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Abstract

The drive to net zero energy requires high renewable penetration but most renewables are either affordable or dis-
patchable but not both. Thermochemical energy storage integrated into concentrating solar power plants can enhance
dispatchability and solar-to-electricity efficiency. Combining these technologies with lower cost photovoltaic plants ex-
ploits synergies related to dispatchability and costs. However, this combination leads to complex interactions between
the different power plant components and requires sophisticated design guidelines to simultaneously achieve low costs
and high dispatchability. Here, we develop multi-objective optimisations and guidelines for the design of hybrid solar
power plants with a calcium-looping thermochemical energy storage system. The applied tools presented focus on the
optimisation of the design and operation of hybrid power plants plants with respect to competing technical and financial
performance metrics. First, the design optimisation stage evaluates ten design variables and three objectives. Then,
the operational optimisation stage, which is nested inside the design stage, finds the best one-year hourly operational
strategy for each configuration considered in the first stage. We evaluated three case studies with different solar resource:
Seville (Spain), Tonopah (United States), and the Atacama Desert (Chile). The best dispatchable hybrid solar power
plant with an Levelised cost of electricity of 123 USD·MWh−1 and a capacity factor of 73% is reached for the Atacama
Desert, which has the best solar resource. The optimisation results are used to develop guidelines for the optimal de-
sign of dispatchable hybrid solar power plants with CaL based on the given solar resource and required dispatchability.
These guidelines provide an initial design for affordable and dispatchable hybrid solar power plants and can enable their
widespread deployment.

Keywords: Two-stage optimisation, Multi-objective optimisation, Concentrating solar power, Photovoltaic systems,
Calcium-looping, Thermochemical Energy storage

Context & scale

The greenhouse gas emissions of the electricity sector
must be reduced to prevent a substantial rise in global
temperature. Renewable electricity generation technolo-
gies are crucial for this emissions reduction and to promote
sustainable development. It is essential to develop afford-
able and dispatchable renewable power plants to achieve
the widespread deployment of clean energy technologies.
Current research on thermochemical energy storage sys-
tems has shown that the combination of calcium-looping
in large scale concentrating solar power plants enhances
the dispatchability and the solar-to-electricity efficiency
of solar thermal energy technologies. The hybridisation
with solar photovoltaic plants improves the affordability
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of solar power plants while maintaining the dispatchabil-
ity. However, the variability of the solar resource and the
integration of energy storage requires the use of sophisti-
cated techniques for the optimal design of hybrid power
plants. This article presents a multi-objective optimisa-
tion framework focused on finding an optimal design of a
hybrid power plant while determining the best strategy for
its operation, handling the trade-offs between conflicting
technical and financial performance metrics. The guide-
lines presented in this research are expected to enable the
economic design of dispatchable hybrid solar power plants.

1. Introduction

The large and fast deployment of renewable energy
technologies is crucial to reduce greenhouse gas emissions
so that we can reach a long-term balance between sources
and sinks and avoid a rise in global temperature higher
than 2 ◦C [1]. Renewable generation technologies are fun-
damental to decarbonise the power sector but need to be
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integrated with energy storage to provide dispatchable en-
ergy [2, 3]. In this context, photovoltaic (PV) is one of
the best alternatives to provide affordable but intermit-
tent power [4]. PV plants can be made more dispatchable
if they are combined with electrical energy storage (EES)
systems (e.g. batteries). However, batteries are expen-
sive (around 300 - 550 USD·kWh−1) and the scarcity of
the raw materials (e.g. lithium) compromises their via-
bility for large scale applications [5]. On the other hand,
thermal energy storage (TES) can be up to two orders of
magnitude cheaper than electricity storage [6]. A potential
alternative to increase the dispatchability and affordability
of solar power plants is the hybridisation PV plants with
concentrating solar power plants (CSP) integrated with
[7, 8]. This manuscript combines the hybridisation and
advanced TES systems with multi-objective design opti-
misation.

CSP plants integrated with TES have the potential to
provide dispatchable power [9, 10]. TES systems can be
divided into three concepts. The first concept, currently
developed in commercial CSP plants, is sensible thermal
energy storage [11]. In this context, molten-salt technolo-
gies are the most deployed technology in CSP plants [12].
This system uses differences in the temperature of a sub-
stance to store energy. The second is latent heat, by us-
ing the enthalpy of phase change of a suitable material
[13, 14]. Finally, thermochemical energy storage (TCES)
which is the primary technology evaluated in this research
uses the enthalpy of a reversible chemical reaction. TCES
is a promising technology with the potential for high en-
ergy storage densities and no storage losses (beside the
initial loss of the sensible heat) [15].

TES systems are typically based on the two-tank molten
salt technology. This technology has several disadvantages
that decrease the performance of CSP and provide oppor-
tunities to develop better alternatives. First, the efficiency
is constrained by the technical limitations of the working
temperature of the process (560◦C), that is required to
avoid the degradation of the material [16]. Second, a min-
imum temperature of 200◦C is needed to prevent solidi-
fication of the salts, which requires a substantial amount
of energy when the plant is not operational [17]. Finally,
the high corrosiveness of the salt requires the use of suit-
able materials for storage and transport that increase the
investment costs of the system [18].

TCES operates with a reversible chemical reaction, ab-
sorbing the heat harvested by the solar field of the CSP
plant to perform an endothermic reaction and to store en-
ergy [15]. When energy is needed, the reverse exother-
mic reaction is used to release the stored energy. Differ-
ent TCES systems integrated with CSP plants have been
under study and development [19]. Whilst some TCES
systems work at high temperature, hence, high efficiency
when integrated into CSP plants (e.g. calcite calcina-
tion/carbonation) [20], other processes work at lower tem-
perature and are more suitable for industrial waste heat
applications (e.g. magnesium oxide, 350 to 400 ◦C) [21].

A reversible process that has received significant atten-
tion for the implementation into CSP plants is the calci-
nation/carbonation of calcite, with a working temperature
in the range of 700 - 1000 ◦C [22].

This process, known as calcium-looping (CaL), involves
calcium carbonate (CaCO3), calcium oxide (CaO) and car-
bon dioxide (CO2). The cyclic calcination-carbonation of
calcium carbonate and calcium oxide is given by equation
1.

CaCO3(s) � CaO(s) + CO2(g) ∆Ĥ◦
r = 178 kJ ·mol−1

(1)

The CaL process has important advantages that make it
an attractive and promising technology as a TCES system
[23, 24]. For instance, the abundance and low price of
the precursor materials (i.e. limestone or dolomite), the
properties of the products (non-corrosive, non-toxic) [20,
25], and its theoretical high energy density (4.4 GJ·m−3)
[26]. Due to its great potential, and its early development
stage, different studies have focused on the analysis of CaL
as a TCES process integrated into CSP plants [23].

