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a b s t r a c t

As greenhouse gases threaten our environment, it has become increasingly necessary to replace con-
sumption of fossil fuels with renewable energy. Without energy storage, solar cannot provide power at
night during times of peak demand, resulting in a gap between supply capabilities and demand. Solar
thermochemical energy storage (TCES) has potential to resolve this critical temporal issue. An 800MWhth

TCES subsystem has been designed to cost-effectively convert solar energy to electricity. An evaluation of
each required component is provided, including the reactor chemistry. Strontium carbonate decompo-
sition is used to densely store high temperature thermal energy via chemical reaction, while two
different CO2 storage methods are considered. To determine the practical feasibility of these schemes, a
probabilistic analysis has been performed to explore exergy and energy efficiency, and cost. It has been
found that a scheme storing CO2 via sorbents is capable of ~71% energy and ~87% exergy efficiency, and
an installed cost of ~48 USD kWhth

�1.
© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

With increasing need to harness intermittent renewable energy
such as solar and wind, without threatening the stability of the
electric grid, energy storage is imperative. It is expected that by the
year 2020, over 26% of global power generation will be derived
from renewable energy [1]. Although the adoption of photovoltaic
(PV) systems has increased with the decrease in manufacturing
cost, there remains the issue of producing energy when solar ra-
diation is not sufficient as a result of geographic region, weather, or
time of day. Therefore, cost-effective storage of electrical energy or
an alternative to PV cells must be developed to provide a dis-
patchable source of energy.

From a storage perspective, solar thermal energy proves advan-
tageous since there is inherently an intermediate step of converting
heat to electricity, thus allowing for several storage options (sensi-
ble, latent, or thermochemical energy storage). Energy storage in the
form of thermochemical energy offers the highest energy storage
density compared to sensible and latent heat, by harnessing the
change in enthalpy of chemical reaction, i.e. heat or enthalpy of
reaction (DH). Through reversible reactions, such as
Aþ B⇔ AB þ DH in which states A, B, and AB can vary, the energy of
chemical processes can be harnessed for power production. A higher
energy density allows smaller volumes of storage material and
hence typically lower cost per kilowatt-hour. Such heat-driven
chemical processes can be used to support solar-based power pro-
duction. Although thermochemical energy storage (TCES) is a
promising technique for enabling greater penetration of renewable
energy into the power grid, solar energy power production coupled
to TCES has yet to be sufficiently explored. To evaluate the feasibility
of implementing a solar TCES subsystem, the system cost, energy
efficiency and exergy efficiency must first be determined and
compared to standards set by the US Department of Energy (DOE).

1.1. United States Department of Energy SunShot Initiative

The U.S. DOE has set targets for concentrated solar power and
thermal energy storage systems to be met by the year 2020. Such
targets consider both the economics and the efficiencies of the
design. Along with the limits that the DOE has set, there are also
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environmental and practical standards to meet. According to the
DOE SunShot Initiative, the normalized cost of the energy storage
subsystem must be less than $15 kWhth

�1. To achieve high exergetic
efficiencies, the operating temperatures of the TCES processes must
have temperatures greater than 650 �C. The SunShot Initiative
criteria is based on the premise that a sufficiently high exergetic
efficiency and high volumetric energy density will lead to a low
normalized storage cost [2]. Furthermore, the energy storage sys-
tem must be reversible and the selected TCES processes should not
have undesirable side reactions, nor hazardous byproducts or
leakage [3].

1.2. Solar reactor temperature versus efficiency

The solar receiver to be considered here consists of an aperture
to which the concentrated solar flux from the heliostat field is
directed. As the ratio of aperture diameter to length of the receiver
approaches zero, the receiver approaches that of a blackbody
absorber. Within the solar receiver, the concentrated sunlight is
converted into heat, which is then used to drive the endothermic
reaction within the thermochemical reactor. As all heat engines
strive towards the Carnot efficiency, high temperatures are
amongst the critical parameters of thermochemical systems. With
respect to thermodynamics, an increase in temperature can result
in an increase in energy efficiency, as seen in the basic Carnot ef-
ficiency equation h ¼ 1� Tc=TH where Tc is the temperature of the
cold reservoir and TH is the temperature of the hot reservoir rele-
vant to the exothermic reaction. However, higher temperatures also
contribute to radiant losses from the solar absorber, thereby
reducing absorbed power. Thus, for thermochemical processes, the
absorption efficiency and Carnot efficiency must both be consid-
ered in the following equation [4,5]:

h ¼ habsorptionx hCarnot ¼
�
1� sT4

IC

��
1� TC

TH

�
(1)

where T is the nominal cavity temperature, being the solar reactor
in this consideration, s is the Stefan-Boltzmann constant, I is the
intensity of the solar radiation, and C is the mean solar flux con-
centration ratio. The chemical kinetics and heat transfer mecha-
nisms concerning absorption, scattering, internal radiation-
conduction, and re-radiation are complex processes that will not
be detailed in this discussion, but can be found in the literature
[4e7]. The main point to be made from Eqn. (1) is that in designing
the solar reactor, the tradeoff between absorption and Carnot effi-
ciency with respect to absorber temperature must be considered.

2. System description

Here, a solar TCES subsystem, capable of storing 100MW of
thermal power (MWth) for 8 h, is designed with the goal of calcu-
lating total capital cost of the system. In describing system
behavior, on-sun conditions refer to periods during daytime when
solar radiation can be absorbed by the reactor. Off-sun conditions
refer to periods when solar radiation is not available, i.e. during
night-time or times of unfavorable atmospheric conditions. Hence,
during off-sun conditions, the stored thermochemical energy must
be released for power production. As an analogy to a typical elec-
trochemical battery, charging refers to the period of time in which
the system is “on-sun” carrying out the thermal decomposition of
the selected TCES chemistry by absorption of solar energy within
the reactor. Discharging can occur off-sun, or on-sun, and describes
the stage at which energy is released by recombining the reacting
materials.

Fig. 1 below depicts the overall system design of a typical power
plant integrated with concentrated solar power (CSP) and a TCES
subsystem. The following report will review the solar receiver-
reactor with focus on the energy storage method and resulting
components required for the selected energy storage method.

Str€ohle et al. recently proposed a “bottom up” approach to
designing CSP systems that utilize TCES, in which the gas-solid
contacting pattern dictates the overall design. The TCES subsys-
tem may be integrated with the power block through a parallel or
serial configuration. A parallel configuration involves segregation of
heat transfer processes between the solar field-power block and
solar field-TCES subsystem upon charging of the TCES subsystem.
For maximum efficiency, it would be desirable to have the working
fluids exiting from both the TCES charging process and the power
block exit at the same temperature. A series configuration couples
the charging process of the TCES subsystem to the power block by
utilizing the high temperature of the reactor upon charging to heat
the HTF sent to the power block. During discharge, both concepts
rely on the TCES subsystem for the energy to operate the power
block. Depending on the chemical reactions and overall process
design, heat integration may use one or more heat exchangers and
one or more heat transfer fluids. To better simplify designs and gain
higher effectiveness, some systems may make use of direct heat
transfer between gas and solids [8]. In the case of the system pro-
posed here, direct heating of solids by a solar field in a receiver-
reactor is implemented rather than using a HTF.

Str€ohle et al. also argued that particle size has a strong influence
on the choice of reactor (e.g. packed beds, moving beds, fluidized
beds, etc). Hence, solar reactor chemistries are compared first, with
respect to DH, decomposition temperature, and resource abun-
dance. Upon recommendation of SrCO3 as the reactor chemistry,
the appropriate reactor(s) are introduced. In order to utilize solar
energy regardless of temporal and atmospheric conditions, the CO2
from the decomposition of SrCO3 must be stored efficiently to
provide an exothermic reaction upon eventual re-entrance into a
carbonation reactor. Two overall process flows have been devised,
one including CO2 storage in the form of compressed gas (Scheme
1) and the other including a reversible CO2 absorption method
(Scheme 2). To design for widespread adaptation, the system must
prove efficient with respect to exergy, energy, and cost. A techno-
economic analysis provides information on the magnitude of
beneficial impact a technology or system can provide for its
intended application, critical for determining the value of further
pursuit. Thus, the performance of each Scheme has been evaluated
and subjected to a Monte-Carlo based probabilistic analysis. By
evaluating the technical and economic feasibility of a solar ther-
mochemical energy storage subsystem, the following analysis aims
to demonstrate how a solar-driven thermochemical energy storage
subsystem for a generic power plantmay be realized and encourage
further research on the subject.

3. Results and discussion

3.1. Evaluation of solar reactor chemistries

A plethora of TCES chemistries have been studied and tested as
viable solar reactor materials. The DOE requires these TCES pro-
cesses to have operating temperatures above 650 �C and a high heat
of reaction, along with the other standards previously stated. Given
the capabilities of current concentrator technologies and the nature
of available solar flux, the desired reaction temperatures for CSP
applications fall within the range of 700e1100 �C [9]. Reaction
chemistry can be characterized through the Gibbs free energy G, a
function of pressure p and temperature T, defined as

Gðp; TÞ ¼ H � TS (2)



Fig. 1. Generalized layout of potential power block utilizing CSP and TCES.
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The thermodynamic variable H is enthalpy, and S is entropy. At
DG y 0, the enthalpy must equate to the product of temperature
and entropy. The generated entropy can be minimized by operating
at high temperatures, according to DH/T0¼DS, while maintaining a
large enthalpy through the reaction. However, the temperature is
limited to those within a practical range.

