi,s,m]! yi,s,m e R

The solution of the min/max problem yields X.(k) 155

i,smZi,sm

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 y},s,m, yl-z,s,m from
bounds on yi”,s,m, yﬁs,m). When there are loops (i.e., recycle streams) in the process, tear streams

are used together with the forward/backward propagation algorithms 3,

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,
Fsjs=Fers=Fxs k€EKSES (3-11)

ks =Fers =0 k€K sES (3-12)

L

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.

FZ,k,S = maX(F&k,s, F4,k,5) k S K,S S S (3'13)

Let Fj . s be the minimum flow of component k along stream j in scenario s, if the stream is active

in (s, m). The lower bound on the inlet stream of ss is given as follows:
EZ,k,S = min(ﬁg’k’s, ﬁ4,k,s) k € K,S €S (3'14)

After bounds on all y ,, are calculated, bounds on required unit sizes (A7 ,, = £ (Vi m)) IN

all scenarios/modes are calculated and used to calculate bounds on first stage unit sizes (4;),

A;=max A, iELLsESMEM (3-15)
ax Lis,

A =maxA?;, iELsESMEM (3-16)
sm

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 . 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 8. 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 systemé (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 '®°. 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.
Duration (hours) DNI (W/m?)

Scenario Day  Night Day Night Occurrence
sl 3.9 201 273 O 4.4%
s2 5.2 188 598 0 8.2%
s3 6.8 172 747 0 11.0%
s4 7.8 16.2 895 0 24.1%
sb 9.6 144 938 O 30.7%
S6 11.1 129 973 O 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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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 (x = 0). The first
stage design variables (x) include solar field area (AREA), receiver size (Q") and TCES equipment
sizes (A;). The second stage operational variables (y,,,) include turbine output levels (P ,,),
stream flow rates (Fjxs) and unit operating conditions (P;gm, Tism» Qism» Wism)- 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.
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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 (DNl 44,) and the solar field area (AREA), solar energy

collected by the solar field (Qs 44,) in €ach scenario is calculated as,
Q;day = AREA -DNlgg4y 1n° SES (3-17)

where n¢ = 0.6 is the collector efficiency (constant). The model can readily handle the variability

in n¢ by simply treating the product of DNI and n° as the varying parameter.”

The heat absorbed by R1 (Qr1,s,day) IS given as

QRl,s,day =( Q.g,day - Qgcllzt;l”) ’ ng,day SES (3-18)

where Qscf,‘lfl";?” is the energy curtailed through heliostat defocus to prevent receiver from
overheating in extremely sunny days; 7; 44, is the receiver efficiency (variable), which is a
function of endothermic reaction temperature (T sday) %, Higher Tr1,s,day l€ads to greater

radiation and convection losses and thus lower 7¢ ;.-

TCES system

To model the TCES subsystem, we define subsets for the four types of units in TCES: reactors
(IR), storage tanks (I™), compressors (I¢), and heat exchangers (IE). Based upon flow-based

formulations of general processing units, we develop models for each type of TCES units.
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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 (i € I®). The reversible reaction is expressed
in a general form v4A + vgB < v.C+vpD. In this case study, methane dry reforming CH, +
CO, < 2C0O + 2H, is used, with its reaction enthalpy (AH), entropy (AS), and component heat
capacity (Cpy) given as parameters. Equilibrium reactors are assumed and the reactor heat duty
(Qism) is equal to the enthalpy difference between its outlet and inlet stream, resulting from both

component and temperature changes,
AH .
Qism = o (Four,as — Finas) + Tours —Tins) - (ZiFinges - Cox) i€EIR,seSmeM  (3-19)

where F, ¢ and Fgyr ¢ are total molar flow rates of inlet and outlet streams, Fyy s and Foyr s

are component flow rates.

Qi,s,mﬂi el®RsesmeM

F F,
_INKS L v, A+ vgB — vC+vpD OUT""IS
TIN,S AH, AS; Cpk TOUT,S

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 P s to P, <. When products are discharging from TK1 during the
night mode, tank pressure decrease fromPfy, ¢ to P%m,s- The material balance around TK1 is

given as,
Fﬁv,s “lsday = FgUT,s “tsnight SES (3-20)
The tank pressures depends on the storage tank size (V%) and the amount of stored products,

PTP"IKl,s - PTL"Kl,s = FITIWV,S : ts,day ‘R - TIN,s/VTQI%rllk SES (3'21)
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Compression is needed during the charging phase (2) when tank pressure exceeds TCES process
pressure (PT¢ES) and the discharging phase (4) after tank pressure drops below PT¢ES, 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 (PWR(,) is the maximum power required between these two peaks among all scenarios,

y=1
Y

PR
PWR¢ = msax {FCpIN,S “Tins [(%) = 1]/n°"™P; FCpouyr,s * Tour,s * [(

pTCES

L
Prk1,s

)7 - 1]/ncomv} s €5(3-22)

where FCpy s is the inlet flow heat capacity, y is the heat capacity ratio, and n°°™? is the

compressor isentropic efficiency. The max function is reformulated in the model implementation.

Electricity consumed by C1 during the day (Wy;'«g,,) @nd night (Wy's, ,.) are derived by

integrating the compressor power over time.

The above calculations show that smaller VAZ1* leads to larger Pf, ¢ — PFx1 s 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,

t steam steam steam
~Qropsm — Qeasm = Fsm - (hprg + hgvap + hsupersm) SESMEM (3-23)

t steam steam steam
steam h and h

where F,,, " is the steam flow rate; hpgg , hgyap SUPER,s,m 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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steam

temperature (T55*™ =40°C), hpse™ and hisqp are pre-calculated parameters, while hSUPER.sm 1S

steam

a function of the steam outlet temperature (Toy7.sm).

hsupERsm = CPsyppr - (ToUTsm — TSaT ) s €S,m €M (3-24)
where Cpgiore is the heat capacity of the superheated steam and Tsir™ = 328°C is the

temperature of the saturated steam at 12.5 MPa.
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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 AT,,;, (10 °C),
T5,s - T?It\leam 2 ATmin; T3,s - T?)tﬁ%fg,day = ATmin SES (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 Fs gy - hpee™ and TE%4™: while on the hot composite curve (process stream), the temperature
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pinch

corresponding to this enthalpy value ,T 55,

can be determined by interpolation between T's ; and

steam . hsteam >

steam steam
Tys (When Fggqy - hppp < —Qms’day) or between T,  and T3¢ (when Fggqy - hprp =

- QE4,s,day)'

To ensure feasible heat transfer (i.e., hot and cold composite curves do not cross), we introduce

the following constraint:

Ssteam ; steam

Foday MPRE_ (Tys—Tss)+ Tss = TSar" + AT pnin S €S (3-26)

_QE4-,s,day

When Tfﬁ}ff} is between Ts, and T, the left hand side of egn (3-26) equals to T?ﬁ}fjf . This

constraint enforces the temperature difference between T?‘Z[g} and TS47™ being greater than

ATpin- When T?,Zl;; is between T, and T3, hot and cold composite curves will never cross
because the lower bound on T, ;, specified based on the catalyst operating temperature range, is

higher than T$47™ + AT ;.. In this case, eqn (3-26) is always satisfied given that

steam ; steam

Fs a -h ;
Doty T (T = Ts) + Tso = Ty = Tao = TSA™ + AT, s ES,m € M (3-27)
~YE4,s,day f y

TCES overview. In summary, the TCES subsystem (Figure 3-10) consists of a hon-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 {,,ynsto and (st Stream
3 directly delivers heat to the turbine in R2b and E4, while stream 7 is cooled down and stored for

the night use.
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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 (Q; s .,) 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,
_QRZb,s,day - QE4,s,day = {nonsto : (QE3,s,day + QRl,s,day) SES (3'28)

_QRZb,s,night - QE4,s,night = (sto : (QE3,s,day + QRl,s,day) + QEl,s,day + QEZ,s,day SES (3'29)

Note that if the effluent of R1 is split evenly to the two 100pS ((ronsto = Csto = 0.5), the heat
delivered to the turbine in the day mode (—Qgz,s.day — Qra4.s,day) IS Significantly higher than that
delivered in the night mode. This is because that the sensible energy (high T) of stream 7 is
consumed in cooler E1 and E2 and only its chemical energy (i.e., low xy, ) is stored for the night
use. Moreover, extra compression power is required for gas storage, which makes the storage loop

less energy efficient.



63

[ E3
0.50 |- 2 o1 A 0.50 |
045 0.45
0.40 |- 0.40

I Equilibrium line
+ 035 CHs+ CO; & 2CO + 2H, %035
B AH = 260 kJ /mol N
0.30 0.30
0.75 _ Heat integration 0.25
) - _ 3
QE3,s,day - QEl,s,day

0.20 + QES,s,nigh[ = _QE6,s,night 0.20

0-15 1 N 1 N 1 N 1 N 1 N 1 .0_15 1 2 1 1 1 n 1 2 1 1 1 n
0 200 400 600 800 1000 0 200 400 600 800 1000

T(°C) T(°C)

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 (P"#¢ = 100 MW) and part-load conditions is simulated
using a rigorous Rankine cycle model *’°. At rated output, simulation results of turbine efficiency
(nPrate) at different steam temperatures are shown in Figure 3-17A. It can be seen that n?-rate

depends linearly on T5{5%™ and this correlation can be fitted by linear regression,
Nl = 1,55 x 107* T35, +0.34 s €S,m €M (3-30)

The steam turbine can also operate at part-load conditions using the sliding pressure method 2.
Turbine (part-load) efficiency (Tlf,m), defined as the ratio of the generated power to the turbine
input heat load, reduces as the power output level (P ,,) deviates from the nominal full load

condition

Uf,m = Ps,m/npara/(_QRz,s,m - QE4,s,m) seSmeM (3'31)

where nP4"® = 0.9 is the parasitic efficiency.
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Simulation data (Figure 3-17B) shows that Tlf,m depends on P ,,, in anon-linear way, but the input
heat load presents a nearly linear relation with F; ,,. Assuming a 5% efficiency reduction at 50%

load level, we derive the linear relation between the input heat load and P ,,,,
18 1
_QRZ,s,m - QE4,s,m = (E Ps,m + Eprate)/npara/ng,:nate S € S; meM (3'32)

By substituting eqn (3-32) into egn (3-31), we calculate Tlf,m based on this linear approximation,

1 Prate

p _ _Dprate E-I——
Msm =Msm /(G + 55

) SESSmMEM (3-33)

From Figure 3-17B, we can see the calculated U?,m (black line) fits well with the simulation data

(black squares). Thus, eqns (3-30) and (3-32) are used to describe the turbine performance.
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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
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factor of 0.15. The second stage operational costs (OPEXj ,,) 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,

Wt = X n(Pom  tsm = Wrgrom — Wrizam) S €S (3-34)
Finally, the objective function, the overall levelized cost of electricity (LCOE), is

min LCOE = (CAPEX -CRF + Y s+ Y. ;n OPEX ) /(365 - Y ¢ m, - Wele) (3-35)
where CRF is the capital recovery factor used to calculate the annual capital cost. Assuming a 9%
interest rate and 30 years plant operation, CRF = 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.