Current studies focus on the development of improved
materials and process conditions to decrease its deacti-
vation due to the multi-cyclic operation requirements [27,
28]. Moreover, the high-temperature energy released in the
CaL process allows the integration of high-efficiency power
cycles [29]. Therefore, the CaL process integrated into
CSP plants has the potential to supply dispatchable power
[22]. More details on the CaL process and its integra-
tion in CSP can be found in Chacartegui, Alovisio, Ortiz,
Valverde, Verda, and Becerra [22], and Ortiz, Chacartegui,
Valverde, Alovisio, and Becerra [29].

Recent optimal operational studies of hybrid power
plants with energy storage have been focused on the anal-
ysis of single objectives [30], or the evaluation of a limited
temporal resolution representing the analysis of a whole
year [31, 32]. In this context, Ortiz, Romano, Valverde,
Binotti, and Chacartegui [15] conclude that hourly sim-
ulations considering variable solar irradiation need to be
investigated to improve the analysis in the integration and
design of CSP plants with CaL. The one-year hourly oper-
ational optimisation allows analysing a large time frame,
which is necessary to evaluate the long-term and seasonal
behaviour of the system under variable solar resource [33].

In addition, the concept of optimal design of hybrid
CSP-PV plants exploits technical and economic synergies
of both technologies, has the potential to reduce opera-
tional and capital costs, and to increase the capacity fac-
tors of solar technologies [34, 35]. For instance, Green,
Diep, Dunn, and Dent [36] studied the integration of a
PV plant in the Crescent Dunes CSP project, concluding
that the hybridisation can raise the capacity factor to over
80%. A similar study was carried out in Northern Chile,
showing that a hybrid CSP-PV provides a levelised cost of
electricity (LCOE) of 121 USD·MWh−1, compared with
128 USD·MWh−1 for standalone CSP systems [35].
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Bravo, Ortiz, Chacartegui, and Friedrich [37] devel-
oped a multi-objective linear scalarisation method to find
the best operational strategy considering hourly time steps
and one-year operation. This study evaluated different de-
signs to analyse the synergies of technology integration,
concluding that a design optimisation routine needs to be
investigated and implemented to improve the affordability
and dispatchability of solar power plants considering vari-
able solar resource. However, the existing studies do not
exploit the synergies of large scale hybrid solar power plant
systems integrated with thermochemical energy storage by
optimising financial and technical performance in both the
design and the operational optimisation stages.

To design a dispatchable and also affordable energy
system, a multi-objective design optimisation stage is nec-
essary to select the right size of the main components. On
the one hand, if one component of the CaL is undersized,
there will be a bottleneck in the operation, that results in
a reduction in the efficiency of the whole process. On the
other hand, the oversizing of a component will result in an
unnecessary high investment cost, increasing the LCOE.

The design of hybrid solar power plants with TCES
requires sophisticated design tools due to the complex in-
teractions between different elements of the plant. These
tools need to balance the trade-offs between financial and
technical performance metrics in order to design affordable
and dispatchable solar power plants. The optimisation of
a solar power plant has been studied by Kalogirou [38],
using artificial neural networks to analyse the simulations
of its operation and genetic algorithms to optimise its de-
sign. A multi-objective approach for the optimal size of a
hybrid CSP-PV power plant integrated with thermal en-
ergy storage has been implemented by Starke, Cardemil,
Escobar, and Colle [35]. In this study, the design opti-
misation focusing on the analysis of the trade-off between
costs and capacity factor is developed by a genetic algo-
rithm coupled with a surrogate model for each objective
function. To build the surrogate model, an annual simula-
tion of the operation estimates the thermal and economic
performance of each power plant by a transient model. In
a previous study [39], an optimisation framework to op-
timise the design of a CSP with thermal energy storage
(using molten salts), and the operation by linear program-
ming was developed, concluding that the analysis of the
trade-off between technical and economic performance is
key to design an affordable and dispatchable power plant.
Moreover, the direct link between the objectives of the
design and operational optimisation routines is crucial to
exploit the synergies of different technologies.

Applied studies of TCES integrated into CSP plants
have been focused on Europe, e.g. Seville, Spain [40]. Nev-
ertheless, according to the IEA [41], locations close to the
Tropics (Capricorn and Cancer), with clear skies and high
solar irradiation have the best condition for the develop-
ment of CSP technologies. However, each location requires
a bespoke design due to the complex interactions between
the different parts of the system and the differences in solar

resource profile. Hence, to analyse projects under develop-
ment, and potential locations for further deployment of so-
lar plants with TCES, the following locations which cover a
range of different profiles will be evaluated: Seville, Spain;
Tonopah, Nevada, United States; and the Atacama Desert,
Chile. While Northern Chile has one of the highest solar
irradiations in the world, Nevada and Southern Spain are
among the sunniest region in the United States and Europe
respectively. Moreover, power tower CSP projects in op-
eration or under construction can be found in these areas,
for instance, Gemasolar Thermosolar Plant (Seville), Cres-
cent Dunes Solar Energy Project (Tonopah), Atacama-1
(Chile) [42].

Hence, the main focus of the present research is to op-
timise the design of a hybrid solar power plant integrated
with CaL as TCES with the aim of exploiting synergies
of technology integration. In order to evaluate the long-
term and seasonal behaviour of the system under vari-
able solar resource, the two-stage, multi-objective optimi-
sation framework developed in this study optimises the
sizing of the main components (design) and the strategy
to operate under variable solar resource (operation). The
multi-objective design and operational optimisation con-
siders technical and economic performance to design a
dispatchable and cost-competitive power plant, exploiting
synergies of CSP with CaL (dispatchability) and PV (af-
fordability). Besides, the optimisation results are used to
develop guidelines for the optimal design of dispatchable
hybrid solar power plants with CaL based on the given
solar resource and required dispatchability. The proposed
framework provides a systematic methodology and guide-
lines for the design of dispatchable power plants for any
location with a good solar resource, taking the yearly op-
eration into account and goes beyond a manual design pro-
cess.

2. Methodology

In order to design an affordable and dispatchable solar
power plant, the trade-off between financial and techni-
cal performances has to be examined. While an oversized
CSP plant can give us full dispatchability at a high LCOE,
a PV plant will be more affordable, but not dispatch-
able. These conflicting objectives are handled by a multi-
objective optimisation method which produces a range of
non-dominated or Pareto optimal solutions. The design
optimisation stage is based on the two-stage optimisation
framework developed in Bravo and Friedrich [39] and ex-
tended here to a hybrid CSP-PV-TCES plant. Figure 1
shows the methodology adapted for the present research.

This framework uses a genetic algorithm (GA) to opti-
mise the design of the power plant under techno-economic
objectives. There are ten variables to consider and three
objectives to evaluate (which are non-convex; hence, many
local minima can exist in the design space). The use of ge-
netic algorithms allows us to handle non-convex objectives
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Figure 1: Schematic of the two-stage optimisation framework of the hybrid CSP-PV with TCES power plant

and several variables. The multi-objective design optimi-
sation produces a range of Pareto optimal solutions, rep-
resenting the trade-off between objectives.

