Concentrating Solar Power
(CSP) systems in the
Mediterranean
Kyriazos Alexandros
SID: 3302140027

SCHOOL OF SCIENCE & TECHNOLOGY
A thesis submitted for the degree of
Master of Science (MSc) in Energy Systems

DECEMBER 2015
THESSALONIKI – GREECE

-i-

Concentrating Solar Power
(CSP) systems in the
Mediterranean
Kyriazos Alexandros
SID: 3302140027

Supervisor:

Prof. Agis Papadopoulos

Supervising

Dr. Georgios Martinopoulos

Committee Members:

Dr. Georgios Giannakidis

SCHOOL OF SCIENCE & TECHNOLOGY
A thesis submitted for the degree of
Master of Science (MSc) in Energy Systems

DECEMBER 2015
THESSALONIKI – GREECE
-ii-

Abstract
This dissertation was written as a part of the MSc in Energy Systems at the
International Hellenic University. Its main scope is to produce an assessment of the
chances, risks and expected benefits of the concentrating solar power (CSP) technology,
with emphasis given to socio-economic and environmental aspects for the
Mediterranean region.
For this purpose, after providing an overview of the CSP technologies and
analyzing the configuration of CSP plants, the socio-economic impact derived from
CSP technology and the various environmental impacts were examined. In addition an
overview of the CSP market worldwide and the potential implementation of CSP
technology in some Mediterranean countries were presented. Consequently, various
case studies were analyzed to evaluate impact of aspects like use of land and water, use
of hybrid RES systems and also thermal storage applications. Finally, a sensitivity
analysis was performed to assess the financial viability of a CSP plant in Mediterranean
region under various preconditions.
Τhe study and comprehension of such an innovative and complex technology as
CSP systems combined with the various aspects affected is a quite demanding with a
high level of difficulty process that requires an extensive knowledge in many scientific
fields, such as a good knowledge of fundamentals of solar thermal systems but also a
good knowledge in fundamentals in investment appraisals. So at this point I would like
to express my sincere regards to my supervisor, Prof. Agis Papadopoulos for his
contribution and his guidance during the actualization of the present dissertation.

Kyriazos Alexandros
December 11th, 2015
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1 Introduction
The environmental impact of the current conventional plants combined with
other important energy policies, such as the security of energy supply and the levelized
cost of electricity (LCOE) magnify the necessity of renewable energy systems
implementation. Energy producers worldwide have started showing great interest in
renewable energy investments and this can be established by the remarkably high
growth rates of the various renewable systems. Wind industry has demonstrated an
average growth rate of 30% in the past three decades, while the PV industry has
displayed even higher growth rates. Concentrating solar power (CSP) industry began its
commercial deployment in 1984 and lasted for over a decade, but until 2005 there was
no further development (Lovegrove & Stein, 2012). CSP technology consists a growing
and exceptionally promising solar thermal energy technology that comes along with
many benefits, compared to current fossil fuel conventional plants, and various socioeconomic and environmental impacts. The scope of this study, after analyzing the
multiple CSP configurations and their various applications, is to assess the potential
CSP technology implementation in the Mediterranean region.
CSP systems concentrate the direct normal solar radiation (DNI) through a field
of concentrating mirrors (or lenses) and they are mainly applied for electricity
generation but also to produce other utilizable forms of energy such as heat, for heating
and cooling applications, and more recently to produce solar fuels. CSP systems can
also be combined with a desalination plant in order to provide desalinated water in areas
with water shortages. The energy production of the system is highly dependent on the
DNI of the site. Due to its high solar potential, the Mediterranean region constitutes an
ideal location for the CSP implementation. Spain is a pioneer country in CSP
introduction in Mediterranean region, with other countries such as Egypt, Morocco,
Algeria, Israel, Portugal, Italy, Greece, Malta and Cyprus showing great interest in the
specific technology too (Lovegrove & Stein, 2012). Besides the solar resource of the
area, an appropriate regulatory framework should also be available in order to promote
and support the introduction and the sustainability of CSP systems. CSP technology
comes along with many advantages and disadvantages. One of its main advantages is
-9-

the capability of integrating a thermal energy storage (TES) system that can store and
provide heat to the system when needed, rendering the system operational even in
cloudy days or during night when solar radiation is absent or glimmer. On the contrary,
a major barrier to the CSP development is its comparatively high investment cost,
which makes the potential investors hesitate in taking the risk and actualize such an
investment. Hence, in the present dissertation, provided the solar resource and the
technical data of a CSP plant similar to the 50MW Andasol-1 parabolic trough collector
(PTC) plant, a sensitivity analysis of the financial viability indicators of the plant to
various parameters will be carried out in order to assess the sustainability of a CSP
system in Mediterranean region and endorse the specific technology to potential
interested members in a cost-to-benefit point of view. For this purpose, the RETScreen
clean energy software will be utilized. The indicators of interest in our study are the
NPV of the CSP plant, the after-tax IRR on equity and the after-tax IRR on assets.
In the following chapters, a literature review of the CSP technology and the
currently existing configurations will be presented. Moreover, the importance of a TES
system integration and the operation of a CSP plant than enhances a fuel backup system
(BS), also called hybrid plant, will be analyzed. The appropriate cooling system of the
CSP plant application constitutes a remarkable factor, mainly regarding cost-saving and
water demand aspects, thus it will also be mentioned in the particular dissertation.
Additionally, an overview of the CSP technology worldwide and its potential
implementation in various Mediterranean countries will be presented. In order to
estimate the essential parameters of a CSP plant, several case studies will be
investigated and analyzed. Finally, a sensitivity analysis of the NPV and the after-tax
IRR on equity and on assets of the reference CSP plant to various parameters under
different preconditions will be carried out. The main objective of our analysis is to
calculate and evaluate the financial credibility of a CSP technology in Mediterranean
region and enhance the effort for solar thermal power technologies deployment. Our
results indicate that the financial viability of a CSP plant is exceptionally relevant and
volatile to the investment cost, the feed-in tariff provided and the discount rate, but also
it is highly dependent on other costs, such as the O&M and the storage costs, and the
type of financing. Overall, we estimated that a CSP system in Mediterranean region can
constitute a profitable and beneficial investment, especially if more research and
development in the sector occurs and more supportive mechanisms be applied.
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2 Literature Review
In this chapter, a literature review concerning CSP systems is being presented.
At first, an overview of the CSP technology, the currently existing CSP configurations
and a comparison between them is displayed. Additionally, the current thermal energy
storage (TES) systems and the various heat transfer fluids (HTF), as well as the
importance of their selection and the hybridization of the CSP technology with existing
fossil-fuel plants are examined. Finally, an overview of the CSP market, the
implementation of a wet and a cooling system, the socio-economic and environmental
impact of CSP plants and finally the potential implementation of the CSP technology in
some Mediterranean counties are analyzed.

2.1 Overview of CSP technology
According to estimates the global energy consumption growth is twice the ratio
of population growth with fossil fuel exploitation currently accounting for 80% of total
energy production. One of the major disadvantages of the fossil fuel resources, besides
the environmental impact, is that they are depletable. The multiple environmental
benefits, such as greenhouse gas (GHG) emissions reduction, joint with diminished
energy dependence on imports, security of energy supply and stability of energy prices
have established renewable energy sources (RES) as a sustainable and optimum solution
(Pavlović, et al., 2012). In order renewable systems to become attractive and stimulate
potential investors a regulatory and financial framework is needed. It is proved that an
electricity mix dominated by RES with fossil fuel backup is a lower risk strategy
compared to an electricity mix dominated by nuclear power and fossil fuels. (Trieb, et
al., 2006). One of the most advanced and promising systems that exploit renewable
sources are the solar systems, which are capable of transforming solar irradiation into
useful forms of energy, such as heat and electricity.
Concentrated solar power (CSP) systems are high-temperature systems, meaning
that the working fluid used to capture and convey the solar energy can achieve
temperatures in the range of 400oC to 4000oC. CSP systems due to their potentially high
temperatures, are mainly used to generate electricity, and consist of the solar
concentrators and receiver, a steam or gas turbine, a thermal energy storage (TES)
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system occasionally and an electricity generator. The concentrators (usually mirrors)
focus the incident radiation to a receiver, where the heat produced is absorbed by a heat
transfer fluid (HTF), that afterwards produces steam to run a steam turbine and generate
electricity through a generator (Pavlović, et al., 2012). Opposed to the remarkable
benefits of the CSP technology, their productivity is highly depended on the amount of
solar radiation flux available. Although, in most cases their production peaks at the
same period of the day that the demand for energy peaks (during midday), throughout
days with benign solar radiation or cloudy days or during nights, the productivity of
these systems is highly vulnerable. In order to avoid these fluctuations in the
productivity curve, usually CSP systems integrate a thermal energy storage (TES) and a
backup system (BS), which ensures the abiding operation of the plant and thus the
capability of supplying energy to the grid constantly (Zhang, et al., 2013).
The first introduction of CSP technology occurred in the 19th century, when the
first solar cookers and water distillers were presented, followed by a CSP plant in Egypt
in 1913 for irrigation purposes and two other plants in Italy in 1964 and in 1965
(García, et al., 2011). The first commercial attempt of the CSP technology in the market
dated in 1984-1995 and despite the fact that research and development in the sector took
place, until 2005 there were no other commercial appearances. Solar Electric
Generating Systems (SEGS), located in California, is the first CSP plant to enter
industry in 1980 and operate until now. Spain and USA were the two pioneers in this
innovative technology, mainly by institutionalizing the appropriate legal and financial
support scheme to boost such investments, such as feed in tariff incentives, loan
guarantees and credits. 2.400MW, included ones already existing, are projected to be in
operation by 2014 in Spain, while USA aims at establishing a total of 1,8GW by 2013.
Furthermore, North Africa countries, such as Algeria and Morocco, Middle East
countries such as Egypt and Israel, Portugal, Greece, Cyprus, Italy, Malta, Australia,
China, India and South Africa are some of the countries that have shown interest and
moved towards CSP projects. India targets at installing 20GWe of combined PV and
CSP

capacity by 2022, while China's target is 1 GW of CSP capacity by 2015

(Lovegrove & Stein, 2012). The development situation of CSP systems can be divided
into two phases. The first phase is the period until the technology becomes mature and
competitive in the market and the second phase starts by the time these systems already
participate in a competitive manner in the energy sector. In order CSP systems to make
it to the second phase, some supporting schemes especially for the CSP economics
-12-

should be applied. These supporting schemes can be a regulatory framework, such as a
feed-in law, a power purchase agreement, especially in countries with national power
companies such as in MENA region, a feed-in law incentive also for the countries
importing solar electricity, so that to boost CSP investments in countries located near
those with import dependency, an abatement of subsidies for nuclear and fossil power
plants, a global planning for climate protection, that would include the CO2 emission
costs avoided from CSP, a prospective increase in the price of fossil fuels and finally a
breakthrough in R&D (Viebahn, et al., 2011).
The world electricity demand is approximately 18.000TWh/y, while the total
CSP potential based on estimations is 3.000.000TWh/y globally (1.450.000TWh/y in
Africa) (Trieb, et al., 2009). A major challenge for CSP technology that has to
overcome is the high level of capital risk considering it constitutes an early stage
technology, but with the scale of current renewable projects growing rapidly, such
investments can become feasible (Lovegrove & Stein, 2012). CSP plants are expected
to grow and have a great contribution in the future energy demand mix, with a 7% share
in global electricity supply by 2030 and 25% by 2050 (Pavlović, et al., 2012). Based on
estimations the capacity of CSP is expected to grow, while the relative investment costs
will decrease. CSP capacity globally will increase from approximately 354MW in 2005
to 500.000MW by 2050, while the relative investment costs will decrease (Trieb, et al.,
2009).

2.2 CSP Configurations
Concentrating solar power systems use mirrors to concentrate the incident direct
normal irradiation (DNI) on a receiver, where the heat produced is collected by a
circulating fluid and either directly or indirectly produce steam to feed a steam turbine,
which afterwards gives work to a generator to produce electricity. The main CSP
configurations available are the parabolic trough collector (PTC) which is the most
developed technology, the solar power tower (SPT) who is gaining an increasing
interest through time due to its various advantages, the linear Fresnel reflector (LFR)
and the parabolic dish collector (PDC). Another innovative configuration, recently
developed are the concentrated solar thermo-electrics (CST). (Zhang, et al., 2013).
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Currently, 29 CSP plants are operating worldwide (20 PTC, 5 SPT, 1 PDC, 3 LFR) and
31 plants are under construction. (Pavlović, et al., 2012)

2.2.1

Parabolic trough collector
Parabolic trough collector (PTC) systems consist of parabolic shaped

mirrors (troughs) that concentrate the incident beam radiation onto a receiver metal
tube, usually selectively colored and enveloped by a transparent vacuumed glass tube to
prevent heat losses, placed along the focal line of the trough, a steam turbine and a
power generator (Pavlović, et al., 2012). The heat transfer fluid used, usually synthetic
oil, is capable of achieving high operating temperatures between 300℃ and 400℃
(Poullikkas, 2009). The HTF absorbs the heat and conveys it to the heat exchanger,
where steam is generated and subsequently generate electricity via a steam turbine.
They can be aligned north-south to track the sun from east to west, or east-west
(Pavlović, et al., 2012). The most common orientation of the PTC plants stipulates the
long axes from north to south while a tracking system is used to track the sun from east
to west. A typical parabolic trough can be 5-6m wide, 1-2m deep and have around 150m
length. The land requirements of these plants are approximately 25m2/kW (Poullikkas,
2009). PTC can operate either by using a direct steam generation system (DSG) or
exploit a HTF, such as molten salts (Zhang, et al., 2013).
SEGS I was the first PTC to be installed in 1984 in South California. In the
present, 20 PTC plants are operating, with 11 out of them to be located in Spain (with
the most significant to be the 150MW Sol-nova, the 100MW Andasol1 and the 100MW
Extresol Solar Power Stations) , 5 in USA (most significant plants are the 354MW Solar
Energy Generating Systems, which is the biggest CSP plant in operation, the 75MW
Martin Next Generation Solar Energy Center and the 64MW capacity Nevada Solar
One), 2 in Iran ( the 17MW capacity Yazd ISCC and the 0,25MW Shiraz plant) and 1 in
Italy (the 5MW Archimede solar power plant) and Morocco (20MW Beni Mathar Plant)
respectively (Pavlović, et al., 2012).

2.2.2

Solar power tower
Solar power tower (SPT) systems operate at extremely high temperatures to

efficiently generate electricity via a steam Rankine cycle. They either apply a direct
1

According to the more recent NREL report another 50MW PTC plant, the Andasol 3, has been under
operation since 2011
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steam generation (DSG), or they exploit a fluid as HTF, to absorb and convey heat from
the receiver, and as storage medium to store a portion of heat transferred by the HTF.
Due to high efficiency, the cost of the TES is diminished. (Zhang, et al., 2013)
Concisely, they consist of a field of dual-axis tracking heliostats, a central ceramic
receiver placed on top of a tower and the electricity generator. The HTF used, either
water, molten salt, liquid sodium or air, absorbs heat from the receiver, generates steam
and steam runs a steam turbine to generate electricity via a generator. The outlet steam
is condensed and circulated again to absorb heat and run the same cycle. Initially the
working fluid used was air, however current SPTs in USA exploit molten salts due to
their advantageous properties, such as exceptionally efficient heat storage capability,
not-toxicity and eco-compatibility. Their main advantage is their efficiency and
profitability, in contrast to their relatively high land and water requirements. (Pavlović,
et al., 2012) Approximately 45m2/kW of land are required for SPT systems (Poullikkas,
2009). Some factors that can impact the systems overall efficiency are the optical losses
due to far distance of heliostats and the receiver, the dirt of the mirrors and the
inaccuracy of the trackers (Pavlović, et al., 2012). Except for electricity production
purposes, SPT systems can be compounded with desalination technologies, such as
multi-effect desalination systems (MED) or reverse osmosis (RO) systems and provide
clean water, mainly in sites where water shortages are frequent such as islands and
remote areas (Alexopoulos & Hoffschmidt, 2010).
Currently 5 SPT plants are operating, 3 in Spain (the 20MW Planta Solar 20, the
17MW capacity Gemasolar and the 11MW Planta Solar 10 plant), 1 in USA (the Sierra
Sun Tower with a total capacity of 5MW) and 1 in Germany ( the 1.5MW Jülich Solar
Power Tower) (Pavlović, et al., 2012).

2.2.3

Parabolic dish collector
Parabolic dish collector (PDC) systems consist of parabolic reflectors, a Stirling

engine as a receiver at the focal point of the parabolic dish with efficiency of 30% and
the electricity generator. Their diameter ranges between 5-10m and their surface
between 40-120m2 and they can achieve the highest concentrating ratio, approximately
2.000, and the highest temperatures of around 700oC. In order to maximize the
reflectance, mirrors with iron and silver on glass are used. The power output of each
dish ranges from 5 to 50kW (Pavlović, et al., 2012). Although they are considered to be
the most efficient systems compared to the other CSP systems and obliterate the HTF
-15-

and cooling water requirements, they are relatively expensive, considering a huge
number of PDC are needed to produce a sufficient amount of electricity, and they are
not suitable of integrating a TES system and a BS (Zhang, et al., 2013).
Regarding PDC systems, in the present only 1 PDC plant is operating, the
1.5MW Maricopa Solar located in the USA. (Pavlović, et al., 2012)

2.2.4

Linear Fresnel reflector
Linear Fresnel reflector (LFR) systems consist of arrays of flat or slightly curved

Fresnel mirrors, that track the sun and concentrate the incident radiation, usually, to a
secondary linear parabolic-shaped reflector, the receiver, the steam turbine and the
electricity generator. The sunlight incident to the secondary reflector is then
concentrated to a long tube placed at the focal line of the reflector, through which water
circulates. The water absorbs the heat and evaporates, producing steam which later runs
a steam turbine to generate electricity. The whole system is relatively cheap and can be
used for small or large scale CSP plants (Pavlović, et al., 2012). The systems simplicity
leads to relatively low investment cost and their capability of generating steam directly
(DSG) renders the HTF exploitation gratuitous. However, their solar to power
efficiency is lower than PTC and SPT systems and the integration of a TES system in
such plants is difficult. The currently state of the art LFR configurations, known as
compact linear Fresnel reflectors (CLFR) incorporate two receivers in each row to yield
an equal output with lower land requirements (Zhang, et al., 2013).
3 LFR plants are currently operating worldwide, 1 in USA, called Kimberlina
with a capacity of 5MW, 1 in Australia, called Liddell Power Station with a total
capacity of 2 MW and one in Spain, called Puerto Errado 1 with a 1.4MW capacity
(Pavlović, et al., 2012).

2.2.5

Concentrated solar thermo-electrics
Concentrated solar thermo-electric (CST) systems are used to directly convert

solar thermal energy, captured by solar thermal collectors and concentrated, into
electricity via a thermo-electric generator. They can also be used for heating or cooling
purpose. However, their remarkably high material cost stands as a barrier in their wide
application. (Zhang, et al., 2013)
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2.2.6

Comparison of CSP configurations
According to the state of the art CSP technology and data available, a

comparison between the various CSP configurations can be feasible. PTC plants are
currently the most developed commercial CSP plants. In the present SPT and PDC are
the most costly systems, however according to estimations, development in technology
can render SPTs the cheapest option in the future. Regarding land usage requirements,
LFR and SPT systems occupy less land than PTC, while PDC systems have the lowest
land requirements. Another essential parameter for CSP plants is the water requirements
for various applications, especially when CSP is applied in regions with low water
availability, such as arid and desert regions. In case dry cooling system is not applied, it
is estimated that PTC and LFR plants require approximately 3000L/MWh produced,
while SPT plants need relatively lower amounts, approximately 1500L/MWh. Finally,
PDC plants can be cooled by the ambient air, so they have no water requirements.
Concerning piping and thus material and O&M requirements, SPT plants are the most
beneficial ones (Zhang, et al., 2013). A comparison between the performance of various
CSP systems can be presented in Table 1.
Table 1: Comparison of CSP technology performance (Cavallaro, 2010; Pavlović, et al., 2012;
Zhang, et al., 2013)

Technolo
gy

Power
(MW)

Concentra
tion

Peak
solar
efficien
cy (%)

Annual
solar
efficienc
y (%)

Thermal
cycle
efficien
cy (%)

Capacity
factor
(%)

Land
use (m2
MW/h/ye
ar)

Coolin
g water
(L/MWh
)

Capit
al
cost
(€/W)2

PTC

10-200

70-80

21 (d)

10-15 (d)
17-18 (p)

30-40
ST

24 (d)
25-70 (p)

6-8

3.000 or
dry

2,182,42

LFR

10-200

25-100

20 (p)

9-11 (p)

30-40
ST

25-70 (p)

4-6

3.000 or
dry

n/a

SPT

10-150

300-1.000

20 (d),
35 (p)

8-10 (d)
15-25 (p)

30-40
ST 4555 CC

25-70 (p)

8-12

1.500 or
dry

1,82,72

PDC

0,010,4

1.0003.000

29 (d)

16-18 (d)
18-23 (p)

30-40
Stirling
20-30
GT

25(p)

8-12

None

1,992,18

2

For comparison reasons, we will convert the dollar values to euro values throughout the whole
dissertation with an exchange rate EUR/US$=1,327 equal to the annual average exchange rate of 2010.
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2.3 Thermal Energy Storage (TES)
A thermal energy storage (TES) system is essential for solar thermal systems in
order to overcome their main barrier which is their energy production vulnerability to
cloudy days or night and operate even when sunshine is benign, so that to extend their
significance in energy market. (Cavallaro, 2010) Thermal energy storage systems
operate in such way that the fluid present in a cold storage tank absorbs the heat that the
heat transfer fluid (HTF) conveys through a heat exchanger and is pumped to a hot
storage tank. Thereafter, heat can be reclaimed from the hot tank to the HTF, when solar
energy is insufficient, to generate steam. They can be classified into two categories
based on operation needs, short term when daily energy surplus is stored for periods of
day with benign radiation or long term, for seasonal purposes (Zhang, et al., 2013). TES
systems can be applied in two ways : a) directly, where the HTF is the same with the
storage medium and b) indirectly, where the heat from the HTF is transferred to another
medium. In the first case, a fluid with dual function (both circulating and store heat) is
used, such as molten salts, rendering the expensive heat exchangers extraneous and
reduce the total cost of the system. In the second case two different fluids are used. The
two-tank storage system includes salt which absorbs part of the heat that the circulating
fluid, usually mineral oil, conveys and reserves it up until the amount of solar energy
derived to the solar field is low, when it provides it to the power block to maintain the
productivity of the plant. The two tank TES system is costly enough. Finally, there is
the thermocline heat storage, where a single storage tank filled with cheap fluid, such as
sand and quartz, takes advantage of the thermal gradient inside the tank to obtain energy
from the hotter top, while the colder fluid remains at the bottom (Cavallaro, 2010). In
general, a TES system can be incorporated in a CSP plant without significantly
affecting the performance of the system and the produced energy cost. In contrary, the
advantages that can be delivered to the system are various and noticeable, such as the
provision of electricity supply when demand is at high levels, reduction of the necessity
of the backup system (BS) since the energy needed for electricity generation can be
provided by the TES system and also it can contribute and aim at start-up operations
(Lovegrove & Stein, 2012). Another benefit of the incorporation of a CSP plant with a
TES system, mainly applied in arid-desert sites, such as MENA region (Middle Eastern
and North African) where CSP technology is exceptionally suitable to be implemented
due to high amounts of direct normal irradiance (DNI), is the contribution of TES
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system in normalizing the remarkable deviations in energy production as a result of the
aerosol loads present, which attenuate to a great magnitude the solar radiation.
According to estimations, only in the case of extremely high aerosol values, an
observable difference productivity appeared (Polo & Estalayo, 2015). It has been
approved that storage systems can scale up the cost efficiency of the CSP plant.
However, their significantly high storage material needs increase the cost of capital of
thermal storage systems and the projected investment cost of the CSP plant (Lovegrove
& Stein, 2012).
In addition to the TES system, it is of great importance for the plant design and
operation to determine the most suitable heat transfer fluid (HTF). HTFs currently used
are: a) mineral oil, in SEGS solar thermal power plant in California, that is extremely
pollutant and flammable (working temperature between 290oC and 390oC), b) molten
salts, which do not have all the forenamed negative effects of mineral oil (working
temperature between 290oC and 550oC and c) high pressure steam in Direct Steam
Generation (DSG) plants to provide steam of high temperature (up to 400oC) directly to
the turbine. The major advantage of the molten salts application is the lower generated
electricity costs derived due to their lower price and the increase in energy performance
in a more environmental-friendly way compared to the other HTFs currently used. They
are considered to be eco-compatible, meaning both economically and ecologically
compatible and sustain the temperature of steam high enough for the Rankine cycle to
operate in high efficiency. Their notable disadvantage is their solidification point in
temperatures between 120oC and 221oC, so they must continuously maintain their liquid
molecularity. At Sandia National Laboratories in the USA, more serviceable mix of
salts have been introduced with solidification point of 100oC.
In order to compare the different HTF currently used and make a feasibility
study for the exploitation of molten salts in solar thermal power plants, an investigation
by implementing a fuzzy TOPSIS multi-criteria method was made. The criteria used to
make a decision of the most optimal alternative were the investment cost, the O&M
cost, the levelized cost of electricity (LCOE) and its reduction, the TES cost, the
electricity generation, the level of deployment of the technology, environmental
concerns (risks etc.), the usage of land and the solidification point of every HTF. The
optimal alternative, based on TOPSIS method, should maximize the benefit criteria and
minimize the costs. A variety of TES was proposed such as VP-1 NS, VP-1 TT, MS-TT
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450, MS-TT 500, VP-1 TC, MS-TC, 450 and MS-TC 500. The study resulted that the
best TES option is the MS-TT 500 (two storage tanks and molten salts used as HTF and
storage medium with maximum temperature of 500oC) and the second most optimal
implementation was the MS-TC 500, again using molten salts with max temp of 500oC
but in a thermocline tank (Cavallaro, 2010).