1ststage AREA Tr1  Reaction A; Tsteam 100MW CAPEX

2nd stage t I \1\1\ I t . LC}OE

T Collector Receiver TCES h W Turbine . 1 g

DNIpm, tsm / \ /T' nge

F sm» Qism» Wism Heuristics OPEXgm
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 (DNI; ., ts,). To calculate bounds on the received solar energy (Q;'fgay = AREA -
DNl g4y -0 — Qé%@?”), we need bounds on collector area (AREA), which can be calculated as

follows. Based on the operation of two existing CSP plants, Gemasolar 1’2 and Cresent Dunes 73,

in the very sunny days, CSP plants maintain 24-hour full-load (Ps¢ qay = Psenignt = 100 MW)
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with, potentially, solar energy curtailment. Thus, AREA is calculated through backward

propagation assuming that no curtailment is needed,

Pgse,da Pseni tseni _
AREA = (_p ooy + S ’ t; diit)/( .:6,day ) nc ) DNIsﬁ,day) (3'36)

=Sto Apara =P 7»Sto .pprara
Nse6,day s6,day n? Nsenight Msenight nP

where ﬁ;day,ﬁggg, and 7% ,,, 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 (Ps; g4y =
50 MW) during the day and no night power output (Qﬁffﬁfy” = Pg1nignt = 0). Thus, AREA is

calculated as,

= 135, a Pg ni ts ni
AREA = (5t + ot e gy ) Mty 1% DNIstaay) (3-37)

.pnSto. . para p ,Sto
Ts1,day Ts1,day nP Ms1,night Ms1,night

Given bounds on AREA, we calculate bounds on Q;'fgay 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 (4;, C{¢) and operational variables (Q;sm, Wism and C’s,,) are functions of stream
conditions so their bounds can be generated accordingly. Finally, the bound on LCOE is derived
from bounds on capital cost (CAPEX), operational costs (OPEX,,) and net electricity outputs
(Wete),

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) *#” 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 (DNl g, g,qq,=891 W/m?, tavg,aay=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 (W£'¢) under the solar condition of a specific day (DN1g m, tam)- The one-day
model is solved separately for each day d of a year (d = 1,2,...365), using historic solar

irradiance data. The maximum annual power output (¥, W) and thus the evaluated LCOE of

Annualized cost

the given design (LCOE = ) is then calculated.

Tawste)
| Scenario am.j > ) StOChaStl,c mode.l . —> Approximated LCOE
mode generation (Design & operational decisions)
l Stochastic design
Solar 365 days Evaluation model —> Evaluated LCOE

irradiance
data over a

(Fixed design, only operational decisions) [~ Evaluated LCOE

year 1 Deterministic design

Average day Deterministic model
approximation (Design & operational decisions)

Figure 3-19. Evaluation process for stochastic and deterministic approaches.

N —» Approximated LCOE

The results from the stochastic and deterministic approaches are compared in Table 3-2. The
stochastic design achieves a 0.3 ¢/kWh 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.

LCOE Annual average .
Approach (C/kWh) power level (M%N) Capital cost (M$)
Approximated Evaluated| Approximated Evaluated|Total Collector Receiver TCES Turbine
Stochastic 12.4 13.0 78.6 749 789 386 180 43 179
Deterministic 11.1 13.3 97.4 814 879 454 194 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.
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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 (1) and efficiency (n) 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.

A Etleuel
QVOQD . teT Qin qut
[N ] time-step t | Storage
N sto jsto
| DN, 7%, A Y,
sf TP Crorao . P
Collector | [ Receiver Q| Q. Storage houry Q¢ | yrhine | P
ng, A° ng, A" Qgurtail pprate ap [~
Solar multiple 100 MW

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
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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 (x*) 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 M 9PER 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 2 45 40 0.1 i
1 24 336 310 0.1 -
6 24 1,896 1,750 0.2 -
Stochastic 12 24 3,768 3,478 101 -
365 24 114,269 105,142 10,800 4%
. 6 2 150 130 0.1 -
,\S/Itl‘;l‘;r‘rffotg; 12 2 276 238 01 -
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 x* 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 x* (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 x*, and
leads to an evaluated profit that is only 0.3% lower than the evaluated profit of the optimal design

(3.30 M$/y compared to 3.31 M$ly).
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Table 3-4. Comparison of results of different approaches.

, , Solar  Storage Profit (M$/y)
Approach - Scenarios Periods multiple hour Approximated Evaluated
Deterministic 1 2 3.30 14.3 23.46 2.02
1 24 3.16 10.7 28.53 -2.80
6 24 2.69 10.9 11.48 0.66
Stochastic 12 24 2.72 10.5 10.77 -0.43
365 24 2.96 12.1 4.50 2.19
Stochastic 6 2 2.81 14.2 5.85 3.20
Multimode 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
o 15
= (6,2)  (36524)  Benchmark design
5 . o (12)
2 14 [ 320 e 30-31 1 year, hourly time-steps 202
© - Stochastic e Average day
o0 - Two modes "5 5, (365,2) Two modes
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W [(6,24 65 24
o [ 066 [3; iil} (1,24)
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2.6 34
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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 TCES*

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%) . 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 3, hydroxide 484987174175 ‘and redox TCES systems "2, In
parallel, numerical models with different levels of complexity have been developed 176177 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 587,

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. "® and Lei et al. 78 evaluated the thermodynamic performance of redox TCES. Pelay
et al >, performed exergy analyses on several integration concepts of TCES in Rankine-cycle
driven CSP. Conceptual process design has been conducted for CSP employing carbonate 27179180,
hydroxide °°° and redox TCES %8, Bayon et al. > assessed the techno-economic performance
for 17 solid-gas TCES systems. Salas et al. 8218 optimized the design of CSP-Ca(OH), 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.

Reactor level Plant level

I System description
Methods Results

I Reactor simulation l—’J Reactor performance |
e
I Surrogate modeling H Reactor surrogate model |

. Optimal plant design,
I Process optimization PP P . P 5
operation & performance

Discussion Analyze the impacts of

| Process parameters | | Reaction properties

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.

Receiver Storage Power block
Day Heat transfer fluid (HTF)
* Reactor
A C Turbine Recuperator
% Y R
‘ B+C| Togas
storage
Heliostat
Cooler Compressor
nght Working fluid (WF)

Turbine Recuperator

le——
A From gas
storage

Cooler Compressor

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 O, 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 H,0 and CO,, are stored in

water vessels (1 bar, 25°C) and liquid CO, vessels (75 bar, 25°C), 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 CO, into the storage vessels.

When CO, exits the vessels during discharging, it expands through a turbine for power generation.

Table 4-1. Reaction properties and material prices of selected reactions.
Tea*  AH™T Cpy Price of A

Type Als) < B(s)* C(0) (K) (kikgA) (kj/kg-K) ($/ton)

Redox 6Mn,0; < 4Mn3;0, + O, 1094 202 0.83 1000
Hydroxide Ca(OH), < CaO + H,0 778 1409 1.53 150
Carbonate CaCO5; < Ca0O + CO, 1168 1779 1.29 100

*T€4 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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Hydroxide reaction Carbonate reaction
Ca(OH), < Ca0 + H,0 CaC0O5 © Ca0 + CO,
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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°C. To attain higher temperature and therefore higher turbine efficiency,
supercritical CO2 (s-COz2) 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 82-
184 'In this study, we use s-CO2 as both the HTF and WF and s-CO; Brayton cycle for power

generation.

The s-CO- 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 (T1T) 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°C ambient temperature and a 10 °C approach

temperature, the compressor inlet temperature is 40°C.
(3) Isentropic efficiencies of the turbine and compressor are 0.9.
(4) The minimum approach temperature of the recuperator is 10°C.

Figure 4-4A illustrates the T-S diagram of the s-COzcycle at TIT of 1000 K. Figure 4-4B shows
the power cycle efficiency (n?) 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.
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perator ™ eta,
900} 3 = 1000 105 _
g Heater 6 5 m5 % r é
800} 3 2 2
o 1 - 5 =
= 3 [ 800 104 @
8_ 700 Cooler Compressor o L <
1S I} o
O 600 = 8
S 1 Data fitting S
Q
500y TIT = 1000 K g oor T[3]=0.87-TT-98.3 |03
2 nP = 46% 5 eta, =-0.25-(TIT/1000)>+ 0.87-(TIT/L000) -0.15
400+ . & 1
Ji_— s £
300—* ! 400 0.2

. \ \ \ \ \ \
-400 700 800 900 1000 1100 1200 1300
Entropy [J/kg-K] Heater outlet temperature TIT (K)

Figure 4-4. (A) T-S diagram of the s-CO; cycle at TIT of 1000 K; (B) power cycle efficiency (blue) and
heater inlet temperature (black) versus TIT.
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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.
Storage charging (t) Storage discharging (t)
Gasout 1 t t 1 Gasin § 3}
ANIFARRSANNS
HTF Aaa RS TNEIM AR *_’HTF WF PR W TR T T WF
n TEEEE T LT PR CR  ou o ST TE R VXY in

AATWR A ATy A

Gasreactant Solid reactant

_______________

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 (U) between the fluid and the bed, which can be expressed as
1/U =1/hs + (D — d)/kpeq (4-1)

where 1/hs and (D — d)/kpq Characterize the heat transfer resistance in the tube and shell side,
respectively. On the tube side, h, is the convective heat transfer coefficient of the fluids (HTF/WF),

which can be calculated from Nusselt number (Nu),
hy = Nu - ks/d (4-2)
Due to the high fluid density, a small u,,» 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 4.4.1% Therefore, according to eqn (4-2), small d is required to achieve high h;.
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On the shell side, k.4 is the bed thermal conductivity, which is typically low (~1 W/m-K) due to
the porous bed structure. Previous studies show that k;.; can be enhanced by adding high
conductive fillers/fins®. In this study, we assume that the bed porosity is 0.7, comprising reactants
AJ/B in the solid phase and C in the gas phase. We use fins to increase kj.4 to 5 W/m-K. In addition

to high k.4, asmall (D — d) is also needed to achieve high U.

