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Abstract

The growing environmental concerns and the necessity to identify alternative
energy sources besides traditional fossil fuels have placed increasing emphasis on
renewable resources. Their discontinuous nature, however, requires the development of
a storage system capable of responding to the demands of users even in conditions of

absence of the resource.

The primary aim of the following report is to investigate the possibilities offered by the
Calcium Looping (CaL) process and its application as thermochemical energy storage
system. It consists of the cyclical repetition of reversible chemical reactions of
calcination-carbonation using calcium carbonate as raw material, which is extremely
abundant and easily available. The process consists in the splitting of CaC0O5 into CaO
and CO, in the endothermic calcination reaction followed by the subsequent
recombination of the two products in the exothermic carbonation reaction. The high
energy density offered by the phenomenon and the ease of storage of the substances
involved suggest the possibility of applying it to the development of a thermochemical

storage system integrated with renewable resource power plants.

The analysis focuses on the integration of the Calcium Looping process into a
concentrated solar power plant. Given the immaturity of the technology and the absence
of similar installations to date, considerable attention is devoted to the two main
reactors, calciner and carbonator, as well as the other components constituting the plant.
Two different plant configurations are treated, one with high temperature solids storage
system and the other with solids stored at ambient temperature. Each is investigated and
modelled through the use of AspenPlus software. In both cases, the main power block is
characterized by a Joule-Brayton cycle with gas turbine, exploiting the high thermal
availability of CO2 resulting from the energy released by carbonation. The discussion
continues through the implementation of an exergo-economic analysis of both
configurations observed, with the aim of highlighting their strengths and possible
opportunities for improvement. Moreover, the two configurations are also compared
from an environmental point of view, through the realization of a cradle-to-grave LCA
analysis, in order to understand the possible impacts generated. The compilation of the
inventory required for the analysis was obtained from the combination of data regarding
a comparable design plant (Gemasolar), hypotheses formulated with the assistance of
the literature and results obtained from the simulations performed. Finally, the EROI
(Energy Return On Investment) and EPBT (Energy PayBack Time) methodologies are
applied in order to provide further information on the energy sustainability of the
project, defining a valid tool for comparison with other plant technologies already
widely established.
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INTRODUCTION

The progressive depletion of underground fossil fuels reserves in conjunction
with the impelling environmental issues encourage, in a constantly more decisive
manner, the orientation of the energy and production sector towards the exploitation of

the possibilities of renewable resources.

Among the main challenges associated with the decarbonisation process of the global
energy scenario, the issue of the intermittence and discontinuity of renewable energy
sources is a topic of wide debate. The dependence on natural phenomena and the
impossibility of benefiting from a stable and constant energy resource unavoidably slow
down an otherwise considerably less complex switch. In response to the problem
mentioned above, a field of great ferment in energy research is represented by energy
storage, devices capable of storing energy and releasing it when required, effectively
extending the availability of resources even to periods of absence of the natural

generator phenomenon.

One of the renewable technologies that could benefit the most from the capabilities
offered by storage systems is the concentrating solar power plant, CSP, a solution of
sure effectiveness and currently established mainly in Spain and the United States, with
progressive interest also from many other countries. While thermal storage systems,
especially the sensible heat type, are widely applied in integration with CSP
applications, the research is recently directed towards a new interesting opportunity
offered by thermochemical energy storage systems, devices which, as explained in
Chapter 1 of the following thesis, exhibit absolutely competitive characteristics and of
considerable interest in terms of alternatives to traditional thermal energy storage
systems.

More specifically, among the technologies included in the category of thermochemical
energy storage systems, particular interest is offered by Calcium Looping (Cal). It
consists of a concept based on the reversibility of calcination and carbonation reactions,
using calcium carbonate, extremely available and easily processable, as raw material. Its
main components, calcium oxide and carbon dioxide, can be easily stored in special
deposits, making the process attractive for integration with a renewable resource power
plant.



In this regard, in Chapter 2 the analysis of the technology is deepened, addressing its
theoretical principles and technical limitations, especially in relation to the degradation
that the properties of sorbent may experience as a result of the iteration of reaction
cycles. Moreover, with a view to its application in a CSP system, space is dedicated to
the discussion of the main components and equipment that should be used to make the
integration effective.

Calcium Looping offers characteristics capable of guaranteeing various possible types
of plant configurations. Starting from this concept, in Chapter 3 two main solutions are
studied: Calcium Looping used as high temperature thermochemical energy storage
system in a CSP plant and Calcium Looping used as ambient temperature
thermochemical energy storage system in a CSP plant. In order to analyse the
integration operation, plant modelling using software is adopted with the aim of

investigating the effective behaviour and cooperation with the necessary components.

The main aim of the following discussion is to address the concept of CSP-CalL
integration following an analytical approach based on the evaluation of its effectiveness
in terms of exergo-economic and environmental performances, with particular attention
to the concept of energetic sustainability. The two proposed configurations are then
compared in order to enrich the knowledge with results in addition to those obtained
from plant modelling and energy operations studies. In this regard, an exergo-economic
analysis is carried out in Chapter 4, with the objective of providing information about
the operation of the components of the proposed systems and suggesting possible areas

for potential future modifications and improvements.

In the subsequent Chapter 5, instead, an LCA analysis is implemented on the two CSP-
CaL configurations. Various environmental indications can be obtained through this
method, enabling a comparison in order to evaluate the impacts generated in each phase
of the plant life cycle and to perceive the situations of greater sensitivity on which to

intervene to improve environmental performance.

In conclusion, the information obtained from the analyses carried out permits the
calculation of some important indicators, such as GWP (Global Warming Potential),
EPBT (Energy PayBack Time) and EROI (Energy Return On Energy Invested), which
allow the comparison of the two CSP-CaL plant solutions with other types of power
generation plants existing in the international production scenario. Therefore, Chapter 6
also reports some data obtained from the literature, through which to evaluate the
possible advantages of the proposed plant in terms of energetic and environmental
sustainability.



CHAPTER 1

OVERVIEW ON ENERGY STORAGE

1.1. Energetic and environmental background

The 21st century is an era characterised by a dramatic evolution of the energy
and production system, in adaptation to a substantial transformation of global living
habits. The introduction of increasingly efficient tools and progressively more
sophisticated equipment means an advancement in the process of integrating technology
into the everyday life of each person, making it an essential part and indispensable

component.

The information age and its particularities inevitably affect an energy sector that has to
face a growing and increasingly diversified demand, thus complexing the response

mechanism.

On the other hand, although technological progress ensures the implementation of
cutting-edge generation processes, increasingly high production efficiency rates and
continuously evolving operation techniques, climate change and the environmental
emergency are holding back fervent development and are bringing ever more topical
problems back into vogue.

From the analysis of the data reported in "Energy Transitions: Global and National
Perspectives" [1], it is clear that the global energy production sector is, up to now, still
deeply dominated by the intensive exploitation of fossil resources.

As shown in the graph below (Figure I), the increase in energy demand has caused a
consequent growth in primary energy consumption. However, despite the incredible
potential of renewable resources, their penetration in the global production sector is still
extremely marginal compared to the intensive use of fossil fuels.

Although the possibilities offered by alternative energy sources are in wide and constant
development, the exploitation of traditional sources of energy is still of primary



importance, especially in view of the exhausting industrialisation process faced by

current developing countries.

Global primary energy consumption Our World

Global primary energy consumption, measured in terawatt-hours (TWh) per year. Here 'other renewables' are
renewable technologies not including solar, wind, hydropower and traditional biofuels.
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Figure I - Global primary energy consumption [1], [2]

The main concern arising from a similar arrangement of the energy system is the
significant environmental damage caused by emissions from the combustion of
traditional fossil fuels. The following table shows the specific carbon dioxide emissions
of some of the most frequently used fuels (Table 1).

Type of fuel Emissions [(kgC0,)/kWh] Emissions [(kgC0,)/G]]
Hard Coal 0.34 94.6
Fuel oil 0.28 77.4
Diesel 0.27 74.1
Gasoline 0.25 69.3
Liquid petroleum gas 0.23 63.1
Natural gas 0.20 56.1

Table 1 - Specific carbon dioxide emissions of various fuels [3]



Unavoidably, due to the widespread use of fossil fuels, the amount of emissions into the
atmosphere proceeds at an unsustainable rate, resulting in environmental emergencies,

climate change and meteorological disturbances.

It is possible to investigate the situation in greater detail by observing the following
graph (Figure 2). It shows the marked increase in carbon dioxide emissions on a global
scale, mainly from the last years of the 20th century.

The considerable contribution of developing countries to the total result is particularly

evident, registering a growing trend, in opposition to the urgent need for environmental

protection.
Annual total CO2 emissions, by world region
o / Statistical
35 billion t / differences
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Source: Carbon Dioxide Information Analysis Center (CDIAC); Global Carbon Project (GCP)
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OurWorldinData.org/co2-and-other-greenhouse-gas-emissions « CC BY

Figure 2 - Annual total CO2 emissions, by world region [4], [5]

This trend is further underlined by the diagram below, which shows the contribution of
the various production regions to the overall amount of carbon dioxide emissions
(Figure 3).

More specifically, it is particularly noticeable how the contribution of carbon dioxide
emissions on a global scale by the Eurozone countries has been drastically reduced,
mainly since the 20th century. In principle, the tendency is justified by the intensive
process of industrialization of the United States, a new emerging economy in direct
competition with European countries. Recently, however, coinciding with the end of the
20th century, a gradual increase in the magnitude of the emissions generated by China

5



and Asian countries can be observed, reflecting the high level of industrial intensity of
their growth process.

Cumulative CO2 emissions by world region Qur Worid

Cumulative carbon dioxide (CO:) emissions by region from the year 1751 onwards. Emissions are based on
territorial emissions (production-based) and do not account for emissions embedded in trade.
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Figure 3 - Cumulative CO2 emissions, by world region [4], [5]

In accordance with the evident situation of climate emergency, it is absolutely necessary
to completely overturn these trends through a radical change in the production and
energy sector, with a view to a deep decarbonisation that favours a mitigation of
climate-altering effects.

1.2. Importance of renewable resources

The urgent environmental issues require a solution that provides an effective
restructuring of the energy system towards sustainable processes in order to reduce the
current amount of pollutant emissions. The aim is to mitigate the phenomenon of global
warming, defined as an increase in the average temperature level of surface air and
surface water in a time period of at least 30 years. The topic was widely debated at the
Paris Climate Conference (COP21) in December 2015, leading to the approval of the



Paris Agreement, a treaty that reinforces the concept of global warming and preaches
the urgency of solving the problem. Specifically, the objective is set to keep the 21st
century temperature increase at least below 2°C above pre-industrial levels, with further
efforts to improve profitability by reducing the target to 1.5 °C.

An analysis of the report published by IPCC - Intergovernmental Panel on Climate
Change, specifically the special report "Global Warming of 1.5 °C" (2018),
demonstrates how anthropogenic activities caused an average increase in surface
temperature of about 0.85 °C in the period between 1880 and 2012 (Figure 4). More in
detail, there are also more marked regional temperature increases, with some
geographical regions having already largely reached the level of 1.5 °C over a
continuous time period long enough to be considered effective.
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Figure 4 - Evolution of global mean surface temperature (GMST) [6]

Among the various methodologies proposed to address the problem, the intensive
exploitation of renewable resources is a valuable solution. Modern technologies
guarantee a rapid development of the sector, introducing conversion techniques with
increasing conversion efficiency. In addition, manufacturing processes are becoming
more and more standardised, resulting in a reduction of previously high costs. State
incentives and environmental benefits are additional aspects in favour of their
development.

The following chart (Figure 5) shows the growth trend of the main renewable resources
in the current energy sector. It is noticeable how recently there has been an important
development in the wind and solar sectors.
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Figure 5 - Renewable energy generation, World [7], [8]

Solar technology, in particular, represents the field in which research is, nowadays,
largely active in order to improve its performance and ensure its diffusion on a large
scale. Its incredible potential and the wide range of applications that characterize it,
makes solar energy a very interesting alternative energy resource. Moreover, its
peculiarities make it remarkably complementary with the topics discussed in the
following treatise, which is why it is considerably advantageous to dedicate additional

consideration to it.

1.2.1. Focusing on solar thermal and CSP

Among the alternative energy sources, solar thermal is certainly an interesting
option in view of environmental concerns and the climate change process. The concept
behind its use consists in exploiting the thermal availability of solar radiation with the
aim of obtaining a high amount of thermal power to evolve in a subsequent power
cycle. Basically, the operating scheme is similar to that of common fossil fuel plants,
with the difference that the primary resource, solar radiation, does not require
combustion processes, making the system potentially carbon free.

Concentrated solar power is clearly one of the most interesting applications of the solar
thermal concept. The technology bases its operation on the concentration of solar
radiation, ensuring the achievement of significantly higher temperatures than traditional



methods in the field of solar thermal. The process of exploitation of thermal heat in the
power cycle is therefore advantaged, with higher plant efficiency.

Gigawatts World Total
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Figure 6 - Concentrating solar thermal power global capacity by country and region over the period 2007-2017 [8]
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The above diagram (Figure 6) demonstrates the growing interest in CSP technology. Its
implementation remains reasonably limited to geographical areas with a high
availability of direct normal irradiance (DNI), confirming the evidence that Spain and
the United States are the countries in which the plant design is most widely used today

8].

The mechanism for generating energy from solar thermal and, more specifically, from
concentrated solar power, however, is strictly dependent on the availability of solar
radiation, limiting its use to daylight hours only. The problem, actually, is extended to
most of the renewable resources, whose main disadvantage is the intermittence of the
source due to the dependence on climatic conditions and the occurrence of natural

phenomena.

A solution to the problem of discontinuity of resources may be identified through the
introduction of an adequate energy storage system. A plant which is dependent on an
intermittent renewable source, if integrated with a storage system, would produce
energy during the periods of availability and at the same time would guarantee the
possibility of accumulating an adequate quantity to satisfy demand even in the absence
of external input. Specifically, equipping a CSP plant with a thermal energy storage
mechanism would allow the conservation of thermal energy useful for the generation of
electricity even in the absence of incident solar radiation, giving the plant greater



flexibility and increasing its competitiveness compared to traditional fossil fuel

generation processes.

