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Abstract: The costs of concentrating photovoltaic (CPV) and concentrating photovoltaic and thermal
(CPV/T) systems are highly reduced in the last years because of their increasing diffusion. The
unit power cost also depends on the plant size. Hence, the main aim of this paper is to analyze
the feasibility of a CPV /T system adopted for users with increasing sizes located in Salerno (Italy):
the house, the hotel, and the food industry. An experimental model was developed for an accurate
evaluation of the electrical and thermal powers supplied by the CPV /T system when direct normal
irradiation (DNI) and environmental temperature vary. A modular configuration of a line-focus
CPV/T system was sized to match the electrical and thermal loads of each user. The current economic
results, together with a forecast till the year 2025, were discussed. In 2025, for the same CPV system
adopted for the domestic user, the net present value (NPVs) are expected to increase by 6.7% and
13% in pessimistic and optimistic scenarios, respectively, with reductions of its discounted payback
period (DPBP) of 16% and 30%. For the same CPV systems adopted for the other two users, the NPVs
are expected to increase by about 4.2% and 8.4% in pessimistic and optimistic scenarios, respectively,
with decreases of its DPBP of 14% and 27%.

Keywords: CPV/T system; users of different sizes; experimental model; energy and economic analysis

1. Introduction

The population growth and the industrial evolution lead to an increasing worldwide
energy consumption [1]. However, the great dependency on fossil fuels [2], which are
readily available and commonly used to satisfy the world energy demand [3], determines
increasingly worrying climate changes, such as global warming, air pollution, and acid
rain [4]. Therefore, there is an urgent need for the development of renewable energy
technologies to deal with political, economical, and environmental challenges that are
involved in the electrical energy production [5]. Among the several possibilities, solar
energy [6] is the most promising source for the clean energy generation because of several
reasons. In fact, solar energy is the most abundant renewable energy source [7] and is
not exhaustible, giving solid and increasing output efficiencies in comparison with other
sources of energy [8]. Moreover, solar energy can be simultaneously converted into different
energy vectors [9]. For this purpose, the photovoltaic and thermal (PV/T) systems [10]
can simultaneously produce electrical and thermal energy. An effective way to increase
their energy and economical performances, is to adopt concentrating photovoltaic (CPV) or
concentrating photovoltaic and thermal (CPV /T) systems [11]. These systems use optical
devices such as mirrors or lenses which are able to convey solar radiation on smaller
multi-junction (M]) cells and to obtain higher electrical power due to their higher electrical
conversion efficiency [12]. On the other side, the increase of the sunlight concentration
leads to an increase of the cell temperature [13]. However, exploiting the heat recovery
from solar cells through an active cooling system (CPV/T) [14], it is possible to increase the
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system conversion efficiency by producing simultaneously electric and thermal energy [15].
Even if currently the traditional energy conversion technologies based on the utilization
of fossil fuels are often more convenient [16], CPV and CPV /T systems promise excellent
results for the generation of clean energy at competitive costs [17].

Recently, the power capacity of CPV systems in the world market is increased, and it
is expected to significantly increase in the next years [18]. Together with their diffusion, the
costs of CPV systems have undergone a high reduction [19], and it is expected that they
will further decrease in the next years, thus leading to a greater convenience with respect to
traditional PV systems [20]. It is clear that, because of the scale economies, the unit cost of
electrical power for a CPV system decreases when its size increases [21]. Hence, it should
be interesting to analyze the feasibility of a CPV /T system adopted for users of increasing
size, and this represents the main aim of this paper.

2. Experimental Plant

The experimental CPV /T plant, realized at the Applied Thermodynamics Laboratory
of University of Salerno [14], is shown in Figure 1.

a) b) <)

Figure 1. Experimental plant: (a) triple-junction solar cell; (b) cooling fluid circuit; (c) line-focus
concentrating photovoltaic and thermal (CPV/T) system.

It was a line-focus CPV /T system with a reflective optics consisting of a parabolic
trough concentrator [14], which focused solar radiation along a tube where triple-junction
(TJ) solar cells were located and a refrigerant fluid flows. Sixty TJ cells, with an active area
of 1.0 x 1.0 cm?, were located on a tube with a length of 1.2 m; the TJ cells characteristics
are reported in Table 1.

