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ABSTRACT

Thermochemical energy storage (TCS) systems are receiving increasing research interest as a

potential alternative to molten salts in concentrating solar power (CSP) plants. In this framework,

alkaline-earth metal carbonates are very promising candidates since they can rely on: wide

availability, low cost, high volumetric density (> 1 GJ m?), relatively high operating temperatures (>

800 °C), non-toxic and non-corrosive chemical nature, no occurrence of any side reactions involving

the production of undesired by-products. Therefore, their reversible calcination/carbonation reaction

with CO, can be used to store/release energy in CSP plants. However, in spite of these promising

features, TCS research field is relatively new and most of it is still limited to the lab-scale. Therefore,

great research efforts are needed to bridge the gap from fundamental research to real-scale application

and implementation of TCS-CSP systems.

This manuscript reviews the state-of-the-art of carbonate-based systems for TCS in CSP plants. In

particular, the literature has been in-depth analyzed, paying attention to: i) the materials development,

with a focus on the solutions available to improve the durability of the materials (namely the ability

to withstand repeated carbonation/calcination cycles); ii) the design of the reactor configuration for

both the solar-driven endothermic calcination and the exothermic carbonation reaction, focusing on
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the optimization of the reactor concept, based on the physicochemical properties and working

temperatures of the reagents.

Keywords: Thermochemical energy storage (TCS); Concentrated solar powers (CSP); Carbonate

looping; Carbonation; Calcination
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1 Introduction

Aiming at addressing the depletion of fossil fuel resources and the environmental issues associated

to their intensive utilization (especially CO, emitted by their combustion), the development and use

of renewable energy resources (RES) has been increasingly encouraged.!-> Among the available RES,

solar energy represents an infinite source; 173000 TW of solar energy impinges the earth

continuously, which is 10000 times more than the total energy requirement of the world.*> Despite

being infinite, solar energy suffers from an intrinsic dilute and intermittent nature; indeed, solar

insolation is seasonal and location-dependent, also varying significantly in the course of a single day

at a particular site, which limits the period of electricity production to about 7-8 h per day.°

In this framework, a viable and promising solution is represented by concentrating solar power (CSP)

plants combined with thermal energy storage (TES), whose main concept consists in solving the

mismatch between the electricity demand and solar electricity production’® A TES-CSP plant is

basically composed of the following main parts: collector, receiver, thermal energy storage and

electric power block (Fig. 1).? The solar radiation is concentrated in the collector and then transformed

in thermal energy in the solar receiver, which is basically a heat exchanger, by heating up a fluid (heat

transfer fluid, HTF). Then, through the HTF, the thermal energy is transferred from the receiver to

the power block. Obviously, the HTF must be selected on the basis of the temperature range in which
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the HTF is thermally stable, and on the basis of its physical properties (e.g. heat capacity, density,

and thermal conductivity). In this framework, several HTFs can be used, such as molten salts, liquid

metals (like sodium), water/steam, air, or even moving solid particle streams.®!%!! Regarding the

power block, the thermal energy is first transformed into mechanical energy through a

thermodynamic cycle and then converted into electricity by a generator. Among the available

thermodynamic cycle, the most commonly implemented in commercial CSP plants are the Rankine

cycle (working with steam) and the Brayton cycle (operating with gases, air).'?> Both these concepts

may be improved using, for example, supercritical steam or supercritical CO, and combined cycles

(Rankine—Brayton).'? Finally, regarding the storage system, the working principle consists in

collecting the solar energy in excess, thus storing the fraction that is not used for immediate electricity

generation in order to use it subsequently when it is needed. More specifically, the excess thermal

energy is stored during the on-sun hours (charging period), whereas, during off-sun hours (i.e. when

the solar resource is not sufficient to produce enough electricity), it is retrieved for electricity

production (discharging period).!*> Therefore, the CSP-TES integration would provide an excellent

remedy for fixing the mismatch between energy supply and demand deriving from the intermittent

nature of solar energy, i.e. enabling energy availability over a 24-hour cycle.” It is clear that CSP

plants integrated with TES require a larger solar field, thus implying higher investment costs, but, at
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the same time, they are also characterized by a higher solar-to-electricity efficiency, due to the larger

(round-the-clock) electricity production.!4
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30 Figure 1. TES-CSP scheme.

34 Clearly, in this scenario, developing low-cost systems with high-energy storage density and stability
37 is of utmost importance to limit the expenses of CSP plants deployment, since the thermal energy
storage subsystem counts for about 18% of the total investment of a solar power plant;'> hence,
44 reducing TES costs will positively affect the minimization of the levelized cost of energy (LCOE)."
47 It is also noteworthy that, besides storage energy density and costs, the temperature range in which
the TES system is operated is crucially important because the storage media must keep its stability at
54 temperatures compatible with the working conditions of the other sections of the CSP plants (receiver,
57 HTF and heat engine).!> More specifically, it must be considered that the exergy efficiency
(depending on the ratio between the released and stored heat and the difference between HTF

6
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temperatures in the TES charge stage) can be maximized, besides reducing heat losses, also using

charging and discharging temperatures as much similar as possible.®

Depending on how the heat storage is accomplished, TES can be classified as:*

e sensible heat storage (SHS) — thermal energy is stored as sensible heat, i.e. by the temperature

change experienced by a storage material;*

e latent heat storage (LHS) - thermal energy is stored as heat of fusion, i.e. by the phase change

experienced by a storage media, known as phase change material (PCM), at constant

temperature;*

e thermochemical heat storage (TCS) — thermal energy is stored as heat of reaction, i.e. by the

energy absorbed (charging step - endothermic reaction) and released (discharging step -

exothermic reaction) when molecular bonds are broken and reformed, respectively, in a

reversible chemical reaction.!®

The main characteristics of all the TES systems are summarized in Table 1.

To date, commercial CSP plants mainly employ SHS solutions using molten salts (mixture of nitrates

like Solar Salt, NaNO;—KNO;, and nitrides and nitrates like commercial Hitec,

NaNO;—-NaNO,—-KNOs3) as storage medium in a two-tank storage configuration; other commonly

used liquids are water and oils (mineral, synthetic, silicone), whereas, typical solid media are
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concrete, rocks, or sand.'> Despite being deployed at industrial scale, several major concerns are

associated with these systems, which end up in severely penalizing the CSP plant performances and
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18 volume requirement;
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26 storage !8;
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30 e high material cost (~ 900$/tonne);!°
31
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33
34
35
36
37
38 - 600 °C to avoid salt degradation);!8

39

40

41

42 e Very high risk of solidification due to relatively high freeze point (~240 °C), which implies
43
44
45
46
47
48
49 consumption, for keeping the salts above their solidification temperature.'3
50

51

52

;31 Table 1. Characteristics of TES systems.!’

poor storage capacity due to inferior energy density (~ 0.2 m3),!” implying massive storage

e salt corrosiveness, requiring the use of expensive highly resistant materials for transport and

e low power cycle efficiency caused by the limited maximum working temperature (about 550

severe O&M issues and the necessity of installing auxiliary heaters, i.e. additional energy

55
56
57

Reaction SHS LHS TCS

o Small Medium High
Power density

60 ~ 50 kWh m?3 ~ 100 kWh m?3 ~ 500 kWh m?3
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Energy density
Storage temperature
Storage period

Transport
Complexity
Maturity

~0.02 - 0.03 kWh kg
Small
~0.2GJm?3
Charging step T
Limited (hour/days due
to heat losses)
Small distance
Simple

Commercial scale

~ 0.05-0.1 kWh kg
Medium
~0.3-0.6GJm?3
Charging step T
Limited (hour/days due
to heat losses)
Small distance
Medium

Pilot scale

~0.5-0.1 kWh kg3
High
~0.5-4GJm3
Ambient T

Unlimited

Unlimited
Complex

Lab scale

As regards LHS, they can rely on higher energy densities (~100 kWh m=3)* with respect to SHS

systems and on the ability to operate at near-constant temperatures during both charging and

discharging. The most investigated comprise metals (Zn, Al), metal alloys (Mg—Zn), salts (alkali

nitrates, hydroxides, or chlorides), or salt mixtures (KNO;— KCl).!>? However, PCMs also suffers

from important shortcomings, such as: corrosion of metallic walls, chemical instability, phase

segregation and uncertainty over long-term thermal behavior.'® On the contrary, TCS can potentially

overcome the above-mentioned issues due to several benefits including:

e high energy density (up to 4 GJ m),!” thus making possible to store a greater amount in the

same volume in comparison to both SHS and LHS. This is particularly relevant in applications

where there are space limitations;"”
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non-toxic reactants which can be stored separately after the dissociation reaction also at

ambient temperature. This make it possible to remarkably extend the storage time and to

improve the system generation elasticity. Moreover, these storage conditions also

considerably limit the heat losses, which still represent a crucial challenge in traditional

storage systems, such as those based on molten salts;!°

high thermal stability and working temperatures (> 600 °C) leading to high power generation

efficiency, according to the second law of thermodynamics and Carnot efficiency.?’ However,

it is also important to point out that the working temperature range affects, besides the

thermodynamic efficiency of the power block, also the solar collection cost, i.e. the required

area of the solar mirror field, which represents about 60 % of the whole CSP plant costs.?! In

this framework, a distinction should be made between the temperature of the endothermic

reaction, whose increase implies a larger area of solar mirror field (i.e. larger solar collection

cost), and the temperature of the exothermic reaction, whose increase leads to an enhanced

thermodynamic efficiency of the power cycle. This aspect has been carefully discussed by

Peng at al.,?> showing that for each reaction system, it is possible to evaluate an optimized

working temperature range. In particular, the Authors showed that the collection cost is

inversely proportional to both the receiver efficiency, which decreases with increasing the

10
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temperature of the endothermic reaction (leading to greater radiation and convection losses),

and turbine efficiency, which increases with increasing the temperature of the exothermic

reaction. Therefore, as a general rule, the collection cost can be limited by reducing the

endothermic reaction temperature and increasing the exothermic reaction temperature.

However, in spite of these promising features, TCS suffers from some issues that are still object of

research investigation, such as: material degradation leading to material stability/durability issues,

complexity of reactor design, poor heat and mass transfer performances. Therefore, great research

efforts are still needed to bridge the gap from fundamental research to real-scale application and

implementation of TCS-CSP systems. First of all, cost effective, abundant and affordable materials,

characterized by high energy density, multicyclic stability and fast kinetics for heat storage and

release, are needed. Besides the materials, further research and technological developments are

required for the design and set-up of optimized reactor configurations and large-scale integration,

thus maximizing the efficiency of the heat transfer between the storage medium and the high

temperature solar receiver.

2 Thermochemical energy storage (TCS)

TCS systems rely on reversible chemical reactions (Eq. 1). In particular, during the endothermic

reaction, serving as charging step, a reactant (A) is converted in the products (B and C) thanks to the

11
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energy provided by the sun 2. The obtained products are then stored and subsequently re-used in the

reverse exothermic reaction, serving as discharging step, in which the stored energy is released.?*

A+AH,oB+C (1)

Clearly, the heat (Q) storable in the material is proportional to the molar reaction enthalpy (AH,), the

moles of reactant A reacted (n)) and the conversion degree (X) according to:

Q=nj-AH,-X (2)

As briefly discussed in the previous paragraph, the great interest in TCS systems is mainly due to

their remarkable benefits with respect to SHS and LHS systems, i.e. higher energy storage densities

(8-10 times higher than SHS, and two times higher than LHS),?> which is potentially not affected by

any loss during long-term storage when the products of the reaction (B and C) are stored separately.

Besides, TCS can rely on a great flexibility due to the huge number of viable reversible reactions,

which makes it possible to select the most appropriate one for the desired working temperature range

to be used at the solar receiver and power block.2®

In this framework, the ideal heat storage media/reactions should be characterized by several

distinctive features:*1215

12
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High energy storage density — it should be as high as possible in order to reduce the required

weight/volume of the system and, consequently, the material requirement. Target values -

>300 kWh-m™3 or >1000 kJ-kg~!.1?

High working temperatures - the higher the temperatures the higher the power generation

efficiency (according to Carnot’s theorem), up to certain limit established by radiative heat

losses. Target values - for the charging step 700 °C < T < 1500 °C.!?

High cycling and chemical/thermal stability — since TCS materials and processes are meant

to last long periods in a CSP plant, the use of reversible chemical reactions in a cyclic way is

necessary and the material multi-cyclic stability must be carefully monitored in order to get a

full understanding of the chemico-physical changes that can occur at the severe high-

temperatures operating conditions of TCS reactions. In this framework, limited

degradation/deactivation of the storage materials over prolonged cyclic operations delays its

replacement and reduces maintenance costs. Target values - several years of continuous

operation, i.e. >1000 cycles with no significant reduction of the performances.!?

Strong mechanical properties — the physical/mechanical integrity of the storage media must

be ensured in the long term over prolonged cyclic operations.!? As a matter of fact, solid

materials are prone to undergo morphological degradations and/or structural transformations

over repeated cyclic operations, thus affecting their total storage capacity. For example,

13
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particle sintering and agglomeration phenomena can typically occur at high temperatures

hindering the gas-solid contact efficiency and, consequently, resulting in slower reactions and

eventually in loss of the multi-cyclic activity. Besides, limited thermal stresses, contained

volume change and, in the case of fluidized beds, low attrition degradation is also required.

Low-cost storage material - inexpensive and abundant (i.e. available at large-scale) materials

are required to guarantee economic viability steady supply. Target values - 4.2$ MJ~! (15 $

kWh™!) DOE (2020).1227

Low toxicity, flammability, and corrosion - non-toxic, non-corrosive, non-flammable, and

non-explosive materials, which can be easily and stably stored, are desirable to simplify

handling and operation of the plant, and, eventually, safe disposal.

Fast and stable kinetics of both the forward and reverse reactions — fast kinetics are required

to facilitate the energy charging and discharging steps. Target values - it depends on the

specific plant configuration, which determines the duration of the cycles.

Favorable reaction thermodynamics - a decisive role when selecting the most appropriate

reaction is played by thermodynamics, from which the working temperatures and the reaction

enthalpy derive. Considering that the reaction enthalpy defines the amount of energy that the

can be stored/exchanged in the TCS system, preliminary thermodynamic analyses are

commonly required, once the specific power block is defined, to establish the merit and the

14
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suitability of a certain reaction with respect to others (e.g. a TCS system envisaging the

exothermic reaction to occur at a discharging temperature of 1000 °C cannot be integrated

with a Rankine cycle but in an Air Brayton cycle).!?