As candidates for TCES chemistries, there are gas-gas reactions
and solid-gas reactions to consider. Typically, these reactions
consist of thermal decomposition of a product for which the re-
actants are stored separately, then later recombined to release the
enthalpy of reaction. Table 1 provides a comparison of such TCES
processes that have been studied with respect to their enthalpy of
reaction at standard pressure, DHrxn at STP, and the corresponding
temperature. Unlike most solid-gas reactions, metal hydride TCES
systems use a high temperature solid and a low temperature solid
to store/release the hydrogen, which can reduce system size and
cost through higher energy densities in the storage process. When
solar radiation is available, the high temperature metal hydride
Table 1
Comparison of TCES reactions.

Reaction DHrxn STP (kJ mole�1) Temp (�C) Ref.

Gas-Gas Reactions
NH343/2H2þ1/2N2 67 478 [11,12]
2SO342SO2þO2 98 827 [12]
NH4HSO44NH3þH2SO4 132 740 [12]
CH4þH2O43H2þCO 206 1012 [12]
CH4þCO243H2þ2CO 247 1012 [12]
Solid-Gas Reactions
MgH2 þ DH 4 Mg þ H2 (g) 75 280 [13]
Ca(OH)2 þ DH 4 CaO þ H2O 109 507 [12]
2CuO þ DH 4 Cu2O þ ½ O2(g) 143.1 1025 [12]
CaCO3 þ DH 4 CaO þ CO2 (g) 178 837 [12,14]
CaH2 þ DH 4 Ca(g) þ H2 (g) 181 950 [13]
2Co3O4 þ DH 4 6CoO þ O2 205 900 [15]
SrCO3 þ DH 4 SrO þ CO2 (g) 234 1175 [12,16]
Cs2O þ DH 4 2Cs(g) þ ½ O2(g) 481 1159 [12]
Na2O þ DH 4 2Na(g) þ ½ O2(g) 634 1607 [12]
MgO þ DH 4 Mg(g) þ ½ O2 (g) 752 3087 [12]
(HTMH) endothermically releases hydrogen, which is then stored
in the low temperature metal hydride (LTMH). During times that
solar radiation is not available, the reverse exothermic process
occurs. Optimal HTMHs have a large enthalpy of reaction, high
working temperature, high hydrogen capacity, and low raw mate-
rial cost. Optimal LTMHs have a small enthalpy, low working tem-
perature, high weight capacity, and low raw material cost [10]. A
compilation of metal hydride properties is presented in Table 2.

Typical operating temperatures of a Brayton cycle are ~1200 �C.
Tominimize entropy generation, theworking fluid of the solar TCES
system should match closely to this temperature. Furthermore,
higher temperatures within the solar receiver-reactor can lead to
lower absorption efficiencies, as elaborated upon in the Section 1.2.
At first review of the values provided in Table 1, Cs2O and SrCO3
appear to be the best candidates of the listed chemistries consid-
ering their high energy density and suitable operating temperature.
However, Cesium is not available in commercial quantities and
resources are limited, which will lead to prohibitively high cost
[17]. As for the SrCO3 chemistry, being the 15th most abundant
element of earth, strontium mineral is readily available and inex-
pensive [18]. Along with being an abundant resource, SrCO3 pos-
sesses a high energy density of 234 kJ/mol. In addition, the
Table 2
Metal hydride properties selected for CSP application [10].

Working Temp. (�C) DH (kJ mol H2
�1)

HTMH
MgH2 300e500 75
Mg2FeH6 350e550 77
NaMgH3 400e600 88
LiH 950e1150 190
TiH1.72 650e950 142
CaH2 900e1100 171
NaH 400e600 130
LTMH
TiFeH2 0e120 28
TiCr1.8H3.5 0e70 20
TiMn1.5H2.5 0e120 28
NaAlH4(SAH) 80e120 40
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temperature at which the Gibbs free energy of this reaction is at a
minimum (i.e. DGy 0) occurs at 1175 �C (at atmospheric pressure),
which results in a very high quality of heat release, yet still in a
practical temperature range. Among the listed chemistries, calcium
carbonate (CaCO3) is one of the most widely analyzed compounds
for CO2 capture and storage due to its relatively high operating
temperature, high heat of reaction, and availability. However, in
comparison to SrCO3, CaCO3 operates at a lower temperature,
which will result in lower efficiencies.

In an analysis performed by Corgnale et al. [10], three HTMH
candidates were selected based on cost, working temperature,
volumetric energy density, and exergetic efficiency. The HTMHs
deemed most attractive were then paired with LTMHs based on
kinetics. These three were NaMgH3 with SAH, TiH1.72 with TiFeH2,
and CaH2 with TiFe2 [10]. In comparison to MH based systems, the
SrO/SrCO3 cycle has a higher energy density and higher working
temperature than all three HTMHs. Furthermore, there are no side
reactions present within the reversible strontium carbonate
decomposition, nor a catalyst required, while MH reactions suffer
from both.

Given the high energy density and the favorable characteristics
of the SrO/SrCO3 cycle as described above, the SrO/SrCO3 cycle is
the pursued TCES process for this subsystem design. Since small
particles (e.g. 100 mm or less) have been used in previous SrO/SrCO3
work [16], it is proposed that a fluidized bed be used for the
carbonation step as part of a serial configuration. Fluidized bed
combustion reactors allow for optimal gas-solid and solid-solid
heat transferea critical characteristic for high rates of heat trans-
fer within the solar thermochemical reactor [19,20]. The charging
step can be carried out in a rotary kiln-type reactor which has seen
solar implementation previously [14,21,22]. The rotary kiln allows
for minimal radiation losses, improved heat transfer between gas
and solid phase reactions, high reactive surface area, amongst other
advantages presented in Appendix A.

The serial configuration enables heat to be extracted from the
hot CO2 stream exiting the reactor for use in power generation. Air
would most likely be the working fluid, absorbing heat from
carbonation and decomposition reaction. Admittedly, there are
disadvantages in cost in using a separate rotary kiln reactor (during
charging) and a fluidized bed reactor (during discharge). However,
since the high temperatures involved require direct heating of the
SrCO3 material, a kiln is the best choice for coupling the reaction
with the solar resource [8]. Additionally, CFB reactors can incor-
porate various heat exchanger designs within the reactor. To cap-
ture the heat released upon exothermic reaction, a plate heat
exchanger or fluid bed heat exchanger, utilizing air as the heat
transfer fluid (HTF), can be incorporated [23].

Both the decomposition reactor and carbonation reactor design
largely depend upon the reaction kinetics of SrCO3, which were
unknown until recent [24]. Additionally, specific to the fluidized
bed reactor, bed void fraction, internal porosity of particle, and gas-
solid contacting pattern time [8]. While detailed design of a
decomposition and carbonation reactor is beyond the scope of this
paper, an overview of pilot-scale reactors is provided in the
Appendix A. The extent of reaction for decomposition and
carbonation vary depending on the partial pressure of species
present in the system, precise knowledge of which would require
analysis that is beyond the scope of this paper. Here, a base case is
considered, in which 100% decomposition is achieved while
roughly 50% of carbonation is achieved.

3.2. Process design schemes

Of the various possible Schemes applicable for a solar thermo-
chemical subsystem based on the SrO/SrCO3 carbonate chemistry,
two preliminary Schemes have been selected for analysis. Scheme 1
describes a design in which CO2 is stored as a pressurized gas
without the use of a CO2 ad/absorbent whereas Scheme 2 describes
a design with the use of CO2 ad/absorbent.

3.2.1. Scheme 1
Following Fig. 2a below, the first component in the processes is a

solar reactor in which thermal energy, Q, from the solar heliostat
field enters via radiation during the charging period. Through the
absorption of Qwithin the reactor, the endothermic decomposition
of SrCO3 into SrO and CO2 occurs. The high temperature SrO par-
ticles from the decomposition reaction are then stored in a ther-
mally insulated storage tank as the CO2 flows to a heat exchanger
through which sensible heat of CO2 is transferred to the HTF for
utilization within the power block. It should be noted that the
reactor and the subsequent heat exchanger could potentially be a
coupled device, but are conceptually isolated here for purposes of
illustration. Following the cooling of CO2, the gas is compressed to
25 bar in preparation for storage. The final component in the
charging process flow is the storage tank. During discharge, illus-
trated in Fig. 2b, CO2 is released from the storage tank and is
directed to the reactor. As higher pressures give rise to an increase
in extent of reaction, the carbonation reactor is at a pressure 20 bar
[16]. Given a pressure difference of 5 bar between the storage tank
and reactor, the fluid may flow without necessitating the addition
of a pump to the system. During the discharge process, SrO is also
directed to the reactor from its corresponding storage tank. Within
the reactor, the CO2 exothermically recombines with SrO to form
SrCO3 during off-sun conditions, releasing energy commensurate to
the enthalpy of reaction and molar volume of reactants. The
carbonation temperature is 1150 �C, at which the SrO and CO2 begin
to exothermically recombine, giving rise to the reaction tempera-
ture heating up to 1235 �C. Finally, the heat released is captured via
heat exchanger within the fluidized bed reactor and sent to the
power block for electricity production. Fig. 2 also notes the ther-
modynamic properties of the CO2 exiting each component.