2.4 Hybridization of concentrating solar power
(CSP) plants with fossil fuel plants
CSP plants can be enhanced with a fuel backup system (BS). Such CSP plants
are called hybrid plants (Zhang, et al., 2013). Hybridized CSP plants integrate an
auxiliary boiler to exploit an alternative fuel in order to increase the performance of the
plant, assure stabilized production during periods with negligible sunlight (such as
cloudy days or night), provide energy needed for start-up operations and secure the
level of HTF temperature above the freezing point to avoid damage from solidification
(Corona & San Miguel, 2015). Another benefit is the capability of hybridized plants to
be incorporated in already existing conventional fossil fuel power plants, hence lower
the investment cost and attenuate the cost of electricity produced. These plants are
called Integrated solar combined cycle (ISCC) plants and they exploit both the
combined cycle (Brayton and Rankine) of a conventional combined power plant and the
concentrated solar heat to provide heat to the outlet gas of the gas turbine in order to
generate superheated or saturated steam. Finally, there are the advanced hybridization
systems which incorporate solar heat with a Brayton cycle and exploit solar energy
either to preheat the compressed air in a gas turbine or to decarbonize fossil fuels and
produce solar fuels, which are assumed to be cleaner fuels. Hybridization of CSP plants
can be classified into two categories, the thermal integration and the thermochemical.
The first one uses the solar energy to heat water or steam simultaneously with the fossil
fuel combustion and has already been applied, whilst in the second case the fossil fuel
constitutes the chemical reactant and the solar energy is used to decarbonize it in order
to provide cleaner fuel and is still under research (Lovegrove & Stein, 2012). The most
commonly used fuel for hybridization is natural gas due to its low cost and clean
combustion ability, yet biomass and mineral coal have been exploited in some cases. A
proportion of 12% to 15% of the electricity produced by the majority of CSP plants
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currently operating in Spain, according to previous legislation, is derived from natural
gas combustion aiming at maximizing revenues.
Hybridization of CSP plants with fossil fuels scales up the performance of the
system and maximizes the revenues, but on the other hand it increases the
environmental impact and the dependence on fuel imports and downsizes the
penetration of renewable sources in energy sector. In contrary to fossil fuel,
hybridization of the plant can be achieved through the exploitation of biomass, which is
renewable and available locally in various forms, with the wheat straw and wood pellet
options being the most inexpensive, plentiful and useful and contributing in sharpening
the plants performance. A Life Cycle Analysis (LCA) of a 50MWe hybridized CSP
plant in Ciudad Real in Spain, with a life time of 25 years and a 7.5h, molten salt, twotank thermal energy storage system was performed in order to investigate the
environmental impact for 6 different 12% hybridization scenarios for coal , natural gas,
fuel oil, biomethane, wood pellet and wheat straw modes. A Cumulative Energy
Demand (CED), that reflects the primary energy source needed throughout the life-time
of the plant operation and a Energy Payback Time (EPT), that estimates the period of
time required for the plant to generate the same amount of energy consumed at the early
stages, were performed. Finally, a comparison between the preceding results with the
results derived from a non-hybridized CSP plant was carried out. Concerning the
performance of the plant, it is worth of mentioning that the steam cycle of the nonhybridized plant provides 139,725MWh/yr to the grid, while the hybridized option
yields 12% more power, leading to a total production of 158,703MWh/yr. The LCA
performed indicates that the most environmentally friendly option of the plant operation
modes is the only-solar (non hybridized) option even with lower power output.
Regarding the hybridization scenarios, the effect of the renewable sources option on the
environment was almost half of that of fossil fuels option, with the exploitation of wheat
straw constituting the more beneficial alternative and the coal constituting the worst
alternative. Scrupulously, concerning the climate change, the wheat straw selection for
hybridization of the CSP plant has the lowest impact right after the non hybridization
option, followed by wood pellet and biomethane, whilst coal and fuel oil have the
highest impact on climate change. Moreover, coal and fuel oil exploitation has the most
significant effect regarding acidification, photochemical oxidant and particulate matter
formation. Toxicity and eutrophication consist another remarkable environmental
aspect. It is estimated that coal stresses these categories almost three times more than
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the other scenarios. Finally, it is proved that the most affected environmental aspect is
the land transformation, which has the highest values for every scenario, with the fuel
oil consisting the worst case scenario due to the extraction wells construction. Overall,
the non-hybridized mode of the CSP plant is the most environmentally friendly option,
followed by biomass hybridization scenario and finally with almost double total impact
by fossil fuels. Based on the CED results, the 6 scenarios led to a doubling of the onlysolar results, whereas based on EPT results the 6 hybridization scenarios shifted the
value from 1,44 years for non-hybridization mode to 1,72-1,83 years for hybridization
mode (Corona & San Miguel, 2015).
Thus, it is necessitated estimating whether a backup system (BS) with fossil fuel
is essential for the CSP plant operation or not. According to research made, if the solar
energy flux is sufficient for the CSP plant to operate at its nominal capacity, then no BS
system is needed. The plant exploits the available solar thermal energy and the excess
energy derived through the HTF is stored in the hot storage tank. If the solar irradiation
is not sufficient, but the energy stored is decent, then a combination of those two is used
and a BS system is obviate. However if both solar radiation flux and stored energy are
inadequate to meet the requirements, then a BS is essential (Zhang, et al., 2013).

2.5 Wet and dry cooling options
CSP technology is an advantageous and developing technology for power
generation through a conventional thermodynamic cycle. PTC plants, which are the
most developed ones among the various CSP technologies, exploit a Rankine steam
cycle. According to thermodynamics, wet cooling application for such steam cycles is
the most efficient way to cool the steam, since water rapidly cools down the turbine
outlet steam. However, in many arid and desert regions, such as MENA region, where
CSP technology is an exceptionally attractive investment, taking into consideration the
large amounts of DNI present in the area, water usage for wet cooling may not be the
most beneficial option since water is an expensive and scarce commodity in these sites.
Thus, the exploitation of a dry cooling system should be investigated.
In the context of a study, a currently existing wet cooled CSP plant in Andasol
in Spain used as a yardstick, was shifted to the city of Ma'an located in Jordan, due to its
high DNI potential and almost negligible odds for freezing temperatures, that would
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freeze the HTF, and both a dry and a wet cooling option for the PTC plant were
stimulated to compare and evaluate the results issued. The only variable changing was
the meteorological input data used. When simulating the reference power plant in the
site of investigation, a remarkable difference in power output for both wet and dry
cooling due to higher portion of DNI in the study site was noticed. Moreover, higher
power output of wet cooling application compared to dry cooling stems from the higher
turbine efficiency. However, from December until February the two options yield
almost the same power produced, due to the lower ambient temperature resulting in
higher turbine efficiency and the exploitation of dumped energy for dry cooling. The
greatest advantage, as expected, was the impressively lower water consumption when
dry cooling option is used. Almost 92% reduction in water requirements can be
achieved, that is expressed in enormous cost savings. After summarizing the results of
the technical simulation of the reference wet cooled plant in Spain to a similar but dry
cooled plant in Ma'an in MENA region , we can conclude that a 21,8% higher power
output would be achieved and the LCOE would drop by a percentage of 18,8%
rendering the plant feasible to be assessed. So the dry cooling option can be a
competitive alternative in desert regions with higher solar potential and scarcity of
water compared to wet cooled plants in other regions (Liqreina & Qoaider, 2014).

2.6 Socio-economic impact of CSP
CSP technology, similarly with the various energy technologies, can have
significant socio-economic impacts which can stipulate its future deployment. The CSP
technology is an early-stage technology, while the major problem is the noncompetitive price of the renewable electricity produced compared to the other
electricity-generation technologies. The price of the energy produced is mainly
influenced by the long-term offset of the high capital cost of investment. This is the
most important challenge the various researchers and developers of the CSP sector
must face, in order to achieve an increase of the installed capacity at a lower price of
energy produced. According to predictions, the estimated future growth in CSP installed
capacity will result in a lower energy cost as a logical aftermath. These estimations are
based on the intensive R&D in the sector that can yield technological deployment, the
extension of the CSP plant size, which enables the opportunity to incorporate more
efficient and less costly particles, such as the turbines and the increase in capacity that
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allows the various fixed investment costs in the productivity curve to be allocated over
wider production runs. It is known that fossil fuel sources come with environmental and
socio-economic externalities that many times cannot be quantified. Renewable sources
can yield positive externalities, such as reduction of GHG emissions, security of energy
supply and stability of energy prices. These externalities should be taken into account so
that to make obvious the competitiveness of such systems in energy market (Lovegrove
& Stein, 2012).
Having as main target the attainment of sustainable, cheap and compatible with
environment electricity supply based on available secure resources, a study that
analyzed the scenario of interconnecting EUMENA (Europe, Middle East and North
Africa) region, called TRANS-CSP scenario, and the potential and benefits derived by
importing solar electricity from MENA to Europe was made. CSP due to lower cost in
MENA region and high solar-to-electricity potential can contribute in electricity import
to Europe and provide firm capacity. Efficient backup infrastructure (efficient grid and
fossil fuel backup) can result in an increase of RE share in Europe, from 20% in 2000 to
80% in 2050. According to IEA a 7,54€/barrel increase of oil price results in 0,5%
reduction of GDP, 0,6% inflation and 0,2% unemployment in OECD. On the other
hand, the development of RES contributes in cost of electricity stabilization

and

increase in labor. Based on historical analysis of the past 30year trend, the cost of
electricity derived by CSP is estimated to decrease and by 2015 become equal to the
price of fuel oil in 1990. The reduction of solar energy cost can narrow down the
electricity sensitivity to fossil prices escalation and provide a stability in energy cost at
low values. However, to achieve cost reduction an increase in production and share is
required (Trieb, et al., 2006). A research carried out by the International Energy Agency
(IEA) predicts 25% reduction in cost of energy by 2050 compared to respective values
of 2010. According to projections, the reduction of manufacturing cost in conjunction
with an increase in capacity could result in 40-50% cost of energy reduction in 2025
relative to 2012, while simultaneously an increase of 60 to 100GW installed capacity
globally could be achieved. According to research, every doubling in installed capacity
globally corresponds to a 10-15% cost of energy reduction. The total contribution in
market and economy of CSP technology is predicted to increase due to higher installed
capacities in the future (Lovegrove & Stein, 2012).
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The main targets of the energy policy in Europe should aim at achieving
sustainability through development of renewables, energy demand reduction and
climate change moderation, competitiveness through technological development in EU,
durability in international energy price volatility and precipitation of clean energy
technology, and finally security of energy supply by diversifying Europe's energy
portfolio, reducing energy import demand, investing in renewables and secure access
for companies and citizens to energy. Regarding import demand, the electricity import
dependency in 2000 was almost 48% and had an increasing trend up to 80% in 2050.
Within the TRANS-CSP scenario mentioned above, the import dependency would
decrease from 48% in 2000 to almost 30% in 2050. Concerning the security of energy
supply, the TRANS-CSP scenario investigates the utilization of a high voltage direct
current (HVDC) backbone grid with 20 lines of 5GW capacity each that will supply
electricity from 7000 full load hours CSP plants in North Africa to Europe and
eliminate risk of outages.
Another main issue is the economical risk, which is strongly affected by the
price volatility, thus it is essential to spot the most efficient energy portfolio that can
maximize the returns with the minimum risk. Although fuels were considered to be the
most beneficial ones due to low investment cost, the unpredictable fluctuation in their
prices displayed a negative macroeconomic impact in the economy. The introduction of
renewables, such as CSP, in the electricity market may not affect the cost escalation so
much in the first 20 years (from 2000-2020), when the share is relatively small and the
fuel cost escalation still has a huge impact, but after 2020 where the share will increase
and the investment cost will decrease the cost of electricity is estimated to be more
stabilized and thus the negative effects of cost escalation will be eliminated. The solar
electricity import scenario from MENA yields even more low and stabilized electricity
costs after 2020 (Trieb, et al., 2006).
CSP plants can also have great socio-economic impacts, since they can stimulate
the local and national economy through multiple ways such as an accretion of demand
for goods and services and employment. According to studies made, a 50MW PTC
plant in Spain with a total investment cost of 265,837million€, total O&M costs of
240,380million€ over the 25-year lifetime of the investment and with wages amounting
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for 1,0336million€/year, with a multiplier effect3 equal to 1,92, has a total effect on
demand for goods and services of 930million€ (equal to 18,6million€/MW) and
employs 22 people annually. The indirect effect, meaning the flows and economic
transactions between different sectors due to the operation of the plant, amounts for
445million€. This indicates that every euro invested for the construction and operation
of the plant (expenditures of the plant) corresponds to a total demand of goods and
services equal to 1,92€. By applying the same multiplier regarding the employment
creation, it was found that every 19.800€ invested correspond to one person year of
employment. In the second case, a 17MW SPT plant in Spain was analyzed. Over the
lifetime of the plant the total investment costs accounted for 147,016million€, the total
O&M costs for 139,811million€ (or 7,154million€/year) and the number of people
employed per year was equal to 22. The total effect on goods and service demand is
estimated at 521,9million€ (or 30,7million€/MW) and the indirect effect at 256million€.
This indicates that every euro invested for the plant generated demand for goods and
services equal to 1,96€ and for every 20.600€ invested one person year of employment
added (Lovegrove & Stein, 2012).
Finally, another remarkable socio-economic impact of the CSP plants is through
the integration of a desalination system. The water consumption growth in many regions
such as MENA and South Europe, together with water scarcity can render such regions
highly dependent on desalted water for domestic and industrial purposes. The
combination of desalination plants with fossil fuel based plants may yield significant
environmental and economical impacts, thus the incorporation of CSP with desalination
plants (CSP+D) can be more beneficial. The most widespread technologies are the
Reverse Osmosis (RO), Multi-Effect distillation (MED) and the Multi-Stage Flash
(MSF). A techno-economic analysis made for Almeria, in Spain (South Europe) and
Abu Dhabi in United Arab Emirates (MENA) indicated that a low-temperature MED
system together with a CSP plant (LT-MED+CSP) is the most beneficial configuration
amongst the MED configurations. In Abu Dhabi, the integration of a CSP plant with a
LT-MED system compared to one integrated with a RO system, was more economically
beneficial and same in Almeria, except in the case that the CSP+RO system was
exploiting an evaporative cooling for the former (Palenzuela, et al., 2015).

3

"Multiplier effect is an effect in which an increase in spending, generates an increase in the national
income and consumption higher than the amount spent initially."
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2.7 Environmental impact
Likewise the rest of the renewable systems, CSP technology can yield several
environmental benefits. The greatest advantage of CSP implementation regarding
environmental aspect is the reduction of GHG emissions to a great extent during the
electricity generation process, compared to fossil fuel electricity generation. The
environmental benefits of CSP can be quantified by applying two methodologies, a
LCA analysis and an assessment on environmental externalities. The environmental
disadvantages of the CSP systems are the water and land requirements, the visual
impacts and the noise, that show up mainly in local level and vary depending on the
technology and the siting selection.
GHG emissions of CSP plants are relatively low compared to other power
generation technologies. For CSP plants with no backup system (only solar) the GHG
emissions range between 11-60g/kWh for SPT plants and between 12-90g/kWh for PTC
plants. The main parameters in this case that contribute in the emission of GHG are the
production of steel and concrete used for the solar field and the tower construction and
the exploitation of salt in the TES system. For CSP plants with BS the GHG emissions
increase and depend on the magnitude that the BS and the TES system increase the
capacity factor. For 60% capacity factor, 650gCO2equiv/kWh correspond to the BS and
60g/kWh to the TES system. The usage of advanced TES systems, such as thermocline,
can reduce the GHG emissions by 2gCO2equiv/kWh, while the usage of dry cooling
system can increase the GHG emissions by 2gCO2equiv/kWh, compared to the
emissions of wet cooling system. Another factor that can affect the GHG emissions is
the salt chosen. Synthetic salts compared to mineral salts bump up the emissions by
13gCO2equiv/kWh (Lovegrove & Stein, 2012). Instead of rising to 2350Mt/y by 2050
in a business as usual case, following the TRANS-CSP scenario the CO2 emissions will
be reduced from 1400Mt/y in 2000 to 350Mt/y in 2050 (25% reduction) and the
emissions per capita will be 0,59tons/cap/y. This amounts in total for a 18billion tons of
CO2 avoided in 50years (Trieb, et al., 2006). A life cycle inventory (LCI) for CSP was
made, distinguished in direct flows that involve the raw material consumption and the
emissions of the production, usage and disposal stage, and in indirect flows that refer to
the transportation of materials and energy carriers and the infrastructure, primarily for
the existing or under-construction CSP plants and afterwards for a potential state in
2025 and 2050 under six development approaches. These development approaches
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include an increase of the lifetime, up-scaling of the electrical load, increase of storage
capacity, higher efficiencies, containment of raw material usage and adaption of
background processes that result in a low carbon economy. According to a pessimistic
scenario for the deployment of CSP, the increase of lifetime of solar field and power
block can lead to a 15% reduction of GHG emissions and the up-scaling to an additional
reduction of 7% by 2025. However, the increase in storage capacity will also add to
GHG emission a proportion of 13%. In contrast, the following three steps, the increase
of efficiency, the decrease of raw material usage and the adaption of background
process will lower the GHG emissions by 8%, 3% and 4% respectively. In total a 23%
reduction is expected by 2025. With a similar approach, the current and future GHG
emissions for two cases, in Spain and Algeria, are estimated. In the case of Spain, the
GHG emissions are expected to decline from 33,4gCO2-eq./kWhel currently to 20gCO2eq./kWhel in 2050, while in the case of Algeria a reduction from 30,9gCO2-eq./kWhel to
18gCO2-eq./kWel is expected. The most significant reduction in materials and emissions
is expected to take place in the first phase of deployment, until 2025 and a narrowed
reduction by 2050 (Viebahn, et al., 2011).
Regarding land requirements, based on available performance data for the
various CSP technologies in 2010, a parabolic trough collector (PTC) plant requires
approximately 6-8m2/MWh a, the solar power tower system (SPT) requires 812m2/MWh a and the parabolic dish collector system (PDC) requires 8-12m2/MWh a.
If a PTC plant is applied without thermal storage, then the land area required is
25m2/kW for the installation, while an equivalent SPT plant without TES requires
45m2/kW (Pavlović, et al., 2012). CSP plants in Europe require approximately 810km2/TW, while in MENA region CSP installed to export electricity require 56km2/TWh/y. According to the TRANS-CSP scenario in 2050 the total amount of land
requirements of CSP systems in Greece will be 28km2, in Italy 40km2, in Malta 3km2,
in Portugal 64km2, in Spain 240km2, in Turkey 520km2 and the total land used for CSP
in Europe will be 895km2. The land occupied for the renewable infrastructure needed is
estimated at 1% of the total land area (Trieb, et al., 2006).
Other aspects concerning environmental impact and should be investigated are
the acidification and the eutrophication. According to studies, the CSP operation impact
regarding these aspects is low. In a non hybridized operation (solar only) the
acidification values of a PTC plant range between 69,28-98mgSO2equiv/kWh, while in
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hybridization mode the values are significantly higher ranging between 590612mgSO2equiv/kWh or 370-510mgSO2equiv/kWh based on another study. The
eutrophication values of a solar only mode CSP plant lay between 6 to 10mgPO4/kWh,
whilst the value in hybridization mode is approximately 50PO4/kWh.
Regarding water requirements, a CSP plant that integrates a wet cooling system
requires approximately 4,7L/kWh of fresh water, while a dry cooling system can lower
water requirements by 77% (Lovegrove & Stein, 2012). According to a study made, in
order to compare the wet to the dry cooling application in CSP plants in desert sites,
such as Jordan, the simulations indicated a high difference percentage between these
two systems. Concretely, the wet cooled CSP plant required 751.617m3/a, whereas the
dry cooled CSP plant required 60.000m3/a. This is expressed as a proportion of 92%
water savings in case of dry cooling instead of wet cooling application (Liqreina &
Qoaider, 2014).
Another impact can be the landscape transformation and the public reaction to
overhead lines. This can be deflected by implementing ground cables. The surrounding
soil can constitute an isolation regarding electric field and heat emissions that can affect
the near vegetation only in a small distance. Moreover, so as to avoid groundwater
damage if accident occurs, appropriate cable types should be used and monitored
regularly (Trieb, et al., 2006).
Finally, regarding external costs of CSP it is estimated that, except global
warming costs, all the other costs such as the human health, the ecosystem, the material
damage, the crop losses etc.) are gradually decreasing with the passage of years from
2012-2050. However, as the external costs of GHG emissions scale up, the total
external cost of the CSP system is proved to increase. Still, the external costs of the CSP
plants are low compared to fossil fuel power generation systems and PVs (Lovegrove &
Stein, 2012).

