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Abstract: In recent decades, the fight against climate change and the commitment to reduce green-
house gases have shed a light on the production of energy from renewable sources, in particular
those derived from solar energy. This has required the involvement of all stakeholders (producers,
but also energy operators, authorities, distributors, and final consumers) which has led to the outline
of a new scenario characterized by more efficient technologies, dedicated strategies and business
models, and the research of alternatives solutions. Within solar technology, great attention has been
given in recent years to concentrating solar power (CSP) technologies, both from research studies
and technological development sides. This paper provides a theoretical framework based on a CSP
literature review to define the state of the art and to identify research gaps and future research steps
related to this technology. The work is based on an innovative bibliometric study to explore tech-
nical fields related to CSP, providing both a comprehensive framework with reference to the state
of the art of the technology investigated, and a detailed analysis on CSP commercial applications,
making the review a very useful tool for stakeholders and decision makers The results of the anal-
ysis: (1) help to clarify the technological advances of CSP, the strengths and weaknesses of the cur-
rent technologies used (parabolic and tower systems are the most widespread), and indications of
the prospects for dish systems; (2) identify an alternative to the economic problem that represents
an obstacle to the diffusion of CSP, for example, by identifying the ability to couple it with thermal
storage as a valid method to increase the flexibility of the system and reduce costs; (3) suggested
hybrids, both with renewable and non-renewable technologies, identifying strengths and weak-
nesses for all the proposed proposals; (4) show that it is possible to identify new ongoing research
such as that related to hydrogen production. This paper represents the first part of a larger research
study developed within the SOLARGRID Project, which promotes and supports the development
of innovative solutions for systems and components for CSP and concentrated photovoltaics (CPV)
technologies, with the aim to enhance their energetic performances and economic competitiveness
in applications for the distributed generation of both electric and thermal energy frameworks. The
main findings of our study highlight that, though there is an increasing number of papers on the
topic of CSP, several issues remain neglected.
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1. Introduction

Distributed energy resources (DERs) represent technologies that may be integrated
at both the supply and demand side of a distribution system (low-voltage or medium-
voltage) to satisfy the energy requirements of final users. The DER can be divided into
distributed generation (DG), including renewable energy sources (RES); demand re-
sponse; and distributed storage [1].

In the current evolution from the traditional power system to the smart grid frame-
work, DERs are becoming extremely important, as a massive integration of DG is occur-
ring by changing the infrastructure and the overall layout of the electricity networks [2,3].
Current power systems rely on unidirectional networks designed to manage the energy
flows from large conventional generators through the distribution network to end users.
With the advent of DG, bidirectional power flows are expected due to numerous genera-
tion plants represented by small-size variable renewable sources located along the distri-
bution network [4,5]. Several technical challenges need to be addressed for this shift from
traditional power systems to smart grids and these affect both the planning and operation
phases. The impact associated with the large-scale penetration of variable RES is so sig-
nificant that it will require a complete reassessment of grid deployment and operational
planning, particularly for frequency response and operational reserve services provision.

According to [6], among the various renewable technologies, it is expected that solar-
energy-based systems—concentrated solar power (CSP) and solar photovoltaic systems
(PV)—together with wind, will constitute a stable, high percentage of renewable energy
generation systems that will be price-competitive with conventional energy sources [7].
Moreover, the development of CSP represents an interesting tool with which to support
the power system, providing the additional flexibility it needs [8]. This highlights the in-
creasing importance of solar energy as a reliable and sustainable source for electricity gen-
eration, with both PV and CSP technologies playing integral roles in the future energy
landscape [7]. Although the PV plants dominate the solar market, accounting for approx-
imately 98% of annual installations employing solar technologies [9], during the same
time window, the installed capacity of CSP grew by 149% globally [10]. In 2021, significant
milestones were achieved in the worldwide adoption of solar energy, with the deploy-
ment of 848.4 GW of PV and 6.4 GW of CSP. Over the past decade, the solar sector has
experienced remarkable growth, with a 719% expansion in the global solar market from
104.3 GW in 2012 to 854.8 GW in 2021 [10,11]. In fact, CSP offers several advantages over
PV, particularly when it comes to large-scale power plants. Firstly, CSP systems have
built-in thermal energy storage capabilities, allowing them to store excess heat generated
during sunny periods. This stored thermal energy can be used to generate electricity dur-
ing cloudy or nighttime conditions, providing continuous power supply, which can be
essential for large-scale power plants. Additionally, CSP systems, when tailored for large-
scale applications, can achieve higher overall thermal-to-electric conversion efficiencies
compared with individual PV installations. This increased efficiency enhances energy
capture and conversion. Moreover, CSP’s ability to dispatch electricity on demand makes
it a reliable contributor to grid stability. It seamlessly integrates with other energy sources
and aligns with various demand profiles, effectively matching electricity supply with de-
mand.

Nevertheless, CSP plants are designed with a reduced environmental footprint com-
pared with some PV installations. They typically require less land per unit of electricity
generated, reducing land-use conflicts and environmental disruption.

CSP systems can also be easily hybridized with other energy sources, such as natural
gas or biomass, to provide consistent power generation. This hybrid approach can im-
prove the reliability and cost-effectiveness of large-scale power plants.

Scalability is another advantage of CSP technology. It can be scaled up to meet the
power demand of large-scale facilities, making it well-suited for utility-scale power plants.

Additionally, CSP systems often have a longer operational lifespan compared with
PV installations, providing a more extended period of reliable electricity generation.
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It is important to note that the choice between CSP and PV depends on various fac-
tors, including geographical location, resource availability, project size, and specific en-
ergy requirements. While CSP offers advantages for large-scale power plants, PV can be
more cost-effective and suitable for distributed generation in some situations.

In this framework, CSP has attracted further attention for its interesting technical and
economic characteristics, and its reliability in terms of the continuity and type of the ser-
vice that it provides [11]. These factors will allow, in the near future, the use of CSP as a
basic load regulator to provide energy in a stable way [12].

Furthermore, CSP technology can be more attractive when compared with other RES.
In fact, in contrast with hydropower, CSP has not been shown to generate environmental
problems or social objection, and it is not overly dependent on source and location param-
eters [13]. When compared with wind turbines, CSP creates less emissions; while, if com-
pared with PV, CSP has a longer service life [12]. Moreover, unlike PV technology, which
directly converts solar energy into electricity, CSP systems utilize mirrors or lenses to con-
centrate direct normal irradiance (DNI) onto a receiver [14]. This process allows one to
directly convert the sunlight in thermal energy at high temperatures that can be converted
to mechanical energy first, and then to electricity [15]. Finally, CSP works in a different
way to PV in terms of thermal energy storage and generation: this characteristic makes
the energy produced by CSP programmable, reducing the volatility (both for production
and energy price), and increasing the reliability of the system [16-18].

The main contribution of the paper is to provide an extensive review of the status of research
activities on CSP. It does so by identifying the research gaps, the main challenges, and the
future needs for fostering a massive deployment of this promising technology at the
global scale.

This work is based on an innovative bibliometric study that is used to explore tech-
nical fields related to CSP, providing a comprehensive framework with reference to the
state of the art of the investigated technology and the advances in the research in the field.
Moreover, it also provides a detailed analysis on CSP commercial applications, making
the review a very useful tool for stakeholders and decision makers to identify the real
maturity of the technology [12,17-19]. The work has been carried out through research
activities and involves the study, definition, and development of new solutions. It does so
while considering the integration of distributed energy storage systems into the analyzed
systems, as well as hybrid configurations which, while increasing the electricity genera-
tion from RES, also use conventional and non-conventional resources. Hybrid solutions,
moreover, improve the flexibility of the energy system, and reinforce the reliability of the
electricity system. We propose a multi-perspective, multi-level and multi-domain ap-
proach that is able to identify drivers and barriers linked to the spread of CSP, but at the
same time is also able to consider the interests of all relevant stakeholders in the identifi-
cation of the best solutions.

The applied methodology is articulated in the following phases: a phase of paper
acquisition, a phase of paper selection, and a phase of the descriptive and content analysis
of the selected papers. The paper acquisition phase is based on the correct identification
of the keywords, which allows us to identify the works on the topic present in the main
research databases, ScienceDirect and Web of Science. The second phase aims to identify
restrictive criteria that allow us to limit the analysis to a specific number of works. The
third phase consists of an extrapolation of the information from the papers and is articu-
lated into: (a) a descriptive analysis in which the papers are aggregated according to dif-
ferent perspectives to give a summary view of the selected papers and (b) content analysis,
in which papers are reviewed and studied in detail. The analysis of papers allows us to
highlight strengths and weaknesses in the body of literature and evident research gaps.

Among the key results, the primary conclusions drawn from this study underscore
the importance of: (a) the growth in research activities in this field; (b) the importance of
the “location factor”, not only as parameter to increase the efficiency production, but also
as part of a wider framework in which policies, economics and social aspects coexist to
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guarantee a successful CSP technology integration; (c) the energy price reduction derived
from CSP application; (d) desalination; (e) life cycle assessment (LCA); (f) hydrogen pro-
duction, and the utilization of phase change materials (PCMs); (g) thermal energy storage
(TES); and (h) hybridization systems as an investigated research area that represents
promising avenues for future research endeavors.