High optical absorptivity and thermal conductivity — aiming at maximizing the amount of

collected heat, the storage materials should be characterized great optical and thermal

properties. As a matter of fact, materials with weak ability of collecting the solar energy either

directly, via absorption of the solar radiation, or indirectly, via conduction, make it difficult

to reach the high temperature needed to drive the endothermic calcination reaction.?®

Therefore, the improvement of the sorbent optical and thermal conduction properties

represents one of the most crucial challenges in the framework of the CalL-TCS for CSP

applications.?

Table 2 reports the storage properties of some of the most investigated and promising TCS

reactions, whereas, Table 3 summarizes their advantages and drawbacks. High-temperature TCS

reactions, applicable to CSP plants, can be classified according to the nature of the material involved

in the reversible reactions: solid-gas, liquid-gas, and gas-gas systems. Among all the these, the solid-

gas reaction pairs (including carbonates, hydroxides, metals oxides and metal hydrides) are

considered to be one of the most promising solution since the main products of their reactions are

solids that can be stored easily.’ Therefore, the present review will be only focused on solid-gas

15
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systems. Clearly, the nature of the reactants and the specific type of reaction have a great impact on

the selection and design of both the storage and the reactor scheme.3! For example, gas—solid TCS

systems can be also classified into: i) open systems — the gaseous reactant/product (i.e. air) is released

to the atmosphere (thus avoiding gas storage); ii) closed systems - the gaseous reactant/product (e.g.

CO,, H,, etc.) is stored in a separate tank (condensable gases, such as H,0, can be easily kept in

simple reservoirs, whereas, non-condensable gases require pressurized tanks).!?

Considering all the features that a storage material should have, and the unavoidable combination of

pros and cons characterizing each system (Table 3), one of the most promising class of gas-solid

systems for high-temperature TCS in CSP plants consists of those relying on the reversible

decomposition of metal carbonates; indeed, they can rely on a great number positive features:'° low

material cost (e.g. ~10$/tonne for CaCO;/CaO and ~600 $/tonne SrCO5/SrO), great availability, non-

toxicity, very high energy density (up to 4 GJ m>) and reaction enthalpy, very high operating

temperatures (> 800 °C), no need of catalyst, reactions occurring without by-product formation, very

wide experimental feedback coming from CCS applications and cement industry.

16
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Table 2. Promising high-temperature TCS reactions.
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REACTION ! P AR Fe B Ref.
O (atm) kImol! kJkg! GIm?3

SOLID-GAS
Carbonates
CaCO3 + AH <Ca0 + CO, 895-1273 1-10 178 1494 3-4 432.33
SrCO3 + AH <Sr0 + CO; 900-1200 1-2 234 926 4 34
BaCO3 + AH <Ba0 + CO, 1560 1 273 278 - 2035
Hydroxide
Ca0 + H,0 «<Ca(OH); + AH 400-600  0.1-10 104 2000 1.64 35-37
Metal Hydrides'
Ca + Hy~CaH, + AH 1100-1400 1-5 186 3857 7.37 38,39
CaAl, + Hy—CaH, + 2A1 + AH ~600 - 83 865 1.49 40
Mg + HpMgH; + AH 300-480 1-63 75 2160 3.99 41
2Mg + Fe + 3Hy>MgyFeH, + AH 300-500 0-60 77 2106 5.77 42
Mg2Ni + 2H,oMg,NiH, + AH 253-523 1-20 65 1160 3.14 3843
2TiH + H,&2TiH, + AH 650-750 1-10 170 890 4.01 44
Metal Oxide
2C0304 + AH<6C00 + 0, ~900 ~1 200 844 0.72 4546
6Mn;03 + AH-4Mn303 + 0, 1000 1 32 204 0.23 4748
2Ba0; + AH&2Ba0 + 0, 727-1027  0.11-1 77 468 2.90 49
4Cu0 + AH&2Cu,0 + 0, 1030 ~1 64 811 - 4750
LIQUID-GAS
NH,HSO, + AH&NH; + H,0 + SO 417 1.5 336 - 3.01 32

ACS Paragon Plus Environment
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T= operating temperature range; AH = Entalpy of reaction; E, = gravimentric energy density; E, = volumetric energy density

IAH [=] k] molg;!

Energy & Fuels

GAS-GAS
2NH; + AHoN, + 3H,

CH, + H,0 + AHo3H, + CO
CH,4 + CO, + AH&2H; + 2CO
2505 + AH&2S0, + 0,

400-700  100-300 67
1000-1500  20-150 250
1000-1500 3-4 247
1000-1500 1-5 198

3924

3924

6.75E-4

2.81E-2

2.77E-2
2.33

51

52

52

52,53
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Table 3. Advantages and disadvantages of potential high-temperature TCS systems.

Page 20 of 142

Material Advantages Disadvantages Technology status
Low material cost
Abundant
Non-toxic
e Limited reversibility
High volumetric energy density
e Limited cyclic stability )
Carbonates High operating T (up to 1500 °C) Lab-scale and pilot-scale (CaL CCS)
e Sintering and agglomeration
No catalyst needed
e (O, storage
No by-product
Similarity to cement industry
Experimental feedback from CCS
Low material cost
Abundant
) Non-toxic e Agglomeration )
Hydroxide Lab-scale and pilot-scale
Good reversibility e Side reactions
No by-product
Experimental feedback
e H, storage
High volumetric energy density
_ e H, embrittlement )
Metal hydrides High reversibility Pilot-scale

No by-product

e High material cost

e High operating pressure

ACS Paragon Plus Environment
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Metal Oxides

Ammonia synthesis

Methane reforming

Good reversibility
No by-product

No catalyst needed

Easy to control
No side reactions

Vast industrial experience

High operating T (up to 1500 °C)

High gravimetric energy density

Industrial feedback

Catalyst needed
Slow reaction kinetics

Sintering

Toxicity

High material cost
Scarcity of materials
O, storage

Medium energy density

Sintering

Low operating T
Toxicity

High cost of containment
Corrosiveness

H,/N, storage

Catalyst needed

High operating pressure

Low volumetric energy density
Catalyst needed

High cost

Toxicity of CO

Low reversibility

Side reactions

Lab-scale

Pilot-scale

Pilot-scale

ACS Paragon Plus Environment
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S05/0,/SO, system

High operating T (up to 1500 °C)
Industrial feedback from production of

sulfuric acid

e H, storage

e High operating pressure

e Low volumetric energy density
o Toxicity
e High corrosiveness

e Catalyst needed

Lab-scale

ACS Paragon Plus Environment
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Aiming at evidencing the increasing research interest in both TCS and carbonate-based TCS systems,

a thorough bibliographic research has been carried. In particular, the statistics on the number and

oNOYTULT D WN =

10 trend of published articles (TCS, number of published papers = 1454; Carbonate-based TCS, number
14 of published papers = 333) has been analyzed, by means of the “search” and “analyze search results”
17 tools provided by Scopus (Elsevier); the relative graphs are shown in Fig. 2. The result of literature
survey, clearly evidences that the number of published papers in the last decade has experienced an

24 exponential growth, thus proving the increasing relevance of the topic.

250 100

200 A 80 A

150 A 60 -
100 - 40

50 - 20 4

Number of papers
Number of papers

0 Py Py Y

39 0 - T ; : 7 T :
1870 1980 1990 2000 2010 2020 2030 1990 1995 2000 2005 2010 2015 2020 2025

41 year year

45 Figure 2. Time evolution of the number of papers published about TCS (a) and carbonate-based TCS

(b) systems.

53 The bibliographic survey has been further analyzed refining the results obtained and limiting them

56 only to the “review” type papers (TCS in general and TCS by means of carbonate-based systems).

Table 4 reports the information of all the published review papers. Twenty-six review papers have

22
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been published about TCS (starting from 2011 until 2022); among these, twenty-one papers are more

generically focused on the different types of TCS systems and, therefore, only refer to carbonate

systems as one of the possible alternatives. On the contrary, five papers (highlighted in Table 3) are

more specifically focused on carbonate-based TCS systems, starting from 2019 until 2021.

23
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1
; Table 4. Review papers on TCS.
4
5
6 Source Publication date Review scope
7
8
9 Presentation of TCS systems and critical comparison with other TES technologies
Abedin?* 2011
10 o TCS candidate materials and their properties tabled without further discussion
1 Brief review of TCS systems based on metal hydrides, metal hydroxide and metal carbonates
12 Felderhoff* 2013
13 o Metal carbonates briefly presented in their most basic features
14 Review of chemical reactions (gas-gas, gas-liquid and gas solid) for high temperature TCS
15 Pardo et al.3? 2014
16 o Brief discussion on pros and cons of carbonate-based systems
17 Review of TCS systems for chemical heat pumps and adsorption/absorption cycles
18 Aydin et al.?> 2015
19 o No reference to carbonate-based systems
20 Overview of solar TCS systems in their basic principle and main components
Wu and Long> 2015
21 o Metal carbonates briefly presented in their most basic features
22
23 Insight into the promising candidate reactions for TCS systems
Yan et al.» 2015
24 o Metal carbonates briefly presented in their most basic features
2> Overview of high temperatures solid-gas TCS systems with screening of the most suitable materials and selection criteria
26 André et al.>® 2016
27 o Metal carbonates briefly presented in their most basic features
28 Review of TCS systems based on redox reactions, sulfur-based cycles and metal oxide reduction—oxidation cycles
29 Prieto et al.”’ 2016
30 o CaO/CaCO; system discussed with a focus on the carbonator/calciner design
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More specifically, two reviews are focused on a very specific aspect of the process: Fedunik-Hofman

et al.%? reviewed the kinetics of solid-gas reactions and their application to carbonate looping systems

for both CCS and TCS applications; likewise, Ortiz et al.®, critically assessed the technology needed

to scale up the Ca-Looping process for both CCS and TCS applications. Yang et al.??, Khosa et al.®

and Ortiz et al.,!” on the contrary, addressed the process in a more systematic and extensive way,

namely not focusing on only one aspect of the process; however, these three reviews are specific on

the CaCO3/CaCO couple, i.e. not considering other alternative carbonate systems.

The results of the above-discussed literature survey evidenced that providing a critical review of the

state-of-the-art carbonate-based systems for TCS-CSP applications is indeed in need and timely. In

particular, the literature has been in-depth analyzed, paying attention to the materials and reactor

configurations, thus tracing the main paths currently pursued toward the development of suitable

TCS-CSP systems.

3 Carbonate-based TCS systems

Alkaline-earth metal carbonates can be used in TCS applications through their reversible

carbonation/calcination reaction with CO, (Eq. 3).%°

MCO3; +AH &MO + CO; (1)
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From the thermodynamic point of view, the system is strongly dependent on the CO, partial pressure

(Pco) **. In particular, the CO, partial pressure at equilibrium (P¢},) is equivalent to equilibrium

constant and, hence, it can be calculated as:

. AGY(T)
¢b, = exp( — T RT )

(2)

where R is the universal gas constant, T is the temperature and AGY,,(T) is the standard state Gibbs
free energy change for the reaction at temperature T.%7 It can be inferred that, at a fixed temperature,
increasing values of P}, shifts the thermodynamic equilibrium towards the carbonation reaction,

thus resulting in a greater carbonation conversion 32. Likewise, at a constant P¢},, decreasing values

of temperature also favors the carbonation reaction thermodynamically.

Alkaline-earth metal carbonates are very promising candidates since they can rely on: wide
availability, low cost, high volumetric density (> 1 GJ m?), relatively high operating temperatures (>
800 °C), non-toxic and non-corrosive chemical nature, no occurrence of any side reactions involving
the production of undesired by-products.’® The relevant storage properties of some of the most

investigated carbonates are reported in Table 2.

More specifically, the endothermic decomposition of the carbonate (MCO3) in the metal oxide
(MCO) and CO, is performed in the calcination reactor, at relatively low temperature (< 800 °C) and

low partial pressure of CO, (Pco,), thanks to the heat adsorbed at the solar receiver. Then, the
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exothermic reaction between MO and CO,, which can be stored separately, is carried in the

carbonation reactor to release the heat previously stored. In particular, this reaction might be

performed at the highest temperature (> 800 °C) and high CO, partial pressure in order to enhance

the efficiency of the power cycle.

The following sections review the most promising carbonate-based systems to be applied for TCS-

CSP applications.

3.1 Ca0/CaCOj; (Ca-Looping)

Among the possible MCO3/MCO systems, the couple CaCO3/CaO is one of the most investigated

one in the so-called Calcium Looping (CaL) process.?%-986 In the recent years, CaL has been mainly

studied for CO, capture and storage (CCS) applications,®>’%7! namely aiming at reducing CO,

emissions to the atmosphere, and it has been successfully demonstrated at pilot-scale level.”> As

regards the application of CaL in the framework of TCS for CSP plants, the first concepts were

proposed in the late 1970s73-75 and, most recently, several studies have been also published regarding

Ca-based materials for TCS applications.®876-80 Besides, several international projects are focused on

the CSP-CaL integration . A scheme of the Cal.-CSP process is reported in Fig. 3. The endothermic

calcination reaction is carried in the calciner using the concentrated solar power, thus releasing CO,

and CaO as products that are stored separately. When energy is needed, the stored products are sent
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in the carbonator, wherein the exothermic carbonation reaction takes place, thus releasing the stored

energy, which is used to run the power cycle.

As a matter of fact CaL can rely on a huge number of remarkable advantages: i) limestone, is indeed

the second most abundant material on Earth after water and, therefore, it is rather cheap, which is

essential for TCS systems to be massively and sustainably developed and deployed at large-scale; ii)

the theoretical energy density of the CaCO3/CaO (about 3-4 GJ m™) couple is one of the largest

available among all the gas-solid candidates for TCS, thus allowing the maximization of the storage

capacity;!® iii) as shown in Table 2, the reversible carbonation/calcination reaction of CaO/CaCO;

with CO, can provide an equilibrium temperature of 895 °C (at Pco, = 1 atm), which is suitable for

operating high-efficiency power cycles, such as the supercritical CO,-based Brayton cycle, ultra-

supercritical H,O-based Rankine cycle and dish Stirling cycle.*

HEAT

CALCINER EXCHANGER

Figure 3. CaL-CSP scheme. °
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However, in spite of these favorable features, the Cal process suffers from some important

shortcomings mainly regarding the CaO multi-cyclic stability, which, as discussed in the previous

sections, is one of the most important and distinctive parameters in assessing and selecting a storage

media for TCS. More specifically, the decline in CaO reactivity implies the need to use large-sized

equipment due to the huge presence of non-reacting solids in the system; this means that with

increasing the CaO deactivation, the amount of inert solid, which must be conveyed, pre-heated,

cooled and processed through the plant, also increases, thus leading to a loss of the overall plant

efficiency.!® In this context, it has been shown that the overall thermal-to-electric efficiency can be

enhanced by more than 10% points and 2-3% points if the CaO residual conversion is increased from

X = 0.007 to X = 0.5, in the case of ambient-temperature®' and high-temperature®> solids storage,

respectively. Therefore, enhancing the CaO multicycle conversion is of utmost importance.