2.8 Overview of the market
Regarding the current state of the CSP sector in the market several studies have
been published. According to projections, the installation costs of CSP plants are
expected to scale down by 15% and the LCOE to diminish to 0,15-0,24USD/kWh by
2015. The capital costs are also estimated to decrease by 30%-50% (IEA-ETSAP and
IRENA, 2013).
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The CSP installed capacity in 2007 was 405MW, according to a very-optimistic,
an optimistic-realistic (presupposing that the supporting schemes will enable the
penetration of CSP in market) and a pessimistic scenario will grow to 1.000GW,
405GW and 120GWel respectively in 2050. The electricity generated from the CSP
plants will have a fraction between 1,6% and 13,1% (very optimistic scenario) in the
global electricity demand according to IEA estimations and a fraction between 1,8%
and 14,8% based on Greenpeace/EREC scenario. Another two scenarios, a more
optimistic and a more ambitious one, that assume an even shorter lifetime of current
fossil-fuel power plants and more rapid development of RES, indicate an increase in
CSP installed capacity to 1.012GW and 1.643GW by 2050 and an increase in electricity
generation to an amount of 5.917TWh and 9.012TWh (Viebahn, et al., 2011).
The most significant barrier in the CSP technology deployment is the high
investment costs (IEA-ETSAP and IRENA, 2013). The investment cost, based on an
optimistic-realistic scenario regarding the deployment of the CSP plants in the future,
for irradiation conditions similar to Spain will decline from approximately 5.300€/kW
in 2005 to 2.500€/kW by 2050 (Viebahn, et al., 2011). It is acknowledged that the most
costly elements in CSP plants are the solar field, that accounts for 35-49% of the total
cost for PTC, the TES system accounting for 9-20% and the heat transfer fluid (molten
salt) accounting for 8-11%. The investment cost of PTC plants without thermal storage
and a capacity factor equal to 20-25% is between 3.466-5.350€/kW, while for PTC
plants with 4-6,5h TES cost varies between 5.501-6.782€/kW. According to IRENA the
investment cost for PTC without TES ranges between 4.144-6.028€/kW and for PTC
with TES, between 5.652-6.405€/kW. Finally, IEA estimates that the investment cost
depending on the TES and the scale, ranges between 3.165-6.330€/kW. The investment
cost of SPT plants increases as the TES and the capacity factor increases, from 4.7475.802€/kW for 6-9h storage and 41-54% capacity factor to 6.782-7.913€/kW for 12-15h
storage and capacity factor of 68-79%. LFR and PDC systems are still immature
technologies to estimate investment costs. According to IEA the overall CSP investment
cost is expected to decrease by 40-50% by 2020. This can be achieved through
development in technology, TES and learning rate and by scaling up the plant size and
the economy. Technical advances can lead to a 30% cost reduction for PTC plants, 7%
in SPT plants with larger heliostats and 20% reduction for LFR. By scaling up the size
of a 50MW PTC plant with 7.5h storage to 100MW the cost decreases by 12% and by
20% if it scales up to 200MW (IEA-ETSAP and IRENA, 2013). Another report
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indicates that, the solar field cost is estimated to decrease from 360€/m 2 in 2005 to
144€/m2 by 2030 and 120€/m2 by 2050 and the power block cost from 1.200 €/kW in
2005 to 1.006€/kW by 2030 and 971€/kW by 2050. The total investment cost is
expected to decrease even more rapidly for CSP plants with higher full load hours.
Hence, a CSP plant with low values of full load hours in the range of 1.000-3.000h/y,
the total cost of the investment is predicted to diminish from approximately 3.500€/kW
in 2005 to 1.800€/kW by 2050 (~49%), whereas the total investment cost of a CSP
plant with full load hours in the range of 5.000-9.000h/y is expected to decrease from
approximately 11.000€/kW in 2005 to 4.200€/kW by 2050 (~62%) (Trieb, et al., 2009).
Regarding operation and maintenance costs (O&M), it is estimated that the
O&M costs of CSP are relatively low, approximately 0,03€/kWh for the SEGS plant,
and can decrease more than 30% in modern CSP plants. Recent PTC plants in USA
have O&M costs in the range of 0,015-0,026€/kWh, while other PTC plants in South
Africa have O&M costs in the range of 0.022-0.027€/kWh. In general the O&M costs
for recent CSP plants range between 0,015-0,026€/kWh. Automation and other
technological advances can lead to a cost reduction potential of O&M costs by 35% for
PTC plants and by 23% for SPT plants by 2050 (IRENA, 2012).
Finally, another essential parameter in such investments is the levelized cost of
electricity (IEA-ETSAP and IRENA, 2013). The cost of energy produced from CSP
ranges between 10-30€ct/kWh and it is mainly dependent on the size of the plant, the
plant configuration, the solar resource of the site (DNI), the cost of the installation in the
specific site, the expenses for the maintenance and finally on other external economic
factors such as the interest rate and the incentives provided. The CSP cost of electricity
can be highly competitive, especially when the cost of the plant and the components is
decreased or the fossil fuel prices increase and even more if the avoided costs from CO2
avoided emissions (external costs) are taken into consideration. Depending upon the
DNI of the location, the LCOE of PTC plants in Europe varies between 17-23€ct/kWh.
In MENA region and US where the DNI present is higher, the cost of electricity can
drop even 20-30% lower. According to forecasts, in European countries such as Spain
where the LCOE ranges between 17-23€ct/kWh and the FiT that these investments
receive is 27€ct/kWh, the LCOE can be reduced to 6-10€ct/kWh by 2025 and the FiT
should be over than 10€ct/kWh (these forecasts estimate a 12GW capacity globally by
2015 and 60GW by 2025) (UNDP, 2012). Based on the three scenarios (an optimistic-
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realistic, a very optimistic and a pessimistic one) of development, the LCOE will range
between 4,2-5,7ct/kWhel by 2050 if the electricity is generated in Spain and between
4,3-5,5ct/kWhel if the electricity is generated in Algeria (MENA region) and is imported
to Europe, including transmission costs. In both cases the hybrid operation of the CSP
plants is required only until 2020 (Viebahn, et al., 2011). Assuming a 10% interest rate,
in 2011 the LCOE of PTC plant without TES was 22,6-26,3€ct/kWh with a reduction
potential to 19,6-25,6€ct/kWh by 2015. The LCOE of PTC plant with 6h TES in 2011
was 158-264€/MWh with reduction potential to 15,8-27,9€ct/kWh. The LCOE for SPT
plants with 6-7,5h TES in 2011 was 16,6-21,1€ct/kWh

and by 2015 it could be

decreased to 12,8-18,1€ct/kWh. Sensitivity of LCOE to DNI indicates 4,5% reduction
for every 100kWh/m2y added above 2000-2100kWh/m2y in 2011 (IEA-ETSAP and
IRENA, 2013). The electricity cost for areas with DNI of 2000kWh/m2/y is expected to
drop 60% of its maximum value from 2005 to 2050, while for areas with
2800kWh/m2/y of DNI a 45% decrease of its maximum value is expected (Trieb, et al.,
2009). Finally, a 18-22% reduction in investment cost, a 21-33% in economy scale and
10-15% in capacity factor and technical development by 2020-2030 can lead to 40-55%
lower LCOE (IEA-ETSAP and IRENA, 2013).

2.9 Potential implementation in Mediterranean
countries
CSP technology is a feasible and exceptionally promising technology with a
rapid deployment in many emerging and developed countries, due to its flexibility and
dispatchability, especially when it is integrated with a TES. Arid or desert areas, such as
MENA region (Middle Eastern and North African) are suitable for CSP technology
implementation due to their high amount of direct normal irradiance (DNI) (Liqreina &
Qoaider, 2014). However, such technology is not yet widely implemented in MENA,
due to main barriers such as their high initial investment cost and the misplaced
economic approach of the MENA electricity sector, that remains inert regarding
readjustments in electricity tariffs provided, even if in some cases losses occur.
However, this deportment is considered to be risky, hence many countries in MENA
region recently showed interest in CSP technology. MENA countries need sustainable
energy systems, that are reliable, socio-environmentally neutral and secure the supply of
energy. However, due to legislations in order that force the public power utilities to
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provide cheap electricity, the implementation of renewable systems seems inappropriate
and MENA economies are dependent to a great extend on oil imports or exports and
consumption and proved to be extremely sensitive to oil prices fluctuations. Subsidizing
fossil fuels on one hand can lead to lower prices for consumers but surcharges for the
country and the tax payers. CSP technology can provide many economic benefits to the
country such as security of energy supply, contribution in economic development by
boosting the local industry, the human labor and the penetration of national supply,
stability in oil price shocks, fuel savings, diminution of subsidies and lower impact on
environment. Opposed to the great advantages, CSP introduction faces some barriers,
such as the high initial investment derived mainly by the solar field and the TES
systems, that results in enlarged finance and insurance requirements, the fuel price
volatility, since MENA countries are sensitive to oil price fluctuations and the
electricity price volatility, resulting in incapability to estimate the revenues in an open
market. If the electricity price can be affected by the other power utilities, this can affect
the CSP credibility of producing constant revenues. This makes the CSP potential
investors hesitate before introducing the new technology, that requires high and fixed
capital cost. In contrary, a great advantage of CSP is the stability in prices of electricity
mix that can provide throughout the lifetime of the project, since the LCOE of CSP is
almost totally independent on external factors, even in the case of hybridization.. Thus,
it seems imperative to establish a tariff system in MENA region that will balance the
capacities added based on the electricity demand of each country and the energy-mix
planning. An introduction of the CSP technology in a profitable way is essential.
However a CSP subsidy in MENA is not absolutely necessary. In order to attract
reluctant CSP investors to take the risk of financing in such extravagant and solvent
project, a long term PPA could be implemented to defray the investment and operation
costs and assure decent returns for the investors. A PPA should come along with a
national and an international institution guarantee to minimize risks. PPAs together with
lower interest rates guarantees for CSP and can result in reduction of LCOE. The tariff
paid upon PPA can decline if interests have been paid to banks. According to a research
made, for 4 different strategies for a reference country in MENA region, one without
CSP, one with CSP, one with peak CSP replacing step-by-step peak, medium and
finally base load plants once development has been made, and one with subsidies for
CSP equal to subsidies for conventional power, the most beneficial strategy in the third
one. Avoided costs and security of energy supply in addition to sustainable, domestic,
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reliable and cheap energy can trigger high tariffs for CSP technology. CSP could be
considered a least cost option and with state of the art technology once implemented, it
could achieve 60-70% solar share in the three load segments, lowering fuel
consumption by 69% and conventional power plant capacity by 65% (Trieb, et al.,
2011).
More particularly, an economic feasibility study of an ISCCS project in Egypt
was made, granted from the global environment facility (GEF) of the World Bank. The
economic analysis made, aimed at calculating the incremental costs to estimate the
amount and the nature of the grant so that the project will be eligible and assessing the
cost efficiency and global environmental benefits, in terms of avoided costs per ton of
CO2 avoided of the project compared to a conventional CC plant. To calculate the
incremental cost, the cost of a "baseline" conventional 80MW rated gas turbine and
47MW rated steam turbine capacity CC power plant was subtracted from the cost of an
"alternative" ISCCS plant with the same power. The two alternatives investigated, were
an ISCCS with a 90MWth PTC solar field and an ISCCS with a 80MWth SPT with
volumetric air receiver and heliostat field, both with rated capacity of 127MW and
bottom firing operation during evening peak hours to meet the load demand. The results
indicated that both ISCCS with SPT and PTC systems are attractive and have similar
LEC and incremental costs. The LCOE for both alternatives was 2,33€ct/kWh and
comparable to the LCOE of conventional plants that range between 2,26-3€ct/kWh.
Also, by implementing an ISCCS over 600.000 tons of CO2 could be avoided during the
lifetime of the project, compared to the emissions of a conventional CC plant and the
incremental costs related to the avoided CO2 emissions are 59,38€/ton and 61€/ton for
the ISCCS with PTC and SPT respectively. Hence, regarding the global environmental
benefits, a grant of 37,68million€ can be provided from the GEF. The grant can scale
down the cost of the ISCCS and the LEC down to a value similar to the conventional
CC plant, thus the ISCCS can be considered as an environmental and economical
beneficial option for Egypt (Horn, et al., 2004).
Additionally, another feasibility study regarding the CSP implementation in
Turkey was made. As the energy demand in Turkey outreached the supply, Turkey,
grounded mainly on coal and lignite, started constructing power plants. Power
generation is intimately related to coal exploitation in the present and probably to gas in
the future, both classified as fossil fuels and contributing in serious environmental and
health problems. Moreover, the limited gas reservoirs in the country are insufficient,
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thus the import dependency of the country will grow, leading to a more volatile and
sensitive to international energy prices economy. Hence, Turkey has to shift towards
renewable resources such as CSP, which is a sustainable, promising and environmentalfriendly alternative. The main concerns of the CSP implementation in Turkey are the
solar potential (DNI), which is abundant in Turkish area and fosters to a great extend
such technologies mainly in areas with values of DNI above 1800kWh/ m2a, such as
Adana region in southern and southeastern Turkey, and the land area since CSP plants
require a lot of area for sitting with approximately 20,234m2 /MW of power produced
needed. The available land area is sufficient enough to locate any CSP project, even
SPTs which are the most demanding systems regarding land area. Finally, there are
some other parameters that should be taken under consideration, such as the slope of the
surface, water requirements, vicinity to transmission lines and already installed natural
gas pipes in case of hybridization. A slope lower than 1% is mostly suitable, while for
higher slopes the electricity cost scales up. Regarding water consumption, CSP plants
require water during many procedures, such as for the operation of the steam cycle and
mainly for the wet cooling system. Thus, water availability is essential for the specific
technology. Turkish government and the Ministry of Energy and Natural Resources
have shown special interest in promoting CSP research and development, in order to
overcome the technological and economical barriers, and introduce this technology to
the country so that to achieve the energy policy goals, which aims at a 20% share of
renewable resources in energy portfolio by 2020 and 30% by 2050. Thus, extra effort
and appropriate strategies should be applied to support this innovative technology
(Kaygusuz, 2011).
Regarding Serbia, Serbia has a very good solar potential and a relatively low
proportion of diffuse radiation compared to global, with an average of 1400kWh/m2a
solar irradiation, almost 30% higher than the solar irradiation of Middle Europe.
Highest values of irradiance are presented in the southeastern part of the country,
mainly in July. Although the Ministry of Science in Serbia has shown interest in
renewable sources research through National programs, the application of such
technologies is cumbered by the absence of incentives. The main barriers of the
renewable energy exploitation in Serbia are lack of incentives, such as priority to
renewable energy producers to supply the grid and non-beneficial electricity prices, lack
of technical knowledge to exploit renewable sources, lack of legislations to support and
boost the development of renewable technologies and the Law in order, regarding
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public companies and interest activities. Serbia aims at developing the renewable
energy sector in the country by increasing the production efficiency, diminishing GHG
emissions and fuel import dependence and finally boost the relevant industry through
energy policy planning, subsidies and tax incentives. In order to support such
investments, a financial incentive scheme should be applied, for higher purchased
energy price, such as FiT. Although Serbia has a great solar potential, required for the
implementation of CSP technology, and a lot of land available, in regions such as
Vojvodina, it has no future prospects on investing in CSP technology yet. However, the
utilization of CSP plants can be accomplished, if the numerous benefits of this
technology in electricity sector are widely known (Pavlović, et al., 2012).
In order to investigate the economic feasibility of CSP in Jordan, a study of a
50MW prototype CSP plant without storage and BS in Quweira was carried out. With
DNI values over 2000kWh/m2/year in the whole country, Jordan has a great solar
potential, mainly at its southern part. In Quweira, solar energy potential is more than
800GWh/year. Due to water shortages a dry cooling option was preferred for the CSP
plant which lowered the overall production to 117GWh and increased the investment
cost from 3,67million€4 to 12,15million€, compared to wet cooling. CSP electricity
supply can meet the demand of Jordan, since the peak in production occurs during
summer where demand also peaks. The LEC for 4 different loan cases was analyzed, in
the first case inputs similar with current market were used, in the second case, ceteris
paribus, the interest rate reduced from 6% to 3%, in the third case the 20-year
depreciation time scaled up to 30 years, and in the final case a 10-year grace period
applied. Based on results the LEC for the 4th case had the minimum value,
approximately 13,5€ct/kWh and is estimated to drop to 5€ct/kWh after CSP technology
becomes mature enough in the market, consisting a competitive alternative to fossil-fuel
derived cost of electricity. A comparison between LEC and annual output indicates that
for high amounts of radiation CSP systems dominate PV systems. In order to promote
the CSP technology the Global Market Initiative (GMI) proposed to the interested
countries, included Jordan, three policy strategies. The first one is to provide support
regulations, such as FiTs and apply renewable portfolio standards (RPS). The second
one points up that policy planning should not be inconsistent with potential investors

4

For comparison reasons, we will convert the JOD values to Euro values throughout the whole
dissertation with an exchange rate EUR/JOD=0,79 equal to the annual average exchange rate of 2010.
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and the third one is to give out financial incentives, such as tax credits and loan
guarantees (Al-Soud & Hrayshat, 2009).
Finally, another feasibility study concerning CSP technology introduction and
particularly the SPT configuration in Cyprus and Greece was made. Greece and Cyprus
have exceptionally high solar potential and constitute a suitable background for the
implementation of such technology systems. With over than 4.200KWh/m2day and 195
× 106 GWh/a solar potential, the economic potential of SPT plants in Greece is
estimated to be more than 4.000GWh, whereas Cyprus DNI potential exceeds
1800kWh/m2a, thus its economic potential is estimated to be 20.000GWh. Except for
electricity production purposes, SPT systems can also be used for desalination purposes,
especially in such areas. Ideal locations for Greece and Cyprus are the south Continental
Greece and the islands of Crete and Rhodos and for Cyprus the center of the island and
the cities of Larnaka, Lemesos, Akrotiri and the east coast. According to estimates
based on experience gained in respective plants in Europe, the cost of electricity
production will gradually decrease lower than 10€ct/kWh and by 2020 the cost will be
5€ct/kWh. The advantages the SPT plant can yield to Greece and Cyprus are numerous,
such as high amount, secure and stabilized production of electricity, even for remote
areas such as islands, especially when integrated with a TES and a BS system, reduction
in greenhouse gas emissions, cost saving capability, negligible influence regarding land
transformation and environment impact and sitting in inclined surfaces (Alexopoulos &
Hoffschmidt, 2010). A study made regarding the implementation of an SPT plant in
Cyprus, indicated that Cyprus can introduce these systems with an installed capacity up
to 25MW by 2015, a 20-year power purchase agreement and a FiT equal to 0,26€/kWh.
According to the results, as the plant size and the operating hours increase (in case of
more than 5h/day operation a TES is needed) the power output and the land
requirements increase. For an investment cost of 2.000€/kW and a land price of
1,5€/m2year, based on the forenamed FiT, profit will occur, while for the same land
price and FiT but with a capital investment of 4.000€/kW loss would occur. Trading of
the CO2 emissions avoided adds an extra profit to the PTC plant, estimated at
approximately 2,4€ct/kWh for a trading price of 30€/t. On the other hand, every
1€/m2year added on the value of land corresponds to a 1,43€ct/kWh increase in cost of
electricity. Finally, the plant size, the investment cost and the hours of operation affect
to a great extent the viability of the plant (Poullikkas, 2009).
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3 Investments and their
development
In this chapter various case studies in Mediterranean region but also in other regions,
such as the US where CSP technology is mature enough and data are available, will be
presented and analyzed. The purpose of this investigation is to present the various CSP
projects existing or planned mainly in Mediterranean region, so as to overview the CSP
market in Mediterranean region, the CSP potential in each country and evaluate
essential factors such as the CSP power capacity as a function of the solar potential, the
energy produced, the cost of investment and its reliance on various parameters, the
policy planning and other parameters, such as the land requirements. Finally, the
potential environmental and socio-economic impact for various cases will be presented.

3.1 Selection and analysis of various case studies
At the beginning of this chapter, the data of some typical commercial CSP plants
were thought of being worth mentioning in order to notice and draw remarkable
information regarding the site and the solar resource, the plant capacity, the energy
produced, the investment cost, the various financing schemes and the land requirements
for the 3 currently most developed configurations (PTC, SPT and LFR). Initially, the
data of 5 SPT plants in Spain and the US are provided in

Table 2: Data of typical SPT plants in Spain, US, while the data for 5 PTC projects in
Spain, the US and Italy are given in Table 3: Data of typical PTC plants in Spain, US
and Italy. Finally, in Table 4: Data for typical LFR plants in US and Spain data for
typical LFR plants in Spain and the US are given.
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Table 2: Data of typical SPT plants in Spain, US5
Name

PS20

PS10

Gemasolar

Sierra
SunTower

ISEGS

Technology

SPT

SPT

SPT

SPT

SPT

Country
Solar Resource
(kWh/m²/yr)

Spain

Spain

Spain

US

US

2.012

2.012

2.172

2.629

2.717

Start production

April
22,2009

June 25, 2007

April 2011

July 2009

January 2014

Capital cost (m€)

80

35

230

N/A

1,66

Capacity Gross (MW)

20

11,02

19,9

5

392

48.000

23.400

110.000

N/A

1.079.232

45

45

N/A

60

160

Backup System

Natural gas

Natural gas

Natural gas

N/A

Natural gas

Cooling System

Wet cooling

Wet cooling

Wet cooling

Wet cooling

Dry cooling

Storage type

Saturated
steam

Saturated steam

2-tank direct

None

None

Electricity Generation
(MWh/yr)
Power cycle pressure
(bar)

Storage Capacity (h)

1

0,5

15

0

0

Land area (hectares)

80

55

195

8

1.416

Solar Field aperture area
(m²)

150.000

75.000

304.750

27.670

2.600.000

# of Heliostats

1.255

624

2.650

24.360

173.500

Heliostat Aperture Area
(m²)

120

120

120

1,136

15

Tower Height (m)

165

115

140

55

137

Heat-Transfer Fluid
Type

Water

Water

Molten salts

Water

Water

Receiver Outlet Temp
(°C)

250 - 300

251 - 300

565

440

565,5

PPA/Tariff Information

Total Price =
Pool + Tar.
Rate

Total Price = Pool
+ Tar. Rate

FiT

N/A

PPA Unit 2
for 20 yrs.
PPA Units 1
& 3 for 25
yrs.