1.3. Energy storage technologies

Energy storage represents a fundamental factor in the establishment of
production plants based on renewable resources. Its integration guarantees a mitigation
of power peaks, an increase in system flexibility and encourages the conservation and
distribution of energy obtained from intermittent alternative sources. In this way it is
possible to balance the energy demand by placing a smaller impact on the distribution
network and at the same time amortizing construction, transmission and distribution

costs.

Generally a storage system is composed of a storage medium, a power conversion
system and a balance of system. Different storage technologies can be distinguished:

electrochemical, chemical, mechanical, electrostatic, electromagnetic and thermal [12].

Electrochemical storage systems, which are commonly indicated as batteries, are
devices that transform the chemical energy of the substances contained within them into
electrical energy. Essential elements of batteries are anode, cathode and electrolyte. The
properties of the device are inevitably influenced by the chemical species that make it
up [11]. Among the fundamental characteristics that a battery must exhibit there are
high charge and discharge efficiency, low self-discharge and long life cycle. The
connection of several batteries in series and parallel enables a device with the required
voltage and capacity values to be manufactured. Electrochemical storage systems
include nickel-cadmium, nickel-hydrogen, nickel-metal hydride, nickel-zinc, lead-acid,
sodium-sulphur, sodium-nickel chloride and lithium-ion batteries [11].

A similar mechanism of operation is displayed by chemical storage systems. They base
their theoretical principle on the storage of chemical compounds with high chemical
potential. The most important exponents of this category are the fuel cells, which share
with common batteries the production of power from the stored substances, but they
differ because the energy storage systems are separated from the power generation
apparatus, thus exceeding the limit imposed by the internal storage capacity of the
battery.

Mechanical storage systems include flywheels energy storage (FES), compressed air
energy storage (CAES) and pumped hydraulic systems. While the former belongs to the
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category of kinetic energy storage, basing its mechanism on the accumulation of energy
by capturing the momentum of a rotating mass, the other two systems are part of the
potential energy storage. They provide storage by accumulating potential energy within

large pressurized reservoirs [12].

The field of electrostatic energy storage includes capacitors, which store energy in a
magnetic field, rather than in chemical potential between reactants such as in batteries.
Specifically, energy is stored by separating electric charges between two electrodes.
Compared to batteries they have a very low energy density but a very high power
density, thus offering the possibility to operate with very high current values although
for rather reduced time ranges. Supercapacitors and ultra-capacitors share the same

operating principle, however they exhibit higher capacity values in a smaller size [11].

Electromagnetic storage systems, or superconductive magnetic energy storage (SMES),
benefit from the properties of the magnetic field to store energy. Specifically, a coil of
cryogenically cooled superconductive material is charged with direct current. Therefore,
through its discharge it is possible to obtain energy and transfer it to the grid. The main
problems associated with this technology are the high cost of the superconducting coil
and the high energy expenditure to obtain cryogenic cooling, which is why a SMES is
commonly used for energy storage with a restricted period of operation [11].

As far as thermal energy storage systems (TES) are concerned, they are the most widely
used category of energy storage in the field of energy accumulation from renewable
sources, especially with a view to possible integration with a solar-type resource. They
are divided into sensible heat storage, latent heat storage and thermochemical heat
storage and will be analysed below.

1.4. Thermal energy storage systems

Thermal energy storage systems base their operating scheme on the heating or
cooling of a storage medium with the aim of storing thermal energy for subsequent
reuse in order to produce a useful effect, regardless of whether it is a further heat
exchange or power generation. It is particularly common to integrate a TES mechanism
with renewable resource systems to provide a solution to the problem of intermittence
of the resource through thermal energy storage for subsequently generating electricity in
a power cycle, depending on user demand.
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By virtue of the possibility of storing thermal energy, otherwise dissipated in the
environment, saving fossil fuels necessary for its production in the absence of
alternative energy sources, thermal energy storage systems guarantee both
environmental and economic advantages. First of all, they reduce the costs associated
with the purchase of combustible materials. In addition, they prevent the emission into
the atmosphere of pollutants generated by combustion processes [14].

Thermal energy storage systems can be grouped into three categories [13]:

e Sensible heat thermal storage systems: they involve a temperature change in the
storage medium;

e Latent heat thermal storage systems: they use phase change materials to store
energy in the form of latent heat;

e Thermochemical heat storage systems: they exploit the thermodynamic

properties of chemical reactions to acquire and release heat.

1.4.1. Sensible heat storage systems

In sensible TES, the thermal storage mechanism consists in the temperature
variation of the storage medium through the exchange of thermal energy. Substances
that can be used as storage medium are: water, air, oil, rock beds, sand, bricks and soil.
The choice of the medium is implemented in order to ensure correspondence between

its thermodynamic properties and the operating conditions of the plant.

Water, for example, displays a relatively high heat capacity (~4.2kJ/kgK),
consequently it represents a reasonable choice in applications in which the thermal
range is within its operating limits, as in domestic heating processes. Ceramic materials,
on the other hand, although they offer a considerably lower heat -capacity
(~0.84kJ/kgK), are considerably more suitable for situations with high operating
temperatures [13].

The thermal process that takes place in a sensible TES is described in the following

relation:

Q = mc,AT = pc,VAT (1.1)

Where m is the mass of the storage medium, ¢, [//kgK] is its thermal capacity, AT is
the temperature variation to which the medium is subjected, p is its density and V its

volume.
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The characteristics of the sensible TES make it a technology particularly appropriate for
integration in CSP systems. Among the storage mediums most frequently used for this
purpose, the most common are molten salts. They provide high volumetric heat
capacity, high boiling point and very high thermal stability, guaranteeing a satisfactory
performance at very high operating temperatures, with a consequent increase in power
cycle efficiency. They are furthermore suitable to be used simultaneously as TES and as
heat transfer fluid, thus conferring elasticity to the plant [14].

Other materials that may be used as sensible TES in CSP plants are liquid metals. They
are metals with a melting temperature low enough to be processed in liquid form, but at
the same time a boiling point high enough to ensure a high operating temperature range.
Although they have advantageous thermodynamic properties in terms of cycle
efficiency and receiver functionality, cost, toxicity and corrosivity represent some
problems that limit their diffusion [14].

In accordance with the functionality of a CSP system, it is also appropriate to mention
the use of solid materials as sensible TES. Specifically, concrete, sands and castable
ceramics have thermodynamic characteristics that guarantee an adequate operational
response even at the high temperatures reached in a solar tower plant. The low cost and
simplicity of manufacturing constitute favourable factors for their application, although

some physical properties may suffer degradation as a result of thermal processes.

In the figure below (Figure 7) some possible ways of using sensible TES in CSP plants
are represented. More specifically: (a) liquid metal as receiver with salt TES and (b)
Direct TES system using liquid metal.
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Figure 7 - Conceptual CSP plant using liquid metal (a) Liquid metal as receiver with salt TES and (b) Direct TES
system using liquid metal [14]

13



1.4.2. Latent heat storage systems

The latent TES are special devices that exploit the latent heat of the phase
change of some substances for the implementation of heat exchange processes. The
physical transformation that characterizes them is described in the following relation:

Q =mL = pVL (1.2)

Where m indicates the mass of the storage medium, with density p and volume V.
L [J/kg], on the other hand, represents the value of the corresponding latent phase

change heat.

The storage mediums used in a latent TES are commonly known as Phase Change
Materials (PCM). Their particularity consists in being able to accumulate a considerable
amount of thermal energy through a phase change, thus achieving a substantially
isothermal transformation. The technology is essentially based on solid/liquid or
solid/solid transformations. PCM materials exhibit considerably advantageous
characteristics when compared to sensible TES, due to an achievable storage capacity of
100 kWh/m3compared with 25 kWh/m?3 of sensible TES, and a process efficiency of
up to values of 75-90% [12]. The possibility, moreover, of carrying out thermal storage
transformations in an isothermal manner makes PCMs possible candidates for
integration with solar systems, thus cushioning the limitation associated with high
operating temperatures. The main disadvantage of PCMs is their low thermal
conductivity value, generally between 0.2 W /mK and 0.7 W/mK, thus requiring the
integration of technologies for the promotion of heat transfer [15].

The advantage of a latent TES over a sensible TES is adequately analysed in the
following figure (Figure §). Specifically, it is evident that performance improves further
when the latent TES is realized by assembling different PCMs with increasing phase

change temperature.

Substances commonly used as PCM are paraffin waxes, fatty acids, esters, glycols and
salts. In conclusion, latent TES constitute a particularly promising technology,
demonstrating important advantages such as high energy storage density and the
possibility to perform transformations with a minimum temperature variation. Up to
now, however, their applications are in the research and development phase, limiting
their widespread diffusion on a large scale.
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(b) With cascaded latent heat storage [15]

1.4.3. Thermochemical energy storage systems

Another interesting energy storage systems technology includes the
thermochemicals. They base their operation on the energy exchange that occurs after the
formation and breakage of chemical bonds in exothermic and endothermic reactions.
They are therefore able to accumulate and release energy by exploiting reversible
thermochemical reactions between appropriately selected chemical substances.

Compared to sensible and latent heat storage systems, thermochemicals offer a
significantly higher energy density, in the order of 300 kWh/m3, with equally
considerable process efficiency values (75-100%) [12].

During the charging phase of the storage system, the chemical compound is dissociated

into its components according to an endothermic chemical reaction, as expressed below:

AB+ AHy > A+ B (1.3)

The process requires an external energy input, corresponding to the AHy of reaction for
the specific compound used, necessary so that the chemical bonds can be broken

favouring dissociation.
The storage discharge phase, on the other hand, is described by the reverse reaction:
A+ B - AB + AHg (1.4)
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The recombination reaction of the products is an exothermic process and the amount of

heat energy gained is equal to:
Q = nyp AHg (1.5)

With n,p which indicates the number of moles of the generic compounds AB.

The comprehension of the mechanism is further facilitated by a thermodynamic study of
chemical processes. Specifically, a generic thermodynamic transformation equation is

the following:

AGY = AHY — TAS? (1.6)

It expresses Gibbs' free energy variation as a function of the corresponding changes in
enthalpy and entropy. The identification of the transition temperature, defined as the
temperature at which the reaction equilibrium constant is a unit value, K, =1
(expressed in terms of activity), can easily be derived from Gibbs' definition of free
energy. It is defined by the relationship:

AGY = —RTInkK, (1.7)

In thermodynamic equilibrium conditions, K, = 1, then it results AG} = 0. By
imposing this condition in (1.6), the transition temperature 7" is immediatly obtained:

_ AHR
~AS?

*

(1.8)

The transition temperature provides important information about how the reaction
should take place. Specifically, if T > T*, the dominant process is decomposition,
identifying the charging phase of the storage. Vice versa, if T < T, the synthesis
transformation is favoured, with consequent discharge of the system [14].

Another significant parameter is the operating pressure inside the reactor. A decrease in
this parameter would result in a reduction in the transition temperature. The reactor is
generally equipped with a vacuum pump in order to control the internal pressure. In
addition, this methodology also guarantees the possibility to vary the transition
temperature, if necessary, simply by acting on the pressure.
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In the description of thermochemical energy storage, it is appropriate to mention the
considerable advantage resulting from the possibility to store the dissociation products
for a very long period after the reaction. This feature allows not only to extend the
availability of the resource to any time period of demand, but also contributes to
improving the efficiency of the process, ensuring long-term storage with negligible
thermal losses [14].

There are currently numerous chemical candidates to be used for thermochemical
energy storage systems. Among the key properties for an efficient process, high
chemical reversibility, large chemical enthalpy change and simple reaction conditions
should be highlighted. In the table below (7able 2), some of them are presented,
together with the corresponding values of energy density and reaction temperature, two
factors of primary importance in the selection of the most suitable compound for the

particular application treated.

Thermochemical Solid reactant Working fluid  Energy Density = Reaction temperature
material (AB) (A) (B) 2] /°C]
MgS0, — 7H,0 MgSo, 7H,0 2.8 122
FeCO; FeO co, 2.6 180
Ca(OH), Ca0 H,0 1.9 479
Fe(OH), FeO H,0 2.2 150
CaCO0; Ca0 co, 3.3 837
CaS0, — 2H,0 CaSO0, 2H,0 1.4 89

Table 2 - Promising materials for Thermochemical Energy Storage [17]

The comparison is further investigated in the following illustration (Figure 9), proposed
by (Pardo et al.), in which several possible reactants are compared in terms of mass
energy density and volume energy density, assuming a packed bed porosity of 0.5 and a
bulk density for solid reactants.
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Figure 9 — Volumetric (a) and mass (b) energy density versus turning temperature [16]

1.43.1. Advantages and disadvantages

Thermochemical energy storage systems are an emerging, innovative and
undoubtedly interesting technology. Despite many advantages over traditional TES, it is
also worth mentioning their various weaknesses in order to obtain an adequate
comparison framework.

Thermochemical energy storage systems are very advantageous in terms of simplicity of
storage of substances. Components A and B obtained after the dissociation reaction can
be stored separately at ambient temperature after appropriate cooling processes. This
guarantees an extension of the time of storage and increases the generation elasticity of
the system. In addition, storage conditions of this type drastically reduce heat losses,
which represent a significant challenge in traditional storage systems. Finally, another
remarkable characteristic is the high energy density value, which allows a greater
amount of energy to be stored in the same volume in comparison to sensible and latent
TES. The latter property is particularly relevant in applications where there are space
limitations. The following graph (Figure 10) confirms what has just been described,
classifying the various thermal storage systems according to energy density.

However, the deployment of thermochemical energy storage systems is not yet
completely consolidated. The technology comprises problems that are still under
analysis and research, including: complexity of reactor design, low long-term durability
due to degradation of reaction reversibility, chemical stability not completely reliable,
corrosion caused by some of the candidate chemical substances, poor heat and mass
transfer performance, in addition to typically relatively significant production and
manufacturing costs.
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Figure 10 — Energy density for different TES [16]

The problems mentioned above therefore relegate thermochemical energy storage
systems to laboratory applications for research purposes, reducing their commercial
spread in waiting for greater guarantees. The immaturity of the technology and the lack
of experience in the sector reduce its appeal in the industrial field, causing an increase in
costs with a consequent rise in investment risks. However, its promising characteristics,
in line with environmental requirements and the growth of solar thermal technologies,
suggest the possibility of future developments and consequent affirmations in the
energy industry.
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1.5.

