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Abstract

eoncentrating Solar (eS) technologies capture and store solar energy in the form of high-temperature
heat. The application of suitable heat storage systems allows supplying the energy "on-demand" of endusers, regardless natura! fluctuations of the renewable source. This heat can drive thermo-electrical
power generation systems and/or heat demanding processes (e.g. residential or industriai heating). This
way, it is possible to partially or totally replace conventional fuels (fossils or biomass) with a "zeroemission" solar energy, leading to substantial environmental benefits.
This report introduces the basic principles of es technology and the experience made by ENEA in this
field , with prototypes and demonstrative plants installed in different Mediterranean sites. After, the city of
Sarajevo has been considered as reference site for the installation of a 2.5 MW thermal es plant.
Specifically, in this preliminary study, local weather conditions in Sarajevo and a es plant providing
high-temperature heat (> 500°e) for about 11 months/year have been considered .
The level of Direct Norma! lrradiation (DNI) in Sarajevo is about 1212 kWh/m 2/year, much lower than
other Southern Mediterranean sites w here es power plants are currently exploited (DN l > 1900
kWh/m 2/year in South ltaly). However, the installation in Sarajevo of a 2.5 MW (thermal) es plant
hybridized with conventional fuels (fossils or biomass) can lead to the supply of 4,800 MWh/year solar
energy for different uses, with relevant savings of eo2 emissions being 5280 ton/year compared to coal
or 1708 ton/year compared to methane.
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Acronyms
CS: Concentrating Solar
DNI: Direct Solar Irradiation,
HTF: Heat Transfer Fluid
TES: Thermal Energy Storage
TMY; Typical Meteorological Year data
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Introduction
Concentrating Solar (CS) technology makes use of the direct solar radiation as the main source to produce
high temperature heat for several uses; this way it will be possible to totally or partially replace
conventional fossil fuels with solar-only or hybrid CS plants.
In order to obtain temperatures comparable to those of combustion, it is necessary to concentrate the solar
radiation with appropriate optical systems, namely the "concentrator", on a component, namely "the
receiver", where the energy collected and transferred to a Heat Transfer Fluid (HTF). The solar heat can
be accumulated, aided with other heat sources (in hybrid CS plants) and then supplied to the heat load like
heat demanding industrial process and / or a thermos-electrical (Rankine or Brayton) power cycle.
Concentrated Solar systems can include a Thermal Energy Storage (TES) system to supply the required
high-temperature heat even when the sky is cloudy or after the sunset. During sunny hours, the solar heat
can be accumulated in a suitable high heat capacity media (fluid) and used on demand (for example at
night) to produce energy. The TES significantly improves the productivity of the plant (in terms of
operational hours per year) and therefore the economic competitiveness of the technology. For a given
rated thermal output, the TES capacity and the CS field area (i.e. concentrators’ active area) should be
suitably sized to supply the required thermal energy to the process. There is a point of balance between
the cost increase associated with the CS (TES capacity and CS field area) and the economic benefits
resulting from increased energy production. A considerable research effort specifically deals with the
optimization of TES system and different solutions have been proposed so far, depending on the
specifications of the process to be driven (e.g. process temperatures, heat supply rates, etc.).
The CS technology based on linear parabolic (or parabolic troughs) concentrators is currently the most
mature and the most convenient from the economic point of view, with more than 90% of installed power
worldwide. This technology is based on linear parabolic mirrors that concentrate the sun's rays on tubular
receivers placed on the focal line. The tubular receivers have a special coating to maximize the absorption
of solar energy and minimize losses due to the emission of infrared radiation at high temperatures; they
are also enclosed in a glass case with a vacuum gap to avoid heat losses by convection.
The solar heat absorbed by the receiver tube is collected by a Heat Transfer Fluid (HTF) flowing inside
the receivers and stored in a TES tank (hot tank, HT). Mirrors and receivers of solar collectors can rotate
around an horizontal axis to track the sun. Typical sized of a single solar collector are: 100 meters length
and 5-6 meters width.
Since 2001, ENEA has been studying CS plants and has developed an innovative CS technology
characterized by the use of linear parabolic collectors with molten salts both as HTF and TES medium up
to 550°C. The use of high temperature molten salts (with respect to more conventional thermal oils)
increases the energy conversion efficiency of the system, increases the TES capacity (heat storage by
volume) and reduces its costs, reduced the environmental impact of the plant.
However, the use of high temperature molten salts requires new technologies as key components of the
CS system, such as solar collectors, receivers and the TES system. These new components and systems
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have been developed and patented by ENEA, and tested under real operating conditions with the test
facility at the ENEA Research Center of Casaccia, near Rome, built in 2004, where over 20000 hours
tests have already been carried out for. Several Italian companies have participated in the research and
development program whose currently produce the receiver tubes and other components licensed under
ENEA conditions.
A demonstration plant with ENEA’s CSP technology has been built with the Italian National power utility
ENEL in Sicily. This plant, named Archimede plant, was designed to produce 5 MW solar electrical
power with a 6.5 hour TES. Archimede plant started its operation in July 2010 and is considered a first of
a kind in the world.
After 2010, ENEA continued its Research and Technological Innovation path to improve components and
widen the application potentials of this technology. In 2018 another demonstration plant has been built in
Egypt in the framework of project MATS (Multipurpose Applications by Thermodynamic Solar) leaded
by ENEA: in this case, new concepts have been applied and tested (e.g. a new TES system design) in a
hybrid plant designed to produce 1 MW electrical power and 250 m3/day of desalinated water.