Incentives (m€)

1,9 from
Andalusian
Regional
Government

1,2-Andalusian
Regional
Government, 5European
Commission under
FP5

110-European
Investment Bank,
73-equity, 16,14ICO, 16,14-Banesto,
16,14-Banco
Popular

Expected 30%
Federal
Investment
Tax Credit
(ITC, 5-year
MACRS)

1.400-federal
loan
guarantees,
148-Google,
266-NRG
Energy

(to be continued)

5

The data for this table are extracted from caste studies conducted at CleanEnergy|ACTION PROJECT
(see at http://www.cleanenergyactionproject.com/CleanEnergyActionProject/Solar_CSP___Concentrating_Solar_Power_Case_Studies.html),
from geospatialworld (see at http://geospatialworld.net/magazine/MArticleView.aspx?aid=22686),
from NREL (see at http://www.nrel.gov/csp/solarpaces/by_project.cfm) and
from cspworld (see at http://www.cspworld.org/cspworldmap)
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Table 2(continued)
PPA/Tariff Rate
(€ct/kWh)

27,1188

27

27

N/A

N/A

PPA/Tariff Period (yr)

25

25

25

N/A

25

Tons of CO2 emissions
avoided/yr

12.000

6.000

30.000

7.000

400.000

Table 3: Data of typical PTC plants in Spain, US and Italy6
Name

Solnova 1/3/4

Andasol 1/2/3

Extresol 1

MNGSEC

Archimede

Technology

PTC

PTC

PTC

PTC

PTC

Country
Solar Resource
(kWh/m²/yr)

Spain

Spain

Spain

US

Italy

2.012

2.136

2.168

2.026

1.936

November 26, 2008/
June 1, 2009/
August 2011

January
1,2010

Decembe
r, 2010

July 14,
2010

300 m€/300
m€/315m€

~360 m€

359 m€

n/a

Start Production

Capital cost

January 1,
2009/January 1,
2009/ January 1
2010
202,8 m€/197,1
m€/185,6m€ (as of
December 2014)

Capacity Gross (MW)

150 in total

150 total

50

75

5

Electricity Generation
(MWh/yr)
Power cycle pressure
(bar)

340.560 in total
(113.520 each)

170.000/
170.000/175.000

158.000

155.000

9.200

100

100

100

n/a

93,83

Natural
gas
Wet
cooling

Backup System

Natural gas

Natural gas

Natural gas

Cooling System

Wet cooling

Wet cooling

Wet cooling

Storage type

None

2-tank indirect
(molten salts)

2-tank indirect
(molten salts)

None

2-tank direct
(molten
salts)

Storage Capacity (h)

0

7,5

7,5

0

8

Land area (hectares)

115 each

200 each

200

202

8

Solar Field aperture
area (m²)

300.000 each

510.120 each

510.120

464.908

31.860

Assemblies (SCAs)

360

624

624

1.136

54

# of SCAs per Loop
SCA Aperture Area
(m²)

4

4

4

8

9

833

817

817

n/a

590

150

144/144/150

144

72

100

Thermal oil
(Therminol VP-1)

Downtherm A/
Downtherm A/
Thermal Oil

Diphenyl/Biphe
nyl oxide

Downther
mA

Molten salts

Solar-Field Outlet
Temp (°C)

393

393

393

n/a

550

PPA/Tariff Information

Total Price = Pool +
Tariff Rate

FiT

FiT

n/a

n/a

27,1188

27

27

n/a

n/a

25

25

25

n/a

n/a

94.200 in total

450.000 in total

14.520

91.667

3.250

SCA Length (m)
Heat-Transfer Fluid
Type

PPA/Tariff Rate
(€ct/kWh)
PPA/Tariff Period (yr)
Tons of CO2
emissions avoided/yr

6

Natural gas
Wet cooling

The data for this table are taken from case studies conducted at CleanEnergy|ACTION PROJECT (see at
from NREL (see at
http://www.nrel.gov/csp/solarpaces/by_project.cfm),
from
cspworld
(see
at
http://www.cspworld.org/cspworldmap) and from ENEL (see at https://www.enel.com/en-gb/media-press-releases/Pages/at-priolo-enelinaugurates-the-archimede-power-plant.aspx?SD=20050413&ED=20151013&SC=Solar%20power&PG=7)
and
(https://www.dep.state.fl.us/air/publication/powergen/2009/Foster%20FPL%20-%20Solar.ppt)
http://www.cleanenergyactionproject.com/CleanEnergyActionProject/Solar_CSP___Concentrating_Solar_Power_Case_Studies.html ),
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Table 4: Data for typical LFR plants in US and Spain7
Name

Kimberlina
Solar Thermal
Power Plant

Puerto Errado 1
Thermosolar Power

Puerto Errado 2
Thermosolar Power

Technology

LFR

LFR

LFR

Country

USA

Spain

Spain

Solar Resource
(kWh/m²/yr)

2.059

2.100

2.095

Start Production

October 2008

March 19, 2009

March 31, 2012

Capital cost

11,3 m€

n/a

175 m€

Capacity Gross (MW)

5

1,4

30

Electricity Generation
(MWh/yr)

n/a

2.000

49.000

Power cycle pressure
(bar)

40

55

55

Backup System

Natural gas

no

no

Cooling System

n/a

Dry cooling

Dry cooling

Storage type

None

Single-tank thermocline

Single-tank thermocline

Storage Capacity (h)

0

0,5

0,5

Land area (hectares)

4

5

70

# of Lines:

3

2

28

Line Length:

385 m

806

940

Heat-Transfer Fluid
Type

Water

Water

Water

Solar-Field Outlet Temp
(°C)

300

270

270

PPA/Tariff Information

n/a

Tariff rate is 21.5495
Euro cents per kWh
beyond 25 years

Tariff rate is 21.5495
Euro cents per kWh
beyond 25 years

PPA/Tariff Rate
(€ct/kWh)

n/a

26,9375

26,8717

PPA/Tariff Period (yr)

n/a

25

25

Tons of CO2 emissions
avoided/yr

n/a

n/a

16.000

Some remarkable information that can be extracted from the forenamed data is the
correlation between the solar resource and the energy production and the impact of a
TES system integration in the energy output and the cost of investment as in the case of
7

The data for this table are taken from case studies conducted at CleanEnergy|ACTION PROJECT (see at
http://www.cleanenergyactionproject.com/CleanEnergyActionProject/Solar_CSP___Concentrating_Solar
_Power_Case_Studies.html), from NREL (see at http://www.nrel.gov/csp/solarpaces/by_project.cfm),
from cspworld (see at http://www.cspworld.org/cspworldmap) and swissolar (see at
http://www.swissolar.ch/fileadmin/user_upload/Tagungen/PV-Tagung_14/P34_Muntwyler.pdf)
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Andasol and Solnova plant. Another essential point is the increase of the energy
production and the cost of investment, for similar configuration plants and conditions,
as the gross capacity increases. The investment cost is highly dependent on the size of
the plant (capacity), the solar irradiance, the existing infrastructures, the existing grid
and the various expenses made for development. 80% of the total investment cost is
attributed to the construction of the project and the debt pay-off (SolarServer, 2009).
However other factors, such as the TES system, should be taken into consideration.
Finally, it is obvious that the land requirements of the plant are affected to a great
magnitude by the plant configuration, the size of the plant, the solar irradiance and the
presence of a TES system. For example if we compare two similar technologies, the
PS10 and PS20 SPT plants, we can notice that for almost similar conditions but with an
almost doubled electricity generation and capacity of PS20 compared to PS10 the land
requirements increase from 55 hectares for PS10 to 80 hectares for PS20.
Over the past decade, a rapid increase of the CSP implementation occurred. In
2010, the CSP installed capacity worldwide was 1,2GW and projects with 3GW
additional power capacity were under construction. This indicates a growing interest in
the sector (UNDP, 2012). A most recent report states that the global installed capacity is
4,7GW in 2015 and it is predicted to reach 5GW by the end of the year. In 2016 the
CSP capacity is predicted to stabilize because of the national energy policies that are
uncertain and the lower prices in the PV sector. However, in 2017 1,2GW of installed
capacity will be added and in 2018 an even higher growth is expected due to large
projects planned in Tunisia, Egypt and Kuwait (Hashem, 2015). According to IEA, the
installed capacity globally in 2030 will range between 10-250GW based on different
scenarios, while on the other hand Greenpeace estimates a 2GW installed capacity by
2010, 8GW by 2020 and 12GW by 2030 for a reference scenario, 5GW by 2010, 83GW
by 2020 and 199GW installed capacity globally based on a revolutionary scenario and
finally 5GW by 2010, 100GW by 2020 and 315GW by 2030 based on an advanced
scenario (UNDP, 2012). Another recent scenario estimates that the CSP installed
capacity worldwide will grow from 4,7GW in 2015 to 10GW by 2025 based on a
pessimistic scenario, 15GW by 2025 based on a conservative scenario and 22GW based
on an optimistic scenario (Hashem, 2015). Regarding power supply in the future, based
on an optimistic scenario approximately 7% of the power globally will be derived from
CSP by 2030 and 25% by 2050. According to a more realistic scenario by Solar Paces,
ESTELA and Greenpeace the proportion of power derived by CSP globally will be 3-42-

3,6% by 2030 and 8-11,8% by 2050. In general, it is predicted an annual growth of CSP
in the range of 17-27% for the following 5 to 10 years (SolarServer, 2009). Several case
studies for the CSP implementation have been made both for the Mediterranean and the
US region, where this technology has high technical and economic potential.
The solar energy industry is highly developed in the USA. In US CSP projects
with 4.500MW capacity are granted with power purchase agreements (PPA) concerning
the energy they produce and consume between 2010 and 2014 (UNDP, 2012). At the
end of 2013 the installed capacity of solar systems was accounting for 13GW in total,
15 times higher than the respective capacity of 2008. This amount is capable of
providing electricity to more than 2million American houses. The US Department of
Energy (DOE) has supported such investments to a great magnitude with programs,
such as the Sunshot Initiative that was issued in 2011 in order to make solar energy
more cost competitive, and with loan guarantees, through the Loan Programs Office
(LPO) aiming at boosting the introduction of innovative technologies such as CSP
systems. The solar industry in the US has created more than 143.000 jobs. In 2013,
some of the most developed and innovative CSP plants worldwide, connected to the
electricity grid of US and they were expected to become operational at the end of 2014.
The largest CSP plant globally and a CSP plant that integrates a pioneer TES system lie
among those plants. 5 CSP systems were subjected as a case study. Solana (Abengoa
Solar, Inc.) is a 250MW capacity PTC plant with a 6h capacity TES system (molten
salts), located in Arizona. It started operating in October 2013 and is capable of
providing power to more than 97.000 houses, customers of Arizona Public Service.
Regarding the financing of the investment, Solana plant was granted a loan guarantee of
1,06billion€ from the LPO and leveraged 1,5billion€ in the total investment. Genesis
Solar (NextEra Energy Sources, LLC) is a 250MW PTC plant located in California. It
started operating in April 2014 and it is estimated to produce approximately 700GWh of
electricity annually. It supplies energy to more than 60.000 houses and was granted with
a 642million€ partial loan and leveraged 0,9billion€. Mojave SolarOne (Abengoa Solar,
Inc.) is a 250MW power capacity PTC plant located in California and is estimated to
become operational by the end of 2014. Mojave Solar plant will supply over 60.000
houses with electricity. Regarding the financing of the project, a 0,9billion€ loan
guarantee was issued and the project leveraged 1,28billion€ in total. Ivanpah Solar
Electrcic Generating System (NRG Energy, Inc.) which started operating in February
2014, is a SPT plant in California, with 392MW capacity. The project is serving more
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than 100.000 houses and was granted with 3 loan guarantees from the LPO, amounting
for a total of 1,2billion€ and leveraged 1,66billion€. Moreover, it received a
642million€ partial loan and leveraged 0,9billion€. Crescent Dunes (SolarReserve,
LLC) is a 110MW capacity CSP plant with TES system. It started operating in
December 2014 and is estimated that over 43.000 houses are supplied by Crescent
Dunes plant. For the financing of the project, a 555,4million€ loan guarantee was
received and it leveraged 0,75billion€ in total investment (DOE, 2014). The main
characteristics of these projects are presented in Table 5: CSP projects in USA.
Table 5: CSP projects in USA (DOE, 2014)
Genesis
Solana
Name

(Abengoa
Solar, Inc.)

Solar
(NextEra
Energy
Sources,

Mojave SolarOne
(Abengoa Solar,
Inc.)

Crescent
Ivanpah (NRG

Dunes

Energy, Inc.)

(SolarReserv
e, LLC)

LLC)
Location

Arizona

California

California

California

Nevada

PTC

PTC

SPT

SPT with TES

PTC with 6h
Technology

TES (molten
salts)

Land use

1.920 (776

1.800 (728

1.765 (714

3.500 (1.416

1.600 (647

(acres)

hectares)

hectares)

hectares)

hectares)

hectares)

250

250

250

392

110

April 2014

end of 2014

February 2014

Pacific Gas

Pacific Gas &

& Electric

Electric

Capacity
(MW)
Start date

October
2013
Arizona

Customer

Public
Service

Employment

Houses
supplied

California Edison

800

construction

construction

830 construction

1.000 construction

and 60O&M

and 50 O&M

and 70 O&M jobs

and 80 O&M jobs

jobs

jobs

97.000

60.000

60.000

100.000

loan

642million€

0,9billion€ loan

guarantees and

guarantee

partial loan

guarantee

642million€ partial

from LPO
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Electric/Southern

1.700

1,1 billion€
Financing

Pacific Gas &

1,2billion€ loan

loan

December
2014
Nevada
Energy

600
construction
jobs

43.000

555,4million€
loan
guarantee

Even though the US are estimated to have the highest CSP installed capacity globally
with approximately 17,7GW, they have such energy reserves and other renewable
potentials that the necessity of CSP systems in the medium term is quite small. Five
CSP plants of a 373,5MW total capacity are expected to become operational in the near
future (Hashem, 2015).
Regarding the CSP technology introduction in Mediterranean region several
case studies have been carried out. In Europe, Spain is a leader country in CSP
implementation. With a solar irradiance of 2.250kWh/m2/y, more than 1.500MW of
CSP capacity have been planned. The FiT in 2008 was 27€ct/kWh for up to 50MW CSP
for a period of 25 years. Italy with a solar irradiance of 2.000kWh/m2/y had planned
40MW of CSP capacity. The FiT provided in 2008 was 28€ct/kWh. Italy has high price
of electricity (retail price) compared to the other countries in Europe since 85% of the
energy demanded is derived through imports. In Greece 50MW of CSP capacity were
planned. The FiT provided for mainland in 2008 was 23€ct/kWh and for the
interconnected islands was 25€ct/kWh. Portugal had 6,5MW of CSP capacity planned.
The solar irradiance is 2.100kWh/m2/y. The FiT given for CSP plants up to 10MW was
27€ct/kWh and for CSP capacity above 10MW 16-20€ct/kWh (Salazar, 2008). MENA
region consists an extraordinary suitable location for CSP plants, since it is mainly
consisted by dry desert flatland. The CSP installed capacity in MENA is estimated to
reach 6,8GW by 2020. In the future, MENA has a potential contribution share of 30%
in the total amount of CSP capacity worldwide (SolarServer, 2009). However, the high
capital cost of the CSP systems stands as a barrier to their deployment. In order for CSP
to become cost effective, economic incentives and concession of finance should be
applied, similarly to those from World Bank and Africa Development Bank (AfDB)
through the CTF MENA CSP scale-up Investment Plant (MENA CSP IP) which aims to
support CSP projects in many countries such as Algeria (Megahir 80MW, Naama
70MW and Hassi R'mel I 70MW), Egypt (Komo Ombo 100MW), Jordan (Ma'an
100MW, Mashereq CSP transmission), Morocco (Quarzazate 500MW) and Tunisia
(IPP-CSP 100MW, ELMED-CSP 100+MW, STEG-CSP 50MW, Tunisia-Italy
transmission). In other countries such as Egypt, Morocco and Mexico several ISCC
plants have accredited for operation (UNDP, 2012). In order to investigate the CSP
potential and necessity in various countries of Mediterranean region, a study was made.
The results of this study are presented in

Table 6: CSP potential in various

Mediterranean countries . According to the MED-CSP study, the solar potential of
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MENA region is to a great extend higher than the rest of the renewable potentials and
even higher than the world electricity demand. In order to project the demand for
electricity and water (the demand for water stands for the demand for desalinated water
through a desalination process), the MED-CSP scenario estimates that in 2050 the
income per capita in most MENA countries will have reached the same levels of central
Europe income per capita and this projection takes into account the technological
development of the power generation plants and the increase in efficiency that will
constitute to a smaller growth rate of electricity demand in the future. The total
electricity demand of the investigated countries in EU-MENA region tripled from
500TWh/y in 1980 to 1500TWh/y in 2000, which denotes a 50TWh/y growth rate. The
study assumes a similar growth rate of 52TWh/y in gross electricity demand for the next
fifty years until 2050. The total water demand in these countries is expected to rise from
300billionm3/y in 2000 to 550billionm3/y in 2050. More scrupulously, in North Africa
the water demand will increase from 100billionm3/y in 2000 to 200billionm3/y in 2050,
in Western Asia the water demand will increase from 175billionm3/y in 2000 to
275billionm3/y in 2050 and in Arabian Peninsula the water demand is expected to grow
from 30billionm3/y in 2000 to 65billionm3/y in 2050. Regarding energy security
aspects, the study estimates that in Mediterranean in 2050 about 200-300TWh/y will be
derived from wind, hydro, biomass, pv and geothermal systems, a relatively small
amount compared to the amount derived from solar thermal power plants that is
estimated to be around 2.200TWh/y. Although this solar derived amount accounts only
for 1% of the total resource potential in the region, it is nevertheless higher than 50% of
the total electricity demand in Mediterranean in 2050. In Europe, the major renewable
resources that will be exploited are hydro, wind and biomass and solar to a smaller
magnitude. Malta and Cyprus have small renewable resource potential due to their
unsuitable terrain. Arab countries with oil resources will remain dependent on fossil fuel
exploitation and gradually move towards solar power. The rest of the MENA countries
in North Africa, Western Asia and Arabian Peninsula are expected to take a great
interest in CSP systems and a more narrow interest in the other renewable systems
((DLR), et al., 2005).
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Table 6: CSP potential in various Mediterranean countries ((DLR), et al., 2005)

Bahrain
Cyprus
Iran
Iraq
Israel
Jordan
Kuwait
Lebanon
Oman
Qatar
Saudi
Arabia
Syria
UAE
Yemen
Algeria
Egypt
Libya
Morocco
Tunisia
Greece
Italy
Malta
Portugal
Spain
Turkey
Total

CSP Tech.
Potential
(TWh/year)8

CSP Econ.
Potential
(TWh/year)9

36
23
>
30.806
318
6.434
1.525
19
20.611
823

33
20
20.000
28.647
318
6.429
1.525
14
19.404
792

CSP Electricity
Performance Indicator
Direct Normal
Irradiance
(kWh/m²/y)10
2.050
2.200
2.200
2.000
2.400
2.700
2.100
2.000
2.200
2.000

125.260

124.560

10.777
2.078
5.143
169.440
73.656
139.600
20.151
9.815
44
88
2
436
1.646
405

10.210
1.988
5.100
168.972
73.656
139.477
20.146
9.244
4
7
2
142
1.278
131
632.099

Power
Power
Demand Demand
2000
2050
(TWh/y) (TWh/y)
5,8
3,1
≈150
31
42
7
30
9
8,5
9

6,9
4,9
≈500
257
57
50
30
25
35
5

2.500

119

305

2.200
2.200
2.200
2.700
2.800
2.700
2.600
2.400
2.000
2.000
2.000
2.200
2.250
2.000

23
36
3
23
71
19
15
10
50
299
1,8
42
213
121

166
24
383
249
631
44
235
66
56
256
2,3
51
213
425

(to be continued)

8

The technical potential defines the amount of the solar resource that can be used for power generation
by the state of the art CSP technology.
9
The term economic potential represents the renewable resource amount that together with a high
performance indicator it could render the CSP technology fully competitive in the short term.
10
The performance indicator defines an average CSP electricity yield from a typical plant in each
country.
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Table 6 (continued)

Bahrain
Cyprus
Iran
Iraq
Israel
Jordan
Kuwait
Lebanon
Oman
Qatar
Saudi Arabia
Syria
UAE
Yemen
Algeria
Egypt
Libya
Morocco
Tunisia
Greece
Italy
Malta
Portugal
Spain
Turkey
Total

Tentative
CSP 2050
(TWh/y)

Coastal Potential
(TWh/y)11

3,5
0,9
190
22
40
13
12
22
3
135
117
10
300
165
395
22
150
43
3,5
5
0,4
10
25
125

21
4,4
61
1,5
0
134
0,2
497
324
2.055
0
538
390
57
496
498
300
352
0
3
0,3
7
73
12

Water Demand
2050 (TWh/y)12

1
<1
13
2,7
3,5
2,2
<1
6
1
99
42
8
62
2,8
256
25
1,2
1
<1
1
<1
<1
3,4
<1

CSP exploitation
rate in 2050 (% of
econ. Potential)

10,6
4,5
1,7
0,7
9,1
0,6
0,9
85,7
0,1
0,4
0,1
1,1
0,5
5
0,1
0,5
0
0,7
0,5
87,5
71,4
21,1
7
2
95,4
0,3

Another case study regarding the CSP potential in Mediterranean region was the TransCSP scenario, as described in the previous section, for the interconnection of EUMENA
region for power supply and the potential socio-economic and environmental benefits
that would derive from such a concept were analyzed. Within the framework of this
study the resource potential, the power capacity and the demand growth of over 30
countries in EUMENA region were projected in a of 50 years, from 2000-2050. The
11

The coastal potential is the potential of CSP combined with desalination in each of the analyzed
countries.
12
The water demand represents the demand for desalination.
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main concept of this study is the import potential of solar electricity from MENA to
Europe through a High Voltage Direct Current (HVDC) technology which is the most
suitable grid infrastructure for long distances due to almost negligible losses (10%). As
a result, the electricity import demand of Europe would diminish by 48% in 2000 to
30% in 2050 instead of maintaining the current increasing trend and reaching 80% in
2050. Furthermore the HVDC grid with 20 lines of 5GW capacity each, would secure
the energy supply to Europe and would provide electricity generated from 7.000 full
load hours CSP plants in Africa to Europe (Trieb, et al., 2006).
A case study regarding a CSP project named Nooro I, in Southern Morocco, was
made. Morocco is a pioneer country in CSP project development in North Africa region
(Wuppertal & Germanwatch, 2015). Since any fossil fuel resources are absent the
introduction of CSP systems is essential and thus the government and the Moroccan
Agency for Solar Energy (MASEN) decided to support such investments. Currently the
domestic pipeline includes 23MW of operational CSP projects and another 510MW of
CSP are under construction in Morocco. The national target of 42% renewable energy
capacity by 2020 will contribute to the deployment of CSP in Morocco (Hashem, 2015).
A 470MW CSP plant northeast of the country is under operation since 2009
(SolarServer, 2009).The energy targets of the country are a 6GW of utility scale solar,
wind and hydro projects contributing for a proportion of 42% of installed capacity by
2020 in total. The 500MW CSP project (Noor I) near Quarzazate under the Moroccan
Solar Plan (MoSP) is a huge step towards the achievement of the sustainable energy
transition target and it is expected that the success of the specific project will determine
the introduction of new CSP projects by the neighboring countries. The first stage of the
solar complex (Noor I) organized by the Moroccan Agency for Solar Energy (MASEN)
is a 160MW PTC plant with a salt based TES and water-cooled steam cycle. Noor I is
under construction by Saudi Energy and Water company, ACWA Power and will start
operating by the end of 2015.The second stage is the construction of a 200MW PTC.
The third stage is a 150MW SPT plant with dry cooling and 7h storage capacity.
Finally, the fourth stage is a 50-70MW PV. As soon as the third stage has been
completed, the Noor solar complex will be one of the largest CSP plants worldwide.
Noor solar complex aims at providing technological and regional socio-economic
development (Wuppertal & Germanwatch, 2015). As for the potential CSP local
industry development in Morocco according to another case study, an ISCC plant was
constructed by Abener and Abengoa Solar with a 470MW total capacity, a solar field
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area of 180.000m2 and thermal power output from the solar field equal to 20MW. The
various components and the equipment are imported from Europe and the civil works
are carried through international firms. It was observed that there was no significant
advantage to supply local components and the international suppliers was thought to be
a less risky option. Thus, CSP project in Morocco are expected to be supplied by
international companies in the future (Gazzo, et al., 2011).
Algeria, is the first country among the OECD countries to introduce a feed-inlaw concerning the generated power that would guarantee the power purchase from
ISCC plants with over 20% proportion of solar generation and tariff doubled than
regular. In 2009, one solar thermal plant was under construction and two ISCC, of
400MW and 70MW capacity, would be completed by 2010 and 2015 respectively
(SolarServer, 2009). Currently, an ISCC plant is constructed in Hassi R'mel in Algeria
by Abener, Neal, Sonatrach and Cofides which hold the shares of the project. The plant
has a 25MW solar field, with a total solar field area of 183.860m2 That will provide heat
to a 150MW combined cycle. The plant integrates a dry cooling system and the total
cost of the investment was 315million€. The components and the equipment were
imported at a proportion of 90% and there was no local manufacturing. In general, the
local share in the specific project is exceptionally low and the local industry has
relatively low potential on manufacturing process (Gazzo, et al., 2011). The main target
of the country is a 10% of the energy supply by 2025 to be derived by RES
(SolarServer, 2009).
In Egypt, in 2009 a Combined Cycle Power Island was under construction and
would start operating in 2010, while a 140MW ISCC plant, with 20MW PTC solar field
already existed (SolarServer, 2009). Kuraymat is a ISCC hybrid power plant in Egypt
with a total capacity of 140MW. The World Bank provided a 37,68million€ grant to this
project and 3 other ISCC plants (in Morocco, India and Mexico). The financing of the
project was made by the Egyptian New and Renewable Energy Authiruty (NREA), the
Global Environmental Facility of the World Bank with a 37,68million€ subsidy and the
Japan Bank for International Cooperation (JBIC). A significant proportion of the project
was carried through the local industry. 60% of the solar field was produced locally,
while the mounting structure, the cables, the engineering, the civil work the operation
and other functions were done by the local industry. That indicates that the local
industry is able to actualize CSP projects. The technical data of Kuraymat plant are
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given in Table 7: Kuraymat technical data . Kuraymat plant demonstrates that
international technical assistance and knowledge in conjunction with local expertise and
the supply of raw materials and components by local industry can be realized and derive
many benefits in the future (Gazzo, et al., 2011).
Table 7: Kuraymat technical data (Gazzo, et al., 2011)
Technical Data