As can be seen in Figure 1, the GA starts with an ini-
tial population, where each individual represents a power
plant with given capacities. Then, each individual design
in the population is optimised by using the operational op-
timisation by linear programming detailed below. Hence,
the operation of each individual design of the genetic algo-
rithm stage is optimised, considering one-year hourly so-
lar irradiation. After the operational optimisation is per-
formed, the investment cost, LCOE, and LPSC (Loss of
Power Supply Capacity) are calculated and used by the
GA to perform the fitness evaluation. After that, the ge-
netic operators work to define the best offspring and then
a new generation is produced. Finally, the stopping crite-
ria used in our model is when the number of generations
reaches a defined value. For the optimisation, we define
100 individuals for the initial population (100 combina-
tions of independent design variables) and 100 generations
as stopping criteria.

The operational optimisation is handled by our vali-
dated operational optimisation model presented previously
[37]. Briefly, a multi-objective linear scalarisation routine
for the operational optimisation is nested in the GA as a
fitness function, linking the objectives of both stages. In
Bravo, Ortiz, Chacartegui, and Friedrich [37], this multi-
objective operational optimisation was used to find the
best operational strategy of a hybrid CSP-PV plant with
CaL by linear programming, considering one year of vari-

able solar resource with hourly time-steps. The use of
linear programming ensures a good approximation of the
best operational strategy for one year of operation, con-
sidering variable solar resource, in a reasonable computa-
tional time. The operational optimisation routine simul-
taneously maximises the energy dispatched and minimises
the mismatch between supply and demand.

Figure 2, adapted from [37], shows the mass and en-
ergy flow diagram of the proposed hybrid plant as well
as the design and operational optimisation variables. In
the first design stage of the optimisation routine, the vari-
ables are defined as capacities of the main components of
the hybrid solar power plant with energy storage. These
variables are shown in the red ovals in Figure 2. Mean-
while, in the second operational stage of the optimisation
routine, the variables are associated with the mass/energy
flows throughout the main processes of the plant, i.e. solar
field, calciner, heat exchangers, superheated steam Rank-
ine cycle, compressor and turbines, carbonator and storage
tanks. These variables are illustrated with black circles in
Figure 2.

Figure 2 illustrates the operation of the hybrid solar
power plant with CaL. Concentrated solar irradiation from
the heliostat field is used as a heat input at the solar re-
ceiver for the calcination of calcium carbonate (CaCO3,
solid) to calcium oxide (CaO, solid) and carbon dioxide
(CO2, gas). In this research, short residence times and
complete calcination are considered when the reaction takes
place at atmospheric pressure and a temperature around
900◦C [27, 43]. CaO and CO2 streams at high temperature
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Figure 2: Mass and energy balances model of the hybrid solar power plant with CaL as TCES, adapted from [37]

(900 ◦C) leave the calciner to be stored in different tanks
at ground level. Conveyors, equipped with lock hoppers
to balance the pressure differences, are used to transport
the calcium oxide from the calciner to an insulated tank
at high temperature and atmospheric pressure. The CO2

stream is stored in a high-pressure tank at atmospheric
temperature by using compressors and heat exchangers.
To increase the efficiency of the power plant, part of the
heat released by the CO2 before compression is used as
a heat input in a small-size Rankine cycle. When energy
is needed, the carbonator drives the exothermic reaction,
which releases heat by mixing CaO and CO2, generating
CaCO3. In this case, the carbonator works at 3 bar, and
a CaO molar conversion of X = 0.15 is assumed [23]. To
generate power, the heat released during the reaction is
used to increase the temperature of the CO2 stream (here
well in excess), and then, this stream runs a gas turbine.
After that, heat exchangers are used as a regenerative sys-
tem to increase the efficiency of the process.

Finally, the photovoltaic power plant produces elec-
tricity during sunshine hours. Here we consider the use
of monocrystalline silicon modules with nominal efficiency
of 19%, and 60 kWac inverters [44]. While the PV power
plant does not directly interact with the CaL storage sys-
tem, the net electricity dispatched from the hybrid plant
to the grid is the result of the power generation from the
CSP with CaL system plus the generation from the PV
plant minus all own consumption of the power plant.

During sunshine hours, PV is used to produce power di-
rectly whilst CSP produces electric power through the CaL

integration, storing on the other hand a certain amount of
thermochemical energy. When there is no solar radiation
available to cover the demand, the production of electricity
is carried out exclusively from the stored thermochemical
energy. This operating procedure is similar to the one de-
signed for the Cerro Dominador Solar Thermal Plant at
Atacama Desert which uses a molten salt thermal energy
storage system [45].

2.1. Variables: size of main components

The design of the power plant is given by the size of
the following components, highlighted with the red ovals
in Figure 2, which are defined as variables in the design
optimisation routine:

• CSP plant with CaL TCES system:

1. Heliostat solar-field aperture area: ACSP (m2)
2. Steam turbine capacity: P ST (MW)
3. Main CO2 compressor capacity: PMC (MW)
4. Main CO2 turbine capacity: PMT (MW)
5. High-pressure CO2 compressor capacity: PHPSC

(MW)
6. High-pressure CO2 turbine capacity: PHPST (MW)
7. CO2 storage tank capacity: STOCO2 (m3)
8. CaO storage tank capacity: STOCaO (m3)
9. CaCO3+CaO storage tank capacity: STOSolids

(m3)

• PV plant

10. Photovoltaic modules aperture area: APV (m2)
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As mentioned previously, each individual in the design
optimisation, which is defined through these design vari-
ables, corresponds to a specific power plant with known
capacities. As can be seen in Figure 1, the operational
optimisation is nested inside the fitness evaluation of the
design optimisation. Hence, the operation of each power
plant design is optimised by linear programming. The
focus of that stage is to maximise both, the energy dis-
patched and the dispatchability, which are usually con-
flicting objectives. Finally, three indicators (detailed in
section 2.2) are considered as objectives of the design op-
timisation stage and used by the genetic operators.

2.2. Objectives: financial and technical performance

As stated previously, the design optimisation aims to
select the optimal sizes of the components to design an
affordable and dispatchable power plant. In this study,
the total investment cost and the LCOE are employed to
measure the affordability while the loss of power supply
(LPS) is used to measure the dispatchability.

The total investment cost is estimated using the ref-
erences summarised in Table 1. The data required to es-
timate the investment cost of a concentrated solar power
plant, i.e. the heliostat field and the solar tower were ob-
tained using the System Advisor Model (SAM) [42]. Here,
the cost of the solar field (including the solar tower) was
estimated as a function of the heliostats field. The invest-
ment cost of the solar tower was incremented by 10% to
consider the installation and connections of the calciner lo-
cated inside the receiver chamber. Besides, SAM was used
to have an estimation of the total land area required for
the whole project (CSP and PV). References and proce-
dures to estimate the investment costs of the main compo-
nents of the CaL system (i.e. calciner, steam power cycle,
carbonator, heat exchangers, cooling towers, compressors,
turbines and storage tanks) are summarised in Table 1.
An average exchange rate of rx = 1.18 (EUR to USD,
2018) was considered in this study to convert to Euros the
estimated costs from some references [46].

