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A B S T R A C T

This work evaluates the techno-economic feasibility of the three most promising solids cycling systems (car-
bonates, thermally-reduced and chemically-reduced metal oxides) for thermochemical energy storage when 
deployed for large-scale applications with high-temperature operation. For each system, a specific material is 
selected (Ca, Co and Fe, respectively) and two process layouts are formulated: one focused on energy storage and 
one co-generating additional high-value byproducts (to offer CO2 capture to nearby processes, production of pure 
O2 and production of H2 respectively). The study compares deployments sized to absorb 100 MW of solar power 
with an intermittency period of 12 h and dispatch it continuously as a constant high-temperature energy 
discharge. For each process layout, mass, energy and exergy balances are solved and the cost structure is 
calculated using a bottom-up approach.

The technical assessment shows the Co-based system to have the best performance (electrical efficiency up to 
45 %) for sole energy storage due to its higher extent of reaction and energy density. The results show that the 
generation of valuable byproducts (to offer CO2 capture and pure O2, respectively) is done at the expense of 
electrical efficiency and dispatchability, although the Fe-based process with co-production of an energy carrier 
(H2) reaches high energy efficiencies (>80 %). Nevertheless, the generation of valuable byproducts tends to 
improve the economic performance (reduction in breakeven electricity selling price - BESP) in all three systems. 
The results indicate that the deployment of chemically-charged (Fe-based) layouts involves up to 10 times larger 
costs than thermally-charged ones (Ca and Co) due to the cost of the reducing agent. Despite this, when involving 
production of H2, the Fe-based process offers a significantly lower BESP than all other layouts. If high plant costs 
represent a financial barrier, Ca-based layout with CCS at the largest size investigated (250 MW) presents the 
lowest BESP among the rest of layouts investigated. Additionally, a parametric study reveals that the cost 
structure of the Ca-based process is the most robust to the variations considered in the study (costs of solid 
material, cooling water and heat input, as well as product selling prices).

1. Introduction

Renewable energy is an important component in the transition to-
wards climate-neutral energy systems [1]. Wind and solar energy have 
increased their installed capacities significantly in the last decades and 
are foreseen to expand further: from a 25 % share in the global elec-
tricity mix in Year 2016 to an estimated 33 % in Year 2025 [2]. As this 
share increases, the electricity systems become increasingly character-
ized by the inherent variations of these electricity inputs resulting from 
fluctuating weather conditions which can vary in a scale of minute-to- 
minute to season-to-season [3]. These variations in the electricity 
input can cause instabilities in the grid [4] and therefore their 

management is crucial for achieving a deep penetration of variable 
renewable electricity (VRE). Among different so called variation man-
agement strategies including flexibility both on supply and demand side 
[5], energy storage plays a key role by buffering the variations in 
generated power.

Within the field of energy storage, many electricity-to-electricity 
storage technologies have been developed in the past years, such as 
pumped hydropower [6], compressed air solutions [7] and electro-
chemical batteries [8]. When it comes to storing an input in the form of 
solar energy, thermal energy storage solutions - both in the form of 
latent and sensible heat - are well-studied in concentrated solar power 
(CSP) plants [9]. However, the main drawback of thermal energy 
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storage technologies is the inherent energy losses, which hinder their 
full industrial deployment. In contrast, an energy storage technology 
that is gaining attraction in the last years is thermochemical energy 
storage (TCES), in which thermal and/or chemical energy is used (in the 
charging step) to drive an endothermic reaction. The chemical energy 
stored in the products resulting from this charging step is generally 
stable at ambient conditions and thus can be shipped or stored relatively 
easily. When energy is needed, the inverse (exothermic) reaction is 
promoted, releasing the stored energy (in the discharging step). TCES 
offers larger energy density (up to 10 times larger volumetric density 
and 50 larger gravimetric density [10,11]) than conventional thermal 
energy storage, as well as the possibility for long term storage [12]. 
Several projects have brought TCES technology to pilot scale [13] and 
demonstrated its potential for industrial scale implementation. Yet, 
storage including TCES is still not widely spread since it is generally too 
costly and electricity markets not volatile enough (as will be the case 
with further expansion of VRE) and there is therefore a need to further 
develop storage technologies to bring down costs and to include such 
which can provide storage which fits with wind power, requiring several 
days and up to a week of storage for which TCES is a potential candidate.

The most studied TCES processes to date are gas-solids systems 
(carbonates, metal oxides, hydroxides and metal hydrides) [14,15]. In 
this regard, fluidized bed (FB) units are shown to be a suitable tech-
nology for large-scale implementation of gas-solids systems in terms of 
both reactions and heat exchange, mainly due to their high mass and 
heat transfer capabilities [16]. Furthermore, the large mass flows in FB 
units due to the inherent presence of a large solids inventory provide a 
larger thermal inertia compared to other reactor technologies, and thus 
more uniform temperature fields which contribute to smoother opera-
tion. In addition, there is a long experience gained from the use of FB 
reactors in several industrial processes [17] (some of them directly 
related to gas-solids TCES, like Fe reduction [18]), which represents a 
potential for rapid deployment of new FB-based large-scale storage 
processes. At present, the use of FB reactors has been suggested for both 
steps (charging and discharging) of large-scale TCES systems [19], but 
burner-like gas-solids contactors are also being investigated (for the 
discharging step in metal oxide cycles [20]).

Regarding the applicability of the different gas-solids TCES systems, 
the turning temperature of the chemical system plays an important role 
as higher discharge temperatures enable a wider range of output vectors 
(i.e., district heating, steam, and electricity). In gas-solids TCES systems, 
hydroxides are only operable within 350–600 ◦C (besides offering poor 
powder properties [14]), while hydrides, despite operating at relatively 
high temperature levels, require H2 storage (implying high costs) and 
present slow reaction kinetics [21]. Hence, according to several in-depth 
reviews [14,16,22], carbonates and metal oxides are the most promising 
gas-solids TCES systems when it comes to energy storage for high- 
temperature applications. These two systems have been intensively 
researched in the last decades for post-combustion carbon capture and 
chemical looping applications respectively (both based on FB reactors), 
which has led to extensive literature on operational experience. There is 
relatively abundant literature investigating the technical performance of 
the carbonate cycle typically referred to as calcium looping cycle (CaL) 
(see [13,23] and [24]), including pilot plant operation for CO2 capture 
(1.7 MWth) [25] as well as for TCES (10 kWth). The latter has led to 
operational results in the fields of solar reactor design, plant operation 
and cost estimation [19]. Regarding the metal oxide cycle, many works 
have focused on testing the redox performance under different opera-
tional conditions. For example, Wong et al. [26] tested the potential of 
different metal oxides for TCES use, concluding that Co oxide showed 
the best technical results in terms of energy density and conversion. In 
this regard, Agrafiotis et al. [27,28] demonstrated the use of Co3O4 
foams for TCES as a way to enhance the volumetric energy density and 
heat recovery properties, among others (against previous investigations 
utilizing Co-based pellets [29]). For both carbonate and metal oxide 
cycles, a substantial fraction of works has centered on the reactor design 

instead, with special focus on the charging reactor as the transfer of non- 
dispatchable high-temperature heat into the reaction chamber remains a 
major challenge. For the case of solar irradiation input, the suggested 
designs can be divided between directly irradiated [30] and indirectly 
irradiated [31]. If the required heat is to be obtained from renewable 
electricity instead, in-situ oxy-combustion of green H2 and directly 
electrified reactors (e.g. [32]) are the most investigated alternatives.

At the process level, a few works have carried out analysis of the 
technical feasibility of TCES applications (partially based of the more 
extensive literature found for the related fields of carbonate-based post- 
combustion carbon capture and of chemical looping [33]). Regarding 
carbonates, the works by Chacartegui et al. [34], Pascual et al. [35] and 
Rodrigues et al. [36] optimized the process performance under different 
operational modes, reporting higher thermodynamic efficiencies than 
conventional Rankine cycles. When it comes to metal oxides, Wu et al. 
[37] presented a thermodynamic assessment of a Co-based TCES system 
powered by wind or solar energy, which highlights the sensitivity of the 
process efficiency to the Co reactivity. Similarly, and focusing also on 
the Co3O4/CoO redox pair, Schrader et al. [38] reported a thermody-
namic efficiency of 44 % when producing electricity from solar energy 
via a Brayton cycle. In a recent study, Martinez Castilla et al. [39] 
investigated the technical performance of implementing Fe-based TCES 
into district heating plants, finding out that the Fe inventories and flows 
required are much lower than those of biomass-fired plants. Bayon et al. 
[40] conducted a techno-economic study of carbonates and metal oxides 
for TCES from which they identified 8 systems with a storage cost under 
25 $/MJ excluding the cost of the reactors, i.e., only accounting for the 
material inventory and storage tanks. Related to the latter, the authors of 
the present work recently carried out a techno-economic analysis of a 
large-scale CaL process deployed for combined TCES and CCS reporting 
that the capital cost of the reactors was governing the investment cost 
structure [41].

