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Abstract: An energy generation system that is highly
appealing is the integration of a photovoltaic system
with linear Fresnel reflectors, especially when combined
with a cooling thermal system. This research study involves
a comparative analysis of energy and exergy of a CPV/T
system that uses traditional linear Fresnel reflectors. The
calculations indicate that, given the prevailing weather
conditions and an average instantaneous solar radiation
of 559 W/m? at the location, the system can generate an
average of 271.23kWh of electricity and 613.63kWh of
thermal energy per month by utilizing highly efficient,
long-lasting, and cost-effective monocrystalline solar cells
in the considered the CPV/T system. The overall efficiency of
the system is determined to be 54.1%. According to exergy
analysis, the setup experiences some loss of exergy in
both its thermal and electrical components. The overall
exergy efficiency is calculated as 54.96 %. Thus, on average,
the system experiences an exergy loss of 1.01 kWh per day
due to thermal factors and 1.70 kWh due to electrical factors.
Although the system appears to be more efficient in exergy
than energy, the exergy values highlight the need to reduce
energy and exergy losses in order to improve the overall
system performance.

Keywords: CPV/T systems; energy analysis; exergy destruc-
tion; linear Fresnel reflectors; solar energy

1 Introduction

Photovoltaic/thermal modules harness the power of the sun
to generate both electricity and heat. Its efficiency is higher
than that of standalone photovoltaic or solar thermal panels.
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Concentrating photovoltaic/thermal (CPV/T) collector is
used to raise the received solar energy’s intensity. More
electricity and higher-quality thermal energy will be
offered thanks to advancements in concentrator design and
the use of efficient cooling techniques. Less PV material is
required when the sun is concentrated. Concentration
photovoltaics (CPV) are systems that operate under
concentrated sunlight. The core principle of CPV is to swap
out the PV material, which is currently the most expensive
component of the system, with less expensive optical
components. Depending on the solar cells used in the
panels, commercial PV systems convert between 10 and
27 % of incident sunlight into electricity. The remainder of
the solar energy is converted to heat, which lowers the PV
module’s efficiency and significantly raises its temperature.
Natural processes or the need for a cooling system may be
required to remove this heat from PV panel which it is
turning a PV system into a PV-thermal (PV/T) system.
Several studies on the impact of the PV/T collector’s thermal
and electrical efficiencies were conducted. Chow et al.
(2009) studied on an evaluation of both glazed and unglazed
PV/T systems, revealing that the unglazed collector dem-
onstrates superior exergetic efficiency when compared to
the glazed collector. In another study, Vajedi et al. (2022)
introduced an air-based photovoltaic-thermal (PV-T) sys-
tem incorporating a converging collector, which features a
channel with a decreasing hydraulic diameter. Their
research showcased a significant improvement in the
convective heat transfer coefficient, with a 38 % increase
compared to a conventional thermal collector, without
requiring any additional energy or cost. The measurements
from their investigation indicated that this enhancement
led to an average 12 % boost in the net overall efficiency
of the PV-T system compared to a PV-T system employing
a conventional thermal collector. Yao et al. (2022) proposed
a method for the annual average efficiency evaluation of
heat pipe PV/T systems, which comprehensively considers
the efficiency differences under different radiation and
the distribution of solar radiation of different intensities in
the typical year. The calculation results they made, were
more accurate, which promotes the reasonable evaluation
and engineering application of heat pipe PV/T systems.
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In the literature, a number of CPV/T systems have been
conceptualized, researched, and experimentally demon-
strated. These studies and demonstrations show that CPV/T
systems have great potential for market penetration in the
energy sector due to their unique properties (Sharaf and
Orhan 2015). The high-temperature concentrating solar
thermal systems like linear Fresnel and parabolic trough
necessitates a large open area and the engineering is
extremely complicated. The Linear Fresnel Collector (LFR) is
a line-focusing, concentrating collector that can be used to
produce process heat and solar thermal power (Heimsath
et al. 2014). Compared to the other technologies, LFRs were
developed later (Abbas et al. 2013). Because of their
simplicity, robustness, and low capital cost, LFR arrays offer
relevant advantages in the field of concentrating solar power
(Montes et al. 2014). Integrating PV and concentrating
collectors is a very attractive and old idea, as CPVT is a very
efficient system compared to PV and concentrating solar
collector systems (Otterbein, Facinelli, and Evans 1978). It
stands to reason that a system of this kind would be more
efficient if it could more effectively reflect sunlight onto
the PV surface. Therefore, most CPV systems make use
of parabolic trough collectors (Daneshazarian et al. 2018;
Del Col et al. 2014; Gakkhar, Soni, and Jakhar 2020; George
et al. 2019; Kasaeian et al. 2018; Muthu Manokar, Winston,
and Vimala 2014; Renno and Petito 2019; Tripathia et al. 2017;
Valizadeh, Sarhaddi, and Adeli 2019; Widyolar et al. 2017;
Zhang et al. 2012).