3.2.2. Scheme 2
In Scheme 2, sorbents are used to capture the CO2 rather storing

it as purely pressurized gas, as considered in Scheme 1. Following
Fig. 3a, the solar reactor, SrO storage vessel, and heat exchanger all
behave the same way as described for Scheme 2. Unlike Scheme 1,
the CO2 is now stored via reversible ab/adsorption at closer to at-
mospheric pressure, potentially leading to lower cost. During
discharge, Fig. 3b, the CO2 is released from the selected sorbent in
the storage vessel. The method of CO2 release is highly dependent
upon the type of material chosen for reversible CO2 capture, and is
further described in the following section concerning reversible
CO2 storage evaluation (section 4.4). The discharged CO2 is then
compressed to 25 bar via a compressor and directed to the
carbonation reactor.

3.3. Reversible CO2 storage materials

The most applicable and practical CO2 ad/absorption materials
have been evaluated. The quantitative results are presented in
Table 3, including their operating pressure (P) and temperature (T).
A detailed literature review of reversible CO2 capture methods is
presented in the Appendix B, along with an elaboration of esti-
mation methods for values presented in Table 3.

There are two main parameters to which the listed materials in
Table 3 should be compared: total cost per unit energy stored and
the regeneration penalty (qR) at a corresponding temperature (TR),
which will lower the energy and exergy efficiency. The total cost
listed includes the raw material cost for the substance and the



Fig. 2. Solar Thermochemical Energy Storage Subsystem, Scheme 1, during (a) on-sun operation and (b) off-sun operation. Scheme 1 does not use a solvent or sorbents to capture
the evolved CO2. Rather, the CO2 is compressed to 25 bar and stored in a tank. During discharge, the CO2 is released from the storage tank and flows to the carbonation reactor for
power production.
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storage tank cost, details of which are included in the Table B.1 of
Appendix B. Not included were the costs of additional compres-
sors or heat exchangers, if needed.

Given the low amount of energy input required and low cost per
kWhth, activated carbon (AC) proves to be an attractive reversible
CO2 storage method. Specifically, AC CS-6-CD-8 is the more suitable
of activated carbons with respect to cost and adsorption capacity.
As displayed in Table 3, AC CS-6-CD-8 has a calculated normalized
cost of $3.19 per kWhth. However, this cost corresponds to AC at
0 �C, therefore necessitating an additional cost to cool CO2 to a
temperature (T) of 0 �C, versus 25 �C. Another viable option for a
reversible CO2 storage method is the ionic liquid [Cho][p-methoxy-



Fig. 3. Solar Thermochemical Energy Storage Subsystem, Scheme 2, during (a) on-sun operation and (b) off-sun operation. Scheme 2 depicts the processes included in one of the
two considered solar thermochemical subsystem designs, which does use a solvent or sorbents to capture the evolved CO2. While the sorbent remains within the storage tank
during both charging and discharge, the CO2 is released from the sorbent and storage tank during hours of discharge. Compared to Scheme 1, the compressor is now located after
the storage tank rather before.
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PhO]. This ionic liquid has attractive recyclability characteristics
and a low reported cost of $2.14 per kWhth. The only potential
deterrent to using this ionic liquid would be the enthalpy of ab-
sorption, a currently unknown value. A noticeably lower cost of
$0.13 per kWhth was achieved by CO2 stored as a solid. However,
this storage method requires gaseous CO2 to undergo energy
intensive cooling and/or compression to reach the adequate tem-
perature and/or pressure (P) before reaching its solid phase. This
cooling process of CO2 from a gas at 25 �C to a solid at�70 �C entails
an additional cost to the system. Storing CO2 at ambient tempera-
ture, under pressure to reduce volume, is an option less energy
demanding than solid CO2, yet still requires the further work input



Table 3
Evaluation of reversible CO2 storage methods.

Substance (Pa,T) Energy Density (kWhth/m3) qR (kJ/mol) TR Total Cost ($ kWhth
�1)

[Cho][p-methoxy-PhO] [25,26] (1, 30 �C) 263.16 19.1e89.9 e $2.14
DES ChCl:Gly:SB [27] (1, 25 �C) 551.72 e e $2.47
AC CS-6-CD-8 [25] (1, 0 �C) 467.84 22.9e26.5 0 �C $3.19
AC CS-6-CD-4 [25] (1, 0 �C) 547.95 20.3e27.7 0 �C $3.37
Amine PZ/DETA/H20 [28] (-, 50 �C) 754.72 145.02 120 �C $3.67
Sorbent K2CO3/MgO [29] (1, 60 �C) 583.94 236 400 �C $3.75
Amine PZ/DETA/MeOH/H2O [28] (-, 30 �C) 588.24 102 120 �C $3.92
AC CS-6-CD-4 [25] (1, 25 �C) 331.95 20.3e27.7 25 �C $5.49
AC CS-6-CD-8 [25] (1, 25 �C) 255.59 22.9e26.5 25 �C $5.73
Sorbent K2CO3/AC [29,30] (1, 60 �C) 280.70 89.5 150 �C $9.10
Ba4Sb2O9 [31] (-, 600 �C) 567.38 156 950 �C $14.72
Gas (1, 25 �C) 0.59 N/A $225.35
Pressurized Gas (25, 25 �C) 14.67 N/A $66.79
Solid (1, �78.5 �C) 2305.48 N/A $0.13

a In units of bar.
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to the compressor and a high pressure vessel. After evaluation of
the various CO2 storagemethodswith respect to cost and efficiency,
it appears that storing CO2 through ab/adsorption is more effective
than storing CO2 as a gas.

3.4. Cost analysis

3.4.1. Cost estimate of major subsystem components
The purpose of this paper is not to perform a detailed design of a

solar TCES subsystem but rather, to estimate the cost and efficiency
of a solar TCES subsystem to help determinewhether such a system
is a feasible alternative to fossil-fuel fired plants. As such, the major
subsystem components are designed with the main goal being a
cost estimate of the component. As the purpose of this study is to
determine whether solar TCES can be practical and cost-effective,
the total system cost must account for costs beyond raw mate-
rials. Therefore, delivery and installation costs are factored into the
total normalized cost of the thermochemical subsystem, under base
case conditions of 50% extent of carbonation. Due to the pre-
liminary nature of this study, a rigorous design of a carbonation
reaction (e.g. a fluidized bed) and solar receiver-reactor for
decomposition is not performed here.

To estimate purchased equipment cost of the major subsystem
components, the following cost correlation was used

Ce ¼ aþ bSn (3)

where a and b are cost constants that depend on the type of pro-
cess, n is an exponent dependent upon the type of equipment, and S
is a size parameter of the component [32]. The total capital cost is
calculated by summing the capital cost per piece of equipment,
which includes piping, insulation, painting, equipment erection
including foundations, instrumentation, and material factors
through a total installation factor, IF. The installation factor is
calculated through Eq. (4) and the installed cost per piece of
equipment, C, is calculated through Eq. (5) [32].

IF ¼
�
1þ fpiping

�
fmaterial þ ðferection þ finstrumentation þ finsulationÞ

(4)

C ¼ Ce·IF·
CE index 2014
CE index 2010

(5)

In Eq. (4), f is the installation factor corresponding to the piping,
material, equipment erection, instrumentation, and insulation.
Values for the installation factors were taken from Towler and
Sinnott. The Chemical Engineering Plant Cost Index (CE index)
accounts for cost inflation and is used to estimate the cost of a piece
of equipment for which the past price is known [32]. The CE index
of 2010 and 2014 are used to predict the equipment cost in 2014,
given pricing from 2010.

The authors of this paper have previously shown decomposition
SrCO3 and extraction of CO2 at 1235 �C. Hence, the following cal-
culations assume that the SrO and CO2 exiting the solar heated
rotary kiln are at 1235 �C [16]. In estimating the cost of a rotary kiln,
a simple sizing exercise is first performed for a cylindrical vessel. A
316 stainless steel casing is considered, internally lined with
aluminosilicate insulation to handle the high temperatures of
~1235 �C. The internal pressure of the rotary kiln is 1 bar, corre-
sponding to the decomposition pressure. Nominally, each reactor
will be subject to a solar flux of ~1MW/m2. Hence, for a solar TCES
subsystem capable of 100 MWth, there can be 8 solar reactors each
with an internal radius of 2m, resulting in an installed cost of $6.29/
kWhth. A smaller or larger internal radius results in a cost increase
due to the interplay between radius and number of reactors for a
given power requirement. Further details of the rotary kiln reactor
design are included in Appendix C. For a detailed design of a rotary
kiln, more accurate and optimized dimensions must be calculated
along with specific residence time with respect to the actual reac-
tion rate, as previously done by Tescari [33,34].