As a matter of fact, the actual deployment of the Cal process as a viable TCS system has been

critically undermined by the multi-cyclic CaO deactivation, which has been largely reported in the

literature concerning the use of CaL for CCS.% However, in this context, it must be considered that

the CaO deactivation is strongly dependent on the operating conditions (i.e. temperature, pressure

and gas composition).?* Indeed, in the case of CCS, CaL operating conditions are strictly determined

by the requirements associated with the CO, capture and storage stages. More specifically, the
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calcination conditions are dictated by the necessity to extract from the calciner a high-concentrated

CO, stream, which is then destined to the compression and sequestration stages. Hence, calcination

is carried out at the highest possible temperature (~ 950 °C) under high CO, partial pressure.

Likewise, the carbonation conditions are dictated by the CO, concentration in the combustion flue

gas (10-20 %vol.) fed to the carbonator reactor; hence it is carried out under low Pcq, at the lowest

possible temperature (~650 °C) dictated by the reaction thermodynamics.”” On the contrary, in the

case of TCS, the CO, capture/storage requirements are no longer an issue and, hence, the operating

conditions are more flexible and can be purposefully tuned in order to minimize the CaO deactivation

and, in turn, maximize the overall efficiency and electricity generation of the CSP plant. Therefore,

the carbonation can be performed at the highest CO, partial pressures and temperatures (> 800 °C),

thus maximizing the thermal to electricity conversion efficiency of the power cycle.”” Likewise, the

calcination can be performed at relatively low temperature (~750 °C) and CO, partial pressures, i.e.

using a gas easily separable from CO, (e.g. superheated steam or helium), thus also limiting costs and

allowing the use of already available solar receiver.?* In this framework, a major point to be taken

into account is the need to realize a process with no additional CO, emissions. This can be achieved

integrating CalL with a closed Brayton cycle,®! which means that the plant does not need to be

continuously fed by any gas stream (this goes for both CO, and helium, which is a very expensive

gas). According to these process scheme integration, the carbonator is fed with a pure CO, stream
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using a molar rate well above that needed for the carbonation stoichiometry. Then, the excess CO,,

which leaves the carbonator unreacted, serves as HTF in the power cycle, i.e. it removes the heat
released by carbonation, expands in a gas turbine for power production and, afterwards, it is

compressed and stored for the subsequent cycles.

3.1.1 Multi-cyclic decline of CaO reactivity and technological solutions

It is well-known that, while the calcination reaction is complete, the carbonation reaction is

incomplete . In particular, the CaO carbonation takes place according to two different mechanisms,

as clearly illustrated in Fig. 4:

e Fast kinetics-controlled stage - at the beginning, carbonation occurs relatively fast with CO,

molecules getting adsorbed on the free surface of the CaO particles.”®# In this initial stage,
the reaction is not only controlled by the reaction kinetics itself, but also by the mass and heat
to the particles surface,”” meaning that carbonation can be strongly hampered by poor

gas/solids contact efficiency.”®

e Slow diffusion-controlled stage — as the carbonation reaction proceeds, a thin CaCO; layer is

formed on the CaCO surface, which make the reaction shifts to be controlled by the diffusion

of CO, molecules through the limestone layers before reaching and continue to react with the

sill available CaO surface (beneath the product layer)?” (Fig.5).
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1 - Kinetically-controlled stage

2 - Critical product layer

Ion conversion

@ 3 - Diffusion-controlled stage

Carbonat

Time

Figure 4. Carbonation reaction time evolution. Xx = CaO conversion in the kinetically controlled

stage; Xp = CaO conversion in the diffusion-controlled stage.

Therefore, CaO is observed to undergo a dramatic decline in its carbonation activity over multiple

carbonation/calcination cycles, which is ascribable to the CaO deactivation caused by sintering, pore

pugging and agglomeration.”” This issue has been object of intense research activity especially in the

framework of CO, capture applications®®*° and most recently also for TCS applications,!*=%3 in

which it is tightly linked to the achievable energy density. In particular, several solutions have been

proposed to limit the CaO deactivation,’ such: hydration, thermal activation, synthesis of Ca-based

sorbents with enhanced activity and use of fine CaO/CaCO; particles.
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Complete Calcination Carii'r:i:tlion
Carbonation
gg(g)o 000 Sintered) _____, @
o3 e 8 8 O CaO
Fresh CaO CacCo, layer

Figure 5. CaO sintering process.

3.1.1.1 Hydration

It has been shown that hydration can be used as an intermediate step to reactivate the sorbent * to
due to an improvement of the morphological features of the sorbent particles, in terms of both surface
area and particle distribution. Indeed, the penetration of H,O molecules in the inner core of the spent

sorbent results in its and reactivation,’® occurring according to Egs. 3 and 4:

CaO(s) + H,0 (l)<—>Ca(OH)2(s) + AH (AH =-67kJ mol'l) (3)

CaO(S) + H,0 (Q)HCa(OH)Z(s) + AH (AH = -104 kJ mol!) 4)

More specifically, when hydrated, CaO is converted to Ca(OH),, which causes an increase in the
molar volume (CaO = 16.9 cm?® mol™!; Ca(OH), = 33.7 cm? mol!) and a decrease in density (CaO =
3.32 g cm3; Ca(OH), 2.20 g cm™3).%7 Then, the hydration step, which causes the swelling of CaO, is
followed by the decomposition of the produced hydrate, which leads to the formation of fractures

inside the core of material; hence, porosity and surface area of the material are enhanced allowing an

easier diffusion of CO, during the carbonation steps (i.e. pore blockage phenomena are reduced [1]).

In particular, it has been shown that CaO formed after the calcination is characterized by a structure

and reactivity similar to the original one, thus meaning that the CaO cyclic stability can be remarkably
35
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enhanced with hydration.”® It is also noteworthy that hydration positively affects the reactive
performances not only of natural lime/limestone,”?-192 but also dolomite!®® and synthetic

sorbents.102

Hydration can be achieved in either wet (water hydration) or dry mode (steam hydration). In the
former mode, water at a low temperature is used to soak the sorbent; in the latter, steam is used to
hydrate the sorbent.!04195 Besides these two modes, hydration can be also performed using other
substances, such as ethanol solution with water.!% Among them, it has been shown that water
hydration is the most effective solution in terms of recovered sorbent activity'%” and reaction kinetics
(i.e. wet hydration is typically faster than steam hydration).?® Specifically, wet hydration typically
occurs in tens of minutes, whereas, dry hydration takes place in a few hours.”® However, hydration
with water has the major shortcoming of dramatically reducing the mechanical strength of the
regenerated sorbent, thus resulting in a higher tendency for particle attrition as compared to steam-
hydrated sorbents.!%® Besides, wet hydration suffers from practical difficulties due to the high energy

penalty associated with the necessity to dry humid hydrated lime.%¢

In spite of being more attractive from the practical point of view,!?” steam hydration is crucially
limited by the high energy requirements needed for steam generation; the economics of the process
becomes a major concern especially if steam is specifically produced for the sorbent reactivation
only.”® Therefore, the high energy penalty due to the steam generation can reduced by exploiting the
recovered heat within the process to produce steam. Also concerning the economics of the process,
Zeman®’ showed that, besides the obvious improvement of the sorbent activity, lime hydration can
indeed make the process more cost-effective due to the reduction of the sorbent replacement (i.e. the
need of fresh sorbent makeup, to counteract the deactivated sorbent, is remarkably limited).
Specifically, when hydrated, the lime inventory can be reduced of about 40% with respect to the un-

hydrated case.!®
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The hydration method can be also classified according to the stage in which it is carried out: during
carbonation (in the carbonator),”*-1%® during calcination (in the calciner)?>!1%-114 and in a separate
stage (in a separate hydrator). °7-110.115-119 Regults of hydration studies performed in different position
(carbonator, calciner or separate hydrator) are summarized in Table 5. In this framework, it is also
important to underline that the thermicity of the hydration/de-hydration reaction should be taken into
account when defining its position in the process. De-hydration (reverse of Egs. 3-4) is, indeed, an
exothermic reaction, meaning that it requires heat to occur.’® Thermodynamically speaking, the best
solution would be performing the hydration in a separate reactor rather than in in either the calciner
or carbonator.!% As a matter of fact, if the decomposition of Ca(OH), is carried out in the carbonator,
the heat released due to the exothermic carbonation reaction can be exploited, even though a reduction
of the carbonation rate may be observed.!?® On the contrary, if the decomposition of Ca(OH); is
carried out in the calciner, wherein the endothermic calcination reaction takes place, additional

external energy is required.”®

Table 5. Main results available on CaO/CaO-based sorbent reactivation via wet/dry hydration.

Position Atmosphere Conversion T ot/ Tearc Ref.

Pre-treatment Ethanol/water X, =0091; X;5=0.51 700/920 °C 106

Separate Water (every 18 cycles)  X; =0.70; X3 =0.56; X3, =0.74  650/900 °C 121
Steam X;=0.78; X;5=0.38

During calcination 780/960 °C 122
water (from cycle 15) X6 =0.90; X50=0.40

Separate Steam (every 5 cycles) X, =0.65; X,;5=0.50 650/900 °C 123

Pre-treatment Water X, =0.78; X4 =0.30 700/950 °C 124

Separate Steam X, =0.65; X;5=0.49 650/900 °C 120

Separate Steam (every cycle) X, =0.74; X5 =0.64 650/900 °C 125

Separate Steam (after cycle 20) X, =0.75; X;5=0.62 650/850 °C 17

X; = carbonation conversion degree at the i-th cycle; T,/ Tea= carbonation/calcination temperature
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Clearly, the effectiveness of the hydration treatment becomes lower and lower with increasing the
number of the carbonation/calcination cycles, which is due to the sorbent becoming severely sintered
(reduction of the sorbent pore size and surface area).’®!?¢ In this framework it must be considered
that the hydration of CaO is a topotactic reaction, meaning that the orientation of the parent crystal
(CaO) determines the orientations and microstructural structures of the product crystals (Ca(OH),).!?’
Therefore, since the parent phase controls both the kinetic and the microstructural characteristics of
the product phase, the hydration effectiveness in the reactivating the sorbent is highly affected by the
severity of the calcination conditions (temperature and/or time).'?’” As a consequence, for the
hydration method to be effective, the sorbents to be hydrated should not be severely sintered, i.e.

hydration should be preferentially used in case of processes with mild calcination conditions.!0>!17

3.1.1.2 Synthesis of CaO-based sorbents with enhanced activity

The strong vulnerability of CaO-based sorbents to sintering phenomena is the result of the low
Tammann temperature (T, temperature at which sintering starts) of CaCO;.83 Therefore, a promising
technological solution to limit the sintering-induced reactivity decline of CaO-based sorbents over
multiple carbonation/calcination cycles is by improving the sorbent stability by means of the
introduction/doping of an inert and refractory material (such as Al,Os;, SiO,, TiO,, ZrO,, Y,0;, MgO,
etc.), characterized by a high T, (Table 6);°%93-96.128.129 the inert materials is, therefore, able to induce
a higher resistance to sintering phenomena and leads to a better multicycle stability.!3® The
multicyclic carbonation performances of CaO-based sorbents stabilized with different inert materials
are summarized in Table 6 and Table 7.

The inert support can be incorporated in the sorbent following two different strategies, as clearly
illustrated in Fig. 6, i.e. either homogeneously distributing the support and CaO the sorbent or coating
the CaO grains by a layer of support (according to a core-in-shell structure). In both cases, the role
played by the inert additives is to induce a stable framework, thus resisting the sintering phenomena,

i.e. limiting the natural occurring agglomeration of the CaO grains and, therefore, keeping the original
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sorbent porous structure.®* Support materials can be further classified according to their type of
interaction with CaQO; they can either strongly interact with CaO, forming mixed oxides (such as in
the case of Al,O3, ZrO,, and SiO,, etc.) (Table 7), or not react with CaO, not forming metal oxides
(such as in the case of MgO, Y,03, CeO,, etc.) (Table 8).%3

Table 6. T, of CaO, CaCO3, and commonly used sintering-stabilizer supports.

Compound T, CC) Ref.

CaO 1170 131
CaCoO; 533 132
ALO3 900 131
SiO, 664 131
Ca,SiOy 929 133
710, 1221 131
MgO 1276 9
Y,0; 1083 134
CeO, 1064 135

Among the materials forming mixed oxide with CaO, Al,Os; is also one of the most commonly used
support, thanks to its quite high T, (900 °C, Table 6), low cost and good mechanical strength.3? The
multicyclic performances of Al,O;-supported CaO-based sorbents are summarized in Table 7. When
Al,Os is incorporated into CaO-based sorbents different Ca-Al mixed oxides (such as Ca3Al,Og,'3°
CasAlgO14,"%7 CagAlgO5'3® and CajnAlj4033)!3° are formed, as also shown in Table 7; as a
consequence, these CaO particles are stabilized thanks to an increased sintering resistance during the
multicyclic operations. It is important to underline that the achievable multicyclic performance of the
Al,Os-stabilized sorbent is greatly affected by the synthesis procedure since it determines how the

CaO and Al,O; (or Ca—Al mixed oxides) are distributed in the final material.®3 In this framework, a
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based sorbents, such as wet mixing, !4 co-precipitation'*! and sol—gel,'*? chemical vapor
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deposition, '3 atomic layer deposition,'* etc.
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26 Figure 6. Incorporation of inert and refractory supports into CaO-based sorbents according to two
28 different strategies: (a) CaO and the support are homogeneously distributed in the sorbent; (b) a layer

of the support is coated on the CaO grain.
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Table 7. Multicyclic carbonation performances, in terms of initial and residual CO, uptake, of CaO-based sorbents stabilized with inert materials

forming mixed oxides with CaO.