This work has been developed within the SOLAGRID Project (www.solargrid-pro-
ject.eu), which aims to develop innovative technical solutions for systems and compo-
nents related to CSP and CPV technologies, in order to increase their energetic perfor-
mances and economic competitiveness in DG applications, considering electric and ther-
mal energy provision. This general objective is pursued by considering the following spe-
cific targets:

e Improvement of energy performance and reliability of systems and individual com-
ponents of CSP and CPV systems, thanks to the identification and advanced devel-
opment of technological solutions.

o  Increase of the thermal storage capacity and, therefore, of the flexibility of the thermal
energy carrier, thanks to the experimentation, modeling, and development of com-
ponents for energy storage systems. Identification of configurations with a high eco-
nomic/performance tradeoff and optimization of the parameters of advanced hybrid-
ization/integration solutions with conventional and non-conventional energy sys-
tems that are equipped with energy storage systems and are integrated into the net-
work.

e Integration of production systems, in the presence of distributed storage and within
energy microgrids, for the supply of energy services of an electrical and thermal type,
and the consequent development of control and management strategies. Identifica-
tion of eco-efficient solutions of the different technologies presented, through life cy-
cle costing (LCC) and LCA assessments.

This segment constitutes the initial phase of research conducted as part of the SO-
LARGRID Project. However, it is essential to note that certain critical areas remain under-
explored. The paper is articulated in the follow steps: the literature review that investi-
gates the CSP spread, identifying the main research area from technological, economical.
social and environmental points of view. The results and discussion section presents the
study’s findings and delves into a detailed analysis of the influence of relevant factors on
the development of CSP, accompanied by practical recommendations for fostering its
massive deployment. Finally, the conclusions section provides a comprehensive summary
of the study’s outcomes and their implications.

2. A Lens of the CSP Research

This section presents a detailed review in regards to CSP, with the aim to understand
what the main research areas under investigation are, the applied methodologies, the im-
plemented methods, and future steps for research. The steps of the proposed methodol-
ogy —the phase of paper acquisition, the phase of paper selection, and the phase of the
descriptive and content analysis of the selected papers—are described below.

2.1. Phase of Paper Acquisition: Identification of Keywords

The papers were selected using Scopus and Web of Science databases. The keywords “concen-
trated solar power” or “CSP” or “Concentrating solar power” were combined with “solar energ*”
AND renewable energ*”, which are the most frequent author keywords in the abstracts and titles of
the publications of the investigated topic, as shown in Figure 1. The * allowed us to consider terms
and words both in singular and plural forms. A total of approximately 1000 papers were identified
across both databases, with duplicate works duly removed, spanning the years 1999 to 2023. The
annual scientific production is displayed in Figure 2, highlighting the discernible growth in interest
over time that is indicated by the observed trend. Subsequent results were obtained and assessed
utilizing R packages, specifically focusing on bibliometrics toolkit [20].
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Figure 2. Annual scientific production.

This paper replicates the previously described analysis, as illustrated in Figure 3, con-
ducted with both the author’s keywords and additional ‘Keywords Plus’ terms. These
‘Keywords Plus’ terms are defined as words or phrases frequently occurring within the
titles of a paper’s references but not present within the paper’s own title. In accordance
with [21], we recognize that authors keywords better represent the content of the articles
and focuses on the specific field, but ‘Keywords Plus’ describe better the framework in
which the paper is inserted and also involves research methods and techniques. For this
reason, in this work ‘Keywords Plus’ represent a unit of analysis with which to under-
stand the context and the current research area, and also to identify possible new fields to
investigate.
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Indeed, upon a comparative examination of the obtained results, initially with the
authors” keywords and subsequently with the ‘Keywords Plus’ terms, it became evident
that, among the presently most prominent author-derived keywords, notable terms in-
clude “parabolic trough’, ‘thermal energy storage’, ‘optimization’, and ‘desalination’.
However, energy policy, electric storage costs and investments are subsidized, indicating
that they might not be currently relevant to the research topic. It is more interesting, how-
ever, to notice that, between relevant words, there is also “energy policy”, highlighting
how the geographic and social contexts are relevant aspects in terms of the support for
the spread of CSP.

2.2. Phase of Paper Acquisition: Description Criteria

Within the dataset of 1000 selected papers, it is possible to extract essential infor-
mation, such as title, authorship, country of publication, journal source, publication year,
and the number of citations. These data elements collectively constitute the core compo-
nents for identifying and pinpointing works closely related to the subject matter. In order
to circumscribe the analysis, the following criteria are applied:

- Data range reduction, establishing the review in a period from 2013 to 2023.

- Language of publication: only works published in the English language were consid-
ered.

- Source type: only papers published (or submitted) to scientific journals were consid-
ered.

- Number of citations for the different publications.

- Reviews were not considered in the analysis, in order to identify only specialized
articles.

Under this hypothesis, 491 works were identified, and during 2022 the number of
publications was significant (90 papers), as can be seen in Figure 4.

Articles

100

90

L Y 8 51 55 47
0 g, uBoL I ...... I ...... III I
0l'll'

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Figure 4. Trend of publications over time.

2.3. Phase of Descriptive and Content Analysis of the Selected Papers

Source production over time is shown in Figure 5. Renewable and Sustainable Energy
Review, Solar Energy and Energies are the three journals from which most of the articles
have been published recently and that are recognized as highly specialized into the sci-
ence and technology of solar energy applications. Thus, they are particularly relevant for
publications focused on the topic of CSP. In Table 1 are summarized the main topic of
each journal, and the number of works published by each of them.
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Figure 5. Source production over time.

Figure 6 provides a ranking of the most prominent authors in relation to the number
of scientific publications within the specified topic: classification identifies the authors as
recognized experts within the field. Figure 7 presents a ranking based on the number of
citations garnered. Our analysis of the abstracts enabled the categorization of authors’
works, with a focus on delineating their respective areas of interest and the applied re-
search methodologies, as delineated in Table 2.
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Table 1. Main journals focused on CSP.

Application N Energy Engineering Env;(;:::lzntal Mathematics
Field Source 1 2 3 4 5 6 7 8 9 10 1112 13 14
Renewable and sustainable energy reviews 48 X X
Solar energy 45 X X
Energies 43 X X X X X X
Applied energy 38 X X X X
Renewable energy 33 X
TOT 207

Legend: 1. Material Science; 2. Renewable Energy, Sustainability and Environment; 3. Energy (miscellaneous); 4. Fuel Technology; 5. Nuclear; 6. Energy and
Engineering and Power Technology; 7. Building and Construction; 8. Civil and Structural; 9. Mechanical Engineering; 10. Electric and Electronics; 11. Industrial
and Manufacturing Engineering; 12. Management, Monitoring, Policy and Law; 13. Modeling and Simulation; 14. Control and Optimization.

Table 2. Main authors and their research area.

Author Year Title Area of Authors’ Interest
2022  Key challenges for high temperature thermal energy storage in concrete —first steps towards a novel storage design
2021 A framework for sustainable evaluation of thermal energy storage in circular economy
2019  Thermal energy storage (tes) with phase change materials (pcm) in solar power plants (esp) —concept and plant performance
2018  Process integration of thermal energy storage systems—evaluation methodology and case studies
2018 Two-tank molten salts thermal energy storage system for solar power plants at pilot plant scale: lessons learnt and recommendations for
its design, start-up and operation ES coupled with concentrating
CABEZALF 2017 Materials selection for thermal energy storage systems in parabolic trough collector solar facilities using high chloride content nitrate solar power (CSP) plants, ther-
salts mal energy storage application.
2017  Thermochemical energy storage by consecutive reactions for higher efficient concentrated solar power plants (esp): proof of concept
2016 Corrosion testing device for in-situ corrosion characterization in operational molten salts storage tanks: a516 gr70 carbon steel perfor-
mance under molten salts com exposure
2016  Embodied energy and cost of high temperature thermal energy storage systems for use with concentrated solar power plants
2015 Key performance indicators in thermal energy storage: survey and assessment
2023  Sensitivity analysis and exergoeconomic optimization of an improved he-CO:z cascade Brayton cycle for concentrated solar power . .
LIX Operation optimization for integrated energy system based on hybrid csp-chp considering power-to-gas technology and carbon capture Techn1ca1 ar'1d eeonome tech-
2023 niques applied to hybrid CHP

system
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Carrying capacity of water resources for renewable energy development in arid regions in northwest China: a case study of golmud,