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). TCES where a pilot scale fixed-bed reactor
with HTF channel width of 1.5 mm was simulated 8¢ and built 7. However, the previous Ca(OH).
reactor adopts a plate heat exchanger configuration which allows maximum HTF pressure of 5 bar.
To be compatible with the 75 bar s-CO3, 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 1. 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 8. 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 T/ /T for all three reactions. For a reversible reaction in TCES, temperatures
should satisfy Tj% < T¢9 < T/:.. The selected T/, /T 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 0.02m
Heat transfer coefficient U 127 W/m?-K

Bed porosity Ebed 0.7
HTF & WF: s-CO; at 250 bar
HTF inlet velocity *  uyrp 0.05-0.2m/s
WEF inlet velocity Uy r m/s

Mn, 0, Ca(OH), CaCOs
HTF inlet temperature  Tj%,  1273K 923 K 1373 K
WF inlet temperature ® T4 1009 K 704 K 1095 K

a. Uyrr = Uyp - t4/ t€; b. T 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) T and T% 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

T
Atubepfcpf At +Atubepr uf 6 Atubekf oz 2 PtubeU(Tbed Tf) (4'3)
where Ty and Tp.q denote the temperature of the fluids and the bed, respectively; Ay, is the
cross-sectional area of the tube; and Py, IS the cross-sectional perimeter.

The energy balance for the bed is

0Tpe 0T e
Abed(PCp)bed abt L — Apeakpea azbz L = ApeaQ™" + PrupeU(Tr — Theq) (4-4)

where A4 IS the cross-sectional area of the surrounding bed; (pCp)bed is the effective volumetric

heat capacity of the porous bed, comprising the gas and solid phase,

(pcp)bed = €ped (pg ) + (1 — €pea) (pstS) (4-5)

The rate of heat generation/depletion due to the reaction, is given by

dXped

Q™ = (1 — peq) psAHT™ 222

(4-6)

where AH™™ is the reaction enthalpy, and X,,.4 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 studies!’"190-192,

dXped

_ pc
prani ko exp (

1- qu (4'7)

—ansthed) Xpea® (1 — Xpea)®
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where p is the partial pressure of gas C and p.“is the equilibrium pressure of gas C at the bed
temperature. The values of ky, E,, a, b, and s 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

*

Define| X | Designof | ¥iSamples| Numerical | Yi [Dimensional| X [Modelselection| Surrogate model
inputs | X /x |experiments| i = 1,2...n | simulations analysis | y; | &data fitting Yy =f(x")

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 x and define their
lower and upper bounds (x /x). Table 4-3 shows the three input variables and their ranges in this
study. The fixed-bed reactor length (L,.4) is the design variable. Simulations with various Lj.4
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 (t¢ and t) as two operational

input variables.



85

The next step is to generate sampling points (x;) 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 (y;) 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 (x;, y;)
instead of (x;, y;). Table 4-3 shows the dimensionless input and output variables (x*, y*) 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 ' 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 y and ¢ are only functions of one
dimensionless variable 6 instead of three original input variables (L,eq, t¢, t%). 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 x

Bed length Lpea 0.8-3.2m
Charging time t¢ 3-12 h
Discharging time t4 3-12 h
Dimensionless input variables x*
Normalized bed storage capacity 6 0.5-5

Heat transfer effectiveness
during charging/discharging ol 7-103
Original output variables y
Bed temperature Tpea(z, t)  255-1373 K
Bed conversion Xpea (2, t) 0-1
HTF/WF outlet temperature  Tgrpwr  333-1373 K

Dimensionless output variables y*

Bed storage capacity utilization @ 0.2-2
Overall bed conversion X 0-1
Power generation effectiveness Y 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 %4, 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 1% and an
optimization-based framework for process synthesis under seasonal and daily variability °°.
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 1%. 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., t¢,t%,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) %7,

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, Tp.q, and conversion, Xp.q
profiles), we select one out of the 72 simulations and show its T}, and X,,.4 axial profiles during
one charging-discharging cycle in Figure 4-7. The selected simulation is based on Mn2O3 TCES,
with inputs L,.q = 1.6 m, t¢ = t = 6 h. During charging, HTF at 1273 K enters the fixed-bed
reactor from the left inlet (z = 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 Ty.q(z, t) increases above T¢7(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 Ty, until the reaction heat absorption and HTF heat input balance out. This
leads to the stabilization of T}, at T ~ 1190 K (blue arrow in Figure 4-7A points to the
plateau of the temperature front). After Mn.Os is fully reduced (i.e., Xp.q = 1), the bed is heated

to T/ 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 (z = 1.6 m) so the temperature
(Figure 4-7C) and reaction fronts (Figure 4-7D) move in a reverse direction. When T}, drops

below T,,, the exothermic oxidation reaction starts. A temperature plateau is observed at T°*! ~

eqr
1090 K. The T}.4 and X,.4 profiles at the start of charging (t = 0) and end of discharging (t =
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.
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Reactor length

We further study the impact of fixed-bed length on reactor performance. Results of three
simulations with Mn203 TCES, Lj.q = 0.8,1.6,3.2 mand t¢ = t% = 6 h are compared in Figure
4-8. Figure 4-8A shows X, .4 profiles along dimensionless z axis (z* = z/Lj.4) at the start and
end of charging. The overall bed conversion y can be calculated as the area enclosed by these two

Xpeq profiles, i.e.,

X = I} Xpoa (@' t9) = Xpea(z",0) dz° (4-8)

If Lyoq = 0.8 m, then 96% of the bed reacts, while if L,,; = 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 (T},’%F/WF) and outlet temperatures (Tj;f/wr) in one

charging-discharging cycle. During charging (t=0-6 h), T/% is constant at 1273 K while T%%
increases with time as the bed is heated up (see Figure 4-8A). T%L stays close to 7% until the
bed at the HTF outlet (z*=1) is fully reduced. During discharging (t=6-12 h), T5* decreases with
time as the bed is cooled down. Based on the power cycle model (Figure 4-4), Ti% depends on
TS and decreases as T\ decreases. T3 stays close to T°* until the bed at the WF outlet
(z*=0) is fully oxidized. After that, TS% and T,%% drop rapidly (see blue line in Figure 4-8B)
which leads to lower power cycle efficiency (n?). To quantify the decrease in n?, we define a

dimensionless output variable y to measure the power generation effectiveness,

. tC+td i
wnight ftc (Tﬁ}}t(t)—Tﬁ}lp(t))‘np(t) dt
]/ = - = -
wnightmax (Tﬁ;;;t(t=tc)—TWF(t=tc))‘TIp(tc)'td

(4-9)

where W™9Mt s the actual power generated during discharging and W™9htmax js the maximum

power generated during discharging if there is no decrease in T%, To% and nP. The y values of
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the three reactors with different L., are shown in Figure 4-8B. In reactors with larger L, (i.e.,
storage capacity), the stored energy is not fully depleted so T3 stays relatively high, leading to

higher power generation efficiency (i.e., y).
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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 (8), which is the bed

storage capacity normalized by the WF heat requirement (dimensionless),

9 = Qbed _ AbedLlbed (DCD)pea AT +(1—Epeq) psAH™™™) 4-10
- pmax maxd ( - )

QwF AtubeUWFPWFCPWFATY R

The numerator,Q,.4, 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 AT#* and (2) full bed conversion (i.e., y = 1). ATj/#* is the

temperature difference between T;% and T,%% at the beginning of discharging. The denominator,



91

max

max s the maximum heat required by WF during discharging if there is no decrease in T and

out
TWF .

We compare the simulation results, with 8 = 1, for Mn03, Ca(OH)2, and CaCOs TCES reactors
with Lj.4 of 1.6, 0.9 and 0.5 m, respectively. Ca(OH). and CaCOs reactors are shorter than the
Mn,Os reactor because the former two reactions have much higher AH™" (see Table 4-1). Figure
4-9A shows X, .4 profiles and overall conversion y of the three reactors. With 8 identical for each
reactor, the differences between X, ., are attributed to the different reaction kinetics. CaCOs

reaction has the fastest reaction rate, which leads to the sharpest X, profile and largest y (76%).

Figure 4-9B shows the profiles of HTF/WF inlet and outlet temperatures. Different T and T
are selected for the three reactions based on their T¢4. For the slow Mn,Osreaction, T3%E increases
gradually while for the other two faster reactions, T3%% rapidly reaches the endothermic reaction
temperature. Since the HTF energy input is proportional to (T/%, — TS%L), more energy is stored
in the Mn2Os reactor during charging. Therefore, Mn»Os reactor supplies more energy to WF

during discharging and has the highest y.
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Figure 4-9. (A) Bed conversion and (B) fluid temperature of fixed-bed reactors with different TCES
reactions (blue: Mn,Og3, red: Ca(OH),, green: CaCOs) at 8 = 1. In A, conversions at the start of charging
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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 8, 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
Kk, which is obtained from nondimensionalizing the governing equations of the reactor numerical

model (see details in Appendix A3.1):

__ Heat transfer rate across tube wall _ 4U/d

(4-12)

" Heat advection rate along the tube - UrpfrCPs/Lped

Note that the heat transfer effectiveness may be different during charging («¢) and discharging
(k%) due to different fluid velocities (ur). A larger « 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 y, (2) power generation effectiveness y,
and (3) bed storage capacity utilization ¢. Since y and y have been introduced in the previous

section, we hereby only define ¢, which is the total stored energy (Q*t°) normalized by the bed

storage capacity (Qpeq),

Q5% ApeaLbea((pCP)bedATyeg +X(1—Epea) psAHTT)
Qbed  AbedLbed ((PCP)pedATYE" +(1—Epeq) psAHTX™)

@ (4-12)

where AT;e”(f is the average temperature increase of the bed during charging, which can be

calculated from T}, profilesat t = 0 and t¢,

1 . . §
ATbaev&q = fo Tpea(z",t€) — Tpeq(2",0) dz (4-13)
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Note that ATb“e"f JATWF* represents the utilization percentage of sensible heat storage and y
represents the utilization of chemical energy storage. Figure 4-10B and C show that y,
AT,7 JAT#* and ¢ all decrease with the increase of 6. Also, AT,..7 /AT~ and ¢ can exceed
1 when the reactor is under designed (8 < 1), and T,3% drops significantly during discharging of
small reactors, leading to large ATb“e"f (i.e., high ¢) but less efficient power generation (i.e., low
¥).

Figure 4-10 shows the simulation results for 26 MnO3 TCES sampling points. We observe that
the impact of 8 on the three reactor performance indicators (y, y and ¢) is significant when 6 is
small and becomes less prominent as 6 increases. Each of the three outputs forms a monotonic
smooth function of 8, with a horizontal asymptote line. Therefore, we use (rotated) hyperbola

functions (see Table 4-4) to fit the data points in terms of 8.

We also observe that k¢ and x% have a notable impact on y but negligible impact on y and ¢
(black dots at same 6 and different k¢, k% overlap in Figure 4-10B and C). Therefore, we only
include k¢ and % in the surrogate model of y. When k¢ and x¢ are small, the heat transfer
between the fluid and the bed is ineffective which appreciably limits y. As k€ and k¢ increase, y
increases as the transport limitation is alleviated but further increase of x¢,x% becomes less

beneficial to y, which is now limited by 6. To represent this behavior, two penalty terms (% + %)

are added to the fitting of y.