This paper uses an energy and exergy approach to
optimize a PV system with a traditional linear Fresnel
reflector (LFR) integrated with a cooling mechanism. The use
of an LFR system to concentrate solar radiation on a PV panel
is a new application in the literature. It is demonstrated that
a linear Fresnel reflector system can be combined with a PV
panel as the receiver and a cooling system to produce a
highly efficient CPV/T system. Low solar radiation conditions
are also taken into consideration with the proposed system.
When a cooling system is incorporated into a PV system, it
can, on average, generate 271.23 kWh of electrical energy
and 613.63kWh of thermal energy per month under the
given weather conditions.

2 Optical analysis of LFR-PVT

The arrangement of the system has a straightforward
influence on the optical effectiveness, which can be
evaluated as the proportion of solar radiation reflected to
the solar radiation that falls on the receiver. If the system
arrangement is inaccurate, optical losses will lead to a
noteworthy decrease in the overall system efficiency.
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Aside from the inescapable transversal and longitudinal
cosine losses, LFR systems encounter various other sorts
of optical losses, for example, shading and blocking of
neighboring mirrors, shading of receiver on mirrors,
and receiver edge losses brought about by tower height
(Calik and Firat 2021).

Theoretically, the setup of the system involves consid-
ering the mirror width (W), the spacing between mirrors (S),
and the distance of mirrors from the system’s center (Q), as
illustrated in Figure 1.

Unless the solar hour angle is 90°, the sun is at the
equinoxes, and the system is positioned at the equator
(latitude ¢ = 0°), fixed and single axis tracking systems will
undoubtedly encounter cosine effects (Calik and Firat 2021).

The lateral cosine effect, also known as the transversal
cosine effect, is influenced by the transversal angle of solar
incidence 6;. This angle is determined by the transversal
solar altitude angle ar and the angle B; as shown in Figure 2.

The geometrical parameters on the transversal plane of
the system is calculated as the following (Calik and Firat
2019);

_ar-p;
0; = — @

The angle B; is calculated by Q; and f as follows;

B, = tan™ <£) @)

The value of angle ar can be determined by utilizing
solar azimuth y; and solar altitude angle a, as provided in
Eq. 3):

fands <10
sin y,

fr = tan a (3)
s 180.

sin(y, —180) "~

The transversal cosine loss is then defined for a single
mirror as following;

Ly = HDNI x W x (1- cos 6;) @

Thus, the total transversal cosine loss for all mirror can
be computed using Eq. (5) as follows:

LngLT,:HDNIxWx%(l— cos 6;) 5)
i=1 i=1
where N is the number of the mirrors in the considered
system.

The end loss, also known as the longitudinal cosine loss,
results in certain areas of the receiver being unilluminated.
This loss is determined by the longitudinal angle at which
solar radiation strikes the receiver, denoted as 6;;
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Figure 2: Geometrical parameters on the transversal plane of the system
(Calik and Firat 2019).
6, = tan™'(cos y, tan 0) (6)

where 0 is the solar incident angle which is defined as
following;

cos @ = sin§sin ¢ + cos & cos ¢ sin w W)
¢ is the latitude of the system location and the solar

declination angle and the solar hour angle are defined as
below respectively;

placement in the atmosphere, the solar energy in the area,
and the mirror’s alignment with respect to the sun’s location,
as demonstrated by Egs. (D)-(11).

The mirror shading loss (L,,), the receiver shading loss
(L), the edge loss (L), and the optical efficiency (,,) can be
determined by utilizing the system structural parameters
such as mirror width (W), gap between adjacent mirrors (S),
transversal (L7), and longitudinal (Z;) without requiring
any supplementary calculations (Calik and Firat 2021).