CO, uptake
Support Synthesis method Mixed oxide? Temperature €O, %vol. Testing conditions® (8coz & sord) Ref.
Carb./Calcin.  Carb./Calcin.
initial - last
AlLO5
JGowt Al,O;
9 wet mixing Ca;pAl053/CazApOs  650/850 °C 20/0 TGA - 100 cycles 0.60 — 0.34 140
9 carbon gel templating Ca;,Al40x3 750/750 °C 55/0 TGA - 30 cycles 0.53-0.55 144
18 flame spray pyrolysis Ca,Al1405; 850/950 °C 100/30 TGA - 100 cycles 0.37-0.25 145
5 dry mixing Ca;AlLO¢ 650/900 °C 15/70 TGA - 20 cycles 0.32-0.14 93
15 atomic layer deposition Ca;,Al14,053/CazApOg 650/900 °C 20/100 TGA - 10 cycles 0.40-0.41 143
9 chemical vapor deposition Ca;Al,04 650/950 °C 20/100 TGA - 20 cycles 0.62-0.41 136
10 sol-gel CasAqOy4 650/800 °C 15/0 TGA - 50 cycles 0.55-0.45 137
34 sol-gel Ca;AlLO¢ 650/850 °C 15/0 TGA -100 cycles 0.51-0.41 146
710,
Y%owt CaZrO;
34 sol-gel - 650/850 °C 15/0 TGA - 50 cycles 0.48 - 0.46 128
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34

26

29

76

58

10

29

29

SiO,

Jowt SiO,

70

20

33

10

sol-gel
sol-gel
sol-gel
flame spry pyrolysis
flame spry pyrolysis
citrate sol-gel
sol-gel

spray drying

wet impregnation

one-pot synthesis route

dry mixing
wet mixing

freeze drying

CaZSiO4

Ca,Si04/ CaSiO;

CaZSiO4

Energy & Fuels

650/920 °C
900/900 °C
650/800 °C
700/700 °C
700/700 °C
650/780 °C
650/900 °C

650/950 °C

650/850 °C
650/850 °C
650/850 °C
700/910 °C

700/920 °C

10/80

80/0

50/0

50/50

30/0

100/0

15/0

90/90

15/0

100/0

15/0

100/0

100/100

Fluidized bed — 20 cycles

TGA - 20 cycles
TGA - 90 cycles
TGA — 1200 cycles
TGA — 100 cycles
TGA - 10 cycles
TGA - 30 cycles

TGA — 100 cycles

TGA - 80 cycles
TGA - 50 cycles
TGA - 100 cycles
TGA - 40 cycles

TGA - 30 cycles

0.44 -0.31

0.65 - 0.65

0.45-0.34

0.11-0.11

0.21-0.21

0.71 - 0.69

0.44 - 0.45

0.60 —0.45

0.17-0.07

0.57-0.26

0.50-0.18

0.48 -0.42

0.46 — 0.21

128

147

148

149

150

151

152

153

154

155

156

157

158

“identified by the XRD analysis on the as-synthesized sorbents

"TGA = Thermogravimetric analyzer
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Among these, chemical vapor deposition!3¢ and atomic layer deposition!** make it possible to coat
the CaO grains with a very thin Al,O3 layer (< 3 nm),!>° thus minimizing the amount Al,O5 required
for structural stabilization of the sorbent and, in turn, maximizing the amount of CaO, i.e. the active
phase for CO, sorption. The effect of using wet mixing, co-precipitation, and sol—gel auto-
combustion as synthesis method has been investigated by Wang et. al.!®* The Authors showed that
the CO, uptake and cyclic stability were improved when Al,O; was incorporated via wet mixing; on
the contrary, a drop in CO, uptake and an improvement in cyclic stability were observed with the
Al,O5 incorporation via co-precipitation or sol—gel. The obtained results were explained referring to
the relative amounts of Tetrahedral-coordinated AlO, (reported to affect the stability of sorbents) and
octahedral-coordinated AlOg (reported to affect the CO, uptake capacity) present in the sorbents when
different synthesis methods were used; in particular, the wet mixing method yielded sorbents only
containing AlO4 groups with two tetrahedral environments, whereas, the co-precipitation and sol—gel
methods yielded sorbents only containing octahedral-coordinated AlOg4 located on the surface of the
particle. However, in spite of the different synthesis methods, the Al,Os-stabilized CaO-based
sorbents are always characterized by improved multicyclic performances with respect to the raw CaO,
as clearly shown in Table 7. Aiming at finding the most effective inert support, several stabilized
CaO-based sorbents were synthesized by Hu et al.'®! using different wet mixing procedure. The
Authors ranked the tested supports as follows: Y,0; >Al,03 > MnO, = MgO = La,0; = Yb,05 =
Nd,03 > TiO; = CeO, = ZrO, = Si0O, = Pr¢Oy;. It was also pointed out that the obtained ranking can
be tightly linked to both the support melting point and the stabilized-sorbent surface area.

ZrO,-supported CaO-based sorbents have been also widely developed using different synthesis
methods, as a result of the high T, of ZrO, (1221 °C, Table 6). Differently from Al,0O; and SiO,
supports, CaO and ZrO, have a quite simple interaction, only leading to the formation of CaZrO;.%
The analysis of Table 7 clearly shows that ZrO,-supported CaO-based sorbents are characterized by
enhanced multicyclic stability, particularly for high ZrO, mass ratio. For instance, Koirala et al.!4’

found that the ZrO,-stabilized sorbent (with 78%wt of CaZrOs3) kept its CO, uptake (0.11 gcor/Esorbent)
44
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over 1200 cycles without any significant decline. The Authors, however, pointed out that, in spite of
the remarkable multicyclic stability, the great amount of CaZrO3 decreased the CaO reactivity, thus
leading to a limited CO, uptake.

Si0, is another widely available and cost-effective support material that has been greatly used to
produce stabilized CaO-based sorbents,'®> with nanostructured silica serving to both enhance the
dispersion of CaO agglomerates and alleviate the sintering phenomena.!34163 In this case, it has been
shown that the beneficial effect is ascribable to the interaction between Si0O2 and CaO, which leads
to the formation of calcium silicates (Ca,Si0,4) providing a greater thermal stability of the CaO
skeleton and, in turn, a higher multicycle effective conversion when compared with raw limestone.%®
Indeed, Ca,Si10, (characterized by a T, of 929 °C, which is higher than that of Si0,, 664 °C, Table 6)
undergoes a phase transformation (a'- Ca2Si104 < B-Ca2Si04) due to the temperature swing of the
CaL process, which causes a volume expansion of the sorbent counteracting the sintering
phenomena.!3!

Among the supports not forming metal oxides with CaO, MgO (T,= 1276, Table 6) is considered one
of the most promising additive to increase the CaO multicyclic stability thanks to its wide availability
and low cost!64165 As a matter of fact, dolomite [CaMg(CQOs),], which is a naturally occurring CO,
sorbent combining MgCO; and CaCOs, has been proved to be a good CaO precursor, yielding more
stable CaO conversion performnces over multiple cycles thanks to the presence of the inert MgO that
successfully separate the reactive CaO particles.!6:167 Besides the spacing effect, MgO has a much
higher sintering temperature (1289 °C) as compared to CaO (527 °C), thus also limiting the tendency

susceptibility of raw lime to sintering and, consequently, enhancing its durability.!6®
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CO, uptake
Support Synthesis method Temperature €0, %vol. Testing conditions® (8coz & somb) Ref.
Carb./Calcin.  Carb./Calcin.
Initial - last
MgO
Jowt MgO
16 carbon gel templating 650/900 °C 24/0 TGA - 10 cycles 0.60 - 0.55 169
8 one-pot recrystallization 650/900 °C 20/100 TGA - 10 cycles 0.67 -0.47 170
15 wet mechanochemical activation 650/900 °C 20/100 TGA - 30 cycles 0.65-0.30 17
25 wet mixing 650/900 °C 15/0 TGA - 24 cycles 0.60 — 0.56 168
25 wet mixing 650/850 °C 20/0 TGA - 50 cycles 0.35-0.27 172
41 wet mixing 650/900 °C 100/0 dual fixed bed — 10 cycles 0.40-0.28 173
34 sol-gel 650/850 °C 15/0 TGA - 100 cycles 0.46 — 0.32 174
20 wet mixing 600/900 °C 15/0 fixed bed — 10 cycles 0.26 - 0.25 175
26 dry mixing 758/850 °C 100/0 dual fixed bed — 50 cycles 0.66 — 0.53 176
6 sol-gel 675/950 °C 15/80 TGA - 50 cycles 0.70 - 0.58 177
26 wet mixing 650/850 °C 15/0 TGA - 50 cycles 0.52-0.40 178

ACS Paragon Plus Environment

Table 8. Multicyclic carbonation performances, in terms of initial and residual CO, uptake e, of CaO-based sorbents stabilized with inert materials
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Y,0;
Jowt Y,0;
20 calcination 650/850 °C 20/0 TGA - 10 cycles 0.58 - 0.57 134
20 calcination 650/950 °C 25/100 TGA - 10 cycles 0.57-0.49 134
CeO,
Cal/Ce
15 sol—gel combustion 600/700 °C 50/0 TGA - 18 cycles 0.59 -0.59 135

CaO = CO, uptake of about 0.1 gcoy/Esoment after 20 cycles, corresponding to a loss of approximately 80% of its initial uptake '3
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As clearly shown in Table 8, regardless of the specific synthesis method, the MgO-supported CaO-
based sorbents are always characterized by enhanced cyclic stability with respect to the raw limestone
(i.e. CO; uptake of about 0.1 gcoo/Esorvent after 20 cycles, corresponding to a loss of approximately
80% of its initial uptake).!33 In this context, the general consensus is that the MgO-stabilization effect
can be greatly improved if the mixing of MgO and CaO is performed at the nanoscale.®3 Huang et
al.'”” homogeneously dispersed and mixed MgO nanoparticles (50 - 100 nm) with CaO grains on the
particle surface, thus obtaining a good sintering resistance and improved multicyclic stability.

As inferable from Table 8, the cyclic stability of the MgO-stabilized sorbents is also clearly influenced
by the amount of MgO (i.e. the MgO-to-CaO weight ratio) in CaO-based sorbent.’® In particular, it
has been demonstrated that the amount of MgO in the sorbent should be sufficiently high to obtain
an effective and stable reactive performances. Typically, it is also reported that, regardless of the
MgO/CaO ratio, the specific surface area and pore volume of the MgO-stabilized sorbent are higher
than those of the original; nonetheless, increasing the amount of MgO yields a reduction in the
specific surface area.!8" It was also demonstrated that there is typically an optimum MgO/CaO ratio,
able to maximize the multicyclic CO, uptake capacity; this is due to the fact that above a certain
amount of MgO its sintering resistance is lost.!68181

Besides MgO, Y,0; (T, = 1083 °C) is also reported to be effectively stabilize CaO-based sorbents,
i.e. limiting their tendency to sintering.®3 Y,05 nanoparticles were homogeneously distributed on the
CaO particles by Zhang et al.!3* The Authors observed an enhancement of the reaction kinetics in the
kinetically controlled stage and a linear correlation between the maximum carbonation rate and the
volume of specific pores (smaller than 220 nm). Two different synthesis methods, thermal
decomposition and wet impregnation, were used by Derevschikov et al.'®? to synthesize Y,0s-
stabilized CaO-based sorbents. No significant difference in the multicyclic performances were
observed, thus indicating that the performances of Y,0Os-supported CaO-based sorbents are not

significantly affected by the specific synthesis procedure.
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CeO, (Ty = 1064 °C, Table 6) has been also successfully incorporated, as stabilizer, in CaO-based
sorbents. Besides its high Ty, the incorporation of CeO, is also reported to provide great oxygen
mobility and vacancy generation;!83 i.e. CO, diffusion and O,—mobility are facilitated, thus positively
affecting the carbonation reaction.!3* CeO,-supported CaO-based sorbents with different Ca/Ce molar
ratio were synthesized via the sol—gel method by different Authors.!33:150.185 The CeQ,-stabilized
sorbents showed a loose-shell-connected cross-linking structure with CeO, acting as physical barrier
to the CaO crystallites, which prevents their growth and sintering.!3>

Summing up, the choice of the support material must be made considering two different perspectives:
the sorbent multicyclic stability and the sorbent activity towards CO,. As a matter of fact, the CaO-
based sorbents stabilized with materials that react with CaO and form metal oxides are typically
characterized by better multicyclic stability. The presence of the metal oxides is indeed crucial in
acting as stable framework, thus contrasting the sintering phenomena and easing the decline in the
CO, uptake with the increasing number of cycles. However, in spite of the enhanced multicyclic-
stability, the formed metal oxides reduce the CaO activity, thus causing a decrease of the intrinsic
CO2 sorption capacity. Therefore, the selection of each sorbent is necessarily the result of a
compromise between the mitigation of CO, uptake decline and the reduction of CaO activity.

In light of the above considerations, CaO-based sorbents have been also stabilized simultaneously
incorporating more than one inert material, thus exploiting the synergistic effect played by different
support materials on both the CO, uptake capacity and multicyclic stability. In this context, different
synthesis methods and materials have been investigated, as summarized in Table 9. For instance, TiO,
and Al,O; were simultaneously used by Peng et al.!8¢ obtaining a hierarchical core—shell micro-
architectured CaO-based sorbent enriched in Ca, supported by Al,0O3 and stabilized by TiO,. More
specifically, the core of the CaO/Ti0O,—Al,O5 sorbent contained the Al,O; micron-sized particle,
whereas its surface is coated with TiO, nanoparticles, thus avoiding the reaction between CaO and
ALO;. Likewise, He et al. synthesized a Y,03/MgO-stabilized CaO-based sorbent via a sol—gel

method.'®” In this case, Y,03 was selected to induce an enhancement of the cyclic stability, whereas,
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MgO was selected to improve the CO, uptake capacity (by means of an increased porous space for
the carbonation reaction to take place). A spray drying approach was, similarly, proposed by Sun et
al.’88 to produce Al,O;/MgO-stabilized CaO-based sorbents, obtaining good results in terms of both
enhanced multicyclic CO; sorption performances and CO, uptake (which was found to be larger than
that typical of Al,Os-stabilized CaO-based sorbents).

Even though showing very promising results in terms of multi-cyclic stability, the use of novel
sintering-resistant sorbents implies the necessity to take into account the higher costs of raw materials,
with respect to the use of natural limestone, and the economics and environmental impact of the
synthesis process. Moreover, it should be pointed out the vast majority of all the synthetic sorbents
reported in the literature are produced in fine powdered form only, which poses a clear
handling/processing issue.