Characteristics of the site location and analysis of solar irradiation
For a given plant location, a feasibility study for a possible CS plant application starts from the
characterization of the site not only in terms of solar irradiance but also of other meteorological
parameters (temperature, wind speed and direction) which could influence the operability of the main
solar power plant components, in particular the solar collector and the receiver tube.
Once the energy potential of the chosen location is defined (i.e. the yearly profile of the Direct Solar
Irradiation, DNI) it is then possible to size the system on the basis of the following input: expected
thermal power needed by the process, expected performance of the solar field and conventional
components. When all the features of the solar field will be defined, it will be possible to estimate the
heat produced by a specified solar field and to evaluate the production costs.

Site characteristics and technical features
For the design of a CS plant the meteo-climatic characteristics of the selected site must be taken into
account. In general, the main meteorological parameters such as temperature, humidity, wind speed and
its direction observed at the site or nearby location represent basic input for the design and operation of
any renewable energy plant. In case of CS plants, the main parameter is the direct solar radiation.
Meteorological phenomena are highly irregular and unpredictable. In this sense, to fully characterize a
new possible plant location, it is necessary to collect a series of weather data, including solar radiation in
a time series of several years with high and constant accuracy, which usually is not easy to satisfy. Data
acquisition frequency is also important: as a rule, average monthly data are sufficient to estimate the longterm potentiality, such as for a time comparable to the life span of the plant, while, to study in detail the
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operating conditions, it is necessary to reconstruct the trends of the magnitudes involved starting from
hourly values or even with a more frequent acquisition frequency.
The best case is to have long time observation series of the weather parameters in the selected location,
with the appropriate frequency (not less than the hourly rate) and for a sufficient period of time. However,
this solution has several drawbacks. First of all it is necessary to consider the significant costs related to
the preparation, installation and maintenance of a complete actinometric solar metric control unit and,
secondly, the time needed to complete the measurement campaign. Finally, it should be noted that the
results of the measurements are always "punctual" - referring rigorously to the particular site studied - and
it is not always easy to extrapolate needed values to possible locations, even when observed and selected
locations aren’t geographically close, which are initially considered as susceptible to host the new
installation.
To overcome the difficulties related to costs and needed observational time for measurements and the
limitations of their use, alternative methods of estimating solar radiation have been developed.
Meteonorm is a unique combination of reliable observed data sources and various calculation tools. It
provides access to typical years and historical time series. Meteonorm generates accurate and
representative typical years for any place on the earth. The database consists of more than 8000 weather
stations, five geostationary satellites and globally calibrated aerosol climatology. On this basis,
sophisticated interpolation models, based on more than 30 years of experience, provide results with high
accuracy worldwide. Different meteorological parameters are available for any location worldwide. For
this case study, we requested the direct normal solar radiation in form of typical meteorological year
(TMY) as input parameter for sizing a potential demonstrational CS plant. [https://meteonorm.com/].