Against this background, the authors identify that while many re-
searchers have investigated the theoretical use of certain systems for 
TCES by investigating their energy densities and reaction kinetics, there 
is a big gap when it comes to connecting the chemical performance with 
the large-scale process feasibility. Hence, the aim of the present work is 
to assess the technical and economical performances of tentative large- 
scale process designs for the most promising gas-solids TCES systems for 
high-temperature applications. To do so, this paper evaluates systems of 
three types (carbonates, chemically-reduced metal oxides, and 
thermally-reduced metal oxides). For each type, different process lay-
outs are formulated based on conclusions from previous works and 
assuming availability of a renewable, non-dispatchable, high-tempera-
ture heat input. Mass, energy, and exergy balances are then computed 
for each process layout, allowing a technical and economic comparison 
in terms of the energy and exergy efficiencies and the breakeven elec-
tricity selling price (BESP). Furthermore, the effect of key parameters on 
the calculated costs is evaluated through a parametric study. The 
outcome of this work is of special relevance as it provides data for 
assessing the competitiveness of large-scale gas-solids TCES technolo-
gies compared to other energy storage technologies.

2. Selection of solids systems

In the present work, previous literature is used to identify the most 
representative material for each of the three main types of high- 
temperature gas-solids TCES systems investigated in this work (car-
bonates, chemically-reduced metal oxides and thermally reduced metal 
oxides). The following sub-sections describe the motivation behind the 
solids material selection for each of the systems, based on the following 
general criteria:

- The material should have been previously suggested for large-scale 
deployment in terms of cost and availability.
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- Sufficient literature concerning the testing of reactor and process 
conditions must be available.

- Only single-metal compounds are considered (i.e., mixtures and 
enhanced materials are disregarded).

- Both the charging and discharging reactions should have relatively 
fast kinetics and high conversion rates in order to minimize reactor 
dimensions.

- The temperature levels of the reactions should be within the range 
650–1000 ◦C in order to i) match the temperatures reached at CSP 
solar receivers and ii) maximize the production of electricity at the 
discharging side.

- The solids should hold physical stability over large number of cycles.

2.1. Carbonates

Carbonates have been at the spotlight of high-temperature TCES 
research for years due to their high volumetric energy density, high 
conversion at low pressure, high operating temperatures, non-toxicity 
and non-corrosiveness [15]. Some of the most promising carbonates 
include those of Ca, Sr, Ba, Pb and Mg. Nevertheless, CaCO3 is by far the 
most investigated for TCES due to the high availability and low price of 
natural Ca-based minerals such as limestone or dolomite [16]. Addi-
tionally, for Ca both directions of the reaction (calcination and 
carbonation, see Eq. (1)) present very high reversibility and fast kinetics 
[23]. Therefore, CaO/CaCO3 is the selected carbonate system to be 
investigated in this work. Low cyclability, i.e., fast decay of the con-
version degree with number of cycles, is noted as one main drawback 
[33]. 

CaCO3 ↔ CaO+CO2 ΔH0
R = +178 kJ

/
mol (1) 

2.2. Metal oxides

Redox cycling of metal oxides sets a favorable basis for TCES systems 
due to their good performance at high temperatures (in terms of particle 
morphology and cyclability) and large gravimetric energy density. 
There is abundant literature regarding the use of these systems for ap-
plications such as chemical looping combustion [42], H2 production via 
water splitting [43] and syngas production via carbon dioxide splitting 
[44]. Redox cycling of metal oxides is here separated into two types 
based on the mechanism used to drive the reduction step: thermal or 
chemical reduction.

2.2.1. Thermally-reduced metal oxides
Previous work [45] identified 16 single-metal oxides systems with 

thermally driven reduction at the temperatures relevant for the present 
work. Among those, the most widely investigated metal pairs are Co3O4/ 
CoO, Mn2O3/Mn3O4, BaO2/BaO and CuO/Cu2O, due to their fast reac-
tion kinetics, high energy densities and moderate overall costs [40]. 
When comparing these four systems in terms of energy density, Mn 
shows the lowest, while Co and Cu have exceptionally high values [11]. 
While the latter is relatively abundant, its transition temperature at at-
mospheric pressure ranges within 1030–1134 ◦C, which exceeds the 
limit of the present work (but might be of interest in advanced CSP 
plants). In terms of reversibility, Mn and Ba oxide systems show very 
poor performance as compared to Cu and Co. Schrader et al. [38] 
confirmed the technical feasibility of a Co oxide TCES plant at utility- 
scale by means of a thermodynamic analysis. In summary, Co3O4/CoO 
is often considered the most promising redox pair among thermally 
reduced metal oxides, despite its relatively low abundancy and its 
potentially carcinogenic properties [15], and is therefore selected for the 
present study. Eq. (2) shows the reversible redox reaction involved: 

2Co3O4 ↔ 6CoO+O2ΔH0
R = +196 kJ

/
mol (2) 

2.2.2. Chemically-reduced metal oxides
For chemically reduced metal oxides, the input of high-temperature 

renewable heat is utilized to provide the heat of reaction for the endo-
thermic reduction (charging) step of the redox cycle, but in addition to 
this a reducing agent is needed. Thus, the energy stored in the reduced 
material produced after the charging step stores the energy inputted by 
the high-temperature heat flow and the reducing agent together. For the 
energy stored in the reduced material, the share corresponding to the 
heat input has a maximum which is set by thermodynamics of each 
combination of solids and reducing agent.

There has been a vast number of publications testing different 
chemically reduced metal oxides with diverse fuels, reactor designs and 
process conditions (see review in [42]) during the last two decades due 
to their use in chemical looping processes. Chuayboon et al. [46] cate-
gorized the chemically reduced metals into two groups based on 
whether there is a phase change during the reduction process. For the so- 
called volatile oxides, (e.g., ZnO or MgO) the reduced species melt or 
vaporize and subsequently condense in the form of fine solids when 
temperature decreases, while non-volatile oxides (mostly ferrites and 
ceria materials) remain in the solid state. Considering the implications in 
terms of material losses and cyclability, non-volatile oxides are the 
preferred option for large-scale commercial deployment.

Chuayboon et al. [46] reviewed solar decarbonization processes and 
mapped routes combining solar energy with hydrocarbon feedstocks. 
Jafarian et al. proposed [47] and evaluated [48–50] a combined solar- 
CLC process for energy storage. In [50], they simulated different com-
binations of metal oxides and carbonaceous reducing agents, concluding 
that only CoO/Co, NiO/Ni and Fe2O3/Fe3O4 were potentially suitable to 
be reduced with natural gas to a sufficient extent. Jafarian et al. also 
found that the absorbed solar energy as compared to the chemical en-
ergy provided by the reducing agent (referred to as solar share) was 
generally low (∼ 40%) and that it was maximized with the Fe system 
(solar shares up to 80 % were reported).

Based on the works cited above and the extensive literature on redox 
cycles of Fe oxides, FeO/Fe2O3 is here selected as the representative 
system for chemically reduced metal oxides (the intermediate level of 
oxidation, Fe3O4, is also considered, see Section 3.1). Note also that a 
reducing agent also needs to be selected. Gaseous agents are preferred as 
they exhibit faster kinetics and can act as fluidizing media in FB reactors 
[16]. CH4 is selected for this work, since it is by far the most studied 
gaseous reducing agent in Fe oxide looping, and allows for a larger share 
of solar energy absorption [48]. This gas-solid choice is confirmed by 
previous studies that found Fe3O4 to offer the optimum conversion of 
CH4 to combustion products as well as of steam to H2 [51,52]. Eqs. (3) 
and (4) show the simplified reaction schemes for the reduction and 
oxidation processes, respectively. 

4Fe2O3 +CH4→8FeO+CO2 +2H2OΔH0
R = + 319 kJ

/
mol (3) 

4FeO+O2→2Fe2O3ΔH0
R = − 560 kJ

/
mol (4) 

3. Methods

The methods followed in the present work include: i) the formulation 
of six process layouts based on the three systems identified in Section 2, 
ii) the computation of the mass, energy and exergy balances, and iii) the 
computation of the economic performance indicators, all for each of the 
six layouts.

3.1. Formulation of the process layouts

The present work formulates six process layouts based upon litera-
ture that suggested process conditions and schemes for the three 
chemical systems identified in Section 2. In some cases, due to the 
boundary conditions of the current study, some operating conditions 
were modified, and assumptions made, e.g., when changing the reaction 
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media from one inert gas to another. In addition, for the sake of a fair 
technical and economic comparison between the processes, similar 
levels of heat integration and power cycles are applied to all processes.