We determine the parameters (c;) in the fitting functions by regression, minimizing the mean
squared error (MSE). The surrogate models for Mn.O3 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 (R? > 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.
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Figure 4-10. Simulation data and fitted surrogate models of Mn,O3; TCES.

Table 4-4. Surrogate model fitted from reactor numerical simulations.

Power generation effectiveness

Overall bed conversion

Bed capacity utilization

TCES _ (8)) Cy Cs _ (8)) _ (8))
reaction y_cl+9—c3+rcc+rcd X_C1+9—c3 (p_cl+6—c3
cq ¢ ¢3 ¢ ¢ R*| ¢ o o R | ¢; ¢ ¢35 R?
Mn,0; [1.01-0.14-0.13-0.09-0.400.995/-0.19 0.84 -0.21 0996| 0 0.98 -0.06 1.000
Ca(OH), [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

CaCO,

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 (Mn,05, Ca(OH),,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 Mn,05 and CaCO5; TCES
lead to 0.1 and 0.7 C/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 (n°~°) (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 n°~¢ 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 CaCOs, due to their low material price and high
storage density. The Mn, 05 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).and CaCO5; TCES systems have smaller reactors (i.e., lower reactor costs) compared
to the one employing Mn, 05 reaction. This is because AH™" of Ca(OH)2 (1409 kJ/kg) and CaCO4
(1779 kJ/kg) reactions are significantly higher than the Mn, 05 reaction (202 kJ/kg). However,
gas/liquid storage of reactant C in Ca(OH)2 and CaCO; TCES are more expensive. Figure 4-3
shows the unit operations used for storing C in the three TCES systems. In Ca(OH). 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 H.O where
phase change occurs. In CaCO; TCES, the compressor for CO storage and the turbine for
electricity generation during CO2 expansion account for 69% of the gas storage cost because CO>

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 Mn,05 or CaCO; TCES have higher
overall solar-to-electricity efficiency (n°~¢) than that with two-tank storage. Note that n°~° is
proportional to the product of receiver efficiency (n") and turbine efficiency (n?); n" decreases
with the increase of T4, , whose values are CaCO;:1373 K> Mn,03:1273 K >
Ca(OH),: 923 K >two-tank: 838 K. With respect to nP, high T}%- leads to high working fluid

temperature (T,9%) and thus high nP. While T3 remains the same as T/ in two-tank sensible
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storage, T;5% drops during the storage discharging in fixed-bed TCES. This is why Ca(OH), has

higher T but lower nP 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 AH™"™ and fast reaction rates (e.g.,
CaCOj5 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.

A Collector ® Receiver ™ Storage ™ Turbine ™ Operation B Thermal energy storage cost ($/kWh capacity)
16 14.8 0 10 20 30 40 50 60
—~ 13.4 13.3 12.7
<12 Two-tank I 30.0
. . I
S 8 Mn203 B 422
= ]
§ 4 Ca(OH)2 | 396
0 CaC03 | 344
Two-tank Mn203 Ca(OH)2 CaCo3 o .
Gas/liquid storage ™ Heat exchanger (reactor) M Storage material

Figure 4-11. Cost distribution of (A) plant LCOE and (B) thermal energy storage.
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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 CaCO5 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 6 in different scenarios. While the bed storage
capacity is a design variable which is fixed across scenarios, 8 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., Mn, 05 reactor), then
the optimal 6 is around 0.5 in high-irradiance scenarios (5 and 6), and if the reactor is relatively

cheap (e.g., CaCO4 reactor), then the optimal @ in these scenarios is around 1.
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Figure 4-13. Daytime and nighttime power generation hours in six scenarios (A: Mn,Os; TCES, B: CaCO4
TCES).
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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
Mn, 05 and CaCO5; TCES will become 12.3 and 12.2 C/kWh, respectively, which is more than 1
C/kWh lower than the LCOE of CSP plants with two-tank storage. For Mn, 05 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). TCES, where large

amount of heat is released during H>O 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.
TCES: 6Mn, 05 © 4Mn;0, + O, TCES: Ca(OH),« Ca0 + H,0 TCES: CaCO; « CaO + CO,
Solar irradiance (-10%, +10%) —— —— ——
Reactor price (-50%, +50%) ———
Material price (-50%, +50%) -
Gas heat storage price (-50%, +50%) m —— -
Collector efficiency (-0.05, +0.05) ——— —— ——
Receiver efficiency (-0.05, +0.05) E—— —— E———
Turbine efficiency (-0.05,+0.05) X - - - , . - - - - ] . X - X ,
121 125 129 133 137 141 145 137 141 145 149 153 157 161 115 119 123 127 131 135 139
LCOE (¢/kWh) LCOE (¢/kWh) LCOE (¢/kWh)

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 T¢4, which determines the operating temperatures of the receiver
and turbine as well as their efficiencies n? and n". In the range of 700-1473K, increasing T°? leads
to an increase in (n? -n") and thus higher overall plant efficiency n°*~¢. However, since gas C
needs to be cooled down from T¢? to storage temperature, an increase in T°4 also results in larger

sensible heat storage unit (i.e., higher gas storage cost).

The second property is reaction Kinetics (i.e., k,, Ea), which determines the reaction rate. Faster
reactions lead to higher bed conversion y, 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.
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Higher reaction enthalpy (AH™™) or solid heat capacity (Cp,) 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
(Cpc)/stoichiometric coefficient of C (v) would increase the gas heat storage demand/the amount

of C generated, both leading to a higher gas storage cost.

Next, high solid conductivity (k4) means high heat transfer effectiveness (k) and hence more
efficient power generation (i.e., high n?), as suggested by the correlation between x and y (see
Figure 4-10A). Also, with high kg4, 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.?

TCES storage cost Energy efficiency

Reaction property Reactor Gas/Liquid Storage n" n?
storage  material

Equilibrium temperature (T¢7) 0 — 0 — +
Kinetics (ky, —Ea) + - + 0 0
Reaction enthalpy (AH™™) + + + 0 0
Solid heat capacity (Cp,) + + + 0 0
Gas heat capacity (Cpc) 0 — 0 0 0
Stoichiometric coefficient of C (v.) 0 — 0 0 0
Solid conductivity (k,) + 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 O 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)



102

of solid-gas TCES chemistries. Results show that CSP employing 6Mn,05; < 4Mn30, + O,
TCES has the highest solar-to-electricity energy efficiency and CSP with CaCO5; < CaO + CO,

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 T¢4, large AH™"™, 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

Strategies®

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.

— Heattransfer — TCES reactants — Power cycle
fluid (HTF) working fluid (WF)

Thermal energy Power

|Collect0r | | Receiver

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.®
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.®® 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 = CO,) and hydroxide (C = H,0) systems, and
the open-loop structure for redox (C = 0,) 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. 1%

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 2# 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)./CaO reactions employ three
configurations with a closed-loop structure, while those based on Mn203/Mn304 reaction employ

the other three configurations with an open-loop structure, leading to nine strategies in total (see

Figure 5-2).
Configuration Reaction
100 , DR1-CON-CL
p nairectR2 g Continuous % Carbonate 3 strategies
Open IOOp DR1-CON-OL CaC0,/Ca0

Aoop 24N
C\osed IR1-CON-CL Hydroxide 3 strategies

IndlrectRZ { Open Joop> IR1-CON- OL Ca(OH),/Ca0
£ o0
Yeg %: IR1-FIX-CL Redox 3 strategies
Open 100p

[R1-FIX-OL Mn,0;/Mn;0,

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) Tea* (°C) AH™™ (ki/kg A)
Carbonate  CaCO; < CaO + CO, 895 1779
Hydroxide Ca(OH), < CaO + H,0 505 1409

Redox 6Mn,0; © 4Mn;04 + 0, 821 202

*T€4 is the reaction equilibrium temperature at gas pressure of 1 bar. For redox reactions,
0, partial pressure in air is 0.21 bar. AH™™ 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-CO, as HTF
and WF, and s-COz 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.
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(3) CL vs OL.: In an open-loop structure, no gas storage vessel is needed while in a closed-loop
structure, H,O and CO- are stored in water vessels (1 bar, 25°C) and COz vessels (75 bar, 25°C),
respectively. Carbonate TCES also requires a compressor for storage charging and a turbine
for power generation via CO> 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.

Day | Night Day | Night

DR1-CON-CL DR1-CON-OL

Power

Power
output *

Power
« input
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Heat to sensible heat storage Compressor storage
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Fresh air
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R2 (R1)
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‘
Q)
C
II
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TCES units [l Reactor Solid storage tank Gas/liquid storage tank [l Heat exchanger [l Compressor/conveyor
Streams — WF — HTF — Gas reactant (C) - Solid reactant (A,B) Energy flows Sunlight = Heat = Power

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 systems!®8
and an optimization-based framework for process synthesis under seasonal and daily variability!®.

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.*** 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 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)7. 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 (n°~¢), 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 (n") decreases with increasing
receiver temperature (T"), and power cycle efficiency (nP) increases with increasing turbine inlet

temperature (T?). 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,
TT = THTF > TRl > Teq > TRZ (5'1)

where Tr, and Ty, are the endothermic and exothermic reaction temperatures. TP lies between
TR, and Tg, and moves towards T, as the fraction of chemical energy storage increases. Since
T" is always higher than TP, it is impossible to have both low T (i.e., high ") and high T? (i.e.,
high n?). Figure 5-5 shows how n" - n? changes with T" at two different T" — TP (0°C and

100°C). In general, CSP plants that have high n°*~¢ need to satisfy two conditions:

e Condition 1: have T" as high as possible in the range of 500-1200 °C.

e Condition 2: have small exergy losses during heat transfer (i.e., small T" — TP).
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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 CaCO5 or Mn, 05 TCES have higher n°~¢ than that with two-tank storage or Ca(OH),
TCES. Also, importantly, the configurations that have the highest n°~¢ are different for the three
representative reactions (e.g., DR1-CON-CL for CaCOs and IR1-FIX-OL for Mn,Oz). Based on
the two conditions for high n°~¢, we can investigate the impact of two reaction properties and two

process characteristics on n°~¢:

(1) Reaction equilibrium temperature (T°?): In order to have a small T" — TP (Condition 2),
operating temperatures T", Tr4, Tr,, and T? should all be in the neighborhood of T4 (see egn
(5-1)). Then based on Condition 1, a high T4 tends to result in a high n®*~¢. T°4 of the three
reactions are CaC05(895°C) > Mn,05(821°C) > Ca(OH),(505°C), which explains their

ranks in terms of n°~¢,

(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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Tr, — T€? for endothermic reaction and T¢?—Ty, for exothermic reaction). To achieve the
same reaction rate, reactions with larger rate constants need smaller T, —Tx, and thus have
higher n°~¢ based on Condition 2. The ranking of the three reactions in terms of rate constant
iIs CaCO3 > Ca(OH), > Mn,05. The detailed kinetic and reactor models are provided in

Appendix A3.1 and A4.2.