Typical Meteorological Year for solar radiation
The most common data to describe the local solar climate is done by Typical Meteorological Year data
(TMY). To determine TMY data, various meteorological hourly measurements are made over a number
of years (10 years) to build up a picture of the local climate. A simple average of the yearly data
underestimates the variability, so the month that is most representative of the location is selected. For
each month, the average radiation over the whole measurement period is determined, together with the
average radiation in each month during the measurement period. The data for the month that has the
average radiation most closely equal to the monthly average over the whole measurement period is then
chosen as the TMY data for that month. This process is then repeated for each month of the year. The
months are added together to give a full year of hourly samples. This makes TMY as a package by
juxtaposing 12 months of actual data, each extracted from the starting series, at different years for each,
making sure that:
a)

b)

The monthly average value of the study quantities (DNI etc.) of the selected month must be close to the
average monthly value of the entire multiannual starting series (climatological characterization of the
site);
The hourly and daily sequences present in the TMY must reproduce in a sufficiently realistic way the
trends actually found in the recorded data (meteorological characterization of the site).
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More in detail, the so-called statistical parameter of Finkelstein-Schafer, which represents a measure of
the distance of the current year from that of the current year is being constructed, for the same month of
all available years, starting from the hourly data of the quantities involved, averaged of all 10 years. The
choice of the year to be included in the TMY then falls on the one that presents the minimum distance
from the average multi-year month.

Analysis of the solar radiation
As previously mentioned, CSP systems use only the direct component of solar radiation, the DNI profile.
Therefore DNI profile is a key factor for the technical and economic evaluation of the CS plant
performance and for the basic design of components and systems.

DNI [ W/m2]

Values of the typical year of the Sarajevo (shown in the Figure 1) are expressed in W/m2. The magnitude
represented is normal direct irradiation (DNI). The irregular aspect of the trend is obviously due to the
changing phenomenon of cloud formation, largely responsible for the attenuation of the radiation that
reaches the ground. The location of Sarajevo has representative latitude of 43°52' N, longitude 18°26' E
from Greenwich and with 630 m of sea level altitude, where the DNI profile for the TMY are simulated
with Meteonorm software, presented in the Figure below.
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Figure 1. Typical Meteorological Year of direct normal irradiation for Sarajevo

The total annual value is 1211,8 kWh (m2 year)-1, with an average value of 138,3 W. m-2.
In Figure 2 it is presented the monthly distribution of the average daily value; as seen in the winter
months, the average daily energy is much lower than in the summer months.
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Figure 2. Averaged daily monthly values of DNI
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Figure 3. Cumulative distribution function of DNI
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The direct solar radiation is present for about 3156 hours.year-1, where for about 1395hours.year-1 the
DNI values are found to be higher than 400 W.m-2 while, only 424 hours.year-1 the DNI values are found
to be higher than 800 W.m-2.
As we have seen the total annual average of the DNI is 1211,8 kWh.(m2 year)-1, and now we need to
evaluate the energy that can be actually used. To do that, it is necessary to consider the characteristics of
the concentration system. In the case of parabolic concentration through, the concentration system
consists of linear parabolic collectors and therefore it must be taken into account that the pursuit of solar
radiation takes place only on one axis. We assumed for this case study that the collectors are arranged in
the North-South direction (Figure 4) while tracking the sun in its daily movement East-West. Since this
system only uses the normal component of solar radiation, it is necessary to take into account the effect of
solar zenith angle and the angle of incidence between solar beam and at the collector surface.