Value

Solar Field total Area (mirror surface) (m²)

148169

Number of mirrors

55502

Total length of the rows (m)

23600

Number of Collector-units

2000

Receivers

5900

Number of Loops

40

Hot Leg HFT Temperature (°C)

393

Cold Leg HFT Temperature (°C)

293

Gas Turbine Generator (Mwe)

74,4

Steam Turbine Generator (Mwe)

59,5

Solar Field Design Thermal Power at Reference Conditions (MJ/s)

50

Output solar field (electric power) (MWe)

20 - 25

Installed power specific investment costs (€/kW)

3.719

Another case study regarding the economic feasibility of an ISCCS project in Egypt was
made, granted from the World Bank. The aim of this study was to estimate the
incremental costs and the environmental benefits of an ISCCS plant compared to a
conventional CC plant in Egypt. The ISCCS plants investigated were a 90MWth PTC
plant and a 80MWth SPT with volumetric air receiver plant, both with a rated capacity
of 127MW. Based on the results, the incremental costs and LCOE of both systems were
similar. The LCOE was estimated at 2,3€ct/kWh, with similar value of the respective
conventional plants. The incremental costs based on the avoided CO2 emissions were
59,4€/ton and 61€/ton for the ISCCS PTC and SPT plant. So a grant of 37,68million€
could be provided and the ISCCS plant could be considered as a more cost beneficial
option for Egypt (Horn, et al., 2004).
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Regarding the United Arab Emirates, a case study made indicated that there is a
great interest on CSP, especially in Abu Dhabi. The power demand in the UAE is
approximately 12.000kWh/capita*year. Masdar City is expected to supply electricity
primarily by a 100MW CSP plant. It is estimated that other neighboring countries, such
as Dubai, Bahrain, Oman, Saudi Arabia etc., will show interest in introducing such
projects (SolarServer, 2009).
A case study regarding the CSP introduction in Lebanon indicates that,
technically it is feasible to construct developed CSP plants since the required
knowledge and technology is already available. From an economic point of view, the
investment cost still remains high enough and ranges between 3.165-6.330€/kW
depending on the DNI and the TES integration, while the LCOE is between 1718,9€ct/kWh similar with values of an SPT plant in Spain. A techno-economic
assessment of a CSP plant in Lebanon was made and it was compared with the same
CSP plant implementation in Spain and US. The locations investigated were HermelLebanon with a solar resource of 2.445kWh/m2/year, Seville-Spain with 2.017
kWh/m2/year solar resource and Dagget-USA with solar resource of 2.600
kWh/m2/year. The 4 reference plants settled on for the investigation were: a) a PTC
plant with 7,5h TES capacity similar to Andasol plant, b) a PTC plant without TES
similar to SEGS, c) a SPT plant with molten salts and a TES system and d) a SPT plant
with DSG and a 0,5h capacity TES system. The reference data used for the PTC plants
were the data of Andasol-1 plant, while the reference SPT plants and data used were the
GEMASOLAR and the PS20 plants. In the first case for the 50MW PTC plant with 7,5h
TES capacity in solar-only mode operation, the total aperture area is 509.440m2, the
land required is 1,99km2, the persons needed for the maintenance are 15,3 (1 per
1000m2) and the labor cost is 30.000€/year/person for Hermel (while in Spain and
California it is assumed to be 48.000€/year/person). The annual electricity generation is
170GWh in Hermel (142GWh in Seville and 188GWh in Dagget), the annual capacity
factor is 45,8% in Hermel (38,3% in Seville and 50,6% in Dagget) and the gross annual
efficiency is 15,3% in Hermel (15,6% in Seville and 15,1% in Dagget). The net annual
efficiency is 13,7% in Hermel (13,9% in Seville and 13,51% in Dagget). The total
investment cost is approximately 300million€, equal in all three locations. The LCOE in
Hermel is estimated at 18€ct/kWh (22€ct/kWh in Seville and 16,6€ct/kWh in Dagget).
The specific installation cost is 6.000€/kWe. In the second case for the 50MW PTC
plant without TES system in solar-only mode operation, the total aperture area is
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270.000m2 , the land surface required is 1,05km2 and the persons needed for the
maintenance are 8,1. The labor cost for Hermel is also assumed to be equal to
30.000€/year/person (48.000€/year/person for Spain and California). The annual
electricity output is 88GWh in Hermel (84GWh in Seville and 99GWh in Dagget), the
annual capacity factor is 23,8% in Hermel (22,6% in Seville and 26,7% in Dagget) and
the annual gross efficiency of the plant is 15,5% in Hermel (15,6% in Seville and 15,3%
in Dagget). The net annual efficiency is 13,5% in Hermel (13,6% in Seville and 13,2%
in Dagget). The total investment cost is approximately 180million€ for Hermel and
Dagget and 200million€ for Seville. The LCOE is estimated to be 21,1€ct/kWh for
Hermel (25€ct/kWh for Seville and 19,5€ct/kWh for Dagget), significantly higher than
the LCOE in the PTC plant with TES option. Finally, the specific installation cost is
3.500€/kWe. In the third case for the central receiver similar with GEMASOLAR plant,
with 20MW capacity and 15h capacity TES system, the total aperture area is 304.520m2
, the required ground surface is 1,5226km2 and the number of heliostats is 2.648 (for
DNI data of Hermel). The persons needed for the field maintenance are 15 and the labor
costs for Hermel is again equal to 30.000€/year/person (while for Spain and California
it is 48.000€/year/person). According to the results, for a solar-only operation of the
plant, the annual net electricity output is 105,3GWh for Hermel (88,8GWh for Seville
and 121,1GWh for Dagger), the annual capacity factor is 74,4% for Hermel (63% for
Seville and 85% for Dagget) and the annual gross efficiency of the plant is 15,8% for
Hermel (16% for Seville and Dagget). The annual net efficiency of the plant for Hermel
is 14,7% (14,9% for Seville and Dagget). The total investment cost is approximately
180million€ in all three locations. The LCOE is estimated to be 18,4€ct/kWh for
Hermel (21,7€ct/kWh for Seville and 16€ct/kWh for Dagget) and the specific
installation cost in approximately 9.500€/kWe. Finally, for the fourth case of a central
receiver plant similar with PS20, with 20MW power capacity and benign (0,5h) storage
capacity, the total aperture area is estimated to be 150.600m2, half of the area needed in
the previous case of the central receiver with TES and the required ground surface is
0,753km2. The number of heliostats needed are 1.255. The number of persons needed
required for field maintenance are 4,5 and the labor costs are 30.000€/year/employee for
Hermel (48.000€/year/employee for Spain and California. Based on the results, for the
solar-only operation of the plant, the annual net electricity output is 47GWh for Hermel
(41GWh for Seville and 54GWh for Dagget), the annual capacity factor is 32% for
Hermel (27% for Seville and 37% for Dagget) and the annual gross efficiency of the
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plant is 14,4% for Hermel (14,6% for Seville and Dagget). The annual net efficiency of
the plant for Hermel is 13,8% (14% for Seville and Dagget). The total investment cost
for the three locations is equal to 90million€, half of the investment cost of the SPT
plant with heat storage. The LCOE is calculated at 21,3€ct/kWh for Hermel
(24,7€ct/kWh for Seville and 18,5€ct/kWh for Dagget). The specific investment cost of
the installation is 4.500€/kWe. Based on the results, it is estimated that the highest
investment cost for a CSP plant in Hermel would be this of a PTC plant with 7,5h
storage (~300m€) while the lowest investment cost would be this of a SPT plant without
storage (~90m€). The LCOE is lower if a storage system is applied and it is calculated
to be equal to 18€ct/kWh in Lebanon, for both the PTC and the SPT plant. Concerning
land area requirements, the PTC plant with TES has the highest land requirements
(~509.000m2) and the SPT without TES the lowest (~150.000m2). Finally, the net
electricity output in the case of the PTC plant with TES has the highest value
(~170GWh) and it is noticeable that if a TES system is applied the electricity output is
doubled compared to the same plant configuration without TES. Concisely, the most
suitable configuration of CSP plant for Lebanon should incorporate a TES system due
to its lower LCOE and the high capacity factor, but there is no evident advantage of
PTC over SPT (UNDP, 2012).
About Jordan, a feasibility study of a 50MW hybrid CSP plant without TES in
Quweira was carried out. Targeting at a 3% share of the electricity derived from RES by
2015, Jordanian government invested 339,1million€. The energy consumption in 2015
is 18TWh. The solar potential in Quweira is more than 800GWh.year, but due to water
shortages the dry cooling option was preferred which lowered the overall output to
117GWh and also increased the cost of the investment from 3,67 to 12,15million€. The
electricity generated from CSP can meet the demand of Jordan. The LCOE, for a loan
scenario in which a 10-year grace period after the 30 year depreciation time applied,
was estimated at 5€ct/kWh. This value of LCOE renders CSP systems competitive to
fossil fuel and more beneficial than pv systems.
A case study for Cyprus indicated that the county is capable of introducing CSP
systems and more specifically an 25MW SPT plant, with a 20-year period PPA and a
FiT equal to 0,26€/kWh (Poullikkas, 2009). Cyprus DNI potential exceeds
1800kWh/m2a, thus its economic potential is estimated to be 20.000GWh (Alexopoulos
& Hoffschmidt, 2010). With the FiT stabilized at this value, an investment cost of
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2000€/kW and a land price of 1,5€/m2year the plant would make a profit, while for the
same value of FiT and land price but with an investment cost of 4000€/kW it would
make losses. The profits of the plant will increase if the CO2 emission avoided are
traded at a price of 30€/t. The extra profit would be 2,4€c/kWh. It is also estimated that
every 1€/m2year added on the value of land corresponds to a 1,43€c/kWh increase in
cost of electricity (Poullikkas, 2009).
Countries such as Saudi Arabia, Kuwait, UAE and Qatar that have plentiful
fossil fuel resources and also have great CSP potential should not supersede their main
revenue resource. These countries have the economic discretion to diversify their
energy portfolio, so as to consist a major participant in the energy sector even when the
fossil resources are depleted (SolarServer, 2009). Saudi Arabia has vast amount of
natural gas reserves and around 265billion barrels of oil reserves, thus the country had
to readjust its renewable energy targets from 50GW by 2032 to 30GW by 2040. This
indicates that in terms of energy security and energy demand the market of Saudi
Arabia will not be influenced that much. However, the solar market still remains active
and three ISCC plants are planned in Saudi Arabia (Hashem, 2015).

3.2 Evaluation of impact of various aspects
3.2.1

Use of land
The land area requirements of a large scale CSP plant can be classified on a

capacity and generation basis for the various configurations. The results are presented in
Table 8: Use of land for the various configurations . The capacity based values are more
appropriate in a CSP project assessment which is mainly rated in capacity terms and can
be used to estimate the land use of the project and the costs. The total area term
indicates the whole surface that the boundaries of the project include, while the direct
area indicates the direct area occupied by the roads, the solar arrays and the various
buildings and infrastructures. We can notice that the total area requirements on a
generation weighted average basis range between 3,2acres/GWh/yr for SPT and
5,3acres/GWh.yr for PDC systems, while on a capacity basis the land area needed is
between 4,6acres/MWac for LFR and 10acres/MWac for SPT and PDC systems. On the
other hand the direct land requirement values on a generation basis range between
1,5acres/GWh/yr for PDC and 2,8acres/GWh/yr for SPT systems. On a capacity basis
the weighted averages take values between 2acres/MWac for LFR and 8,9acres/MWac
-55-

for SPT systems. A remarkable observation is that once a TES system is implemented
and the storage capacity is increasing, the direct land use on a generation basis is not
affected (decreasing) as would be expected, while the direct land use on a capacity basis
is increasing (Ong, et al., 2013).
Table 8: Use of land for the various configurations (Ong, et al., 2013)
Direct Area
Capacityweighted average
land use

Total Area

Generationweighted average
land use

Capacityweighted average
land use

Generationweighted average
land use

(acres/
Mwac)

(MWac
/km2)

(acres/G
Wh/yr)

(GWh/y
r/km2)

(acres/
MWac)

(MWac
/km2)

(acres/G
Wh/yr)

(GWh/y
r/km2)

CSP

7,7

32

2,7

92

10

25

3,5

71

Parabolic
Trough

6,2

40

2,5

97

9,5

26

3,9

63

Tower

8,9

28

2,8

87

10

24

3,2

77

2,8

88

1,5

164

10

25

5,3

46

2

124

1,7

145

4,7

53

4

62

Dish
Stirling
Linear
Fresnel

According to the MED-CSP study, the land requirements for a CSP project are 610km2/(TWh/y), while the land requirements for hydropower are 10-400km2/(TWh/y)
for large projects, for geothermal 1-10km2/(TWh/y), for biomass 2km2/(TWh/y) and for
wind power 46km2/(TWh/y). If the CSP plant is constructed for desalination purposes
then it is estimated that the land requirements of a collector array are 100km2 land area
for 1billionm3/y of water desalinating. This indicates a requirement of 1m2 collector
area per 10m3 of fresh water derived through desalination ((DLR), et al., 2005). The
land requirements for CSP power generation in 2050 of the various countries in
Mediterranean region analyzed in the MED-CSP study are presented in Table 6: CSP
potential in various Mediterranean countries . According to the TRANS-CSP scenario
the CSP plants in Europe require approximately 8-10km2/TW, while in MENA region
CSP installed to export electricity require 5-6km2/TWh/y. It is estimated that in 2050
the land use of CSP systems in Greece will be 28km2, in Italy 40km2, in Malta 3km2, in
Portugal 64km2, in Spain 240km2, in Turkey 520km2 and the total land used for CSP in
Europe will be 895km2 (Trieb, et al., 2006). From Table 2: Data of typical SPT plants in
Spain, US we can see the land requirements of some typical SPT plants in Spain and
US. The 20MW PS20 SPT plant located in Spain has a land use of 80ha (0,8km2), while
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the 11MW PS10 plant also located in Spain has a land area of 55ha (0,55km2). The
20MW Gemasolar plant also located in Spain has higher storage than PS20 and so
higher electricity generation and its land use is 195ha (1,95km2). In Table 3: Data of
typical PTC plants in Spain, US and Italy, we can see that the land use of the 150MW
PTC plant Solnova 1/3/4 in Spain is 345ha (115ha each), the 150MW Andasol plant
1/2/3 also located in Spain has a land use of 600ha in total (200ha each) and the 50MW
Extresol located in Spain has a land use of 200ha (2km2). In Italy, the 5MW Archimede
plant has a land use of 8ha. Finally, from Table 4: Data for typical LFR plants in US
and Spain we can see that the land use of the 1,4MW LFR plant Puerto Errado 1 is 5ha
while the land use of the 30MW Puerto Errado 2 the land use is 70ha (0,7km2). Based
on the case study for Lebanon, we can notice that a 50MW PTC plant with 7,5h TES
capacity in solar-only mode operation would require a total land area of 1,99km2, while
a 50MW PTC plant without TES in solar-only operation would require a total surface of
1,05km2. A 20MW SPT plant with 15h storage capacity would require 1,5226km2,
whereas a 20MW SPT plant with 0,5h storage capacity (almost negligible) has a land
use of 0,753km2. Thus, it is estimated that the highest land requirements in the same site
are those of a PTC plant with TES, while the lowest requirements are those of a SPT
plant without TES (UNDP, 2012). In general a typical CSP plant has a 5-10 acres/MW
land requirement based on the integration of a TES system. A CSP plant with no TES
system might require 5-6 acres/MW land, while a CSP plant with 6h storage capacity
might require 8 acres/MW of land (Salazar, 2008). Finally, the data of some CSP plants
in the US regarding their direct and total land requirements are presented in Table 9:
Land requirements of CSP plants in the US .
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Table 9: Land requirements of CSP plants in the US (Ong, et al., 2013)

Status 2012

Storag
e
(hrs)

Estimated
generatio
n low/high
(GWh/yr)

Total
area
(acres)

Direct
Area
(acres)

1,5

com.

-

-

15

4

SPT

100

proposed

10

489/578

1.675

-

Crossroad Solar

SPT

150

proposed

10

683/822

2.560

-

Solana

PTC

280

construction

6

992/1.155

1.920

-

Sierra SunTower

SPT

5

com.

-

-

50

22

Kimberlina

LFR

7,5

0

9/11

35

15

Solar Two

SPT

10

3

20/30

132

110

Coalinga
Victorville 2
hybrid
Palmdale Hybrid
Gas/solar Plant
Rice Solar

SPT

13

com.
decommissio
ned
proposed

0

9/28

86

57

PTC

50

proposed

0

101/125

265

230

PTC

57

proposed

0

107/138

377

250

SPT

150

construction

7

541/692

2.560

1.410

Abengoa Mojave
Ford Dry Lake
(Genesis)
Hidden Hills 1

PTC

250

construction

0

520/645

1.765

-

PTC

250

construction

0

480/617

4.640

1.800

SPT

250

proposed

0

545/655

1.640

1.560

Hidden Hills 2

SPT

250

proposed

0

545/655

1.640

1.560

Rio Mesa 1

SPT

250

proposed

0

529/659

1.917

-

Rio Mesa 2

SPT

250

proposed

0

529/659

1.917

-

Rio Mesa 3

SPT

250

proposed

0

529/659

1.917

-

SEGS (all)

PTC

354

com.

0

725/888

2.057

2.057

Ivanpah All

SPT

370

construction

0

3.515

3.236

Saguache Solar

SPT

200

construction

15

869/1.024
1.073/1.21
6

3.000

2.669

PTC

75

com.

0

71/105

500

400

PTC

64

com.

0,5

114/144

400

290

SPT

110

construction

10

525/590

1.600

1.527

Name
Maricopa Solar
Project
Quartzsite

Martin Next
Generation
Nevada Solar
One
Tonopah
(Crescent Dunes)

3.2.2

Technology

MWAC

PDC

Use of water
The water availability and the water consumption is a critical parameter

regarding the implementation of a CSP plant, since a typical plant requires continuously
water during many processes, such as for the cooling, the steam production and the
cleaning of the mirrors. A CSP plant that integrates a wet cooling system requires
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approximately 4,7L/kWh of fresh water, while a dry cooling system can lower water
requirements by 77% (Lovegrove & Stein, 2012). It has been estimated that a 280MW
capacity plant can require 2,3-2,6million m3/year of water. In Europe the water
consumption indicates a sustainable trend, but in southern European countries such as
Spain and Greece a more efficient water treatment should be applied in order to avoid
potential shortages in the long term. The proportion of the water abstraction for
electricity generation in Europe accounts for a 44% of the total and it is expected to
decrease. On the other hand, North Africa has limited water resources and thus the
water demand of the region is estimated increase from 95billion m3/y in 2007 to
18billion m3/y by 2050. In the same way the Arabian Peninsula countries due to limited
freshwater water resources will increase their water demand from 34billion m3/y in
2006 to 72billion m3/y in 2050 (Salazar, 2008). Based on the case study of a CSP plant
in Lebanon, a 20MW SPT plant with 15h storage in Lebanon requires 710.567m3/yr
while in Spain it requires 613.732m3/yr. If the 20MW SPT plant has 0,5h storage
capacity then the water requirements for Lebanon decrease to 323.324m3/yr and for
Spain to 284.715m3/yr.

3.2.3

Hybridization of CSP plants
The CSP plants have the potential to be incorporated with a biomass or a

conventional thermal power plant in order to increase their capacity and achieve cost
reductions. It has been estimated that the capital costs of a 30-200MW PTC plant in the
range of 3.500-2.440€/kW for solar-only mode could decline to 1.080€/kW for a
130MW ISCC hybrid plant with 30MW solar capacity (Salazar, 2008).
Based on the case study for the CSP introduction in Lebanon, we can notice that
once a 15% hybridization with gas was implemented the 50MW PTC plant with 7,5h
storage capacity in Lebanon would increase its annual net electricity output from
170.589MWh in solar-only mode to 200.693MWh. The LCOE would decrease from
18,1€ct/kWh (solar-only) to 16€ct/kWh (hybrid). The same plant in Spain would
increase its annual net electricity production from 142.555MWh in solar-only operation
to 167.711 if hybridized with gas. The LCOE would decreased from 22€ct/kWh (solaronly) to 19,4€ct/kWh (hybrid). The same plant but without TES in Lebanon, in solaronly mode would have an annual net electricity production of 88.643MWh, while if
hybridized 15% the net production would increase to 104.285MWh and the LCOE was
estimated to decrease from 21,1€ct/kWh (solar-only) to 18,6€ct/kWh (hybrid). In Spain
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the annual net electricity production would increase from 84.092MWh (solar-only) to
98.932MWh (hybrid) and the LCOE would decrease from 25,1€ct/kWh (solar-only) to
22,2€ct/kWh (hybrid). Regarding the 20MW SPT plant with 15h storage capacity in
Lebanon the solar-only annual net electricity production would increase from
105.266MWh to 123.842MWh with hybridization. The LCOE was estimated to
decrease from 18,42€ct/kWh (solar-only) to 16,26€ct/kWh (hybrid). The same plant in
Spain, in solar-only operation has a annual net electricity generation equal to
88.804MWh, while with 15% hybridization has a net electricity generation of
104.475MWh. The LCOE on the other hand would decrease from 21,76€ct/kWh (solaronly) to 19,1€ct/kWh (hybrid). Finally, the 20MW SPT with 0,5h storage in Lebanon
has a net annual electricity output of 47.284MWh on solar-only operation, while with
hybridization the net electricity output is 55.629MWh. The LCOE would decrease from
21,35€ct/kWh (solar only) to 18,75€ct/kWh (hybrid). The same plant in Spain from
solar-to-hybrid mode would increase its annual net electricity output from 40.721MWh
to 47.907MWh and would decrease its LCOE from 24,73€ct/kWh to 21,62€ct/kWh.
The rate of CO2 emissions of the conventional plant in Lebanon and Spain are
0,5kg/kWhe (UNDP, 2012).