Then, the LCOE is calculated by equation 2 [51],

LCOE =

∑T
t=0

Ct

(1+r)t∑T
t=1

Et

(1+r)t

(2)

where Ct is the cost in period t (i.e. initial capital invest-
ment, annual operational and maintenance costs), and Et

is the energy dispatched in year t. In addition, values
for the annual interest rate and a lifetime of r = 7% and
T = 25 years, respectively, are used to be able to compare
with other technologies and reports (e.g. IEA [52]).

According to equation 2, the LCOE is directly related
to the investment, and more significant investment should
result in a larger LCOE. Nevertheless, power plants with
different designs but similar investments can dispatch dif-
ferent amounts of energy. Hence, a direct correlation be-
tween investment and LCOE is not always guaranteed.

Finally, to measure the ability to supply energy when it
is needed (dispatchability), the loss of power supply (LPS)
is used. Considering the subscript i as period (hours), the
LPS measures the mismatch between supply (Pnet

i ) and
commitment (P commitment

i ) in period i, according to:

LPSi =

{
P commitment
i − Pnet

i , P commitment
i > Pnet

i ,

0 , otherwise.

(3)
To compare the results with the non-optimised hybrid

solar power plants presented in Bravo, Ortiz, Chacartegui,
and Friedrich [37], we define a permanent power commit-
ment. Moreover, to avoid an oversize PV plant, and hence,
a significant difference in the dispatch between day and
night, the operational optimisation model was constrained
by defining a maximum power dispatch five times the com-
mitment.

P commitment
i = 13.5 MW, ∀i (4)

Pnet
i ≤ 67.5 MW, ∀i (5)

Nevertheless, these capacities can be defined by the user
according to the objectives pursued and the transmission
constraints of the power plant.

The LPS is summed to the loss of power supply capac-
ity (LPSC) which is used in the optimisation framework.
To facilitate the final analysis, the LPSC value is reported
as a percentage of the annual commitment which is given
by the loss of power supply probability (LPSP, equation
7).

LPSC =

8760∑
i=1

LPSi (6)

LPSP =
LPSC

PCommitment
i · 8760

(7)

A minimum constant power commitment of 13.5 MW
has been considered for the plant. The power commit-
ment is defined as the minimum power to be provided
continuously by the plant throughout the year. The an-
nual mismatch between supply and commitment (MWh),
as a percentage with respect to the total annual commit-
ment (MWh) is indicated by the Loss of Power Supply
Probability (LPSP) concept, as shown in Equations 3, 6
and 7. Note that net power produced by the plant in sun-
shine conditions can be higher than the minimum power
commitment, but it should not be less to ensure a specific
dispatchability. The choice of a constant power commit-
ment has been made for two reasons: i) for greater clarity
when presenting the results and ii) to generalize the con-
cept so that it is not dependent on a specific demand pro-
file, since the variability of the electricity demand does not
follow the same tendency in the selected locations. Thus,
in Seville the demand increases in summer due to the ex-
treme temperatures and high use of air conditioning, while
in the Atacama Desert the demand is almost constant due
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Table 1: References for estimating the investment costs of the main components of the power plant. Adapted from Bravo, Ortiz, Chacartegui,
and Friedrich [37]

Component Scaling parameter Investment cost (IC) in MUSD Ref.

CSP field & tower Heliostats area (m2) See references for calc. procedure [42]

PV plant Photovoltaic area (m2) See references for calc. procedure [42]

Total land area CSP & PV (ha) IC= 25 ·Area · 10−3 [42]

Steam power cycle Gross capacity (kWe) IC= (290 + 1040) · P ST
max · 10−6 [42]

Calciner Thermal Power (kWth) IC= (13140 ·Q0.67
calc · 10−6) · rx [47]

Carbonator Thermal Power (kWth) IC= (16591 ·Q0.67
carb · 10−6) · rx [47]

Heat exchangers Area (m2) and P (bar) IC= (2546.9 ·A0.67
HE · P 0.28

HE · 10−6) · rx [47]

Cooling towers Thermal Power (kWth) IC= (32.3 ·Qcool · 10−3) · rx [47]

Compressors & turb. - See reference for calc. procedure [48]

CO2 storage tanks - See reference for calc. procedure [49]

Solids storage tanks - See references for calc. procedure [50, 49]

to the high energy intensity of the process associated with
the copper mining industry. While the integration of the
demand side is outside the scope of this manuscript, we
are planning to combine the optimisation framework with
energy system planning tools in the future.

2.3. Implementation

For the present research, a model written in Python
was developed to optimise the design optimisation of the
power plant with TCES. DEAP was employed inside the
code to carry out the genetic algorithm routine [53]. Here,
the fitness evaluation of each individual is performed by
solving the operational optimisation stage using Pyomo
[54] with Gurobi as solver [55]. In addition, real solar irra-
diation data is used as input, and it can be easily modified
to evaluate any location. In summary, the hardware and
software used to perform the optimisation problem pre-
sented in this study are reported below:

• PC: Intel Core i7-6700 CPU @ 3.4 GHz, 16 GB
RAM.

• Operating system: 64-bits Windows 10 Education.
• Programming language: Python 3.5.3 [56]
• Optimisation packages: Pyomo 5.6.1 [54, 57], DEAP

1.3.0 [53]
• Solver: Gurobi 8.1.1 [55]

3. Results

This section presents optimised hybrid solar power plants
with TCES for three locations which have different solar
resource profiles covering the feasible conditions for solar
power plants. The optimisation is performed by the two-
stage multi-objective optimisation framework which han-
dles the conflicting objectives, described in the Methodol-
ogy Section 2. We start by analysing the solar resource of
each location before presenting the results of the optimi-
sations.

3.1. Case studies

To analyse and compare the performance of hybrid so-
lar power plants with calcium-looping thermochemical en-
ergy storage, and to evaluate the opportunities in the inte-
gration of clean technologies to support the transition to a
sustainable energy system under different conditions, the
model will be evaluated in three locations:

• Seville, Spain, ≈ 37.4◦N, 6.3◦W
• Tonopah, Nevada, United States, ≈ 38◦N, 117◦W
• Atacama Desert, Chile, ≈ 22◦N, 69◦W

The evaluation in each location will result in a distinc-
tive 3-D Pareto surface illustrating the performance ex-
pected of an optimised set of different designs in each area.
Each point in the Pareto set is a non-dominated solution
or potential candidate. Hence, an a-posteriori evaluation
of optimised designs for each location should be carried
out by the user to select the best hybrid power plant un-
der a trade-off between the objectives or considering other
key performance indicators.