For the storage of solids (i.e. SrO and SrCO3), a cylindrical cone-
roof tank and floating roof storage tank are considered. The volume
of the SrO and SrCO3 storage tanks are commensurate to the
amount of solids needed for achieving 800 MWhth of storage, with
factors accounting for void space ratio, extent of reaction for ther-
mal decomposition and carbonation, and the mass flowrates of
SrCO3 and SrO. The void space for solid storage ranges between 40
and 50% of total volume for most cases, and higher for increased
particle size [35]. Here, a conservative void space (f) of 50% is
considered. Storage tank volume (V) for substance x, SrO or SrCO3 in
this case, can then be calculated as

Vx ¼
�
MWx

rx

�
1
fhc

Qt
DH

(6)

where MW is molecular weight, r is gravimetric density, hc is the
carbonation efficiency, Q is the power rating, and t is storage
duration in seconds. Using cost correlations as shown in Equation
(3), the total installed cost per insulated cone-roof storage tank for
SrO and SrCO3 is $1.77 kWth�1. It must be noted that these values
for storage tank volume are subject to change based upon the
amount of dopants needed to prevent sintering for the particular
reactor chemistry considered.

During charging, as the SrO is directed to the high temperature



Fig. 4. Probabilistic cost analysis of each Scheme. (a) Considers high temperature heat
exchanger and captured sensible heat. (b) Considers low temperature heat exchanger
without the ability to capture sensible heat. Sample size of 1000 was implemented, for
which variance of did not significantly affect the results of this cost analysis.
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storage tank, CO2 must pass through a gas-gas high temperature
heat exchanger to be cooled and stored at ambient temperature. In
this case, air is considered as the working fluid for the power block.
Hence, CO2 enters the heat exchanger at 1235 �C and exits at 25 �C,
transferring heat to air that is then sent to the power block. The
pressure of the CO2 exiting the reactor is assumed to be at atmo-
spheric pressure, while the pressure of the cooling fluid is assumed
to be around 20 bar. The heat exchanger area can be determined by
relating the first law of thermodynamics to the overall heat transfer
equation for a single pass heat exchanger, as shown in Appendix C.

A ceramic heat exchanger is able to handle the high CO2 tem-
perature of 1235 �C exiting from the reactor, albeit at a high capital
cost around $11.80 kWhth

�1 for commercially available equipment as
estimated by Heat Transfer International Co. This cost considers
both the sensible heat from the charging process and enthalpy of
reaction fromdischarging process. For comparison, the cost of a low
temperature stainless steel HX was calculated, which would no
longer capture the sensible heat from the charging process. A low
temperature gas-gas shell and tube heat exchanger is considered, of
the floating head type, with the concession that the energy and
exergy efficiencies would decrease. The floating head shell and tube
heat exchanger allows for large heat transfer surface area, neces-
sary to compensate for the low heat transfer coefficient between
gaseous fluids [36]. The resulting purchased cost is approximately
~$3.02 kWhth

�1. The considerable difference between heat
exchanger price as a function of fluid temperatures leads to the
unavoidable tradeoff between performance and cost which arises
in most systems. It should be noted that further development and
economies of scale may significantly decrease the capital costs of
high temperature ceramic heat exchangers in the future. Addi-
tionally, a heat exchanger cost reduction of 40% is expected with
100% decomposition extent of reaction.

In Scheme 1, the CO2 is compressed prior to the storage tank
during the charging step whereas in Scheme 2, the CO2 is com-
pressed after exiting the storage tank during the discharging step.
In determining the cost of the compressor, adiabatic and reversible
compression (i.e. isentropic compression) of an ideal gas is
assumed. Drive power, which is the characteristic value in the cost
correlation, is calculated by determining reversible work done
(WrevÞ by the compressor as follows

Wrev ¼
�

k
k� 1

�
P1V1

"�
P2
P1

�k�1
k

� 1

#
(7)

In which k for CO2 is 1.29, P1 and V1 are the pressure and tem-
perature of the CO2 at the compressor inlet, respectively, and P2 is
the CO2 pressure at the outlet. Further detail in calculating the
reversible work is provided in Appendix C. The total installed cost
of the compressor is estimated to be $9.62 kWhth

�1.
During discharge, CO2 and SrO are both sent to a fluidized bed

reactor in which they exothermically recombine, and that heat of
reaction is captured by air flowing through the tubes in the fluid-
ized bed. Due to the preliminary nature of the study, a rigorous
fluidized bed design is not performed here. Auxiliary equipment
costs are assumed to be included in the multiplication (i.e. Lang)
factors. The general approach in sizing and costing the fluidized bed
was to determine the necessary reactor volume and the corre-
sponding cost of the vessel at the given pressure (20 bar). The
pressure vessel is assumed to have fully radiographed double butt
welds for a welded joint efficiency of 1.0. Due to the high temper-
atures and chemical environment, a corrosion allowance of 4mm is
added. Next, the heat transfer rate, which was assumed to be
nominally 100 MWth, was used to determine an approximate heat
transfer area to use for costing the heat exchange portion. The sum
of the vessel and heat exchanger costs are taken to be the estimated
cost of the fluidized bed. Due to the uncertainty in the fluidized bed
design, a highly conservative factor of 2 is included in the cost es-
timate. This results in a total installed cost of $7.18 kWhth

�1.
3.4.2. Probabilistic cost analysis
A probabilistic analysis on the total installed cost for both

Scheme 1 and Scheme 2 subsystem has been performed, to account
for uncertainty and variability in the values collected. The proba-
bilistic analysis is based on Monte Carlo simulations with costs
varied according to a Gaussian distribution. The price of SrCO3 is
subject to variation every year since it is either mined or imported.
Strontium carbonate is the principal compound of strontium, with
an imported cost of roughly $0.82 per kg as of 2013 [37]. To account
for this variable in a design that is expected to have a long lifetime, a
±30% cost variation in SrCO3 was considered. The cost of pressur-
ized CO2 storage was also varied by ±30%. The possibility of
different sorbents being used in Scheme 2 is reflected in this study
by using the average and standard deviation of sorbent costs (ref.
Table 3) in the probabilistic analysis.

The external factor applied in the installed cost calculations is
defined as

P½Ce$ðIF � 1Þ�, summed over all components. This re-
sults in a rigorous and conservative estimate of external factors as
110%e128% of the purchase cost, compared to assumed values of
10e15% in other techno-economic studies of similar applications
[38,39]. To account for such a gap between estimated values in
literature and the calculated values presented in this paper, the
external multiplication factor was varied from 0.1 to 1.3 in the
probabilistic analysis.
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The results of the probability analysis (see Fig. 4) indicate that
when including a high temperature heat exchanger that can cap-
ture the high temperature CO2 exiting the reactor, a capital cost of
153±64 USD kWh�1

th for Scheme 1 and 48 ±18 USD kWh�1
th for

Scheme 2 can be expected. For the case in which a less expensive
low temperature heat exchanger is used, for which the sensible
heat of CO2 is no longer captured but lost, the probability analysis
concludes in a capital cost of 185±81 USD kWh�1

th for Scheme 1 and
39 ±16 USD kWh�1

th for Scheme 2.
This analysis indicates that a solar TCES subsystem cost,

excluding the cost of operation and maintenance, can be consid-
erably more affordable when utilizing sorbents in the storage of
CO2. A slight cost reduction can further be achieved by using a low
cost, low temperature heat exchanger, though this will reduce ef-
ficiency. Clearly, the configuration following Scheme 1 is prohibi-
tively expensive andwill require significant cost reductions to serve
as a practical option for a solar TCES subsystem.
3.4.3. Cost reduction strategies
Since the main cost in Scheme 1 is the storage vessels, methods

for decreasing said cost are analyzed. Fig. 5 displays the cost vari-
ation of CO2 storage under increasing pressure (Scheme 1) and the
exergetic efficiency with increase in pressure. Increasing pressure
of the gaseous CO2 reduces storage volume but also necessitates
vessels with higher operating pressure rating. Exergetic efficiency
will decrease with an increase in compressor work, as can be seen
in Fig. 5.

The storage of CO2 as a pressurized gas does not present itself as
an economically viable option. The costs of compressors and high
pressure vessels are unavoidable. Such conclusions have been
confirmed widely, thus motivating research on low cost CO2 ab-
sorbents and adsorbents, mainly for the purpose of reducing CO2
emissions [28,40e45].

For Scheme 2, the main advantage of increasing pressure would
be reduction in required volume of sorbent, thereby reducing
overall system cost. An increase in adsorption density with
increasing pressure has been experimentally supported by Himeno
et al. specifically for activated carbons [46]. Sorbents such as acti-
vated carbon can even have an exponentially increasing CO2 uptake
with pressure [25]. This increased adsorption density will result in
reduced rawmaterial cost of the sorbent itself. However, the cost of
the pressure vessel and compressor will increase with increasing
pressure. Future work will consist of detailed sorbent volume
Fig. 5. Analysis of Scheme 1 (a) installed cost and (b) exergetic
versus pressure analysis to determine how significant the cost
reduction can potentially be.