plants in order to increase the

2022
Qinghai diffusion
2022 Day-ahead economic dispatch of renewable energy system considering wind and photovoltaic predicted output
2022 Joint optimal scheduling of renewable energy regional power grid with energy storage system and concentrated solar power plant
2021  Study of China’s optimal concentrated solar power development path to 2050
2017  Dynamic simulation of two-tank indirect thermal energy storage system with molten salt
2022  On-sun testing of a high-temperature solar receiver’s flux distribution
2022  Distributionally robust optimal dispatching of chp microgrid considering concentrating solar power and uncertainty
2020  Thermal analysis of insulation design for a thermal energy storage silo containment for long-duration electricity storage
2020 Desi lysis of ticle-based th 1 t tem f trati 1 id t
es1gn.ana ysis of a particle a.se ermal energy storage system for cc?ncen ra. ing so a'r pow?r or gri enFj'rgy. storage . CSP and thermal storage cou-
MAZ 2018 Predictive performance modelling framework for a novel enclosed particle receiver configuration and application for thermochemical lin
energy storage pPing
2017 A general method to analyse the thermal performance of multi-cavity concentrating solar power receivers
2016  Simulations of heat transfer to solid particles flowing through an array of heated tubes
2014 Computational analysis of a pipe flow distributor for a thermocline based thermal energy storage system
2023 Real-time dispatch optimization for concentrating solar power with thermal energy storage Fa
; AP . : : . The calcium-looping (Cal) pro-
2022 Dispatch optimization of a concentrating solar power system under uncertain solar irradiance and energy )
] T, L B ; 3 ] 3 cess, based on the reversible
2022  Demonstrating solar pilot’s python application programmable interface through heliostat optimal aimpoint strategy use case i L
; TR ; ] o carbonation/calcination of CaO,
WAGNER MJ 2020 Dispatch optimization of concentrating solar power with utility-scale PV is a promisine technologv for
2018 Optimizing dispatch for a concentrated solar power tower P .8 8y
— - - - — - - thermochemical energy storage
2017  Optimized dispatch in a first principles concentrating solar power production model (TCES) plants
2014 History, current state, and future of linear Fresnel concentrating solar collectors '
2021 Sealing up the calcium-looping process for CO2 capture and energy storage The calcium-looping (CaL) pro-
2020  Cross effect between temperature and consolidation on the flow behaviour of granular materials in thermal energy storage systems cess, based on the reversible
VALVERDE 2018 Low-cost ca-based composites synthesized by bio template method for thermochemical energy storage of concentrated solar power carbonation/calcination of CaO,
M 2017 Large-scale storage of concentrated solar power from industrial waste is a promising technology for
2017  Power cycles integration in concentrated solar power plants with energy storage based on calcium looping thermochemical energy storage
2016  Thermochemical energy storage of concentrated solar power by integration of the calcium looping process and a CO2 power cycle (TCES) in concentrated solar
2016  On the multicycle activity of natural limestone/dolomite for thermochemical energy storage of concentrated solar power power (CSP)plants.
2023  Parametric analysis on optimized design of hybrid solar power plants Implementation of optimization
HAMILTON 2023  Real-time dispatch optimization for concentrating solar power with thermal energy storage models with economical dis-
WT 2018  Optimizing dispatch for a concentrated solar power tower patch and energy forecasting
o . . . o . . over a 48 h horizon at hourly fi-
2017  Optimized dispatch in a first principles concentrating solar power production model delity
BORETTIA 2022  The perspective of enhanced geothermal energy integration with concentrated solar power and thermal energy storage
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2022  Opportunities of renewable energy supply to Neom city Hybrid power plants (wind and
2021 High-temperature molten-salt thermal energy storage and advanced ultra-supercritical power cycles solar photovoltaic with external
2021  Solar photovoltaic and batteries have unaffordable environmental and economic costs energy storage by batteries).
. . . . . couple with concentrated solar
2021 Integration of solar thermal and photovoltaic, wind, and battery energy storage through ai in Neom city power (CSP)
2020  Fuzzy logic energy management strategy of a multiple latent heat thermal storage in a small-scale concentrated solar power plant
2020 Numerical investigation of pipelines modelling in small-scale concentrated solar combined heat and power plants
2019 Ir.1f1uenc.e of the in.cident radiation on the energy performance of two small-scale solar organic Rankine cycle trigenerative systems: a Models of hybrid small scale
simulation analysis . .
CIOC- Ervi tal and of l-scale sol e Ranki o tri " tom based q boli solar organic Rankine cycle en-
COLANTIL 2019 nﬁrlrfnmen al and energy assessment of a small-scale solar organic Rankine cycle trigeneration system based on compound parabolic ergy systems, thermochemical
cozec o.rs : : : : : : - - . energy storages
2019 Modelling system integration of a micro solar organic Rankine cycle plant into a residential building
2018 Mathematical modelling of operation modes and performance evaluation of an innovative small-scale concentrated solar organic Ran-
kine cycle plant
2022  Analysis of an energy storage system using reversible calcium hydroxide in fluidised-bed reactors Thermochemical energy stor-
2017 Power cycles integration in concentrated solar power plants with energy storage based on calcium looping age system for concentrated so-
CHACAR- .Iar power plants, c.alcmm loop-
TEGUIR ing process, reversible carbona-
2016  Thermochemical energy storage of concentrated solar power by integration of the calcium looping process and a CO2 power cycle tion/calcination of calcium ox-

ide for thermochemical energy
storage.
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After an in-depth analysis of the title and abstract of the selected paper, an analysis
of the co-occurrences has been developed using R, in particular its bibliometric package.
The co-occurrence analysis works on the identification of the most relevant words and
phrases for a given topic inside the test. It is a bivariate analysis that does not work on the
recurrence of single words belonging to a specific category, but on the contingencies of
words of different categories, returning the relationship between words within the test.
Thanks to this analysis it is possible to understand the relationship between the words
and to deepen the research based on these relations. The analysis returns the identification
of three main clusters: green, blue, and red, with the green cluster being the largest of
them. Each circle in the figure is a keyword, and the size of the circle represents the num-
ber of times in which a keyword is used as a term in the publication. The distance between
the keywords indicates whether keywords are more frequently correlated with each other
(short distance) or whether they do not co-occur (largest distance). Betweenness centrality,
closeness centrality, degree and page-rank measures are considered in the analysis, where
betweenness centrality measures the number of the shortest paths going through a node;
closeness centrality calculation scores each node based on their ‘closeness’ to all other
nodes in the network, i.e., the number of steps required to access all other nodes starting
from a given node; degree represents the number of adjacent edges; and page rank assigns
nodes a score based on their connections, and their connections’ connections, taking link
direction and weight into account—so links can only pass influence in one direction, and
pass different amounts of influence. The betweenness shows which nodes are ‘bridges’
between nodes in a network, classifying them into peripherals, which are intermediate of
central nodes in terms of the function of the value of the assigned index. This allows for
the identification of which node is the bridge in a network. Usually, the node with higher
betweenness centrality is the master, which means that it has more control over the net-
work because it collects the most amount of information. The closeness measure calculates
the shortest of the paths between all nodes, measuring the distance between the vertices
of a graph. The page-rank measure uncovers nodes whose influence extends beyond their
direct connections into the wider network. This is an important measure by which to iden-
tify the importance of the node to the network [22].

The results of the analysis are shown in Figure 8, while in Table 3 are shown the social
network centrality measures used and their values. Walktrap is an algorithm that follows
an approach based on random walks by R software. The principle at the basis of the ran-
dom walks is that the walks are more likely to stay within the same community than out-
side of it [21].
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Figure 8. Co-occurrence map.
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The first, green, cluster, has “renewable energy sources” as its main keywords, but
also PV, wind, biomass, and hybridization. This cluster includes review papers that ana-
lyze the benefits deriving from the choice of a CSP plant in the RES framework develop-
ment, but which also identify innovative solutions such as hybridization, or hydrogen
production.

The second cluster is the red one, which includes keywords such as PV, storage wind,
but also desertic and Chile. In this cluster there are papers that analyze the integration
between CSP and other renewable sources, but another key factor also emerges for the
diffusion of CSP, which is the geographical factor. Consequently, within this cluster there
are works in which the advantages and disadvantages of installing the CSP in a particular
geographical area will be analyzed, and in which tools such as GIS will find widespread
use.

Table 3. Cluster details.