(3) DR1 vs IR1: Compared to directly irradiated R1 (T" = Tg,), indirect irradiated R1 has one
more heat transfer between HTF and R1 (T" = Tyrr > Tg1), Which may lead to a larger T —
TP?. However, IR1 has the advantage, over DR1, that its HTF directly delivers heat to WF
during the day, leading to a small T" — T? (10°C) and high n?. Thus, IR1 is better suitable for
slow reactions (e.g., Ca(OH),), 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 T? is closer
to T4, resulting in a higher T? and smaller T" — TP. However, the cyclic batch operation of
fixed-bed reactors has a disadvantage that the bed and WF temperatures, as well as n?, all
decrease during discharging (see Table 5-2). In summary, FIX is more advantageous for slow
reactions with large Tz, —Tx, requirement so the elevation in TP outweighs its decrease during

discharging.
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Table 5-2. Operating conditions and energy efficiencies of different strategies.

Tr(oc) TR2 Tp(oc) T P * s—e
Storage system Tore Tos (°C) Day Night n nPr

Two-tank 565 - - 565 565 0.92 041 0.197
CaCOs + 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); + DR1-CON-CL - 793 495 527 527 0.88 0.38 0.174
Ca(OH), + IR1-CON-CL 940 878 495 930 536 0.84 0.44 0.192
Ca(OH), + IR1-FIX-CL 650 Bed: 118-650 650 261-650 0.40 0.190
Mn,03 + DR1-CON-OL - 1088 789 919 919 0.79 0.52 0.210
Mn2Os + IR1-CON-OL 1112 1072 745 1102 875 0.78 0.53 0.216
Mn203 + IR1-FIX-OL 1000 Bed: 552-1000 1000 769-1000 0.51 0.221

* 1P 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 (n©) 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,

LCOE = (TIC - CRF + OPEX)/(365 - Wele) (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
Collector 200 $/m?
Receiver 175 $/kW;
Turbine 1200 $/kW
Sensible storage 30 $/kWh,
Fluidized bed reactor 5000 $/m?3
Equipment Fixed_bed reactor 500 $/m?3
cost Solid storage 1800 $/m3
Water or liquid CO; storage 100 $/m?3
Heat exchanger 100 $/m?
Conveyor 1000 $/kW
Compressor 1000 $/kW
Pump 200 $/kW
. CaCO, 100 $/ton
Mf:‘f)es';'a' Ca(OH), 150 $/ton
Mn,0, 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 C/kWh LCOE reductions compared to CSP plants with two-tank storage.
CSP plants with CaCO5; and Mn, 05 TCES systems have lower LCOE than those with Ca(OH):
systems. This is mainly because CaCO5; and Mn,05; TCES systems result in higher n*=¢ (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 CaCO5 TCES systems, the compressor for CO; storage and the turbine for electricity
generation during CO, expansion account for 60% of the TCES cost since CO- is stored at 75 bar.
In Ca(OH). 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 H>O where phase change occurs.
Mn, 05 TCES systems with open-loop configurations, have lower costs associated with gas storage
but higher solid storage costs. More solid reactants are needed in Mn, 05 TCES because AH™" of
the Mn, 05 reaction (202 kJ/kg) is significantly lower than Ca(OH)2 (1409 kJ/kg) and CaCO4
(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)2and CaCOs

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.

Thermal energy storage cost ($/kWh-heat)
0 10 20 30 40 50

Two-tank molten salt - 30.0
CaCO3 + DR1-CON-CL |
CaCO3 +IR1-CON-CL |
CaCO03 + IR1-FIX-CL I s 34.4
Ca(OH)2 + DR1-CON-CL 1
Ca(OH)2 + IR1-CON-CL |
Ca(OH)2 + IR1-FIX-CL N 39.6
Mn203 + DR1-CON-OL N
Mn203 +IR1-CON-OL |

Mn203 +IR1-FIX-OL I e 42.2

B Reactor Solid storage tank
Gas/liquid storage tank m Heat exchanger/sensible heat storage
B Conveyor/storage compressor & turbine M Feedstock

Figure 5-9. Cost distribution of thermal energy storage systems.

5.5 Discussion

5.5.1 Performance metrics

119

We summarize the key performance metrics of all storage strategies in Figure 5-10. Each strategy

is shown as a sphere, centered at its values of n°~¢ (x-axis) and LCOE (y-axis). Desirable storage

systems (i.e., those with low LCOE and high n*~¢) will appear in the lower-right corner. The color
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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 CaCO5 and Mn, 05 TCES strategies exhibit superiority over today’s two-tank molten
salt storage system. In particular, CaCO5; +IR1/DR1-CON-OL and Mn,0; +IR1-CON-OL are

identified as the most promising strategies.
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Figure 5-10. LCOE and n5—¢ 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.

5.5.2 Reaction properties

We summarize the impacts of different reaction properties on storage costs and n°*~¢. The
properties are ranked in order of importance in Table 5-4. The most important property, T4,
determines the operating range of key temperatures (i.e., T", Tr1, Tr2, and TP?) and thus n°=¢ (see
Figure 5-5). The properties of gas reactant C (e.g., boiling point, percentage in air) are also
important since they have great impacts on the gas storage cost. In this study, redox TCES systems

with open-loop configurations have the lowest gas storage cost. Hydroxide and carbonate TCES
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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 n°~¢ due to smaller thermodynamic driving force (i.e., Tr; — T¢? and T®1—Tg,).
Higher reaction enthalpy (AH™™) or solid heat capacity (Cp,) 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 AH™" or decreasing Cp,4 has a
negative impact on n*~¢ since TP 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 n°~¢. We then score each
property from 1 (poor) to 3 (good) and calculate the weighted sum of scores for each reaction. As
a result, CaCO; reaction achieves the highest score, followed by Mn,05; 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 3| ns—e2 Reaction properties Weight | CaCO,° [Ca(OH).°| Mn,0,"
0 + + + |[Equilibrium temperature (T°9) 5) 3 1 2
+ + 0 Gas C type (boiling point) 4 1 2 3
+ + + Kinetics (rate constant) 2 3 2 1
+ + — Reaction enthalpy (AH™") 1 3 2 1
+ + Solid heat capacity (Cp,) 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 O 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 T" — TP and enables high ns7¢.
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 T" — T?)
or high T4 (i.e., high T?). 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

T°4, but is not obvious for Mn, 05 and CaCO; 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 n°~¢ and lower LCOE than two-
tank storage. In particular, CaCO3;+IR1/DR1-CON-CL and Mn,05+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 n°~¢ 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.*® 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.'®® 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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Al Explanations to Chapter 2

Al.1 Process model of CSP with fluid-phase TCES
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Figure Al-1. Process flowsheet of TCES systems with separation
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Mixer for R1

126



ouT
i

Parameters

CRF

Cpk
DNITef
havg
MAT
l)rate

I)atn1

R
AH®
AS?®
dAH
dAS
TO
tday

tStO

7 (P)
nC

n
ppara

comp

A€
AT
AP
Atk
Ahx

Jrxn
jcomp
)5€ep
sm
Ak
Jcu

AOTH

Outlet streams of unit i

Capital recovery factor

Specific heat capacity of component k (J/mol-K)
Reference direct normal irradiance (W/m2)

Average heat transfer coefficient (W/m?2-K)

Minimum approach temperature (K)

CSP plant rated capacity (MW)

Atmosphere pressure (bar)

Gas constant (J/mol-K)

Reaction enthalpy at reference temperature T° (kJ/mol)
Reaction entropy at reference temperature T° (J/mol-K)
Rate of reaction enthalpy changing with temperature (kJ/mol-K)
Rate of reaction entropy changing with temperature (J/mol-K?)
Reference temperature (K)

Daytime operation time (h)

Storage time (h)

Compressibility of component k at pressure P

Collector efficiency

Compressor motor efficiency

plant parasitic efficiency

Collector price ($/m? mirror aperture)

Receiver price ($/kWihermat)

Power block price ($/kW)

Storage tank price ($/m3)

Heat exchanger price ($/m?)

Reactor price ($/m3)

Compressor price ($/kW)

Separation price ($/(mT°l))

Storage media price of component k ($/ton)

Cooling utility price ($/kW-year)

Operation and maintenance ($/kW-year)
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.L.rxn

W
Variables

AREA
CAPEX
ceu
ctk
chx

cram
(comp
Csep
CStO
csm
F'jT
Fj i
LCOE
OPEX

P/
P}
PWR;

ATy
AH,
AS;

W eomp

Wele

N

Stoichiometric coefficient of component k in the reversible reaction
Reactor holding time (s)

Molecular weight of component k (g/mol)

Solar field area (m?)

Plant total capital cost ($)

Cooling utility cost ($/year)

Storage tank cost ($)

Heat exchanger cost ($)

Reactor cost ($)

Compressor cost ($)

Separation cost ($)

TCES system cost ($)

TCES storage media cost (3$)

Total molar flow rate in stream j (mol/s)

Molar flow rate of component k in stream j (mol/s)
Levelized cost of electricity (C/kWh)

Operation cost per year ($/year)

Process pressure (bar)

Maximum storage pressure (bar), i € I™K
Minimum storage pressure (bar), i € IT¥

Rated power of the compressor for storage tank i (MW) , i € ITK
Heat duty of unit i (kW)

Temperature of stream j (K)

Temperature of unit i (K) defined as its outlet stream T (T; = T}, j = Jo

Arithmetic mean temperature difference (K) of matched heat exchangers i and i’

Reaction enthalpy at the temperature of reactor i (kJ/mol), i € IR
Reaction entropy at the temperature of reactor i (J/mol-K), i € IR
Volume of storage tank (m?), i € I"K

Total electricity consumed by compressor per day (MWh/day)
Net electricity generation per day (MWh/day)

Average compressibility of stream j
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ik Split fraction of component k in the outlet stream j of the separation unit
n" Receiver efficiency

nsto Storage system round-trip efficiency

nPAaay ppPnight pp Day, night and overall turbine efficiency

ns~e Overall solar to electricity efficiency

ffpl Split fraction for outlet stream of splitter S1

Cost data

Table Al-1. Comparison of computational statistics of different approaches
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Item Price Item Price Item Price
Collector | A€ | 250$/m? Reactor AT 6500$/m® | Ammonia 320 $/ton
Receiver | A" | 200$/kW, | Separation A%¢P 200$/ (mTOI) Methane A5™ | 180 $/ton