3.2. Solar irradiation for the case studies

The typical meteorological year (TMY) is frequently
employed to evaluate the feasibility of solar power plants
[58]. The TMY is an annual representation of a longer
period (e.g. 15 years) of the meteorological conditions in
the location, usually with hourly time-steps. There are
different open data sources available to obtain the TMY
to evaluate renewable power plants [59, 60].

In the present study, the solar irradiation data was col-
lected using three different open data sources: (i) Seville,
the ”Photovoltaic Geographical information system” (PVGIS
project) of the European Commission Joint Research Cen-
tre [61]; (ii) Tonopah, System Advisor Model software
(SAM-NREL) [44]; (iii) the Atacama Desert, Chilean Min-
istry of Energy and University of Chile solar resource data
centre [62].

To estimate the potential and to compare the solar re-
source in the three locations, Figure 3 highlights the direct
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normal irradiation (DNI) and the global tilted irradiation
(GTI) in each area. The DNI is the solar irradiation cap-

(a) Direct normal irradiation, daily average and annual average

(b) Sunshine hours (hours with DNI > 0)

(c) Box and violin plots for DNI and GTI for each location

Figure 3: Solar irradiation of the typical meteorological year for
Sevile, Tonopah, and Atacama Desert

tured by the heliostats of the CSP that track the sun. The
GTI is the irradiation converted into electricity by the PV
plant in which each PV module is non-tracking. Table 2
shows the accumulated annual DNI and GTI considering
the typical meteorological year.

Figure 3a presents the DNI daily and annual averages,
revealing the difference between each location. Moreover,
it can be noted that the variability in the daily DNI of
the Atacama Desert is lower than for the other two loca-
tions. To support this statement, the standard deviation
(σ) of the daily average calculated for Seville, Tonopah,
and the Atacama Desert is 120, 130 and 78 W·m−2, re-

Table 2: Total direct normal irradiation and global tilted irradiation
for the typical meteorological year by location

Location DNI GTI
kWh·m−2·year−1 kWh·m−2·year−1

Seville 2,238 2,006
Tonopah 2,745 2,403
Atacama 3,693 2,742

spectively. This variability should affect the dispatchabil-
ity of a CSP plant with TCES if a fixed commitment is
required throughout the year.

The variability also can be illustrated in Figure 3b,
that shows the total number of sunshine hours per day
with a DNI > 0. While the average (h̄s) is similar for
the three locations (h̄s,Seville = 10.8 h ·day−1, h̄s,Tonopah =
10.8 h ·day−1, h̄s,Atacama = 11.7 h ·day−1), Figure 3b high-
lights the stable solar resource of the Atacama Desert, i.e.
σh,Atacama ≈ 1 h · day−1. In the case of Seville, the higher
standard deviation (σh,Seville ≈ 3 h · day−1) shows that
there is significantly more variation in the number of sun-
shine which is due to larger seasonal variations and more
cloudy days in winter. A similar trend can be identified
for Tonopah, with σh,Tonopah ≈ 2 h · day−1

All these characteristics for the DNI of each location
are highlighted in Figure 3c. This figure shows a box plot
and a violin plot for the DNI > 0 and GTI > 0 for the
selected locations. The central box in each set of data rep-
resents quartiles Q1 and Q3 (percentiles 25th and 75th),
and the variability of the data set can be estimated by the
height of the central box, i.e. the interquartile range or dif-
ference between Q3 and Q1. Then, the central orange line
of each box represents the median of the population, or sec-
ond quartile (Q2, i.e. 50th percentile). Next, the whiskers
show the extreme values, and some outliers in the case
of the DNI of the Atacama Desert can be seen. Besides,
the red point located close to the median represents the
mean, and at the bottom can be found the total number
of samples greater than 0 (from a total of 8760 hours). In
addition, the violin plot represented by the light blue area
shows the probability density of the samples. For instance,
in the case of the DNI of the Atacama Desert, the violin
plot shows that the population is concentrated in the top,
corroborating the small variability of the direct normal ir-
radiation in the Atacama Desert. The same analysis can
be done for the GTI, in this case, the plots show that the
means of the GTI follow the same trend than the means
of the DNI (GTIAtacama > GTITonopah > GTISeville), and
the variability can be estimated by the size of the box, or
by the distribution of the sample by analysing the violin
plots. It can be seen that the variability of the GTI is
larger, because, as contrary to the DNI, the GTI is the ir-
radiation in a fixed plane, and even in locations with high
solar irradiation, the irradiation in a fixed plane has a large
variability throughout the day.

This detailed analysis gives us an idea of the differ-
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ence in the design of a dispatchable hybrid solar power
plant with TCES in each location. For instance, it could
be inferred that a smaller CSP-TCES system is required
in the Atacama Desert to supply the same energy during
the year. Hence, lower investment and lower LCOE is ex-
pected for optimised power plants with a similar level of
dispatchability in the Atacama Desert, then Tonopah, and
finally, Seville should be the most expensive. Moreover, as
outlined before, the high variability in the irradiation in
Seville and Tonopah should have a negative effect on the
performance of the hybrid solar power plant.

3.3. Optimised designs

The design optimisation aims to select the optimal sizes
of the components to design an affordable and dispatchable
power plant. Here, the investment cost and the LCOE are
used to evaluate the affordability while the loss of power
supply probability (LPSP) is used to measure the dispatch-
ability. The LCOE is a crucial indicator that represents
the cost of each electricity unit generated over the lifetime
of the power plant considering the total life cycle costs,
while the investment cost is essential when defining a lim-
iting initial budget for the feasibility of a project. The
LPSP measures the mismatch between the net electric-
ity supply and a defined demand, considering one year of
operation, i.e. LPSP is the percentage of not fulfilled de-
mand. The multi-objective design optimisation produces a
range of Pareto optimal solutions, representing the trade-
off between objectives. Figure 4 illustrates the 3-D non-
dominated set of solutions at the end of the process.

In each diagram, the x-axis represents the LPSP, the
LCOE is shown in the y-axis, and the third objective, the
investment cost, is illustrated using different colours. The
objective of the design optimisation is to provide affordable
and reliable power, thus it is the goal to be located in the
bottom left corner of the diagram with low investment
costs. Hence, the diagrams reveal the trade-off between
technical (LPSP) and financial (LCOE and Investment)
performance.

Figures 4a, 4b, and 4c, illustrate the result of the de-
sign optimisation in Seville, Tonopah, and the Atacama
Desert, respectively. Besides, these figures are merged
in Figure 4d to facilitate the comparison of the techno-
economic performances of optimised power plants. The
non-dominated solutions illustrated in Figure 4a represent
potential designs that are optimised through the two-stage
optimisation process focused on the simultaneous minimi-
sation of the LCOE and investment cost while maximising
the dispatchability. All points shown in Figure 4a are non-
dominated, optimal solutions to the problem which means
that for a given solution none of the objective values can be
improved without degrading at least one other objective.