Fig. 1 depicts the general TCES scheme applied to the processes in 
this work. For all the layouts studied, the charging section receives as 
input an intermittent high-temperature heat flow (see details on this in 
Section 3.2); this input could represent, for instance, a solar receiver in a 
CSP plant or a system of plasma torches in an electrified input scenario. 
Having set the reactor type to fluidized bed imposes the requirement for 
a fluidization gas flow in each of the reactors, regardless of this flow 
being reactive or inert. Storage of the solids material at ambient con-
ditions is considered in all layouts, as this enables i) independent 
operation of the charging and discharging sections at all times, and ii) 
freighting of charged and discharged material without altering the en-
ergy and exergy efficiencies here computed (excluding the energy 
required for freighting). Efficient integration of solids storage at ambient 
conditions implies the presence of heat recovery between the hot and 
cold streams through the utilization of heat exchangers o different types: 
solids-solids (SS-HX), gas-solids (GS-HX), and gas-gas (GG-HX). Among 
the technical solutions for direct heat exchange between the two streams 
of solids, literature suggests a mixing seal valve configuration (not yet 
available at a commercial scale), or cyclonic preheaters (similar to those 
currently used in the cement industry) [13]. Solutions for indirect heat 
exchange appear closer to implementation and avoid undesired re-
actions. In this work, SS-HXs are assumed to operate as indirect contact 
heat exchangers with one intermediate heat transfer gas, i.e., as two 
direct-contacting gas-solids heat exchangers in series (for the gas phase). 
The impact of the net solids streams leaving and entering the process (i. 
e., the flow of makeup material) is outside the scope of this work, 
although its influence on the economic performance is estimated in a 
sensitivity analysis.

Some of the processes (hereafter called TCES-focused) are formulated 
to maximize the energy storage, while others offer the possibility to 
generate more valuable additional products or services (by-product lay-
outs). Table 1 provides a list of the six process layouts studied in this 

work, with the corresponding naming, type of energy input required, 
chemical system, and additional product or service. Note that the CoL- 
TCES-OEA layout is here considered TCES-focused as it produces a 
simpler additional product as compared to the CoL-TCES-O2. A detailed 
description of the layouts is provided in the subsections below.

3.1.1. Carbonates

3.1.1.1. CaL-TCES. The CaL-TCES layout formulated in this work is 
shown in Fig. 2 and based on the work by Chacartegui et al. [34]. The 
heat input is used to sustain the calciner (charging section) as well as to 
generate superheated steam to fluidize this reactor. Steam is selected as 
fluidization medium as it allows for a lower calcination temperature and 
increases the solids conversion in the carbonator [53]. The calciner 
conditions are set to 850 ◦C and 1 bar in order to yield full decompo-
sition of the solids within a residence time below 10 min [23], with an 
outlet molar ratio of steam/CaCO3 fixed to 1 following the recommen-
dations by [53] in order to maximize the reactivity of the solid. The 
outlet gas stream is utilized to preheat a fraction (25 % according to 
[34]) of the total inflow of carbonated (discharged) solids (CaCO3), 

Fig. 1. General scheme of the TCES processes assessed in this work. The charging section is fed with renewable, intermittent high-temperature heat and the dis-
charging section produces dispatchable electricity. Storage of charged and discharged solids at ambient conditions is considered since it allows for long-term storage, 
full decoupling of the charging and discharging sections, and solids freighting (outside the scope of this work).

Table 1 
Summary of the process layouts assessed in the present work.

Charging Chemical system Name Additional product/ 
service

Thermal CaCO3/CaO CaL-TCESa –
CaL-TCES- 
CCSb

CO2 capture

Co3O4/CoO CoL-TCES- 
OEAa

Oxygen-enriched air

CoL-TCES-O2
b Oxygen

Chemical Fe3O4/FeO + CH4 FeL-TCESa –
Fe2O3/Fe3O4/FeO +
CH4

FeL-TCES-H2
b Hydrogen

a TCES-focused layouts.
b By-product layouts.
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before being expanded down to condensing pressure in a turbine. A 
water tank stores the condensate when the charging section is not 
operating. The rest of the incoming carbonated (discharged) solids (75 
%) are preheated in a S-S HX by the solids stream outflowing the 
calciner. The CO2 produced in the charging section is stored (cooled 
down and compressed up to 75 bar, according to the optimization results 
from [34]) for use in the decoupled carbonator (discharging section).

The carbonator operates at 850 ◦C and 3.2 bar and is fluidized with 
the stored CO2 (after expansion, which recovers the net energy after 
subtracting the compression duty), yielding an average degree of con-
version of 0.5 [34]. The inlet CO2 is preheated in a series of S-G HXs and 
a G-G HX. Only a portion of the CO2 injected to the carbonator reacts 
with the CaO to generate CaCO3 (thus requiring a CO2 recirculation 

system) while the rest absorbs the heat generated by the carbonation 
reaction. The hot, pressurized outlet CO2 is expanded down to 1 bar and 
used to preheat both the incoming calcined (charged) solids as well as 
the inlet CO2.

3.1.1.2. CaL-TCES-CCS. The calcination/carbonation process can also 
be operated using flue gas from a nearby CO2-emitting point. In this way, 
the energy storage scheme also serves the purpose of carbon capture. 
The process layout is depicted in Fig. 3 based on the process conditions 
suggested by Chacartegui et al. [34] and has been investigated in more 
detail by the authors in a former publication [41].

The charging section is the same as for the CaL-TCES scheme 
explained above, except that the CO2 leaves the process for compression 

Fig. 2. Schematic of the CaL-TCES process layout. Calciner operates at T = 850 ◦C and P = 1 bar. Carbonator operates at T = 850 ◦C and P = 3.2 bar. S-G HX: solid- 
gas heat exchanger. S-S HX: solid-solid heat-exchanger. G-G HX: gas-gas heat exchanger. Bold lines represent solids streams.

Fig. 3. Schematic of the CaL-TCES-CCS process layout. Calciner operates at T = 850 ◦C and P = 1 bar. Carbonator operates at T = 650 ◦C and P = 1 bar. S-G HX: 
solid-gas heat exchanger. S-S HX: solid-solid heat-exchanger. FG: flue gas. Bold lines represent solids streams.
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and storage (both steps lying outside the boundaries of this work). 
Regarding the discharging section, the main difference with respect to 
the CaL-TCES scheme is that the carbonator is fluidized with a CO2-rich 
gas, e.g., combustion flue gas. Since the flue gas enters the plant at at-
mospheric conditions, the carbonator conditions are set to 650 ◦C and 1 
bar. The CO2 content of the inlet gas is assumed to be 15 %, for which a 
capture rate of 90 % can be assumed [54]. Likewise, a degree of con-
version of 0.25 for the solids (from CaO to CaCO3) can be assumed [13], 
i.e. much lower than that achieved in the CaL-TCES scheme but still 
higher than other CO2-capture carbonation reactors as it is boosted by 
the steam calcination [13]. A Rankine cycle is selected for power gen-
eration, given the atmospheric pressure level of the gas. Note in Fig. 3
that a GG-HX has been placed to preheat the incoming flue gas so that 
the discharging section can operate with an inlet of cold flue gas.

3.1.2. Thermally-reduced metal oxides

3.1.2.1. CoL-TCES-OEA. The CoL-TCES-OEA process layout shown in 
Fig. 4 is based on the reduction-oxidation of Co (II,III) oxide (see Eq. 
(2)). In the charging section, air is chosen as fluidization gas for the 
reduction reactor, thus oxygen-enriched air (OEA) is obtained as addi-
tional by-product with commercial value. The temperature and pressure 
conditions in the reduction reactor (980 ◦C and 1 bar) are chosen based 
on the thermodynamic studies setting 60 % O2 content as target for the 
OEA produced [38,55]. These conditions yield 99 % conversion of the 
solids within 10 min, which is a feasible residence time for large-scale 
fluidized bed reactors. The charging section is completed by two heat 
exchangers (S-S and G-G HXs) pre-heating the inlet gas and solids 
streams with the outlet ones.

Regarding the discharging section, air is used to fluidize the oxida-
tion reactor as well as to provide the O2 required to oxidize the reduced 
solids (CoO) according to Eq. (2). Excess air (5 %) is introduced, as it is 
recommended to maximize solids conversion [37]. The outlet gas is used 
downstream in a Brayton cycle to produce the dispatchable power. The 
use of Brayton cycles in Co oxide loops has previously been suggested 
and investigated in [38]. Although Schrader et al. [38] suggested an 
oxidation pressure of 42 bar for maximizing energy efficiency, a pres-
sure of 3 bar is selected in the present work as pressurizing the solids 
stream up to 42 bar might not be feasible in large-scale installations due 
to high operational costs. With this, a temperature of 850 ◦C is selected 
for the oxidation reactor, for which solids conversion of 90 % can be 
assumed in a timescale of about 10 min, according to thermodynamic 

computations [55]. Analogous to the charging section, a S-S HX and a G- 
G HX are placed to recover a fraction of the sensible heat.