. Heat hx 3 Carbone
Turbine | AP | 1200$/kW exchanger y 50$/m dioxide 40 $/ton

. cu Pressure 3
Cooling | 2 208/ kWyr vessel " 5700%/m 2970 | 1000 $/

o&M | 1om | 65 8/kwyr Underground A 508 Compressor W
Y storage

Model Equations

Total molar flow rate F = Z Fr JEJ (A1-1)

keK
Mass balance Fie=F- &P i=51,je)Pj eV keK (A1-2)
Mass balance Fyje = Z Fge i=M1LjelR" k€K (A1-3)
et
Mass balance Fip=Fy, ie€lfultje'lje]NkeK (A1-4)
Mass balance Fix =Fu- 1€ el eNkeK (A1-5)
Mass balance Fpp - t9% =F -t el eP'Tj eNkeK  (Al-6)
(Fja—Fjna) - v = (Fj — Fjip) - va
Mass balance (A1-7)

ieI®jeJiT i e N k=B,CD



Reaction enthalpy

Reaction entropy

Reaction equilibrium

Unit heat duty

Unit heat duty

Constant T units
No heat duty units
Heat integration

Minimum approach

temperature

Mean  Temperature

Difference

Storage tank size

Charging power

AH; = AH® + (T; — T®) - dAH i € IR
AS; = AS® + (T; —T°) -dAH i € IR
_P_

—RT Y. ek Uk [m(Fj,k) ~In(F) +1n (Patm)] = AH; — T,AS;

i € IR, j e JouT

0=y Tf'(Z Fj_k.cpk)_ 5 Tj,.<2 Fj,_k.cpk>

je]iOUT keK ’j’elilN keK

i € I\IR
Qi = AH; - (FJ",A - FJ',A) + (T] - Tj’) : (Z Firg- CPk)
k

ieI® el et
Tig =Ty L€1TOU{SL,M1},j € PV, €N
Q;i=0 i € ISEP U {51, M1}
—Qg1 = Qg3 + Qe
T, = T, + MAT; T; > T, + MAT; (E1-E3)
T, > T, + MAT; Ty > Ty, + MAT; (E1-E6)
ATgpz = T —T7 + T35 — Tg) /2

ATgige = (T, =Ty + T3 — T1a) /2
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(A1-8)

(A1-9)

(A1-10)

(A1-11)

(A1-12)

(A1-13)
(Al1-14)

(A1-15)

(A1-16)

(A1-17)

(A1-18)

(A1-19)



Discharging power

Daily electricity for

charging

Daily electricity for

discharging

Total daily electricity
consumption
Compression T

Power block

efficiency
Output in the day
Output at night

Solar field area

Receiver efficiency

Average power block

efficiency

J L
i

. P
PWR; 2 Z - Ff T+ [{

&Gﬁwww%””P.KﬁQLg—ll—Z.

Wit =2, 13 P

Zk(Fjr,kak) . Vitank . (PiH - P)}/(F]?; -R- nCOmp)

i€ ISTO,j’ € ]llN

_ ) .ytank, L
Wiout _ Z] ) {Zk(F],kak) v; P [1— (Pl

0.7

Vitank . (P _ PLL)}/(F]T ‘R - ncomp) i € ISTO,j € ]iOUT

weomp — Z (Wiin +Wiout)

ieIsTo

Tk =Ty 1=157€)PUT) €N
‘r’p'day = 1- N 330/TR2’ T]p'night =1- 330/TTLR2

—(Qgz + Qg4) - nPA%Y -ypara = prate
—(Qurz + Qnga) - NPMINL - ppara = prate
AREA = Qg1 /(DNI™ -1 -7)

n" = —0.02T** — 0.08T** — 0.18T* + 0.78

T* = (Tgy — 1150)/245

Qrz - ey Tlp’d“y + Qnrz - gt np,night

n? =
Qrz -tday + Qnrz - tsto

0.7
?> 1-2; - Xk FixCpx) -
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1.3
) _ 1]/ncomp i€ ISTO,j € ]iOUT (A]_-ZO)

(A1-21)

(A1-22)

(A1-23)

(Al1-24)

(A1-25)

(A1-26)
(A1-27)

(A1-28)

(A1-29)

(A1-30)



TCES efficiency

Overall efficiency

Compressor cost

Separation cost

Heat exchanger cost

Reactor cost (R2)

Storage tank cost

Storage media cost

Storage system cost
Capital cost
Cooling utility cost
Operation cost
Daily net electricity

LCOE calculation

W comp
d t
QE4 (Y + QnE4 -5t _npara X np

Qg1 - t3@Y

sto —

Y]

s—e

n — 77c . nr . 77sto . np . npara

Ccomp — Acomp . PWRL

ielsTo

cser > A5€p . Z F]’l,w i = Vl,nVl

jleliin
chx = phx Z L
AT; - have
i=E3,E6

cren > Arx"F}-TRTiTrxn /P i =R2,nR2; j € ]iOUT

0.44

Cth = ¥ esto A% - (P /200) " - vf2k | aboveground storage

Ctk =¥, oysto A€ . ytank ynderground storage
— t
k

Csto = ¢sm 4 ¢tk 4 crxn 4 chx 4 ccomp 4 rsep
CAPEX = CS® + 25T - AREA + A" - Qgy/n" + AP - prate /ppara
C¥ = 2 [(Qpz + Qgs)  t* + Qnps - t5°1/24
OPEX = C% + Prate . Jom
wele = prate . (tday + tStO) — weomp

LCOE = (CAPEX - CFR + OPEX) /(365 - W¢le)
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(A1-31)

(A1-32)

(A1-33)

(A1-34)

(A1-35)

(A1-36)

(A1-37)

(A1-38)

(A1-39)
(A1-40)
(A1-41)
(A1-42)
(A1-43)

(A1-44)
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Al.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 ((NHB) 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 (xyy,) and flash tank temperature (Tp,s,) between 0.1-0.6 and 10-60°C
respectively. Using the sample points, the function ¢ NH; = f (Xnny Trasn) Is fitted through
polynomial regression in Matlab. Before fitting, variables are scaled and centered using standard
normalization (x* = (x —X)/o ). 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).

-
2 los
[
K=
a
z
Zz {06
=
o =
o T T
o
o
I
z
0.2 30
20
Feed NH3 molar fraction 0 10

Flash temperature (C)
Figure A1-2. Sample points and fitting surface of {y,

Cyi, = 0.84 —0.095T" +0.15 x* +0.06 T"x* — 0.09 x*? (A1-45)
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A1.3 Optimization results: Case 1

Table Al-2. Stream temperature (T) and component molar flow rate (F)

Stream # 1 2 3 4 5 6 7 8 9 10 11 12

T(°C) 251 386 27 17 17 17 349 539 80 17 17 17
Fyu.(mol/s) 34445 21956 21956 21956 1777 836 836 3034 3034 3034 23214 11231
Fy,(mol/s) 392 19124 19124 19124 29319 13789 13789 10491 10491 10491 296 96
Fy, (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(°C) 17 17 17 17 17 17 399 80 17 17 17 17
Fyu.(mol/s) 11231 34445 941 941 672 672 8636 8636 8636 614 8022 8022
Fy, (mol/s) 96 392 15530 15530 11093 11093 6844 6844 6844 6775 68 68
Fy, (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 (°C) 386 539 17 17 1 17 1 17 17
115- 188- 300- 188-
Pressure (bar) 300 300 300 300 300
564 393 564 300
Heat duty (MW) 1005 O 0 0 0 0 0 0 0
Work (MWh/day) 0 0 0 0 0 192 32 0 0
Unit El E2 E3 E4 E5 E6
Temperature (°C) 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 nvi nC1l nC2 nE4 nES
Temperature (°C) 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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Al.4 Geological map for underground storage

There are three types of underground storage facilities: depleted gas reservoirs, aquifers, and mined

salt caverns. * Figure A1-3 and Figure A1-4 shows the potential geologic underground storage

areas in the United States and around the word.

SN .
s /oM
TR
b.kl i b

10il & Gas Fields
Salt Deposits

[ 1Sedimentary Basins

[ 1Hardrock Outcrops

Figure A1-3. Potential geologic underground storage areas in the United States 2%
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i e
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= 25 T
T W
Gf“)? = i =
== = = ——

E—%RL
World Gealogical Storage Suitability
Msech 2011

Gopuricht - Geoareen. IEAGHE, GG
I Hiahty Guitable, Sedimentary Basina or Gontinental Margina Possible. Sedimentary Basina or Gontinental Marging

Main Faults © Early Opportunity
- Unproven. Extrusive volcanic rocks

[- | Suitable, Sedmentary Basins or Conlinental Margins.

0 7000 4000 K00

Figure A1-4. Safe locations for underground carbon dioxide storage 2

RO0N 10000 Km
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Al.5 Temperature dependent heat capacity

Figure A1-5 shows how the heat capacities of NH;, H, and N, change with temperature at 300
bar. We note that ammonia has a significant higher heat capacity between 80-300 °C due to the
continuous phase change. To account for the latent heat, we divide the temperature into 3 stages:
cold (10-80 °C), warm (80-300 °C) and hot (>300 °C). For each component k, different average

heat capacities are used for each temperature stage (denoted by CpS*®, Cpy“™ and Cpl'*).

k
‘ cold ‘ warm‘ hot \

T¢C) 10 80 300 800

cold Twar‘m Tho t

140
. 120 l ——NH3 ——H2 N2
< 100 Cp}id-d—-—-—l
= Cpa hot
£ %0 g VP S S ;
= 60 |
© a0 i
20 1 |
0 200 400 600 800

T(°C)
Figure Al1-5. Heat capacities of NH3, H, and N, at 300 bar

We then classify each process stream j into either cold stream (J°'¢), warm stream (J**"™) or hot
stream (J"°%) 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 Al-7 illustrates the heat

duty calculation for a unit with cold inlet stream and hot outlet stream.
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Hot tank
164 K1
O ]

Endothermic by Stream
reactor (R1) Y ]d
N 4 T+D > CO
A —— Warm
| —2@—3@— a4
C+D E1 ~— R —— hOt
Exothermic
lil(/ reactor (R2)

11
~—<§__,T@ Cold tank
E6 TKZ . .
Classify stream j

Hot tank
17—)[::},
TK1
. 18 Teora = Tj < Twarm

22_| - ] e ]COld
¥
Sepa M Twarm = Tj = Thot
rator 21—«@&20—@9 ] € IWa-r}?l
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23
: hot
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Figure A1-6. Classify process streams into cold, warm and hot stream.
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Figure Al-7. An example of unit heat duty calculation.

Al.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 °C (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.