In this context, aiming at reducing the cost of sorbent synthesis, the use of industrial wastes and/or
natural mineral clays, containing high T; compounds, have been also proposed as promising support
materials to enhance the CaO-based sorbent performances, thus also alleviating the land-filling issues
and environmental and health concerns associated with industrial waste disposal.®* For example, fly
ash (mainly consisting of SiO, and Al,O3) is a common solid waste in coal-fired power plants that
have been successfully used as cheap and environmental-friendly support material to produce CaO-
stabilized sorbents.!$-1%0 As for the use of natural mineral clays, sepiolite [Mg4SisO;5(OH), 6H,0],
characterized by favorable structural features, i.e. continuous two-dimensional tetrahedral sheet
morphology with high surface area and porosity, was successfully used by Shin et al.'! to produce

sepiolite-stabilized CaO-based sorbents.
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Table 9. Multicyclic carbonation performances, in terms of initial and residual CO, uptake, of CaO-based sorbents stabilized with two different inert

materials.
CO, uptake
S Svnthesi thod Temperature CO, %vol. T gi . ( " Ref
upport esis metho esting conditions " sord ef.
PP s Carb./Calcin.  Carb./Calcin. & 500 £ sont
Initial - last
Zr0, - CeO, precipitation 800/800 °C 100/0 TGA - 14 cycles 0.55 - 0.60 192
Al,O; - CeO, wet mixing 850/850 °C 100/0 dual fixed bed — 30 cycles 0.60 - 0.57 193
MgO - Al,O; sol-gel 650/900 °C 20/100 TGA - 10 cycles 0.52-0.39 194
MgO - Al,O; wet mixing 758/758 °C 100/0 TGA - 130 cycles 0.62 - 0.45 195
MgO - Al,O4 spray drying 650/900 °C 15/40 TGA - 25 cycles 0.58-0.35 188
CeO, — MnO, sol-gel 600/700 °C 50/0 TGA — 40 cycles 0.61 - 0.61 195
Y,0; - ZrO, wet impregnations 675/850 °C 100/0 TGA - 20 cycles 0.23-0.11 196
ALO; - Y,04 Pechini 650/900 °C 20/100 TGA - 30 cycles 0.64 —0.38 197
Y,0; - MgO sol-gel 650/900 °C 15/0 TGA - 122 cycles 0.47 -0.31 187
CeO, - Al,O; templating method 650/900 °C 15/0 TGA - 104 cycles 0.55-0.44 186

Ca0 = CO, uptake of about 0.1 gcoa/Esomen after 20 cycles, corresponding to a loss of approximately 80% of its initial uptake'33
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3.1.1.3 The use of fine CaO/CaCOj; particles

It is well-known that, besides crystallinity,'*® morphology!'?*!* and the inclusion of additives, 3820
also particle size??!-202 has a great impact on the role in the multicycle performances of Ca-based
sorbents. In particular, large or highly crystalline particles are characterized by considerably slower
calcination kinetics, thus implying the necessity to use higher temperatures to completely regenerate
CaO in relatively short residence times.!%7791.203.204 Moreover, large particles suffer from pore
diffusion and pore-plugging, which lead to hindered carbonation performances.’’-?0>206 On the
contrary, small particles are capable of fast calcination at lower temperatures, which, in turn, yields
improved multicyclic stability.?? In other words, the sintering and pore-plugging issues and, in turn,
the decline of the CaO multi-cyclic activity, can be also remarkably limited if the CaO particle
dimension is reduced, %1207 also through milling the original limestone.?32% In this context, it is also
noteworthy that using small particles would results in an easier integration of the CaL process with
the solar energy due to a decreased cost of materials for the construction of the solar receiver, thanks
to the possibility to perform the calcination at lower temperatures.??” The effect of the particle size
on the multicyclic stability, in terms of residual carbonation conversion (X;), of limestone is
summarized in Table 10.

Benitez-Guerriero et al.”! and Ortiz et al.'® have shown that the residual CaO multi-cyclic conversion
of natural limestone can be increased from 0.18 to 0.45 if the limestone particle size is decreased

below 45 um. Interestingly, it has been also pointed out that the dependence of the multi-cycle CaO

conversion on the CaO particle size derives from the relative thickness of the CaCO; product layer

as compared to the size of the pores generated in the CaO skeleton after the fast reaction-controlled

stage of the carbonation reaction.'” More specifically, the thickness of the CaCOj; product layer can

become larger than 100 nm, whereas the pores formed inside the CaO skeleton are typically smaller

than 50 nm under TCS-CSP operating conditions (i.e. high-temperature/high-Pco, carbonation and
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low-temperature/low- Pcq, calcination), which means that coarse CaO particles are affected by severe

pore-plugging.!®®! Moreover, in the case of coarse particles, those pores getting plugged by the

CaCOj; product layer are more prone to sinter in the following calcination steps, thus additionally

decreasing the CaO surface area available for carbonation.'>°! On the contrary, fine particles (< 45
um), whose main feature is the higher surface to volume ratio as compared to coarser particles, have

been shown to limit the entity of the pore-plugging phenomena, due to their pores being fully

accessible to the CO, molecules.!%-!

In spite of its evident benefits in terms of multi-cyclic stability, the use of fine sorbent particles in
real large-scale reactors brings major practical challenges and handling/processing issues; indeed, the
intrinsic fine particle cohesiveness leads to severe agglomeration and, in turn, hindrance of reaction
efficiency due to poor and heterogeneous gas/solid contact and mass/heat transfer.?!%2!4 In this
context, Raganati et al’’293:215 and Valverde et al.?'® successfully demonstrated that the use of high-
intensity acoustic waves makes it possible to actually use fine limestone particles in fluidized bed
reactors also enhancing their carbonation performances under both CCS and TCS-CSP operating
conditions. More specifically, the acoustic perturbation exhibits a much stronger effect in the initial
fast stage of the carbonation reaction, i.e. when the reaction is mainly controlled by the gas-solid
interaction between the CO, molecules and the CaO surface. The acoustic perturbation is also capable
of alleviating the sintering-induced CaO deactivation, thus obtaining a the CaO residual carbonation
conversion (X, = 0.55,77 Table 9) larger than that reported for coarser particles for coarser limestone
particles (X50 = 0.41)'%°! and even stabilized CaO-based sorbents (X, = 0.46).1%-92

Aiming at addressing the elutriation issues arising from the use of powdered CaO-based materials,
granulation has been proposed as viable technique to prepare CaO-based pelletized sorbents with
enhanced mechanical stability.?!”21° Five types of granulation methods are currently available: the
extrusion method,?** spheronization method,??! wrapped shell method,??? extrusion-spheronization
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method,?? and casting method.??* Recently, Zhang et al.??* thoroughly reviewed and summarized the

principles and main features of different granulation methods, also analyzing the effects on the

oNOYTULT D WN =

mechanical and reaction performances. Briefly, they pointed out that the extrusion, extrusion-
10 spheronization and casting methods with external force are capable of compacting the sorbent
structure, thus improving the sorbent compressive strength, but, at the same time, the initial CO,
15 uptake capacity of the pelletized sorbent is reduced. On the contrary, the spheronization method and
17 casting method without the external force can be used to shape the sorbent into pellets, thus to
decreasing the attrition phenomena, without affecting the CO, uptake performance. The pellets
2 prepared by the wrapped shell method are characterized by different performances primarily

24 depending on the specific structures of the shells.
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Table 10. Effect of particle size on the residual effective conversion (X;) of limestone at different CaL conditions.

Mean particle size

CaO precursor

Calcination

Carbonation

Residual CaO conversion

(um) (T — Atmosphere) (T — Atmosphere) Xp?
Limestone
> 45 725 °C - He (100 %vol.) 850 °C - CO, (100 %vol.) 0.18 (X50)° o1
<45 252 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.41 (Xp)® ol
3.19 725 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.51 (X5 =0.6)° 202
> 160 725 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.21 (Xy)® 92
> 160 950 °C = CO, (100 %vol.) 850 °C - CO, (100 %vol.) 0.18 (Xy)® 92
> 200 1000 °C — CO, (100 %vol.) 850 °C - CO, (100 %vol.) 0.13 (X;y)® 226
45 - 160 725 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.15 (Xs0)® o8
4 750 °C — N, (100 %vol.) 850 °C - COy/N; (70/30 %vol.) 0.50 (X0 = 0.55)° 7
1-10 725 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.48 (X0 = 0.58)° 227
Dolomite
> 45 725 °C - He (100 %vol.) 850 °C - CO, (100 %vol.) 0.42 (Xy)® ot
<45 252 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.41 (Xy)® o1
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> 160 725 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.47 (Xa0)P 92
> 160 950 °C — CO, (100 %vol.) 850 °C - CO, (100 %vol.) 0.39 (Xa0)P 92

> 200 1000 °C — CO; (100 %vol.) 850 °C - CO, (100 %vol.) 0.20 (X;y)° 226

oNOYTULT D WN =

Dolomite/Limestone

12 268 725 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.53 (X;,)° 129

14 221 725 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.69 (X;y)° 129

19 Chalk

21 7 725 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.38 (Xy = 0.44)" 202

23 Marble

26 > 45 725 °C - He (100 %vol.) 850 °C - CO, (100 %vol.) 0.16 (Xy)® ot
28 <45 725 °C - He (100 %vol.) 850 °C - CO, (100 %vol.) 0.40 (Xy)® ot

30 11 725 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.27 (X450 = 0.40)° 202

33 Ca;ALOy/CaCO;

35 > 160 725 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.41 (Xy)® 2

37 > 160 950 °C — CO, (100 %vol.) 850 °C - CO, (100 %vol.) 0.18 (X50)° 92
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> 160 725 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.46 (Xy)® 2
> 160 950 °C — CO, (100 %vol.) 850 °C - CO, (100 %vol.) 0.37 (Xy0)® 2
> 200 1000 °C — He (100 %vol.) 850 °C - CO, (100 %vol.) 0.33 (Xy)® 226

aX, = evaluated as the value the CaO carbonation conversion converges asymptotically after a very large number of cycles.
b X, = CaO carbonation conversion at y-th cycle which is close to the residual value.
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3.2 Alternative carbonate systems (BaO/BaCOj; and SrO/SrCO3)

In alternative to the more widely investigated CaCO3/CaO couple, other carbonate systems have been

proposed for TCS-CSP applications, such as BaCO3/BaO and SrCO3/SrO (Table 2).

As regards the BaCO3/BaO system, BaCOj; is industrially produced from naturally mined barite
(BaSO,) via the ‘black ash’ process, i.e. a reaction with coke. However, pristine BaCO; is
thermodynamically very stable and has, indeed, a decomposition temperature larger than 1500 °C at
atmospheric pressure, which is too high to be handled for commercial TCS applications.?*2?8 Besides
that, BaCOj; is also affected by severe sintering and melting issues, which hinder the possibility to

carry out cyclic operations and, in turn, its applicability for TCS.?°

Likewise, the SrO/SrCO; system has been receiving increasing research interest due to its
advantageous features for both CCS and TCS applications.?0-34229-232 Sy ig the 15" most abundant
element on earth and, hence, SrCQj is widely available and rather inexpensive.??” Besides, the system
can count on higher value of both energy density (4 GJ mg_r%%) and dissociation temperature
(equilibrium temperature = 1175 °C at Pco, = latm)3* with respect to the CaCO3/CaO couple,??® but
still manageable from an applicative point of view. However, SrCO3/SrO suffers from the same
critical problem as CaCO5/CaO system, i.e. the severe decline of SrCO reactivity over repeated

calcination/carbonation cycles, which, also in this case, is due to sintering and pore plugging.?0-34230
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3.2.1 Multi-cyclic decline of BrO/SrO reactivity and technological solutions

As regards the problems encountered with the pristine BaCOs, i.e. its extremely high decomposition

temperature, Moller et al.??8 recently proposed a thermodynamic destabilization procedure by means

of the incorporation of barium orthosilicate (BaSiO3). More specifically, the resulting BaSiO3- BaCO;

system is characterized by an improved thermodynamics, being able to successfully operate in cyclic

mode at more suitable temperatures 700—1000 °C through the following reaction scheme:

BaC03 +BaSi03 = BaZSiO4 +C02 (5)

The Authors also evaluated the possibility to improve the performances of the BaSiO3;-BaCOj; system

by adding a second carbonate, CaCOs;. It was found that the presence of CaCOj3 in amounts ranging

from 2.5 to 10 mol% made it possible to enhance the reaction kinetics by up to ten times thanks to

the formation of Ba, ,Ca,,SiO, intermediates.

As regards the decline in the sorbent reactivity along multiple carbonation/calcination cycles due to

sintering, only few studies can be found in the literature proposing strategies to alleviate the STO/BaO

deactivation and they basically consist in the introduction of inert refractory material in the structural

framework of the sorbent.

After a preliminary investigation of the thermodynamics and kinetics of CaCO;, SrCO; and BaCO;

for TCS applications, Andre and Abanades?” studied the effect of MgO stabilization on the cyclic
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stability of the three carbonates. It was shown that the multicyclic stability of all the MgO-stabilized

sorbents was clearly improved. However, while BaCO; and CaCOjs still suffered some loss in their

multicyclic carbonation capacity even after MgO-stabilization, the MgO-stabilized SrCO; sample did

not exhibit any significant loss in its multicyclic performances. Likewise, MgO-stabilized SrO

composites were tested by Gigantino et al.?>3 with a focus on the effect of several aspects of the

synthesis process, i.e. the type of precursor material, support contents and production method. More

recently, Ammendola et al.>** incorporated different materials (Al,O3, Hydroxyapatite, ZrO,, ZrO,-

AlO3 and Sr-substituted Hydroxyapatite) to increase the cycling stability of the system. Among

these, Al,O; was proved to be a promising sintering/agglomeration inhibitor when SrO/SrCOs is used

under fluidized bed conditions.?3>23¢ Similarly, Amghar et al.>*’ synthesized and tested the cyclic

stability of different SrO-composites using ZrO,, SiO, and MgO as stabilizing agents. The use of

inert additives with great thermal stability and acting as “spacers” (i.e. by physically separating the

sorbent particles) was also successfully proved to inhibit the sintering phenomena and, in turn, the

SrO deactivation.3*23 More specifically, CaSO,/Sr3(PO,), and zirconia-based sintering inhibitors

were successfully added to SrO/SrCO; system by Bagherisereshki et al.>* and Rhodes et al.,?

showing good multi-cyclic stability of the stabilized composites with respect to the untreated material.
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4 Reactor configuration

For the actual deployment of TCS for CSP applications, the design of efficient reactors goes hand in

hand with the materials development/improvement. As a matter of fact, the selection of the optimum

reactor configuration is strictly dependent on the nature, physicochemical properties, and working

temperatures of the reagents. In the following sections, an overview is provided of the different types

of solid—gas reactors proposed in the literature to carry out the carbonation and calcination reactions

in the framework of TCS-CSP applications.

4.1 Solar calciner

Several types of solar-driven reactors, i.e. particle receivers, have been developed and tested at

laboratory and pilot scale for carbonate-based TCS systems and recently reviewed.”%!

Solar-driven reactors can be classified based on the heat integration mode into the reactor, the flow

pattern, and the reaction type, as proposed by Zsembinszki et al.b!