Cluster Node Betweenness Closeness PageRank
renewable energy 354.4927656 0.015151515 0.14360313

concentrating solar power 182.3747351 0.013513514 0.087192981

solar energy 173.7682989 0.01369863 0.101877714

Csp 37.40266906 0.011764706 0.041277411

energy storage 8.813930079 0.011904762 0.034086178

renewable energy sources 9.178665218 0.010638298 0.017047431
Desalination 1.040226116 0.011627907 0.017193388

Photovoltaics 0.208716012 0.010989011 0.014816378

Biomass 0 0.010752688 0.01064847

Simulation 0.985691451 0.010526316 0.013940863
1 Electricity 0 0.010752688 0.012752987
life cycle assessment 0.208716012 0.010989011 0.013790641
Hydrogen 0 0.01010101 0.007511897

thermal storage 0 0.010752688 0.009670608

wind energy 0 0.008849558 0.011664041

Sustainability 0 0.009433962 0.007530082

climate change 0 0.009259259 0.006486301

concentrated solar energy 0 0.009259259 0.005460564

levelized cost of electricity 0 0.00862069 0.005557324
molten salt 0 0.00862069 0.007705557

multi-objective optimization 0 0.008695652 0.005470902

organic rankine cycle 0 0.00990099 0.008553281

Csp 46.46317007 0.010416667 0.0204756

2 Storage 0 0.007246377 0.006573502
Electricity 0.525388791 0.008928571 0.008721735

Concentrated solar power 280.5123996 0.014084507 0.12726207

Thermal energy storage 99.39724547 0.012048193 0.057883011

Parabolic trough collector 42.15653701 0.010309278 0.017273351

Parabolic trough 0.208716012 0.011363636 0.014951596

3 Solar power 0 0.008 0.005595782
Concentrating solar power (csp) 0 0.008 0.005595782
Photovoltaic 0.208716012 0.009803922 0.01168031

molten salts 0 0.009433962 0.009823469

heat transfer fluid 0 0.008849558 0.006470584

4 thermochemical energy storage 4.537254589 0.00990099 0.015338478
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calcium looping 0.666666667 0.009345794 0.014944089
co2 capture 1.021112334 0.010204082 0.011746056
5 concentrated solar power (csp) 4.105656247 0.01010101 0.014806095
thermal energy storage (tes) 0.506412535 0.009009009 0.0110435

The significance of the geographic factor becomes readily apparent through an ex-
amination of publications originating from various countries. The USA and Spain are
global leaders in CSP electricity generation, whereas developing countries such as China
and India are emerging. China is the most active country, both in terms of number of
publications and developed projects. European countries show an important interest in
the topic, with Spain, Italy, France, Denmark, Austria, and the United Kingdom collec-
tively contributing to 36% of the total published papers. Among these, Spain has distin-
guished itself with particularly noteworthy achievements in advancing research on the
subject. China stands out as a significant contributor, accounting for 15% of the total pub-
lications, while the United States closely follows with 14%. Furthermore, countries like the
United Arab Emirates, with 2% of the publications, underscore the global resonance of the
CSP development theme, as depicted in Figure 9a and Table 4.

In Figures 9 and 10, the darker colors represent the countries most interested in the
topic and with the highest production of publications. This is shown in greater depth in
Figure 9b, where each country’s scientific production is shown.

Table 4. Regional production.

Region Frequency
China 180
USA 174
Spain 160
Italy 91
Germany 84
India 72
Australia 56
UK 51
Iran 38
Saudi Arabia 31
South Africa 27
Egypt 26
Chile 25
United Arab Emirates 25
Algeria 22
France 21
Malayasia 20
Denmark 18
Austria 17
Brazil 16
Canada 16
Pakistan 16
Portugal 16
Morocco 15

Turkey 14
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Figure 9. (a) Country’s scientific production. (b) Country’s scientific production.

Collaborations represent the best way to share knowledge between countries with
more knowledge of CSP technologies, and countries that have more interest in developing
and promoting the diffusion of this technology. Thus, it is important to deepen the re-
search collaboration between countries, as shown in Figure 10 and in Table 5. China has
consolidated and developed strong collaboration research links with the United King-
dom, USA, and European countries, but has also developed new partnerships with Aus-
tralia, Denmark and Egypt. Although CSP does not represent the most competitive power
plants for China’s energy strategy, the Chinese government has, however, decided to fo-
cus on this technology with a view to environmental sustainability, reduction of polluting
emissions, and flexibility of the service provided. This is indicated by the China Renewa-
ble Energy Development Roadmap 2050, through which the Chinese government has
committed to meeting an ambitious target in which China will install 180 GW of CSP
plants in 2050 against the 5 GW at present and the 30 GW planned for 2030 [23,24]. Col-
laborations between all European countries are evident, with Spain being the most active
to the CSP spread and whose interests reach as far as South America, Chile.
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The economic forecast of CSP investment costs represents an important driver to sup-
port decision makers because high cost is the main factor hindering its large-scale devel-
opment. This is the reason that many studies use the learning curve model to predict such
costs [24].

da

Longitu

by,

o
[ 3]
Figure 10. Country collaboration map.
Table 5. Country collaboration.
From To

China United Kingdom 10
China USA 10
Spain Germany 6
Spain Italy 6
Austria Switzerland 5
China Italy 5
China Australia 4

Iran Denmark 4
South Africa New Zealand 4
Australia Saudi Arabia 3
Australia United Kingdom 3
Brazil Ecuador 3
China Denmark 3
China Egypt 3
Germany Austria 3
Germany Morocco 3
India Iran 3

Italy Germany 3
Spain Chile 3
United kingdom United Arab Emirates 3

Finally, there is the blue cluster, which includes keywords such as Rankine cycle,
molten salt, levelized energy costs (LCOE), life cycle analysis (LCA), and thermochemical
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energy storage. Here are grouped studies of technological, but also environmental, social
and economic improvements, identifying barriers to overcome and future research pro-
spects. From our point of view, it is not possible to prospectively analyze the future and
the development of a technology without considering the economic aspects and, conse-
quently, also the technological improvements. This is the reason for which research on the
ranking cycle is currently widespread. Organic Rankine cycle (ORC) power systems stand
out in terms of efficiency, reliability and cost-effectiveness in such power-range. However,
the results obtained must be placed in a context that cannot ignore compliance with the
constraints. The LCA methodology is a consolidated technique for assessing environmen-
tal impacts. What emerges from what has been said is the importance of analyzing the
different aspects, not separately, but as a single body. In particular, the outcomes of the
literature review highlight that, although CSP power systems have already been widely
analyzed from the techno-economic and environmental perspective, these analyses have
been carried out separately. Therefore, there is a strong need for an integrated approach
that allows designers and planners to perform an overall sustainability assessment of the
technology. For instance, economic and environmental optimization could be cross eval-
uated to select the design method that is the most sustainable from all perspectives.

The co-occurrence map allows one to understand the maturity of the research
themes, subdividing them into basic, motor, niche and emerging (Figure 11).
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Figure 11. Identification of themes.

The figure indicates that, for CSP, basic themes that deal with field are solar, wind,
renewable energies, and thermal energy storage, while flexibility, optimization, hydrogen
production, and storage represent motor themes. Nanofluid, organic ranking, and calcium
looping, are, indeed, niche research themes. Finally, trigeneration, and geothermal energy
coupled with solar technology are emerging themes [25].
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There is a clear opportunity for the researchers here to bridge and overcome the com-
mon aspects of CSP technology development by taking into account various factors, such
as the LCOE, and/or methodologies for assessing potential RES integration. There is also
a need to comprehend the new economic framework in which electricity generation de-
velops, one that also considers how technological knowledge is gathered from solar col-
lector and thermal-energy storage research.

2.4. Citation Analysis

Citation analysis is a widely accepted method that can establish links and relation-
ships to other works or researchers by examining the frequency of citations, patterns and
graphical representations in article and books. The analysis of the citations shows what
are the more relevant works in this field, considering the number of citations as a measure.
In Figure 12 are shown the first 20 papers and their respective authors.
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Figure 12. Citation analysis results [16,25-43].
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The results of the analysis show that the most cited articles are those of generic re-
views. In particular, Refs. [16,26-28,32,37,38,40,44] focus on the role of the generation of
energy from solar technologies. References [25,42,43] underline the importance of the ge-
ographical aspect for the diffusion of CSP technology, while [30,31,33,39] refer to the tech-
nological aspects and the efficient configuration. Refs. [29,34] to delve deeper into the
LCOE analysis and its role for the near future; Finally, the optimization models are shown
in references [35,36,41].

The selected papers belong to the literature review field and, since analyzing their
content, it is evident that there is a strong interest from the research community for the
development of solar technology, and that CSP technology may be the most important
technology for the near future.

Though, as the authors underline, the considerations made cannot go beyond the
policies adopted by each country, the characteristics of the country itself and the support
tools for the various technologies, CSP technology seems to be particularly suitable for
systems of great powers, and for those where there is a need to satisfy thermal and elec-
trical loads simultaneously. More details are shown in the next section.

3. Comparison of CSP Technologies

CSP technologies can be broadly classified in several ways. Usually, it is possible to
cluster CSP in to line focusing and point focusing groups [45] or, depending on the geom-
etry and design of the concentrator in relation to the receiver, it is possible to distinguish
among CSP in plants with linear parabolic collectors, plants with parabolic disc collectors,
and central tower plants.

Systems that employ line-focused solar concentration, as demonstrated by parabolic
troughs and linear Fresnel reflectors, utilize long and curved mirrors to concentrate solar
radiation onto a receiver tube positioned along the focal axis. The heat transfer fluid cir-
culates within the receiver tube, and, when exposed to concentrated sunlight, produces
thermal energy to generate steam, which, in turn, powers a turbine for electricity genera-
tion. On the other hand, point-focusing systems, including power towers and dish-Stir-
ling systems, concentrate sunlight onto a single point or small area. Power solar tower
systems use an array of mirrors or heliostats to direct sunlight towards a central receiver
placed at the tower’s summit. The receiver absorbs the concentrated sunlight by transfer-
ring the resulting thermal energy to a heat transfer fluid, which is subsequently utilized
for steam generation and electricity production.