Table 1. Parameters of the triple-junction cell.

Parameter Value
material InGaP/InGaAs/Ge
dimension 10 mm x 10 mm
Isc (at 25 °C; 50 W/cm?) 449 A
Voc (at 25 °C; 50 W/cm?) 294V
7, (at 25 °C; 50 W/cm?) 39.0%

The experimental plant presented a two-axis tracking system able to converge the
maximum direct normal irradiance (DNI) on T] cells by means of two rotation movements.
The first rotation movement in the horizontal plane allowed following the sun in the
azimuth direction, while the second in the vertical plane followed the sun in the zenithal
direction. Moreover, a further degree of freedom of the structure allowed to modify the
distance between optics and tube, where the T]J cells were located, varying the concentration
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factor. The main parameters that characterize parabolic optics [14] are their focal lengths on
which the size of the focused image depends and the truncation value on which the amount
of energy conveyed on the tube depends. Hence, the concentration factor is proportional
to the ratio of the two parameters. The maximum value of the optical concentration factor
(Copt) measured during the system operation, which corresponds to a proper focal length,
was about 90 [14]. PT100 (platinum thermo-resistances with an accuracy of £0.2 °C) were
adopted to measure the fluid, cell, and environmental temperatures; a pyrheliometer
(accuracy: 2%) was used to measure the DNI [14]. A maximum power point tracking
(MPPT) was linked to the cells, and an acquisition data system (data tracker series DT80;
accuracy: 2%) was used for the experimental measurements of voltage, current, DNI, and
temperatures; the sampling period in the analysis was 15 s.

3. Experimental Modelling and Economic Analysis
3.1. Experimental Modelling

A correct sizing of a CPV/T system requires an accurate evaluation of its energy
performances, when the operating conditions vary [22]. It could be considered a modular
configuration to vary the number of modules matching the energy load of a specific user.
The experimental CPV /T plant described in the previous section can be considered as a
single module. Its electrical power depends on the T]J cells operation temperature and on
the concentrated solar radiation (Sce) incident on it. Sy was given by:

Scell = DNI‘Copt (1)

As for the TJ cell temperature (Tcey) [23,24], which is approximately equal to the
refrigerant temperature (Tpy;q), an experimental relation linking it to the environmental
temperature (Teny) and to Sep was found. It was observed that the increase of T with
respect to Teny increases logarithmically with the concentrated radiation according to the
following relation:

Teell — Tenv = C:InSeepy + D, ()

where the coefficients C and D are experimentally determined.

The electrical power supplied by the module described (P¢ moq) Was experimentally
monitored in cold winter and hot summer days with different conditions of solar radiation.
Data representing different CPV /T system operating conditions were collected. Adopting
a black-box modeling approach, a multivariable regression of the measured data, with a
significance level o = 0.05, was adopted [24]. The following relation linking Pej mod t0 Scenl
and T was determined:

1

Pel,mod = C'Scell +D- T (3)
cell

where coefficients C and D are experimentally evaluated. The validity ranges for the two

relations were shown as following:

kW kW . .
9.00 —5 < Sea < 837 5 and 35.0 'C < Teg < 95.0 C. @)

The values of Pgj \0q calculated by Equation (3) consider the parasitic current losses
generated in the module and the module efficiency that takes into account the coupling in
series of the TJ cells along a line where a TJ cell can operate at an efficiency lower than the
nominal one.

Once calculated Pgj 1,4, from an energy balance on the CPV/T module, it is possible
to calculate the recoverable thermal power (Qy, moq) equal to:

ch,mod = Scell'Atube - Pel,mod - ch,losst (5)

where Aype is the area of the tube where S is conveyed, and Qy, ;55 represents the
thermal losses to the environment.
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The utilization of the recoverable thermal power is strictly dependent on its tempera-
ture. Hence, Qy, moq is divided into two parts:

- Low-temperature thermal power (LTQy,) available at temperatures lower than 40.0 °C,
so it is unusable;

- Middle-high-temperature thermal power (MHTQy,) available at temperatures higher
than 40.0 °C, which can be used for winter heating (WH) and to produce domestic
hot water (DHW).

