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Abstract

This work investigates the performance of combined hybrid high concen-
trated photovoltaic/thermal collector (HCPV/T) in Kuwait harsh climate. The
proposed system consists of triple junction solar cells (InGaP/InGaAs/Ge)
attached to heat source to discharge thermal energy to cooling media. Pub-
lished HCPV/T models do not consider the effect of shunt resistance which
greatly affects the system performance. So, a single diode model employing
five parameters including the effect of shunt resistance is adapted to analyze
the proposed system. To analyze the thermal performance of the proposed
system, a two-dimensional thermal model based on the technique of finite
difference is introduced to determine the efficiency of the hybrid HCPV/T
system. The present developed subroutines are integrated with other involved
codes in TRNSYS software to calculate HCPV/T system efficiency. Electrical
and thermal as well as the whole system efficiency at different weather cir-
cumstances are evaluated and assessed. The effect of different weather condi-
tions, cell temperature, concentration ratio and the temperatures of the coo-
lant fluid on system performance are studied. Current results indicate that the
model of single diode is a reliable one rather than using the two-diode com-
plex model. Compared to measurements provided by high concentrated PV
manufacturer, the current results revealed a total root mean square error of
approximately 1.94%. Present predictions show that PV cell temperature has
logarithmic increase with the rise in concentration ratio but with low values
till concentration ratio of 400 suns after that the rise is faster at higher con-
centration values up to 1500 suns. Results also revealed that hybrid HCPV/T
system works effectively specially in severe hot climate where thermal effi-
ciency increases with high surrounding temperature for higher values of con-
centration ratio. In addition, an increase of approximately 15% in thermal ef-
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ficiency and 10% in total efficiency can be achieved by utilizing active cooling
device in HCPV/T system.
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1. Introduction

As a result of growing demand to electricity generation due to population in-
crease in addition to the awareness of pollution problems, solar cell research and
technology has significantly improved in recent years. On the other hand, dif-
ferent solar thermal system types are utilized on large scale to supply thermal
energy in different applications as water heating, air conditioning and water de-
salination. Solar cells have attained electrical efficiency of 46% [1], however,
recorded efficiencies of marketed PV modules are much lower than that value.
An important fact is that most of solar energy lost as heat in PV system can be
utilized by integrating with thermal systems. Several researchers paid a great at-
tention to hybrid PV/thermal (PVT) system. In that system, solar energy can be
employed to generate both thermal and electrical energy [2] [3]. In addition,
hybrid PV/thermal collector decreases the expenses of installation and can be
admitted to various applications requiring electrical and thermal energy [4].
Combined system linking high concentrating PV cells is considered as one of
the most successful methods used to trap both heat and electricity at the same
time. High concentrated photovoltaic and thermal system (HCPV/T) links three
techniques, mainly optical system, triple-junction PV cell and the heat sink, to
discharge heat generated from triple-junction solar cell. In this situation, it is
very important to study the effect of different system parameters as PV cell tem-
perature, ambient temperature, temperature of the cooling fluid and concentra-
tion ratio on the efficiency of such system. The HCPV/T system is comprised of
multijunction PV solar cell with significantly high efficiency [5] [6]. The triple
junction InGaP/InGaAs/Ge is proposed for the current work as it possesses the
highest performance in addition to its relative cost compared to other available
multijunction solar cells [7] [8]. So, the above-mentioned hybrid system has
three objectives: achieving high energy needs for different applications, mini-
mizing global warming as well as minimizing the expenses of produced energy
[9]. High concentrated PV cells employ Fresnel lens to concentrate solar radia-
tion on a tiny area of solar cell. So, HCPV area in the center of the concentration
is decreased by the value of concentration ratio. This allows the use of expensive
but highly efficient triple-junction solar cells. A 30 kW concentrator PV system
employing Fresnel lenses having dome-shaped is introduced by Araki et al. [10].
Xie et al [11] presented a revision of the utilization of Fresnel lenses in the last

years.

DOI: 10.4236/sgre.2019.105008

120 Smart Grid and Renewable Energy


https://doi.org/10.4236/sgre.2019.105008

K. M. Kandil et al.

When the concentration ratio of HCPV/T modules increases, this leads to an
increase in cell temperature resulting in a decrease in cell performance in addi-
tion to performance degradation because of the long exposure of the cell to high
temperature which decreases the time life of PV cell. In that regard, the temper-
ature of HCPV cell is the most significant factor affecting cell efficiency. It is
claimed by Skoplaki and Palyvos [12] that the average decrease in the efficiency
of the cell is 0.45% for each one degree rise in cell temperature. Nishioka et al
[13] revealed that the most important factor affecting cell performance as well
life time of HCPV cell is the cell working temperature. They indicated that for
triple junction solar cell, electrical efficiency decreases at 1 sun by approximately
0.25% while it decreases by 0.098% at 200 suns for each 1 degree increase in cell
temperature.