3.2.4

Thermal Energy Storage
Once implemented a thermal energy storage system can smooth the productivity

of CSP systems due to DNI fluctuations throughout the day and stabilize the generation.
Moreover it renders the plant capable of providing dispatchable renewable electricity
and meet the peak demand of the grid. The CSP plants that integrate a TES system have
higher cost of investment compared to those without TES, however a TES system
provides higher capacity factors and lower LCOE. According to estimations the LCOE
of a PTC plant with no TES is 14,3-28,6€ct/kWh, while the LCOE of a PTC plant with
TES ranges between 15-27€ct/kWh (IRENA, 2015). Other estimations made by the US
DOE, expect that new TES systems can decrease the LCOE of CSP with no TES from
9,8-12€ct/kWh in 2008 to 6-8,3€ct/kWh in 2015 with a 6h TES. This value is expected
to decrease even further with 12-17h storage to 5,3€ct/kWh in 2020. The TES
investment cost in 2007 for 100MW capacity was 58million€, in 2009 for 100MW
43,7million€ and in 2011 it was estimated to reach 53,5million€ for 150MW capacity
and 67million€ in 2015 for 200MW (Salazar, 2008). The share of TES value to the
relative value of the plant is estimated approximately at 10,5% (Gazzo, et al., 2011).
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3.3 Socio-economic impact
One of the most significant advantages of CSP over fossil fuel plants are their
credibility and that they can be predicted, meaning that given the size of the investment,
the capacity, the location and the way of financing of the CSP plant, the price given per
kWh of electricity generated by the plant for the 1st, the 10th and the 25th operation
year of the plant can be estimated and guaranteed. Additionally, another economic
benefit that should be taken into consideration is the avoided costs of CO2 emissions
avoided (SolarServer, 2009). Also CSP systems once implemented can reduce the
energy import dependence of the country and secure the energy supple. Within the
TRANS-CSP scenario mentioned, the import dependency in Europe would decrease
from 48% in 2000 to almost 30% in 2050 (Trieb, et al., 2006). Moreover they can
benefit the local community by creating new job opportunities during the construction
and manufacturing process, with an estimated 8-10jobs/MW. Finally, CSP systems can
diminish any water problems through the application of a dry cooling system or the
desalination operation (UNDP, 2012).
The profitability and thus the economic viability of a CSP investment depends
on the amount of electricity generated by the plant and as so by the solar irradiance of
the site. Hence, areas with high irradiance such as Spain and the GCC countries are
exceptionally suitable for this kind of investments and they usually go along with
relatively low LCOE levels. For example, in GCC countries where the solar irradiance
is 2.600-2.800kWh/m2, the LCOE is approximately 15€ct/kWh and it is predicted to
diminish to 10-12€ct/kWh by 2020 (SolarServer, 2009). In order for the cost of
electricity to diminish further, large scale deployment and technological improvement is
needed. Based on a scenario, as soon as the global CSP capacity would have reached
4GW the LCOE in 2015 would be equal to 3,8-6€ct/kWh. Other studies estimate that
the LCOE by 2020 will scale down to 5,7-6,5€ct/kWh, or 5€ct/kWh for a 40GW
installed capacity worldwide by 2020-2025. More specifically, the LCOE in European
sites with high solar resource is expected to go down to 5€ct/kWh in 2020. In Spain the
LCOE of some 50MW CSP plants was estimated at a value of 17-18€ct/kWh (Salazar,
2008). The CSP LCOE for some Mediterranean countries based on the TRANS-CSP
and the MED-CSP study are given in Table 10: CSP LCOE for Mediterranean countries
. Based on three scenarios (an optimistic-realistic, a very optimistic and a pessimistic
one) of development, the LCOE will range between 4,2-5,7ct/kWhel by 2050 if the
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electricity is generated in Spain and between 4,3-5,5ct/kWhel if the electricity is
generated in Algeria (MENA region) and is imported to Europe, including transmission
costs (Viebahn, et al., 2011). Based on other studies, the CSP installed capacity for
2010-2014 globally increased from 1,3GW to 4,8GW and the LCOE of CSP decreased
from 24,86-33,16€ct/kWh in 2010 to 15-26,4€ct/kWh in 2014. The weighted average
LCOE in Asia was estimated at 18,8€ct/kWh and the LCOE in Europe was
18,8€ct/kWh. More recent projects display a LCOE equal to 12,8€ct/kWh. PTC plants
with no storage system, currently have a LCOE of 14,3-28,6€ct/kWh and if a storage
system is applied the LCOE can range between 15-27,1€ct/kWh (IRENA, 2015). In
Lebanon, with a solar resource equal to 2.600kWh/m2/yr, the LCOE is 12,818,84€ct/kWh, similar to the LCOE of an SPT in Spain. If a 50MW PTC plant with
7,5h storage capacity would be constructed in Lebanon, the electricity generation was
estimated to be 170GWh and the LCOE 18€ct/kWh, while the same plant in Spain
would have an annual generation of 142GWh and a LCOE equal to 22€ct/kWh. If a
50MW PTC plant without TES was applied in Lebanon the annual electricity generation
would be 88GWh and the LCOE equal to 21,1€ct/kWh, while in Spain the same plant
would have a production of 84GWh and a 25€ct/kWh LCOE. When a 20MW SPT plant
with 15h storage capacity in Lebanon was examined, the electricity generation was
found to be equal to 105,3GWh and the LCOE 18,4€ct/kWh, while the same plant in
Spain would have a production of 88,8GWh and a LCOE of 21,7€ct/kWh. Finally the
same SPT plant but with 0,5h storage capacity in Lebanon had an electricity production
of 47GWh and a LCOE of 21,3€ct/kWh, whereas the same plant in Spain would have a
production of 41GWh and a LCOE of 24,7€ct/kWh (UNDP, 2012). Thus, it is obvious
that as the solar irradiance of a site increases, the LCOE is expected to decrease
significantly.
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Table 10: CSP LCOE for Mediterranean countries ((DLR), et al., 2005; Trieb, et al., 2006)
CSP LCOE

CSP LCOE

CSP LCOE

CSP LCOE

CSP LCOE

CSP LCOE

New plants

New plants

New plants

New plants

New plants

New plants

€c/kWh

€c/kWh

€c/kWh

€ct/kWh

€ct/kWh

€ct/kWh

2000

2020

2050

2000

2020

2050

Spain

17,6

7,5

6,6

Greece

19,3

8,3

6,3

Italy

18,7

8,1

6,1

Turkey

7,3

6,6

6,6

Portugal

18,2

7,8

5,9

France

-

-

-

Bosnia

-

-

-

Bulgaria

-

-

-

Serbia

-

-

-

FYROM

-

-

-

Country

Country

Bahrain

8,5

6

5,9

Cyprus

8,4

5,9

5

Iran

8,4

5,9

6,7

Iraq

8,4

5,9

6,7

Israel

8,2

5,6

6,4

Jordan

8

5,3

5,9

Kuwait

8,5

6

5,9

Lebanon

8,6

6,2

7,2

Oman

8,2

5,5

6,3

Qatar

8,5

6

5,9

Arabia

8,1

5,5

5,3

Syria

8,4

5,9

6,7

UAE

8,5

6

5,9

Yemen

8,4

7,1

7,4

Algeria

8

5,3

5,9

Egypt

7,9

5,2

5,8

Libya

8

5,3

5,9

Morocco

8,1

5,4

6,1

Tunisia

8,2

5,6

6,4

Greece

8,6

6,2

7,2

Italy

8,6

6,2

6,1

Malta

8,6

6,2

5,3

Portugal

8,4

5,9

5,7

Spain

8,4

5,8

6,6

Turkey

8,6

6,2

7,2

Saudi

CSP technology once implemented can also benefit the local economy and
create new job opportunities. The gross employment in the CSP sector expected by
2050 in the countries of Mediterranean analyzed in Table 6: CSP potential in various
Mediterranean countries is 1,5million persons based on the CSP-study ((DLR), et al.,
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2005). A case study regarding the potential local manufacturing of CSP components in
MENA and the benefits derived was made. MENA region is a suitable location for CSP
investment and deployment and can consist a major participant in the component
manufacturing sector, resulting in an influential local industry. This industry can
contribute in the job and wealth creation and also it can be a significant supplier of
South Europe, US and other locations. Hence, the energy sector would benefit and the
cost of CSP would diminish. This can be achieved through the contribution of many
factors such as a concessional financing regarding climate change under the United
Nations Framework Convention on Climate Change, the Clean Technology Fund (CTF)
which aims at supporting CSP projects in many countries and the agreements made in
Cancun in 2010, which proposed a 75,4billion€ Green Climate Fund per year after 2020
originated by various public and private sources. Another factor that can contribute in
this deployment is the agreement between MENA and EU regarding solar energy trade
by exporting energy from MENA to Europe. This would benefit European countries that
could reduce their GHG emissions and secure their energy supply. Moreover, they
could accomplish their mandatory energy targets established by the EU Renewable
Energy Directive of 2009 (Directive 2009/28/EC). If the manufacturing of components
is actualized locally in North Africa, new production capacities should be generated.
Regarding construction and civil works, the installation of the solar filed, the basic
infrastructure and the construction of the power block and the TES system, that consist
a 17% of the total CSP cost of investment or 0,75million€ per MW, can be achieved by
local companies. The mounting structure can be made by local companies if they can
produce steel and aluminum components. The market size of mounting structure in the
CTF MENA region is expected to increase from 37,68million€ in 2011 (where imports
possess the major share of the market) to 1.130-1.281million€ in 2030 (whole share of
the market will belong to the pure local producers). The MENA capacity is assumed to
increase from 70MW to 2GW by 2030, the number of plants from 3 ISCC in 2011 to
20-30 in 2030 and the total CSP market size from 0,38billion€ to approximately
11,3billion€. In short term, the local industry can adopt the technical knowledge to
manufacture mirrors and glasses of high complexity and knowledge and in long term to
produce receivers, insulation and other equipment. The mirror market size in MENA is
expected to grow from 18,84million€ in 2011(fully dependent on imports) to 602,86753,6million€ in 2030 where the local production (by local and international players)
will hold 75% share of the market. Regarding the electric and electronic equipment
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market, the size will scale up from 1,5million€ in 2011, where the largest share of the
market is relied on imports (~75%) to approximately 37,68million€ where the share of
the market will be between local and international firms that have established local
capacity due to relatively low labor cost. The market development of MENA is of great
importance regarding the local manufacturing industry, so its volume was estimated
based on three scenarios, scenario-a which assumes a stagnation in local manufacturing
and the market volume of MENA CTF countries accounting for 0,5GW only, scenario-b
which assumes that the local market volume of MENA CTF countries will be equal to
1GW in 2020 which is the target of the MENA CSP IP without any additional policy
impacts and finally scenario-c which estimates a 5GW market volume of the MENA
CTF countries and a 2GW of CSP installed capacity for the export of components
where the national CSP support mechanisms have been rapidly developed. The potential
economic benefits delivered by the development of the CSP industry in North Africa
based on the three development scenarios were estimated. In accordance to the scenario
B and even more to the restrictive development scenario A, the major share of CSP
components in MENA will be delivered mainly by imports and the impact on local
manufacturing development will be low. According to scenario C, on the other hand,
the local market growth will be remarkable and the contribution of local industry share
in some projects can be up to 70% by 2025. A positive impact on the local share will
have also a positive impact in the economy (GDP) and the employment level of MENA.
Scenario B creates a 1,66billion€ local economic impact, while scenario C creates a
10,78billion€ impact on economy half of which is created by component manufacturing,
excluding the export of components. The component export (2GW in 2020 and 5GW in
2025 in terms of equivalent CSP plants) in EU, USA and MENA can affect to a great
magnitude the labor sector and the GDP

and can benefit the local industry by

supplemental revenues of 2,26billion€ by 2020 and 7,54billion€ by 2025. Concerning
the job creation, based on scenario B approximately 4,500 to 6,000 jobs in the local
community will have been generated by 2020, while based on the scenario C the
number of permanent local jobs that will be created by 2025 will range be 65,000 and
79,000, with 46,000-60,000 jobs included in the construction and manufacturing sector
and 19,000 in the O&M sector. The CTF MENA projects only, are expected to create
34,000 permanent jobs if the exportation of components is also included. In general, the
expectations of the CSP market development in MENA region are low and need to be
supported to by appropriate mechanisms. Especially countries with local resources such
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as Algeria and Egypt are predicted to grow at a slow pace compared to the CSP market
of Morocco which is predicted to grow more rapidly. The various parameters for the
manufacturing of CSP components in the European industry are presented in Table 11:
Parameters of CSP component local manufacturing in Europe .
Table 11: Parameters of CSP component local manufacturing in Europe (Gazzo, et al., 2011)

Components

Cost per
entity

Typical
investment in
new factory

Annual

Share of

output of

CSP plant

Jobs

One-year

typical

on annual

created

jobs13/MW

factory

output
250-350

Civil Work

-

-

-

-

one-year

5-7

jobs per 50

Jobs/MW

MW
100 one-

Installations

year jobs
on the site

-

-

-

-

2 Jobs/MW

per 50 MW

€150,000 per
EPC Engineers
and Project
Managers

Engineer or

30 – 40

Project

oneyear jobs

Manager per

-

-

-

per 50 MW

year
50-100
oneyear jobs

Assembling

Receiver

Mirror flat

€800-1000
(4 m long)

€6-20 /m²

-

-

-

25 Mio Euro

200 MW

12-25 %

26 Mio Euro

1 Mio mirrors

~ 20 %

200-400 MW

(Float glass)

Mirror parabolic

€25-40 /m²

1 Mio mirrors
30 Mio Euro

200-400 MW

~ 20 %

€45-60/m²
Mounting

€2.00/kg –

structure

€2.50/kg

HTF

€2.70 – 3.20
/kg

10 Mio Euro

150-200 MW

30-40%

Very large

Large

Small

per 50 MW

€0,5/kg Salt

-

-

-

equipment

13

Not identified

Medium

one-year job=fulltime equivalent for one year
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Medium

Small

Jobs/MW
0,3 – 0,7

factory

Jobs/MW

250 jobs in

0.6 – 1.2

factory

Jobs/MW

300 jobs in

0.7 – 1.5

factory

Jobs/MW

70 jobs in

0.3 – 0.5

factory

Jobs/MW

Not
identified

jobs per
50MW

Electronic

1-2

140 jobs in

50 one-year
Storage system

0,6 – 0,8
Jobs/MW

Not
identified

Reference CSP
Plant (50 MW, 7,5
h storage)

500 one-

5,47 M € / MW
(274,3 M €
totally) (with
7h storage)

-

10

Current plants

year jobs

50MW to

per 50 MW

100MW

(only on the

-

plant site)

Jobs/MW
only on the
plant site

By calculating the cost of the components of a reference plant i.e. Andasol-1 PTC plant
in Spain with 50MWe capacity and 7,5h storage capacity, the potential revenues and
benefits of the local region if these components are manufactured locally, can be
estimated. The investment cost of the plant is 280million€. Table 12: Costs of Andasol1 reference plant summarizes the costs of the reference power plant.
Table 12: Costs of Andasol-1 reference plant (Gazzo, et al., 2011)
Plant in Euro

Plant in $ Cost for

of plant

Cost for Reference

Reference Power

Relative Value

48million€

62,4million$

17,10%

107,9million€

140,3million$

38,50%

29,5million€

38,4million$

10,50%

40million€

52million$

14,30%

financing, allowances, etc.)

54,6million€

71million$

19,50%

Total Cost

280million€

364million$

100%

Labor Cost Site and Solar Field
Equipment Solar Field and HTF system
(mirrors,receivers, trackers etc.)
Thermal Storage System
Conventional Plant Components and Plant
System
Others (Project development, management,

It is obvious that the most cost intensive part of the total investment is the solar field
equipment which accounts for a 38,5% share of the total cost and includes components
such as mirrors, receivers, steel construction, HTF system components etc (Gazzo, et
al., 2011). The cost of individual components for a parabolic trough at which the
contractor would buy them, are estimated in Table 13: Cost of components that could
benefit the local industry if manufactured locally.
Table 13: Cost of components that could benefit the local industry if manufactured locally
(Gazzo, et al., 2011)
Element

Cost estimate

Unit
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Parabolic Mirror (―conventional― thick glass mirror)

28-40

€ per m2 of collector aperture

Steel structure (material)

50-65

€ per m2 of collector aperture

Vacuum receiver

200-300

€ per m receiver length

Thermal oil

3,0-7,0

€/ l

Parabolic Trough Collector (incl. installation)

200-240

€ per m2 of collector aperture

230-290

€ per m2 of collector aperture

Solar Field installed (incl. connection piping, HTF & HTF
system)

Regarding USA the CSP industry has created more than 143.000 jobs. As an example,
the 250MW Solana plant during the construction phase generated 1.700 construction
jobs in Arizona and another 60 jobs were created for the operation and maintenance of
the facility afterwards. The 250MW Genesis Solar project generated 800 construction
jobs and 50 O&M jobs. The 250MW Mojave Solar project, during the construction
stage employed 830 people and another 70 jobs were created for the operation and
maintenance of the plant. The 392MW Ivanpah plant generated over 1.000 construction
jobs and 80O&M jobs and finally, the 110MW Crescent Dunes created 600jobs during
the construction process (DOE, 2014).
Regarding the construction of the Noor project in Southern Morocco a
Sustainable livelihood Assessment (SLA) was made to indicate the most significant
positive impacts of the Noor solar complex. The most remarkable once were the
strengthen of family ties, the support of the society by preventing reversed migratory
flows (indirect effects) and the incremental public interest in renewable energy, while
concerning the direct positive effects, the most noticeable once were the increased
capacity, the job opportunities that arise, the regional prosperity and the improved living
conditions in adjacent communities. The negative impacts are not primarily arisen from
the project itself, but from the general sustainability challenges in the region. In general,
such negative effects come along with most utility scale projects and are not exclusively
linked with the CSP plants. Yet, in contrast to fossil fuel plants, the footprint of Noor I
was relatively low regarding aspects such as public health concerns and pollution of
water and air. Among the various negative impacts that concern the communities are the
water requirements of the project, the mismatch between educational qualifications and
labor market requirements, the poor and unequal labor conditions, the social exclusion
and the unfulfilled positive expectations on livelihood. In order for the Noor I project to
succeed, except from the tolerable water demand, it should be widely accepted by the
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local community and do not create social conflict. The social sustainability of CSP in
the MENA region could be achieved through a set of sustainability safeguards. These
are a) overarching safeguards, meaning that the human rights and the vulnerable groups
should be the guiding principles, b)procedural safeguards, meaning that the stakeholders
should participate in the decision making process and should be provided by credible,
instant and transparent information regarding the project so as to avoid adverse
situations such as corruption. Any dispute derived from the project should be addressed
in a transparent manner in order to prevent any conflicts. The project should be in
agreement with community and fulfill its expectations. Moreover, aspects such as
renewable energy benefits regarding climate change should be clearly defined to
sensitize the relevant stakeholders. c) Distributional safeguards, which defines that the
group of stakeholders should share the benefits in a reasonable manner, meaning that
both men and women receive the same benefits. Furthermore, an additional
compensation should be provided to the stakeholders that are negatively affected by the
project. d) Mitigation safeguards, meaning that by having as guiding principles the land
and water value, the cultural heritage, the provided working conditions and
infrastructures, the health and safety, the livelihood of affected groups should not be
adversely affected. e) Enhancement safeguards, which defines that a percentage of the
costs of the investment should be distributed at local level designed to support the local
market and services.
Finally, another essential socio-economic impact of the CSP technology
analyzed is the supply of freshwater through CSP-desalination combined plants in many
countries, especially in MENA region with water deficits. In Table 6: CSP potential in
various Mediterranean countries the water demand for various Mediterranean countries
in 2050 is estimated based on the CSP-study and the coastal potential of each country,
which represents the potential of CSP combined with desalination plants in each
country. In MENA region the water demand is expected to increase from 300 to
500billionm3/year during the period 2007-2050 and the CSP desalination potential will
constitute a significant cost benefit option for water desalination. For example, the Al
Hidd water and power plant in Bahrain is expected to provide 409millionL/day. We can
notice that in countries with high values of water demand in 2050 such as Saudi Arabia,
Yemen and Egypt the potential of CSP for desalination purposes is more than sufficient.
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3.4 Environmental Impact
One of the most significant advantages of the CSP systems is the reduction of
GHG emissions. If the maximum potential of CSP was exploited 35Mt/yr of CO2 could
be avoided by 2020 and up to 130Mt/yr by 2030. The cumulative maximum amount of
CO2 emissions avoided from 2010 until 2030 would be approximately 1035Mt (Salazar,
2008). The major amount of emissions derived from the CSP technology are mainly
produced during the construction stage of the various components of the CSP plant.
These components are produced in fossil fuel power plants. Coal plants produce 9001.100kgCO2/MWh, while oil plants produce 600-700kgCO2/MWh. Within the TRANSCSP study the emissions of the countries investigated accounted for a total amount of
1.400Mt/y. Based on the scenario proposed the emissions instead of rising to 2350Mt/y
by 2050 as expected based on the mix of 2000, they would be reduced to 350Mt/y.
From this total amount avoided (2.000Mt/y) 66% would be reduced due to new
renewable systems. The total cumulated amount of CO2 containment derived from the
electricity sector based on this scenario was 18blntons by 2050 and the emissions per
capita are 0,59tons/cap/y (Trieb, et al., 2006). The emissions of the CSP plants in
Mediterranean countries in Europe according to the TRANS-CSP study and the MEDCSP study are presented in Table 14: CSP emissions in Mediterranean counties. The
specific CO2 emissions of CSP systems based on both studies for all the regions are
521kg/MWh in 2000, 71kg/MWh in 2020 and 16kg/MWh in 2050 ((DLR), et al., 2005;
Trieb, et al., 2006).
Table 14: CSP emissions in Mediterranean counties ((DLR), et al., 2005; Trieb, et al., 2006)
CSP CO2Country

CSP CO2-

CSP CO2Country

CSP CO2-

CSP CO2-

CSP CO2-

emissions

emission

emission

Mt/a 2000

Mt/a 2020

Mt/a 2050

Emissions

Emissions

Emissions

Mt/a 2000

Mt/a 2020

Mt/a 2050

Spain

0

0,57

0,49

Bahrain

0

0,03

0,06

Greece

0

0,04

0,06

Cyprus

0

0,01

0,01

Italy

0

0,07

0,08

Iran

0

0,7

5,72

Turkey

0

0,28

1,06

Iraq

0

0,18

3,1

Portugal

0

0,07

0,13

Israel

0

0,16

0,48

France

0

0

0

Jordan

0

0,05

0,66

Bosnia

0

0

0

Kuwait

0

0,1

0,21

Bulgaria

0

0

0

Lebanon

0

0,03

0,2

Serbia

0

0

0

Oman

0

0,06

0,36
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FYROM

0

0

0

Qatar

0

0,02

0,05

Malta

0

0

0,01

S.Arabia

0

0,5

2,21

Syria

0

0,17

1,91

UAE

0

0,09

0,16

Yemen

0

0,19

2,33

Algeria

0

0,38

2,7

Egypt

0

0,58

6,47

Libya

0

0,1

0,36

Morocco

0

0,25

2,46

Tunisia

0

0,1

0,71

Greece

0

0,08

0,06

From Table 2: Data of typical SPT plants in Spain, US, Table 3: Data of typical PTC
plants in Spain, US and Italy and Table 4: Data for typical LFR plants in US and Spain
we can see that in Spain the PS20 SPT plant contributes to a total of 12.000tons of CO2
emissions avoided per year, the PS10 plant to 6.000tons of CO2 emissions avoided per
year and the Gemasolar plant to 30.000tons of CO2 emissions avoided per year. The
Solnova 1/3/4 PTC plant contributes to 94.200tons of CO2 emissions avoided per year,
the Andasol 1/2/3 to 450.000tons of CO2 emissions avoided per year and the Extresol 1
to 14.520tons of CO2 emissions avoided per year. The Puerto Errado 2 LFR plant also
located in Spain has as a result 16.000tons of CO2 emissions avoided per year. In Italy
the Archimede PTC plant results in 3.250tons CO2 emissions avoided per year. In USA
the Sierra SunTower leads to 7.000tons of CO2 emissions avoided per year, the ISEGS
to 400.000tons of CO2 emissions avoided per year and the MNGSEC to 91.667tons of
CO2 emissions avoided per year. From a case study made in Egypt, it was estimated that
the implementation of a 127MW rated capacity ISCC plant could result to 600.000 tons
of CO2 that could be avoided during the lifetime of the project (Horn, et al., 2004)
Another remarkable environmental impact of the CSP technology is the land
requirement for the sitting of such plants. While hydropower plants require 10400km2/(TWh/y) depending on the size of the plant with an average value of
35km2/(TWh/y), the geothermal power plants require 1-10 km2/(TWh/y) with an
average value of 2 km2/(TWh/y), the biomass requires an average value of land of 3,3
km2/(TWh/y), the PV systems an average land of 10 km2/(TWh/y) and the wind parks
an average value of 41 km2/(TWh/y), the CSP plants in Europe require approximately
8-10 km2/(TWh/y) according to the TRANS-CSP study and the CSP plants in MENA
require 5-6 km2/(TWh/y). The land occupied for the CSP installation can be waste land,
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thus instead of consume land area, CSP plants can take advantage of abandoned areas.
Furthermore, if this land requirements are compared to oil and coal fired power plants
with values of 25-100km2/TWh we can notice the great benefits regarding land
consumption for power generation of the CSP systems (Trieb, et al., 2006). The land
requirements for CSP sitting for power generation in the Mediterranean countries based
on estimations made in the TRANS-CSP and the MED-CSP study are presented in
Table 15: CSP land requirements of Mediterranean countries by 2050.
Table 15: CSP land requirements of Mediterranean countries by 2050
((DLR), et al., 2005; Trieb, et al., 2006)
Land requirement for