Figure 4. Incidence angle between solar beam and solar collector

Furthermore, it is necessary to consider also other factors, which depend on the angle of incidence which
further reduce the effective solar radiation on the effective area of solar which can reflect the solar beam and
concentrate it on the receiver. Those factors are; the modified angle of incidence (IAM: Incidence Angle
Modifier), the shading between the rows of the collectors (which depends on the spacing that has been
considered equal to 12 m, twice the opening of the collector), and the terminal losses.
I(eff ) = DNI × cos(θ) × IAM × Row Shadow × End Loss

(1)

Where, I(eff) is effective energy, θ is zenith angle and IAM – Incidence Angle Modifier.
When we consider into account all these factors in equation (1), the effective solar radiation that can be
concentrated on the receiver tube for considered site location, ANI (Aperture Normal Irradiance) is now
equal to 890Wh.(m2 year)-1, with an average value of about 101,5 W.m-2. The graph of effective direct
irradiance for CSP collectors is presented in Figure 5, while the percentages in reduction effects are
presented in Figure 6.
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Figure 5. Effective direct radiation for CPS collectors
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Figure 6. The components of CSP reduction effects

In Figure 7 are presented the comparison between potential and effective radiation.
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Figure 7. Ratio between DNI and ANI
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Figure 8. Cumulative distribution of ANI

After considering all the reduction effects of our CSP system, now we can plot the cumulative distribution
function of ANI (Figure 8.). On the graph, we observe now that there are present 3200hours of effective
radiation, where 1395 hours.year-1 the values are higher than 400W.m-2, while only 424hours.year-1 the
values of ANI are higher than 800W.m-2. This reduction confronts the 203hours.year-1 in radiation higher
than 800W.m-2, while 437 hours.year-1 in the radiation higher than 400W.m-2 compared with coming direct
radiation.

Sizing of the CSP system
Once the effective solar radiation curve has been defined, the solar system can be dimensioned, in
particular the solar field and the storage system. Normally the dimensioning of these components is made
on the basis of the desired output thermal power, through an energy balance between the various systems:
solar field, storage system and the final user. Therefore, starting from the expected thermal power, the
efficiency of the concentration system, then the surface area of the solar field can be determined. In that
sense, first the number of collectors and their arrangement needs to be determined. On the basis of the
capacity of the storage system, the surface of the solar field is increased in order to have an excess
thermal power to accumulate and use in periods of scarce or lack of solar radiation. In some cases there
may be constraints that may limit the available area for the solar field (constraints on the site) or the
thermal power in the case of integration with other energy source that must be taken into account when
sizing this particular system.
In this case it is considered a CSP plant with thermal integration with fossil fuels. The introduction of an
integration heater represents an innovative aspect for this type of system, making it even more flexible
and more operational; in fact with this integration, it is possible to produce energy even at night or in the
Application of Concentrated Solar Power
technology in, location Sarajevo, Bosnia and
Herzegovina: a preliminary study

Pagina 11 di 19

CONFIDENTIAL

DTE-STSN-ITES
02/02/2019

DTE-STSN/2019/02
absence of the sun.
The solar system is characterized by the field with parabolic mirrors, which represent the solar boiler to
produce thermal energy, and the thermal storage system composed of two tanks: the cold one at 290 ° C
and the second one hot at 550 ° C. This second storage feeds the user where the heat of the high
temperature with molten salts is transferred to the process. The hot salts leaving the solar field go to
charge the hot tank "directly", accumulating energy in the form of sensible heat.
The solar system during the sunny hours collects the thermal energy; its size depends on the extent of the
solar field, the intensity of solar radiation and the global efficiency of the solar field. As a consequence,
the salts in the solar field will also change according to the collected solar radiation where it is needed to
set the molten salts flow to maximum outlet temperature (550 ° C). When the collected thermal energy
from the solar field is higher than the required one by the endothermic process, a part will be accumulated
in the hot tank and subsequently used, during the hours with absence of solar radiation, where will be
used to produce the energy and to compensate for the heat losses of the distribution of salts.
The production capacity of a solar plant with this type clearly depends on the characteristics of the
location, the capacity of the storage system, the availability of fuel for thermal integration and the overall
efficiency of the system.