In the global progression of CSP technology, the most mature approach currently
applied for thermodynamic solar electricity production is the deployment of linear para-
bolic troughs. However, the most innovative and promising technology is the parabolic
dish, even if dish configurations with energy storage systems are currently still in the pro-
totype phase.

In terms of cost, tower and dish systems are more expensive, but in the near future
technological innovations are expected that will make them capable of reducing the lev-
erage cost of energy, LCOE. In terms of land occupation, tower and Fresnel technologies
require less space when compared with the same output obtained via parabolic trough
systems. However, the dish technology has the smaller footprint [45,46].

Dish-Stirling systems, as shown in Figure 13, use a paraboloidal collector to reflect
and concentrate incoming solar radiation onto the focal point, where the power conver-
sion unit (PCU) is located [13].
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Figure 13. [llustrative sketch of a CSP parabolic dish system.

This is achieved through a bi-axial solar tracking system that is able to align the focal
axis with the direction of sunrays by following the solar position throughout the day. The
PCU consists of a receiver, an engine for converting thermal energy into mechanical en-
ergy (typically a Stirling engine or a micro-turbine), and an electrical generator for the
final step of converting mechanical energy into electricity. While the receiver maintains
the high temperature level of the thermodynamic cycle by providing heat to the hot cham-
ber of the Stirling engine, a cooling system removes the necessary heat from the cold
chamber of the same engine, dissipating it into the environment to maintain the lower
temperature level of the cycle [47].

In general, the performance of CSP systems is significantly influenced by various fac-
tors, including the external air temperature, DNI level and soiling factor of the mirror
surface [48]. Among these, one crucial factor is the DNI level, which depends mainly on
the geographical location. As can be noted from the solar resource map of Figure 14, Sun
Belt regions, Middle East and North Africa (MENA), Australia, Chile, southwestern Eu-
rope, and South Africa, tend to offer favourable conditions for CSP systems due to the
abundance of direct sunlight [44,49]. These geographical areas host all of the currently
operational, non-operational, and under-construction CSP projects identified by Solar
Power and Chemical Energy Systems (SolarPACES) [50].
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Figure 14. Concentrating solar power global potential map [50].

Dish-Stirling systems stand out among various CSP technologies due to their dis-
tinctive advantages, making them an enticing option for solar energy production. One
notable advantage is their high geometric concentration factor. The parabolic shape of the
reflector enables the concentration of incoming solar radiation onto a small focal point,
resulting in increased energy intensity and higher temperature limits. As a consequence,
in terms of energy efficiency, dish—Stirling solar concentrators hold the record for conver-
sion efficiency from solar energy to electricity under nominal conditions [44]. Another
advantage of dish-Stirling systems is their modular design. They can be constructed in a
modular manner, allowing for flexibility and adaptability to different energy generation
requirements. This feature makes them suitable for a range of applications, from small-
scale power supply for communities to large-scale power generation facilities [51]. Fur-
thermore, dish-Stirling systems make efficient use of land compared with other solar tech-
nologies thanks to their high concentration efficiency [51,52]. Finally, dish-Stirling sys-
tems exhibit adaptability for diverse applications, including cogeneration; integration
with heating, ventilation, and air conditioning technologies in residential buildings; com-
bination with thermal energy storage; or hybridization with other renewable energy
sources. They are also well suited for electricity generation in remote rural areas and cen-
tralized power generation, as well as for producing desalinated water [52].

Despite these advantages, dish-Stirling systems are the least widespread among CSP
technologies [52], as indicated by the data collected by SolarPACES. The SolarPACES da-
tabase records information on a total of 129 CSP projects worldwide, with parabolic
troughs accounting for 73.9% of the projects, power towers for 22.5%, linear Fresnel for
3.6%, and parabolic dish systems making up only 0.04%, for a total capacity of 3 MW (refer
to Figure 15).



Energies 2023, 16, 8082

26 of 41

m Collector mirrors

1000

Parabolic dish
0.04%

Power Tower
22.48%

® Parabolic Trough

Linear Fresnel
3.55%

M Linear Fresnel
“ Power Tower

W Parabolic dish

Parabolic Trough
73.93%

Figure 15. SolarPACES data on concentrating solar power (CSP) projects around the world by tech-
nology [46].

Furthermore, 58% of CSP projects using parabolic troughs (62% with a storage capac-
ity exceeding 7 h), 48% of projects utilizing linear Fresnel reflectors (62% with a storage
capacity exceeding 7 h), and 68% of power tower projects are integrated with thermal
storage systems (43% with a storage capacity exceeding 7 h), allowing for extended energy
production periods. However, it should be noted that CSP projects employing parabolic
dish systems do not include thermal storage [53,54].

The relatively low global adoption of dish-Stirling systems can be ascribed to multi-
ple factors, including the substantial initial expenses linked to the intricate parabolic dish
design and Stirling engine components. Moreover, dish-Stirling technology is not as ma-
ture as other CSP technologies, such as parabolic troughs and power towers. It is still in
the early stages of commercialization and faces challenges in terms of reliability, durabil-
ity, and overall performance [52,54]. In addition, one of the challenges associated with
dish-Stirling systems is the difficulty of integrating them with thermal energy storage
systems. These factors make dish-Stirling systems less economically viable for large-scale
deployment [44,53].

Considering the economic aspect and the limited availability of reliable literature
data on the costs of the dish-Stirling technology, an assessment of the market penetration
of CSP technologies can be conducted by analyzing the actual expenses associated with
the construction of a 32 kW dish-Stirling demonstration plant located at the University of
Palermo campus, in Italy [54]. The total installed cost breakdown of this dish-Stirling CSP
plant is shown in Figure 16.
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Figure 16. Total installed cost breakdown of a dish—Stirling CSP plant [52].

Referring to this dish—Stirling reference system, the total installed cost per unit of
dish-Stirling technology amounts to USD 6863.6/kW. Of this cost, 47% is attributed to the
tracking system and support structure, while 25% is assigned to the power block expenses.
The result is not satisfactory, and the technology is less effective when compared with that
of parabolic troughs, especially large ones, which have already reached technological ma-
turity.

Furthermore, considering the Mediterranean region as a hypothetical installation site
(with a direct normal irradiation of about 2100 kWh/m?/year), the optimized configuration
of the reference system exhibits an estimated annual electricity production ranging from
54 to 63 MWh [44], corresponding to levelized cost of electricity (LCOE) values between
0.45 and USD 0.40/kWh [29,55-57]. Comparing these values with the data collected by the
International Renewable Energy Agency (IRENA) on total installed costs and LCOE for
CSP (parabolic trough, linear Fresnel, and power tower) and PV technologies [29], as
shown in Figure 17, several observations can be made: (i) dish—Stirling systems are not yet
competitive with other widely adopted CSP technologies on the market, when consider-
ing that the global average total installed cost for CSP in 2020 was USD 4746/kW; (ii) ma-
ture CSP technologies themselves are not competitive in terms of initial investment costs
compared with PV technology (which has a total installed cost of USD 857/kW and LCOE
of USD 0.048/kWh in 2021), which has itself experienced significant technological ad-
vancements and widespread adoption in recent years.
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Figure 17. Average global total installed costs and LCOE for CSP (a) and PV (b) on a weighted scale,
2010-2021 [29].

Considering more favorable locations for CSP system installation, characterized by
direct normal irradiation levels of 2500 kWh/m?/year, with the optimized configuration of
the reference dish-Stirling system, it would be possible to achieve an LCOE of USD
0.26/kWh. This value is closer to the LCOE achieved by CSP technologies in 2021 (USD
0.11/kWh) [29,57].

In conclusion, the development of dish-Stirling technology and its widespread adop-
tion require several key factors to be addressed. Technological advancements have a piv-
otal role in improving the efficiency, reliability, and overall performance of dish-Stirling
systems. Moreover, dish power plants involve some structural disadvantages related to
the presence of the medium-heavy tip receiver. Firstly, the complexity of tracking mech-
anisms is a significant concern. Solar dish systems rely on highly precise tracking mecha-
nisms to follow the sun’s movement accurately. The intricacy of these mechanisms can
lead to substantial installation and maintenance costs. Furthermore, solar dish systems
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often incur high capital costs. The precision needed for mirrors and tracking systems can
lead to a substantial initial investment, potentially acting as a barrier to widespread adop-
tion, especially in smaller-scale applications. Another challenge is the lack of built-in en-
ergy storage capabilities. Solar dishes usually require additional energy storage solutions,
such as batteries or thermal storage systems, to ensure an uninterrupted power supply.
This adds complexity and cost to the overall system. Additionally, solar dish systems pro-
duce electricity only when the sun is shining, leading to intermittent energy production.
This limitation can be problematic for applications requiring continuous power or in re-
gions with variable weather conditions. The scalability of solar dish systems is also a con-
sideration. They are typically designed as modular units intended for smaller-scale appli-
cations. Expanding them to achieve utility-scale power generation may require complex
interconnections of multiple dish units. Despite these challenges, solar dish technology
continues to hold promise, especially in applications requiring high temperatures or con-
centrated solar power. Ongoing research and development efforts aim to address these
limitations and enhance the competitiveness and feasibility of solar dish systems for var-
ious energy needs.