Clearly, the selection of the most suitable heat integration mode is strongly influenced by the thermal

properties (i.e. solar absorptivity) of the particles entering the solar calciner. Based on this criterion,

the solar reactors can be further classified in: directly and indirectly irradiated:’

e In the directly irradiated ones, the solar radiation directly heated the reactants, i.e. without any

intermediate surface. Therefore, from one hand, the achievable temperatures are maximized,
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but, on the other, keeping the temperature homogeneity inside the reactor may be more

challenging.?3® Based on this working principle, it is clear that the absorptivity of the reagents

plays a crucial role in obtaining an effective radiative heat transfer.” Directly irradiated

reactors can be either opened to air or closed by a transparent window, through which the

concentrated solar radiation enters the reactor chamber.” In the case of closed reactors, the

design of a proper window is still challenging, especially for high-temperature processes (T >

900 °C),% and the necessity to keep it clean during operation must be also taken into account

to both limit the reduction of radiation transfer to the reaction chamber and to avoid the

cracking of the windows itself.’

In the indirectly irradiated reactors, the reactants are not directly heated by the concentrated

solar radiation; a primary absorber is used to directly absorb the concentrated solar radiation

which is then transferred, in the form of heat, to the reactants.” In this case, two types of

configuration can be envisaged: i) a design in which the walls of the reactor chamber are

irradiated by the sun; ii) a design comprising two cavities, one absorbing the solar radiation

and the other acting as reaction chamber. In the former configuration, the temperature

homogeneity on the wall has been indicated as one of the primary issues, since the temperature

may be easily different on different spots of the wall.” The latter configuration, on the contrary,
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is preferred for reactions in which the products are mainly in the gaseous phase, thus quickly

leaving the reaction chamber; indeed, the formation of a growing product layer above the

unreacted solid particles may act as an insulation layer.?° In both configurations, the limiting

factor is represented by the efficiency of the conduction through the primary absorber

material.23°

Considering that carbonates, such as limestone, are typically white materials and, hence,

characterized by poor solar absorptivity’* (16-60 %’ with respect to values larger than 95 % for state-

of-the-art solar absorber coatings),?? the indirect heating integration mode is generally considered to

be the most appropriate solution for the calcination reaction.?*! However, different works have been

published focusing on boosting both the intrinsically low optical and thermal conduction properties

of carbonate-based sorbents in order to improve their performances in both directly-irradiated and

indirectly-irradiated systems. CaCOas/graphite nano-sheets composites with enhanced thermal

conductivity (60 % increase) were synthesized via wet-impregnation with a H;BO; solution.?** As a

consequence of the improved thermal conductivity, the composite energy storage density (1313 kJ

kg ! after 50 cycles) was almost three times larger than that of the pristine limestone (452 kJ kg!). A

sol-gel method was proposed by Da et al.”® to produce CaO composites doped with binary metal

element (Mn and Fe). The proposed doping strategy made it possible to enhance both the solar
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absorptivity (reaching a maximum value of 89.81 % with a Ca/Mn/Fe molar ratio of 100:4:8) and

multicyclic stability of the sorbent (X; = X5y = 0.8 due to the improved sintering resistance arising

from the presence of FeMnOj and Fe,03). Similarly, Teng et al. doped CaCOj3 with the high-solar-

absorptivity Mn/Fe oxides.?*® The Mn/Fe-doped CaCO; samples showed an improved solar

absorptivity of 91% in comparison to the low value, 11%, characterizing the raw CaCO; and also an

enhanced carbonation conversion multicyclic stability (X > 90% in 60 cycles) and average energy

density (1450 kJ/kg, i.e. 1.8 times larger than that of the raw CaCOs;). Likewise, Fe/Mn-doped Ca-

based composites (mainly consisting of CaCOj; and Ca,FeMnOs) were produced by Yang et al.?** An

absorptivity of 77% (in comparison to the 10.8% measured for the pure CaCO; sample) was achieved

using a Ca/Fe/Mn molar ratio equal to 100:2:7. A sol-gel synthesis method (using aluminum nitrate

and iron nitrate as precursors) was also proposed by Song et al.>*> to produce Fe/Al-doped CaCO;

particles that showed absorptivity of 46% (in comparison to the 8% value obtained for the untreated

CaCO3). Mn/SiC-doped CaO pellets (absorptivity = 53% with respect to the 3% value of the un-

modified CaO particles; X3y = 0.48) were synthesized by Li et al.>*® through the extrusion-

spheronization method. Zheng et al.?*’ synthesized a series of dark Ca-based sorbents by binary-

doping the CaCOj; particles with Cu/Fe/Co/Cr (to enhance the solar absorptivity) and Mn/Al (to

enhance the multicyclic stability) via a sol-gel method. All the prepared composites were

characterized by a spectral absorption of solar energy larger 60 % with the Cu/Mn-doped samples
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showing the maximum value of energy density, 1952 kJ kg™! after 20 cycles (i.e.84% larger than that

of pure CaCOs particles).

Depending on needed residence time of the particles inside the reactor to achieve full decomposition,

the selection of the most suitable reactor configuration can be made according to type of gas-solid

contacting system, i.e. the type gas-solid flow-pattern. According to this criterion, reactors can be

classified in: entrained beds, stacked beds and fluidized beds:’-¢!

¢ In entrained bed reactors, specifically cyclones, the particles are dragged across the reactor.

e In stacked bed reactors, the solid particles are placed in the form of a bed (which can be fixed,

mobile, or rotary) and the they are not moved by the gas flow.

e In fluidized bed reactors, the gas flows through the particles creating a suspension.

Pros/cons and performances of the solar-driven stacked, fluidized beds and entrained beds solar

receivers are summarized in Table 11 and Table 12, respectively.
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Table 11. Comparison of solar receivers based on different types of gas-solid flow-pattern.

Energy & Fuels

Reactor type

Advantages

Disadvantages

Stacked

Fixed bed

Mobile bed

Rotary kiln

Fluidized

Fluidized bed

Low cost

Easy design

Easy construction
Easy operation

Widely studied

High heat/mass transfer

High heat/mass transfer
High versatility

Co-current and counter-current flow

High heat/mass transfer

ACS Paragon Plus Environment

Poor heat/mass transfer

High pressure drop

Difficult implementation in solar reactors
for continuous operations

Non-uniform irradiance distribution on the

particle bed

Non-uniform irradiance distribution on the
particle bed
Complex hydrodynamics

Difficult implementation in solar reactors

Difficult scale-up

High risk of mechanical maintenance (due
to rotary elements)

Difficult integration in large-scale solar

towers (due to the horizontal design)

Difficult implementation in solar reactors
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Entrained

Cyclone

Energy & Fuels

Minimized hot/cold spots

Widely used at industrial scale

Continuous feed

Separate solid and gas products

Particle attrition
Erosion of internal components
Complex hydrodynamics

Energy consumption for fluidization

Solid deposition on the walls

Erosion of the reactor window
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Table 12. Summary of the data reported for different types of solar-driven entrained, fixed and fluidized bed calcination reactors.

Heat
integration

System
type

Operation mode

Power

&W)

Tnax

Mass

flow

kgh!

Thermal Chemical Conversion

efficiency

(%)

efficiency

(%)

degree

(%)

Particle

size

(um)

Length/diameter

(mm)

Ref.

Stacked
Rotary kiln
Rotary kiln
Rotary kiln
Rotary kiln
Rotary kiln
Rotary kiln
Rotary kiln

Entrained

Cyclone

Cyclone

Cyclone

Fluidized

Fluidized bed

Direct

Direct

Direct

Direct

Indirect

Indirect

Indirect

Direct

Direct

Direct

Direct

Open
Open
Open
Open
Cavity
Cavity

Tube

Open

Open

Closed

Closed

Continuous/batch

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Batch

1.5

10

14

14

0.75

10.60

54

4.76

1.75

1500

1150

997

980

1000

1027

1127

1027

9000

1145

1300

0.28

1.30

9.60/6.20

1.29

0.16

0.60

25

0.18

10 -30

22/17

22

22

34

73

20-40

15

20

15/20

17

16.60

35

7-10

20

30/60

98

73/95

55

100

98

53-94

15

83

100

200 - 315

2000-3000

1-176

1-176

200-315

50-100

2000-3000

1-5

10

200-315

90720

600/350

735/240

735/240

66/52.5

400/20

225/252

300/200

800/540

210/120

300/35

74

33

248

249

73

250

251,252

253,254

255

256,257
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Fluidized bed Direct Closed Batch 75 875 - - - 71 - 250/22 258
Fluidized bed Direct Closed Batch 3.20 950 - - - 88 420-590 100/100 71259
Fluidized bed Direct Closed Batch 2 1175 - - - - 250 120/10 260
Fluidized bed Indirect Cavity Continuous 25 800 9.40 - 6.60 100 60-220 1000/80 261
Fluidized bed Indirect Cavity Continuous 55 915 20 12 17 95.20 10-300 1000/80 262
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4.1.1 Entrained bed

In solar entrained bed reactors, the solid and gaseous phases are injected in co-current flow, usually

horizontally or downward, and subsequently separated creating a cyclone or a vortex flow inside the

reactor. This reactor configuration has the advantage of providing high heat transfer coefficients (up

to 200-400 W m~2 K™! for particles with a diameter between 150-300 ym)?* and high heating rates,

but still assuring a good control of the reaction conditions. However, it has the disadvantages of quite

short residence time (a few seconds) and high sensitivity to the particle dimensions.?* Therefore, the

geometry of the cavity and the injection of the gaseous and solid reactants represent the most critical

design challenges.?*® An open solar directly irradiated entrained bed reactor was designed by Imhof?>3

and Steinfeld et al.>>* to carry out the calcination of CaCOj; particles with a size of 1-5 pm, as a

consequence of the technical issues deriving from the quartz window needed for the closed

configuration. The reactor consisted of an open truncated cavity (30 cm height) whose inner walls

were insulated by a ceramic layer. More specifically, the proposed reactor configuration consists of

an open cyclone gas separator in which: the solid and the gaseous reactants are injected through a

tangential slot; a high-tangential-velocity vortex is created by the gas stream, thus producing a high

centrifugal force that moves the entrained particles to the cyclone wall where they drop down and are

removed from the gaseous stream, which leaves the cyclone through the gas outlet channel. A

temperature higher than 1000 “C and a total efficiency of 43% with CaCO; calcination conversion
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degree of 53 % — 94% were achieved with this reactor configuration.?>* Aiming at increasing the

particle residence time, thus counteracting the poor optical properties of CaCOj; for the absorption of

the solar radiation, the solar cyclone reactor was combined with a fluidized bed reactor.?>3 Later on,

the concept of the reactor developed by Imhof>? was modified, placing cyclone vertically with the

solar radiation entering from the bottom, and its size increased.>> A CaCQOj calcination conversion

degree of 32 — 85 % with a thermal efficiency of 73 % and a chemical efficiency of 15% were

obtained. Even though not for TCS applications, Nikulshina et al.>3¢>7 developed a 5 kW closed

directly irradiated solar entrained bed reactor to perform the CaCO; calcination reactor in

combination with the CH4 reforming and obtained a chemical efficiency of 7 - 10% and a CaCO;

calcination conversion degree of 83 %. A possible future optimization of the reactor design was also

proposed envisaging the limitation of the conduction losses and re-radiation through the reactor

insulation and the reactor aperture, respectively.

4.1.2 Stacked bed

As regards the stacked bed reactors, the fixed bed ones are characterized by the simplest and most

economic design, construction and operation; indeed, they are typically used to carry out preliminary

tests at the lab-scale level in order to obtain preliminary information (e.g. the reaction temperature,

kinetics constants, etc.) on different types of chemical processes.??® However, in spite of these

favorable features, fixed bed reactors suffer from poor heat and transfer coefficients, which lead to
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high thermal gradient inside the bed (i.e. hot/cold spots) that causes, in turn, a non-homogeneous

conversion of the reactant.?3® Besides that, continuous operation is not feasible in fixed bed reactors;

therefore, after the calcination reaction completion, a reloading of the feedstock is needed, thus

causing additional thermal losses during cooling and heating stages before and after restocking 2.

Even though some papers are available in the literature on the use of solar-driven fixed bed reactors,

none of them refers to the calcination reactions of carbonates. For example, closed directly irradiated

fixed bed reactors were used for the solar-driven H, production via H,O/CO, splitting.265-267

Likewise, also indirectly irradiated fixed bed reactors have been developed for the solar-driven steam

gasification of coal?®® and carbon waste.?®”

Also in the framework of the stacked bed reactors, mobile bed reactors can provide a better

temperature control and distribution as compared to fixed bed reactors, also allowing the possibility

to perform the process in a continuous operation mode.%! As for the fixed bed configuration, no solar

mobile bed reactor has been proposed in the literature to carry out the calcination reaction. Both

directly?’® and indirectly?’! irradiated mobile bed reactor has been developed for the thermal reduction

of ZnO.

As regards the rotary reactors, the solid particles are fed into a rotating receiver, wherein a centrifugal

force is generated, thus distributing the particles on the walls.?*! Rotary reactors, which are widely
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used in a variety of industrial processes (e.g. cement production and the food industry) can count on

relatively high heat/mass transfer coefficients; however, a significant amount of energy is required to

rotate the kiln.?*® As regards the directly irradiated configuration, a solar rotary reactor, with a 5°

inclination relative to the horizontal axis, was proposed for the CaCOj; calcination by Flamant et al.,”*

obtaining a total efficiency of 25 — 45 % with a CaCOj; calcination degree of 30-60%. Likewise, a

10kW horizontal rotary kiln was proposed Meier et al.?3 to produce high purity lime through the solar-

driven limestone calcination reaction. More specifically, the reaction chamber, characterized by a

conical shape, is located with an inclination of 5° inside the horizontal kiln, whose movement is driven

by rubber wheels, powered by an electric motor. The reactor was operated for more than 100 h at

1150 °C obtaining a CaCOj; calcination degree larger than 98 % with a chemical efficiency of 20 %.

A solar rotary kiln, in both the open and closed configurations, was designed by Moumin et al.>*8 to

perform the calcination of cement raw meal in the form of cohesive fine particles. As regards the

closed configuration, clogging issues in the suction system and severe particle deposition on the

window forced the Authors to interrupt the test. On the contrary, the test was concluded with the open

configuration obtaining a CaCOj; calcination degree of 24 — 99 % with a total efficiency of 19 - 40%

and a chemical efficiency of 8 — 20 %. Similarly, the solar rotary kiln designed by Tescari et al.?*

was reported to achieve a total efficiency of 39 % and a chemical efficiency of 17 %. As regards the

indirectly irradiated configuration, an optimized version of the directly irradiated solar rotary kiln
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calciner of Flamant et al.”* was proposed by Badie et al.”> More specifically, a more even distribution

inside the reactor was achieved using a stainless steel tube along the center axial line of the chamber;

the tube, directly exposed to the solar radiation, acted as the indirect heating source for the reactor. A

10.6 kW indirectly irradiated rotary kiln calciner with a multi-tube absorber and a preheating chamber

was designed by Meier et al.>!?>2 to produce high purity lime from 2 — 3 mm limestone particles.