First, Figure 4a shows that the optimisation process
for Seville leads to an improvement of the dispatchabil-
ity for optimised designs compared with previous results.
This improvement is achieved by optimising the capaci-
ties of the different components of the energy storage sys-

tem, which is difficult to handle by a manual optimisation
process. The capacities of these components, which are
the variables in the design optimisation stage, influence
the non-linear interactions of the solar field of the CSP
with the sizes of turbines, compressors, heat exchangers,
storage tanks and reactors of the TCES system, and the
solar field of the PV. In addition, the maximum power
dispatch constraint is essential to avoid the design of over-
sized power plants. For instance, the optimised plant Sevb,
shown in Figure 4a, compared with a manually selected de-
sign reported previously in Bravo, Ortiz, Chacartegui, and
Friedrich [37], shows that an improved (and not oversized
design) can reach similar LCOE and dispatchability with
a lower investment. On the other hand, the optimisation
process leads to a large decrease of the LPSP, resulting in
fully dispatchable power plants at a similar level of LCOE
and investment costs. For example, in the case of Seville,
and considering an LCOE value of 185 USD·MWh−1, the
optimisation process leads to a reduction of the LPSP from
6% to less than 1%. Hence, through the optimisation pro-
cess, it is possible to get a set of optimal results that can
be analysed by the users according to different require-
ments, improving the decision-making process compared
with a manual iterative procedure. This means that the
two-stage optimisation routine is an enhanced tool that
can be used to analyse the complex interactions between
the different components of the hybrid solar power plant
and the solar resource. Hence, the results illustrate that
optimised designs can achieve simultaneously low cost and
high dispatchability.

Table 3: Economic performance metrics of dispatchable power plants

Location LCOE Investment LPSP
USD·MWh−1 MUSD %

Seville 188 566 0.02
Tonopah 158.5 504 0.01
Atacama 123.4 377 0.01

Table 3 and Figure 5 summarise the economic perfor-
mance and cost breakdown of highly dispatchable designs,
i.e. LPSP → 0 (points Seva, Tona, and Ataa in Figures
4a, 4b, and 4c respectively). As explained previously, all
non-dominated solutions (Pareto optimal) represent opti-
mised designs. To compare a highly dispatchable power
plant with a more affordable power plant (low LCOE), we
choose the two extreme points marked with a or b as sub-
index (e.g. Seva, Sevb) in Figures 4a, 4b, and 4c. Then,
the characteristics of these 6 points (2 points per loca-
tion and three locations) are illustrated in Figure 6. The
first section of the diagram corresponds to the objectives
and the second section to the variables. Here, the data is
scaled regarding minimum and maximum values of each
data set shown. For example, the LCOE of Tonb can be
estimated as: LCOETonb

≈ (188.1− 120.6) · 0.5 + 120.6 ≈
154 USD·MWh−1 (where 188.1 and 120.6 are the maxi-
mum and minimum values of the LCOE, respectively, and
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(a) Seville (b) Tonopah

(c) Atacama Desert (d) Results of three locations

Figure 4: Results of multi-objective design optimisation. The diagram shows the three dimensional Pareto surface, representing the trade-offs
between objectives

Figure 5: Levelised cost of electricity for dispatchable hybrid power
plants

0.5 is the approximate location of the LCOE for Tonb, as
shown in the figure). The figure shows the large differ-
ence in the economic performance of both designs in the
Atacama Desert compared with Tonopah and Seville.

Then, it is possible to check the capacity and the range

Figure 6: Objectives and configuration of selected optimised designs
per location

in size between both designs in each location. For instance,
the high value in the area of the PV plant for all designs
(39.5 ha to 41 ha) demonstrates the benefits of hybridising
dispatchable CSP with affordable PV. The ranges in the
area of heliostats and the capacities of each turbine and
compressor reveal the requirements to design dispatchable
power plants. Moreover, the diagram shows a positive cor-
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relation between the capacity of each turbine and compres-
sor in the TCES system with the size of the CSP plant.
Finally, the three points with the lowest LCOE in each
location show a similar capacity of storage. The analy-
sis suggests that there is a relation between the optimised
level of storage for these plants and the net capacity of the
Brayton cycle. These relations are studied in section 4.2.

3.4. Key performance indicators

In order to compare the operational strategy of dif-
ferent configurations based on measurable results, the fol-
lowing are key indicators for technical and financial per-
formance used in this study:

• Enet: total net electric energy dispatched.
• ECSP/Enet: total net electricity dispatched by the

CSP divided by the total net electricity dispatched
by the hybrid power plant. Hence, this value repre-
sent the percentage of energy dispatched by the CSP
respect to the total.

• Ecommitment: net energy dispatched to fulfil the com-
mitment.

• Eexcess: the electricity dispatched when the net en-
ergy exceeds the commitment (in this model the max-
imum power that can be dispatched is constrained to
five times the commitment).

• Ecurtailed: thermal energy available in the solar field
that has to be curtailed.

• P̄net: average power dispatched:

P̄net =
Enet

8760
(8)

• Pmax: maximum power dispatched by the hybrid
power plant over one year of operation.

• Pmax
CSP : maximum power dispatched by the CSP over

one year of operation.
• CFCSP : capacity factor referred to the CO2 Brayton

cycle [40].

CFCSP =
Enet

Brayton cycle

Pmax
Brayton cycle · 8760

(9)

• ηCSP,CaL: efficiency of the CSP considering the en-
ergy available and used in the calciner:

[noitemsep]

ηCSP,CaL =
Enet

CSP∑
QCalciner

i

(10)

• ηCSP,DNI : overall efficiency considering the solar ir-
radiation in the solar field of the CSP to electricity:

ηCSP,DNI =
EnetCSP∑
DNIi ·ACSP

(11)

• O&M : operational and maintenance costs.

The KPI values are calculated by optimising the annual
operation of each design under its respective solar irradi-
ation data and shown in Table 4. These results show that
a hybrid solar power plant integrated with CaL has the
potential to provide dispatchable power at a cost competi-
tive with current commercial systems. Besides, the values
obtained are aligned with those published in a previous pa-
per [39]. In Bravo and Friedrich [39], a large scale (≈ 200
MW) hybrid power plant integrated with thermal energy
storage (molten salts) and located in the Atacama Desert
was studied. That study concluded that high dispatcha-
bility (LPSP ≈ 1%) is achieved with an LCOE closer to
122 USD·MWh−1. However, the excellent results obtained
with the integration of calcium-looping as TCES process
are reached by using natural, widely available and envi-
ronmentally friendly raw materials (limestone) instead of
the use of molten salts or batteries.

4. Analysis and discussion

The results presented in the previous section explore
the integration level of each technology under different
conditions and provide information supporting the devel-
opment of renewable and dispatchable power plants. In
this section, the results are analysed and used to produce
guidelines for the design of hybrid solar power plants with
TCES.