3.4.4. Payback period
A simple payback period is calculated based on the fixed capital

investment, which includes field costs, installation labor and su-
pervision, offside modifications to infrastructure, engineering cost,
and contingency. The average annual cash flow is estimated based
on the average retail cost of electricity (p) in the US for 2016, ~11
cents kWhe

�1, the annual amount of electricity delivered by the
TCES, and the annual costs incurred by the plant, i.e. O&M [47]. The
calculated O&M for Scheme 1 is 22.76 USD kWh�1

th while Scheme 2
has a much lower O & M cost of 4.70 USD kWh�1

th . Details of op-
erations & maintenance calculations are included in Appendix C.

To calculate simple payback period, a total investment cost is
assumed to include the total fixed capital cost and working capital
cost. Complete charge and discharge of the TCES subsystem is
assumed on a daily basis, for every day of the year, resulting in an
annual power production of ðQ=hPBhTCESÞ$t$365 derived from the
TCES subsystem. Here, Q is 100MW, hPB is the thermal-to-electric
efficiency of the power block, hTCES is the efficiency of the TCES
subsystem, and t is the discharge duration of 8 h. The efficiency of
the power block is assumed to be 60%, as is typically achieved in
combined cycle power plants, with an efficiency of 70% considered
for the TCES subsystem.

Fixed capital cost includes inside battery limits capital cost
(TCC), outside battery limits (OSBL), engineering cost and contin-
gency charges. The engineering cost includes cost of detailed
design, construction supervision, and general administrative
charges. Contingency charges are included to account for variation
from the cost estimate, allowing for a more realistic estimate. En-
gineering cost and contingency charges are based on the ISBL and
OSBL.

Due to the prohibitively high O&M cost for Scheme 1, calculated
in Appendix C, the annual income would not compensate enough
for the investment and expenses of the subsystem to result in a
reasonable payback period. Hence, Scheme 1 has been excluded
from the evaluation of simple payback time.

Upon calculation of the fixed capital, the payback period (N) is
estimated as.

N ¼ Fixed Capital

p$ Q
hPBhTCES

$t$365� O&M
(8)
efficiency with increasing pressure of stored gaseous CO2.
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With all variables defined previously and values per variable
provided in Table 4. The resulting payback period calculated for
Scheme 2 is ~6 years, compared to the ~30-year lifetime of a typical
power plant.

3.4.5. Open-scheme cost analysis
Incorporating CO2 storage in a power generation system could

also be achieved in an open system. Capture of flue gas from coal-
fired power plants is a necessary subject of research to reduce
carbon emissions, and has been explored via the use of sorbents,
several of which are included in Section 3.3 and Appendix B
[10,45,48e53]. A cost analysis of an open Scheme including a
compressor and sorbent, considering storage of 25� 103 kmol of
CO2 derived from the emissions of the power plant, is performed.
Such a CO2 storage system results in a total installed cost of 13.6
USD kWhth

�1. Cost may be reduced further by considering storage of
CO2 under pressure in a sorbent such as activated carbon [46].

From a less environmental and more economic perspective, the
CO2 emissions from coal-fired power plants can also be used to
generate heat in another open system design. Flue gas from the
power plant may be sent to the carbonation reactor to exother-
mically react with SrO, thereby producing heat to be utilized by the
existing power block. Decomposition of the SrCO3 may be per-
formed within the solar reactor utilizing solar radiation during on-
sun period, and releasing the CO2 into the atmosphere. Such an
open system, consisting of the solar reactor, carbonation reactor,
solids storage, compressor, and heat exchanger, would have an
installed cost of 28.50 USD kWhth

�1, assuming a conservative 50%
thermal to electric efficiency of a combined cycle power plant with
a gas turbine inlet temperature of ~1100 �C [54].

3.5. Exergy and energy efficiency

Based on the aforementioned design considerations, both
Schemes have been evaluated from an exergy and energy
perspective [55e57]. In order to accurately compare both systems,
baseline assumptions were made. The overall exergetic efficiency
considers the sum of irreversibilities identified per component.
Scheme 2 consists of the same components as Scheme 1, with the
addition of energy input to release the CO2 from the sorbent. Dis-
charging exergy also assumes complete discharge of CO2, a variable
that is subject to sorbent material and/or sealing of pressurized gas
tanks/piping.

The exergetic efficiency of the heat exchanger is assumed to
approach 99% efficiency in accordance with U.S. Department of
Energy guidelines. Additionally, the exergy of the compressor (Bc) is
assumed to be equal to the work input, i.e. Bc ¼ Wrev [2].

The energy input of the solar reactor is assumed to be 194.89 kJ/
mol, equal to the enthalpy of decomposition of SrCO3 at 1235 �C.
Similarly, the energy output during off-sun conditions is 197.85 kJ/
mol, equal to the enthalpy of carbonation at 1150 �C. Compressor
Table 4
Scheme 2 Simple payback time estimated values.

Cost Variable Calculation Me

TCC Equation 9
OSBL 40% of TCC
Engineering Cost 1% of (TCC þ O
Contingency 10% of (TCC þ O
Fixed Capital Fixed Capital¼
Working Capital 15% of Fixed Ca
Total delivered electricity from TCES subsystem Based on 42% t
O&M (ref. Appendix
Net Annual Income Denominator o
Simple Payback Time
work was calculated as previously shown in Equation (6), resulting
in an energy input of 11.7 kJ/mol. High efficiencies can be realized
with the inclusion of a high temperature heat exchanger, as
considered in this analysis. Exergy due to carbonation, decompo-
sition, and desorption are all calculated according to

BQi
¼ Q

�
1� To

T

�
(9)

where Q is the heat input or output, T is the corresponding tem-
perature of operation, and To is the ambient temperature of 25 �C
[2].

For Scheme 1, the resulting energy and exergy efficiency were
determined to be 96% and 93%, respectively. Unique to Scheme 2 is
the additional energy input required for regeneration of CO2 from
the chosen sorbent. The sorbents considered in the exergy and
energy analysis were chosen based on regeneration temperature
and required heat of regeneration. Included in the analysis are the
amines PZ/DETA/H2O and PZ/DETA/MeOH/H2O, activated carbons
CS-6-CD-4 and CS-6-CD-8 operating at 25 �C, and the Sorbent
K2CO3/AC. Although the ionic liquid [Cho][p-methoxy-PhO] is
highly attractive for its low cost and sustainability, the regeneration
penalty is unknown. For regeneration temperatures around 150 �C
and below, the required heat for CO2 release can be directed from
the main power block with potential of being waste heat i.e.
cogeneration. However, other methods of release are viable which
can increase exergetic efficiency, including electric swing adsorp-
tion, pressure swing adsorption, stripping technology, etc. [58].

To account for the sorbent selection flexibility and the inherent
uncertainties of the sorbents still in research phase, the sorbent-
dependent variables have been varied in the probabilistic anal-
ysis. A probabilistic analysis has been performed varying both
enthalpy of desorption and temperature of desorption according to
a Gaussian distribution, based on the sorbents considered. Monte
Carlo simulations were performed in which values for the varied
parameters were selected independently and randomly from the
distribution. Results are shown in Fig. 6. According to a Gaussian
distribution, an energy efficiency of 71%±12% can be expected with
an exergetic efficiency of 87%±6%.
4. Conclusions

Strontium carbonate is capable of decomposing and carbonizing
at very high temperatures, thus having potential for high heat-to-
electricity conversion efficiencies for solar thermal power genera-
tion. The high energy density minimizes the reaction material
required and thus further reduces cost. Strontium is also a widely
available mineral within the crust of the earth, leading to an
abundance of strontium carbonate at low price. To solve the
problem of intermittency, CO2 from the endothermic decomposi-
tion of SCO3 via concentrated solar power is stored as either
thod Scheme 2 Cost

37 MMUSD
15 MMUSD

SBL) 525,000 USD
SBL) 5.25 MMUSD
S(listed variables) 58.3 MMUSD
pital 8.7 MMUSD
hermal-to-electric efficiency (hPBhTCESÞ 122,640MW h yr�1

C) 2.66 MMUSD yr�1

f Equation (8) 9.7 MMUSD yr�1

6 years



Fig. 6. Probabilistic analysis of exergy and energy efficiency achievable by Scheme 2 in
which sorbents are utilized for CO2 storage. Sample size of 2,000,000 was imple-
mented, variance of which did not significantly affect results.
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pressurized gas or by using a reversible CO2 absorption method,
several of which have been reviewed here.

An upper bound exergy analysis was performed for Scheme 1,
resulting in an energy and exergy efficiency of 96% and 93%,
respectively. To allow for flexibility in sorbent selection and account
for uncertainty in sorbent thermodynamic properties, Monte Carlo
simulations were performed, assuming some degree of normality
with Gaussian distributions assigned to the enthalpy and temper-
ature of desorption. An energy efficiency of 71%±12% and exergetic
efficiency of 87%±6% is found to bemost probable for Scheme 2. The
main source of efficiency reduction in Scheme 2 compared to
Scheme 1 is the heat of sorption required to regenerate the CO2
from the sorbent. To better compare CO2 stored under pressure
versus CO2 stored in a sorbent with respect to efficiencies,
component-specific work focused on the storage method should
consist of a more rigorous efficiency versus pressure calculation.