Loop efficiency
Solar collectors are the main elements of the solar field and consist of linear parabolic mirrors that
concentrate the solar radiation on their focal line, where the receiving tube absorbs reflected solar beam
and converts it into thermal energy that is transferred to the heat transfer fluid (molten salts) that flows
inside the receiver tube and then flows into the hot tank of the thermal storage system.
The Solar Collector Assembly (SCA) solar collectors are connected together to form modules or strings.
The solar field is therefore a modular system in which the number of modules and their length determines
the thermal power of the system. The standard manifolds are 100 m long and about 6 m wide; each string
consists of 6 collectors of 100m each connected in series, for a total development of 600 m loop. The
following figure shows a 600 m loop:

Figure 9. Simplified model of the collector loop
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The distance between the rows of manifolds is equal to twice the width of the manifolds, the optimal
compromise to minimize mutual shading and at the same time allow a wide passage for the operations of
cleaning the mirrors and maintenance.

An important aspect for solar field efficiency is the cleaning of mirrors and receiver tube. Therefore,
according to the type and environmental conditions of the site, scheduled cleaning of the mirrors with
mobile washing systems is necessary to bring the solar field performances to acceptable values.
The collectors are equipped with a tracking system to constantly direct the mirrors towards the direction
of the sun during the day. At night or in bad weather conditions, this system orients the mirrors in a safe
position, downwards or with the back in the wind direction, depending on the weather situation. It can
also be controlled by operators for maintenance operations.

Figure 10. SCA – MATS plant

Figure 11. Loop – Archimede plant
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Performance of solar field
The flow rate of the molten salts in the solar field distribution network is adjusted according to the
intensity of the solar radiation, so as to obtain a controlled temperature of 550 ° C at the solar field output.
When the radiation level does not reach desired temperature, the thermal energy is not lost but is collected
in the cold tank and then reused to compensate for the thermal losses of the network and of the solar field
during the night.
The storage system with two tanks has the advantage of being managed with greater flexibility, simplicity
and efficiency. The use of high temperature molten salts as a heat storage medium and as a heat transfer
fluid, allows to significantly reduce the size of the tanks, with the same accumulated energy with a
significant reduction in costs.
Now, when we know the effective radiation and our loop efficiency we are able to size our solar field.
The area of solar field, as the number of loops and number of solar collector assembles, depends mainly
on the needed Thermal power block power and the Thermal Energy Storage system capacity.

Sarajevo – Case study

Figure 12. Solar field, case study
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In this case (Figure 11) Thermal Energy System capacity is set to provide a thermal output of 2.5MW with
an heat accumulation of 12hours. This capacity of the storage system is the number of operating hours at
nominal power in the absence of solar radiation. This system needs a solar field area of 10195m2, where
are considered 3 loops, 18 solar collector assembly (SCA) and 432 solar receiver tubes (HCE).
Once all the components (solar field, thermal storage, thermal production and integration) have been
defined, it is possible to evaluate the performance of the entire plant in the various operating conditions.
To do this it is necessary to make the mass and energy balances of each system and between the different
systems, for this purpose we can refer to the following scheme.