Land requirement for
Country

CSP power generation

Country

CSP power generation in
2050 (km²)

in 2050 (km²)
Spain

240

Bahrain

21

Greece

28

Cyprus

5

Italy

40

Iran

2.093

Turkey

520

Iraq

1.137

Portugal

64

Israel

174

France

0

Jordan

240

Bosnia

0

Kuwait

78

Bulgaria

0

Lebanon

72

Serbia

0

Oman

133

FYROM

0

Qatar

17

Saudi Arabia

810

Syria

699

UAE

60

Yemen

1.530

Algeria

989

Egypt

2.370

Libya

131

Morocco

900

Tunisia

260

Greece

21

Italy

30
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Malta

2

Portugal

60

Spain

150

Turkey

750

Total

12.733

4 Analysis and evaluation of
the results
In this chapter the results derived from the case studies investigated will be
analyzed and evaluated. More specifically the viability of a CSP plant in Mediterranean
region will be investigated, by using the RETscreen clean energy software, based on
different scenarios that concern various aspects such as the investment cost, the
efficiency of the plant, the O&M costs, the storage costs, the FiT and the regulatory
schemes and other policy aspects. Finally a sensitivity analysis will be made. The
reference CSP plant with TES system that will be applied for our analysis is the 50MW,
similar to Andasol-1, PTC plant but without hybridization and the solar resource used is
this of Granada with an annual DNI equal to 2.200kWh/m2/year. (UNDP, 2012). The
solar to electricity efficiency of the plant is assumed to be 14% and the T&D losses are
also assumed equal to 14% (Poullikkas, 2009). According to Table 3: Data of typical
PTC plants in Spain, US and Italy, we assume a FiT equal to 27€ct/kWh. The technical
and economic data of Andasol-1 can be seen in Table 3: Data of typical PTC plants in
Spain, US and Italy and Table 12: Costs of Andasol-1 reference plant . The land area
required is approximately 200ha. We assume that the lifespan of new CSP projects is 30
years (UNDP, 2012). The capacity factor based on SAM metrics has been estimated at
40,2% for the Andasol-1 plant (NREL, 2013) and for plants with 7,5h heat storage the
capacity factor varies between 38-50% (UNDP, 2012). Thus, we will use a capacity
factor equal to 40%. For a 40% capacity factor the annual electricity production of the
specific PTC plant based on the results of the RETscreen software is 175.200ΜWh. The
investment cost of the Andasol-1 plant is estimated at 280million€ or 5.600€/kW. Also,
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based on information from the literature review, we will use a medium value of O&M
costs equal to 20€/MWh, or 3,504million€ for annual O&M costs (IRENA, 2012). The
CO2 emissions based on the literature review (12-90kgCO2/MWh for PTC and 1160kgCO2/MWh for SPT) and the estimations of the TRANS-CSP and the MED-CSP
study for 2020 will be considered equal to 71kgCO2/MWh or 0,071tCO2/MWh ((DLR),
et al., 2005; Trieb, et al., 2006). In addition, we assume a discount rate equal to 5%, and
an inflation rate of 3%. Also a debt is needed which we assume that will be repaid
throughout the 30-year lifetime of the project and we apply a debt-to-equity ratio equal
to 60% and a debt interest rate equal to 6%. Finally, we set an effective income tax rate,
which is the combination of the state and the federal income tax, equal to 40% (Zhang
& Smith, 2008). No tax incentives were applied in our analysis.

4.1 Investment cost
The investment cost of a CSP plant depends on many parameters, but mainly on
the site and supplier (Gazzo, et al., 2011).Based on Table 12: Costs of Andasol-1
reference plant the total investment cost of the Andasol-1 PTC plant is estimated at
280million€, or 5.600€/kW. 38,5% of the total amount is allocated to the solar field
costs and the HTF system, while the cost of the mirrors and receivers accounts for 14%
of the total cost, the steel construction for 10,7%, the heat transfer system for 5,4% and
the HTF for 2,1%. The TES system accounts for 10,5% of the total cost and the labor
cost for 17,1% (Gazzo, et al., 2011). If we apply the forenamed data as input in the
RETScreen software, we can provide the various financial indicators that are essential
for the financial viability evaluation of this base-case scenario. As a result, the after-tax
internal rate of return (IRR) on equity of the investment is calculated equal to 15%, the
after-tax internal rate of return (IRR) on assets equal to 3,9% and the net present value
(NPV) equal to 136.310.841€. The benefit-cost ratio is equal to 2,22 and the debt
coverage ratio is equal to 3,57. The energy production cost was estimated equal to
18.56€ct/kWh.
The investment cost reduction range, by taking into consideration development
in all areas, can be between 16-34% by 2020 (IRENA, 2012). If we investigate a
scenario in which the parabolic mirror and receiver prices, accounting for a 14% of the
total cost of the plant, follow a decline trend similar to the cost reduction trend of PVs
(20% reduction in module prices for every doubling of the production globally and 95%
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cost reduction in total between 1976-2010 or approximately 1,76% per year (U.S.
Department of Energy, 2012)), due to economies of scale leading to higher production
capacities of the manufacturers and demand for components, we can assume that for a
capacity increase in 2020 more than four times greater compared to the CSP capacity of
2010 and more than six times greater in 2030 based on Greenpeace estimations (UNDP,
2012), a 80% reduction in mirror and receiver costs can be expected in the next decades.
Thus, we will analyze a scenario based on which a 10% decrease in the CSP investment
cost can be achieved. For our reference PTC plant the investment cost will decrease to
252million€ (or 5.040€/kW). Ceteris paribus, the after-tax IRR on equity will be equal
to 17,8% while the after-tax IRR on assets will be equal to 5,4% and the NPV of the
investment equal to 161.563.897€. The cost of electricity will become equal to
17€ct/kWh. Assuming a scenario in which the investment cost will be reduced by 20%
(or approximately 4.500€/kW), the investment cost will drop to 225million€, the aftertax IRR on equity of the reference plant will be equal to 21,2%, the after-tax IRR on
assets will be equal to 7,1% and the NPV equal to 186.816.953€. For this scenario the
cost of electricity is estimated to scale down to 15,44€ct/kWh. If we apply a more
aggressive scenario in which the investment cost of CSP plants will be reduced by 30%
between 2020-2030 due to economies of scale, technical advances and a technology
learning development (IEA-ETSAP and IRENA, 2013), then the investment cost of the
reference plant would be reduced to 196million€ (or 3.920€/kW). For this scenario the
after-tax IRR on equity of the plant will be equal to 25,5%, the after-tax IRR on assets
will be equal to 9,1% and the NPV equal to 212.070.009€. The cost of electricity is
equal to 13,88€ct/kWh. The results are summarized in Table 16: Results of the CSP
plant financial viability indicators for estimated investment cost reduction. The NPV
sensitivity to the investment cost is presented in Figure 1: NPV sensitivity to Investment
Cost.
Table 16: Results of the CSP plant financial viability indicators for estimated investment cost
reduction
Inv. Cost = 280m€
(base case or
5.600€/kW)

Inv. Cost = 252m€
(10% reduction or
5.040€/kW)

Inv. Cost = 224m€
(20% reduction or
4.480€/kW)

Inv. Cost = 196m€
(30% reduction or
3.920€/kW)
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Value

(%)
14
Diff.

Value

(%)
Diff.

Value

(%)
Diff.

Value

(%)
Diff.

NPV (€)

136.310.841

0

161.563.897

18,53

185.915.058

37,05

212.070.009

55,58

After-tax
IRR
(equity)
(%)

15

0

17,8

18,7

21,2

41,3

25,5

70

After-tax
IRR
(assets)
(%)

3,9

0

5,4

38,46

7,1

82

9,1

133,3

Investment cost (million€)

300
250
200
150
100
50
0
120

140

160

180

200

220

NPV (million€)

Figure 1: NPV sensitivity to Investment Cost

As we can notice from Table 16: Results of the CSP plant financial viability indicators
for estimated investment cost reduction and Figure 1: NPV sensitivity to Investment
Cost, a 10% reduction in the investment cost leads to a 18,525% increase in the NPV of
the plant, a 20% reduction in the investment cost leads to a 37,05% increase in the NPV
and a 30% reduction in the investment cost leads to a 55,578% increase in the NPV.
This indicates that these two changes have a linear correlation, meaning that they are
proportional. According to our results we can estimate that, ceteris paribus, a 1%

14

The % difference indicates the percentage difference ( increase or decrease) between the calculated
value and the base case value of the parameter.
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decrease in the investment cost of the CSP plant corresponds to a 1,853% increase in
the NPV of the plant.
In Figure 2: After-tax IRR (equity) sensitivity to Investment Cost, the sensitivity
of the after-tax IRR on equity to the investment cost is presented.

Investment cost (million€)

290
270
250
230
210
190
170
150
10

15

20

25

30

After-tax IRR -equity (%)

Figure 2: After-tax IRR (equity) sensitivity to Investment Cost

From Table 16: Results of the CSP plant financial viability indicators for estimated
investment cost reduction we can notice that a 10% reduction in the investment cost
results to a 18,7% percentage increase in the after-tax IRR on equity, a 20% reduction in
the investment cost to a 41,3% increase in the after-tax IRR on equity and finally, a
30% reduction in the investment cost to a 70% increase in the after-tax IRR on equity.
Finally, in Figure 3: After-tax IRR (assets) sensitivity to Investment Cost the
sensitivity of the after-tax IRR on assets to the investment cost is presented. From Table
16: Results of the CSP plant financial viability indicators for estimated investment cost
reduction we can notice that a 10% reduction in the investment cost of the plant results
to a 38,46% percentage increase in the after-tax IRR on assets, a 20% reduction in the
investment cost results to a 82% increase in the after-tax IRR on assets and a 30%
reduction in the investment cost leads to a 133,3% increase in the after-tax IRR on
assets of the CSP plant. Again the values of the IRR on assets and the investment cost
are not proportional.
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Figure 3: After-tax IRR (assets) sensitivity to Investment Cost

4.2 Operation and maintenance costs
Regarding the operation and maintenance costs, for a value of 20€/MWh or
3,504million€ for our reference plant the after-tax IRR on equity of the investment will
be equal to 15%, the after-tax internal rate of return (IRR) on assets will be 3,9% and
the net present value (NPV) equal to 136.310.841€.
Based on IRENA estimations, automation and technical advances can lead up to
35% reduction of O&M costs for PTC plants and 23% for SPT plants. This can be
achieved with more developed and durable components, that minimize the replacement
needs of the mirrors and the receivers and better cleaning procedures that will reduce
the water needs and maintenance costs (IRENA, 2012). Additional estimations, state up
to 30% reduction in O&M costs of CSP plants, including fixed costs, variable costs and
insurance in the following years (IEA-ETSAP and IRENA, 2013). Thus, in the
beginning we will analyze a scenario based on which a 10% reduction of O&M costs
occurs. For a 10% reduction the annual O&M costs will be equal to 3.153.600€ per
year or 18€/kWh. The after-tax IRR on equity will be equal to 15,3%, the after-tax IRR
on assets will be equal to 4,1% and the NPV of the plant will be equal to 141.057.406€.
The electricity production cost will be equal to 18,27€ct/kWh. For a 20% reduction
potential, the annual O&M costs will be equal to 2.803.200€ per year or 16€/kWh. The
after-tax IRR on equity of the investment will be equal to 15,6%, the after-tax IRR on
assets will be equal to 4,2% and the NPV will be equal to 145.803.972€. The cost of
electricity is estimated at 17,98€ct/kWh. Finally, for a 30% reduction potential, the
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O&M costs will be diminished to 2.452.800€ per year or 14€/kWh. The after-tax IRR
on equity will be equal to 15,8%, the after-tax IRR on assets will be equal to 4,4% and
the NPV of the investment will be equal to 150.550.537€. The electricity production
cost is estimated equal to 17,68€ct/kWh. The results are summarized in Table 17:
Results of the CSP plant financial viability indicators for estimated O&M costs
reduction. The NPV sensitivity to the annual O&M costs is presented in Figure 4: NPV
sensitivity to Annual O&M costs.
Table 17: Results of the CSP plant financial viability indicators for estimated O&M costs
reduction
O&M costs =
3.504.000€/ yr
(base case or
20€/kWh)

O&M costs =
3.153.600€/ yr
(10% reduction or
18€/kWh)

O&M costs =
2.803.200€/ yr (20%
reduction or
16€/kWh)

O&M costs =
2.452.800€/ yr (30%
reduction or
14€/kWh)

Value

(%)
Diff.

Value

(%)
Diff.

Value

(%)
Diff.

Value

(%)
Diff.

NPV (€)

136.310.841

0

141.057.406

3,48

145.803.972

6,96

150.550.537

10,44

After-tax
IRR
(equity)
(%)

15

0

15,3

2

15,6

4

15,8

5,3

After-tax
IRR
(assets)
(%)

3,9

0

4,1

5,13

4,2

7,7

4,4

12,82

Annual O&M costs (million€)

4

3

2

1

0
130

135

140

145

150

155

NPV (million€)

Figure 4: NPV sensitivity to Annual O&M costs
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From Table 17: Results of the CSP plant financial viability indicators for estimated
O&M costs reduction and Figure 4: NPV sensitivity to Annual O&M costs we can
notice that a 10% decrease in the O&M costs will result in a 3,48% increase in the NPV.
A 20% decrease in the O&M costs will result in a 6,96% increase in the NPV and a
30% reduction in the O&M costs will result in a 10,44 increase in the NPV. These
findings indicate that the two changes are one to one perfectly analogous (or the NPV is
inversely proportional to the O&M costs) and that a 1% decrease in the O&M costs,
ceteris paribus, corresponds to approximately 0,35% increase in the NPV.
In Figure 5: After-tax IRR (equity) sensitivity to O&M costs sensitivity of the
after-tax IRR on equity to the O&M costs is presented.
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Figure 5: After-tax IRR (equity) sensitivity to O&M costs

From Table 17: Results of the CSP plant financial viability indicators for estimated
O&M costs reduction and Figure 5: After-tax IRR (equity) sensitivity to O&M costs,
we can notice that a 10% decrease in the current O&M costs of our reference CSP plant
will result to a 2% increase in the after-tax IRR on equity, a 20% decrease in the O&M
costs will lead to a 4% increase in the after-tax IRR on equity and a 30% decrease in the
O&M costs will lead to a 5,3% increase in the after-tax IRR on equity.
Finally, in Figure 6: After-tax IRR (assets) sensitivity to O&M costs the aftertax IRR on assets sensitivity to O&M costs is presented.
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Figure 6: After-tax IRR (assets) sensitivity to O&M costs

Based on our findings from Table 17: Results of the CSP plant financial viability
indicators for estimated O&M costs reduction and Figure 6: After-tax IRR (assets)
sensitivity to O&M costs, we estimate that a 10% reduction in the O&M costs will
result in a 5,13% increase in the after-tax IRR on assets while a 20% reduction in the
O&M costs will result in a 7,7% increase in the after-tax IRR on assets. Finally, we
notice that a 30% reduction in the O&M costs will lead to a 12,82% increase in the
after-tax IRR on assets.

4.3 Debt interest rate
In the base case scenario, we assumed a type of financing in which a 60% debtto-equity ratio was applied with a 6% debt interest rate, which is a typical project
financing structure for Independent Power Producers (IPP) (Zhang & Smith, 2008). In
our analysis, we will assume another type of financing, such as a subsidized loan or a
concessional loan with the same debt-to-equity ratio but with different interest rates to
estimate the impact on the financial indicators we are interested in. In these loans the
interest rate is reduced by a certain amount through subsidies. Thus, in the beginning we
will analyze a scenario in which the interest rate is reduced to 4% (33,3% reduction).
For a 60% debt-to-equity ratio and a 4% discount rate, the after-tax IRR on equity will
increase to 16,2%, the after-tax IRR on assets will increase to 4,6% and the NPV of the
CSP plant will increase to 157.330.409€. The energy production cost will be equal to
17,26€ct/kWh. For another scenario, we will assume a 3% debt interest rate (50%

-81-

reduction of the base case interest rate) with the same debt-to-equity ratio as before. For
this scenario, the after-tax IRR on equity of the plant will increase to 16,7%, the aftertax IRR on assets will increase to 5% and the NPV will increase to 166.823.963€. The
cost of electricity for this scenario will be equal to 16,68€ct/kWh. For a 2% debt interest
rate (66,6% reduction) the after-tax IRR on equity will increase to 17,2%, the after-tax
IRR on assets will increase to 5,2%, the NPV of the plant will increase to 175.580.005€
and the cost of electricity will drop to 16,13€ct/kWh. Finally, we will also analyze a
scenario based on which the debt interest rate is higher than the debt interest rate of our
base case scenario. Thus, we will assume a debt interest rate equal to 8%. For this
scenario, according to our results the after-tax IRR on equity will decrease compared to
the base case to 13,6%, the after-tax IRR on assets will decrease to 3% and the NPV
will decrease to 112.934.950€. The cost of electricity for this scenario will be equal
20€ct/kWh. The results of the various scenarios are provided in Table 18: Results of the
CSP plant financial viability indicators for various debt interest rates. In Figure 7: NPV
sensitivity to Debt Interest Rate the NPV sensitivity to the debt interest rate is presented.
Table 18: Results of the CSP plant financial viability indicators for various debt interest rates
Debt interest
rate=6%

Value

(%)
Diff.

Debt interest
rate=4%

Value

Debt interest
rate=3%

Debt interest
rate=2%

(%)
Diff.

Value

(%)
Diff.

Value

175.580.005

(%)
Diff.

Debt interest
rate=8%

Value

(%)
Diff.

112.934.9
50

17,2

NPV (€)

136.310.841

0

157.330.409

15,4

166.823.963

22,4

After-tax
IRR
(equity)
(%)

15

0

16,2

8

16,7

11,3

17,2

14,7

13,6

9,3

After-tax
IRR
(assets)
(%)

3,9

0

4,60

28,2

5,2

33,3

3

23
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Figure 7: NPV sensitivity to Debt Interest Rate

According to our results, a 33,3% reduction in the debt interest rate will result in an
increase in the NPV by 15,42%, a 50% reduction in the debt interest rate will result in a
22,38% increase in the NPV and a 66,6% decrease in the debt interest rate will result in
an increase of the NPV by 28,8%. On the other hand, a 33,3% increase in the debt
interest rate will decrease the NPV of the plant by17,15%.
In Figure 8: After-tax IRR (equity) sensitivity to Debt Interest Rate the after-tax
IRR on equity sensitivity to the debt interest rate is presented.
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Figure 8: After-tax IRR (equity) sensitivity to Debt Interest Rate

From Table 18: Results of the CSP plant financial viability indicators for various debt
interest rates and Figure 8: After-tax IRR (equity) sensitivity to Debt Interest Rate, we
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can notice that a 33,3% reduction of the debt interest rate applied for our base case
scenario will result in 8% increase in the after-tax IRR on equity, a 50% decrease in the
debt interest rate will increase of the after-tax IRR on equity by 11,3% and a 66,6%
decrease in the debt interest rate will increase the after-tax IRR on equity by 14,67%.
On the contrary, a 33,3% increase of the debt interest rate will result in a 9,3% increase
in the after-tax IRR on equity.
Finally, the sensitivity of the after-tax IRR on assets to the debt interest rate was
estimated and presented in Figure 9: After-tax IRR (assets) sensitivity to Debt Interest
Rate.
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Figure 9: After-tax IRR (assets) sensitivity to Debt Interest Rate

Based on our results provided in Table 18: Results of the CSP plant financial viability
indicators for various debt interest rates and Figure 9: After-tax IRR (assets) sensitivity
to Debt Interest Rate, we observe that a 33,3% decrease in the debt interest rate will
lead to a 17,95% increase in the after-tax IRR on assets, a 50% decrease in the debt
interest rate will lead to a 28,2% increase in the after-tax IRR on assets and finally a
66,6% reduction of the debt interest rate will cause an increase of 33,3% in the after-tax
IRR on assets of the project. On the other hand, a 33% increase in the debt interest rate
will decrease the after-tax IRR on assets by 23%.

4.4 Discount rate
In our analysis we assumed a discount rate equal to 5%. The after-tax IRR on
equity was estimated equal to 15% for our base case scenario. In this subsection we will
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vary the discount rate values between 2-16% in order to analyze the present value of
future cash flows and provide the NPV of the CSP plant sensitivity to the discount rate.
The results are given in Table 19: Results of the CSP plant NPV for various discount
rates. In Figure 10: NPV sensitivity to Discount Rate the NPV sensitivity of the
reference CSP plant to the discount rate is presented.
Table 19: Results of the CSP plant NPV for various discount rates
NPV (€)

Discount rate (%)
(%) Diff.

Value (€)

(%) Diff.

2
3

60
40

239.894.925
198.990.822

76
46

4

20

164.909.618

21

5

0

136.310.841

0

6

20

112.144.821

17,7

7

40

91.585.060

32,8

8

60

73.977.186

45,7

9

80

58.800.260

56,8

10

100

45.637.291

66,5

11

120

34.152.678

74,9

12

140

24.074.865

82,3

13

160

15.182.937

88,8

14

180

7.296.224

94,6

15

200

266.196

99,8

16

220

-6.029.885

104

NPV (million€)

Value (%)
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Figure 10: NPV sensitivity to Discount Rate
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Based on our findings provided in Table 19: Results of the CSP plant NPV for various
discount rates and Figure 10: NPV sensitivity to Discount Rate, a 20% decrease in
discount rate will result in a 21% increase in the NPV of the plant, a 40% decrease in
discount rate will result in a 46% increase in the NPV and a 60% decrease in discount
rate will result in approximately 76% increase in the NPV. On the other hand, a 20%
increase in discount rate will result in a 17,7% decrease in the NPV, a 40% increase in
the NPV will result in a 32,8% decrease in the NPV, a 60% increase in the discount rate
will result in a 45,7% decrease in the NPV, an 80% increase in the discount rate will
lead to a decrease of 56,8% in the NPV and 100% increase in the discount rate will lead
to a 66,5% decrease in the NPV of the plant. Moreover, for a discount rate equal to 15%
(or a 200% increase compared to the base case value) the NPV will be equal to
266.196€ or it will drop by 99,8%. If we apply a discount rate higher than 15%, i.e. a
discount rate equal to 16%, then the NPV of the plant will become negative and the
project will no longer generate profits.