A secondary refractive or reflective element is commonly utilized after the
Fresnel lens to increase the optical strength to the angle of acceptance as well as
improving the homogeneity of solar radiation throughout HCPV cell. This
component will increase the solar concentration through high concentrated
PV/thermal modules. The HCPV/T hybrid system is desired to enhance high
concentrating solar cell more as it transfers solar radiation to both thermal
energy and electrical energy. The passive or active cooling technique that dis-
poses heat from the HCPV cell is the most significant parameter that should be
taken into consideration when manufacturing HCPV/T system. An extensive
analysis has been presented by Royne et al. [14] for different cooling methods
employed in HCPV/thermal systems. They concluded that passive cooling for
linear concentrator is not suitable for concentration ratio higher than 20 suns.

Optical concentrators increase the solar radiation incident on cell area and
HCPYV power can be greatly enhanced by utilizing adequate concentration ratio
[15]. III-V multi-junction solar cells can be employed to obtain higher efficien-
cies. Also, the thermal receiver area greatly decreases leading to significant re-
duction in the thermal losses. So, the thermal system will have a higher thermal
efficiency than the regular flat-plate/thermal system. Jakhar ef al [16] discussed
in detail the different active and passive cooling techniques employed in
HCPV/T systems. They revealed that the cooling design of HCPV/T system
greatly depends area solar radiation beside the concentration ratio. So, it is ad-
vice to utilize passive cooling for low and medium concentration ratios, because
the expense is twice compared to the case for high concentration ratio. On the
other hand, it is better to utilize active cooling in the case of higher concentra-
tion ratio. The dependence of the parameters of triple junction solar cell and
both cell temperature and concentration ratio are analyzed by Ben and Appel-
boum [17]. They illustrated that raising concentration ratio leads to an increase
in the photocurrent, junction saturation current and ideality factor of junction
while it results in a decrease in both shunt resistance and series resistance. While
as solar cell temperature increases, the photocurrent and series resistance in-

crease while ideality factor and the shunt resistance decrease.
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Xu et al. [18] studied the relation between HCPV/T module performance and
both temperature and radiation levels adapting Fresnel lens. The outcomes in-
dicated that solar radiation has a significant impact on electrical efficiency while
mass flow rate of cooling water, cell temperature and solar radiation increases
thermal efficiency. Also, thermal efficiency decreases with increasing water
temperature and wind speed. It is important to mention that Xu et al did not
consider the shunt resistance in their work which is very vital for multijunction
solar cells losses. Study of the current situation of HCPV/T market [19] show
that there is still a lack of information concerning the properties and manufac-
ture of HCPV modules. In addition, most available knowledge on HCPV/T sys-
tems are not complete and consequently still need more extensive analysis [20].

The above mentioned discussions reveals that the performance of hybrid
HCPV/T is not studied in hot climate, in addition there is no enough knowledge
about the cooling techniques used in this system. The present study introduces a
numerical model developed to evaluate the HCPV/T system performance consi-
dering these factors. Single diode model with the five parameters method is uti-
lized to determine the electrical efficiency of HCPV/T system. To analyze the
thermal and total performance of hybrid HCPV/T system, a thermal model
based on two-dimensional finite difference technique is developed. Introduced
codes are compatible with other build in subroutines in TRANSYS software [21].
These subroutines are integrated with other TRNSYS subroutines as weather
data generator to analyze the performance of HCPV/T system. Using present
developed numerical models, thermal, electrical as well as total system efficiency
can be calculated at various running parameters. Furthermore, cell temperature
as function of concentration ratio at different radiation, ambient temperature
and cooling water temperature are evaluated by running TRNSYS simulation
using climate conditions of Kuwait. It is hoped that present work will furnish

more awareness and marketing of this high effective technology.

2. Numerical Models
2.1. HCPV/T System Design

HCPV/T system structure using Fresnel lens optics is composed of first Fresnel
lens to refract solar radiation, second radiation is refracted by optical prism to be
focused on the surface of the cell. HCPV is embedded on heat sink to discharge
thermal heat to the coolant fluid. So, there is an adequate surface on the heat
sink for thermal energy dissipation from the small area of HCPV. In this situa-
tion, solar cell always operates at regular temperature and solar cell performance

will not degrade.