L, =-212.89 + 32.26W - 7.54S + 3.01Ly - 15.74L,  (12)
L, =-39.08 +16.77W + 1.39S — 13.04Lr + 42.24L;,  (13)
L, = 353.26 — 56.49W - 14.40S + 8.60Ly —15.87L;,  (14)

Nop = 76.52 + 1.09W + 0.55§ — 0.20Ly + 0.42L;,  (15)
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3 Energy and exergy analysis of the
system

A series of flat mirrors are positioned in a consecutive
manner in the LFR setup. The mirrors reflect sunlight and
concentrate it onto a designated receiver at a particular
elevation, as depicted in Figure 3. Consequently, the
fluid inside the receiver is heated and can be utilized
subsequently.

The thermal receiver of a conventional LFR system is
swapped out in present study for a PV/T panel in order to
create a CPV/T system, as shown in Figure 4.

Figure 5 introduces a typical perspective of the PV/T
panel used in the study.

The examined LFR-CPV/T arrangement comprises a
combined sum of 10 mirrors, divided equally with 5 mirrors
on each side of the collector region. While it is acknowledged
that tracking in an LFR setup may not yield a flawless
reflection (Mathur, Kandpal, and Negi 1991), this analysis
assumes that all computations are executed with mirrors
that follow the sun’s hourly position on the “representing

Figure 3: Linear Fresnel collector array, 1.4 MW PE1 plant in Murcia,
Spain (Reve 2012).

Figure 4: A CPV/T system using LFRs with PV/T receiver (Calik and Firat
2021).
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Figure 5: A representative image of the PV/T receiver.

day” of the month. Table 1 presents the technical details of
the LFR system under consideration.

Despite the proposal of utilizing multi-junction solar
cells for concentrated sunlight, solar cells made of poly-
crystalline or monocrystalline silicon (p-Sci, m-Si) can also be
employed for sunlight that is relatively low in concentration.
Consequently, this research considered a receiver part of the
system that is composed of a high-efficiency photovoltaic
panel made of monocrystalline silicon with an efficiency rate
of 19.6 % (Mulligan et al. 2023; Sunpower X-Series Solar
Panels 2023). The solar panel’s specifications are presented
in Table 2, following standard test conditions (STC) AM1.5,
1000 W/m? at an ambient temperature of 25 °C.

To prevent any losses at the receiver’s end, the optical
optimization calculations were performed according to
Eqgs. (10)-(15), and a width of 0.4m was chosen. It was

Table 1: Technical properties of the LFR system.

Property Value
#0f Mirrors, N 10
Mirror length, L 3m
Mirror width, W 04m
Gap between the adjoint mirrors 0.2m
Receiver height, f 3.31
Reflectivity of mirrors in full spectrum, p 98 %
Table 2: Technical properties of the PV panel.

Property Value
Length 3m
Width 0.4m
PV area, Ay, 1.2m?
Efficiency, fnom 19.6 %
Emissivity of panel, € 98 %
Open circuit voltage, V, 0.727V
Rated current density, /s 400 A/m?
Fill factor 0.812
Power temperature coefficient, 8 —0.29 %/°C
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considered only the direct solar radiation in the calculations,
as the mirrors are in opposite direction to the ground,
making the contribution of diffuse radiation negligible.

The system described in this document is assumed to be
located in Istanbul, Turkey. Istanbul experiences an average
daily solar radiation of 4.18 kWh/m? and receives approxi-
mately 7.5 h of sunlight per day throughout the year. Figure 6
depicts Istanbul’s relatively limited solar radiation and
insolation hours, which can be attributed to its geographical
coordinates of 41.0082° N and 28.9784° E.

Table 3 provides the weather information for Istanbul,
including the average daily solar energy and the amount of
concentrated energy reflected onto the receiver.
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3.1 Energy analysis of the system

Roughly npomEr and npomEpnr are the amounts of electrical
energy produced by the lower and upper PV panels respec-
tively, from the reflected energy. The remaining (1-1,m)E;
and (1-nnpem)Epny Of the reflected energy on to bottom panel
and incoming energy onto the top panel are transformed
into thermal energy. Figure 7 illustrates the heat transfer
process in the collector panel.

The mathematical descriptions of the heat transfer
mechanism for both sides of the receiver are given as
following. To obtain the PV and absorber temperatures Ty,
Tap1, Tz, Tapz TESPECtivEly;
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Figure 6:

The average daily global solar radiation and insolation hours in Istanbul (General Directorate of Energy Affairs. GEPA 2023).