TES comparison

The table below (Table 3) shows a comparison between the main characteristics

of the different thermal energy storage systems analysed.

Sensible TES Latent TES Chemical TES
. 3 Medium ~ 0.3 — 3
Storage density Small ~ 0.2 G] /m 3 Large ~0.5—-5G]/m
0.5GJ/m
Storage Charging phase Charging phase i
Ambient temperature
temperature temperature temperature
. L L. Hypothetically unlimited (no
Storage period | Limited (thermal losses)  Limited (thermal losses)
thermal losses)
Lo Limited due to PCM Limited due to reactant
Lifetime Long . )
cycling degradation
Technology Basic Medium difficulty Advanced and complex
. ) . Limited commercial Mostly in research and
Maturity Available commercially o
availability development phase
Cost ~01-10€/kWh ~10—-50€/kWh ~8—100€/kWh
Transport Hypothetically unlimited (no
. P Short (thermal losses) Short (thermal losses) P 4 (
distance thermal losses)
Low cost: High storage density;
y Good storage density; Neglicible th 11 .
Large materials egligible thermai losses,
Advantages availability: Isothermal processes; Long storage period;
Simple technology. High efficiency; Long transport distance
possibility.
. High thermal losses; High thermal losses; More complex technology,
Disadvantages

Low storage density.

Corrosivity,

Still under development,

Higher capital cost.

Table 3 - Thermal energy storage systems comparison [17]
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CHAPTER 2

THE CALCIUM LOOPING PROCESS

2.1. Introduction

Calcium Looping is an innovative chemical and energetic process that has
acquired considerable importance in the industrial and productive panorama of recent
years. Its properties, especially in virtue of the possibility to realize processes with a
significantly reduced environmental impact, have guaranteed its rapid development and

growing application, mainly in integration with existing technologies.

The recent environmental situation, the urgent climate emergency and the need to
identify alternative production methods that guarantee a reduction in atmospheric
emissions make Calcium Looping (CaL) technology an essential resource in the context
described. In this regard, its use as a CO, capture system is highly regarded, especially
in view of the possibility of coupling it with a fossil fuel power plant, a solution that
would make potentially carbon-free the exhaust fumes released into the atmosphere [18]
[19]. There is no doubt that the CO, capture and storage (CCS) technique is a mode with
considerable potential for reducing global greenhouse gas emissions. According to the
International Energy Agency (IEA), CO, capture from fossil fuel emissions represents
about 19% of the total potential for emissions reduction for a 2050 low-emission
scenario [19].

Analysing, moreover, the trends related to CO, emissions in recent years, it can be seen
that, due to the increasing industrialization, the growing energy demand and the gradual
intensification of production in developing countries, the quantities of greenhouse gases
and CO, in particular are constantly growing globally.

In relation to CO, emissions from fossil fuel power generation processes, the situation
can be further investigated by analysing the graph proposed by IEA and reported below
(Figure 11). Looking at the emission trends, it is possible to see that if OECD countries
have achieved an overall, albeit modest, reduction in terms of emissions from fuels,
recording a decrease from 12.6 Gt CO, in 2000 to 11.6 Gt CO, in 2018, at global level
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the situation is decidedly less comforting. Over the same period, in fact, a substantial
increase can be seen from 23.2 Gt CO, in 2000 to 33.4 Gt CO, in 2018 [20].
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Figure 11 - CO2 emissions from fuel combustion, IEA [20]. All rights reserved.

Analysing the data more in detail, it can be observed that the trend of emissions of
OECD countries in recent years has remained stable at 11.6 Gt CO, per year, with no
substantial variations. An explanation of the identified behaviour is provided by the
following graph (Figure 12), provided by IEA, in which the change in annual CO,
emissions for OECD and non-OECD countries in recent years is recorded. It can be
seen that in the recent period 2017-2018 OECD countries have reversed the trend,
showing a considerable increase in emissions (+ 52 Mt CO,) compared to the results
achieved in previous years.

This chart, added to the marked increase in the emission levels recorded for non-OECD
countries in recent years, explains the reason for the growing emission trend and puts
further emphasis on the urgency of finding useful solutions to reduce the quantities
released [20].

In this context, Calcium Looping is one of the most promising technologies in the
current energy landscape, basing its functionality on a cycle of calcination and
carbonation reactions using CaCO5, a material easily found in nature in substances such
as limestone and dolomite [21]. This particularity attaches great importance to
technology, because of undoubtedly favourable environmental aspects in a current
emergency situation. The fundamental mechanism is based on the capture of CO, from
the exhaust gases leaving production plants and its subsequent reaction with CaO in the
ultimate production of CaCO3 in a high-temperature carbonation process (650°C) [23].
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Figure 12 - Annual change in CO2 emissions for OECD and non-OECD countries, IEA [20]. All rights reserved.

Due to the high temperatures required in the calciner (950°C), the use of the CO,
capture system requires the integration with a heat production system, which can
possibly be characterized by an alternative source, tendentially renewable, optimized
with an internal network of heat exchangers that ensure the exploitation of the high
operating temperatures of the fluids used [23].

Considering, moreover, the production of CaO in the cycle, it is immediate to consider
the boasting deriving from a connection of the process with the cement industry,
guaranteeing considerable energy savings in the otherwise necessary transformation of
limestone into Ca0, a fundamental compound in the operations of the above mentioned
sector.

The range of application of Calcium Looping is wide and involves other possible
branches and developments in the energy sector. Of great academic interest is, for
example, the integration of the process in the production of hydrogen [24], which
benefits from the catalytic gasification of coal, an activity currently abundant especially
in China and developing countries. By virtue of the growing importance of hydreogen
as a future energy source in its many applications, this scenario also invitably increases
the visibility and versatility of the Calcium Looping process.
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2.2. Description of physical and chemical principles

The Calcium Looping process is based on a cycle of calcination and carbonation
reactions involving calcium carbonate CaCO0s3, calcium oxide CaO and carbon dioxide
CO0,, as indicated in the formula below:

CClCO3 (s) + AHr > C&O(s) + COZ @ (21)

The raw material needed to start and implement the process is calcium carbonate
(CaCO03). It is a material widely available in nature, being the second most abundant on
Earth after water. Substances such as limestone and dolomite are, in fact, extremely rich
of it [25][26], and consequently it constitutes a great advantage in terms of product

availability, environmental sustainability and economic convenience.

The process begins in the calciner, which is a component whose function is to provide
the initial CaCO5 separation reaction in the CaO and €O, compounds. The process is
endothermic and consequently requires an external energy supplement to occur, as
specified by the following equation:

CCLC03(S) - CCLO(S) + COZ(g) AH,« = +178.4 k]/mol (22)

In view of a future integration of Calcium Looping in a thermochemical storage system,
the thermal energy obtained from a solar receiver of a solar concentration system is
certainly a way to feed the reaction. Following the same principle, it is immediate to
identify why Calcium Looping has such a wide range of possibilities in the field of CO,
capture. If, in fact, integrated in a power generation plant powered by fossil fuels, the
high amount of energy generated by combustion, in combination with the high
availability of fuel, meet the requirements for starting the reaction.

The continuation of the cycle can take place immediately, sending the CaO and CO,
compounds directly into the carbonator for the reverse reaction, or after some time after
their storage in special storage systems. The latter solution is particularly recommended
in the case of integration of the Calcium Looping process in a solar concentration
system. The mechanism would in fact guarantee the storage of the thermal energy
collected by the plant in the form of potential chemical energy, which can be converted
back into the carbonator whenever required.
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The carbonator is a component in which CO, and CaO are subjected to the ideal
thermodynamic conditions so that the reverse chemical recombination reaction with
consequent formation of CaCO; can occur. The following formula explains the

chemical mechanism that takes place at this stage:

CQO(S) + COz(g) - CaC03(s) AHr = —178.4 k]/mol (23)

It is an exothermic reaction, through which it is possible to convert the chemical
potential stored in the form of CaO and CO, reagents into thermal energy generated by
their reaction.

The thermodynamic conditions under which the calcification and carbonation processes
are conducted can be variable and depend on plant regulation. According to (Berger)
and (Valverde and Medina) considering an integration of the Calcium Looping process
in a solar concentration plant for the realization of a thermochemical storage system, the
carbonation process should be conducted at high partial pressure of CO, and high
temperature (about 850 °C or higher) [27] [28]. The process would be speeded up by
increasing the operating temperature in line with a concomitant change in the partial

pressure of CO, [29], ensuring a higher overall electricity generation efficiency.

Calcination, instead, should be performed at a lower temperature (about 700°C) using
gases easily separable from CO, [28] or alternatively, in accordance with the
thermochemical equilibrium, a pure CO, atmosphere with particularly high
temperatures (above 950°C) [29][30] would be required in order to ensure a rapid
reaction. Due to the high enthalpy value under consideration, the system would require
integration, presumably with an auxiliary combustible, to provide the energy quantity
required by the process.

In general it could be thought to reduce the partial pressure of CO, by adding easily
separable gases, such as helium or steam [27], which, being inert, facilitate the
separation phase. In the case of steam utilisation it would be possible to proceed with
condensation processes, while in the presence of helium it would be better to use
selective membranes or Pressure Swing Adsorption, paying attention to the fact that the
energy expenditure of these last cases does not make them much more convenient than
the accessory combustion.

A further option is to supply the heat necessary for calcination indirectly through a heat
exchanger system [31], consequently avoiding the necessity to use auxiliary fuel,
although the limitations of the heat exchanger system arrangement do not guarantee the

possibility to consider this as a definitive solution. The realization of calcination in
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partial vacuum condition [32], finally, requires the resolution of problems related to the
possible losses that could occur to the system.

The advantages of using calcium looping as a storage system are several. From an
energy point of view, the analysed process results to have a theoretical energy density
around 3 — 4 GJ/m3[33][34] depending on the thermodynamic storage conditions.
Comparing the data with the energy density of a common solar concentration system
with tower technology with molten salts (0,4 GJ/m3 [35]), it appears evident that the

convenience of the illustrated technology is remarkable.

2.2.1. Imperfect reversibility of the reaction

One of the main problems concerning the Calcium Looping process involves the
fact that the carbonation reaction between lime and carbon dioxide is not completely
reversible. In particular, the properties of CaO sorbent undergo a progressive
deterioration, increasing with the number of calcination/carbonation cycles performed,
preventing a complete recombination reaction and causing the accumulation of a high

amount of inactive sorbent [36].

Numerous investigations have been carried out to examine the behaviour of CaO when
subjected to a particularly important series of reaction cycles. According to (Abanades
and Alvarez), as a result of experiments based on TGA thermogravimetric analysis, it
appears that the chemical reaction between lime and CO, is characterized by a certain
conversion limit, somehow related to the variation of porosity of the sorbent as a
function of the variation of its pore size. The results demonstrate how the repeated
cycles of calcination/carbonation involve a continuous change in the pore size of the
sorbent CaO, typically generating larger pores than those observed at the beginning of
the reaction [36].

The results obtained are generally expressed as a variation of the "sorbent reactivity", or
capture capacity, in function of the number of cycles. The sorbent reactivity X,
calculated through the TGA analysis, is defined by the following relationship:

mol CaO reacted
X = — , (2.4)
mol CaO stoichiometric

It is an index of fundamental importance in the evaluation of sorbent performance. It
gives an indication of the molar fraction of sorbent actually involved in the reaction,
perceiving as a consequence the amount left inactive.
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Important results were obtained by (Grasa and Abanades) regarding the relationship
between sorbent reactivity and number of cycles, by conducting experiments on various
limestone samples subjected to calcination reaction with calcination temperatures below

950 °C, as summarized by the following graph.
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Figure 13 - Sorbent reactivity vs number of cycles [37]

The trend demonstrates a drastic reduction in sorbent capture capacity in the first 20
cycles before showing a stabilization with the increase in the number of cycles,
remaining constant at a value of 0.075 - 0.08 for the next 500 cycles. [37].

A similar result for low number of cycles and progressively increasing and higher
calcination temperatures is obtained by (Blamey et al.), as shown in the figure (Figure
14). The experiment concerned was conducted using a fluidized bed reactor and
establishing at 900 s the duration of the calcination and carbonation reactions, with a
total pressure of 101.3 kPa and CO, concentration of 15%. The results indicate that the
solid reactivity of the sorbent tends to vary its behaviour not only according to the
number of cycles but also to the reaction temperature. It emerges that the decrease is
more accentuated in higher sintering calcination environments, proportional to the

increase in temperature [38].

In addition to temperature, another parameter that influences the behaviour of the
sorbent in the calcination/carbonation reaction cycle is the presence of steam in the
reactor. In particular, (Champagne et al.) as deduced from his experiments how the
presence of water in the calcination phase affects the properties of the sorbent and leads

to variations in the conduct of the carbonation reaction [39].
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Figure 14 - CaO carrying capacity vs number of cycles [38]

The results demonstrate, specifically, how the introduction of water into the calciner,
under specific temperature conditions (925 °C and 875 °C are the cases studied), leads
to an increase in the reactivity of the sorbent. The following figure summarizes the
results obtained after TGA tests with calcination at 925 °C and 60% of CO, [39].
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Figure 15 - Sorbent conversion from TGA tests with calcination at 925 °C, 60% CO2
for different steam percentages [39]

From the diagram it emerges that, among the vapour concentrations studied, 15%
constitutes the value for which a greater influence on the carrying capacity of the
sorbent is obtained.

In the same study, moreover, it is explained how the injection of steam in the
calcination phase involves a change in the morphology of the sorbent, causing an
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increase in the size of the pores with a consequent increase in carbonation reactivity

[39].

As mentioned above, the partial pressure of CO, in the reactor is also a relevant
parameter in the study of reaction kinetics. Experiments useful for the discussion were
conducted by (Valverde et al.), investigating the existing correlation between partial
CO, pressure and reaction temperature in the calciner for a given residence time. The
result is the following graphic trend.
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Figure 16 - CO2 partial pressure vs temperature in calcination [40]

From the experiment it is possible to observe not only the relationship between partial
CO, pressure and reaction temperature during the reaction, but also how, depending on
the thermodynamic situation defined by the two variables, in the 60-minute residence
time at which the experiment was conducted, the de-carbonation reaction may develop
completely, partially or not at all [40].