Additional probability analyses were performed to evaluate the
cost of both Scheme 1 and Scheme 2. For a solar TCES subsystem
using a high temperature ceramic heat exchanger to capture the
sensible heat of the high temperature CO2 exiting the reactor, it is
found that a capital cost of 153±64 USD kWh�1

th for Scheme 1 and
48 ±18 USD kWh�1

th for Scheme 2 is most probable. Although the
total capital cost of Scheme 1, in which CO2 was stored as pres-
surized gas at 25 bar, far exceeds the goals set by the U.S. DOE,
Scheme 2 has the potential to meet the $15 kWhth

�1 requirement. In
Scheme 1, regardless of increasing the CO2 storage pressure in effort
to reduce storage tank volume, the cost per kWhth is still shown to
greatly exceed that of Scheme 2. It is concluded that storing CO2 as a
pressurized gas does not behoove the overall economics of a TCES
plant. Rather, storing CO2 through physisorption or chemisorption
may be the key to realizing affordable solar TCES power plants. A
further decrease in Scheme 2 may be achieved by considering
storage of CO2 in a sorbent under pressure. Activated carbons have
the ability to absorb CO2 under pressure, and thus should be
explored for this potential [46].

In order to meet the U.S. DOE targets, future work must be done
to more accurately estimate the costs of the storage tank,
compressor, external factors such as installation and delivery, and
the heat exchanger. Chemistries that do not require gas storage (e.g.
cycles that use air) or open-system CO2-based chemistries may
have advantages due to elimination of the CO2 storage aspect.
Further techno-economic process optimization must also be per-
formed in attempt to reduce the cost of each individually designed
component, considering the estimates and design calculations that
the costs are based onwere quite preliminary, with focus on storage
tanks and high temperature heat exchangers. With the current
crude estimates, it was determined that the $15 per kWhth target
set by the U.S. Department of Energy is challenging. For any TCES
chemistry, the longevity and regeneration costs of the reactive
materials must be well studied. Nevertheless, high exergetic effi-
ciencies are capable of achievement through this solar thermo-
chemical storage subsystem design, and the cost for Scheme 2 has
potential for improvement. Low temperature heat exchangers
should be considered, at the cost of efficiency. Future work must be
performed to determine the specific reaction kinetics of the SrO/
SrCO3 cycle, sorbent CO2 storage material optimization, as well as a
more tailored and detailed cost analysis.
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Appendix A. Solar Reactor Technologies

Various reactors have been designed in effort to support in-
dustrial processes with solar thermal energy, while several of these
have been developed to the pilot scale. The most popular reactor
designs are that of rotating reactors, including the solar heated
rotary kiln and the Zirrus reactor based on the Roca reactor which
was designed for thermal reduction of ZnO, and the fluidized bed
type, some of which have reached the on-sun pilot-scale testing
phase [21,59e61]. There are reactor concepts that are currently
under research at facilities such as PROc�ed�es Mat�eriaux et �Energie
Solaire, Center National de la Recherch�e Scientifique (PROMES-
CNRS) and Paul Scherrer Institut (PSI) amongst others. The
following reactors to be mentioned are still at pilot scale with the
exception of rotary kilns.

Roca Reactor

The ROCA reactor was the first to be conceptualized and con-
structed for experimental analysis. The first of reactors to be
designed and subjected to experimental analysis, the ROCA reactor
has been tested for thermal reduction of metal oxides such as ZnO
(s), Fe3O4 (s), mixed iron oxides and Mn2O3 to a maximum tem-
perature of 2000 K. Similar to ROCA with respect to purpose,
reactor CAIRO was designed to gain further insight on thermal
reduction kinetics of mixed iron oxides and mixed wustites [59].
However the reaction mechanism of CAIRO is fundamentally
different from ROCA, as CAIRO imposes a constraint on particle size
such that the reactant material is suspended with auxiliary gas (i.e.
heat transfer fluid). This suspension efficiently absorbs the radiant
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heat thus promoting rapid chemical reactions. The ZIRRUS reactor
is a scaled up version (100 kW) of the ROCA reactor (10 kW).

Rotary Kiln

The basic design of rotary kilns, as a hollow cylinder axially
rotating heated on one end and fed into on the other, has been
applied for decades in numerous applications such as high tem-
perature waste treatment, re-melting of aluminium, refractories,
and cement/lime production, amongst others [21,34]. Few appli-
cations of solar thermochemical rotary kilns include thermal
reduction of Co3O4 at the solar furnace of German Aerospace Center
(DLR), Cologne and solar calcination of CaCO3 done by ETH, PSI and
Qualical [14,21]. The main advantages of rotary kilns are as follows:
good heat transfer between gas and solid phase reactions, allowing
a high mass flowrate of reactant and high reactive surface area;
Maintains low radiation heat loss and obtains a uniform tempera-
ture distribution inside thewalls; Allows direct irradiation from the
reactive material due to the cavity being enclosed by a clear win-
dow on one end; Amplifies the heat and mass transfer of the
reactive material inside the cavity as well as reducing the sintering
of particles, by rotation of the reactor; Continuous mode of oper-
ation is possible given a suitable chemical process.

An experimental study conducted by ETH, PSI and QualiCal used
a 10 kW solar heated rotary kiln for solar calcination of CaCO3. They
demonstrated that solar calcination is indeed feasible [14].
Furthermore, their rotary kiln supported more than 100 h at tem-
peratures up to 1500 K, withstanding the thermal shocks. Above
1500 K, the refractory liner had a minor crack, due to insufficient
lining thickness according to Meier et al. [14]. This reactor was also
used to calcify MgCO3. Based on this experimental proof of concept,
other carbonate chemistries can be calcified in this type of rotary
kiln at temperatures close to 1500 K, such as SrCO3.

German Aerospace Center (DLR) and General Atomics per-
formed a case-study on Co3O4 redox potential for thermochemical
storage using a solar heated rotary kiln. A laboratory scale rotary
kiln was designed using a radius-to-length ratio of 1:5 with sili-
conized silicon carbide as the construction material [21]. Another
case-study on solar production of lime using a rotary kiln tests a
radius-to-length ratio of 1:3.4 with refractory liners and a stainless
steel outer shell casing [14].

Fluidized Bed Reactor

Common in industrial applications, a fluidized bed reactor
operates on the underlying concept of fluidizing solid particles as
an upward-flowing gas overcomes the particles’ gravitational and
drag forces. This is most commonly addressed in terms of fluid
velocity with respect to particle size distribution. Geldart [20]
provides a convenient classification system for powders based on
mean particle diameter and bulk fluid density to predict the
fluidization characteristics. This information can be used to deter-
mine the type of fluidization expected and the calculations that
must be executed to design a fluidized bed reactor.

There are several types of fluidized bed reactor designs that
differ based on Geldart classification and the fluidization velocity
[20,62]. Among them, bubbling fluidized bed (BFB) and circulating
fluidized bed (CFB) reactors have potential for solar thermal
application. A CFB reactor provides a greater fluid velocity and al-
lows the high temperature solid particles to circulate the entire
reactor, increasing mixing efficiency and heat transfer between the
solids and gas. Conventional fluidized bed reactors are of BFB type.
The commercial vendor Alstom has sold many CFB reactors to coal-
fired power generation plants for decreasing air pollutant emis-
sions. Furthermore, heat transfer within a CFB reactor occurs
between particles, particle and gas, as well as gas-solid suspension
and heat transfer surfaces [63].

Appendix B. Review and Evaluation of Reversible CO2 Storage
Technologies

Literature Review

Reversible CO2 storage has been studied for purposes of carbon
capture. In a review done by Li et al. [64], they conclude that
although monoethanolamine (MEA), a commonly used amine-
based scrubbing solvent, has a high capacity for CO2 adsorption,
there remains numerous disadvantages. These disadvantages
include the sensitivity of MEA to water exposure (entailing an
additional drying process), the increase in energy demand and
operating cost with the evaporation of water, and the harm of the
degradation products to both the environment and human health
[64]. However, when combined with amyloid fibers, CO2 capture
stability advantages arise. The adsorption capacity of an MEA so-
lution is roughly 3mmol cm�3, while the MEA amyloid fiber has an
adsorption capacity of 0.6mmol cm�3 [65]. The amyloid fibers
exhibit favorable properties when compared to an MEA solution.
According to Li et al. [64], when MEA is prepared with amyloid fi-
bers, the solid material exhibits the following favorable properties:
potential compatibility with the presence of water, comparatively
low regeneration energy requirement, and potential biodegradable
characteristics with minimal effect to the environment. With solely
an MEA solution, Li et al. [64], states that the energy required for
MEA regeneration compared to the energy output of a typical po-
wer plant is estimated to be 30%, a value far too high for practical
purposes. Considering the improvements made in the capabilities
of utilizing MEA as a supporting method for CO2 capture and
storage, MEA amyloid fibers must be further researched.