Therefore, with the values of Teny and DNI available in [25] for each place and the
value of Copt for the CPV system defined, it is possible to calculate T by Equation (2),
Pel,mod by Equation (3), and Q, moq by Equation (5).

Hence, the electric and thermal powers supplied by a CPV/T system [26] can be
calculated as:

Pel,cPv/T = Pel,mod Nmod f Miny. (6)
Qth,crv/T = Qth,mod Nmod- ()

where Pgj mod and Qg mod can be calculated by Equations (3) and (5), respectively, ny,qq is
the number of modules, and 1;,, is the inverter efficiency. Considering a non-ideal tracking
system, a factor equal to 0.9 is considered.

3.2. Determination of the CPV System Cost

The cost of a CPV system (Ccpy) can be calculated as the product between its peak
electrical power (Pej cpymax) and the cost per unit of power (c, p):

Ccpv = cu,p-Pel,cPvmax- 8)

The CPV unit cost reductions in the years from 2011 to 2019 in Italy are shown
in Table 2 [19]; the CPV system is divided into four categories according to the peak
electrical power.

Table 2. Reductions of the concentrating photovoltaic (CPV) unit cost (€/W) from 2011 to 2019 for
four categories with different power sizes [19].

Year <10 (kW) 10-100 (kW) 100-250 (kW) 10-20 (MW)
2011 6.68 €/W 4.88€/W 4.47€/W 2.76 €/W
2012 522 €/W 429 €/W 334 €/W 1.98€/W
2013 45€/W 3.61€/W 2.82€/W 1.8€/W
2014 3.6€/W 3.01€/W 2.82€/W 1.53€/W
2015 342€/W 2.87 €/W 2.62 €/W 142 €/W
2016 3.29€/W 271 €/W 243€/W 1.3€/W
2017 3.03€/W 249 €/W 211€/W 1.17 €/W
2018 294 €/W 242 €/W 2.07 €/W 1.01 €/W
2019 2.88€/W 2.39€/W 213€/W 1.07 €/W

The cost reduction is due to an increasing diffusion of CPV systems during the
years. The increase of the CPV power capacity (PCcpy) during the years from 2011 to
2019, together with two forecasts till 2025 referred to pessimistic and optimistic scenarios,
respectively, is shown in Figure 2 [18]. Hence, in 2025, the CPV power capacity in Italy
will be equal to 350 MW in a pessimistic scenario and to 800 MW in an optimistic one. By
relating the CPV system cost reduction over years reported in Table 2 with the CPV power
capacity (PCcpy) per year in Figure 2, it is possible to make a forecast on the values of ¢, p
over the years from 2020 to 2025 in the two scenarios defined. The results have shown
that, for each category identified, the unit cost of the electric power supplied by a CPV
systems will decrease as a function of the CPV power plant capacity in accordance with
the following equation:

cp, = v-PCcpv?®, )
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where PCcpy indicates the installations of CPV power plant capacity, and y and 6 are two
parameters determined for each category.
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Figure 2. Increase of PCcpy during the years 20132019 in two possible forecasts, i.e., optimistic and
pessimistic scenarios, for the years 2020-2025.

3.3. Economic Analysis

Once the monthly electric and thermal loads of a given domestic user are defined,
it is possible to calculate the number of modules necessary to match the domestic user’s
needs for each locality chosen. It is clear that by increasing the number of modules, the
CPV/T system electrical and thermal producibilities also increase. However, if the number
of modules is excessively high, the producibility exceeds the energy needs of the user to be
powered, thus leading to an oversized system.