Continued research and development efforts are necessary to enhance the technol-
ogy’s competitiveness and overcome existing challenges. Furthermore, policies, incen-
tives, and financial support can encourage the adoption of dish-Stirling technologies, ac-
celerate their market penetration, and push towards the initiation of economies of scale to
make dish-Stirling technology more economically viable for large-scale deployment. By
addressing these aspects, the path to widespread adoption of dish-Stirling systems can be
paved, unlocking their full potential in contributing to the worldwide shift to cleaner and
sustainable energy sources.

4. Results and Discussion

The benefits of using CSP technology include the promise of cost-effective invest-
ment, mature technology, and the ease of its combination with fossil fuels or other renew-
able energy sources.

Electricity produced by a CSP plant depends on the amount of solar radiation re-
ceived normally per unit area by a surface, also known as the direct normal insolation.
Thus, in accordance with [43,58-60], our work highlights how the location represents an
important variable in the decision-making process, especially for countries with an abun-
dance of the solar resources needed to secure their energy supply, reduce their carbon
footprint and consequently achieve sustainable development goals. In particular, [43]
shows an in-depth analysis used to identify the main techno-economic criteria that im-
pacted the best location choice for large-scale solar technology in Tanzania. The results
were obtained using GIS tool and MCDC techniques to identify the best criteria to define
the exclusion of some areas and to show the area in which CSP represents the best tech-
nology to use, as well as other areas best suited for PV.

In [58-60], the following emerges: that CSP has huge potential in South Africa; that
Europe, in particular Spain, is the first of region to install commercial CSP plants; and that
Asia has the second-highest number of CSP plants, with the power tower being the most
prominent CSP technology in this region and molten salt the preferred thermal storage to
be coupled with CSP plants. There are also examples of plants that prefer water as a heat
transfer fluid, but that a site with a nearby water source represents an important constraint
for an efficient CSP plant. Australia is one of the best prospective areas for CSP, given the
linear relation between the area occupied by the plants and the electricity generated; how-
ever, uncertainties over cost and economics has delayed the deployment of CSP plants in
this region [58]. Hybridization strategies, also correlated with the location aspect, form an
important research field in terms of the many benefits that they can provide. Hybridiza-
tion can improve overall efficiency, reduce capital costs and increase the flexible operation
by synergy with other, different, energy sources. Additionally, different configurations
can be implemented. CSP coupled with coal, natural gas, biofuel, may represent an
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important opportunity to use solar heat at different temperatures, to improve flexibility
or to increase the reliability of the system; however, it does not represent an environmen-
tally friendly solution. Otherwise, a hybrid system in which CSP, coupled with RES as PV,
wind or geothermal powerplant, respects the emissions constraints but is less efficient in
terms of dispatchability and planning activities. The best configuration is CSP-PV, alt-
hough this technology is still not mature enough and is at an initial commercialization
stage. The main expected outcomes deriving from this type of hybridization can be sum-
marized as offering better power quality, better efficiency, and lower costs [61]. However,
the configuration is not efficient in term of dispatchability because PV and CSP production
is derived from an intermittent resource [62]. A solution to the problem is represented by
TES [63,64], whose medium and large size may represent a future solution to make CSPs
more economically competitive and dispatchable [65]. In contrast, [66] shows that small-
scale CSP plants are not economically compatible with a TES.

As regards the research and development side, many are working on improving the
efficiency of CSP plants and on new thermal storage systems. In [31], published by Ap-
plied Energy, several analyses are conducted for power plants on four different cycle con-
figurations—simple Brayton cycle (BC), Brayton and recompression (RC), partial cooling
and recompression (PC) and recompression with intercooling (MC). Results show that the
BC has the lowest efficiency, but is easiest to implement and so is still a valid alternative.
The addition of supplemental heating to the Brayton S—-CO: cycle improves thermal and
exergy performance, and represents a promising option for solar central receiver systems
due to the high thermal efficiencies compared with conventional steam Rankine cycles. In
the framework of thermochemical energy storage (TCES) in concentrating solar power
(CSP) plants, the calcium-looping (CaL) process, has received increasing research interest
for its beneficial properties. In fact, when compared with other storage systems, this al-
lows one to (i) avoid solidification as the compounds can be stored at an environmental
temperature; (ii) to store at ambient temperature and avoid heat loss; (iii) to increase the
energy density of the system; and (iv) to reach higher maximum temperature [34,45]. Fur-
thermore TES, when combined with CSP plants, offers the opportunity to make these
plants economically competitive and reliable during their operation and balance the sup-
ply and demand of energy by reducing the undesirable impacts of the solar energy inter-
mittency. In [33], published always by Applied Energy, and in [67], thermal storage ap-
plication is addressed. In particular the paper introduces a storage system for CSP plants
based on the calcium-looping process (CaL), considered a mature technology for thermal
input powers ranging from small values to greater than 100 MWth. Results show that it is
possible to reach efficiencies of up to 45%; that in these processes there is a complete ab-
sence of COz released from the system; and that the main parameters to improve the cycle
are the pressure ratio in the Brayton turbine and the efficiency of the boiler/reactor/heat
exchangers without which the pressure losses associated with CSP-CaL integration
would reduce the cost of the levelized cost of electricity. In [26], published in Chemical
Reviews, is presented a review of the main TCS systems, paying particular attention to
those used at high temperatures (500-1000 °C) and based on redox reactions. The results
demonstrate that, for next-generation CSP plants operating with volumetric air receivers,
the potential of redox-based thermochemical heat storage is an efficient thermal energy
storage option. However, further innovations on material performance, on increasing re-
actor efficiency, and on implementing more optimal integration strategies are expected in
the short term, which could also lead to an overall reduction of CSP plant cost and an
increase in the share of solar electricity generation. The first and second papers in terms
of the number of citations [16,25] provide an overview of solar technologies, in particular
PV and CSP. These environmental terms shed light on and offer opportunities to over-
come the barriers impeding solar diffusions at all different levels. Indeed, the authors
identify, in power quality and in the relevant uncertainty, links to the main barriers asso-
ciated with solar energy production for an appropriate planning and operational energy
system. In [27], published in Renewable and Sustainable Energy Reviews, the PV and CSP
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technologies are compared. This work shows that, for the same size, CSP produces more
energy than a PV, so could be more convenient. However, the installation costs are higher
than a PV system. In conclusion, although the authors recognize the power of the CSP and
the advantages derived from it, especially in the near future, the obtained results show
that a perfect recipe to decide which is the best solar power plant to use does not exist,
because there are too many variables to consider. These include the locations in which the
power plant is installed, the policy of the specific country, the several applications, the
size of the power plants and, consequently, the load to satisfy.

In [27,32,46,68-70], CSP technological aspects are dealt with. In particular, ref. [32]
investigates the benefits derived by the application of CSP when compared with PV,
reaching the conclusion that, although it is not possible to provide an absolute answer,
CSP is often better than PV technology for larger sizes of power plant and in countries
characterized by an arid climate. Moreover, although CSP investment costs are higher
when compared with PV power plants, the economic returns of CSP plants are better. In
addition, the maintenance costs of CSP and PV power plants are 2 and 1%, respectively.
Higher maintenance cost of CSP plants is due to its more complicated mechanism. Related
to the different CSP technologies, the authors identified the parabolic trough concentrator
as the best solution, because it is more efficient in comparison with linear Fresnel reflec-
tors, although the required investment costs are higher. Direct steam generation (DSG) is
a process by which steam is directly produced in the CSP parabolic trough (PTC) and
supplied to a power block for electricity production. This process improves the cost-effec-
tiveness of the CSP, and can be used in other thermal applications, such as sterilization
processes and desalination evaporator supplies [45,71-73]. In fact, CSPs, producing both
electricity and thermal energy, represent one of the best technologies with which to open
the new field of desalinization technologies and fight serious water scarcity. The problem
is relevant for CSP technologies in which energy production is linked to the irradiation
parameter. This means that the best places to install CSPs are locations in which there is
water scarcity. Moreover, as has been highlighted several times, CSPs require an im-
portant amount of water to work correctly while respecting the efficiency rate. As a result,
techniques of water management are extremely important for the CSP. Phase-change ma-
terials (PCM) represent a valid solution to low-cost and high-energy TES systems. They
have lower capital costs than two-tank molten salt systems and have been studied in two
difference configurations: with shell and tubes at high enough temperatures, or with
packed bed storage tanks with the PCM usually encapsulated in balls. The hydrogen pro-
duction cost is dominated by the cost of energy production.