3.1.2.2. CoL-TCES-O2. Based on the CoL-TCES-OEA scheme described 
above, the CoL-TCES-O2 process (see Fig. 5) is a variant in which the 
charging section is modified to produce pure O2 instead of OEA. For this, 
steam is chosen as the fluidization agent in the reduction reactor, as it 
can be condensed and separated from the O2 stream. The reductor is still 
operated at atmospheric pressure, with the partial pressures of steam 
and O2 set to 0.75 and 0.25 bar, respectively. Under such conditions, a 
temperature of 940 ◦C yields a solids conversion of 99 % (according to 
[55] and assuming that the thermodynamic computations remain valid 
when the O2 desorption occurs in a steam atmosphere). The steam for 
fluidization is produced in a Rankine cycle that utilizes a fraction of the 
incoming available heat to evaporate the steam and superheat it up to 
550 ◦C. A steam turbine is placed after the reactor to recover part of the 
energy and turned into non-dispatchable electricity. As depicted in 
Fig. 5, a water tank is added to store the liquid water when the charging 
section is not operating.

3.1.3. Chemically-reduced metal oxides

3.1.3.1. FeL-TCES. The FeL-TCES process layout formulated in this 
work (see Fig. 6) is adapted from the one proposed by Liu et al. [51] and 
utilizes the thermodynamic data computed by Steinfeld et al. [56]. In the 
charging section of this scheme Fe (II,III) oxide, Fe3O4, is reduced to Fe 
(II) oxide, FeO, in a reactor fluidized with CH4 which serves also as 
reducing agent. The reduction conditions are set to 1000 ◦C and 5 bar 
(which corresponds to the upper limits accepted in this work, see Section 
2), which are the values suggested by Liu et al. [51] and under which 
they found that the maximum solids conversion was yielded through a 
CH4 -to-oxide ratio of 0.26, requiring a residence time about 15 min. The 
gas exiting the reactor consists of a mix of H2O, CO, CO2 and H2, and is 
expanded down to atmospheric pressure (producing non-dispatchable 
electricity) and subsequently used to pre-heat the incoming CH4. The 
present work does not include any further chemical valorization process 
of this stream.

For the discharging section, the oxidizer is operated at 900 ◦C and 1 
bar (conditions typical of an air reactor in chemical looping combustion 
[42]), and heat is extracted via membrane tube walls that produce su-
perheated steam that is fed into a turbine. Air preheated with the outlet 
gas provides the O2 required for oxidating the solids stream, while 

Fig. 4. Schematic of the CoL-TCES-OEA process layout. Reductor operates at T = 980 ◦C and P = 1 bar. Oxidator operates at T = 850 ◦C and P = 3 bar. S-S HX: solid- 
solid heat-exchanger. G-G HX: gas-gas heat exchanger. Bold lines represent solids streams.
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serving as fluidization agent.

3.1.3.2. FeL-TCES-H2. The FeL-TCES-H2 process (see Fig. 7) is based on 
the well-known concept of chemical looping water splitting with three 
reactors [33], thus exploiting the reaction scheme of the steam‑iron 
process [57]. While those processes are meant for generating clean H2 
from a carbonaceous fuel, the FeL-TCES-H2 layout assessed here is meant 
to absorb high-temperature renewable energy (charging side) to output 
dispatchable electricity and H2 on-demand (discharging side).

The charging section is kept the same as in the FeL-TCES scheme 
(Section 3.1.2.1). The discharging section consists of a two-step oxida-
tion of the FeO. The first oxidation step occurs through water split in the 
steam reactor (SRx) which produces H2 and is operated at 500 ◦C and 5 
bar with a H2O/FeO molar ratio of 1.8, following the recommendations 
from [51]. A turbine-compressor train is added to expand and condense 

the steam that leaves the SRx, allowing the separation of H2. The second 
step of the oxidation occurs through reacting the solids with O2 in air. 
This takes place in the air reactor (ARx), which is operated as a con-
ventional CLC air reactor (at 900 ◦C and 1 bar) and produces super-
heated steam for a Rankine cycle that produces dispatchable electricity. 
In the presented layout, the heat required for operation of the SRx is 
provided by superheating the inlet steam in the ARx. Lastly, the hot 
solids stream exiting the ARx is used to preheat the solids flows entering 
both the SRx and ARx, through two S-S HXs in series.

3.2. Mass, energy and exergy balances

The techno-economic analysis of the process layouts starts by the 
closure of mass, energy and exergy balances. The present section covers 
the methodology followed for the computation of such balances, for 

Fig. 5. Schematic of the CoL-TCES-O2 process layout. Reductor operates at T = 940 ◦C and P = 1 bar. Oxidator operates at T = 850 ◦C and P = 3 bar. S-S HX: solid- 
solid heat-exchanger. G-G HX: gas-gas heat exchanger. Bold lines represent solids streams.

Fig. 6. Schematic of the FeL-TCES process layout. Reductor operates at T = 1000 ◦C and P = 5 bar. Oxidator operates at T = 900 ◦C and P = 1 bar. S-S HX: solid-solid 
heat-exchanger. G-G HX: gas-gas heat exchanger. Bold lines represent solids streams.
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which the main assumptions are listed below:

- 0-D components, i.e., uniform pressure and temperature
- No heat nor pressure drops in the reactors and pipelines
- No make-up/purge of solids material
- Static process operation (i.e., despite some units turning on and off, 

the dynamics of the process are not accounted, and each section is 
modelled as steady-state).

Table 2 lists the main process parameters and boundary conditions 
selected. For all processes, the energy input assumed consists of a heat 
flow, Qin = 100 MWth, intermittently available for continuous periods of 

tch = 12 h/day, at a temperature level sufficient for the charging of the 
solids (Tch, which depends on the chemical system selected). The dis-
charging section is for all processes assumed to operate steadily for tdisch 
= 24 h/day. These assumptions represent a simplification of real sce-
narios in which both the input energy flow and the demand-side curve 
vary continuously over time. Assessing any such real scenario requires 
the use of a dynamic model, which lies outside the scope of the present 
work. Nevertheless, the assumption described above is found adequate 
for the aim of this work, since the corresponding analysis evaluates an 
average performance and thus provides representative values necessary 
for a first assessment of the processes. The impact of the heat input on 
the economic feasibility of the processes is evaluated by considering Qin- 
values of 50 and 250 MW too in the analysis.

In all processes considered, all the solids leaving a (charging/dis-
charging) section are assumed to be cooled down to ambient conditions. 
In practice, a fraction of solids could be directly fed hot into the other 
section, which would improve the energy and exergy efficiencies. The 
optimization on which share of the solids is stored or directly sent to 
reaction needs to account for the dynamics of the heat input and power 
demand, which lies outside the scope of the current work.

The extent of conversion in each of the reactors is a critical parameter 
as it impacts to a large extent the closure of the mass and energy bal-
ances (see Supplementary material). Since the reactions taking place are 
fundamentally driven by equilibrium, the composition at the outlet of 
the reactor is consequence of the pressure and temperature conditions 
and a given residence time and does not depend on the composition of 

Fig. 7. Schematic of the FeL-TCES-H2 process layout. Reductor operates at T = 1000 ◦C and P = 5 bar. Steam reactor (SRx) operates at T = 500 ◦C and P = 5 bar. Air 
reactor (ARx) operates at T = 900 ◦C and P = 1 bar. S-S HX: solid-solid heat-exchanger. G-G HX: gas-gas heat exchanger. Bold lines represent solids streams.

Table 2 
Main parameters and assumptions considered for the mass, energy and exergy 
balance calculations. Values not referenced are either design choices or 
conventionally assumed within the field.

Parameter Value Reference

Net renewable heat input to the process, Q̇in(MWth) 100 
(50,250)a

–

Charging time, tch (h/day) 12 –
Discharging time, tdisch (h/day) 24 –
Storage temperature (◦C) 20 –
Minimum temperature difference S-S HX (◦C) 20 –
Minimum temperature difference S-G HX (◦C) 20 –
Minimum temperature difference G-G HX and 

condensers (◦C)
15 –

S-G heat transfer coefficient (W/(m2K)) 480 [17]
Fluid-fluid heat transfer coefficient (W/(m2K)) 1500 [58]
Rankine cycle live steam temperature (◦C) 550 –
Rankine cycle live steam pressure (bar) 120 –
Solids porosity (solids volume/total volume) 0.5 [40]
Turbomachinery isentropic efficiency (%) 89 [59]
Electric generator efficiency (%) 98.5 –
Solids conveying energy requirement (MJ/t/100 m) 10 [34]
Equivalent solids conveying length (m) 100 [34]
Cooling water temperature (◦C) 20 –
Cooling water discharge temperature (◦C) 70 –
Cooling water pumping distance (m) 1000 –

a Three different values for Q̇in are considered in order to assess the impact of 
the net energy input.