The optimal number of modules for each locality can be calculated with the aim of
maximizing the profitability of the investment, expressed in terms of net present value
(NPV) equal to:

L CK
i=1 (1 + r)i ’

where Ij is the initial investment, CF; is the cash flow for the i-th year, r is the discount rate,
and UL represents the CPV system useful life; the initial investment Iy is given by the cost
of the CPV system (Ccpy), calculated according to Equation (8). The cash flow for the i-th
year is given by the sum of the cost savings for the purchase of the electrical and thermal
energy needed by the user (CS;) and the gains from the sale of the surplus electrical energy
(G;j) and can be written as:

NPV = —Ip + (10)

CF; = CS; + G;, (11)

where the cost savings CS; for the i-th year can be calculated as follows:

12 . .
CS; =) ", carmin(Ee cpy 1, Beluy) + th - min(Egn cpv /1,5 Benu )/ (12)

where c indicates the unit purchase cost of each energy vector, multiplied for the respective
monthly shares of the CPV /T system energy producibilities (subscript CPV /T) which do
not exceed the user monthly energy needs (subscript U). As for the evaluation of cy,, it is
assumed to produce thermal energy by means of a methane boiler.

The gains from the sale of the surplus electrical energy (G;) are calculated as the
product between the monthly energy surplus produced by the CPV/T system and the
relative selling price to the energy network (p,):
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12 .
Gi=) - Pemin(0;Ee,cpv/T, — EelUn)- (13)

The analysis conducted on the NPV allows evaluating the discounted payback period
(DPBP). Another index, useful in the investment evaluation, is the profit index (PI) defined

as the ratio between NPV and Ij:

_ NPV

PI— (14)
Io

4. Results and Discussion

The main aim of this paper is to analyze the feasibility of CPV systems applied to
users of increasing size. Hence, first, the electrical and thermal loads of three different users
are defined. A house is chosen as a small-size user. A middle-size user, instead, can be well
represented by a hotel. Finally, an industry can be representative of a large-size user.

4.1. Definition of the Users Load

In this section, the electrical and thermal loads of the three above-mentioned users
are defined (Figure 3). The smallest user is a house of 120 m? inhabited by 4 persons
(Figure 3a). It presents a peak electrical power of 3.3 kW and generally monthly electrical
loads enough constant during the year. As for the thermal loads, they include the thermal
energy necessary both for DHW and for WH.

The hotel, representative of a middle-size user, has a constant turnout during the
year, except in summer when there is a high reduction in occupancy (Figure 3b). It is
characterized by an electrical peak power of about 150 kW; its monthly energy loads
depend on the turnout of the guests.

Finally, a food industry is chosen as representative of large-size users (Figure 3c). It
occupies an area of about 100,000 m2, of which 25,000 m? are covered. The production site
works 16 h a day for a total of about 300 days a year and presents an electrical peak power of
about 8.5 MW. The electrical loads depend on the production levels linked to fundamental
activities, including the use of electrical machinery for the preparation, production, and
packaging of foodstuffs. Thermal loads are due to the cooking of semi-finished food,
thermal treatments for its stabilization and preservation, and the production of hot water
and steam for machinery washing, decontamination, and sterilization.

3500 DElectrical B Thermal

Load (kWh)

. I (m M (m Mm On (m (m ]

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

(a)

Figure 3. Cont.
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Figure 3. Electrical and thermal loads of the three users defined: (a) house; (b) hotel; and (c) industry.

4.2. Results

In this section, the main results of the feasibility studies concerning the three above
defined users are discussed. For an accurate evaluation of the CPV system energy per-
formances during the year, the effective annual hourly distributions of DNI and Tepy in
Salerno is considered [25].

For the CPV /T system, the abovementioned experimental plants, with optical con-
centration factors equal to 90 and 60 TJ cells, were considered as a single module. The
coefficients in Equations (2) and (3) for the calculation of T¢.j; and Pgj .o are reported in
Table 3 together with the values of R?.

Table 3. Values of the coefficients of the experimental equations describing the trends of T
and Pej ceqy-

Equation A B C D R?
2) 12.481 0.9794 // // 0.9552
3) // // 1.4193 500.51 0.9479

Because the annual hourly values of Teny and DNI are available, it is possible to
calculate, by means of Equations (6) and (7), the electric (P¢j cpy /1) and thermal (Qy, mod)
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powers supplied by the CPV systems by varying its number of modules. Generally, it
could be interesting to analyze the difference between CPV/T system outputs and energy
loads of each user on a monthly basis when its number of modules varies. In Figure 4,
the number of modules of the CPV /T system is varied to match the electrical loads of
each user.
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(c)
Figure 4. Difference between the CPV /T system electrical outputs on a monthly basis by varying its

number of modules and the electrical loads of the three users: (a) house; (b) hotel; and (c) industry.