In [41], published in Energy Conversion and Management, a new model is proposed
with which to optimize the design and the operation of the CSP. The authors identified
three major parameters on the design of such a collector: the geometric concentration ra-
tio, the acceptance angle, and the rim angle. Therefore, the investigation of the optical and
thermal interaction between the neighboring surfaces of the PTC (absorber tube—envelope
and envelope-mirrors) and its effect on heat loss is strongly recommended for further
research. The authors of [25] recognized in the high temperature an important challenge
for parabolic trough technology, and to overcome this problem other methods are intro-
duced to obtain higher energy from the sun, such as applying a parabolic dish concentra-
tor; however, this technology is not very dispersed, and is used for high temperature ap-
plication.

From economic perspectives, the cost of CSP represents an important obstacle to
commercialization. Research has demonstrated that CSP has a large potential in the LCOE
reduction that depends not only on the cumulative installed capacity but also on the learn-
ing curves impacted by technical progress and experience accumulation [74]. Moreover,
it is crucial to select sites with higher direct normal irradiation and land cost exemption
in order to improve the cost-benefit evolution of CSP. Lastly, the expected returns (i.e.,
discount rate) have important effects on the LCOE evolution of CSP, with high expected
returns leading to higher LCOE, and vice versa [29].
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Finally, previous studies have found that the thermal energy storage (TES) applica-
tion may decline the LCOE of CSP [29,64-66]; increasing TES capacity not only improves
the capacity factor, but also adds initial costs. Therefore, optimized research on the TES
capacity is crucial for the maximization of the cost-benefit ratio of CSP.

Another research line inside the techno-economic study of solar-electrolysis-based
hydrogen production techniques has been carried out. The results indicate that the cost of
hydrogen production is dominated by the cost of hydrogen related to the cost of energy
production. This cost is highly dependent on solar fraction and solar insolation. The re-
sults also show that solar CSP-based hydrogen production techniques are more competi-
tive than conventional PV-based hydrogen production techniques but are as competitive
or less competitive than CPV-based hydrogen production techniques [74,75].

The global trade of green hydrogen will probably become a vital factor in reaching
climate neutrality. The sunbelt of the Earth has a great potential for large-scale hydrogen
production. Additionally, in this case, combining PV with concentrated solar power (CSP)
and TES seems to be a good pathway by which to reach more electrolyzed full-load hours
and thereby lower the levelized costs of hydrogen (LCOH).

An important line of research on RES technologies is associated with the environ-
mental benefits. One of the main methodologies by which to evaluate environmental im-
pacts is life cycle analysis (LCA). LCA is a consolidated methodology, standardized by
ISO 14040 [76] and ISO 14044 [77], by which to evaluate the environmental impacts of
products and systems. The principle of LCA is that the environmental burdens of all tech-
nologies are distributed over their life cycle stages (i.e., production, operation, end of life).
Accordingly, although CSP technologies do not imply direct greenhouse gas (GHG) emis-
sions to the environment, LCA allows one to quantify the impacts attributed to manufac-
turing and waste management of such systems. In addition, LCA models return several
environmental impact indicators beyond life cycle GHG emissions, such as environmental
toxicity indicators, and natural resources depletion. The LCA study published in [32]
demonstrates that CSP technology has an intermediate environmental profile compared
with other renewable energy systems. CSP power plants are shown to be less impactful
than photovoltaics and several other renewable energy systems. From the economic per-
spective, in [27] the authors propose a mathematical model by which to evaluate the life
cycle of both PV and CSP technologies. The authors identified 12 variables that influence
the determination of LCOE, such as the initial costs, the lifetime of the technology, the
operation and maintenance costs, the solar irradiation value, the external temperature,
and the discount rate. Results show that, notwithstanding the relevant initial investment
costs, the LCOE of CSP is expected to decrease in the near future, thus becoming compet-
itive in the market. Moreover, the discount rate is a very important variable that can in-
fluence the decision to invest in this technology. Overall, CSP systems are generally rec-
ommended to supply thermal and electrical load simultaneously, especially in countries
with an arid climate and in high DTI countries.

Several LCA studies assessing the environmental performances of CSP have been
published in the scientific literature so far; to the best of our knowledge, 25 publications
are available in international journals or conference proceedings since 2011. A literature
analysis was carried out based on the Scopus and Google Scholar databases. In particular,
the following keywords combination was used: Dish Stirling, Power Tower, LCA, Para-
bolic through, Fresnel, CSP.

A wide summary of the above-mentioned literature studies is shown in Table 6,
which classifies such publications based on the type of article (i.e., literature or research
studies). Table 6 shows that 14 publications address the LCA of parabolic systems, 9 pa-
pers regard the environmental analysis of solar towers, only 5 papers discuss the LCA of
solar dishes, and that the environmental analyses regarding Fresnel installations amount
to 3. More specifically, the environmental analyses that focus on solar tower technologies
have been increasing recently. Data reliability and availability represent critical issues in
the LCA field. Despite the importance of providing detailed background data to validate
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and replicate the model, reproducible life cycle inventories (LClIs) are frequently missing
in published scientific papers. This fact is demonstrated by the literature analysis pro-
posed in this work; in particular, the research studies collected in Table 1 can be classified
as follows:

e  Six LCA research studies contain a complete LCI comprising Ecoinvent processes [78]
(a).

e Nine LCA research studies contain an aggregated LCI containing the bill of materials
with different levels of detail (b).

o  Five LCA research studies do not provide an LCI (c).

Table 6 highlights how the most replicable datasets, addressed with the letter a, are
mostly based on existing plants (the installation site is indicated in parentheses). This issue
is particularly critical for the solar dish and Fresnel CSP power plants. According to ref-
erence [79], which is cited in Table 6, is the only research study that contains a reproduci-
ble inventory for them. Therefore, the expansion of the number of existing power plants
represents a relevant research topic. Corona et al. [61,80,81] published a number of papers
about the CSP plant “Ibersol”, located in Spain, and discussed the potential effects of the
systems” hybridization with fossil resources. Burkhardt et al. [82-84] applied LCA to two
CSP installations respectively placed in Dagget and Maricopa (USA). Ref. [79] compared
four existing CSP systems belonging to different technological clusters. Other LCA studies
about real-world CSP plants that are currently operating in Italy [85], South Africa [86,87]
and China [88] are also available in the literature.

Table 6. Literature review summary regarding LCA of CSP systems.

References Power Plants Rated Power LCI
Research Papers
[82] Parabolic (Dagget) 103 MW b
[84] Parabolic (Archimede) 1.58 MW b
[78] Dish 1 kW c
[89] Parabolic 2.61 MW c
[90] Parabolic 110 MW b
[79] Para.bolic, Fresnel, Tower, Dish (Andasol, Gemasolar, Puerto Errado, 50, 20, 30, 1.5 MW .
Maricopa)
[84] Tower (Tucson) 106 MW b
[61,80,81] Parabolic (Ibersol) 50 MW a
[59] Tower 180 MW a
[91] Parabolic 50 MW b
[31] Heat transfert fluid - b
[86] Tower (Khi Solar One) 101 MW c
[54] Parabolic (KaXu Solar One) 100 MW b
[92] Storage materials - a
[86] Tower (Shouhang Dunhuang) 10 MW a
[93] Dish 1 kW c
[94] Parabolic 86 kW c
[64] Tower 110 MW a
Reviews
[81] Parabolic, Fresnel, Tower, Dish Review c
[95] Parabolic, Tower, Dish Review c
[96] Parabolic, Fresnel, Tower, Dish Review c
[97] Parabolic, Tower Review c
[98] Parabolic Review c
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Among all of the selected LCA studies (20), 16 papers provide comparable results:
notably, the results are expressed using the same functional unit, that is 1 MWh of elec-
tricity throughput. Nevertheless, these studies can differ in the life cycle impact assess-
ment (LCIA) method and the environmental indicators that are used to evaluate the eco-
profiles. A single score is adopted in a small number of studies (i.e., three analyses) as a
representative indicator by which to assess the environmental performance of solar ther-
mal power plants. For instance, the “Eco-indicator 99” and “Impact2002+” LCIA methods
return impact values that are approximately equivalent to two eco-points (Pt) per MWh
[68,91] and 0.01 Pt/MWh [59], respectively. Each of the other 13 papers adopt midpoint
environmental impact indicators:

e  Thirteen research analyses calculate GHG emissions (9.8-311 kg CO2eq/MWh); the
main environmental hotspots are given by the combustion of fossil fuels in hybrid
power plants, the solar field manufacturing, and the direct electricity demand of ven-
tilators in dry-cooled for heat dissipation systems.

e  Six research analyses calculate the cumulative energy demand (26-1337 MJ/MWh),
which is remarkably affected by the choice to deploy fossil fuel-assisted CSP power
plants.

e  Three research analyses use the energy payback time (EPBT) to cross evaluate the
electricity produced by the system and the energy embedded by the power plant
during its life cycle (1-3.58 years).

e  Six research analyses evaluate water use (1.1-277 m¥MWh). The main contributor to
this impact category is the water use during cleaning maintenance operations.

e Three research studies calculate the freshwater ecotoxicity (306-1600 g 1,4-
Dbeq/MWh) and human toxicity potential (10-126 kg 1,4-Dbeq/MWh); four studies
instead include the marine ecotoxicity calculation (208-1579 g 1,4-Dbeq/MWh).

e  Four research studies include the assessment of terrestrial acidification and eutroph-
ication that are respectively assessed to (166-1686 g SO2eq/MWh) and (9.4-84.8 g P
eq/MWh).

e  Three research analyses evaluate the indicator of land use (4-70 m*/MWh).

e  Two publications involve the fossil depletion impact category (estimated to be 8.11-
9.29 kg oileq/MWh for solar-based plants and 123 kg oileq/MWh for gas-integrated
installations).