In an article studying metal-organic frameworks for the capture
of CO2, Fracaroli et al. [66] promote metal-organic frameworks
(MOFs) as a superior option to MEA solutions. Fracaroli et al. [66]
compare MOFs to MEA solutions stating that the MOFs have
adjustable chemical functionality, structural diversity, and ease of
functionalization while MEA solutions do indeed present a high
energy penalty and environmental hazard. Fracaroli et al. [66]
tested the CO2 capture abilities of MOFs in the presence of water
and achieved selective capture in 65% humidity, though they note
that such abilities without degradation of performance is uncom-
mon. They introduce an MOF composed of magnesium oxide rods
joined by terphenylene organic linkers and functionalized with
CH2NH2 (IRMOF-74-IIIeCH2NH2), which provides a CO2 adsorption
capacity of 0.8mmol g�1 with successful regeneration. Given the
lack of degradation of the MOF structure throughout the CO2 cap-
ture process, MOFs are intriguing. However, in a study on activated
carbons for CO2 capture, Wickramaratne and Jaroniec [25] state
that although MOFs exhibit high CO2 adsorption capacities, e.g.
8.5 mmol g�1 by Yazaydin et al. [51], MOFs are very expensive
compared to a majority of CO2 adsorbents, with a cost of roughly
10.6 USD per gram of MOF according to Sigma Aldrich. Wickra-
maratne and Jaroniec [25] further compared activated carbon to
MOFs presenting the following advantages of activated carbons
over MOFS: higher resistance to water, higher thermal stability,
good chemical resistance to media, and low energy requirements
for regeneration.

Alkali metal carbonate solid sorbents have been reviewed by Li
et al. [64]. The K-based sorbents were developed and analyzed with
various supports. In the review, it was shown that K2CO3 supported
with activated carbon had an adsorption capacity of 1.95mmol CO2
g�1 sorbent. K2CO3 supported with MgO had an even higher
adsorption capacity of 2.98mmol CO2 g�1 sorbent. Both sorbents



L. Meroueh et al. / Renewable Energy 133 (2019) 770e786782
reached such capacities at the temperature of 60 �C. Li et al. [64]
advocates for these K-based sorbents with their high mechanical
strength and good stability over multiple cycles. However, a heat of
adsorption estimate of K2CO3/AC and K2CO3/MgO were higher than
desirable, having values of 141.4 KJ mol-sorbent�1 and 235.8 KJ
mol-sorbent�1, respectively. With such high energy inputs
required, these sorbents are impractical to include in a CO2 ab-
sorption and regeneration process.
Sorbent Cost Analysis for Scheme 2

In order to meet DOE SunShot goals, a maximum of $15 kWhth
�1

for the solar energy subsystem must be met. This cost limit is all
encompassing, including costs for energy storage, heat exchangers,
reactors, etc. That may be necessary in the system design. Thus, a
valuemuch lower than $15 kWhth

�1 must be set as a limit for the CO2
storage mechanism alone. With reversible CO2 storage, factors such
as tank cost and thermochemical storage material cost are
included. The energy required for CO2 release (heat of adsorption),
is also considered when comparing the various reversible CO2
storage methods. Data for storage capacity at atmospheric pressure
has been compiled and compared for various options including
ionic liquids, amines, and activated carbons, amongst others.

Direct costs for a number of compounds and materials were
frequently unavailable during evaluation. Thus, estimates have
been made to conduct an effective cost comparison. Bulk quantity
costs for chemicals were obtained through chemical vendors that
provide commercial bulk pricing online, such as Sigma Aldrich. In
the event that a bulk price was not available, a cost-scaling factor
was applied. For compoundswith similar molarmasses, the costs of
the compounds were averaged when necessary, in order to calcu-
late a unit price. All tank costs were calculated using the Towler and
Sinnott [32] tank cost calculator for gas storage tanks and the
required volume of CO2 storage material calculated. Depending on
the requirements of the evaluated sorbent, either a carbon steel
(CS) or stainless steel (SS) tank was considered, with internal lin-
ings if necessary. Designing for an 800MWhth storage system, the
sum of the tank cost and material cost for each method was divide
by the following difference for a conservative estimate: (8� 105

-internal consumption) kWh, to provide a normalized capital cost
for base comparison. The internal consumption accounts for
compression work and other autonomous energy consumption
such as energy consumed by mechanical parts within the ther-
mochemical energy storage block. It must be noted that this further
Table B.1

Substance mmol of COb per cm3 of
substance

(Pa,T) Substance

Unit Price
(USD/kg)

Cost ($
kWhth

�1)

[Cho][p-methoxy-
PhO] [25,26]

4.047 (1, 30 �C) $0.43 $2.15

DES ChCl:Gly:SB [27] 8.516 (1, 25 �C) $4.37 $2.81
AC CS-6-CD-8 [25] 7.188 (1, 0 �C) $1.93 $3.69

AC CS-6-CD-4 [25] 8.405 (1, 0 �C) $1.93 $3.96

Amine PZ/DETA/H20
[28]

11.6 (-, 50 �C) $3.75 $4.26

Sorbent K2CO3/MgO
[29]

8.955 (1, 60 �C) $0.87 $4.46

Amine PZ/DETA/
MeOH/H2O [28]

9.04 (-, 30 �C) $2.66 $4.51

AC CS-6-CD-4 [25] 5.112 (1, 25 �C) $1.93 $6.53

AC CS-6-CD-8 [25] 3.929 (1, 25 �C) $1.93 $6.74
causes final cost estimates to be highly conservative when pre-
sented on a USD per kWhth basis.

The amine PZ/DETA/H2O has been studied and test for CO2 ab-
sorption. A relatively high CO2 absorption capacity of 11.6mmol
CO2 cm�3 was achieved by Lin et al., [28]. The unit price per gram of
amine is competitive compared to other CO2 absorption chemis-
tries, with a calculated cost per kWhth of $4.68, yet not low enough
for large-scale CO2 storage. Furthermore, it has been reported that
most amines of this type typically have high regeneration energy
penalties [67].

Activated carbon is a commercially available material for CO2
adsorption. Thus, two activated carbons with high adsorption ca-
pacities were analyzed at varying temperatures, specifically CS-6-
CD-4 and CS-6-CD-8. Wickramaratne and Jaroniec [25] synthe-
sized monodisperse carbon spheres under various activation hours
and carbonization temperatures. The adsorption capacities of the
activated carbon spheres show very promising results ranging from
4.4mmol CO2 g�1 sorbent to 8.05mmol CO2 g�1 sorbent [25]. In the
notation of CS-6-CD-8, the CD notates carbon spheres, the 6 rep-
resents the 600 �C carbonization temperature, CD refers to the
activation gas of carbon dioxide, and 8 is the activation time in
hours. The notation of CS-6-CD-4 follows the same logic. Both
activated carbons were analyzed at 0 �C and 25 �C. At lower tem-
peratures, the activated carbons have higher adsorption capacities
varying from 5.11mmol CO2 cm�3 at 25 �C to 8.40mmol CO2 cm�3

at 0 �C for AC CS-6-CD-4. AC CS-6-CD-8 has an even higher change
in adsorption, increasing from 3.93mmol CO2 cm�3 at 25 �C to
7.19mmol CO2 cm�3 at 0 �C. A standard cost for activated carbon at
bulk price was used to estimate final price, setting carbon steel as
the tank material. The activated carbons at 0 �C resulted in
competitive prices of $4.32 per kWhth for CS-6-CD-4 and $4.08 per
kWhth for CS-6-CD-8. Additionally, the activated carbons have
attractively low heats of adsorption ranging from 20.3 to 27.7 kJ/
mol [25].

Ionic liquids have also been studied for reversible CO2 absorp-
tion [26,53,68e71]. Amongst the numerous ionic liquids in the
literature, the most attractive ionic liquid for this application is the
cation Choline with an amino acid anion p-Methoxyphenolate
([Cho][p-methoxy-PhO]). The absorption capacity of [Cho][p-
methoxy-PhO] is 4.04mmol CO2 cm�3 at 1 bar and 30 �C [40]. The
unit price of the ionic liquid is much less than the other compounds
reviewed for CO2 adsorption. [Cho][p-methoxy-PhO] has a
considerably low unit price of 0.043 cents per gram, resulting in a
normalized cost of $2.73 per kWhth.
Energy Density
(kWhth/m3)

qR (kJ/
mol)

TR Tank
Materialb

Tank Cost ($
kWhth

�1)
Total Cost
($kWhth

�1)

263.16 19.1
e89.9

e CS $0.58 $2.14

551.72 e e CS $0.35 $2.47
467.84 22.9

e26.5
0 �C CS $0.39 $3.19

547.95 20.3
e27.7

0 �C CS $0.35 $3.37

754.72 145.02 120 �C SS $0.43 $3.67

583.94 236 400 �C CS $0.34 $3.75

588.24 102 120 �C SS $0.50 $3.92

331.95 20.3
e27.7

25 �C CS $0.50 $5.49

255.59 25 �C CS $0.60 $5.73



Table B.1 (continued )

Substance mmol of COb per cm3 of
substance

(Pa,T) Substance Energy Density
(kWhth/m3)

qR (kJ/
mol)