As shown, the domestic user presents a monthly electrical load which is not extremely
variable during the year. Hence, in the summer period, the CPV /T system producibility
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always exceeds the user’s loads for the numbers of modules considered. Thirty-six modules
would be sufficient to satisfy the electrical energy needs almost all over the year. On the
other hand, the hotel presents a greater variability in its monthly energy needs, since they
depend on the turnout of the guests. The CPV /T system electrical producibility better fits
the user monthly loads, and 1500 modules allow satisfying them almost every month. The
electrical loads of the industrial user, instead, are constant enough during the year. Hence,
in this case, in the summer period, there is an overproduction of electrical energy. Very
high energy needs require 130,000 modules to be satisfied.

In Figure 5, the same analysis is performed from a thermal point of view. For each user,
the same number of modules of the electrical analysis is considered. In correspondence of
the number of modules considered, the CPV /T system thermal producibility exceeds the
loads of each user almost all over the year.

12000
e Oth, Uit Nmod=1|
10000 Nmod=27 Nmod=30|
Nmod=45
g 8000
= 6000
=
O 4000
2000 \\ 7 <
0
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
(a
500
e Oth, Ut Nmod=900
450 Nmod=1200 Nmod=1500|
400 Nmod=1800
~ 350
§ 300
& 250
N’
£ 200
=4 150
100 | 5 ac —_
50 e /
0
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
(b)
45000
s (Oth, Um Nmod=50,000
40000 Nmod=90,000 Nmod=130,000
35000
= 30000
; 25000
~ 20000
s
© 15000
10000
5000 T NN N ————————
0

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
(0

Figure 5. Difference between the CPV /T system thermal outputs on a monthly basis by varying its
number of modules and the thermal loads of the three users: (a) house; (b) hotel; and(c) industry.

In Figure 6, the trends of the annual electrical energy used and sold by varying the
number of modules for the three users defined are shown. It is evident that by increasing
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the modules number, the shares of the user energy needs satisfied by means of the CPV/T
increase to satisfy all the energy requirements [27]. A further increase of the CPV /T system
size leads to an increase of the only electrical energy sold to the energy network, which
represents overproduction with respect to energy needs.
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Figure 6. Trends of the annual electrical energy used and sold by varying the number of modules for
the three users: (a) house; (b) hotel; and (c) industry.

As stated in the previous section, the optimal number of modules for each user can be
calculated with the aim of maximizing the profitability of the investment in terms of NPV,
calculated by means of Equation (10). The values of all the parameters necessary for this
analysis are resumed in Table 4 [28,29].
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Table 4. Values of the parameters used in the sizing of the CPV /T systems for the three users [28,29].

Parameter House Hotel Industry
Useful life for a CPV system: UL 20 years 20 years 20 years
Cost per unit of power (cy p) 2.88€/W 2.13€/W 1.07 €/W
Purchase cost of electricity: ¢ 0.231 €/kWh 0.188 €/kWh 0.158 €/kWh
Electricity selling price: p, 0.038 €/kWh 0.031 €/kWh 0.026 €/kWh
Thermal energy cost: ¢y, 0.095 €/kWh 0.060 €/kWh 0.032 €/kWh
Discount index: r 0.015 0.015 0.015

The calculated NPVs at the 20th year, average useful life for a CPV system, as a
function of the number of modules are shown in Figure 7, together with the area required.
It can be noted that, for each user, the NPV increases with the number of modules until it
reaches its maximum value. A further increase in the CPV system size leads to a surplus
electrical energy which is to be sold to the energy network at a price much lower than the
purchase price, thus reducing cash flows. Moreover, an oversized system leads to a surplus
of thermal energy, which constitute a loss. Hence, the optimal number of modules is 36
for the domestic user, with an NPV equal to 28.1 k€ and a necessary area of 43.2 m?; the
optimal number of modules is 1500 modules for the hotel, with an NPV of 1237 k€ and an
area of 1800 m2. The optimal number of modules is 130,000 for the industry, with an NPV
of about 60,000 k€ and an area of 156,000 m2.