2.2. Thermal Model

The hybrid HCPV/T system suggested is presented in Figure 1. The system
comprises a thermal system to absorb thermal energy from the cold water passes

in a circular shape pipe. The pipe is positioned in good thermal contact to
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Figure 1. Schematic of Hybrid HCPV/T System
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Figure 1. Schematic of hybrid HCPV/T system.

HCPV solar cells, allowing both production of heat and cooling of the cell. Re-
ceiver bottom surface which faces the concentrator is provided with
triple-junction cells InGaP/InGaAs/Ge while other surfaces are maintained in-
sulated. Solar radiation incident on HCPV surface ensures the heating of selec-
tive layer fixed below the cells to improve heat transfer by convection and con-
duction between the fluid and the metal channel.

Heat is transferred from HCPV/T system to surrounding by two different
techniques. The first method is heat transfer by convection from cell layer to the
surrounding. The second technique is heat losses by radiation from cell outside
surface to the surrounding sky. Simplified models for calculation of the perfor-
mance of HCPV/T published in the literature cannot be used with current pro-
posed hybrid system as using multijunction solar cells and concentrating tech-
nique. An accurate numerical model employing finite difference method is de-
veloped for current study by applying energy balance equation for each element.
The two-dimensional analysis utilizes finite difference technique utilizing
FORTRAN code to formulate different equations. To simplify numerical analy-
sis, different approximations are taken into consideration. Collector surface and
receiver dimensions are fixed. In addition, elements physical properties are kept
constants. Solar radiation at the absorber is assumed to be homogenously dis-
tributed as well as the uniformity of ambient temperature around the solar col-
lector.

Heat collected on PV surface transmitted from heat sink surface very fast.
Fraction of the heat is gathered by inlet water (Q,;) and remaining part is (Q,,,)
is lost by radiation and convection to the ambient. A finite difference method is
adapted to solve the equations. One can get the finite difference equation by ap-
plying energy balance equation for every node utilizing energy conservation
principle to each control volume in the region of the specified node. A steady
state two-dimensional heat transfer model using energy balance technique is
proposed. Heat dissipated by convection to water is Q,, and Q,,,, is heat trans-
ferred to ambient by radiation and convection. This decreases the thermal model
to a plate with two-dimensional model at different boundary conditions. Finite
difference equations are solved to obtain the thermal profile. In each domain,
there are three different regions, the heat sink region, the cell region and the wa-
ter region. To precisely develop energy balance equations, the domain is divided
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into different small areas.
Applying the first law of thermodynamics, the general balance of energy for
the HCPV/T system is:

Qabs = Qel + th + opt + Qlom (1)

where Q,, is the solar energy collected by PV cell surface (as defined in Equation
(3)), Q. is the photovoltaic output by the array, Q,, is heat gained by the circu-
lating water, Q,,, is the optical losses in primary and secondary optical compo-
nents and Q,,, is the heat lost to the surroundings by radiation and convection.

The optical losses Q,,,, is given as:
o = Ouns (1= 1) @)
The thermal energy (Q,;) absorbed by circulating water is expressed as:
0, =re,(T,~T,) (3)

where ¢, is water specific heat, 71 is the mass flow rate, 7;is the circulating wa-
ter inlet temperature, 7, is circulating water outlet temperature,
Thermal energy is lost to surroundings by radiation (Q,,,) as well as convec-
tion (Q,,,,)- So:
Oioss = Oraa + Deom (4)

The coefficient of radiative heat transfer (4,,,) to ambient is usually expressed
in the form (Duffie and Backman 2013):

hoi = SVU(TQ +17 )(Tk} +7, )

where ois Stefan-Boltzmann constant (5.7 x 107 W/m?°K*); ¢ is emissivity of the
surface; 7;is the mean temperature of the fluid; 7, is the external sky tempera-
ture which is needed to calculate radiative exchange and its change correlated to

ambient temperature (7,,,,) in the form [22]:
T, =0.0552T" (5)

The coefficient of convective heat transfer (4,,,,) from outside surface which is
in contact with the ambient is usually expressed related to wind velocity (v,) in
the form [23]:

h,,=28+3v, (6)

conv

Water convective heat transfer coefficient (4,) is related to characteristics of
flow according to (Incropera et al 2007):

h, = Nuk
D

)

where Nu is Nusselt number, D is tube diameter and & is thermal conductivity.