Table 3 
Summary of the method utilized to model the extent of reaction in each of the 
process assessed.

Process 
scheme

Method References

CaL-TCES Known extent of reactions [34]
CaL-TCES- 

CCS
[13]

CoL-TCES- 
OEA

[55]

CoL-TCES-O2 [55]
FeL-TCES Equilibrium conditions (minimization of Gibbs free 

energy)
[51]

FeL-TCES-H2 [51]
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the inlet stream. In this work the extent of conversion of each system 
(see Table 3) is retrieved from literature whenever available, or calcu-
lated through minimization of Gibbs-free energy, i.e., assumed to yield 
equilibrium conditions.

Given the assumptions and parameters presented above, mass and 
energy balances are computed for each of the reactors (see Supple-
mentary material for details). In the charging reactor, the molar flow 
rate of solids is computed from the known heat input and extent of re-
action. In the discharging reactor, the molar flow of solids is double of 
that computed for the charging section, according to the mass balance 
expressed by Eq. (5) and the charging and discharging time set (see 
Table 2). 

Fdisch⋅tdisch = Fch⋅tch (5) 

Based on the mass and energy balances described above, two per-
formance metrics are computed to assess the energy performance of 
each process layout. First, the overall energy efficiency, ηtot , is computed 
according to Eq. (6), which includes the time-weighted average of the 
energy inputs and outputs, 

ηt =

Ẇnet,chtch +
(

Ẇnet,disch + Q̇chem,out

)

tdisch

(

Q̇in + Q̇chem,in

)

tch
(6) 

where Ẇnet represents the net electrical output of each section (i.e., 
subtracting parasitic electricity consumption) and Q̇in represents the 
heat input. Chemically-charged process layouts also include chemical 
energy input and output, Q̇chem,in and Q̇chem,out . Note that the output heat 
streams are not considered as valuable output in this work as a location 
with high solar share and low heat demand is assumed.

Second, the dispatchability ratio rdisp evaluates how the energy input 
is distributed between dispatchable and non-dispatchable electricity and 
is defined according to Eq. (7), where Ẇnet,disch and Ẇnet,ch represent the 
electricity produced in the discharging and charging sections, respec-
tively. This factor also represents the fraction of absorbed energy that 
can be delivered with a displacement in time (and potentially space if 
the stored solids material is freighted), i.e., a metric of how much non- 
dispatchable energy input is actually stored [39]. 

rdisp =
Ẇnet,dischtdisch

Ẇnet,chtch + Ẇnet,dischtdisch
(7) 

In this work, an exergy analysis is carried out to analyze the distri-
bution of useful energy and the generated irreversibility throughout the 
chain of energy transformations. The exergy of every stream is calcu-
lated according to Eq. (8) accounting for the physical exergy Ėphys, and 
the chemical exergy Ėchem. The contribution of the kinetic and potential 
exergy is here disregarded as the changes in elevation and velocity are 
neglected. When referring to a mixture of fluids, the physical and 
chemical exergies are calculated as shown in Eqs. (9) and (10) [60], 
where the subindex i represents each component of the mixture, 0 rep-
resents the dead state (in this work selected for a pressure and temper-
ature of 1 bar and 20 ◦C, respectively) and E0,i is the standard chemical 
exergy of the i-th species, here taken from Szargut [61]. 

Ėtot = Ėchem + Ėphys (8) 

Ėphys =
∑

i
xi
[(

hi − h0,i
)
− T0

(
si − s0,i

) ]
(9) 

Ėchem =
∑

i
xi

[

E0,i +φRT0ln
p0

p00

]

(10) 

This work applies the exergy balance at a process level as defined in 
Eq. (11), where Ėin.i and Ėout,i refer to the exergy of the inlet and outlet 
material streams of the process, Ẇ represents the work (electricity) 

produced by the process, Q̇ represents the work obtainable from the heat 
fluxes to/from the process and Idestroyed is the irreversibility generated 
within the process. 

∑

i

(

Ėout,i − Ėin.i

)

=
∑

i

(

1 −
T0

Ti

)

Q̇i +
∑

i
Ẇi + Idestroyed (11) 

Two additional metrics to evaluate process performance based on the 
exergy balance are added: the total exergy efficiency, ηex,t (Eq. (12), 
which includes all outlet streams), and the functional exergy efficiency, 
ηex,f (Eq. (13), which accounts only for outlet streams considered as 
valuable products). 

ηex,t =

∑

i
Ėout,i

∑

i
Ėin,i

(12) 

ηex,f =

∑

i
Ėproduct,i

∑

i
Ėin,i

(13) 

Fig. 8 schematizes the incoming and outcoming mass and energy 
flows for each of the processes assessed. Output streams considered as 
valuable products for the functional exergy efficiency are marked with a 
star (*).

3.3. Economic assessment

This work utilizes the BESP as the main indicator of the economic 
performance of the processes assessed. The BESP of each process is 
computed by setting their net present value (NPV) to zero, i.e., the BESP 
represents the electricity price at which the annualized revenues and 
costs of the plants are breakeven after a given lifetime of the plant. Thus, 
the economic assessment of the processes relies on the calculation of the 
NPV, which is computed from the discounted annual cash flows CFi 
according to Eq. (14): 

NPV =
∑n

i=1

CFi

(1 + r)i (14) 

The cash flows are computed following a bottom-up approach that 
includes i) the calculation of the process equipment costs (for the units 
defined in each of the layouts in Section 3.1), ii) the addition of the 
installation and indirect costs, calculated according to [62] and iii) the 
fixed and variable plant operating costs. The cost of each process 
equipment is computed based on the known cost of a reference 
component of size S0 and a scaling parameter f, through the expression 
defined in Eq. (15). Table 4 shows the cost functions (derived in M$) 
used for each of the process components included in the study. Note that 
the cost functions have been updated using the Chemical Engineering 
Plant Cost Index (CEPCI) and all costs are computed in USD2021. 

C = C0

(
S
S0

)f

(15) 

In the charging reactor, the external input heat flow Qin is assumed to 
be introduced through heat transfer surfaces of similar design as those of 
oxy-fuel circulating fluidized bed (CFB) furnaces, and therefore their 
capital cost function utilizes a reference cost of oxy-CFB furnaces 
extracted from [63]. Regarding the discharging reactor there are two 
different layouts: atmospheric vessels with heat extraction through 
steam generation (Rankine scheme) and adiabatic pressurized reactors 
(energy extracted through a Brayton scheme). Thus, cost data from a 
conventional CFB boiler is assumed for the former [63] while the cost of 
the latter is assumed to resemble such of a gas-solid FB gasifier [64] with 
a scaling factor of f = 0.70. As this equation is a function of the reactor 
volume (see Table 4), the sizing of these reactors is carried out following 
the procedure described in [68], with the mean particle residence times 
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listed in Table 5.
Due to a lack of available data, the cost of solids-solids heat ex-

changers is estimated to be double the cost of fluidized bed dryers [58], 
as they are designed on the principle of two bubbling fluidized beds. The 
gas-solids heat exchangers are sized as cyclones, as suggested by a pre-
vious publication [65] and following the method provided in [71]. 
Solids and gas storage tanks are in turn sized using the methodology 
suggested by Bayon et al. [40], whereas the water tanks are assumed to 
be standard cylindrical water vessels according to [72], with a total 
specific cost of 83 $/m3

water taken from [40]. Lastly, for the gas ex-
panders and compressors the methodology provided by Michalski et al. 
[66] is followed to compute equivalent air mass flows, pressures and 
densities.

Table 6 lists the main economic parameters applied in this work. The 
CH4 cost is estimated as an average of the cost between 2015 and 2020 
[73] while the H2 cost is taken from current production costs estimates 
[74]. The income derived from the carbon capture services provided by 
the CaL-TCES-CCS process is based on an estimation of the capture cost 
with a conventional post-combustion technology [75]. The CO2 
compression and storage steps are not included here as their costs are 
assumed to be transferred to the emitting industry and therefore not 
playing any role in the feasibility of the TCES plant. For the OEA and O2 
selling prices, the cost of membrane-based production has been 
considered, taking the most conservative end from the selling perspec-
tive, i.e., the lowest cost value [76,77]. Nonetheless, the impact of these 
prices on the computed results is evaluated in Section 4.2.1. Further, the 
cost of the renewable heat input is excluded from the baseline 

assessment in order to provide a cost of the storage functionality of the 
processes, but a range is also considered in a parametric study in order to 
provide a picture of its magnitude in the total cost structure.

4. Results and discussion

This section presents and discusses the techno-economic perfor-
mances of the six processes investigated. First, the technical analysis 
resulting from the mass, energy and exergy balances is presented in 
Section 4.1, followed by the economic assessment in Section 4.2 which 
includes a parametric study of the most important economic parameters.