The calcination reaction was successfully performed at a temperature of 1127 °C obtaining a chemical

efficiency of 30 - 35%. An indirectly irradiated rotary kiln, consisting of a tube crossing an absorber

cavity with a circular front aperture, was also proposed by Abanades and André.>? In particular, the

cavity was separated from the ambient atmosphere by means of a transparent hemispherical window,

from which the solar radiation entered the cavity. CaCO; particles (50 — 100 pm) were successfully

calcined with a conversion degree up to 100 % with a chemical efficiency of about 17 %.

4.1.3 Fluidized bed

Among all the different types of reactor configurations, fluidized beds are particularly suitable as

solar receiver since they can count on the main benefit of remarkably high heat transfer coefficients

(on the order of hundreds of W m™2 K1), high thermal diffusivities (on the order of 1072 m? s71),

efficient solids mixing, easily adaptable residence time and possibility of continuous operation (in

circulating fluidized bed mode), deriving from the peculiar motion of particles inside the bed.”-?’2 In

this framework, it was also reported that thermal diffusivity and surface-to-bed heat transfer
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efficiency in fluidized bed reactors may be remarkably increased using non-conventional design and

operation, like those based on uneven or unsteady (pulsed) fluidization.?’> Besides that, the particle

residence time in fluidized beds is increased with respect to entrained bed reactors, which is

advantageous for slow-kinetics reactions.®® Directly irradiated fluidized beds with a closed

configuration, wherein the solar radiation enters the reaction chamber through a transparent window,

are typically characterized by higher thermal efficiency and operating temperatures, and lower

thermal inertia with respect to the indirectly irradiated fluidized beds.?*® However, the success of this

type of configuration strictly depends on the ability to keep the glass window clean and scratch-free

and thus limiting reduction in the medium transmittance and efficiency, and avoiding the erosion of

the internal components of the reactor.?’”? In this framework, Flamant et al.”* successfully calcined

limestone particles (0.2—-0.315 mm) in a directly irradiated fluidized bed batch reactor, whose walls

are made of transparent silica, obtaining a thermal efficiency of 20-40% and a chemical efficiency of

20 %. Nikulshina et al.>>® designed a directly irradiated fluidized batch bed reactor, consisting of a

quartz tube located at the focal plane of a high-flux solar simulator (75 kW), to perform consecutively

perform the CaO/CaCOj; carbonation/calcination reactions for the capture of CO, from air. Full

calcination at a maximum temperature of 850 °C was achieved with uniform irradiance and

temperature distribution inside the bed, and good solid—gas contacting efficiency; however, a

progressive decrease in the CaO particle dimensions was observed with increasing number of cycles
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due to the friction caused by the SiO, particles used as inert materials to enhance the fluidization

process. Likewise, a directly irradiated fluidized bed batch reactor was designed by Tregambi et

al.”1:»% to perform CaL tests for both TCS and CCS; a solar simulator with a total power of about 3

kW was used, consisting of an array of short arc Xe-lamps and elliptical reflectors incident on the

bed surface. A decline in the material performances due to sintering phenomena was observed from

the fourth cycle. A lab-scale fountain-like solar receiver was coupled with a double pipe heat

exchanger by Tregambi et al.? The peculiar design, consisting of two concentric tubes, allows the

particles to circulate from the inner tube to the space in between the tubes. In indirectly irradiated

fluidized beds, the solar radiation irradiates a cavity or an arrangement of tubes from which the heat

is transferred to the fluidizing particle bed (with the fluidizing gas enhancing the heat transfer from

the irradiated surface to the particles).®! Even though the indirectly irradiated configuration is simpler

from the constructive point of view, the irradiated surface may easily suffer from severe thermo-

mechanical stress.” Moreover, temperature and conversion inhomogeneity among the absorber tubes

in different parts of the cavity may be another issue of indirectly irradiated fluidized beds.” An

indirectly irradiated fluidized bed continuous reactor, consisting of four compartments in series, to

perform dolomite (CaMg(COs),) calcination was modeled and tested by Esence et al.?®! The solar

radiation (radiant power of 25 kW) was directed to the front wall of the reactor and preheated air,

injected from the bottom of the reactor, was used as fluidizing gas. The compartmentation of the bed
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was shown to homogenize the particle residence time distribution and product conversion. A chemical

efficiency of 6.6 % was achieved. The dolomite was only partially decomposed; MgCO; was totally

converted, whereas CaCOj; could not be totally decomposed since the temperature was not

sufficiently high with respect to the Pcq, in the reactor. A similar fluidized bed continuous calciner

with higher radiant power (55 kW) was more recently proposed by Esence et al.2%2 A 95 % calcination

conversion degree with a chemical efficiency of 17 % and a total efficiency of 29 % were reported.

4.2 Carbonator

Aiming at achieving a proper reaction between the sorbent and the CO, during the carbonation

reaction, the carbonator reactor must be very carefully designed in order to assure the release of the

previously stored energy. It is noteworthy that, in contrast to the calcination reaction, the carbonation

reaction is not complete with the carbonation conversion degree decreasing with increasing number

of cycle down to a residual value, which is strongly dependent on the operating conditions

(temperature and pressure) inside the reactor.5® In particular, an industrial-scale carbonator must be

designed in order to provide some crucial features:® i) high enough particle residence time for the

particles to be able to reach the set temperature and, thus, achieve a proper carbonation conversion

degree; ii) limited thermal gradients, which would cause conversion non-homogeneity; iii)

homogeneity of heat transfer to the reactor wall; iv) limited temperature gradient between the reactor
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and the particles fed to the reactor in order to avoid undesired cooling effects (i.e. cold-spot with

reduced reaction efficiency); v) limited particle attrition and agglomeration phenomena.

On the basis of the above-mentioned requirements of a large-scale carbonator, fluidized beds and

entrained beds have been indicated as the most promising reactor configurations.?’* A summary of

the available bench- and pilot-scale carbonator reactors is reported in Table 13.

As a matter of fact, the original concept of the CaL process, when applied for CCS, envisaged the use

of a twin fluidized reactor (calciner and carbonator)?’> and a huge number of works are available in

the literature about the modeling of fluidized bed carbonators for CCS.?38276-278 Moreover, most of

the existing CaL pilot plants for CO, capture use fluidized bed reactors.?’”® On the contrary, only few

studies are available on the modeling of carbonator for TCS applications.?*?’# Ortiz et al.?8" showed

that the carbonator size of a 100-MWth CSP-CaL plant could be remarkably reduced (solids inventory

~ 128 — 234 kg MWe'!) in comparison with a post-combustion (solids inventory ~1300 kg MWe-1)?8!

large-scale carbonator, thanks to enhanced carbonation kinetics and higher multicycle CaO

carbonation conversion at TCS operating conditions.”’-?8> Alovisio et al.’* and Ortiz et al. 283

investigated several CSP-CaL integration schemes, all of which rely on the use of a pressurized

fluidized bed carbonator, aiming at maximizing the efficiency of power cycle integration in the

carbonator zone. More recently, Bailera et al.>’* have modelled an internal co-current entrained flow

78

ACS Paragon Plus Environment



oNOYTULT D WN =

Energy & Fuels Page 80 of 142

carbonator for CaL.-CSP applications under three different configurations: i) a single reactor; ii) two

carbonation reactors operating in parallel, with the total inlet mass flow equally divided and diverted

among them; iii) two carbonator reactors in series with intermediate cooling. Considering that the

reduction of the particle size is one of the available solutions to limit the multicyclic decline in the

sorbent carbonation reactivity,”' assisted-fluidization techniques were proposed to counteract the

intrinsic cohesive behavior (leading to agglomeration and plugging phenomena) of fine particles (<

50 pm), i.e. thus actually obtaining a proper fluidization regime that is not achievable in ordinary

fluidized bed reactors.?!® Even though only at lab-scale, Valverde et al.”’ and Raganati et al.”’21>

successfully designed sound-assisted fluidized bed carbonators, showing that the application of high-

intensity acoustic fields could enhance the carbonation efficiency for both CCS and TCS applications,

respectively.

Also regarding the possibility to use fine sorbent particles, which are intrinsically difficult to handle

in fluidized bed reactors, entrained flow reactors with fine particles were successfully used in the

cracking industry.?®* Wang et al.?® tested an entrained bed carbonator, operated at 450 — 650 °C, for

the simultaneous CO,/SO,; capture in the framework of a 120-kWth pilot plant. Almost 100 % CO,

capture levels were obtained using fine particles of mass median diameter of 3 Pm; coarser particles

(size in the range 3 - 600 pum) were also tested, obtaining a significant decrease of the CO, capture
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efficiency. Likewise, Hanak et al. 2%, proposing a similar reactor configuration for the carbonator,

showed that the reduction of the particle size could enhance carbonation efficiency, due to the increase

of the surface-to-volume ratio. More recently, Plou et al. 287 obtained CO, capture efficiencies larger

than 90 % in a kW-scale carbonator with a particle residence time lower than 5 s. However, in spite

of the favorable feature of being capable of handling fine sorbent particles, the entrained flow bed

reactors are characterized by heat transfer coefficients as high as 100 — 200 W m2K-! 28, remarkably

lower than the values typical of fluidized bed reactors (500-800 W m2K-1).28%-29 Recently, Turrado

et al.”! tested a downer carbonator (height = 6 m, diameter = 0.1 m), with the solid and the gaseous

phases flowing co-currently, for CO, capture. It was observed that the carbonation kinetics is

enhanced at higher CO, concentrations. This is relevant for a CSP-TCS CaL integration scheme,

where the carbonation reaction is performed under a pure CO, atmosphere, as clearly discussed by

Ortiz et al.?%° As a matter of fact, carbonators are tested/simulated at ambient pressure for CCS

applications,¢ whereas, high-pressure (3 — 5 bar) carbonation would result in the improvement of the

the TCS efficiency by the direct integration with a CO, Brayton cycle.3!-283
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Table 13. Summary of the data reported for different types of carbonator reactors.

Size T Length/diameter
Purpose Ref.
kW) °C (m)
Fluidized
Bubbling fluidized bed CCS 1900 750 3.30/4.20 292
Fluidized bed CCS 1000 620 - 660 8.66/0.59 .
Circulating fluidized bed CCS 1700 600-715 15/0.65 294
Bubbling fluidized bed CCS 100 750 3/0.1 295
Circulating fluidized bed CCS 10 630 12.40/0.07 29
Bubbling fluidized bed CCS 3 650 2.5/0.10 291
Bubbling fluidized bed CCS 10 630 1/0.15 286
Circulating fluidized bed CCS 25 650 4.20/0.10 298
Bubbling fluidized bed CCS 0.10 650 3/0.10 299
Circulating fluidized bed CCS 1000 650 8.60/0.60 300
Entrained
Entrained bed CCS 25 600-650 4.30/0.10 301,302

ACS Paragon Plus Environment

81

Page 82 of 142



Page 83 of 142

oNOYTULT D WN =

Energy & Fuels

ACS Paragon Plus Environment

82



oNOYTULT D WN =

Energy & Fuels Page 84 of 142

5 Techno-economic analysis and life cycle analysis

This section presents a discussion on the cost of the CaL process for TCS, being the CaCO5/CaO pair

the only carbonate system investigated so far at scale larger than the lab-scale. However, it should be

considered that the number of experimental researches on the pilot-scale TCS-CaL for CSP plants

(TRL 4-5) is still very limited.3%*3%* Indeed, most of the works available in the literature are based

on lab-scale studies, focused on the improvement of the process performance by: i) enhancing the

kinetics and multicyclic conversion of both natural®?%2 and synthetic Ca-based raw

materials;?97243-305 varying the process conditions (e.g. CO, partial pressure at reactors, temperature,

particle size, etc.).”>297:306 |jkewise, innovative process integration schemes have been also proposed,

achieving thermal-to-electric efficiencies of up to 32 — 48 %.1%37 In this framework, the idea of

integrating a CSP plant with a CalL-TCS system, although promising, is still in the research and

development stage; the recently completed SOCRATCES project (Horizon 2020, Grant Agreement

no. 727348)3% can be considered as a reference of the current state of the art. Therefore, it is still not

possible to provide an economic estimation which would be satisfactorily accurate at a commercial

scale. On the contrary, the extent of the research on the techno-economic analysis is much larger

when CaL is applied for CCS purposes (i.e. to capture CO, from the flue gas of coal-fired power

plants). However, considering that the equipment is basically the same for both CCS and TCS
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applications (they mainly differ in the operating conditions), the results obtained for the CaL-CCS

applications can be used as an initial reference for CSP-Cal..

In this framework, Hanak et al.3%® estimated that the cost of the CaL process, retrofitting a 580 MW

coal-fired power plant, is 2100-2300 € kW-!. Mantripraga et al.** demonstrated that the highest cost

of the plant is represented by the cost of the carbonator/calciner reactors together with the cost of

solids handling systems. In line with this, the capital costs of the calciner/carbonator fluidized bed

reactors have been estimated in several works3%-312 applying exponential functions and using the flue

gas volume flow rate, reactor volume or heat input to the calciner as scaling parameter. Michalski et

al.*13 performed the economic assessment of a CalL combustion-based power plant, reporting a capital

cost of 2573.5 € kW-!. More specifically, this work provided a detailed procedure to estimate the

capital cost of the main CaL process equipment applying a bottom up approach: calciner/carbonator

reactors, heat exchangers, fans and CO, compressor, steam cycle as power block, coolers and CO,

turbine.