4.1. Correlations and ranges

Correlations between the objectives and main variables,
i.e. Investment, LPSP, LCOE, ACSP , APV , and STO
(STOCaO) are shown in Figure 7. These correlations help
to understand the relations and characteristics of opti-
mised power plants depending on the location. Besides,
the ranges of each variable achieved for optimised designs
shown in Figure 4 are summarised in Table 5.

4.1.1. All locations

As expected, the high negative correlation between LPSP
with ACSP , storage (STO), and investment suggests that
CSP and energy storage are crucial to increase dispatcha-
bility, and due to the high cost of this technologies, high
investment is required. This highlights the importance of
energy storage in improving the dispatchability of hybrid
power plans. On the other hand, the low correlation be-
tween LPSP and APV means that the solar PV plant does
not have an essential effect on the dispatchability.

4.1.2. Seville and Tonopah

First, according to the ranges shown in Table 5, op-
timised plants in both locations consider a sizeable solar
field area for both CSP and PV power plants. Further-
more, the low correlation between the solar PV area (APV )
with the three objectives suggest that the solar PV area
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Table 4: Results of the operational optimisation for selected designs per location (as shown in Figures 4a, 4b, and 4c)

KPI unit Sevb Seva Tonb Tona Atab Ataa

LCOE USD·MWh−1 177.3 188.1 153.2 158.6 120.5 123.5
LPSP % 5.6 0.0 1.7 0.0 0.3 0.0
Invest. MUSD 498 566 479 504 346 377

Enet GWh·year−1 256 276 288 292 264 279
ECSP/Enet GWh · year−1/GWh · year−1 0.49 0.52 0.46 0.47 0.34 0.36
Ecommitment GWh·year−1 111.7 118.2 116.3 118.2 117.9 118.2
Eexcess GWh·year−1 146.1 157.6 171.8 173.6 145.8 160.6
Ecurtailed GWhth · year−1 1.2 2.4 1 2.5 0.5 0.3
P̄net MW 29.4 31.5 32.9 33.3 30.1 31.8
Pmax
hybrid MW 67.5 67.5 67.5 67.5 67.5 67.5

Pmax
CSP MW 29.1 33.2 29.7 29.9 17.2 17.1
CFCSP % 53.5 53.8 55.3 56.8 64.5 73.1
ηCSP,CaL % 32.5 32.5 32.5 32.5 32.2 32.3
ηCSP,DNI % 13.8 13.8 13.1 13.0 13.8 13.8
O&M MUSD·year−1 3.0 3.3 3.0 3.1 2.1 2.1

does not present high variability in optimised plants. In
other words, a large solar PV plant is selected in optimised
plants, and its capacity is constrained to the maximum
power that can be dispatched. On the other hand, the
capacity ranges of the components of the CaL system are
large (e.g. for Seville the range of the CaO storage tank is
from 8,300 to 37,000 m3), suggesting that the CaL process
is the primary variable that influences the results shown
in the Pareto diagrams.

Second, the correlations between the investment with
the area of the CSP (ACSP ) and energy storage, together
with the previous statement about LPSP and energy stor-
age, represent the trade-off between dispatchability and
affordability in these locations. These numbers suggest
that, in Seville and Tonopah, high dispatchability can be
reached in power plants with large CSP plants integrated
with an extensive TCES system (see Table 5). Moreover,
it can be inferred that, in Seville and Tonopah, a large PV
is always required to keep a low LCOE, and extra capacity
in CSP is required to give dispatchability.

4.1.3. Atacama

As illustrated in Figure 7c, there is a high correlation
between the solar PV area with the investment and a high
negative relationship between the solar PV area with the
LCOE, suggesting that PV improves the affordability in
hybrid power plants. These numbers also indicate that
a smaller CSP-CaL plant is required to accomplish the
commitment (see Table 5), and additional investment in
PV results in a considerable reduction in LCOE.

4.2. Design guidelines based on resource and dispatchabil-
ity

The results shown in Figure 6 were analysed and used
to develop guidelines to employ as a starting point for the
optimal design of a hybrid solar plant with TCES based on

Table 5: Ranges of variables for all solutions per location (Figure
4d)

Variable unit Seville Tonopah Atacama

ACSP ·104 m2 [33,47] [35,39] [17,22]
P ST MW [9,14.5] [8.5,10.5] [5,8]
PMC MW [31,44] [34,40] [16,44]
PMT MW [55,67] [58,62] [30,66]
PHPSC MW [17,20] [16,20] [7,20]
PHPST MW [4,6] [2.5,5] [2,8]
STOCO2 ·103 m3 [1.3,5.7] [1.5,3.7] [1,2.3]
STOCaO ·103 m3 [8.3,37] [10.8,24] [6,15]
STOSolids ·103 m3 [8.4,38] [11,24.5] [6.1,15.2]
APV ·104 m2 [38,41] [39,41] [29,41]

a calcium-looping system. These guidelines are based on
the solar irradiation of the three studied locations which
cover a range of different solar resources.

First, as previously stated, a large PV plant will de-
crease the LCOE in every situation; hence, the optimal
design starts by selecting the largest PV area considering
the available land and the maximum power that can be
dispatched as constraints.

Then, to build equations that relate the capacity of
the components of the CSP and CaL system the follow-
ing variables were combined and manipulated to develop
the guidelines: (i) average values that represent the solar
resource (number of sunshine hours, direct normal irradia-
tion); (ii) requirements for the operation of the power plant
(commitment, dispatchability); (iii) technical performance
of the CSP-CaL plant (solar to electricity efficiency); and
optimised capacities of the components achieved from the
two-stage optimisation routine. As a result of this analy-
sis, equations 13 to 17 were obtained.

First, an approximation of the heliostats field area in
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(a) Seville, Spain (b) Tonopah, Nevada, United States (c) Atacama Desert, Chile

Figure 7: Correlations between objectives and design variables in optimised designs

terms of solar resource, technical requirements and perfor-
mance can be written as:

ACSP ≈ P commitment · (24− h̄s) · (1− LPSP )

h̄s ·DNIaverage · ηCSP,DNI
(12)

where h̄s correspond to the average number of sunshine
hours, and the LPSP is the flexibility allowed.