Figure 13. Energy balance
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Figure 14. Annual energy from the sun

From the hourly curve of the effective solar radiation, ANI, considering the total reflecting surface of the
solar field and the average efficiency of the solar collector string, it is then evaluated the thermal energy
collected and absorbed by the fluid (energy collected). This collected energy then needs to be first used
by the thermal losses of the distribution network (network losses), which represents the energy that can
potentially be stored in the storage system (accumulated energy). Part of the accumulated energy,
depending on the salt temperature exiting the solar field (T> 500 ° C), can be stored in the hot tank (H.T.)
while the remaining in the cold tank (C.T.). Not all the available energy from the hot tank can actually be
accumulated; it depends on the capacity of the storage system, a part of this energy will be discarded
when the hot tank reaches full level (energy discarded), the difference (accumulated energy), integrated
with the fossil source, is then sent to the user (energy used).
The annual thermal energy produced (8,000 hours / year) is 20,000 MWh, of which 4,800 MWh from the
sun (solar field and storage). Of the total solar energy, 66% comes from the solar field and 31% from the
thermal storage. In this case, it is considered that the solar plant is operational from 1st January until 30th
November, where one month of December, when the solar radiation is low, it is considered for
operational maintains. Consider only the energy from the sun, it will be managed to “save” 5280 t/year of
CO2 compared to coal while 1708 t/year compared to methane.
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Figure 15. Total energy (sun, storage and integrated) on the left and the energy only from the sun source
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The following figures show how the solar system would work on two consecutive summer (28-29 July)
days:
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In Figure 15, in upper graph, it is presented the thermal power obtained from different sources which are
needed that the power plant works continously. The presented energy sources are: direct solar radiation
(P_CS), solar radiation used in solar plant (P_sol), storage (Storage), integration power from fossil fuel
(P_int), storage solar energy (P_sto) and the defocus of solar collectors, when solar radiation is too high
or in sevire meteorological conditions (Defocus). In the pies, on the left it is presented percentage of the
energy sources (solar energy 42%, storage 7%, integrated energy 51%) while on the right, the percentage
of solar radiation (storage 14%, solar energy 86% and defocus 0%) for two summer days.

Construction costs of solar system, storage and back-up
As the power plant is based on innovative technology, its cost can only be estimated as a quote, based on
the previous data from available operational plants of the same type, or extrapolated from a demonstration
type plants. It is clear that, since in this case study it is considered reduced cumulative power, the various
items that make up the cost of construction can present margins of uncertainty that are more or less
extensive and diversified. To sum up, it is appropriate to subdivide the costa into four main items, each of
which may contain several sub-items comparable with an uncertainty margins. The following main items
were considered for the plant under consideration:
-

Solar energy collection system,
Thermal storage system,
Burner,
Accessory costs.

The solar energy collection system, as a whole, it is estimated a unit cost of € 250/m2; where in this case
study a surface capturing area of 10,195 m2 was considered, the cost of this system is estimated to 2,548 k
€. The second item, the thermal storage system, a unit cost of the storage system was estimated at € 34 /
kWht; considering that it is sized to accumulate a thermal energy of 24 MWht, its cost is equal to 816 k €.
The cost of the burner has been estimated at 180 k €. The fourth item includes several sub headings. The
construction of the land unit cost 5 €/m2 was assumed; where a total area of 45,000 m2 is required, its cost
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is 225 k €. The accommodation of the site a cost equal to 3% of the cost of the first three main items has
been assumed, corresponding to 122 k€. The technical expenses (design and construction management) a
percentage of 9% of the total amount obtained from the first three main items and from the arrangement
of the site was assumed, of an amount of 400 k€. Finally, for residual expenses (including technical
advice, construction authorization procedures, order and contract management, factory inspections,
testing, administration management, taxes, insurance against the risks in the building site and the amounts
to be kept available to deal with any unforeseen events during construction) was assumed a 1% of the
total costs mentioned so far, obtaining 92.5 k€. The estimated costs for the construction of the solar plant
are € 4.5 million.

Conclusions
A sizing of a linear parabolic concentration solar plant using a mixture of molten salts (sodium nitrate and
potassium nitrate 60/40 w / w) has been made to provide thermal energy to a user. The thermal power
supplied to the whole process is 2.5 MWt. The thermal energy plant was estimated to work 8,000 hours /
year for 24 hours per day. The solar component contributes 24% of the total energy required. The solar
field has been sized to provide a 12-hour energy storage system.
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