Table 3: Monthly average daily solar energy, weather data for Istanbul, reflected concentrated energy, and the concentration ratio (CR).

Month Instant rad.,  Av. sunshine hours ina Av.ambienttemp., Av. wind speed, Inlet temp., Instant reflected

Epn, (W/m?) day, sh, (h/d) T, (°C) v, (m/s) Tins (°C) radiation, E, (W/m?)
January 491.33 3.46 6.00 4.81 10.20 3521.25
February 493.12 4.43 6.10 4.81 9.00 3534.08
March 671.05 5.32 7.70 4.36 9.50 4809.26
April 655.18 6.85 12.00 4.03 11.80 4695.52
May 621.95 8.61 16.70 3.97 15.40 4457.37
June 549.14 10.51 21.40 4.28 19.20 3935.56
July 516.70 11.17 23.80 4.78 21.90 3703.07
August 508.83 10.14 23.80 478 22.90 3646.67
September 552.55 7.83 20.10 4.92 22.40 3960.00
October 609.00 5.22 15.70 4.36 19.80 4364.55
November 523.25 3.85 11.70 4.25 16.90 3750.01
December 516.89 2.96 8.20 4.83 13.20 3704.43
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Incoming
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by radiation

Top PV
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Water

Tin conduction
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Thermal loss
by radiation

Incoming concentrated
energy, E,

Thermal loss
by convection

(1= Nuom)Epnt = hy (T1 = T,) + €0 (T = T) (16)
(1= Nyom)Er = Ry (T2 = Ty) + €0 (T5 — T?) @17
1
hwApy (Tapy — Tin) = R (T - Tapm) (18)
1
thpv (Tabz - Tin) = 1_? (TZ - Tabz) (19)

where h, is the convective heat transfer coefficient of air
which is calculated as below (Cole and Sturrock 1977);

h, =114 +5.7v (20)

T, is the ambient temperature, T, is the water inlet
temperature, h,, is heat transfer coefficient of water under
laminar flow conditions, € is the emissivity of PV surface, g is
the Stefan-Boltzmann constant, R is the thermal resistance
in PV and absorber layers which is calculated as;

va Lab

= + 21)
Apy X Kpy  Apy X Kap

where, k,, thermal conductivity, L, thickness of PV layer
and, k,, thermal conductivity, L,, thickness of absorber
layer.

Then, the water output temperature due to top and

bottom absorber layers is calculated as following
respectively;
thpv (Tabl - Tin) = mwcw (Toutl - Tin) (22)
thpv (TabZ - Tin) = mwcw (ToutZ - Tm) (23)

Hence, the water output temperature is calculated as;
Tout = (Tounn + Toue) / 2 (24

The daily thermal energy gained is then calculated as
follows:

by convection
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Conversion to electrical

energy, fnomEpn

conduction

Conversion to electrical

Figure 7: Heat transfer mechanisms in PV/T
energy, fnomk;

receiver.

Qr = My X Cy X (Toue = Tin) (25)

In the calculations, the surface area of all layers is
assumed same as PV area of A,

The parameters given in Eqs. (15-25) are expressed in
Tables 4 and 5.

The top and bottom PV temperatures after cooled down
are calculated as following;

1
Epnt = hy (T - T,) + €0 (T{ - T3) 3 (T; - Ty) (26)

1
E, =h,(T,-T,) + €0 (T; - T?) t3 (T,-T,) (@27

The instant power output of the PV panels at maximum
power point for a given power densities E, and Epyy and at
new temperatures T; and T is calculated as following;

_ TC Er _ TCEDNI
Pou = Py g5 [+ B(Ty = 25)] + Py e 11
+B(T> - 25)] (28)

Table 4: Thermal and mechanical properties of the receiver.

Property Thickness, L, (m) Heat transfer
coefficient, k, h

PV panel, pv 0.002 148 W/mK

Copper absorber, abs 0.003 400 W/mK

Water (laminar), w 0.005 50 W/m?K

Table 5: Flow and thermal properties of water.