=
o

NH3 H2 N2 CH4 —e—CO02 co

=
-

=
S N

Compressibility factor Z
e o
(=2} (oo}

100 200 300 400 500 600
Pressure (bar)

Figure A1-8. Compressibility factor of different components at 100 °C

A2 Explanations to Chapter 3
A2.1 Optimization results: stochastic model

Table A2-1. Stream total molar flow rate F]-T,s (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
6

9349 9349 8134 8134 8134 7058 6233 6233 6233 6233
4996 4996 6193 6193 6193 5177 4299 4299 4299 4299




Table A2-2. Stream composition: mole fraction of methane x¢y, j s
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Scenario 1 2 3 4 5 6 7 8 9 10
1 0494 0.299 0.299 0499 0499 0494 0.299 0.299 0.299 0.299
2 0.489 0345 0.345 0.499 0.499 0489 0.345 0.345 0.345 0.345
3 0489 0319 0319 0499 0499 0489 0.319 0.319 0.319 0.319
4 049 0283 0.283 0.499 0.499 049 0.283 0.283 0.283 0.283
5 0.497 0.263 0.263 0.499 0499 0497 0.263 0.263 0.263 0.263
6 0.499 0.194 0.194 0499 0499 0499 0.194 0.194 0194 0.194
Scenario 11 12 13 14 15 16 17 18 19 20
1 0491 0491 0.299 0.299 0.299 0.395 0.491 0491 0491 0491
2 0.485 0485 0.345 0.345 0.345 0419 0485 0.485 0.485 0.485
3 0486 0486 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 0496 0496 0.263 0.263 0.263 0.38 0496 0.496 0.496 0.496
6 0.499 0499 0.194 0.194 0.194 033 0499 0.499 0.499 0.499
Table A2-3. Stream temperature T; ;(°C)
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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level
Ey

FAY

= teT )
in out

qleD time-step Q" | Storage Qr

M sto sto

[JUA n>e A _j Y,

sf ™D sto P
Collector [ | Receiver Q1O b bad Turbine | Pt

ng, A° ng, A" Qeurtail pprate ap >
AREA 0" 100 MW

Figure A2-1. The simplified CSP process with main optimization variables (design: green, operation: black)
and parameters (blue).

Set

teT Set of 8760 hourly time steps in the time horizon of a year
Parameters

CRF Capital recovery factor

DNI; Solar direct normal irradiance (W/m?)

Estoref Reference thermal energy storage capacity (kWh,)
findirect Indirect cost factor

feont Contingency cost factor

prate CSP plant rated capacity (kW,)

ple Minimum turbine operation level (kW,)

pup Maximum turbine operation level (kW,)

Qrref Reference size of receiver (kW;)

vy’ Scaling factor of receiver

yste Scaling factor of storage system

ng Collector efficiency

nr Receiver efficiency

nsto Storage efficiency

pprate Turbine efficiency at rated power output level 100 MW
ppara Plant parasitic efficiency

A¢ Collector price ($/m? mirror aperture)

Aete Electricity power purchase agreement price (C/kKWh,)
A" Receiver price at size Q"¢ ($/kW,)

Asto Two-tank storage system price at size QSt>7¢/ ($/kWh,)
AP Power block (turbine) price ($/kW)

Jstartup Cost for turbine start-up ($/start_up)



J0m, fix

Jomuvary
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Operation and maintenance, fix cost ($/kW-year)

Operation and maintenance, varying cost ($/kWh,, electricity generated)

Nonnegative Continuous Variables

AREA
CAPEX
cr
Csto
LCOE
OPEX
PFT
P,
Qr

sf

t

o

t
thurtail

in

t

out
t

QP

t
EStO
Eéevel

Solar field area (m?)

Plant total capital cost ($)

Receiver cost ($)

Storage system cost ($)

Levelized cost of electricity (C/kWh,)

Operational cost ($/year)

Net annual profit ($/year)

Turbine output level (kW,)

Receiver size (kW,)

Thermal power received by receiver (kW;)

Thermal power directly delivered from receiver to the turbine (kW;)
Heat curtailed from receiver (kW)

Thermal energy charging into storage system (kW)
Thermal energy discharging out of storage system (kW)
Thermal power delivered to the turbine (kW)

Thermal energy storage capacity (kWh,)

Storage level at time t (kWh,)

Binary variables

Y
t
z"

out
Z¢

startu
Y. 14

1 if the turbine is on at time t
1 if the turbine starts up at time t

1 if energy is charging into storage system at time t

1 if energy is discharging out of storage system at time t

Model Equations

Energy received QY = AREA-DNI, -0} t€T (A2-1)

- ' tail
Receiver energy ij =Q " +QF+0Q;"" teT (A2-2)



Storage level

Storage capacity

Storage charging

Storage discharging

Charge/discharge

Heat to turbine

Turbine output level

Operation range

Turbine start-up

Receiver cost*

Storage cost*

Capital cost

Operation cost

Objective PFT

* Receiver and storage costs are formulated using piecewise linear function in GAMS.

CAPEX = (A°- AREA+ C" + C5% +

Elevel = plevel 4 gin_ gt ¢ e
Eievel < Esto teT
Qr<M-ZI" teT

QM <M-ZM teT
7'+ 79 <1 teT
QP =Q7+Q mt teT
QY- prate e = 2. P+ P Y, tET
Y,P°<P,<Y,-P®? teT

Yo=Y, SV teT

. Qr Y
=g <W>

sto
Esto 14
sto __ qSto | pstoref |
c =1 E < Esto,ref )

)P . prate

+ findirect) . (1 + fcont)

OPEX = )jomfix . prate 4+ pomuvary . Z P, + jstartup

t

. § Ystartup
t
t

PFT = 2¢te . Z P, — CAPEX - CRF — OPEX
t

r,PT).(l
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(A2-3)

(A2-4)

(A2-5)

(A2-6)

(A2-7)

(A2-8)

(A2-9)

(A2-10)

(A2-11)

(A2-12)

(A2-13)

(A2-14)

(A2-15)

(A2-16)



A3 Explanations to Chapter 4

143

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.

Starting time

Energy balance for Energy balance for the Rate of conversion in

Cycle Inlet the fluids reactor bed the reactor bed
Outlet eqn (4-3) eqn (4-4) eqn (4-7)
=Tin . Xpeq = 0.001
t =0 ifo) Twr(zt Tyoq = Tie(z,t = 0) bed
1% cycle - . .
charging z=0 Tr = Thrr Thea = THrF
oT 0T e
2 = Lpea =0 =
1% cycle t=tt Tr=Trz,t =t) Tpeq = Trea(z,t =t°) Xbea = Xpea(z,t =t°)
3 0T pea __
dischargin Z = Lbea Ty = ’(I;WF =0
_ Ty _ Thed _
9 z=0 —21=0 24 =0
t= (k- Tr=Ts(z,t= _ —  Xbea = Xpea(z, t =
X DtC+ (k- k=Dt + (k- Thed _CTbed(Z' L= k=Dt + (k—
k™ cycle 1)td 1)¢d) (k — D)t + (k — 1)t%) 1)ed)
charging _ min OThed _
k>1) 270 Ty =Thrr o o =0
aT
Z = Lpea 6_zf = —aI:d =0
KM eycle £ kt¢ +(k—  Tr=Ts(zt= Thea = Thea(z,t = Xpea = Xpea(2,t =
< Cycle 1)td kte + (k— De?)  ktS + (k — 1)t9) Kkt + (k — 1)t%)
dischargin o T pog
g Z = Lpeq Tr=Twr 5, =
(k > 1) 7z=0 % =0 M =0
dz 0z

Kinetic models

Table A3-2 shows the kinetic models used in reactor simulations.
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For 6Mn,0, < 4Mn30, + 0, and CaCO3 < CaO + CO, reactions, the kinetic model is in the

form of

N

1-FS (A3-1)

dXped __
e
P!

Eq
- = Koexp (——) Xpea® (1 — Xpea)®

ReonstThed

For Ca(OH), < CaO + H,O0 reaction, the kinetic model is in the form of

N

dXpe e
P2 = keoXpea® (1 = Xpea)” |1 = 052 (A3-2)
bed
Table A3-2. Kinetic models used in reactor numerical simulations.
) Charging
Reaction _ ko (s E, (3/mol) a b s Reference
Discharging
M0 Reduction 8.2167x10° 2.504x10° 0.45633 1.4584 20 177
273 Oxidation  -2.8089x10% 2.997x10° 1.0245 0.64231 1.3676
Dehydration 0.05 0 1 1
Ca(OH ; 190
a(OH), Hydration -0.2 1 0 1
Caco Calcination 1.12x108 1.50x10° 0 15 1.86 191
3 Carbonation  -5.53x10°  1.59x10° 1.5 0 1 192

Nondimensionalization

The dimensionless input variable x 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

t =2 (A3-3)
z* == (A3-4)
Lped
. T p~ Ty (t=0)
N (A3-5)

— qin in (4
Tyrr—Twr(t=0)
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T*
bed — i i _
Trr—Tyr(t=0)

where T4 x(t = 0) is the WF inlet temperature at the beginning of discharging, and T% is the
HTF inlet temperature.
The governing equation eqgn (4-3) is then expressed in terms of dimensionless variables,

a_T}kc uftca_T;c _ tckf 62T} _ 4t°U

L = Thea — T A3-7
ot Lbed 9z* prprbedz 62*2 dprPf ( bed f) ( )

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 x that measures the ratio of heat transfer rate across tube wall to the
heat advection rate along the tube:

4U/d
= — A3-8
K UurprCpPf/Lped ( )

k¢ and k¢ are defined for charging (f =HTF) and discharging (f =WF) accordingly.

A3.2 Selection of HTF and WF inlet temperature

For each reaction, we run simulations with different T4 and T4+ and determine the appropriate

fluid inlet temperature based on the corresponding reactor performance.
Mn,03 TCES

In Figure A3-1, we compare the simulation results of Mn2O3 TCES reactor with T:r = 1173,
1273, 1373 K, Lp,qg = 1.6 m and t = t¢ = 6 h. Both overall bed conversion (x) and power
generation effectiveness (y) reach maximum when T4 is 1273 K, therefore we use this

temperature as Tjrr for Mn,Os 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: T{ke = 1173 K, red: T, = 1273 K, green: T, = 1373 K) in Mn,0s
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), TCES

In Figure A3-2, we compare the simulation results of Ca(OH)2 TCES reactor with T = 873,
923,1023 K, Lyeg = 1.1 m and t¢ = t% = 6 h. As T increases, y increases monotonically but
the power generation effectiveness y increases to 77% at Tayr = 923 K and starts to decrease.
Considering the limited improvement of y brought by the 100 K temperature increase, we choose

923 K as T4y for Ca(OH), TCES reactor in this study.
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Figure A3-2. (A) Bed conversion and (B) fluid temperature of fixed-bed reactors with different HTF and
WF inlet temperatures (blue: T#kz = 873 K, red: Tjr = 923 K, green: T{kz = 1023 K) in Ca(OH),
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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 Tz = 1273,
1323, 1373 K, Lp,q = 0.5 m and t° = t = 6 h. As Ty increases, both y and power generation
effectiveness y increase. Increasing Ty above 1373 K may further improve y and y, but it would

lower the receiver efficiency. As a result, we select T4 = 1373 K for CaCO3 TCES reactor in

this study.
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Figure A3-3. (A) Bed conversion and (B) fluid temperature of fixed-bed reactors with different HTF and
WEF inlet temperatures (blue: T/ = 1273 K, red: T/ = 1323 K, green: T/, = 1373 K) in CaCOs
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 Mn,O3 TCES reactor at 6 = 1
with d =1 mm, 2 mm, 4 mm, and 1 cm. The reactor performance of the four cases are compared

in Figure A3-4. As d increases, both y and y decrease. Increasing d to 1 cm is notably detrimental
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to the reactor performance while reducing d from 2 mm to 1 mm brings marginal improvement.