TR Tank
Materialb

Tank Cost ($
kWhth

�1)
Total Cost
($kWhth

�1)
Unit Price
(USD/kg)

Cost ($
kWhth

�1)

22.9
e26.5

Sorbent K2CO3/AC
[29,30]

4.319 (1, 60 �C) $1.40 $11.08 280.70 89.5 150 �C CS $0.56 $9.10

Ba4Sb2O9 [31] 8.722 (-, 600 �C) $2.22 $15.00 567.38 156 950 �C Alumina $3.83 $14.72
Gas 0.041 (1, 25 �C) $0.00 $0.00 0.59 N/A CS $31.75 $225.35
Pressurized Gas 0.822 (25, 25 �C) $0.00 $0.00 14.67 N/A CS $92.07 $66.79
Solid 35.492 (1, �78.5 �C) $0.00 $0.00 2305.48 N/A CS $0.16 $0.13

a In units of bar.
b CS is for Carbon Steel; SS is for Stainless Steel.
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Appendix C. Cost and design calculations of subsystem
components

Rotary Kiln (Direct Contact Dryer)

The steel casing thickness (tH or tL) is a function of the internal
pressure (Pint), radius (rint), allowable stress (s ) for 316 steel as a
function of pressure and temperature, and weld joint efficiency
(nwj). Two values for thickness are calculated, one that is a function
of hoop stress (tH) and one that is a function of longitudinal stress
(tL), as shown in Eqs. (C.2) and (C.3). The greater of the two is used
in cost calculations. In all calculations, nwj is assumed to be 1.0
following ASME code for pressure vessels.

tH ¼ Pint2rint
2� s� nwj � 1:2Pinternal

(C.1)

tL ¼
Pinternal2rinternal

4� s� nwj þ 0:8Pinternal
(C.2)

The resulting thickness of the steel casing is 10 cm. Following
experimental demonstrations of solar rotary kilns for thermo-
chemical decomposition, a length-to-radius ratio of 5 is chosen
[21].

The following cost correlation was used, specific to a carbon
steel direct contact rotary kiln

C ¼ �7;400þ 4;350S0:9 (C.3)

IF ¼ 2:46 (C.4)

In which S is the internal surface area of the kiln. It must be
noted that the above calculations for solar rotary kilns is pre-
liminary and solely for the purpose of providing rough cost esti-
mates of the solar TCES subsystem.
High Temperature Solids Storage Tank Design

As the cone-roof tank proved less expensive compared to a
floating roof tank, cost estimates for the cone-roof tank are pre-
sented. For preliminary costing, a 316 stainless steel tank with in-
ternal refractory lining is considered. Simple cost installation
factors account for insulation without the need for heat transfer
calculations to determine the thickness of the lining.
Heat Exchanger

The required surface area of the heat exchanger (AHX) was
calculated beginning with Equation (C.5).
Q ¼ _mCO2

ðTH;out
TH;in

CP dT ¼ UAHX � T (C.5)

In Eq. (5), the rate of heat transferQ is expressed as the product of
the mass flowrate _mCO2

and the integral of the heat capacity CP, of
CO2 over the temperature from the inlet (TH;in ¼ 1235�C) to the
outlet (TH;out ¼ 25�C) of the heat exchanger. The rate of heat transfer
can also be expressed as the product of overall the heat transfer
coefficient U, the area over which heat transfer occurs AHX and the
temperature difference DT. Solving Eq. (5) for the area results in

AHX ¼ _mCO2

ðTH;out
TH;in

CP dT

U$T
(C.6)

The mass flowrate of CO2 from the rotary kiln for the imposed
design parameter of 100MWth can be calculated using reaction
stoichiometry and input feed molar flowrate. Given an input feed
molar flowrate of 855mol/s for a 50% reaction rate, _mCO2

is hence
~38 kg/s. Typical values for the overall heat transfer coefficient U for
a gas-gas HX under forced convection typically ranges between 10
and 30Wm�2K�1, for which an average value of 20Wm�2K�1 is
considered [72]. This results in an area of ~1200m2.

With a low temperature heat exchanger, the heat released will
result in lower efficiencies. However, with a high temperature heat
exchanger, the cost per kWhth will exceed the limit DOE has set
once other costs are added. Comparisons of cost for a high tem-
perature heat exchanger versus the effects of heat loss with a low
temperature heat exchanger must be performed before concluding
with an optimal heat exchanger design.
Compressor

Under the conditions of isentropic compression, the volume of
CO2 in the final state (V2) can be determined as.

V2 ¼
 
P1V

k
1

P2

!1
k

(C.7)

where k is cp=cv, P1 and P2 are the initial and final CO2 pressure,
respectively, and V1 is the initial volume calculated using the ideal
gas law. Similarly, the temperature at the outlet of the compressor
can be calculated as

T2
T1

¼
�
P2
P1

�k�1
k

(C.8)
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Cost Breakdown
Fig. C.1. Bar graph of Scheme 1 cost breakdown. It is clear that the main cost
contributing components are the CO2 storage method and external factors such as
installation, delivery, and other parameters included in the calculation of IF.
Fig. C.2. Bar graph of Scheme 2 cost breakdown. Like Scheme 1, the main cost
contributing components are the heat exchange and external factors such as instal-
lation and delivery. Unlike Scheme 1, costs are more sensitive to other components
such as the high temperature heat exchanger, due to the overall reduced capital cost
resultant of the less expensive CO2 storage method.
Estimate of Operations and Maintenance Cost

The cost of fixed operations and maintenance (O&M) for each
subsystem Scheme must be rigorously calculated for a fair overall
evaluation of the subsystem economics, due to the significant
contribution they make towards the total cost of the system. An
isolated cost of O&M for thermal energy storage systems are not
available, rather estimates for a CSP plant with thermal energy
storage are more prevalent. Though much of the literature simply
estimates O&M as 1e2.5% of total capital cost, the true O&M cost
may be higher after taking all details into consideration [73e75].
The total O&M cost estimate for Scheme 1 and Scheme 2 encom-
passes the following costs based on typical chemical plant design
assumptions, with corresponding values presented in Table S2 [32].

The Inside Battery Limits (ISBL) capital cost includes the direct
and indirect field costs, equipment, and installation costs of the
TCES subsystem, which is approximately that of the total installed
capital cost (TCC) once installation factors are included. Then, the
outside battery limits (OSBL) cost can be estimated as 40% of the
ISBL. The estimated O&M cost includes incurred cost of property
taxes and insurancewhich is estimated as 1% of the TCC. It is further
assumed that the land uponwhich the TCES is constructed has been
rented rather purchased, hence leading to a rent of land fee (1% of
the sum of TCC and OSBL).

To calculate operating labor cost (OLC), it is assumed that 15
operators are required; five crews of 3 operators/shift in alternating
schedules to account for a plant operating 24 h per day, 7 days a
week. An average operator salary of 50,000 USD per shift position
per year is considered in the cost of operating labor, with a single
shift position equivalent to 4.8 operators. Relative to the operating
labor, supervision and direct salary overhead are also included in
cost of O&M. The cost for supervision is estimated as 25% of the OLC
while direct salary overhead (DSO) is estimated as 50% of the sum
of OLC and supervision cost.

Maintenance cost includes that of required materials and labor,
and is assumed to account for material cost of SrCO3. Here, main-
tenance cost is assumed to be 4% of the TCC. Future work must be
done to determine the long-term cyclability of SrCO3 to accurately
evaluate annual material cost. Total O&M cost further includes the
general plant overhead that accounts for research and development
of the subsystem, human resources, sales and marketing, etc.
Which can be estimated as 65% of the sum of supervision cost, DSO,
and maintenance cost.



Fig. C.3. Operations and Maintenance cost breakdown for Scheme 1 (a) and Scheme 2 (b).
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As expected by the higher capital cost, Scheme 1 has a signifi-
cantly higher O&M cost of ~23 USD kWhth

�1 per year compared to
Scheme 2 which has an O&M cost of ~3 USD kWhth

�1 per year.
Table C.1
Detailed Calculation of O & M Cost for Scheme 1 and Scheme 2.

Calculation Method [32] Scheme 1 Scheme 2

TCC Refer to Main Text 198 MMUSD 25 MMUSD
OSBL 40% of TCC 79 MMUSD 10 MMUSD
Property Taxes and Insurance 1% of TCC 1.975 MMUSD yr�1 245,000 USD yr�1

Rent of Land 1% of (TCC þ OSBL) 2.765 MMUSD yr�1 343,000 USD yr�1

Operating Labor Cost (OLC) 15 operators 156,250 USD yr�1 156,250 USD yr�1

Supervision 25% of OLC 39,000 USD yr�1 39,000 USD yr�1

Direct Salary Overhead (DSO) 50% of (OLC þ Supervision) 97,650 USD yr�1 97,650 USD yr�1

Maintenance 4% of TCC 7.9 MMUSD yr�1 980,000 USD yr�1

General Plant Overhead 65% of (Supervision þ DSO þ Maintenance) 5.22 MMUSD yr�1 725,900 USD yr�1

Total O & M Cost¼S 18.2 MMUSD yr�1 2.59 MMUSD yr�1
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