Property Value

Specific heat, ¢, 4186 J/kgK

Mass flow rate, m,, 0.02 kg/s
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Thus, the daily total daily electrical energy is obtained as

below;
PTzshXPout (29)

The daily total incoming energy on both sides of the

receiver is calculated as;
ET = (Er +EDNI) x Sh x Apv (30)

The daily thermal and electrical efficiency are
calculated as they are in Egs. (31) and (32) respectively;

_Or

”T - ET (31)
p

Moy = ET: (32)

If the electric power generation efficiency conversion
factor of a conventional power plant is taken as 38 %,
then the overall efficiency of the system is given as below
(Cole and Sturrock 1977);

r’pv

rlcpv/T =N+ m (33)

3.2 Exergy analysis of the system

Exergy analysis assesses how effectively solar energy is used.
Exergy analysis can be used to boost a system’s effectiveness
by identifying the causes and scope of irreversibility.
Numerous studies have been done on the effectiveness of
various systems in the commercial (Masjuki et al. 2006;
Mohammadnejad et al. 2011), industrial (Hacihafizoglu 2011;
Saidur, Khaliq, and Masjuki 2006; Saidur, Ahamed, and
Masjuki 2010), residential (Saidur, Masjuki, and Jamaluddin
2007a) and transportation (Saidur et al. 2007b) sectors.
Researchers like in Refs. (Ahamed, Saidur, and Masjuki 2011;
Dikmen, Sencan, and Selbas 2011) have examined the
refrigeration cycle’s exergy. Exergy analysis is also used
in a variety of solar heating devices (Nwosu 2009; Shukla,
Buddhi, and Sawhney 2009), solar water desalination (Gomri
2009), solar air conditioning and refrigeration systems
(Koroneos, Nanaki, and Xydis 2010), solar drying processes
(Celma and Cuadros 2009), and solar power generation
(Suresh, Reddy, and Kolar 2010) applications.

It should go without saying that determining the exergy
content of solar radiation is critical to determining how
well systems convert energy from the Sun.

The general exergy balance for a CPV/T module can be
written including exergy in, out and destroyed as following
(Agrawal and Tiwari 2011);
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ZEXm - ZExout = ZEXd (34)

where, exergy out is the sum of thermal and electrical
exergy;

YEip = Z<E + E) (35)

4
. 4/ T, 1f Ta
By = (Eowt +Ep) x Agy x |1 3 36
s = (Epwr + Er) X pvx|: 3<Tsun>+3<TS”"> :| o0

. T,+273

Er = QT<1 - T: n 273> ®7)
: Epni +E

EXel = Hnom Wor (38)

In the exergy in equation, Eq. (36), the maximum effi-
ciency term used as suggested by Petela (2003).

40T, \ 1/ T, \"
v=[3(r) e |

In other words, the geometric factor, fy, of the heat
reservoir introduced by Badescu (2014) was ignored in this

study.
4( T, 1/ T\
= 1 - — + —
l/) [ 3 (Tsun> 3fH( Tsun) ]

fu=2(1- cos 6)(1 —(1%(:086)%03 0,

(39

(40)

41

where, § is the half-angle of cone subtending the sphere
when viewed from observer, 6, is the zenith angle.

The exergy efficiency is given as following by modifying
the definition in the Ref. (Yantovskii 1994);

Nex = (42)

where thermal and electrical exergy efficiencies are defined
as below respectively;

E

T = (43)
nxel = ET‘: (44)

4 Results

Thermal calculations are performed analytically and numeri-
cally using the finite element method (FEM). 109,654 mesh
elements of tetrahedral and prismatic geometry are used to
construct the system for numerical computation. The results
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Table 6: The electrical and thermal performance of the system.

DE GRUYTER

Month  Daily electrical energy, Py, (kWh/d) Daily thermal energy Qr, Efficiency
(kWh/d)

Analytical results  FEM results  Thermal n;, (%)  Electrical np, (%)  Overall ney,r, (%)
1 35 8.20 8.17 4934 249 50.00
2 4.5 10.91 10.84 50.96 24.90 51.61
3 7.1 18.16 18.89 51.91 24.79 52.56
4 8.9 25.72 24.99 58.47 24.50 59.11
5 10.6 31.38 30.40 59.80 24.21 60.44
6 11.5 33.66 32.69 59.51 24.09 60.14
7 11.5 31.48 31.57 55.66 23.69 56.28
8 103 27.50 27.65 54.38 23.69 55.00
9 8.6 21.18 21.51 49.95 23.94 50.58
10 6.3 16.17 16.02 51.90 2424 52.54
" 4.1 10.14 9.92 51.38 24.52 52.03
12 3.1 7.23 7.23 48.22 24.76 48.87

were obtained by solving the heat transfer equation under
laminar flow conditions in steady-state mode. The numerical
method (FEM) is utilized to determine the system’s output
temperature and then daily thermal energy. The analytical
equations in Eqs. (28) and (29) are used to calculate the values
for electrical energy. To ensure clear and straightforward
interpretation of the numerical results obtained through
the finite element method and presented in Table 6, it is
recommended to refer to Figure 5, Tables 2 and 3, Figure 7,
Eq. (20), as well as Tables 4 and 5. These visual representations,
tables, and equations provide valuable insights for under-
standing the results effectively.