The NPV trends over the years in correspondence of the optimal number of modules
for each user are shown in Figure 8. These trends allow evaluating the DPBP of the
investment, which is equal to 6 years for the domestic user and are equal to about 5 and 4
for the hotel and the industry, respectively. The PIs are equal to 224% for the domestic user,
320% for the hotel, and 355% for the industrial user.

The economic analysis performed refers to the current costs of CPV systems. However,
as reported above, because of the forecasted increase of the CPV power capacity (PCcpy),
a cost decrease of this technology is to be expected in the next years [19-30]. Hence,
by relating the CPV cost reduction over years reported in Table 2 with the CPV power
capacity (PCcpy) per year in Figure 2, it is possible to plot the trends shown in Figure 9
for the four categories previously defined. As shown in Figure 9, the high increase of the
CPV power capacity during the years from 2011 to 2019 leads to a reduction in their unit
cost of electrical power, which can be described by means of Equation (9). The values of
coefficients v and 6 in Equation (9) are reported in Table 5 for each category defined of the
CPV system, together with the values of R?.
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Figure 7. Cont.
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Figure 7. Net present values (NPVs) at the 20th year by varying number of modules for the three users defined: (a) house;
(b) hotel; and(c) industry.
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Figure 8. NPV trends over the years in correspondence of the optimal number of modules for the
three users defined: (a) house; (b) hotel; and (c) industry.
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Figure 9. Unit costs of the electric power supplied by a CPV system in terms of the CPV system
power capacity for the four categories.

Table 5. Coefficients values of the equation describing the trends of the unit cost of the electric power
supplied by a CPV system as a function of the CPV power capacity for the four categories defined.

CPV Category Y ) R?
<10 kW 8.78 —0.218 0.956
10-100 kW 6.54 —0.195 0.966
100-250 kW 5.47 —0.186 0.937
10-20 MW 3.78 —0.243 0.961

These trends can be extrapolated to forecast the values of c,p till the year 2025
in both an optimistic scenario and a pessimistic scenario, as reported in Table 6. The
results show that the costs of the CPV systems could decrease up to 30% in 2025 in an
optimistic scenario.

Table 6. Forecasted values of ¢, p till the year 2025 in both an optimistic scenario and a pessimistic scenario.

<10 (kW) 10-100 (kW) 100-250 (kW) 10-20 (MW)
Pessimistic Optimistic

Year (Pes.) (Opt) Pes. Opt. Pes. Opt. Pes. Opt.
2020 2.77 2.64 2.33 2.23 2.04 1.96 1.04 0.99
2021 2.70 2.53 2.27 2.15 2.00 1.89 1.01 0.95
2022 2.64 2.38 2.23 2.03 1.96 1.79 0.99 0.88
2023 2.58 2.24 2.19 1.93 1.92 1.71 0.97 0.83
2024 2.53 2.14 2.15 1.85 1.89 1.64 0.95 0.78
2025 2.45 2.05 2.09 1.78 1.84 1.58 091 0.75

Considering the values of ¢, p reported in Table 6, it is possible to analyze the variation
of the economic performances of a CPV system applied to the three users defined in
the present study between the present and 2025 in the two scenarios—optimistic and
pessimistic scenarios (Table 6).

As shown, according to the cost forecasts, CPV systems will become more convenient
in 2025. In fact, for the CPV systems adopted for the residential user (Figure 10a), the
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NPV will increase from 28.1 k€ to 30.0 k€ in a pessimistic scenario and to 31.7 k€ in an
optimistic scenario, while the DPBP will decrease from 5.6 years to 4.7 and 3.9 years in a
pessimistic scenario and an optimistic scenario, respectively. As for the hotel (Figure 10b),
the NPV will increase from 1237 k€ to 1289 k€ in a pessimistic scenario and to 1337 k€ in an
optimistic scenario, while the DPBP will decrease from 4.2 years to 3.7 and 3.1 years in a
pessimistic scenario and an optimistic scenario, respectively. Finally, as for the industrial
user (Figure 10c), the NPV will increase from 59,578 k€ to 62,090 k€ in a pessimistic scenario
and to 64,603 k€ in an optimistic scenario, while the DPBP will decrease from 3.9 years to
3.3 and 2.7 years in a pessimistic scenario and an optimistic scenario, respectively.
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Figure 10. Cont.
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Figure 10. NPV and discounted payback period (DPBP) variations between the present and 2025 in
optimistic and pessimistic scenarios for CPV systems adopted for the three users: (a) house; (b) hotel;
and (c) industry.