Ultimately, what emerges from the analyses presented is how the sorbent generally
tends to lose reactivity with the progression of cycles, leading to a reduction of material
actually involved in the reaction to the benefit of the increasing accumulation of
inactive substance. In view of an integration with a solar concentration plant for a
possible use of the Calcium Looping process as a thermochemical storage system, it is
therefore legitimate to consider the necessity of a periodic partial renovation of the
quantity of solids involved in the process. Due to the considerably long life of the plant
and the therefore high number of cycles that the sorbent would have to undergo, it is
undeniable that an excessive reduction in reactivity would have considerable
repercussions on the plant performance. A gradual replacement is an eventuality to be
taken into account, therefore, when designing an integrated system of this type.
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2.3. Integration in a CSP plant

In addition to the well-known application of calcium looping as a method to
capture CO, in an attractive integration in fossil fuel plants with the aim of making them
potentially carbon free, its combination with a concentrated solar power plant certainly

represents an innovative frontier of technology development.

2.3.1. Advantages of integrating CSP with CaL

The integration of a concentrating solar power plant with a thermal storage
system plays an increasingly important role with the growing importance given to solar
power as an alternative energy source. Its availability limited to daylight hours with
clear sky makes it necessary to find a technical solution that would extend its
functionality to satisfy any demands even in the absence of solar radiation. In this
context, thermal storage, as previously stated, is a useful instrument to increase the
production of energy even in non-operational panel conditions, consequently being able

to respond to the demands of users ideally at any time of the day.

Among the storage systems useful for the conservation of thermal energy, the most
interesting are the thermochemical storage (TCES), which are able to realize the
charging and discharging processes simply through the development of reversible
chemical reactions powered by the solar radiation collected by the plant. TCES applied
to CSP uses the heat collected by the solar receiver to perform an endothermic reaction.
When energy is requested, the by-products of the reaction are combined together at the
necessary conditions for the reverse exothermic reaction to occur, which releases the

previously stored chemical energy for power production [41].

The integration of CaL in a CSP system is an interesting solution and its characteristics
enable an advantageous coupling.

On the one hand, CaL is a technology that requires a certain amount of energy to start
the separation processes in the calciner. In addition, it is necessary to consider the
additional consumption required for €O, compression and solids transport. CSP could
be an interesting resource in this context. Thanks to the availability of thermal energy
with extremely high thermodynamic quality, the integration would guarantee the supply
to the cycle directly from a renewable resource, thus increasing the attractiveness of the
technology [42].

On the other hand, calcium looping is also an advantage for the CSP system itself.
Thanks to the great chemical potential developed in the reactions that are performed in
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calciners and carbonators, CaL is configured as a possible electrochemical storage
system, useful for the conservation of the energy obtained from the solar plant,
providing, in fact, the resource with the important qualities of constancy and continuous
availability, providing a solution to the alternating and discontinuous nature of solar
radiation [21].

The solar radiation collected by the receiver is used, in the form of thermal energy, to
activate the chemical dissociation reaction inside the calciner. CO, and CaO thus
generated are then stored in special storage systems. When energy is required by the
user, the substances are conveyed to the carbonator where the recombination reaction
and the subsequent formation of CaCO; takes place. Being a strongly exothermic
reaction, the energy generated is useful to activate a turbine in a power cycle, in order to

respond to the energy demand of the network.

An example diagram of the operating mechanism of the process in integration with a

solar system is shown in the following figure.
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Figure 17 - CSP-Cal conceptual scheme [43]

One of the advantageous points of the integration of CaL in the CSP consists in the
possibility of calibrating the system according to the characteristics of the network,
therefore being able to operate in response to the peak demand, as well as in a
continuous and constant way for the ordinary demand and over time. The characteristics
of the CaL, in fact, make it possible for the integrated storage systems to be maintained
at ambient temperatures, thus extending the storage time and giving the resource a
remarkable seasonal operating characteristic [44].
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2.4, Description of all systems, equipment and processes

Regardless of the purpose for which the calcium looping process is applied,
there are some fundamental components required in order to apply the technique.

Commonly, as shown in the previous image (Figure 17), a system that exploits the
potential of calcium looping requires the presence of a calciner, a carbonator, storage
systems for C0O,, CaO and CaCO0O5 as well as a network of exchangers useful to optimize

the process and ensure adequate heat exchange.

Therefore some theoretical indications are given on the main components that compose

the system.

2.4.1. Calciner

The implementation of an appropriate and highly efficient calcium looping
process requires calcification to be conducted appropriately and successfully. The
calciner is the component responsible for this, as it must achieve the splitting of CaCO;
into Ca0 and CO,. Since it is an endothermic reaction, it requires an external energy
supplement for this to happen. In this context, the way in which the thermal energy is
supplied to the system depends on the type of integration and the purpose of the
process.

Regarding calcium looping applied as a €O, capture medium, in the calciner the
reaction requires the satisfaction of extremely high enthalpy values, with operating
temperatures above 900°C in a pure CO, environment. Unavoidably, a backup system
with oxy-fuel supply is necessary to obtain the required amount of energy [45]. The
system could possibly be optimized by the addition of inert gases into the calciner's
atmosphere, which would reduce the partial pressure of CO, and consequently lower the
operating temperature to values around 725 °C [46]. The possible integration of this
solution with an indirect heating system using heat exchangers would reduce the
necessity to employ oxy-fuel combustion.

In the application of calcium looping for CO, capture, the type of calciner used tends to
be the rotary klin, characterized by operating temperatures around 2000 °C and variable
sizes capable of producing a flow rate of 3600 ton/day [47]. Usually it is integrated with
particle preheating mechanisms, exploiting the high temperature of the gases coming
out of the calciner to preheat those entering the rotary klin.
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Figure 18 - Solar rotary klin examples [48]

(Shimizu et al., 1999) also proposes the possibility of using a fluidized bed reactor as a
calciner [49], whose main advantage lies in promoting gas-solid contact by stimulating
the heat exchange process.

Figure 19 - Solar fluidized bed reactor [48]
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The topic is further investigated by (Hanak et. Al., 2015)[50], who analyses various
types of possible reactors, such as Moving Bed, Circulating Fluidized Bed, Bubbling
Fluidized Bed. What emerges from the discussion is the potential problem deriving
from particle size, a parameter that particularly affects the operating conditions of the

component [51].

In general, a properly designed calciner should be able to ensure a sufficiently long
residence time for particles in order to reach high operating temperatures correctly,
ensure a rapid and defined calcination process, guarantee an appropriate heat exchange
by minimising thermal gradients and losses, prevent the formation of particle
agglomerations and ultimately achieve a thermodynamically controlled and correct

transformation.

The integration of the calcium looping process with a concentrating solar power plant is
mainly implemented in the functionality of the calciner. In this case, the energy needed
to supply the chemical reaction derives directly from the solar radiation intercepted by
the solar receiver, with clear overall gains for the system in terms of fuel consumption,
environmental sustainability and independence from an auxiliary energy backup system
[42].

The correct design of the calciner is an essential step in the process of integrating
calcium looping with a CSP plant, due to the fact that the overall efficiency of the
system is significantly influenced by the operational mechanisms that take place in the
chemical splitting reaction of CaC05. Currently the optimal sizing and characterization
of such a calciner is still in the process of completion. One of the most important issues
is the thermal losses that may result from the particular operating conditions of the
component. For this reason, significant radiative losses can arise due to the extremely
high temperatures reached during the process as well as conduction losses, which are
strictly dependent on the geometry and structure of the calciner [29].

In accordance with what has been argued by (Flamant et al.), some issues of primary
importance in the design of a calciner perfectly integrated with a concentrating solar
power system concern the necessity to ensure the particles a residence time long enough
for the high operating temperatures required by the process to be reached, while
avoiding the plausible thermal losses due to radiation and conduction and the definition
of unfavourable thermal gradients. Adequate thermodynamic management of the
operations would ensure the exclusion of any formation of particle agglomerates, which
would compromise the overall efficiency of the process, also guaranteeing the absence
of deposits that could cause consequent structural damage [52].
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2.4.2. Carbonator

The carbonator is another essential component for the proper performance of the
calcium looping process. It represents the device in which the carbonation reaction
useful for the production of thermal energy previously stored in the form of chemical
potential takes place.

The sizing and design phase is also of primary importance for the carbonator. The
efficiency of the process and the way CaO reacts with CO, in the formation of CaCO;
depends on the reaction conditions as well as the residence time of the particles in the
component. The carbonator recombines the CaO and CO, releasing heat to a heat
transfer medium, eventually air or gas, in order to expand it into a gas turbine. Between
calciner and carbonator there are storage vessels for CaC0O3, CaO and CO0,, whose sized
is chosen to provide buffer storage so that the solar calciner can consume CaC0O; and
produce CaO and CO, during daylight hours, while the carbonator/turbine can run 24 h
a day with varying load as required and satisfy the grid demand [53].

The majority of carbonation processes take place in Fluidized Bed type reactors, in
which fluidization plays a fundamental role to ensure the achievement of high

carbonation efficiency values.
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Figure 20 - Continuous fluidized bed carbonator scheme [54]
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Eventually, in agreement with (Valverde et al., 2013) and (Romano, 2012), the
performance could be further increased by assisted fluidization methods and the
application of high intensity acoustic fields, useful to avoid the formation of particle
agglomerations that would reduce the optimal success of the process [55][56].
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Figure 21 - CO2 breakthrough curves measured during the carbonation stage in the absence of acoustic field and
with an acoustic field applied [55]

As shown in the previous figure, the results of the experiments demonstrate that the use
of sound waves with the aim of facilitating the carbonation process effectively
guarantees a faster reaction, favouring heat and mass transfer and consequently reducing
the quantity of CO, in the exhaust gases. This is a very important result in application to
CO0, capture systems [55].

A more in-depth analysis of the carbonator's operating mechanism allows the process to
be divided into two distinct phases. Initially the reaction develops on the free surface of
the solid through the formation of CaC0; molecules following the combination of CaO
and CO,. The process speed, in this case, is determined by the chemical kinetics of the
reaction in question. This phase is relatively rapid and ends when the free surface of the
CaO0 molecules is completely affected by the initial formation of CaC05. At this point
follows the second, much slower phase, characterized by a solid-state diffusion of CO3
and O, ions through the formed layers, ensuring a subsequent continuation of the
reaction [57].

36



Ultimately, the carbonator, as well as the calciner, constitutes an element of
fundamental importance within the process dynamics of calcium looping. The
construction of a reactor of this type on a large scale requires essential characteristics so
that the process can be carried out in a complete manner maximizing overall efficiency.
In this context, it is appropriate to ensure sufficient residence time for the molecules to
reach the required temperatures, controlling the thermodynamics of the process to avoid
the formation of accumulations and maintaining appropriate fluidization. From a
thermodynamic point of view, it is necessary to avoid losses and dissipations, reducing
thermal gradients and allowing a homogeneous heat exchange to the reactor's wall. The
power production as a result of the carbonation reaction will consequently be able to

take place under ideal conditions, guaranteeing a satisfactory success.

24.3. Heat exchangers

Accessorizing the Calcium Looping plant engineering process with an
appropriate network of heat exchangers is an essential part of system development. The
exploitation of hot flows and heat recovery guarantee the possibility of optimizing the
process, reducing the amount of energy required from the outside and making it easier

to carry out the different phases with increased efficiency.

From the analysis of the design of a common plant based on Calcium Looping, it
definitely emerges the availability of heat in the hot flow of €O, coming out of the
cacliner, for which it is convenient to provide cooling before sending it to the storage
system. On the other hand, it can be observed that the CaCO5 entering the calciner
could be preheated to reduce the required energy supply and facilitate and speed up the
operations in the reactor. The thermal availability of the CO, stream in question is such
as to enable further plant modifications, assuming, for example, the integration of a
power cycle with steam for the production of energy needed to self-sustain the
compression of the same CO, in the storage for which it is intended. The €O, coming
out of the storage could similarly be preheated to facilitate the operation of the
carbonator. In this case, the thermal availability of CaC 03 leaving the carbonator would
guarantee the resolution of the problem. The CO, outgoing from the carbonator, also at
a high thermal level, could finally be destined to a power cycle before exploiting its
properties to preheat the stream of the same gas coming out of the carbonator and direct
to the carbonator.

Ultimately, the typical plant design of a calcium looping process allows the integration
of heat exchangers in various ways and different arrangements. In the same

configuration it is possible to simultaneously install:
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- Gas/gas heat exchangers: are mainly involved in the power cycles, in the
C0,/Steam heat exchange and in the pre-heating of the C0O, stream coming out
of the storage. The main heat transfer vector is the flow of hot CO,, both from
the calciner and the carbonator. Typically the type of heat exchanger most
widely used for this purpose is the "flat plate" heat exchanger. The limitation in
its application lies in the flow rates involved. If the volumetric flow rate is not
within the limits indicated by the manufacturer, generally "U-tube" type heat
exchangers are used [44];
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Figure 22 - Flat plate [59] and U-tube [60] heat exchanger

- Gas/solid heat exchangers: are used in the C0,/solids coupling and ensure heat
exchange between gas and solid particles. They are used both during the heating
of CO, by the CaC0O5; coming out of the carbonator and in the opposite direction
to pre-heat the CaCO3 entering the calciner. In the first case, it is essential to
have an indirect heat exchanger that avoids direct contact between CaO and €O,
in the carbonator with the risk of causing partial and incomplete carbonation
reactions, with consequent reduction of the useful power produced by the cycle;

- Solid/solid heat exchangers: They would ensure further plant improvement by
promoting heat exchange between solid substances. They represent a technology
that is still being developed and further explored. An often highly accredited
configuration consists in coupling two solid/gas heat exchangers with an
intermediate heat transfer fluid circulating between the two solids. Typically,
due to the high temperatures, liquid metals can represent a good solution for this
process [58].

Very common technologies of solid/gas heat exchangers are the suspension preheaters
[61], which develop in different cyclone stages and are particularly useful in the
preheating of CaCO05 particles. The hot stream leaving the calciner flows through the
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various stages of the cyclone from bottom to top. At the same time, the CaCO3 particles
are inserted and ensured to heat up before the cyclone is activated to separate them from
the gas again. The suspension preheater guarantees extremely high levels of contact
surface area, therefore the heat exchange achieved in this way is remarkable. the
advantages of the technology lie in its maturity and reputation, being extremely
widespread in the cement industry, as indicated in the following picture (Figure 23).