The daily electricity and heat energy efficiencies of the
CPV/T panel utilizing the linear Fresnel reflector can be

i Averaged daily thermal energy

]
=2
=]

15,0

Thermai energy kWh/d

[y
=
=}

¥

L
[=]

e
=]

1 2 3 4 5 6 7 8 9

Months

—a— Analytical

found in Table 6. Thermal computations are presented
in Figure 8, illustrating both analytical and numerical
outcomes.

Incoming solar radiation, thermal and electrical exergy
values and the overall exergy efficiency of the system are
calculated as in Table 7.

The comparison of thermal and electrical energy and
exergy values is given in Figure 9 and overall energy
and exergy efficiencies in Figure 10.

Although energy and exergy values have a slight
variance, the exergy findings indicate the presence of some
degree of exergy destruction in both the thermal and
electrical components. This could be enhanced to achieve a
better system performance.

—s— Numerical

10 11 12 Figure 8: Obtained daily thermal energy from

the CPV/T panel.
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Table 7: Exergy values and overall exergy efficiency of the system.

K. Calik and C. Firat: Comparative energy and exergy analysis of a CPV/T system —— 9

Months Exergy in  Thermal exergy Thermal exergy  Electrical exergy Electrical exergy Overall exergy
(kWh/d) (kWh/d) destruction (kWh/d) (kWh/d) destruction (kWh/d) efficiency (%)
1 15.59 7.82 0.40 3.27 0.88 50.75
2 20.03 10.38 0.53 4.20 1.14 52.39
3 3272 17.28 0.88 6.86 1.82 53.36
4 41.09 24.45 1.27 8.62 2.15 60.05
5 48.97 29.81 1.58 10.29 242 61.43
6 52.71 31.94 1.72 11.09 2.54 61.15
7 52.68 29.86 1.62 11.09 231 57.24
8 47.10 26.08 1.41 9.91 2.07 55.93
9 39.53 20.10 1.08 8.31 1.84 51.41
10 29.08 15.36 0.81 6.11 1.45 53.38
1 18.44 9.64 0.50 3.87 0.97 52.84
12 14.02 6.88 0.35 2.94 0.77 49.61
w——— Daily themmal energy == == Daily electrical energy
= Daily themmal exergy === Daily electrical exergy
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Figure 10: The comparison of overall energy
and exergy efficiencies.
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5 Conclusions

In this study, a CPV/T system based on linear Fresnel
reflectors (LFR) is evaluated in terms of energy and exergy.
A PV/T system of 3m length and 40 cm width is used as a
receiver in a conventional LFR system.

In the specified solar irradiation circumstances, with an
instantaneous average direct normal radiation of 559 W/m?
at the site, the system with 7.17 concentration ratio, produces
an average of 271.23kWh of electrical and 613.63 kWh of
thermal energy per month. As the everyday usage of elec-
tricity remains below 7kWh/d and the usage of thermal
energy (to heat water and spaces) remains below 20 kWh/
d per house in Turkey, the findings from the system indicate
that a system of this size would suffice for household use.
The outcome would be significantly noteworthy if the system
is upscaled. Hence, because this kind of system is less
expensive than a typical solar power system, it can be
deemed a substitute source of energy in inconveniently sit-
uated regions.

However, examination of the system using exergy
analysis reveals some degree of exergy destruction in the
thermal and electrical components of the system. The system
loses 1.01 kWh on average owing to thermal factors per day,
and 1.70 kWh due to electrical factors. This indicates that
the system is not operating at its maximum potential, as a
significant amount of useful work is being lost.

Despite the system’s exergy efficiency being 54.96 %,
which appears more favorable than its energy efficiency
of 54.1%, the exergy values of the thermal and electrical
components reveal that enhancing the overall system
performance can be achieved by minimizing both energy
and exergy losses. This can be achieved by improving
the efficiency of the system’s components, reducing energy
waste, and optimizing the design and operation of the
system.
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