4.1. Technical assessment

Fig. 9 shows a disclosure of the net distribution of exergy flows 
within each of the six investigated processes, with the inputs accounted 
as negative and the outputs as positive flows. The magnitude of the heat 
input is almost the same (it varies slightly depending on the charging 
temperature) over the six processes. The net chemical exergy input is 
lower for the case of FeL-TCES-H2 because of the chemical exergy output 
associated with the H2 produced. Regarding thermally-charged systems, 
Co-based process layouts offer larger electricity production, which is 
attributed to the larger extent of conversion, reaction enthalpy (i.e., 
energy density) as well as the use of the Brayton cycle. The FeL-TCES and 
FeL-TCES-H2 processes (Fig. 9b, note the larger scale for the y-axis) have 
an additional input of chemical exergy attributed to the CH4. The higher 
electricity production in these processes is a consequence of the fuel 

Fig. 8. Schematic of the input and output exergy streams considered for each of the processes. Streams marked with a (*) are considered as valuable output in the 
calculation of the functional efficiency (Eq. (14)). CW: cooling water. Q̇in: net renewable heat input. FG: flue gas.
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input and thus comparison with the thermally-charged processes can 
only be done in the light of the efficiencies. Fig. 10 displays the overall 
energy and exergy efficiencies (ηt and ηex,t respectively) and functional 
exergy efficiency, ηex,f. As shown, the energy efficiency of the CoL-TCES- 
OEA layout is 45 % (the highest among the three TCES-focused layouts) 
The CaL-TCES and FeL-TCES layouts display energy efficiencies 26 % 
and 14 % lower than that of the CoL-TCES-OEA respectively, which 

confirms that a higher energetic performance is strongly linked to higher 
extents of conversion and heat of reaction. Slightly lower values of ef-
ficiency will be obtained if temperature and pressure losses within each 
piece of equipment and pipeline are considered, however, the conclu-
sions drawn from the comparison between processes would remain 
unaltered.

As seen in Fig. 9, the electricity production is lower in by-product 
layouts (i.e., the CaL-TCES-CCS, CoL-TCES-O2 and FeL-TCES-H2 layouts). 
This is due to i) the condensation of the steam used as an easy-to- 
separate carrier compound, and/or ii) the reduction in extent of reac-
tion linked to the modified process conditions. Hence, the generation of 
a valuable by-product comes on the expense of the energetic perfor-
mance of the process (7 and 6 %-points lower than the original layout for 
the Ca- and Co-based processes, respectively), except for the FeL-TCES- 
H2 case (where the energy efficiency is increased by 48 %-points as 
compared to the FeL-TCES layout). In fact, the FeL-TCES-H2 layout dis-
plays the best energetic and exergy performances when comparing all 
six processes, reaching a level comparable to that of the steam methane 
reforming process 75–85 % [82]. It is important to note that, as shown in 
the net physical exergy, Ėphys,net (Fig. 9) and the total exergy efficiency, 
ηex,tot (Fig. 10), the production of valuable by-products involves an in-
crease in heat production due to steam condensation. Accounting for the 
valorization of this produced heat would yield energy efficiencies 
surging up to >90 % [39].

Fig. 11 displays the net electricity production (i.e., negative values 
indicate a net consumption) in the charging and discharging sections for 
each of the processes. In the CaL-TCES and CoL-TCES-OEA layouts the 
charging side is a net electricity consumer, with most of this consump-
tion being used for solids conveying. Consequently, the dispatchability 
ratios, rdisp of these processes are slightly larger than 1, i.e., the net 
electricity generated at the discharging section is higher than that of the 
whole process and therefore, these processes are considered fully dis-
patchable. Note that due to the increased use of steam in the charging 
side of by-product layouts (i.e., CaL-TCES-CCS, CoL-TCES-O2 and FeL- 
TCES-H2) the share of non-dispatchable electricity generation increases, 

Table 4 
Capital cost functions (given in M$) of the process equipment included in the present study. Heat flows are in [MWth], volumes in [m3], diameters in [m], 
velocities in [m/s], areas in [m2], pressures in [bar], electrical power in [kW] and mass flows in [kg s− 1].

Equipment Cost function Reference

Charging reactor
C = 5.87⋅102⋅

(
Qin

2514

)0.67 [63]

Atmospheric discharging reactor
C = 5.60⋅102⋅

(
Qout

1521

)0.67 [63]

Pressurized discharging reactor
C = 1.16⋅

(
Vreactor

42.41

)0.70 [64]

Gas-solids heat exchanger C = 3.98⋅10− 9⋅D2
cyc + 2.73⋅10− 6⋅Dcyc + 0.016 [65]

Solids-solids heat exchanger
C = 2⋅3.5⋅10− 1⋅

(
Db⋅ug

2

)0.73 [58]

Gas-gas heat exchanger C =
(

2546.9⋅A0.67
HX ⋅P0.28

gas

)
⋅10− 6 [66]

Cooler C =
(

2546.9⋅A0.67
HX ⋅P0.28

fluid

)
⋅10− 6 [66]

Condenser C =
(

2546.9⋅A0.67
HX ⋅P0.28

fluid

)
⋅10− 6 [66]

Solids storage C = Vsteel⋅Csteel [40]
Steam turbine

C = 473⋅10− 6⋅
(

Wturb

25

)0.67 [67]

Gas expander
C = ṁAE,E⋅

392.2
1 − ηis

⋅
pin

pAE,out
⋅ln

(
pin

pAE,out

)

⋅[1 + exp(0.036Tin − 65.66) ]
[66]

Gas compressor
C = ṁAE,E⋅

47.1
1 − ηis

⋅
pAE,out

pin
⋅ln
(

pAE,out

pin

)
[66]

Gas storage C = Vsteel⋅Csteel [40]
Steam generator

C = 2.85⋅

(
ṁsteam

14

)0.35 [58]

Pump
C =

(
Wel

197

)0.60 [66]

Electric generator C = 84.5⋅10− 6⋅
(
Wel⋅103)0.95 [66]

Table 5 
Mean particle residence time considered for the charging reactors where volume 
is required for the costing.

Reaction (process formulation) Residence time of solids within 
the reactor [s]

Reference

CaO + CO2 (CaL-TCES) 200 [69]
CoO + O2 (CoL-TCES-OEA and 

CoL-TCES-O2)
600 [55]

FeO + H2O (FeL-TCES-H2) 1500 [70]

Table 6 
Main input data and assumptions used for the economic assessment.

Parameter (unit) Value Reference

Plant lifetime, t (years) 20 [78]
Capacity factor (%) 100 [79]
Discount rate, r (%) 4.75 [78]
Limestone cost ($/t) 10–42 [79]
Cobalt oxide cost ($/t) 30,000 [80]
Iron oxide cost ($/t) 800 [11]
Oxygen-enriched air selling price ($/t) 5 [76]
Pure oxygen selling price ($/t) 67 [77]
Methane cost ($/t) 217 [73]
Hydrogen selling price ($/t) 1500 [74]
Carbon capture-derived income ($/t) 50 [75]
Renewable heat cost ($/kWt) 0–200 –
Cooling water cost ($/m3) 0.03 [81]
Steel cost, Csteel ($/m3) 5000 [80]
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therefore lowering the dispatchability (rdisp of 0.69, 0.76 and 0.83, 
respectively). This finding is in line with the reduction of the energy 
efficiency associated to the by-product production discussed above.

4.2. Economic assessment

An overview of the economic performances of the six processes 

investigated is shown in Fig. 12, which includes the total cost, its 
breakdown and the BESP, for three different process sizes (in terms of 
Qin, see Table 2). The total costs computed for the thermally-charged 
processes range between 106 and 230 M$ for the reference size of 
100 MW (and within 66–494 M$ for the whole size range 50–250 MW). 
For any of the three sizes studied, CaL-TCES provides the lowest total 
plant cost and CoL-TCES-OEA the highest. The chemically-charged 

Fig. 9. Net (output-input) electricity production (Ẇnet), net physical exergy (Ėphys,net), net chemical exergy (Ėchem,net), and absolute heat input of each of the six 
processes assessed, grouped according to their charging input. Note that the scale of the y-axis is different between a) and b).

Fig. 10. Computed energy efficiency (ηt), total exergy efficiency (ηex,t) and functional exergy efficiency (ηex,f) of each of the six processes assessed, grouped according 
to their charging input.

Fig. 11. Net electrical production of the charging and discharging sections and dispatchability ratio for each of the processes assessed.
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processes yield much (roughly 10 times) higher total plant cost than the 
thermally-charged, due to the much larger total energy flows to handle, 
see e.g. net energy produced in Fig. 11. It is important to note that while 
the FeL-TCES-H2 scheme involves an additional reactor as compared to 
the FeL-TCES, the share of cost due to reactors is smaller, as the air 
oxidator (discharging reactor) is much smaller and the adiabatic steam 
reactor (charger) represents a small cost due to the absence of heat 
transfer surfaces (see Table 4). Regarding the BESP, values for 
chemically-charged processes (20–118 $/MWh) lay in the same order of 
magnitude as for the thermally-charged (57–177 $/MWh) except for the 
two largest sizes of FeL-TCES-H2 (− 2 and − 17 $/MWh respectively).