With reference to the CaL for TCS-CSP applications, Bayon et al.3!* provided a techno-economic

analysis of seventeen different gas-solid systems. In particular, the evaluation of the total cost of the

storage took into account the costs of the feedstock, vessels, pumps, compressors and particles

conveyor, whereas, notably, it did not consider the costs of the reactors. The Authors pointed out that
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the greatest impact on the capital cost of the system was due to the cost of raw materials and the

energy consumption of auxiliary equipment. Among all the analyzed systems, eight, comprising the

CaCO;/CaO couple, were proved to hold high potential for commercial applications. Interestingly, it

was reported that the CaL process is one of the most promising, being characterized by one of the of

the lowest capital cost (~54 $ kWht!). Similarly, Muto et al.>!>-316 analyzed a CaL.-TCS process using

a synthetic sorbent (characterized by high stability X = 0.4), reporting a total cost of 47 $ kWht'!. In

particular, it was shown that, while the overall cost of the process is slightly affected by the sorbent

cost, it is, instead, greatly impacted by the costs deriving from the heat exchanger reactor and auxiliary

equipment, including compressors and gas storage. Therefore, great research effort must be devoted

to improve the efficiency of the integration of the CSP-CaL scheme, including storage systems, solids

transportation and gas separation. In this direction, Tesio et al.3*7 provided the energy and economic

analysis/optimization of the CaL.-TCS process, considering three different thermodynamic cycles for

the power block: the supercritical CO, Brayton cycle, steam Rankine cycle (SRC) and high-

temperature Organic Rankine Cycles (ORC). The economic assessment showed that the power block

based on the supercritical CO, cycle (CO, Brayton cycle) was the optimal option, providing the best

energy performances, even though the steam Rankine cycles can count on a remarkably simpler plant

layout. More specifically, it was shown that that 86 % of the total investment capital was represented

by the solar and calciner sides. Based on these results, the Authors pointed out that the selection of a
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high-performing power block is a crucial aspect in the integration process; indeed, implementing an

expensive supercritical CO, power cycle, in spite of being nearly three times more expensive than

standard SRC/ORC cycles, is still economically convenient in terms of the overall capital costs of the

plant. Ortiz et al.!>%> published two reviews on the CaL technology for TCS applications with a focus

on its pros and cons and the challenges to be addressed for the process to reach a commercial scale®

and on the issues related to the scale-up.'? In both the reviews, the Authors pointed out that a better

estimation of the costs of TCS-CaL in real CSP plants is strictly related to a better understanding and

knowledge of the solar receiver (calciner), including a scaling-up analysis from the pilot to the

commercial scale based on the real challenges and solutions found during the prototype testing.

As regards the analysis of the environmental impact, LCA (life cycle assessment) approach can be

useful to analyze a process throughout its life cycle in order to improve its overall environmental

performance and system design.?!” Different works, available in the literature, used the LCA analysis

to evaluate the environmental performance of CSP plants;3!8-320 Cavallaro et al.>?! demonstrated that

that the overall environmental impact produced by the entire life cycle of a CSP plant is lower with

respect to traditional fossil fuel power plants. In particular, Lamnatou and Chemisana®'® reported that

CSP plants have estimated CO,¢q emissions lower than 40 kg MWh! with an Energy Payback Time

(EPBT, defined as the period of time required for the plant to generate an amount of energy at least
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equivalent to the amount of energy used for the construction of the plant®'7) of around 15 months.

Only very recently, Colelli et al.3!” presented a paper on the life cycle and environmental assessment

of CaL-TCS in CSP plants. In particular, the Authors analyzed two different TCS-CaL layouts,

representing the state-of the-art concepts for daily and seasonal storage: i) CSP-CalL with high-

temperature storage of the calcination products (conceived for daily storage); CSP-CalL with ambient

temperature storage of calcination products (conceived for seasonal storage). The obtained results

were very promising, the analysis of all the considered parameters evidencing that these novel storage

systems have no particular potentially harmful effects on the environment. More specifically, it was

reported that, while the plant construction represents a high energy demand for the process, the

operation/maintenance of the plant, on the contrary, has only a limited impact over the life cycle of

the plant thanks to the low water consumption and the low environmental impact of the limestone,

being the sole raw material in the whole process. With reference to the two analyzed storage

configurations, the major difference was found in the higher energy consumption required during the

construction stage of the hot storage system, which results in a slightly longer EPBT and a larger

impact on global warming. The results obtained were also compared to those reported for molten salt-

based CSP plants, showing a remarkable reduction (up to 50%) in the associated CO, emissions,

whereas, the EPBT is longer.
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6 Challenges and perspectives

Based on the discussion presented in in the previous sections, it is clear that, among all of the available

oNOYTULT D WN =

9 technological solutions, TCS based on carbonates systems hold great potential for future applications

13 in CSP plants, due to several distinctive favorable features. However, it is also evident that the state

16 of the art of the currently available technologies needs serious enhancements in different directions,

i.e. material improvement/development, reactor design and process integration, thus implying that a

23 multidisciplinary approach must be used.

27 With reference to the materials, metal carbonates can rely on the following key advantages:

e high energy density (~3—4 GJ m™3), roughly 10 times larger than sensible heat storage systems

35 (i.e., molten salts), which makes it possible to maximize the storage capacity;

38 e high working temperatures (> 800 °C), meaning that heat is released through a remarkably

high-temperature exothermic reaction; this makes it possible to integrate the system with high-

45 efficiency power cycles, such as combined cycles, supercritical Rankine cycles or Brayton

48 Cycles;

e carbonates are generally quite cheap and abundant (i.e. available at large-scale) materials;

55 e carbonates are also non-toxic, non-corrosive, non-flammable, and non-explosive materials,

58 which can be easily and stably stored also at ambient temperature; this makes it possible to
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remarkably limit electricity consumption, also eliminating the risks derived from the

solidification of salts.

However, in spite of the above-mentioned favorable features, metal carbonates also suffer from

important problems related to their handling at high-temperature, which requires an in-depth

investigation especially when scaling up the technology. In particular, the main challenge for a metal

carbonates based TCS process is related to the progressive sorbent deactivation over multi-cyclic

operations. Indeed, the sorbent carbonation reactivity drops with the number of calcination-

carbonation cycles, mainly due to sintering and pore-plugging phenomena, thus severely

compromising the operation of the CSP plant. More specifically, after few carbonation/calcination

cycles, the system tends to achieve a low residual carbonation conversion (depending on the both the

sorbent properties, such as the particle size, and on the operating conditions, i.e. temperature, pressure

and atmosphere composition), which ends up limiting the amount of heat released during carbonation

reaction and, in turn, the energy density of the system. So far, different solutions have been proposed

to address this issue, such as hydration, development of synthetic sorbents with enhanced activity and

use of fine sorbent particles. Clearly, in spite of the of the intense research activity devoted to limiting

the multi-cyclic sorbent deactivation, further investigation is still required. In particular, hydration

can be used to improve the multi-cyclic stability of cheap natural calcium-containing minerals, but

this goes at the expense of their mechanical stability (natural limestones are generally weak and they
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become even weaker when thermally pre-treated or hydrated). Therefore, future research activities

should be focused on understanding how to prevent/limit attrition caused by hydration/thermal

pretreatment (e.g. research on optimal hydration frequency, position and time). On the contrary,

synthetic sorbents can be produced with very specific and enhanced physico-chemical features (e.g.

improved attrition/sintering resistance and, consequently, multicyclic stability), by means of the

introduction/doping of an inert and refractory material characterized by high T; (e.g. Al,O3, ZrO,,

MgO, etc); however, this clearly goes at the expense of the economics and environmental impact of

the whole process. Likewise, even though the use of fine sorbent particles may be beneficial in terms

of multi-cyclic stability and reaction kinetics, it brings major practical challenges and
handling/processing issues, i.e. cohesiveness leading to severe agglomeration and, in turn, hindrance
of reaction efficiency, in real industrial-scale reactor. On the whole, all the reviewed strategies are
capable of improving the sorbent multi-cyclic stability in comparison to their pristine equivalents,
however, some important issues still need to be dealt with. First of all, it is noteworthy that, in the
framework of the material development research field, maybe too much attention has been devoted
to attempt novel synthesis methods to produce cutting-edge materials with very high reactivity and

exceptional multicyclic stability without taking into account other factors that play a crucial role in

the feasibility of their application in real industrial-scale processes, such as economic viability,

environmental friendliness and operating complexity of the proposed synthesis methods. For
example, some of the synthesis routes proposed in the literature are way to complex and/or the
precursors are way too expensive, thus strongly hindering their use for industrial production.

Likewise, most of the proposed synthetic sorbents are produced in fine powdered form (even down

to the nano-scale) and tested in analytical-scale instrument (e.g. thermobalance, etc., which are far
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from the operating conditions existing in an industrial-scale reactor) only completely neglecting the

major practical problems associated with the use of fine powders in in real large-scale reactors (where

particles with well-defined shape and morphologies are generally necessary). In this context,

palletization may be proposed as a simple and viable technological solution. However, it must be

taken into account that palletization is often reported to either completely or partially destroy the

porous structure of the synthesized sorbents, thus leading to a remarkable reduction of the reactive

performances of the pelletized sorbents with respect to the as-synthesized powdered counterparts. In

light of these concerns, some general recommendations should be followed in the future when

developing new sorbents. First of all, it is necessary to perform a LCA and techno-economic analysis

of the whole synthesis procedure, which is hardly available in the current literature; knowing the cost

of a newly-synthesized material as compared to the pristine equivalent is of utmost importance for an

objective assessment of the material potential. For example, if the cost of the developed sorbent is

dramatically larger than the raw counterpart, it is most likely that not even a lower makeup rate,

coming from to the enhanced multicyclic stability, of the synthetic sorbent may make it economically

competitive. Secondly, the synthetic sorbents must be tested and assessed under industrially-relevant

conditions, in terms of both process operating variables (temperature, pressure and atmosphere) and

fluid-dynamic conditions, namely more testing should be performed in lab-scale and pilot-scale

reactors in order to approach the real industrial conditions.
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Besides the issues and open challenges related to the materials, it is also important to point out that

the design of the reactors, for both the solar-driven endothermic calcination reaction and the

exothermic carbonation reaction, and their integration in the CSP plant represent a key point of the

TCS-CSP system; the optimization of the reactor concept remains, indeed, one of the most remarkable

open challenge needing to be solved before the carbonate-based TCS systems for CSP can be

industrially deployed.

As regards the solar-driven calciner design, the literature review has highlighted that two main

characteristics should be taken into account when assessing the different reactor concepts: the particle

erosion of internal components, walls, windows and particle-particle erosion (due to the collision

between particles) and dust formation when comparing different gas-solid contacting modes

(entrained, stacked and fluidized beds); the sorbent particle absorptivity when comparing the and

direct and indirect irradiation modes. With reference to the former feature, it is widely known that

carbonate particles are typically very fragile and intrinsically prone to attrition phenomena; therefore,

reactor designs that promote the fast movement of the sorbent particles, i.e. fluidized, entrained and

rotary beds, are strongly affected by particle erosion and dust formation. As regards the latter feature,

carbonate-based sorbents are characterized by relatively low values of solar absorptivity and, hence,

the use of indirectly-irradiated reactors may be helpful with reference to this specific issue. Indeed,
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the indirect irradiation mode would avoid the necessity to directly and poorly absorb the solar

radiation via the low-absorptivity carbonate particle, thus also implying the lack of need for a

transparent window, which may easily incur in degradation and cracking. Cleary, if the indirectly-

irradiated reactors can count, on one hand, on good heat transfer efficiency through radiation, thanks

to the use of a high-absorptivity primary absorber material, from the other hand, they suffer from re-

radiation losses and very challenging distribution of radiation across the irradiated surface and very

high reactor wall temperatures. Therefore, special attention must be devoted to the optimization of

the other heat transfer mechanisms, namely conduction and convection. In this regards, even though

rotary kilns and mobile bed reactors have been successfully tested for TCS-CSP applications,

fluidized bed reactor may represent one of the most viable option, thanks to some of their distinctive

features, such as the high heat/mass transfer coefficients (on the order of hundreds of W m™2 K1),

high thermal diffusivities (on the order of 1072 m? s™!), good solids mixing, possibility of continuous

operation in circulating configuration, adjustable residence time with long permanence in high-

temperature zones. On the contrary, directly-irradiated solar-driven calciners are characterized by a

high sensitivity to the sorbent particle solar absorptivity. Therefore, more work must be devoted to

the development of sorbent with enhanced optical properties.
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As regards the carbonator, even though a great research effort has been devoted to the study of reactor

(especially fluidized beds) concepts for CCS applications, only few studies are currently available on

the development of carbonation reactors to be specifically used in TCS-CSP applications. Based on

these few studies, it appears that fluidized beds and entrained beds may be the most promising

solutions, thanks to the high mass and heat transfer coefficients allowing to achieve high carbonation

efficiencies. Moreover, considering that the use of fine sorbent particles is one of the available

solutions to limit the multicyclic decline in the sorbent carbonation reactivity, assisted-fluidization

techniques were successfully proved, even though only at lab-scale, to successfully counteract the

intrinsic cohesive behavior of fine particles, thus actually making it possible to achieve a proper

fluidization regime. Therefore, in light of the positive results obtained from the lab-scale testing,

further effort may be needed to bring these technologies to the large-scale fluidized bed reactors

Finally, it must be highlighted that that the number of experimental researches on the pilot-scale

carbonate-based TCS systems for CSP plants (TRL 4-5) is still very limited; indeed, most of the

works available in the literature are performed at lab-scale and are focused on the improvement of

the process performance by enhancing the kinetics and multicyclic conversion of both natural and

synthetic Ca-based raw materials and varying the process conditions (e.g. CO, partial pressure at

reactors, temperature, particle size, etc.). Therefore, there is a clear need of research on the economic
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feasibility and scalability of the process. Further work and analysis are also required to better evaluate

the environmental impact of carbonate-based TCS systems when integrated in a CSP plant.

7 Conclusions

This study reviews the state-of-the-art of carbonate-based systems for thermochemical energy storage

(TCS) focusing on their suitability for potential application and integration in concentrating solar

power (CSP) plants.

It is well-known that dispatchability is a major technological challenge of CSP plant and, therefore,

increasing research interest has been focused in TCS systems as a potential alternative to molten salts

to store solar energy. In this framework, alkaline-earth metal carbonates, namely their reversible

calcination/carbonation reaction with CO, used as a means to store/release energy, are recognized to

be very promising candidates due to their very advantageous features: wide availability, low cost,

high volumetric density (> 1 GJ m?), relatively high operating temperatures (> 800 °C), non-toxic

and non-corrosive chemical nature, no occurrence of any side reactions involving the production of

undesired by-products.

However, in spite of these promising features, carbonate-based TCS systems still suffers from a

relatively low level of maturity, i.e. most of the available literature is still limited to the lab-scale.

Therefore, aiming at bringing carbonate-based TCS systems from fundamental research to real-scale
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applications, the use of a multidisciplinary approach with further research efforts in different

directions is needed, i.e. material improvement/development, reactor design and process integration.

After a brief introduction, in which the general topic of energy storage is discussed indicating the

different available technological solutions, in the second section of this review the main concepts of

TCS are presented; all the distinctive features that a potential heat storage material should have been

also highlighted and discussed. Then, the most promising carbonate-based systems to be applied for

TCS-CSP applications are reviewed, paying particular attention to one of the main issues affecting

these systems, namely the dramatic decline in the carbonation activity over multiple

carbonation/calcination cycles due to sintering, pore pugging and agglomeration. Hence, the different

technological solutions proposed to limit the sorbent deactivation and, in turn, increase the sorbent
multi-cyclic stability are reviewed in details. The third section reviews the different types of solid-

gas reactors that can be used to perform the calcination and carbonation reactions, highlighting their

strengths and limitations. Finally, the fourth section presents a discussion on the cost of the CalL

process for TCS.
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