4.5 Feed in Tariff and other policy aspects
Feed in tariff is a widely applied policy for the RE and CSP systems
development. Other support mechanisms mainly for smaller scale applications are
subsidies and tax incentives. In our case we assumed a FiT mechanism to be equal to
27€ct/kWh, which is a common value for the Mediterranean countries that have applied
a FiT incentive policy. In Greece the FiT rate payment for CSP plants with no storage in
2010 was 26,49€ct/kWh and for CSP with storage (at least 2h storage capacity at
nominal load) the FiT was higher, equal to 28,49€ct/kWh (CSP Alliance, 2014). In
Spain the FiT for a purchase guarantee of 1-25 years is 27€ct/kWh and for more than 25
years it is equal 22€ct/kWh. Another mechanism available is a FiT with two options that
include a regulated tariff equal to 28€ct/kWh for the first 25 years and after the 25th
year a tariff equal to 23€ct/kWh or an organized electricity market with a tariff equal to
27€ct/kWh for the first 25 years and a tariff equal to 21€ct/kWh after that. In Italy the
FiT varies between 22-28€ct/kWh depending on the net production. In Cyprus, the tariff
paid for solar thermal energy is equal to 26€ct/kWh for the first 20 years (CSP TODAY,
2011). For CSP capacity up to 10MW, the FiT in Portugal is equal to 27€ct/kWh and
above 10MW capacity the FiT is 16-20€ct/kWh (Salazar, 2008). Thus, in this
subsection we will assess the financial indicators of the reference CSP plant for various
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tariffs, that vary between 16€ct/kWh to 30€ct/kWh for an aggressive scenario in which
the tariff provided based on storage capacity increases. The results of our investigation
are presented in Table 20: Results of the CSP plant financial viability indicators for
various values of FiT and the sensitivity of the NPV of the reference CSP plant to the
FiT is shown in Figure 11: NPV sensitivity to FiT.

Table 20: Results of the CSP plant financial viability indicators for various values of FiT
FiT (€ct/kWh)
Value (€ct/kWh)

After-tax IRR on
equity (%)

NPV (€)

(%)Diff.

Value (€)

After-tax IRR on
assets (%)

(%)Diff.

Value (%)

(%) Diff.

Value (%)

(%)Diff.

98,6

-6,7

271,8

16

40,7

-41.443.885

130

0,2

17

37

-25.284.364

118,5

2,4

84

-4,7

220,5

18

33,3

-9.124.844

106,7

4,1

72,7

-3,3

184,6

19

29,6

7.034.677

95

5,6

62,7

-2,1

153,8

53,3

-1,1

128

20

26

23.194.197

83

7

21

22

39.353.718

71

8,3

44,7

0,2

94,9

22

18,5

55.513.238

59,3

9,5

36,7

0,6

84,6

23

14,8

71.672.759

47,4

10,7

28,7

1,3

66,7

21,3

2

48,7

24

11

87.832.280

35,5

11,8

25

7,4

103.991.800

23,7

12,9

14

2,7

30,8

26

3,7

120.151.321

11,85

14

6,7

3,3

15,4

27

0

136.310.841

0

15

0

3,9

0

7,3

4,5

15,4

28

3,7

152.470.362

11,85

16,1

29

7,4

168.629.882

23,7

17,1

14

5

28,2

30
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5,6
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Figure 11: NPV sensitivity to FiT
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From Table 20: Results of the CSP plant financial viability indicators for various values
of FiT and Figure 11: NPV sensitivity to FiT we can notice that for a FiT value lower
than 19€ct/kWh, the NPV of the reference CSP plant is taking negative values and thus
the project will not generate earnings. Also, if the FiT increases by 3,7%, compared to
the base case value, to 28€ct/kWh then the NPV of the plant will increase 11,85%. An
increase of 7,4% or 29€ct/kWh in FiT will result in an increase of 23,7% in NPV and an
increase in FiT by 11% or 30€ct/kWh will lead to an increase in NPV by 35,5. On the
other hand, for a FiT value equal to 22-23€ct/kWh the NPV of the project drops by
almost 50-60%. In Figure 12: After-tax IRR (equity) sensitivity to FiT the sensitivity of
the IRR to the FiT is presented.
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Figure 12: After-tax IRR (equity) sensitivity to FiT

As estimated, a 3,7% increase in the FiT to a value of 28€ct/kWh will result in an
increase of 7,3% in after-tax IRR on equity, while a 7,4% increase in the FiT to a value
of 29€ct/kWh will lead to an increase of 14% in the after-tax IRR on equity and a 11%
increase in the FiT to 30€ct/kWh will result in an increase in the after-tax IRR on equity
by 20,7%. In contrary, a decrease in the FiT to 20-21€ct/kWh will reduce the after-tax
IRR on equity by almost 50% and if the FiT value drops by 40,7% to 16€ct/kWh the
after-tax IRR on equity will diminish by 98,6% to a value of 0,2%.
Finally, in Figure 13: After-tax IRR (assets) sensitivity to FiT the after-tax IRR
on assets sensitivity to FiT is presented.
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Figure 13: After-tax IRR (assets) sensitivity to FiT

Based on Table 20: Results of the CSP plant financial viability indicators for various
values of FiT and Figure 13: After-tax IRR (assets) sensitivity to FiT, an increase in FiT
by 11% to a value of 30€ct/kWh will result in a 43,6% increase in after-tax IRR on
assets. On the other hand, if the FiT value drops by 11% to 24€ct/kWh then the after-tax
IRR on assets will decrease by almost 49% and for a FiT value equal to 21€ct/kWh the
after-tax IRR on assets will decrease by almost 95%.

4.6 Storage costs
The thermal energy storage cost is an essential parameter that affects the total
investment cost of the plant. For our reference CSP plant, the Andasol-1 plant, as shown
in Table 12: Costs of Andasol-1 reference plant the TES system cost accounts for
10,5% of the total cost of the plant (or 29,5million€). In general, CSP plants that
integrate a TES system have a higher cost of investment compared to CSP plant with no
TES system, but also they have higher capacity factors and thus achieve lower cost of
electricity values. The most costly elements in the storage system are the salts used
accounting for almost half of the systems cost and the storage tanks. Advanced thermal
storage systems and improved HTF could scale down the cost of the storage system.
This could be achieved through improved insulation materials, developed storage
mediums (improved salts with higher operating temperatures), cheaper storage tanks,
higher difference in hot and cold temperature in the two tanks and better performance of
the TES system. The cost reduction potential of storage systems is estimated between
38-69% by 2020 (IRENA, 2012). Thus, in this subsection we will analyze different
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scenarios for various reduction potentials and estimate the financial viability indicators
of the reference CSP plant for each scenario. The results of our analysis are presented in
Table 21: Results of the CSP plant financial viability indicators for estimated storage
cost reduction. In Figure 14: NPV sensitivity to Storage Costs the NPV sensitivity to the
various storage costs is shown.

Table 21: Results of the CSP plant financial viability indicators for estimated storage cost
reduction
After-tax IRR on equity
(%)

NPV (€)

After-tax IRR on assets
(%)

Value (€)

(%) Diff.

Value

(%) Diff.

Value

(%) Diff.

TES system
cost=29,5million€
(base case)

136.310.841

0

15

0

3,9

0

TES system
cost=26,55million€
(10% reduction of
TES cost)

138.971.431

1,95

15,3

2

4

2,6

TES system
cost=23,6million€
(20% reduction of
TES cost)

141.632.021

3,9

15,60

4

4,2

7,7

TES system
cost=20,65million€
(30% reduction of
TES cost)

144.292.611

5,85

15,9

6

4,4

12,8

TES system
cost=17,7million€
(40% reduction of
TES cost)

146.953.200

7,8

16,2

8

4,5

15,4
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TES system
cost=14,75million€
(50% reduction of
TES cost)

149.613.790

9,75

16,4

9,3

4,7

20,5

TES system
cost=11,8million€
(60% reduction of
TES cost)

152.274.380

11,7

16,7

11,3

4,8
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Figure 14: NPV sensitivity to Storage Costs

In the base case scenario, the TES system cost was estimated to be equal to
29,5million€ and the NPV of the CSP plant was 136.310.841€. Based on our
calculations a 10% reduction in the thermal energy storage system cost will result in a
1,95% increase in the NPV of the reference CSP plant, a 20% decrease in the storage
cost will lead to a 3,9% increase in the NPV, a 30% decrease in the storage cost will
result in a 5,85% increase in the NPV, a reduction of 40% in the cost of storage will
result in an increase of 7,8% in the NPV, a 50% reduction in the storage cost will scale
up the NPV of the plant by 9,75% and finally a 60% decrease in the cost of storage
system will lead to a 11,7% increase in the NPV of the CSP plant compared to the base
case value to a value of 152.274.380€. Our findings indicate that these two changes are
one to one perfectly analogous and thus, we can estimate that a 1% decrease in the
storage cost will increase the NPV of the plant by approximately 0,2%.
In Figure 15: After-tax IRR (equity) sensitivity to storage cost the after-tax IRR
on equity sensitivity to storage cost is presented.
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Figure 15: After-tax IRR (equity) sensitivity to storage cost

Based on our results, a 10% reduction in the storage cost will increase the after-tax IRR
on equity by 2%, a 20% decrease in the storage cost will result in an increase in the
after-tax IRR on equity by 4%, a 30% decrease in the storage cost will lead to a 6%
increase in the after-tax IRR on equity and a 40% reduction in the cost of the storage
will result in an increase in the after-tax IRR on equity by 8%. A 50% reduction in the
storage cost will militate a 9,3% increase in the after-tax IRR on equity and a 60%
reduction in the storage cost, which represents an aggressive scenario, will lead to an
increase in the after-tax IRR on equity by 11,3% to a value of 16,7%.
Finally, in Figure 16: After-tax IRR (assets) sensitivity to storage cost the aftertax IRR on assets sensitivity to storage cost is shown.
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Figure 16: After-tax IRR (assets) sensitivity to storage cost

Based on our results presented in Table 21: Results of the CSP plant financial viability
indicators for estimated storage cost reduction and Figure 16: After-tax IRR (assets)
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sensitivity to storage cost, 10% reduction in the storage cost will result in an increase of
2,6% in the after-tax IRR on assets, a 20% reduction in the storage cost will cause an
increase in the after-tax IRR on assets by 7,7% and a 30% reduction in the TES system
cost will increase the after-tax IRR on assets by 12,8%. If the storage cost diminishes by
40%, the after-tax IRR on assets will increase by 15,4% and if the storage cost
decreases by 50%, the after-tax IRR on assets will scale-up by 20,5%. Finally, for the
aggressive scenario based on which the storage cost will decrease by 60%, it is
estimated that the after-tax IRR on assets will increase by 23%.

4.7 Four future development scenarios
In this final subsection, based on our forenamed estimations, four future
development scenarios will be analyzed. This scenarios can be classified into an
optimistic-realistic, an optimistic, an advanced (aggressive) and finally a pessimistic
scenario. Regarding the optimistic-realistic scenario we applied the least beneficial
estimations for each parameter mentioned above. Thus, for the optimistic-realistic
scenario we assumed that the investment cost will be reduced by 10% to a value of
252million€ (or 5.040€/kW) and if the TES system cost reduction is also considered in
the total investment cost value then the investment cost will drop further to
249,05million€. The annual O&M costs will also be reduced by 10% to a value of
3.153.600€ (or 18€/kWh) and the TES system cost will be diminished by 10% to a
value of 26,55million€. The debt interest rate was assumed to be equal to 4%, the
discount rate equal to 4% and the FiT granted for the electricity produced equal to
28€ct/kWh. For the optimistic scenario, we applied a 20% reduction in investment cost
to a value of 225million€ (or 4.480€/kW) and if we additionally assume a drop in the
TES system cost by 30% to a value of 20,65million€ the total investment cost will
diminish to 216,15million€. Also a 20% reduction in the annual O&M costs to a value
of 2.803.200€ (or 16€/kWh) was applied. The debt interest rate used was equal to 3%,
the discount rate was equal to 3% and the FiT used was assumed equal to 29€ct/kWh.
Concerning the analysis of the advanced scenario, we assumed a 30% reduction in the
investment cost to occur. As a result the investment cost is estimated equal
to196million€ (or 3.920€ct/kW) and if we take into account an additional cost reduction
by 60% in the TES system to a value of 11,8million€, then the investment cost will be
178,3million€. The annual O&M costs for this scenario are estimated to decline by 30%
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to a value of 2.452.800 (or 14€/kWh). The debt interest rate and the discount rate
applied were both equal to 2%, while the FiT paid was assumed equal to 30€ct/kWh.
Finally, in the pessimistic scenario we assumed that most parameters will preserve their
initial values or even take a value that will affect the financial viability indicators of the
plant negatively. Hence, we maintained the base case values of the TES system cost and
the investment cost of the plant but also the base case values of the annual O&M costs.
The debt interest rate applied was equal to 8% and the discount rate equal to 10%.
Regarding the FiT value used, we assumed a FiT equal to 24€ct/kWh, which is the
lowest possible value that could generate a positive NPV for the plant and thus render
the investment profitable. For a FiT value lower than 24€ct/kWh, based on the
pessimistic scenario assumptions, the NPV of the plant would be negative and thus
result in losses. The results of the four development scenarios investigated are presented
in Table 22: Results of the CSP plant financial viability indicators for four future
development scenarios. In Figure 17: NPV of the CSP plant based on the four
development scenarios and Figure 18: After-tax IRR on equity of the CSP plant based
on the four development scenarios the NPV and the after-tax IRR on equity of the
reference CSP plant based on the four future development scenarios are provided, while
the after-tax IRR on assets is given in Figure 19: After-tax IRR on assets of the CSP
plant based on the four development scenarios.
Table 22: Results of the CSP plant financial viability indicators for four future development
scenarios
After-tax IRR on
equity (%)

NPV (€)

After-tax IRR on
assets (%)

Value (€)

(%)
Diff.

Value

(%)
Diff.

Value

(%)
Diff.

Optimistic realistic

239.905.542

76

20,7

38

6,9

77

Optimistic

351.024.854

157,5

27

80

9,9

154

Advanced

488.221.111

258

36,3

142

14,1

261

Pessimistic

253.091

99,8

10

33

0,8

79,5
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Figure 17: NPV of the CSP plant based on the four development scenarios
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Figure 18: After-tax IRR on equity of the CSP plant based on the four development scenarios
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Figure 19: After-tax IRR on assets of the CSP plant based on the four development scenarios
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Based on our findings, the NPV of the reference CSP plant according to an
optimistic realistic scenario for the future development of the various financial CSP
parameters will increase by 76% compared to the base case value of the NPV, while the
after-tax IRR on equity and assets will increase by 38% and 77% respectively.
Regarding the optimistic scenario investigated, we estimated that the NPV of the
reference CSP plant will rise by 157,5% whereas the after-tax IRR on equity will
increase by 80% and the after-tax IRR on assets by 154%. The more advanced scenario
indicated an increase in the NPV of the plant by 285% compared to its base case value
and an increase in the after-tax IRR on equity and assets by 142% and 261%
respectively. On the other hand, based on the pessimistic scenario results, the financial
viability analysis demonstrated a decrease by 99,8% in the NPV of the plant and a
decrease by 33% and 79,5% in the after-tax ΙRR on equity and on assets respectively.
As an alternative case, we regarded the investigation of the probability the
discount rate used for the CSP investment to be higher than the debt interest rate as
notable. Thus, we maintained the same data as the base case scenario but we assumed a
discount rate equal to 6% and a debt interest rate equal to 5% and we carried out a
sensitivity analysis of the financial viability indicators of the CSP plant. Based on our
results, the NPV in the alternative scenario was found equal to 121.708.921€ (or 10%
lower than the base case scenario), while the after-tax IRR on equity and on assets were
found equal to 15,7% and 4,3% respectively (or 4,6% and 10,3% higher than the base
case scenario). In the alternative scenario an almost similar sensitivity of the financial
indicators to the investment cost, the O&M and the storage costs, compared to the base
case scenario, was displayed (the same percentage change of the parameters mentioned,
in both scenarios, resulted in the same percentage change of the financial indicators).
Moreover, we observed that when we applied the same debt interest rate values in the
alternative scenario we found the same values of the after-tax IRR on equity and on
assets. On the contrary, the sensitivity of the NPV to the debt interest rate indicated
slightly different results in the alternative scenario compared to the base case scenario.
In particular, for a 4% value of the debt interest rate the NPV of the CSP plant in the
alternative scenario was found equal to 130.684.702€ or approximately 26,6m€ lower
compared to the respective value of the base case scenario, while for a 3% debt interest
rate the NPV was computed to be equal to 139.027.365€ or 27,8m€ lower, for a 2%
debt interest value the NPV was calculated equal to 146.698.533€ or 28,9m€ lower and
for a debt interest rate equal to 8% the NPV was computed to be equal to 91.449.237€.
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or 21,5m€ lower than the respective values of the base case scenario. Finally, the
sensitivity analysis results of the NPV to the discount rate in the alternative scenario and
the difference compared to the base case scenario are presented in Table 23: Sensitivity
of NPV to discount rate in the alternative scenario.
Table 23: Sensitivity of NPV to discount rate in the alternative scenario
Discount rate (%)

NPV (€) (alternative scenario)

NPV (€) ( base case scenario)

Difference (€)

2

256.446.967

239.894.925

16.552.042

3

213.235.567

198.990.822

14.244.745

4

177.278.132

164.909.618

12.368.513

5

147.142.646

136.310.841

10.831.805

6

121.708.921

112.144.821

9.564.100

7

100.095.850

91.585.060

8.510.790

8

81.606.561

73.977.186

7.629.375

9

65.686.866

58.800.260

6.886.606

10

51.893.624

45.637.291

6.256.333

11

39.870.567

34.152.678

5.717.888

12

29.329.711

24.074.865

5.254.846

13

20.037.024

15.182.937

4.854.087

14

11.801.302

7.296.224

4.505.078

15

4.465.514

266.196

4.199.317

5 Conclusions
A CSP plant investment is a multifaceted decision-making procedure. The most
essential preconditions for the establishment and the sustainability of such plant are the
DNI of the location, the demand for energy (either heat or electricity) of the country, the
availability of land and the existing supporting mechanisms that concern the financial
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viability of the project. Mediterranean region constitutes an extraordinary option for
CSP technology implementation due to its extremely high solar irradiance.
Since the high investment and O&M costs still stand as a barrier in the CSP
introduction and development, in our analysis we tried to investigate and estimate the
financial viability of such an investment in the Mediterranean region. For this purpose a
sensitivity analysis of the CSP financial viability indicators to various parameters was
made. The CSP plant used as a reference plant for our analysis was the 50MW Andasol1 PTC plant. In the base case scenario the NPV of the reference plant was found equal
to 136.310.841€, the after-tax IRR on equity equal to 15% and the after-tax IRR on
assets equal to 3,9%. The values of the parameters applied in our analysis were in
accordance with the case studies and estimations displayed in section 3 but also in
literature review. Having established the appropriate values, the diversification in the
sustainability and profitability of the project can be calculated and assessed. According
to our results, a decrease in the investment cost by a proportion of 10-30% of the base
case value would increase the NPV of the plant by 18,5-55,6%, while the after-tax IRR
on equity and assets would be increased by 18,7-70% and 38,5-133,3% respectively.
Since the two changes, a decrease in the investment cost and an increase in the NPV,
ceteris paribus are one to one perfectly analogous, our findings indicate that a 1%
decrease in the investment cost of the CSP plant corresponds to approximately 1,85%
increase in the NPV of the plant. Regarding the storage costs, our results indicate that a
diminution of storage costs by 10-60% would result in an increase in the NPV of the
CSP plant by 1,95-11,7%, while the after-tax IRR on equity would increase by 2-11,3%
and the after-tax IRR on assets would increase by 2,6-23%. As before, the two changes
( a decrease in storage costs and an increase in NPV) ceteris paribus are perfectly
analogous and thus based on our analysis, a decrease of 1% in the storage cost
corresponds to a 0,2% increase in the NPV of plant. Moreover our findings indicate
that, if the O&M costs drop by a percentage of 10-30%, the NPV of the CSP plant
would increase by 3,5-10,4%, the after-tax IRR on equity would increase by 2-5,3% and
the after-tax IRR on assets would increase by 5,1-12,8%. Again the two changes of the
O&M costs reduction percentage and the NPV increase are one to one perfectly
analogous. Hence, according to our results a 1% decrease in O&M costs corresponds to
a 0,35% increase in the NPV of the plant. In addition, our results indicate that ceteris
paribus a decrease in the debt interest rate by 33,3-66,6% from a base case debt interest
rate value of 6% to a value of 2% would result in a respective increase in the NPV of
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the CSP plant by 15,4-28,8%. The after-tax IRR on equity would increase by 8-14,7%
and the after-tax IRR on assets would increase by 17,95-33,3%. On the other hand, a
33,3% increase in the debt interest rate from a value of 6% to a value of 8% would
decrease the NPV of the plant by 17,15% and the after-tax IRR on equity and on assets
would decrease by 9,3% and 23% respectively. Concerning the discount rate, our
findings indicate that for an increase in the discount rate by 20-200% from a base case
value of 5% to a value of 15%, the NPV would be reduced by 17,7-99,8%. For a higher
value of discount rate than 15% the NPV would acquire a negative value. On the other
hand a decrease in the discount rate by 20-60% from a base case value of 5% to a value
of 2% would increase the NPV of the CSP plant by 21-76%. In regard to the FiT
provided, our results indicate that an increase in the FiT in the range of 3,7-11% from a
base case value of 27€ct/kWh to 30€ct/kWh the NPV of the CSP plant would increase
by 11,85-35,5%, the after-tax IRR on equity would increase by 7,3-20,7% and the aftertax IRR on assets would increase by 15,4-43,6%. Also, we found that every 1€ct/kWh
added to the value of the FiT paid causes a 11,85% increase in the NPV of the CSP
plant (or 1% change in the FiT leads to a 3,2% change in the NPV). On the contrary, an
abatement of the FiT by 3,7-29,6% from a value of 27€ct/kWh to 19€ct/kWh would
result in a decrease in the NPV by 11,85-95%, the after-tax IRR on equity would
decrease by 6,7-62,7% and the IRR on assets would be diminished by 15,4-153,8%.
Similarly, we estimated that every 1€ct/kWh subtracted from the FiT value leads to a
11,85% diminution in the NPV of the CSP plant. For a FiT value lower than 19€ct/kWh
the NPV of the plant acquires a negative value and the project cannot be considered as
profitable. Finally, based on our estimations for the various parameters we investigated
four future development scenarios. Our results indicate that according to the four
scenarios analyzed, an optimistic realistic, an optimistic, an advanced and a pessimistic
one, the NPV of the CSP plant in the case of the first three scenarios would increase by
76%, 157,5% and 258% respectively while for the last scenario it would decrease by
99,8%. The after-tax IRR on equity based on the first three scenarios would increase by
38%, 80% and 142% respectively and in the case of a pessimistic scenario it would
decrease by 33%. Finally, the after-tax IRR on assets in the first three scenarios would
scale up by 77%, 154% and 261% respectively, whereas for a pessimistic scenario it
was estimated that the after-tax IRR on assets would decrease by 79,5%.
Our results indicate that the most consequential parameters for the financial
viability of a CSP plant in Mediterranean region are the investment cost of the plant
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(1% decrease in investment cost induces 1,85% increase in NPV), the FiT and other
support mechanisms provided (1% increase in FiT induces 3,2% increase in NPV) and
the discount rate. It is evident from Table 19: Results of the CSP plant NPV for various
discount rates and Figure 10: NPV sensitivity to Discount Rate that for a short change in
discount rate, the NPV of the CSP plant changes rapidly. The impact of the storage
costs (1% decrease in storage costs leads to a 0,2% increase in NPV of the plant), the
O&M costs (1% decrease in O&M costs results in a 0,35% increase in NPV) and the
debt interest rate is of smaller magnitude, but still constitutes a remarkable parameter
regarding the CSP implementation and growth.
Based on our analysis, technical advances of components and systems, such as
low cost components with higher efficiency and persistence, combined with an effective
support mechanism (appropriate regulatory framework) and a significant learning rate
of the industry can lead to even higher CSP growth in the Mediterranean region and can
render CSP technology a cost beneficial investment with a strong environmental and
socio-economic impact. Once CSP technology be introduced and become mature
enough, it can yield several advantages in society, in the national and international
economy and in the environment. Thus, it is indubitable that future research and
development in the CSP sector is indispensable.
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