5. Conclusions

The aim of the paper is to analyze the feasibility of a CPV /T system used for users
with increasing size. Three users located in Salerno (Italy) have been defined: the house
as a small-size user, the hotel as a middle-size user, and the food industry as a large-size
user. For the CPV/T system, the experimental plant described, with optical concentration
factors equal to 90 and an amount of 60 cells, has been considered as a single module.
An experimental model has been used for an accurate evaluation of the electrical and
thermal powers supplied by the CPV systems when DNI and Teny vary. The difference,
on a monthly basis, between the CPV /T system outputs and the energy loads of each
user when its number of modules varies, has been analyzed. Since the house and the
food industry present an almost constant monthly electrical load during the year, the
CPV/T system producibility exceeds the user needs in the summer period. On the other
hand, the hotel presents a greater variability in its monthly energy needs, and the CPV/T
system electrical producibility better fits the user monthly loads. From a thermal point of
view, in correspondence of the modules number considered, the CPV /T system thermal
producibility exceeds the loads of each user almost all over the year. The annual electrical
energy trends used and sold by varying the modules number for the three users defined
have been analyzed. The NPV trend as a function of the modules number has been
analyzed, thus determining the optimal number of modules for each user. The optimal
number of modules is 36 for the domestic user, with an NPV equal to 28.1 k€, a DPBP of
5.6 years, a PI of 224%, and a necessary area of 43.2 m?. The optimal number of modules
is 1500 for the hotel, with an NPV of 1237 k€, a DPBP of 4.2 years, a PI of 320%, and an
area of 1800 m?. The optimal number of modules is 130,000 for the industry with an NPV
of about 60,000 k€, a DPBP of 3.9 years, a PI of 355%, and an area of 156,000 m2. The
economic results obtained are expected to get better in the next years. In fact, by analyzing
the cost reduction of the CPV system for the last years, a forecast till the year 2025 in both
optimistic and pessimistic scenarios has been performed. The results have shown that CPV
systems will become more convenient in next years. In 2025, for the same CPV system
adopted for the domestic user, the NPVs are expected to increase by about 6.7% and 13%
in pessimistic and optimistic scenarios, respectively, with reductions of its DPBP of 16%
and 30%. As for the other two users, the NPVs are expected to increase by about 4.2% and
8.4% in pessimistic and optimistic scenarios, respectively, with decreases of its DPBP by
14% and 27%.
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Abbreviations

A area (m?)

Cel cost of electrical energy per unit purchase (€/kWh)
Cmod cost per module (€/mod)

Cth cost of thermal energy per unit purchase (€/kWh)
CF cash flow (€/year)

Copt optical concentration ratio

CPV concentrating photovoltaic system

CPV/T concentrating photovoltaic and thermal system
CS cost saving (€/year)

DNI direct normal irradiance (kW /m?)

DPBP discount payback period

E energy

f non-ideal tracking system factor

G gains from the sale of the surplus energy (€/year)
Iy initial investment (€)

InGaP/GaAs/Ge indium gallium phosphate/gallium arsenide/germanium
LT low temperature

MHT middle-high temperature

MPPT maximum power point tracking

n number

NPV net present value (€)

p electric power (W)

Pe electrical energy selling price to the energy network
PI profit index

Q thermal power (W)

r discount rate

Scell concentrated solar radiation incident on the TJ cell (kW/m?)
T temperature (°C)

TJ triple-junction cell

UL CPV system useful life (years)

n efficiency

Subscripts

C cell

el electrical

env environmental

inv inverter

loss losses

m monthly

mod module

opt optical

th thermal

tube coolant flow tube

U user
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