For the CaL processes, the reactors account for the largest share 
(within 70–80 %) of the total cost regardless of the process size. It should 
be noted that the reactor cost includes the heat transfer surfaces for the 
charging reactor as well as the steam-related systems in the case of at-
mospheric discharging (see Table 4), i.e., CaL-TCES-CCS. The compar-
atively larger O&M variable cost in the CaL-TCES-CCS is attributed to 
the increase in cooling requirements necessary in the Rankine power 
cycle. Regarding the CoL-based processes, the O&M fixed costs (mainly 
associated to the purchase of inventory material) get roughly the same 
magnitudes as the reactor costs (in average 45 % and 40 % for the CoL- 
TCES-OEA and CoL-TCES-O2 respectively), as previously highlighted by 
Bayon et al. [40]. Note also that the production of O2 involves an added 
Rankine cycle that increases the turbomachinery cost and O&M variable 
costs as compared to the CoL-TCES-OEA layout. Lastly, the costs of the 
chemically-charged processes are largely dominated by the cost of the 
reducing agent (comprised within the O&M variable costs and repre-
senting 75 % (for FeL-TCES) and 85 % (FeL-TCES-H2) of the total plant 
cost. The cost breakdown depicted in Fig. 12 denotes a decrease in the 

share of CAPEX as the process size increases caused by the economy of 
scale (f < 1 in Eq. (15)). A very low cost is associated to the solids storage 
in all six processes due to i) the small sizes required, 500–1780 m3 for 
the thermally-charged and around 5000–7000 m3 for the chemically- 
charged processes (sizes calculated for the reference case of 100 MW 
capacity), as the storage time is set to 12 h and, ii) the fact that the 
storage is at ambient conditions and no insulation nor aeration is 
assumed to be required. This, together with the relatively low cost for 
the inventory of solids material in the CaL and FeL processes indicates 
that these could be deployed to cover much larger storage periods than 
the 12 h-period used as reference in this work, without strong alteration 
of the costs reported here. For the CoL-TCES-OEA and CoL-TCES-O2 
processes, on other hand, a large increase in cost is expected for handling 
longer storage periods.

Overall, the FeL-TCES-H2 process presents by far the lowest BESP of 
the six processes assessed. For Q̇in larger than 100 MW FeL-TCES-H2 
displays negative BESP values, indicating that it would be a feasible 
option as a H2-production facility, even without profiting from the 
electricity production. Nonetheless, chemically-charged (i.e., Fe-based) 
processes require enormous expenditures (most likely including further 
investments not considered in this work, e.g. increased grid capacity) 
compared to the thermally-charged. Regarding plant costs, the FeL-TCES 
presents the highest (up to 10 times larger than the thermally-charged 
processes), and with a BESP in the same order of magnitude. When 
comparing within thermally-charged processes, CoL-TCES-O2 offers the 
lowest BESP for the 50 and 100 MW scales while CaL-TCES-CCS is the 
most profitable option at the 250 MW scale.

Furthermore, the BESP is generally reduced in by-product layouts as 
compared to the simpler TCES-focused layouts, which confirms that 

Fig. 12. Total plant cost (in M$), cost breakdown and BESP (in $/MWh) of each of the six processes assessed, grouped according to their charging input and 
computed for three different plant sizes. HX’s: heat exchangers. O&M: operation and maintenance.
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offering a side business is economically advantageous despite i) the drop 
in thermodynamic performance discussed in Section 4.1, and ii) the 
increased total cost (except for the Co-based processes, as the charging 
reactor in CoL-TCES-O2 is much smaller than that in CoL-TCES-OEA due 
to the use of a share of the heat input for the production of steam). The 
increased economic performance in terms of BESP is in average (i.e., 
considering all the sizes studies) 5 % for the CaL processes, 29 % for the 
CoL and >99 % for the FeL (for which the BESP becomes negative, i.e., 
the FeL-TCES-H2 would be profitable as a H2-generation process without 
the need to sell dispatchable electricity). Note that the benefit of 
implementing CaL-TCES-CCS as compared to CaL-TCES is more notice-
able at larger process sizes: 38 % BESP reduction for the 250 MW size, 
whereas for the 100 MW the BESP barely changes and for 50 MW the 
implementation of side-business increases the BESP. The main reason for 
this is the fact that the CaL-TCES-CCS layout is formulated with an at-
mospheric discharging reactor that includes a steam-generation system, 
which is more expensive than the adiabatic carbonator of the CaL-TCES. 
With an increasing process size, the relative cost of the reactor is 
decreased (favored by the economy of scale) while the profit related to 
the CO2-capture services increases linearly. On the contrary, the FeL- 
TCES process shows the lowest BESP reductions with increased size, 
which indicates that the CAPEX is not playing as big role as compared to 
the linear O&M costs (largely dominated by the CH4 consumption). 
Looking at the TCES-focused processes, the results make evident that 
despite the favorable technical performance (i.e., higher energy effi-
ciency and dispatchability ratio) of CoL-TCES-OEA, both the Ca-based 
and Fe-based (i.e., CaL-TCES and FeL-TCES) show a better economic 
performance, due to the significantly lower cost of the solids materials.

It should be noted that the computation of the BESP as an economic 
assessment metric implies valuing equally the dispatchable and non- 
dispatchable electricity production. In reality, these will have different 
values (as the dispatchable electricity could be intentionally sold in 
periods of high electricity prices), which would reduce the BESP of the 
processes with larger rdisp (i.e., CaL-TCES, CoL-TCES-OEA and FeL-TCES, 
see Fig. 11). Considering that the main purpose of the present work is to 
compare the performance of the different processes, a capacity factor of 
100 % (ideal) was chosen. This assumption simplifies the comparison 
(by reducing the degrees of freedom), but naturally affects the resulting 
capacity of the reactors and storages, as lower capacity factors would 
result in higher costs and different BESP values.

The computed BESP values calculated in this work can be contex-
tualized by comparison with previously reported cost values of similar 
processes. For example, Muto et al. [83] computed a levelized cost of 
electricity (LCOE) of 56–59 $/MWhe for a CaL-TCES process using a 
synthetic sorbent. That is comparable to the CaL-TCES cost computed 
here (92–152 $/MWh), taking into account that only one reactor was 
considered by Muto et al. Among the investigations that evaluate the 
feasibility of the CaL process as a CO2-capture process to be imple-
mented in existing power stations, the study by Hanak and Manovic [79] 
included a comprehensive weighing of uncertainties and parametric 
variations. Their conclusion was that the production of electricity with 
CaL-CCS in place would have a cost within the range 50–150 $/MWhe, 
which is in line with our results.

The results presented here are aligned with several aspects high-
lighted in the economic analysis of different large-scale gas-solid TCES 
systems carried out by Bayon et al. [40] (who however disregarded the 
reactor costs, found in this work to play a crucial role): i) the cost of CoL 
processes is largely affected by the material cost and therefore not 
feasible for implementation in long-term storage; ii) despite the CaL 
having a lower energy efficiency than CoL, it results more attractive for 
TCES applications due to the very low material cost; and iii) the large 
economic potential of FeL when utilizing a reducing agent due to its high 
energetic efficiency. Regarding the last one, the range of BESP values 
calculated here (97–117 $/MWh for the FeL-TCES) is similar to the 
80–120 $/MWh reported by Porrazzo et al. [84] for a CH4 -based CLC 
power plant (i.e., without storage) and can be compared to the LCOE of 

conventional natural gas power plants (56 $/MWhe in 2019 according to 
[85]).

4.2.1. Parametric study
The low TRL of the processes assessed in this work entails large 

uncertainties on the costs reported. Thus, a parametric study is con-
ducted to examine how BESP of the different processes reacts to the 
variation of those parameters for which uncertainty is relatively large in 
terms of their role in the cost structure. Although the specific parameters 
included in the study differ among processes, the general aspects 
assessed here are: i) the cost related to the generation of the renewable 
high-temperature heat input, ii) the cost of cooling water, iii) the cost of 
solid material, the iv) the selling price of the by-product, and v) the cost 
of the reducing agent (for chemically-charged processes). The sensitivity 
study of BESP is presented in Fig. 13 and takes as base case the values 
presented in Section 3.3 (Table 6).

The cost of the renewable heat generation, disregarded in the results 
reported above, is varied up to 200 $/kW (the average cost for high- 
temperature solar receivers [86]). Such variation yields its highest 
impact for CaL-TCES, (BESP increases 28 %, see Fig. 13a), and the lowest 
impact for FeL-TCES (BESP increases 2 %, see Fig. 13e). This goes in line 
with the results shown in Fig. 12 that indicate that while the CaL-TCES 
cost structure is largely driven by the CAPEX, the FeL-TCES is driven by 
the OPEX. The increased BESP for the thermally-charged processes is in 
line with the figures predicted in [87] that estimated an added cost on 
the electricity production of 20–70 $/MWh when accounting for high- 
temperature CSP equipment.