Another type of heat exchanger widely used is the grate preheater, in which the
particles, arranged on a horizontal support sliding inside a closed tunnel, are invested by
the flow of hot exhaust gases coming out of the calciner. The process guarantees a
considerable cooling of the fluid with consequent significant preheating of the particles
[62][63].
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Figure 23 - Suspension preheater scheme [64]

In conclusion, the dimensioning and the choice of an appropriate heat exchanger system
to be integrated in the plant appears to be a primary prerogative in order to increase the
performance of the cycle and disconnect it from the necessity of using backup energy
systems. The possibility of exploiting the thermal availability of the hot flows
circulating in the configuration studied, gives independence to self-sustainability of the
process, although with the shrewdness to realize connections and couplings in a
perspective of continuous design optimization.
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2.4.4. Storage systems

A correct application of Calcium looping systems requires the integration of a
series of storage devices useful to allow the iteration of operations. A common
installation of this type generally includes three main storage technologies:

- (0, storage: it consists of a typically pressurized storage, suitable for storing the
CO, coming out of the calciner following the dissociation reaction of CaCO5.
The pressure level applied (around 75 bar) [65] is generally such as to ensure
that supercritical CO, conditions are reached at ambient temperature, an
important solution to save volume compared to otherwise bulkier storage for
gaseous substances. The use of lower pressures, in fact, would make it necessary
to proceed with liquefaction by means of thermal reduction, with unavoidable
energy expenditure and reduction in system performances [41]. A technology for
storing CO, at atmospheric pressure inside large vinyl buildings is also being
developed [66];

- CaO storage: it represents a storage for solids, in this case the Ca0 coming out
of the calciner;

- CaC03/Ca0 storage: it is also a storage facility for solids, but it is intended for
the storage of the CaCO; coming out of the carbonator as a result of the

carbonation reaction, as well as a fraction of Ca0 remaining dissociated.

The calculation of the storage system integrated in the calcium looping process is
fundamental and varies according to the utilization characteristic of the system. It can in
fact be calibrated to satisty peak demand, for intermediate operation or to adapt to
standard energy demand. In addition, the calciner operates exclusively in solar radiation
conditions, while the carbonator, and consequently the power cycle associated with it, is
designed to ensure continuous production throughout the day, possibly adapting to the
needs of users. Some of the most important advantages of integrating the calcium
Looping process with a thermal concentrated solar power plant can indeed be found in
the storage system. A TCES plant integrated with CaL, in fact, has a higher energy
density than a more common molten salt scheme, allowing a reduction in volume of the
size of the storage used, an improvement that unavoidably is also reflected in a
reduction in costs. In addition, the possibility of storing substances at ambient
temperature through compression processes provides the system with an important

seasonal configuration, thus not restricting its operation to a restricted amount of time.
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In the construction of the components, stainless steel is generally used for solids
deposits, while the CO, tank can be designed of as a cylindrical pressure vessels made
of chromium and molybdenum doped stainless steel [67].

Among the various measures required during the design and sizing of the various
storage devices included in the calcium looping process, some of the most relevant
features to be monitored are their capacity, discharge rate and frequency, mixture and
material uniformity, material friability, pressure and temperature differences, safety and

environmental concerns, and construction materials [65].

24.5. Solid-gas separation and solid transport

In the view of an integration of the calcium looping process with concentrated
solar power, due to the fact that CO, and CaO are allocated to different storage systems
subsequently to the chemical dissociation reaction of CaCOs, it is fundamental to
perform a gas/solid separation at the calciner output. Tendentially a widely used
methodology consists in the application of Cyclones, instruments that operate the
separation using centrifugal forces generated by a rapid rotation of the mixture. The
particles accumulate on the walls of the device and are then collected through an
opening at the bottom. Due to the presence of particularly small particles, generally
below 10 microns [68], the removal efficiency of common cyclones may not ensure
adequate success in the process. For this reason it may be advisable to apply secondary
processes to improve the result. As proposed in (Jo et al.) and (De Souza et al.), the
integration of post-cyclone processes would ensure a higher gas flow purification with
removal efficiencies up to 96-98% for medium-sized particles around 1.6 microns
[69][70].

The transport of solids is another crucial point in the description of the operation of the
calcium looping system. There tend to be a number of issues that need to be addressed
in order to ensure the optimal success of the process.

First of all, one of the most challenging processes is the transport of CaO particles from
the calciner to the CaO storage system and subsequently from this to the carbonator.
The fundamental circumstance to avoid is a possible carbonation of the substance before
entering the carbonator. This would cause a considerable reduction in the performance
of the plant and a decrease in the efficiency of the power cycle. Considering the
presence of an atmosphere rich in €O, in the whole analysed process, a special attention
in the handling of CaO. A possible solution to reduce the eventuality of problems could
be represented by replacing the CO, atmosphere with a nitrogen one, realizing an
inertization of the system with a consequent reduction of storage temperatures before

carbonation.
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Figure 24 - Cyclone separator conceptual scheme [71]

The conveying mechanisms commonly used in calcium looping processes are divided
into mechanical conveyors and pneumatic conveyors. Mechanical conveyors typically
have a higher investment cost but a significantly lower operating cost than pneumatic

conveyors.

Available technologies to transport high temperature particles up-down the receiver
include mine hoist, bucket elevator, pocket elevator, screw conveyor, pneumatic
conveyors, conveyor belts, cleated conveyor belts, metallic belted conveyors, masses
elevators, bucket wheels, linear induction motor powered elevators and electromagnetic
field conveyors [90].

Among the most widely applied mechanical transport mechanisms in calcium looping,
the screw conveyors is a highly functional solution. It consists of a method that uses a
rotating helical screw blade, generally positioned inside a tube, to move granular
materials, as in the case of solids involved in calcium looping, or liquids. Often, when
the installation space allows it, the screw conveyors can operate in an inclined position.
Specifically, if the material flow is oriented upwards, the screw conveyor is an optimal
method for elevating and conveying processes. The integration of a screw conveyor into
the plant is typically studied from a mathematical point of view by calculating the
characteristic volumetric curve [72], for which key parameters such as the trajectory
angle of particle motion and the theoretical maximum mass flow rate are utilized. A
possible contraindication related to the use of screw conveyors for a calcium looping
system integrated in a solar power plant is due to the discontinuous nature of the
radiation, which would make the operation of the component variable and its
performance mechanically inefficient. [44].
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Among those belonging to the screw conveyors category, the OLDS elevators exhibit
peculiar characteristics that are suitable for the technical requirements needed in a
calcium looping process. An OLDS is a vertical screw conveyor particularly suitable for
the transport of solid substances at high temperature, especially in plant configurations
where the calciner is positioned at the top of the solar receiver. The device consists of a
circular casing that rotates around a stationary screw or propeller with a small parasitic
energy consumption. [44].

Figure 25 - Comparison between OLDS elevator (left) and conventional rotating screw elevator (right) [74]

Another potentially valid type of conveyors comprises belt conveyors (Figure 26) ,
which base their operation on the transport of solid particles on conveyor belts. The
convenience of their use, however, is proportional to the operating time, the capacity of
the conveyed material and the distance covered. It is generally economically
advantageous for long distances and significant material flow rates. [73].

Ultimately, the correct design of a system using the calcium looping mechanism also
requires attention when integrating solids transport systems. They must be chosen in
such a way as to ensure a continuous service, efficient and adapted to the requirements
of the process, they must preserve the transported products by moving them under
controlled conditions and, above all, they must be dimensioned in such a way as to
minimize the total energy consumption. Providing the system with accessory equipment
with a high energy consumption value would significantly reduce the overall
performance, making the technology less attractive.
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Figure 26 - Typical belt conveyor scheme [75]

2.4.6. Power block

In order to successfully integrate the calcium looping process into a
concentrating solar power plant, it is necessary for the system to be able to provide the
energy supply whenever it is required by the user. The phenomenon that develops in the
carbonator is an exothermic process which, consequently, occurs with the production of
a high quantity of energy, in accordance with the chemical reaction analysed. In this
context, the main challenge lies in being able to exploit the energy obtained to activate a
power cycle that might ultimately contribute to the production of electricity to be
supplied to the grid.

Several possible configurations are available through which this type of process can be
developed. The most effective in an integrated CSP-Cal system consists of a direct
energy production through a Brayton cycle that exploits the high thermal availability of
the CO, flow exiting the carbonator by activating the operation of a gas turbine. Once
the process has been completed, the outgoing CO, will be conveyed to a heat exchanger
where it is possible to exploit the residual thermal availability to preheat the solid CaO
entering the carbonator, increasing in this way the overall efficiency of the cycle.
According to the information provided by (Ortiz et al., 2017), in such a configuration,
the carbonator operates in a pure CO,. environment. Consequently the minimum
pressure of the carbonator coincides with the partial pressure of CO,, thus carrying out
the carbonation reaction at a temperature around 950 °C for absolute pressures at 2.2 bar
and around 890 °C for pressures above atmospheric pressure. The closed Brayton cycle
has excellent overall efficiency values around 44-45% [41].
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Another interesting configuration for the development of the power cycle is proposed
by (Hanak and Manovic, 2016), based on the use of supercritical CO, in combination
with the calcium looping process. What emerges from the study is a clear improvement
of the cycle performance compared to a common Rankine cycle, resulting from the
achievement of overall cycle efficiency values around 50-60%, depending on turbine
input conditions [76].

Finally, the power cycle might also be implemented following an indirect integration
pattern. In this case, the high thermal availability of the CO, flow is exploited to
promote a heat exchange in a heat exchanger, the role of which is to heat the H,O

stream up to the superheated steam stage, useful for performing a Rankine cycle.
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Figure 27 - Example of CSP-CalL integration with closed Brayton cycle [44]

In general, direct integration with Brayton cycle is preferable to indirect integration with
Rankine cycle. The comprehensive results achieved demonstrate a higher cycle
efficiency, with a consequent increase in process performance. Furthermore, the fact
that the Brayton cycle is developed with CO, and not with air further increases its
convenience, thanks to a better useful to expansion work ratio. As a result, the enthalpy
of the CO, flow at the turbine outlet is higher for the same useful work produced value.
Finally, it is worth noting a benefit from an environmental point of view. Thanks to the
closed cycle characteristic, in fact, it is possible to avoid possible €O, emissions into
the atmosphere.
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24.7. Different solar calciner for integration with CalL

One of the most important aspects to be evaluated when designing and sizing a
possible project for the integration of the calcium looping process in a concentrated
solar power plant is the choice of the solar receiver to install in the plant.

The functioning of the calciner and consequently the way in which the calcium looping
process may, in general, be successful, strictly depend on the performance of the solar
receiver, which is responsible for supplying the thermal power required to carry out the

operations by receiving and absorbing the incident solar radiation.

In general, potentially applicable solar receivers differentiate depending on whether the
particles are irradiated directly or indirectly and, consequently, whether or not there are
heat exchange and heat transfer mechanisms. The operational characteristics of a solar
receiver intended for the functioning of a solar calciner in a calcium looping process
depend mainly on the thermodynamic properties of the substances and the reaction
conditions, which are necessary for the evaluation of the correct residence time of the

particles so that the calcination of CaC 05 can be performed satisfactorily.

There are many challenges to be faced when dealing with high temperature solar
receivers. In particular, it is necessary to consider issues such as the development of
geometric designs, the minimization of thermal losses, the maximization of solar
irradiance and absorptance, the exigency of high thermal resistance and high reliability
when subjected to temperatures above one thousand degrees and for many operating
cycles as well as the necessity to identify a heat transfer fluid suitable for the realized
process. Moreover, during the design phase it is necessary to evaluate the convenience
of direct or indirect heating. The former would allow to reduce exergetic losses by
means of the intermediate heat transfer process. Direct heating, on the other hand, has as
a fundamental advantage the possibility to carry out the processes directly with the heat
transfer fluid, which can therefore also be used for conservation in storage systems and,
when required, contribute to the production of power by participating directly in the
power cycle. [72].

In order for the processes of calcination and carbonation to be completely carried out, a
large availability of thermal energy is required, with the consequent application of a
solar receiver that could operate at high temperatures. By virtue of this necessity,
typically calcium looping is a process applied to concentrated solar power systems with
tower technology, because in this configuration the concentration of solar radiation in
the receiver is such as to ensure the satisfaction of the thermal requirements of the
system. It represents so far the most widespread CSP plant construction technology on
the market, as well as the one whose energy gain is maximized [77]. It is also advisable

to take in account that a relevant solar concentration ratio on the receiver and reduced
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radiation losses are critical to endure high thermal efficiencies at temperatures above
650 °C [72].

To date, among the various types that can be used in a concentrated solar power plant
with integration of a calcium looping system, relevant candidates are the falling particle
receiver, the centrifugal receiver and the fluidized bed receiver.

2.4.7.1.  Falling particle receivers

The falling particle receivers base their operation on the direct heating of falling
solid particles, on which a concentrated beam of solar radiation, reflected on the
receiver by the solar field heliostats, is directed. Particle receivers are currently being
designed and tested as a means to achieve higher operating temperatures (>700 °C),
inexpensive direct storage, and higher receiver efficiencies for concentrating solar
power technologies, thermochemical reactions, and process heat [72].

Unlike conventional solar receivers with indirect functioning, in which the transfer of
thermal energy is normally entrusted to a heat transfer fluid that flows inside tubular
receivers, in the particle receivers the process is carried out in a direct way using a flow
of particles directly invested by the incident solar radiation. Once heated, the particles
can therefore be stored in a storage system, to allow the production of useful power
even in the absence of solar radiation in the case of demand from the user, or they can
be employed as a heat source to give thermal availability to a thermovector fluid
operating in an accessory power cycle.