¢ One research paper evaluates the category of photochemical oxidant formation (213-
800 g NMVOC/MWMh) as well as the environmental burden of particulate matter for-
mation (89.1-524 kg PM10/MWHh).

Among all indicators, global warming potential (GWP) is shown to be the indicator
adopted by the majority of authors to express the environmental burdens of CSP systems.
GWP results emerging from the literature analysis are shown in Figure 15. According to
this figure, there is a high variability that can be observed in the literature in terms of life
cycle GHG emissions. The results depend on the choice of integrating solar energy with
other non-discontinuous sources of energy. For example, Corona et al. (2014) [80] cross-
evaluated a solar-based parabolic installation and a CSP plant assisted with fossil fuels in
which the contribution of natural gas to the overall electricity production is 35%. Moreo-
ver, the chart in Figure 18 shows that solar tower power plants that have been involved
in this study (that are not hybrid power plants) show lower GHG emissions than parabolic
trough power plants.
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Figure 18. Life cycle GHG emissions assessed in recent LCA analyses and published in the scientific
literature [59,61,64,80-82,84-90].

Installation costs are often recognized as a primary impediment to the widespread
adoption of CSP technology. In response to this challenge, numerous solutions have been
put forth, from sophisticated modeling approaches to innovative system coupling strate-
gies. In [33], published in Energy, the exploitation of CSP potentials was highest in the
scenario without variable renewable energy (VRE) and decreased with the VRE share.
With an increase in VRE share, wind power and PV gradually reduced the annual full-
load hours of the CSP plants; at VRE shares of 40% and greater, this effect became partic-
ularly important. In [38], the authors propose a stochastic G&TEP model to analyze the
cost of power systems with high renewable penetration: the paper emphasizes the role of
CSP, shedding light on the technical and economical potentiality of the CSP when com-
pared with thermal units.

Additionally, CSP increases the flexibility of the power system facilitating the pene-
tration of VRE and reduces the electricity price [99]. However, the cost represents an im-
portant barrier to the diffusion of CSP technology. In particular, the outcomes of the liter-
ature review presented in this section highlight that, although CSP power systems have
already been widely analyzed from the techno-economic and environmental perspective,
these analyses have been carried out separately. Therefore, there is a strong need for an
integrated approach that allows designers and planners to perform an overall sustainabil-
ity assessment of the technology. For instance, economic and environmental optimization
could be cross evaluated to select a design method that is shown to be the most sustainable
from all perspectives.

5. Conclusions

The need to integrate renewable sources into the electricity and thermal energy pro-
duction system has prompted researchers in recent decades to ask themselves which tech-
nology is better in terms of efficiency, CO:z reduction, economic competitiveness, and so-
cial acceptability. However, there is no single answer to these questions, but what cur-
rently emerges is that solar technologies are the most flexible and the simplest to use.
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In recent years, great attention, both from industry and on the research side, has been
paid to the development of CSP, which has many advantages over PV, especially for large
size power-plants.

The high growth rate of publications motivated us to investigate the topic, using the
support of the R software and its bibliometric package. Results, developed during the SO-
LARGRID project, have allowed us to clarify the state of the art and the maturity of this
technology, as well as topics that have emerged through the study of the most influential
authors and articles reviewed.

Our literature review has highlighted that the spread of CSP is hindered above all by
economic parameters. In particular, the investment cost of CSP is still very high, as is the
operation and maintenance cost. To overcome this important obstacle, technical, techno-
logical, and innovative alternatives have been identified. The first of these is the possibility
of lowering the cost of energy produced by the CSP by considering supporting storage.
This has a positive impact on flexibility and costs. Molten salts are the most common so-
lution, though not an environment friendly one, especially when compared with solid
storage or PCM storage. Corrosion represents a relevant aspect that is not to be underes-
timated with molten salts: it reduces the life span of the CSP and increase the costs An-
other solution is linked to increasing the efficiency of the system, which is further linked
to the irradiance value and therefore is particularly relevant in the MESA regions. More-
over, the choice of hybrid configurations is improved when these include distributed en-
ergy storage systems. Examples are coupling CSP and PV technologies with poly-genera-
tion systems powered by conventional and non-conventional resources connected to the
grid.

Finally, another solution is related to the size of the CSP. It has been demonstrated
that, for large-sized plants, the cost of the energy produced becomes more convenient
compared with the production of other renewable energy sources such as PV.

Moreover, from our literature review it also emerged that there are several parame-
ters that can impact the diffusion of CSP technologies, these include the location, the land
area occupancy, the consumption of the water, and other technological aspects. In detail,
our results show that parabolic trough, Fresnel, tower, and dish technologies differ in sev-
eral aspects, including land area occupancy and power range application. Parabolic
trough systems typically have a moderate land footprint, requiring approximately 5 to 12
m?/MWh/y. They consist of long, curved solar collectors arranged in rows, and the area
occupied is mostly linear. This technology is often used for medium- to large-scale power
generation. These systems are capable of generating power in the range of tens to hun-
dreds of megawatts.

Linear Fresnel systems have a similar linear layout to parabolic troughs, occupying
a relatively moderate land area (land use ranging between 5 and 12 m?2/MWHh/y) and this
technology is suited for medium-scale power generation. It can typically generate power
in the range of tens to a few hundred megawatts.

Tower-based systems require a larger land area compared with trough and Fresnel
systems, between 10 and 20 m?*’MWh/y. They have a central tower surrounded by a field
of heliostats or mirrors. This technology is often used for large-scale power generation.
These systems can generate power ranging from hundreds of megawatts to several hun-
dred megawatts.

Finally, solar dish systems have a small land footprint compared with the other CSP
technologies, typically in the range of 1 to 5 m?/MWh/y. Each dish typically occupies a
small area and can be mounted on a relatively small structure. Dish technology is com-
monly used for smaller-scale power generation and is well suited for distributed genera-
tion. The power output per dish is typically in the kilowatt to a few megawatts range.

It is important to note that these land use ranges are approximate and may vary sig-
nificantly, depending on factors such as the specific technology design, solar resource
availability, and the project’s layout efficiency.
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In summary, parabolic trough and Fresnel find application for power ranges between
10 MW and 200 MW, tower for 10-150 MW and dish for small applications of less than 0.5
MW. Among the various existing CSP technologies, the parabolic trough (PTC) and the
solar energy tower (SPT) are currently the two most widespread technologies. However,
great attention in terms of future perspective is dedicated to the dish technology, espe-
cially because it can reach high temperatures, and from there improve the efficiency of the
system. However, this technology presents some important limitations, the primary of
which is its high cost.

Additional prospective research areas within the CSP domain encompass economic
optimization concerning both installation and operational expenses, the incorporation of
life cycle assessment (LCA), the integration of organic Rankine cycle (ORC) engines for
combined heat and power generation, the analysis of calcium circuit performance, and the
exploration of thermochemical energy storage within CSP systems. Furthermore, upcom-
ing avenues for research involve the exploration of desalination, hydrogen production,
life cycle assessment, and the implementation of phase-change materials (PCMs), which
are poised to constitute the next phase of future investigations in this field. Finally, new
research must be implemented, such as the possibility of producing green hydrogen with
CSP, the use of PCM for thermal storage, and the possibility of implementing new hybrid
configurations in which the CSP is coupled with renewable or traditional plants, and
whose advantages and disadvantages are linked to the particular situation being exam-
ined.

Among the main limits, water scarcity represents an important barrier to CSP tech-
nology. In fact, limited water resource availability at potentially suitable locations for con-
centrated solar thermal power (CSP) is a critical challenge. On one hand, introducing wa-
ter to the cooling system and mirror cleaning significantly increases the overall CSP plant
efficiency and its cost-effectiveness, considering the generally low cost of water. On the
other hand, the high water consumption rate of these processes influences the local water
resources and consequently also limits the suitable sites for new plants. Therefore, there
is a need to find alternative solutions that can optimize the use of water resources and
reduce performance penalties. This requires, first, a better understanding of water con-
sumption mechanisms.
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Abbreviations
csp Concentrating solar power
CPV Concentrated photovoltaics
DER Distributed energy resources
DG Distributed generation
DNI Direct normal irradiance

GHG Greenhouse gas
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GWP Global warming potential
IRENA International renewable energy agency
LCA Life cycle analysis
LCI Life cycle inventory
LCIA Life cycle impact assessment
LCOE Levelized cost of electricity
MENA Middle East and North Africa
PCU Power conversion unit
1% Photovoltaic
RES Renewable energy sources
Solar PACES Solar power and chemical energy Systems
VRE Variable renewable energy
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