The assumed cost for cooling water is tightly linked to the source 
available on-site. While the present work assumes an open-loop cooling 
circuit (i.e., water is taken from and returned to a nearby river or sea), a 
more CAPEX-intensive option (typically implying cooling towers) is 
required when a cooling water source is not available. As displayed in 
Fig. 13, an increase of 50 % in the cost of cooling water yields an average 
± 2.5 % variation on the computed BESP for processes with a Rankine 
power cycle.

The impact of the cost of solids material on the BESP is well in line 
with the share of the total investment cost that corresponds to the ma-
terial (plotted in Fig. 12). CoL-TCES-OEA and CoL-TCES-O2 processes 
(Fig. 13c and d) are found to be the most sensitive to changes in solids 
material cost, with their BESP increasing by 14 % when the Co oxide cost 
is increased by 50 %. On the contrary, Ca - and Fe- based process per-
formances barely notice (− 0.12 % − +0.5 % and − 0.36 % − +0.7 % 
respectively) a ten-times increase in material cost. It is important to 
notice that while the make-up flow of fresh material has not been 
included in the present work, these results based on the solids inventory 
provide a rough indication of the impact such aspect would have if 
accounted.

Results in Fig. 13 show that the byproduct processes are largely 
sensitive to the assumed selling price of the by-product/service pro-
vided. For example, the CaL-TCES-CCS process has a negative BESP of 
− 8 $/MWh when a carbon tax of 100 $/t is assumed (a realistic value in 
Europe as of 2023 [88]). This indicates that, as it was highlighted in a 
previous study [41], under such conditions the CaL-TCES-CCS process 
would be profitable as a carbon capture unit regardless of the electricity 
produced. The BESP of the CoL-TCES-O2 process changes by ±13–18 % 
if the selling price of O2 is varied to match a more optimistic estimate of 
the production cost of O2 through current commercial technologies (i.e., 
cryogenic separation or different types of membranes [89]). For FeL- 
TCES-H2 the BESP increases up to 99 $/MWh (i.e., similar than the 
TCES-focused process layout, FeL-TCES) for H2 selling prices dropping to 
1000 $/t (a representative value for fossil H2 with very low natural gas 
prices [90]). On the other hand, if the hydrogen H2 price is assumed to 
be 4000 $/t [74], the profitability of the process would reach a BESP of 
− 509 $/MWh.

Lastly, the need of a reducing agent for the charging makes the 
chemically-charged processes very sensitive to its cost. In the results 
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Fig. 13. Results from the parametric study for each of the six processes assessed. a) BESP variations on the CaL-TCES process when the renewable heat cost, cooling 
water cost and solid material cost are varied independently. b) BESP variations on the CaL-TCES-CCS process when the renewable heat cost, cooling water cost, 
carbon tax and solid material cost are varied independently. c) BESP variations on the CoL-TCES-OEA process when the renewable heat cost, cooling water cost, OEA 
selling price and solid material cost are varied independently. d) BESP variations on the CoL-TCES-O2 process when the renewable heat cost, cooling water cost, 
oxygen selling price and solid material cost are varied independently. e) BESP variations on the FeL-TCES process when the renewable heat cost, cooling water cost, 
methane cost and solid material cost are varied independently. f) BESP variations on the FeL-TCES-H2 process when the renewable heat cost, cooling water cost, 
hydrogen selling price, methane cost and solid material cost are varied independently.
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displayed in Fig. 13 the base cost assumed for CH4 (217 $/t) has been 
varied within 152–607 $/ton. It can be observed that for the higher 
value, which represents the possibility of using biomethane [91], the 
BESP is increased by 92 % in the FeL-TCES case and by 13,400 % in the 
FeL-TCES-H2 (i.e., to 206 and 385 $/MWh respectively), once again 
making the FeL-TCES-H2 less profitable than the FeL-TCES.

Based on parametric study conducted, several conclusions can be 
extracted. Firstly, that the CaL-TCES cost reported here is the most 
robust to the variations considered in the study. Secondly, that although 
the economic performances of the two Co-based processes are affected 
by the material cost and the by-product selling price, the BESP remains 
within the same order of magnitude (80–155 $/MWh for all cases 

Fig. 13. (continued).
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studied). Lastly, the study has shown that the best-performing process, 
FeL-TCES-H2 is extremely sensitive to the set of assumptions considered, 
becoming a less profitable option than the simpler FeL-TCES process for 
high CH4 and low H2 prices.

5. Conclusions

This work evaluates the techno-economic feasibility of the previ-
ously identified prime candidates for thermochemical energy storage 
(carbonates, thermally-reduced and chemically-reduced metal oxides) 
when deployed for high-temperature applications at large-scale. The 
cost structures for the processes considered differ significantly: while the 
cost of carbonate processes (Ca-based) is largely driven by the cost of the 
reactors, the influence of the solid material governs the feasibility of 
thermally-reduced processes (Co-based). Alternatively, chemically- 
charged process layouts (Fe-based) exhibit very large O&M costs 
related to the need for a reducing agent. In fact, due to the large amounts 
of reducing agent involved, the use of chemically-charged processes 
yield costs up to 10 times larger than for thermally-charged systems, but 
also the by far lowest a much lower BESP if co-generation of H2 is 
implemented in the discharge section of the Fe-based process. The re-
sults show that despite the more favorable technical performance of the 
Co-based processes (with electrical efficiency of 45 % and dispatch-
ability ratio of 1), the largest-sized Ca-based process with integrated CCS 
yields the best economic performance among the low cost (i.e., the 
thermally-charged) layouts considered, owing to the use of inexpensive 
material.

This study represents a first attempt towards linking thermodynamic 
conditions with large-scale process performance, and it reveals the need 
for further research in several areas. While the cost of the FB reactors is 
found to be a crucial element in most of the investigated cases, there is 
little knowledge regarding the design of large-scale solar FB reactors and 
their cost structures. Similarly, optimizing the process design and 
operation so as to maximize the performance and flexibility would 
largely enhance the computed costs. Lastly, given the expected varia-
tions of electricity prices as the shares of VRE in the grid increase, the 
dispatchability of electricity will gain added value. Thus, smart dis-
patching (specially of the processes with high dispatchability ratio) 
would yield improvements in the economic feasibility features reported 
herein.

Nomenclature

Abbreviations

ARx air reactor
BESP breakeven electricity selling price
CaL calcium looping
CCS carbon capture and storage
CLC chemical looping combustion
CoL cobalt looping
CSP concentrated solar power
FeL iron looping
FB fluidized bed
FG flue gas
G-G gas-gas
HX heat exchanger
NPV net present value
O&M operation and maintenance
S-G solids-gas
S-S solids-solids
SRx steam reactor
TCES thermochemical energy storage
VRE variable renewable energy

Variables

AHX heat exchanger area [m2]
C cost [M$]
C0 reference cost [M$]
CFi cash flow in year I [M$ year − 1]
Db bed diameter [m]
Dcyc cyclone diameter [m]
Ėchem chemical exergy flow [MW]
Ėtot total exergy flow [MW]
Ėphys physical exergy flow [MW]
E0,i standard chemical exergy of the component I [J kg− 1]
f scaling factor
Fch charging reactor mass flow rate [kg s− 1]
Fdisch discharge reactor mass flow rate [kg s− 1]
hi specific enthalpy of component I [J kg− 1]
h0,i specific enthalpy of component i at the dead state conditions 

[J kg− 1]
Idestroyed irreversibility generated [MW]
ṁAE,E equivalent air mass flow [kg s− 1]
ṁsteam mass flow rate of steam [kg s− 1]
p0
p00

partial pressure at the dead state conditions [− ]
pAE,out equivalent air pressure outlet [bar]
pfluid fluid pressure [bar]
pin inlet pressure [bar]
Q̇chem,in chemical energy input [MW]
Q̇chem,out chemical energy output [MW]
Q̇in net heat input [MW]
Qout heat output [MW]
r discount rate [%]
rdisp: dispatchability ratio [− ].
S sizing variable
tch charging time [h]
tdisch discharging time [h]
Tch charging reactor temperature [K]
T0 dead state temperature [K]
S0 reference sizing variable
si specific entropy of component I [J kg− 1]
s0,i specific entropy of component I at the dead state conditions 

[J kg− 1]
ug gas velocity [m/s]
Vreactor reactor volume [m3]
Vsteel volume of steel [m3]
Wel turbomachinery power consumption [kW]
Ẇnet net power [MW]
xi mass fraction of component I [− ]
ηex,f functional exergy efficiency [%]
ηex,t total exergy efficiency [%]
ηis isentropic efficiency [%]
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