Particle elevator ) )
Particle curtain

Particle hot
storage tank

Particle-to-working-
fluid heat exchanger

Particle cold
storage tank

Falling particle receiver

Figure 28 - Example of integration of falling particle receiver [72]
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The advantages of using a falling particle receivers are particularly reflected in the
installation costs. The possibility to conserve heat through the heating of solid particles
of inexpensive and widely available substances in nature permits to considerably
amortize the high cost related to the integration of a thermal storage system. On the
other hand, however, it is necessary to consider the costs that may potentially derive
from the necessity to provide for subsequent cycles of heating of the particles to ensure
the achievement of higher operating temperatures. The most obvious solution, in case of
wanting to increase the temperature reached by the solid particles used, consists in
modifying the residence time of these particles inside the receiver, with a consequent
increase in the amount of solar radiation collected. The geometric conformation of the
receiver and its operating mechanism, however, make the problem difficult to be solved.
It is possible, eventually, to think of a mechanism of recirculation of the particles
exposing them several times to the light beam and subjecting them to a considerably
higher thermal dispersion [78]. On the one hand, however, this would result in a higher
thermal efficiency of the system, but on the other hand it would require the integration
of transport and handling structures for the particles, with a consequent increase in costs
and additional energy expenditure. A practical example of the problem in question is
offered by (Ho Clifford K, 2016), analyzing a test recently conducted in which a solar
receiver with recirculation of particles of the size of 1 MWy, is studied, guaranteeing the
achievement of temperatures of the order of 700 °C and thermal efficiencies with a
value varying between 50% and 80%.

Another relevant aspect to be considered when sizing the falling particle solar reciver is
the flow rate of particles to be introduced into the solar radiation beam. With reference
again to the test conducted by (Ho Clifford K, 2016), it emerged that the particle
temperature rise and thermal efficiency are dependent on the particle flow rate and
irradiance. Specifically, by increasing the particle flow it happens that the particles are
distributed in the receiver cavity forming a layer with growing opacity, which allows a
smaller and smaller fraction of the incident solar beam to filter through. If the
phenomenon would suggest an increase in the heat absorption achieved, on the other
hand it is necessary to take into account the simultaneous increase in thermal losses due
to shading and blocking, which consequently reduce the bulk outlet temperatures of the
flow at a given irradiance [72].

A further useful method to increase the residence time of particles in the solar receiver
is the so-called "Obstructed particle receivers" (Figure 29). t is characterized by the
presence of obstructing material, such as obstacles or porous structures, whose role is to
prevent the particles from falling freely and to slow down their motion, thus increasing
the residence time in the cavity in contact with the solar beam. In this regard it is
interesting to observe the results achieved in a test conducted in 2015 by (Ho et al.,,
2016), using a particle receiver consisting of a staggered array of stainless-steel

48



chevron-shaped mesh structures [79]. The peak temperature reached, over 700 °C, was
located approximately in the centre of the receiver, thus indicating a very good
functioning of the solution, however some problems emerged in the peripheral areas of
the particle flow. Due to the presence of obstacles, in fact, the distribution of irradiance
was inevitably not uniform, causing a reduced temperature increase in the lateral

portions.

An additional obstructed solar receiver design, suitable for beam-down technology, is
characterized by a screw elevator that lifts the particles towards an opening. The
particles are irradiated by concentrated sunlight before flowing into the screw elevator

for the subsequent heat exchange and reaction process [72].

In addition, always remaining in the field of solar receivers suitable for beam-down
technology, another possible design is characterized by a spiral ramp in which particles
move due to the effect of gravity and mechanical vibrations (Figure 30). ests conducted
on this mechanism show that temperatures of the order of 650 °C have been reached
with a residence time of about 30 minutes at a radiant power of 5 kW;;, and a thermal
efficiency of about 60% [80].
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Figure 29 - Obstructed solar receiver with screw elevator [72]

49



Spiral surface Inner wall

surface

Figure 30 - Configuration of Spiral solar particle receiver [80]

In conclusion, falling particle receivers are extremely interesting devices, because of
their marked installation simplicity compared to other solar receivers technologies, their
considerable development and innovation possibilities and their relatively low costs
thanks to the use of typically economical materials that are widely available in nature.
They represent a technology of sure development, although their integration with a
calcium looping system using CaC O particles is still in the evolution phase.

2.4.7.2. Centrifugal solar receivers

Centrifugal solar receivers (CentRec) constitute a class of components which
realize the heating of solid particles by solar radiation using the centripetal forces
generated by swirling rotations. CentRec technology is based on the use of a rotary
receiver. The particles are inserted from the top of the component and in their gravity
fall motion they are invested by solar radiation. A rapid rotation of the receiver
facilitates the exercise of a centripetal force that pushes the particles towards the
cylindrical wall, holding them in position. They therefore exit through the opening at
the bottom of the component. By varying the speed of rotation it is possible to modify
the motion and trajectories of the particles, calibrating the actual incoming solar
radiation and consequently ensuring a specific output temperature, constant up to
1000°C [81]. In order to keep constant the outlet temperature at all load conditions, it is
possible to proceed by varying the mass flow rate by regulating the operation of a valve
and defining an optimal retention time obtained by changing the rotation speed of the
chamber [82].

As a result of gravitational force, the particles fall slowly downwards along the wall in
an axial direction while being heated by the incident solar radiation beam. Exposure to
light is extended by the resistance to motion guaranteed by centripetal force. The
cylindrical receiver can be positioned at inclinations between 10° and 90° to the
horizon. In this way, it is possible to identify the optimal orientation so that convection
losses can be minimized and the efficiency of the heliostatic field increased [83].
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(Wu et al.) Proposed a prototype of CentRec, consisting of a 170 mm diameter and 260
mm height inner tube with receiver function, fixed by two holding rings between the
outer steel tube. The receiver is made of a high temperature nickel-based alloy in order
to resist at the very high temperatures expected. In addition, a cylindrical outlet is
properly designed to minimize particle loss. Regarding conduction heat losses, they are
treated incorporating microporous insulation in the spaces between inner and outer tube.
The rotation of the receiver is provided by a DC motor, while a double-walled feeding
cone equipped with sixteen fins between the walls is included to accelerate the input
particles and to make them reach the proper speed [83].

, O Particle inlet

Particle outlet

Figure 31 - Centrifugal solar receiver [82]

Solar calcination using a centrifugal reactor was studied also by (Meier et al.), who
proposed two solar reactors of 10 kW, one of them directly irradiated while the other
indirectly irradiated. The results show that a higher maximum conversion value of 38%
is obtained in the indirect irradiation case, while a 20% of conversion factor is reached
in the other situation (input of solar flux of 2000 kW /m?). Furthermore, the indirectly
irradiated solar reactor represents a very suitable solution for CSP-Cal integration,
since C 0, emissions are avoided [84].

In conclusion, the centrifugal receiver is a technology whose advantages significantly
increase its attractiveness, especially with a view to a possible integration CSP-CaL.
Specifically, the analysis carried out shows that the use of a rotary klin ensures
substantial control of operations, thanks to the possibility of varying the residence time
of the particles in the chamber by calibrating the rotation speed and mass flow rate of
the flow introduced. These strategies allow an effective regulation of the thermal power
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transmitted, ensuring an almost constant particle output temperature. The design,
geometry and materials with which the cavity is designed confer a considerable
resistance to high temperatures, and also the direct contact of the rotating particle bed
with hot tube walls promotes heat exchange [85].

2.4.7.3. Fluidized bed receivers

The fluidized bed receivers represent a further application possibility in the
realization of solar receivers for a potential integration of a calcium looping system in a
concentrating solar power plant. They are instruments used in many industrial
applications and their most important feature, the use of a heterogeneous medium for
the realization of the heat exchange process, confers them considerable heat exchange
abilities and high energy density [87].

An accurate description of the operating mechanism is offered by (Ma et al.), analysing
a fluidized bed receiver used in a high temperature CSP system with solar tower
configuration. The proposed receiver is comparable with the operating mechanism of a
fluidized-bed boiler, in which the gas fluidifies the solid particles in contact with the
boiler heat exchanger and through the fluidized bed flows to the riser. Once heat is
transferred to the heat transfer fluids, the mixture of gas and solid particles is conveyed
into a separator in order to divide the solid fraction from the gaseous fraction. The solid
particles thus obtained, having transferred the previous thermal availability in the heat
transfer process encountered, are stored in cold storage. In the presence of solar
radiation, the cold particles are consequently moved to the solar receiver, where they are
invested by the solar beam, they increase their temperature and are therefore conveyed
to the hot storage while waiting for a subsequent heat exchange process in the fluidized
bed heat exchanger [86].

A CSP system integrated with a receiver of the fluidized bed type, therefore, can benefit
from the development of a two phase gas/solid process which guarantees the
implementation of heat exchange phenomena considerably more efficient than in single-
phase transformations, due to the high heat exchange coefficient of the fluidized solid
particles involved. This translates into the possibility of using compact and low cost
fluidized bed heat exchangers, with consequent plant engineering advantages. It can be
seen, therefore, that the successful integration of a fluidized bed in a CSP system
depends on the ability to identify the correct design of the heat exchanger in order to
maximize the heat exchange coefficient and the efficiency of the process, while

including an optimization aimed at reducing costs and dimensions [86].

(Briongos et al.) proposes instead an application of fluidized bed receivers in a different
installation context, considering CSP beam down systems. In this case, the ground
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receiver consists effectively of a fluidized bed, on which the incident solar radiation
coming from above is concentrated, according to a very different scheme compared to
the solar tower configuration. The incident solar radiation heats the particles in the
receiver and causes the formation of a surface layer of hot particles. To promote heat
exchange and maximize the gas-solid mixing rate, the receiver operates in bubbling
conditions. In this way the hot layer is propelled downwards of the fluidized bed, in a
transient process that stabilizes when the energy transferred to the fluidizing gas equals
that captured by the solid particles. This process of heat transmission and movement of
the surface layer of hot particles are, however, the issues currently under discussion
regarding possible improvements in the integration of the fluidized bed receiver into a

beam down system. [87].

(Matsubara et al.) provides a useful description regarding the execution of a test on a
fluidized bed prototype receiver with a solar simulator of the size of 3 kW, in
preparation for a field test at the Miyazaki beam down system. The experiments carried
out show how the particles inside the receiver are heated up to temperatures above 900
°C and how an increase in the central gas velocity favours a reduction in excess
temperatures around the particle bed surface [88].

Ultimately, fluidized bed receivers represent a powerful alternative in optimizing the
operation of a CSP system, especially because of the possibility of application in both a
solar tower system and a beam down configuration. Generally, in order for the operation
of the fluidized bed to be optimal and appropriate to be used as a solar receiver, it is
required to be suitable for particle sizes desired by receiver, to guarantee a high heat
exchange with low percentages of heat losses and parasitic power consumption,
simultaneously ensuring reasonable design costs [89].
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CHAPTER 3

SIMULATIONS OF CSP-CaL INTEGRATION

3.1 CSP-CaL integration methodologies

The integration of the calcium looping process with a concentrating solar power
plant and its implementation as a thermochemical energy storage system represent
extremely interesting opportunities in the development and success of both
technologies. Although their characteristics are clearly compatible and their combined
use leads to mutual benefits, it is necessary to undertake a more comprehensive
investigation into integration strategies and application methods in order to optimise the

process and maximise results.

An effective strategy to assess the effects of the parties' combination consists in carrying
out model simulations with the support of AspenPlus V8.8 software. The running of
customised plant models and the possibility of implementing modification and
optimisation procedures guarantee the identification of ideal layouts in the investigation
of the subject.

The possibilities of the Calcium Looping mechanism in terms of thermochemical
energy storage system will be explored in depth considering two different
configurations: concentration solar plant with high temperature thermochemical storage
system and concentration solar plant with ambient temperature thermochemical storage

system.

The integration is achievable through different technologies of the CSP type solar plant.
Specifically, in the proceeding of the study a system with solar tower technology will be
considered and a total thermal power supplied to the calciner, net of losses, of
100 MW,;,, will be assumed. Therefore, a discussion on further insights on the plant
scheme is addressed later on, in order to provide a solid theoretical basis.
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The storage system, on the other hand, represents an essential component in a CSP
plant. It ensures that the system's operations are extended over time, allowing energy
demand to be met even in non-radiation conditions and, at the same time, ensuring a
cushioning of demand, especially during peak periods. It is therefore immediate to
discern the obvious possibility of integration offered by the characteristics of the two

technologies.

In addition, the flexibility of the Calcium Looping process is capable of ensuring proper
functionality even for calciner input thermal power below the 100 MW, considered. In
this regard, it is interesting to clarify the possibility of applying the integration scheme
on a small scale for lower size plants. In virtue of this consideration, it is convenient to
add information about the realization potential and, specifically, to discuss the Beam-
down technology, which is rapidly spreading among the solar concentration plant

schemes.

3.1.1. Solar tower configuration

Solar tower technology is one of the most interesting application possibilities in
a CSP system. Its operating mechanism is based on the arrangement of the receiver on a
considerably high tower (commonly it can exceed 100 meters in height), on which the
solar radiation is reflected by a field of heliostats placed on the ground [91]. The height
of the tower is an essential parameter in the design phase, because it allows to vary not
only the extension of the heliostat field, but also the distances between the different
mirrors and between them and the tower, in order to minimize shadowing and blocking
phenomena. The heliostatic field consists of reflective structures oriented towards the
receiver and equipped with a movement mechanism useful to arrange them according to
the optimal orientation. The exact position of the tower and the orientation of the
(mobile) mirrors depend mainly on the geographical location of the system and the
inclination of the incident solar radiation. The closer the plant is located near the
equator, the more the tower will be placed in the centre of the heliostatic field.

To provide an overview of the system articulation in question, the Gemasolar
installation in Fuentes de Andalucia (Spain) is characterised by a central tower 140
metres high and a heliostatic field of 2650 heliostats for a total of 304750 m?. It consists
of a plant using molten sodium and potassium salts as heat transfer fluid, with a nominal
turbine capacity of 19.9 MW [92]. The following figure (Figure 32) shows a photo of
the installation. Of significant importance is the considerable extension of the solar field
around the tower, whose position is not precisely in the centre for the reasons specified
above.
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Figure 32 - GEMASOLAR plant, owned by Torresol Energy (© Torresol Energy)

The considerable temperature reached in the receiver promotes the availability of a
significant amount of thermal energy, which tends to be transferred through a heat
transfer fluid with the aim of performing the subsequent thermodynamic processes. The
application mode of solar tower technology probably, to date, more widespread involves
the use of molten salts to transfer heat useful for the generation of steam to evolve into a
Brayton cycle for the production of power [92]. The figure (Figure 33) shows a plant
example of the configuration just described.
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Figure 33 - CSP molten-salt power tower with direct storage [92]
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With reference to the integration with the calcium looping process, on the other hand,
the receiver has the function of supplying the calciner with the thermal power necessary
for the calcination reaction and the decomposition of CaCO5; into CaO and CO,.
Differently from the scheme with molten salts just described, in the CSP-CaL situation
the power production is performed in a Rankine cycle that exploits the high thermal
availability of the CO, stream heated by the carbonation reaction, evolving into a gas
turbine.