Then, as can be seen in Figure 6, the capacities of com-
pressors and turbines are directly related with the heliostat
field area. In this context, the capacity of the steam tur-
bine of the Rankine cycle (connected directly to the CSP
plant) can be estimated with the thermal power of the
CSP plant, through the following equation:

PST ≈ ACSP ·DNIaverage · ηCSP,th · ηSSRC (13)

where ηCSP,th ≈ 0.36 and ηSSRC ≈ 0.268 [37]. Then,
the following relations can be obtained from the optimised
designs presented in Figure 6:

PMC ≈ 3 · PST (14)

PMT ≈ 1.8 · PMC (15)

PHPSC ≈ 0.4 · PMC (16)

PHPST ≈ 0.15 · PHPSC (17)

Finally, the capacity of the energy storage system de-
pends on the relationship between the storage hours and
the capacity of the components. Using a specific power
generation previously calculated, i.e. ξi ≈ 0.053 MWh·ton−1

CaO

[37], the capacity of the CaO storage tank (STOCaO, in
tonCaO) for each location (points Sevb, T onb, Atab in Fig-
ures 4a, 4b, and 4c respectively) can be estimated by the
maximum power dispatched from the Brayton cycle (i.e.
PBrayton cycle = PMT −PMC), according to the following
equation:

STOCaO ≈ (24− hs) · PBrayton cycle

ξi
(18)

Then, considering a storage density of ρCaO ≈ 3370
kg·m3, and values of porosity and packing density of solids

equals to 0.5 and 0.6 respectively [63], it is possible to
evaluate the capacity of the storage of CaO in units of
volume (m3). Hence, the capacity of the storage tank of
solids and CO2 can be estimated by:

STOSolids(m3) ≈ 1.02 · STOCaO(m3) (19)

STOCO2(m3) ≈ 0.155 · STOCaO(m3) (20)

The application of Equations 12 to 20 generates an
initial design of a hybrid solar power plant with TCES
which provides a good starting point for further, manual
optimisations.

4.3. Sensitivity analysis

A sensitivity analysis was performed for power plants
defined as Seva, Tona, and Ataa in Figure 4 to determine
the influence of key input parameters in the LCOE of dis-
patchable hybrid power plants. The following parameters,
and their original values, were selected for the analysis:

• ηReceiver = 0.85
• ζReactors = 1
• r = 7%

where ζReactors is a multiplier used to vary the investment
cost of the reactors, i.e. calciner and carbonator; ηReceiver

is the efficiency of the receiver in the solar tower, where
the calciner is located; and r is the annual interest rate.

A summary of the sensitivity analysis results is shown
in Figure 8. First, we note that the effect of a higher re-
ceiver efficiency does not produce a large decrease in the
LCOE, because this technical parameter influences both,
the LPSP and the LCOE, and these power plants are opti-
mised considering the base value (ηReceiver = 0.85). Nev-
ertheless, in the case that the efficiency is 0.94, the solar
field could be reduced, keeping a similar LPSP but reduc-
ing the LCOE. For example, for a high receiver efficiency
(ηReceiver = 0.94) and a 30% decrease in heliostats area in
Atacama, the LCOE reduces to 115 USD·MWh−1 (< 121
USD·MWh−1), while maintaining the same LPSP. Hence,
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Figure 8: Sensitivity analysis for each location

a further reduction can be achieved by increasing the effi-
ciency of the receiver and modifying the capacity of some
components.

We also observe that changes in the investment cost of
the reactors and the interest rate have a significant impact
on the LCOE. Remarkably, all simulated cases in Atacama
(Ata), even in the worst scenarios proposed in the sensi-
tivity analysis, show promising results in terms of LCOE
and dispatchability.

4.4. Recommendations for real applications

Our results and analysis highlight the significant ad-
vantages to be obtained by optimising the design and op-
erational strategies of solar power plants, according to
synergies between solar technologies and energy storage.
The results present the benefit of multiple criteria decision
making for the design of sustainable, affordable, and dis-
patchable energy systems, and the importance of handling
the trade-offs between conflicting objectives. The guide-
lines presented can be used in real applications as a first
approximation for the economic and optimal design of dis-
patchable hybrid solar power plants with thermochemical
energy storage, based on the solar resource and expected
dispatchability. Additionally, the model can be applied
to other locations under different input parameters and
demand profiles. For example, the cost competitiveness
of the power plant would be increased if the power com-
mitment is higher in summer and lower in winter, which
would be the case for locations with high cooling demand
in summer. In contrast, places like the Atacama Desert
whose demand is driven by the intensive mining industry
need an almost constant supply of electricity throughout
the year. Finally, the model can easily be extended to

evaluate different technologies in the hybrid power plant
with energy storage.

5. Conclusions

Hybrid solar power plants integrated with thermochem-
ical energy storage are promising candidates to provide
dispatchable and affordable clean energy but require so-
phisticated design tools to achieve this. In this study, we
developed a two-stage multi-objective optimisation frame-
work to optimise the design and operation of a hybrid solar
power plant (concentrating solar power - photovoltaics) in-
tegrated with calcium-looping as thermochemical energy
storage system. The optimisation results were used to
develop general design guidelines for hybrid solar power
plants with thermochemical energy storage systems.

This framework provides key information in the decision-
making process for the design of reliable and affordable
power plants, going beyond the often used manual design
process. Besides, the one-year hourly operational opti-
misation stage, which takes the seasonal variations in so-
lar resource into account, provides a more suitable design
compared to studies which use only a short time horizon
or typical periods. The optimisation provides key perfor-
mance indicators such as affordability, dispatchability, av-
erage power supplied, capacity factor, and efficiencies, to
compare the performance of different designs and different
locations.

The optimisation framework was applied to three loca-
tions with different levels of solar irradiation, i.e. Seville,
Spain; Tonopah, Nevada, United States; and the Atacama
Desert, Chile, to illustrate the opportunities in the integra-
tion of clean technologies under different conditions. The
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design and techno-economic performance of the optimised
plants for each location are clearly defined by the average
values and variability of the solar irradiation. Of the three
locations, the Atacama Desert has the highest potential,
achieving a levelised cost of electricity of 123 USD·MWh−1

for a highly dispatchable power plant. This shows the im-
pact of the stability and level of solar irradiation on the
design of dispatchable power plants. It also highlights the
significant potential of hybrid solar power plants with effi-
cient energy storage systems to provide cost-competitive,
dispatchable and clean energy.

The results show that the integration of calcium-looping
as thermochemical energy storage system increases the dis-
patchability of concentrating solar plants with capacity
factors as high as 73%, and that the hybridisation with
PV plants is essential to achieve competitive energy costs.
The results emphasise the potential of the integration of
different technologies in the design of affordable and dis-
patchable renewable power plants to support the transition
to a sustainable energy system. While it is clearly shown
that multi-objective optimisation is required to achieve an
optimal design, this contribution provides general informa-
tion to understand the interactions and synergies between
different technologies, and the opportunities in the devel-
opment of solar power plants to support the transition to
a sustainable energy system.

The optimal designs for the three locations were used
to develop guidelines for the optimal design of affordable
and dispatchable hybrid solar power plants with calcium-
looping as thermochemical energy storage for any location.
The guidelines provide an affordable hybrid solar power
plant with thermochemical energy storage design based
on the solar resource and the required level of dispatch-
ability. While it is only an approximation to the most
optimal design, it is an ideal starting point for manual
design optimisation in a process simulator such as Ansys.
The optimisation framework can provide valuable informa-
tion for the integration of different technologies to support
affordable and sustainable energy systems. Thus, the ap-
plied mathematical tools and technologies exposed in this
study can support the design of affordable and dispatch-
able hybrid solar power plants which are required for the
transition to a low carbon energy system.
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