Hence, tube diameter of 2 mm is selected in our design.
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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 Mn;Os; 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-CO> and

reactants as well as the relations between equilibrium temperature 7¢? 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: Cp,,,.. & Cp,, 1.281 kJ/kg-K
Thermal conductivity of fluid: kyrr & ki 0.075 W/m-K
Reactions & Reactants
6Mn,0, < Ca(OH), & Ca0 + CaCO3 < Ca0 +
AcoB+C 4Mn30, + 0, H,0 Co,
Molecular weight
Mwy, Mwg, Mw, 158, 229, 32 74, 56, 18 100, 56, 44
(g/mol)
Solid density, p,
(kg/m?) 4500 2200 2710
Solid density, p,
(kg/m?) 4860 3340 3340
Gas density, p,.
(kg/m?) 0.35 0.28 0.48
Gas density at storage,
/ 997 764
pe (kgim?)
Heat capacity, Cp,
(KI/kg-K) 0.83 1.53 1.29
Heat capacity, Cp,
(KI/kg-K) 0.82 0.95 0.95
Heat capacity, Cp,.
(Ki/kg-K) 1.10 2.14 1.27
Reaction enthalpy
202 1409 1779
AH™™ (kJ/kg A)

Equilibrium pressure  1npé? = — o+ Inpf = - 220 + Inpf! = -2+
of gas C, p.' (bar) 18.231 16.508 17.538
T*(K)@ 1bar 1094 778 1168
Cooling duty of C 810 3395 971
from T°7 to 298K
(kJ/kg)

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 ( v4A (s) = vgB (s) + v-C (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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Configuration IR1-CON-OL

Exhaust 02

Fresh air

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,

Frips =vp/Va-Frias SES (A4-1)
Frics =vc/Va-Frias SE€S (A4-2)
Frops =vp/Va-Fraas SES (A4-3)
Fracs =vc/Va- Froas SES (A4-4)

where F; ¢ is the molar flow rate of stream j € J in scenario s € S, vy is the stoichiometry of

reactant k € K.

The heat duties of R1 and R2 (Qr1s, Qr2s) are equal to the enthalpy difference between its outlet

and inlet stream, resulting from both component and temperature changes,

QRI,S:AHTxn'MWA.FRlA,s +(TR1_TR2)'CPA'MWA'F SES (A4-5)

R1A,s

QRZ,S = AH™" . MWA : FRZA,S + (TRl - TRZ) : CpB’ : MWB : FRZB’,S SES (A4'6)

where AH™" is the reaction enthalpy, Cp, is the heat capacity of A, and Mwy is the molecular

weight of reactant k (see Table A4-1 for their values). Tr; and Ty, are the endothermic and

exothermic reaction temperatures, which follow Tg; > T®? > Thp,.



151

The endothermic and exothermic reaction rate, Rp; and Ry,, can be calculated based on the

kinetics models given in Table A3-2,

S
E, 1
Rp1 = ko exp (—R—Jm) 0.5%(1—0.5)" |1 — - (A4-7)
E 1 :
Rrz = ko exp (- Rmsfrm) 0.5%(1— 0.5)" |1 — - (A4-8)

where p, /Pgr, 18 the equilibrium pressure of gas C at Ty /T, (see Table Ad-1).

reactor

The reactor sizing equations ensure the reactor volume (V ) 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).

VT > Mwy - Fi /Py /(1= €ped)/Rr1 SES (A4-9)
VTt > Mwp - Fryp /Dp /(1= €pea) /Rpz SES (A4-10)
where p, is the solid density of reactant k (see Table A4-1), &4 is the reactor porosity 0.7.

For indirect R1, the endothermic reaction heat is provided by HTF,

Qr1s = (Turrin — Turrout) * CPypp - MWyre  Fyrpy, s SES (A4-11)
where T yrri, @and T yrrou: @re HTF inlet and outlet temperatures at R1.

For indirect R2, the exothermic reaction heat is delivered to WF,
Qra2s = Twrout = Twrin) - CPyp - MWwp - Fyypp o SES (A4-12)

where Ty, and Ty ro.: are WFE 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),

Tyrrin — Tr1 2 AT jun (A4-13)
Tyrrout — Trz 2 AT min (A4-14)
Thrrous — (Thrrin — Thrroue) " AH™" - Mwy - Fpiy /Qpy = Tri 2 ATy SES (A4-15)
Tr1 = Twrour 2 AT min (A4-16)
Trz2 = Twrin 2 AT pun (A4-17)
Trz2 = Twrin — (Twroue — Twrin) - AH™" - Mwy - Fpoy /Qpo 2 ATpin SES (A4-18)

where the minimum approach temperature AT,,;,, is 10 °C in this study.

A4.3 Process model of CSP with solid-gas TCES

In this section, we present the process model egns (A4-1)-(A4-42) for CSP plants with solid-gas

TCES systems in IR1-CON-OL configuration (see Figure A4-1).

Sets

iel Units

JE] Streams

k € {HTF,WF, A, B, C} Materials

SES Scenarios
Parameters

CRF Capital recovery factor

Cpy Specific heat capacity

DNI, Solar direct normal irradiance
dpeonvey Conveyor unit power consumption

findirect Indirect cost factor



fCOnt

AHTle

Prate
Qr,re f
Ted

) convey
yu

AP

Ahx

5m
J0m, fix
jomyvary
g

Pr

Contingency cost factor

Reaction enthalpy

CSP plant rated capacity
Reference size of receiver
Reaction equilibrium temperature

Minimum approach temperature during heat transfer
Duration of daytime in scenario s

Duration of nighttime in scenario s
Scaling factor of receiver

Bed porosity

Solid storage tank porosity

Collector efficiency

Balance of plant efficiency (0.9, considering 10% parasitic load in the plant)

Collector price

Conveyor price

Receiver price at size Q""¢/

Power block price

Fixed bed reactor cost

Storage media price

Operation and maintenance, fixed cost
Operation and maintenance, variable cost
Occurrence frequency of scenario s

Density of material k

First stage variables

AREA
CAPEX

(convey

c99s
CTCES
LCOE
sm

m

OPEX

Heliostat (collector) area
Plant total capital cost
Conveyor cost

Reactant C gas storage cost
TCES system cost
Levelized cost of electricity
Storage media (A) weight

Annual operational cost

153
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Q" Receiver size

Rpq Endothermic reaction rate

Ry, Exothermic reaction rate

Tr1 Endothermic reaction temperature
Tro Exothermic reaction temperature
T HTF inlet temperature at R1
TouL HTF outlet temperature at R1
T WF inlet temperature at R2

Tout WF outlet temperature at R2
preactor Reactor volume

wete Annual Total electricity output
n" Receiver efficiency

nPday ;ppright Daytime/ nighttime power block efficiency

Second stage variables

Fig Stream molar flowrate
Wy Daytime power generated
A Nighttime power generated
poenvey Conveyor power
Qgurtail Energy curtailed through heliostat defocus
Qurrs HTF thermal energy requirement during charging
té Duration of daytime power generation (charging)
td Duration of nighttime power generation (discharging)
Equations
. - 2
Turbine  efficiency ppday — _0.25 Thrrin — AT min
1000 (A4-19)
day THTFin - ATmin
+0.87< 1000 >—0.15
) - 2
Turbine  efficiency ppRight = 025 Twrout = AT min
1000 (A4-20)

night TWFout - ATmin
+O.87< 1000 —0.15



Power cycle model

Receiver efficiency

Charging time

Discharging time

Mass balance tank A

Mass balance tank B

R2 heat duty

HTF heat duty

Receiver size

Plant energy balance

Conveyor power

Conveyor cost

Tank A volume

Tank B volume

Storage media

TCES cost

TWFin = 087 . TWFout - 983

4

100
+ 10(Tyrrim — 293)]/576000

T .
n" =0.95—[2.41 <ﬂ>

<t ses
td <t ses
Frias t5=Fpoas-td SES
Frips-ti=Fppps -t s€S
QRZ,S . np,night ] 77bop _prate ccg

Qurrs = P mp mbor 4 Qpis SES

r day
Q -nty” ZQyrps-ts SES

AREA -DNI, -n°-n" - tgay — QHTF,S S tE + Qscurtail SES

P;‘onvey =Mw,-F dpconvey ¢ e g

R14,s

Cconvey 2 ACORUG}/P;‘OTLVQ}/ S E S
V> Mwy - Fpyy /pa /(L—€g) -5 SES
VH*E > Mwy - Frips/Pp /(1 —¢&y) -t SES

sm — . . $C
m™ = Mwg - Fpi,ots

CTCES — Areactorvreactor +/1tk(VtkA + Vth) + ceonvey 4
Amsm 4 €99 *
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(A4-21)

(Ad4-22)

(A4-23)

(A4-24)

(A4-25)

(A4-26)

(A4-27)

(A4-28)

(A4-29)

(A4-30)

(A4-31)

(A4-32)

(A4-33)

(A4-34)

(A4-35)

(A4-36)
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IBT
QT‘
— c. r.pnrref. TCES
Capital cost CAPEX = [1°- AREA+A"-Q (Qr.ref ) +C (A4-37)
AP . prate o
+ T’b—op] . (1 + fmdlrect) . (1 + fcont)
Operationa| cost OPEX = Aom,fix . prate _ jompvary . VVSele (A4-38)
Total daytime power wiay = (prate _ pconveyy yc e § (A4-39)
Total nighttime power ngghf =prate.td se§ (A4-40)
l d igh
Annual power output W** = 365 Z (W™ + Wi (A4-41)
N
Objective LCOE LCOE = (CAPEX - CRF + OPEX)/Wete (A4-42)

* For Mn,0, TCES, €9 includes the cost of the sensible heat storage unit; For Ca(OH), TCES,

C9% includes the costs of the sensible heat storage unit and the water storage tank; For CaCO;

TCES, ¢9* includes the costs of the sensible heat storage unit, the supercritical CO, storage tank

as well as the CO, compressor and turbine.
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