The solar tower configuration represents the CSP plant methodology through which it is
possible to reach the highest temperature values inside the receiver (up to 1000 °C and
higher), with consequent higher efficiency in the production of useful power from the
gas/steam turbine cycle. While on the one hand the energy and productive advantages
are evident, on the other hand the solar tower configuration requires, however, the
facing of investment costs that tend to be higher than the other plant solutions,
especially due to the huge expenses necessary for the construction of the tower and the
vertical system for the conveying of substances.

Spain, strengthened by favourable climatic conditions and suitable land morphology,
has become one of the most involved countries in the exploitation of the technology's
potential. In addition to the GemaSolar described above, the two installations PS10 and
PS20, part of the Abengoa Solar complex located in the region of Andalusia, are equally
important [93]. The Solar tower Jiilich, located in the German state of North-Rhine
Westphalia in the town of Jiilich, also plays an important role in Europe. Although it
consists of a small-sized plant (60 meters high for a solar field of about 18000 m?), it
provides a useful example of the application of the technology using air as heat
transport medium [94].
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Figure 34 - Solar tower Jiilich [94] and Abengoa Solar PS10 and PS20 plants
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3.1.2. Solar Tower Plant simulation

As a theoretical reference in the design of a CSP plant with solar tower
technology with a view to integration with the Calcium Looping process, it is possible
to rely on the simulations described in detail in (Ortiz et al.) [95]. The study consists in
the complete characterization of a possible solar plant according to the characteristics
described and with the target to reach a thermal power delivered to the calciner of
100 MW,;,. The simulation is carried out with the support of the SolarPILOT software,
using the summer solstice in Seville as the reference day. Some of the inputs used in the
implementation of the simulation, and important for the continuation of the analysis in

this treatise, and some of the results obtained are listed in the following table:

Assumptions Value
Heliostats area (m?) 36 m?
Tower height (m) 100m
Design DNI (W /m?) 790 W /m?
Field type Surrounded
Minimum / maximum field radius (m) 75/597
Results Value
Solar Power (MW) 212,3
Power for calcination (MW) 100,1

Table 4 - Main inputs and SolarPILOT results, adapted from [95]

According to the results provided by (Ortiz et al.), the result is a total solar field
consisting of 6081 heliostats with an optical efficiency of 67,4 % [95].

Other information relevant for the continuation of the analysis concerns the estimation
of the storage system. It is calibrated according to an 8-hour period of operation in solar
radiation availability, followed by 16 hours of night-time operation. The storage system
is therefore designed to be large enough to ensure sufficient material for the 16 hours of
absence of radiation. This results in quantities of 3050 and 3409 tonnes, respectively for
Ca0 and CaCO0s, corresponding to storage volumes of 3062 m3and 2097 m3, taking
into account packing density and solids porosity [95]. Finally, the pressurised CO, tank,
maintained at 25 °C and 75 bar, is estimated to have a volume of 462 m3 and designed

as a cylindrical pressure vessel made of chromium and molybdenum doped stainless
steel [95].
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3.2. Different CSP-CaL integration layouts analysed

In the following paragraphs an analysis of the plant layouts related to the
integration of the calcium looping process in a solar tower technology concentrating
solar system is described. Their analysis is treated considering a calciner power of
100 MWy, and two different solutions, one with high temperature storage system and
the other with ambient temperature storage system.

Despite the following configurations are analysed from a static point of view, it would
be advisable to linger over the dynamic nature of the proposed integration. The presence
of a storage system, in addition to the intermittence of solar radiation, results in an
unavoidable differentiation between daytime and night-time operations of the system. If
in the presence of solar radiation, the storage systems receive input substances, in
conditions of lack of resource, the system is still able to continue to produce energy
through the consumption of what has been previously stored in the tanks. This results in
an operational division into two daily time periods. In order to simplify the study, it is
assumed to consider the plant in operation for all 24 hours per day, dividing them
proportionally into 8 hours of radiation availability and 16 hours of "night" operation. A
distribution of this type simplifies the proportioning of the quantities of substances
subdivided between storage systems and calcination and carbonation reactors. No other
causes are therefore considered that could reduce the contribution of solar radiation
during the 8 hours of light established, neglecting all sorts of meteorological phenomena
and other possible obstacles to the efficient operation of the receiver.

In addition, the study is streamlined by assuming the almost ideal functioning of some
components. Specifically, no significant losses are considered in the processes of
mixing or splitting flows through components such as mixers and splitters.

Each of the two configurations is analysed by means of a description of the main
components that constitute the plant layout. Specifically, particular attention is given to
the reactors responsible for the calcination and carbonation reactions, the related heat
exchanger networks and the CO, compression systems. Each component is therefore
characterized by the input and output flows involved in its operations and the related
thermodynamic characteristics.

At the end of the analysis, a final paragraph of comparison between the two
configurations is proposed, with the aim of highlighting the main differences and
therefore observe the contexts of greater convenience for their use.
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3.2.1. CASE 1: CSP-CaL with high temperature storage systems

The plant configuration analysed in this paragraph describes the integration of
the Calcium Looping process with a solar concentration system. Remaining in the
hypothesis of using solar tower technology, the simulation is carried out with a thermal
power transmitted to the calciner equal to 100 MW,,. The results of the model provide
information about flow rates and thermodynamic conditions of the various streams
circulating in the system. They represent a direct consequence of the initial conditions
imposed on the calciner in terms of the way in which the chemical calcination reaction
takes place.

In this case (CASE 1), the substances, both solid and gaseous, stored in the storage
systems are conserved at high temperature. This certainly implies a greater plant
simplicity compared to the case with storage at ambient temperature (CASE 2, analysed
later), due to the reduced heat exchange processes required for the subsequent heating of
the substances. On the other hand, however, it reduces the flexibility of the system by
shortening the duration of possible storage times without an excessive lowering of the

temperature of the stored materials.

Color legend O Temperature (C}

e solids (Ca0/cacoz) | ) Premretben
o2 D Molar Flow Rate (kmol/hr}
Q  Duty (MW)

[=12]

Figure 35 - CASE 1, main layout

From the plant layout shown in the figure (Figure 35) it can be seen that five main
blocks can be distinguished in the configuration: CALCINER, HE-CALC, CO2-COMP,
HE-CARB, CARB. They in turn enclose more or less complex circuits comprising
different components useful for carrying out the operations. Therefore, a more detailed
description of each of them will be provided below.
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The process begins in the calciner, which is the component where the chemical
calcination reaction is performed in order to dissociate the initial amount of calcium
carbonate CaC05 into the CaO and CO, compounds. The reaction is endothermic and
the amount of energy required for its accomplishment is obtained through the
absorption of the incident solar radiation.

In order to increase process efficiency and with a view to plant optimization, it is
advisable to pre-heat the CaC 05 stream before distributing it to the reactor. In this way,
the thermal power obtained from the solar radiation is targeted to the reaction, without
using it excessively for the preheating of the substances. In this regard, the scheme is
completed with a heat exchanger system (HE-CALC), which ensures that the thermal
availability of the high-temperature CO, flow resulting from the dissociation reaction is

exploited to increase the temperature of the CaC 05 reactant.

Specifically, according to the simulation carried out, CaCOj5 is promoted from an initial
temperature of 660 °C (SOLIDS1) to 687 °C (SOLIDS2) after exchanging heat with the

CO, stream.

The operating diagram of the heat exchangers system in question is shown below
(Figure 36):
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Figure 36 — CASE 1, HE-CALC

From the diagram shown in the figure it can be seen that the flow of CO, entering the
HEI heat exchanger and leaving the calciner (CO2-1) has a temperature of 900 °C and a
flow rate of 1371 kmol/hr. It passes into a heat exchanger where it transfers heat to the
stream of CaCO5; (SOLIDS1). Respecting the rules of pinch analysis, it follows that the
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hot flow of CO, at the outlet, with obviously similar flow rate, has a residual
temperature of 687 °C (CO2-2). Similarly, the stream of CaCO;, with a flow rate of
9142 kmol/hr increases its temperature from 660 °C to 687 °C and is consequently

directed to the chemical dissociation reaction in the calciner.

As a result of the heat exchange process, however, CO, still exhibits a temperature of
687 °C which is reasonably high. Its considerable thermal availability makes it possible,
in this particular configuration, to include an additional power cycle with steam turbine,
to further improve plant performances and increase the energy production. In this
regard, the CO, stream (CO2-2) enters a second heat exchanger (HRSG) which operates
as a steam generator and heats a flow of H,0 (ST1), with a flow rate of 747 kmol/hr
from a temperature of 41 °C to 400 °C (ST4).

The high thermal quality steam is consequently expanded in a steam turbine (T1-
CALC) with an operating capacity of 3 MW,,;. A configuration of this type, therefore,
guarantees electricity production even in components that are not properly part of the

power cycle building block.

The flow of CO, (CO2-3), following the double heat exchange process, then leaves the
system at a temperature of 40 °C, after being further processed in a cooler with water as

refrigerating medium.

After preheating, the stream of CaCO; is then injected into the calciner, at 687 °C and
with a flow rate of 9142 kmol/hr. The operating scheme of the block (CALCINER),
including the calciner, used in the analysed configuration is the following (Figure 37):
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Figure 37 — CASE 1, CALCINER

From the graph it is further understandable the process developed in the calciner. The
input solids stream (SOLIDS) undergoes the endothermic chemical dissociation reaction
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due to the power provided by the incident solar radiation and splits into two distinct
streams of CaO and CO,, initially included in a single stream of matter (PRODUCTS),
with a flow rate of 10513 kmol/hr and a temperature of 900 °C. The flow is then
directed to a cyclone separator (CYC) from which the two different product streams
originate: the portion of CaO (FR) at 900 °C and 9142 kmol/hr and the portion of CO,
(CO2) at 900 °C and 1371 kmol/hr. The cyclone separator is considered, in this

simulation, as an ideal component with no mass or energy losses.

The quantity of CaO obtained is partly destined to be deposited in storage systems
(6095 kmol/hr) while the remaining fraction (3047.5 kmol/hr) is sent to the carbonator
for the subsequent carbonation reaction. The configuration, more precisely, is calibrated
to divide the total amount of CaO into 1/3 for the carbonation reaction and 2/3 for
storage, as a result of the daily division into 8 hours of operation with solar radiation

and 16 hours of absence of the resource.

The CO, flow leaving the heat exchangers system (CO2-2), at 40°C and 1371 kmol/hr,
is directed to a by-pass system (CO2BYPASS) which splits it into two distinct flows: a
457 kmol/hr and 40°C (CO2-1-1) flow directed to the carbonator for subsequent
recombination chemical reactions, and a 914 kmol/hr and 40°C (CO2-1-2) flow which
is instead sent through various compression stages to the €O, storage system. The first
flow is used in the daytime operation of the system, in the presence of incident solar
radiation. The second, on the contrary, being contained in the storage system, is used in
night-time applications. Specifically, also in this case the system is regulated to send 2/3
of the initial quantity of CO, to the storage and the remaining 1/3 to the carbonator.

The following figure (Figure 38) explains the plant articulation in relation to the series
of transformations experienced by CO, in the CO2-COMP block:
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Figure 38 — CASE 1, CO2-COMP

63



Before carrying out the operations inside the carbonator, the material flows involved are
processed in a second network of heat exchangers (HE-CARB), whose role is to exploit
any residual thermal availability to increase the efficiency of the process. Specifically,
the primary purpose is to pre-heat the CO, flow to be sent to the carbonator in order to
reduce the irreversibilities and thermal losses generated by an otherwise excessive

temperature difference between reactants and products in the carbonation reaction.

In the heat exchanger network considered, two distinct flows of €O, are conveyed: one
at 457 kmol/hr, 1 bar and 660 °C (CO2CARB) coming directly from the heat
exchangers after the calciner, and one of similar flow rate (457 kmol/hr), 25°C and 75
bar from the CO, storage system (CO2-STO). The prevalence of one over the other
undoubtedly depends on the operating conditions of the system and the presence or

absence of incident solar radiation.

The plant layout of the network of heat exchangers preceding the carbonator is shown in

the following figure (Figure 39).
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Figure 39 — CASE 1, HE-CARB

Under daytime operating conditions with solar radiation availability, the system
supplies the carbonator with a flow of CO, coming directly from the heat exchanger
network after the calciner (HE-CALC). Consequently, the flow to be considered is
CO2CARB, with a flow rate of 457 kmol/hr and a temperature of 40 °C. It undergoes
preheating and compression stages by means of a compressor (C2BIS) that lead it to a
temperature of 74 °C and a pressure of 3 bar (CO2CBIS2).

In night conditions, on the other hand, the CO, flow comes from the storage system
(CO2-STO), with a flow rate (457 kmol/hr) equal to the quantity supplied by the

calciner, but with a lower temperature (25 °C) due to the conservation in ambient
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thermal conditions and the thermal losses which can be counteracted in the component.
The initial heating by heater is therefore higher than in the previous case, recording a
thermal input of about 2 MW to reach a temperature of 139 °C. In addition, the CO,
storage system is a pressurized component such that the output flow registers a high
level of residual pressure (75 bar). This high availability makes possible the
introduction of a small gas turbine (T2), placed after the heater, with a production
capacity of about 1 MW,,;. The CO, flow then expands in the component, reaching a
final pressure of 3 bar, similar to that of the CO, flow from the heat exchanger system
on the calciner side (HE-CALC).

The stream of CO, fed into the network then enters a mixer, in which it is combined
with the €0, coming out of the power cycle (CO2CARBY).

A series of heat exchange stages through various gas/gas and gas/solid heat exchangers
promote the increase in CO, temperature by exploiting the thermal availability of
CaCO05 leaving the carbonator, which registers an initial temperature of 850 °C
(SOLIDSX1) reduced to 660 °C after passing through the various heat exchangers
(SOLIDSX3). The CO, flow, ultimately, enters the carbonator with a temperature raised
to 719 °C and a total flow of 11957 kmol/hr (CO2CAR?7).

Consequently, there follows the chemical reaction of carbonation carried out inside the
carbonator, whose plant scheme is shown in the following figure (Figure 40).
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Figure 40 - CASE 1, CARB

The function of the carbonator is to realize the chemical reaction of recombination of
C0, and CaO with consequent reforming of calcium carbonate CaC05. The process is
exothermic and the large amount of energy released is used to heat a large stream of
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CO,. The high thermal quality purchased by the latter therefore allows the development
of the power cycle and the production of electricity in the dedicated gas turbine.

As shown in the figure, the flow of CO,, 11957 kmol/hr at 719 °C, leaving the HE-
CARB heat exchanger (CO2CARB2) enters the carbonator together with the flow of
Ca0, at 900 °C and 3047 kmol/hr.

Stechiometrically the CO, is in excess, which is why only a portion of the incoming
CO0, is actually used in the reaction, specifically an amount equal to 457 kmol/hr. This
is a very important datum, because in order to guarantee the iteration of the cycle it is
necessary that in the carbonator a quantity of C0O, is added, time by time, at least equal
to that used in reaction. The remaining part of the incoming CO, flow, 11500 kmol/hr,
is heated in the carbonator thanks to the thermal energy released during the chemical
reaction, raising its temperature from 719 °C to 850 °C. In addition, the compression
experienced in the HE-CARB heat exchangers system has allowed its pressure to rise to
the final value of 3 bar, taking advantage of the operation of a compressor (C2) with a
size of around 11 MW. The flow of C0O, with high thermal availability thus generated
(CO2-POW1) is consequently used in the power cycle, expanding into a turbine whose
net capacity is 27,19 MW,,. Afterwards, the CO, flow exits the cycle with reduced
temperature at 695 °C (CO2-POW?2) and pressure of 1 bar and is recirculated in the HE-
CARB heat exchanger.

The CaC 03 produced in the carbonator, on the other hand, has a temperature of 850 °C
and a flow rate of 3047 kmol/hr (CaCO3-1). It follows a path similar to CO,, passing
through the HE-CARB heat exchangers system and finally being conveyed to the solids
storage tank while waiting for the start of a new cycle.
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3.2.2. CASE 2: CSP-CaL with ambient temperature storage systems

The plant configuration described below follows several of the characteristics of
CASE 1 previously discussed. Once again the possibility of integrating the Calcium
Looping process into a concentrated solar power plant as a thermochemical energy
storage system is examined. The thermal power transmitted to the calciner from the
heliostat field is also in this case assumed to be 100 MW,;,. Below are the results of the
simulation, carried out by running the model using AspenPlus software. The
thermodynamic values that characterize the flows and components involved in the
system are a direct consequence of the operating conditions set and the input provided

to the calciner.

Differently from CASE 1 discussed in the previous paragraph, in the following CASE 2
the solid substances are conserved in storage systems maintained at ambient
temperatures. This difference in articulation results in a roughly more elaborate plant
configuration, mainly in relation to the heat exchanger networks at the two calciner and
carbonator reactors. This result derives from the necessity to increase the heat exchange
processes to ensure the achievement of adequate operating temperatures for the solids
streams. On the other hand, however, such an approach guarantees flexibility and
elasticity to the plant, due to the possibility of considerably expanding storage times
compared to CASE 1. As a result, the plant offers an improved ability to adapt to the
requirements of the grid.

o2
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Figure 41 — CASE 2, main layout

The diagram shown in figure (Figure 41) highlights the presence of some fundamental
blocks: CALCINER, HE-CALC, CO2-COMP, HE-CARB and CARB. In accordance
with the methodology adopted in the CASE 1 study, in the following these blocks are
analysed individually in order to clarify the implant articulation that characterizes them.
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Calciner is the component in which the process begins. The flow of CaCOj; is fed into
the reactor and thanks to the thermal power provided by the incident solar radiation, the
necessary physical conditions are achieved for the chemical calcination reaction to take

place, resulting in the production of CaO and CO,.

As already discussed in the previous configuration, also in this second case it is
advantageous to provide a heat exchanger system in order to optimize the process and
maximize the overall performance. Taking advantage of the high thermal availability of
the CO, coming out of the calciner, it is once again realized a pre-heating process of
CaCO0; flow.

In this second configuration, the preheating is even more convenient, in terms of
performance improvement, because the solids storage system is maintained at low
temperature. As can be deduced from the simulation carried out and from the results
reported in the picture (Figure 42), the stream of CaCO; and CaO solid substances
deriving from the storage system (SOLIDSI) enters the HE-CALC heat exchanger
system with a total flow rate of 3971 kmol/hr and a temperature of only 30 °C,

considerably lower than the 660 °C of the previous case.

The operating diagram of the heat exchanger network concerned is shown below
(Figure 42),
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Figure 42 — CASE 2, HE-CALC

Analysing the graph, it appears how also in this case the CO, flow leaving the calciner
(CO2-1) exhibits a high thermal availability, with a temperature of 900 °C. However,
because of the low temperature of the storage system, the input solids stream
(SOLIDST) at 30 °C requires an extremely intensive heating process in order to achieve
the ideal thermodynamic conditions to facilitate the calcination reaction in an

appropriate manner.
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In order to ensure the success of the heat exchange, it would be convenient to subdivide
the flow of solids entering the heat exchanger network. This not only optimizes the
process, making the required heating possible, but also provides the cooling of the CaO
stream exiting the calciner (FRCALCI1), which requires a necessary temperature
reduction in order to be stored in the storage used in this configuration.

Consequently, of the 3971 kmol/hr in input, a flow of 1340 kmol/hr (SOLID2-1) is
directed to an heat exchanger in which it will face a heat exchange process with the
CO,. The outgoing stream (SOLID3-1) then records a final temperature of 813 °C. The
CO, flow, on the other hand, after the heat exchange varies its temperature from 900 °C
to 45 °C (CO2-3) and then leaves the exchanger network.

The remaining part of the initial quantity of solids entering the network constitutes a
flow (SOLID2-2), with a flow rate of 2629 kmol/hr, for which the thermal availability
of the CaO stream coming out of the calciner is used instead. As a result of the heat
exchange process, the incoming solids increase their temperature up to 860 °C
(SOLID3-2), while the CaO stream is cooled down to 50 °C and then sent to the storage
system (FRCALC?2). In this situation it is therefore necessary to use a solid/solid heat
exchanger. This is a disadvantage of the configuration analysed, due to the current
absence of components of this type on an industrial scale, as the technology is still in

the research and development phase.

The two solids streams thus generated, SOLID3-1 and SOLID3-2, convey into a mixer
(MIXSOLI), from which a total flow of 3971 kmol/hr and 844 °C (SOLIDS3) is
produced, ready for the chemical reactions that will take place in the calciner. The
following figure (Figure 43) shows the plant layout of the block including the calciner
in operation in this configuration:
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Figure 43 — CASE 2, CALCINER
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As previously specified, also in CASE 2 the calciner is calibrated to operate with
supplied thermal power equal to 100 MW,,. The incoming solids flow, following the
heat treatments undergone in the heat exchanger network (HE-CALC), enters the
reactor (CALC), where it faces the chemical reaction that leads to the dissociation of the
initial CaC 03 in the two compounds CaO and CO,.

The two products come out of the calciner in a single flow of matter (PRODUCTS) with
a total flow rate of 5957 kmol/hr and temperature of 900 °C.

Through the operation of a cyclone separator (CYC), the two component flows are
separated. The CaO flow (FR) shows a flow rate of 3971 kmol/hr and a temperature of
900 °C. The CO, flow (CO2), on the other hand, is produced with a flow rate of 1986
kmol/hr and a temperature of 900 °C.

The CaO flow, due to the elevate temperature, is initially exploited for the preheating of
the solids entering the calciner, as previously mentioned. In this way, it reduces its
temperature from 900 °C to 50 °C and can therefore be sent to the low-temperature
storage systems. Specifically, the 3971 kmol/hr stream produced in the calciner is split
into a 2648 kmol/hr stream for storage and a 1324 kmol/hr stream which is directly used
for power generation operations in the carbonator. This configuration, in particular, is
also calibrated to divide the entire CaO into 1/3 for the carbonation reaction and 2/3 for
storage, in accordance with the assumption of 8 hours of solar radiation availability per
day and 16 hours of subsequent absence.

As a consequence of the heat exchange processes occurred in the HE-CALC heat
exchanger network, the residual CO, flow records a temperature of 45 °C and a flow
rate of 1986 kmol/hr (CO2-2). In order to facilitate the handling of the gaseous quantity
in question, it is advisable to use a compressor that guarantees an increase in pressure

with a view to possible storage in pressurised containers.

The operating diagram of the multistage compressor used in this configuration is shown
in the following picture (Figure 44):
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Figure 44 — CASE 2, CO2-COMP
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The various compression stages ensure an increase in pressure of the CO, flow up to a
value of 75 bar (CO2-4), corresponding to the pressurisation applied in the storage

vessel.

A separator (SP-CO2) therefore allows the separation of the stream generated,
allocating a quantity equal to 662 kmol/hr directly to the carbonator for the subsequent
carbonation reaction (CO2CARB). The remaining amount of 1324 kmol/hr (CO2-STO)
is instead stored in the tank for future use. Once again, the configuration is designed to
ensure a sufficient volume of material in the storage system to compensate for the

assumed 16 hours of no solar radiation.

Before performing the operations inside the carbonator, the material streams involved
are processed in a second network of exchangers (HE-CARB), whose role is to pre-heat
the calcium carbonate stream in order to reduce the temperature difference between
reactants and products involved in the reactor. The €O, flow supplied to the HE-CARB
block and subsequently employed in the carbonation reaction has a flow rate of 662
kmol/hr and a low temperature of 20 °C (CO2CARB). It comes from the storage system
if under operating conditions without solar radiation (STO-CO2), otherwise it is

obtained directly from the initial stream (CO2-4) generated by the calciner.

The plant scheme of the network of heat exchangers before the carbonator (HE-CARB)
is represented in the following figure (Figure 45).
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Figure 45 — CASE 2, HE-CARB

The flow of CO, introduced into the heat exchanger network has a high pressure of 75
bar, making it possible to install a gas turbine with an operating capacity of
1,05 MW,; to expand it in order to obtain useful power. Consequently, it is mixed with
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the quantity of CO, coming from the power block (CO2CARBX) to deal with the
subsequent heat exchange processes in the solid/gas heat exchangers. In this way it is
possible to exploit the thermal availability of the CaCO; flow generated in the
carbonator to preheat the CO, which will then be used in the power cycle. In the two
heat exchange stages, in fact, it raises its temperature from the initial 30 °C in the
mixing phase up to the final 711 °C out of the network. In order to optimize the process,
it is advisable to divide the large flow of gas obtained (CO2CARB3, 12143 kmol/hr)
into two different streams. One will undergo a heat exchange in a gas/gas exchanger
acquiring thermal power from the CO, coming out of the power cycle. The other,
instead, will take advantage of the residual thermal availability of the CaC 05 flow.

This is followed, consequently, by the chemical reaction of carbonation carried out
inside the carbonator, whose plant scheme is shown in the figure below (Figure 46).
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Figure 46 — CASE 2, CARB

Also in this case the carbonator is responsible for performing the chemical reaction of
recombination of Ca0 and C0O, with consequent formation of CaC0O;. The process is
exothermic and involves the generation of a high quantity of energy, ensuring the
heating of the gas flow to be sent to the power cycle and to be expanded in the gas
turbine.

As shown in the figure, the flow of CO,, 12143 kmol/hr at 711 °C, coming out of the
HE-CARB heat exchanger (CO2CARB?2) enters the carbonator together with the flow
of Ca0, at 683 °C and 1324 kmol/hr.

Of the initial amount of CO, introduced in the block, 661 kmol/hr are subjected to the
reaction of carbonation, stoichiometric amount equal to that produced by the calciner.

The remaining 11481 kmol/hr receive the thermal energy developed by the reaction and
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achieve ideal thermodynamic conditions in order to evolve in a turbine and produce
useful power. The CO, flow then reduces its pressure to 1 bar and its temperature to 698
°C, and is then sent into the HE-CARB network and performs the subsequent heat
exchange processes. The solids stream (SOLIDSX1) produced also registers a
considerably high temperature (850 °C). In view of the configuration with low-
temperature storage systems, cooling via heat exchange processes in the HE-CARB
network is insufficient. It is therefore necessary to have an additional intercooler (HE-
SOLI) that allows an ambient temperature (20 °C) to be reached and permits storage

according to design.

3.2.3. Main differences and considerations

The two plant configurations analysed share a common operating methodology,
consisting in exploiting the thermal energy generated by the carbonation reaction to
provide a CO, flow with the ideal thermodynamic qualities for power generation in a
power cycle. The following table shows a comparison between the two cases through

some selected comparative categories.

Comparison category CASE 1 CASE 2 Unit
Thermal power for calcination 100 100 MW,y
Power production: main CO2 turbine (TURB) 27,19 26,46 MW,
Power production: secondary CO2 turbine (T2) 0,76 1,05 MW,
Power production: steam turbine (T1-CALC) 3,03 / MW,
Power consumption: storage CO2 compressor (COMP) 3,95 7,27 MW,
Power consumption: power cycle CO2 compressor (C2) 12,75 10,83 MW,
foonv:;:ezzzjz?ngggig secondary power cycle CO2 0.51 y Mw,,
Gross Power Production 29,69 27,51 MW,
Net Power Production 15,47 14,01 MW,
Daytime operation hours 8 8 hours
Night-time operation hours 16 16 hours
Solids storage output temperature 660 35 °C
Solids storage duration Limited Unlimited /

Table 5 - Comparison between CASE 1 and CASE 2
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According to the reported data, it emerges that both configurations produce a
comparable amount of net power, in relation to the thermal power of 100 MW,
received from incident solar radiation. The product difference, 15,47 MW,,; in CASE 1
compared to 14,01 MW,; in CASE 2 is most likely due to the absence of the additional
steam turbine power cycle in the HE-CALC block in the second configuration. The
reduced thermal availability due to low temperature storage systems, in fact, does not

allow the integration of the steam generator.

The calculation of the gross and net power generated was carried out