Nusselt number is given by:

Nu=436 for Re<2300 (8)
Nu =0.023Re"*Pr'* for Re> 2300 (9)

where Pris Prandtl number and Reis Reynolds number.
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Portion of radiation is absorbed by solar cell to produce electricity while the

remain part is converted to heat (g,,) as:
ch = Qahs (1 _7761) (10)

where g, is solar radiation flux on PV area (W/m?) and 7,,is PV electrical effi-
ciency expressed in terms of thermal coefficient (3,,), average PV temperature
(Tpy), reference temperature (7,,) and efficiency at reference temperature (7.,

expressed as:
Mot = Mrrer _|:ﬂth (TPV -T, ):| (11)

Heat is transferred by conduction in the layers of multijunction solar cell
while some heat is lost to surrounding by natural and forced convection. In ad-
dition, fraction of thermal energy is removed by radiation to the environment
from the assembly surfaces. Heat pipe is usually enclosed by a vacuum in eva-
cuated tube collector. This technique minimizes the heat dissipated by convec-
tion and conduction.

The photovoltaic efficiency of the HCPV/T array to transfer solar radiation to
electrical energy is obtained by:

Qel
== 12
=G (2
The instantaneous hybrid HCPV/T thermal efficiency is:
ne (T, =T,
=2 iAVD (13)

4,6 4,G

The hybrid HCPV/T system total efficiency (7,) is determined from thermo-
dynamics first-law. So, HCPV/T total efficiency (7,) can be considered as the ad-
dition of both electrical and thermal efficiency [24] [25]:

1, =1y + 1y (14)

The total efficiency of HCPV/T system can be determined from first-law of
thermodynamics, however, it neglects the difference between electrical output
generated by a module and thermal energy. A temperature difference should ex-
ist between high temperature heat source and a low temperature one. At the
same time, electrical energy can totally transfer to work. So, the energetics effi-
ciency (second-law efficiency) results in more precise values of total perfor-
mance of HCPV/T system. Exergy is the accessible energy attained by subtract-
ing the unavailable energy from overall energy and is equal to the work con-
verted. So, in current work the second-law of thermodynamic is employed to
calculate HCPV/T system total efficiency. The equation used by Fujisawa and
Tani [26] which is based on the approximation that the fluid initial temperature

is equal to surrounding temperature is utilized:

T
N, =1y "{1_ }mh jﬂth (15)

w

where 7, is the water temperature evaluated from:
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T =

5 (16)

2.3. HCPV Electrical Model

Researchers presented various models in literature to determine I-V characteris-
tics of multijunction solar cells as two diodes equivalent circuit model for each
sub-cell, single diode equivalent circuit model for each sub-cell, lumped diode
model and network cell model. The theoretical model stating the performance of
solar cells should accurately determine the change of module energy with inci-
dent radiation, ambient temperature as well as cell concentration. In the present
work, multijunction single diode model is adapted to develop a numerical model
to express IV curve of the AZURSPACE triple-unction HCPV at different cell
temperature, radiation intensity and concentration ratio. A single diode model
provides accurate and dependable results while requiring less empirical factors
to be determined, i.e. more practical and time saving than two diodes models
where the empirical parameters of each sub-cell of the multi-junction solar cell
must be calculated. Figure 2 presents the diagram of single diode circuit model
of the multijunction solar cells. Solar cell electrical model consists of current
source that is a function of radiation in parallel with a diode. The model is ex-
panded for concentrated cells to consider voltage difference caused by high cur-
rent flow as a result of R, In addition, shunt resistance (R,;) of diode commonly
neglected in published models is considered in present developed model.

The triple junction solar cell consists of three junctions connected in series.
Each junction expressed by single diode model. The current-voltage expression
for each junction taking into consideration shunt resistance is given by:

AL Vz + [in,i

L=1_-1,e "™ -1 e (17)

sh,i

Every sub-cell utilizes five factors: saturation current (Z,;), short circuit cur-
rent (/,), series and shunt resistances R, ; and R,,; as well as ideality factor of
the diode (n2). T is cell temperature, V is voltages, &k is Boltzmann constant,
electron charge is g, /;is load current; and represent cell junction (1 for top cell,
2 for medium cell and 3 for bottom cell). Diode ideality factor, n, describes
non-idealities in diffusion diode. Reverse saturation current () is the major pa-
rameter affecting V,, which is losses indicator for minority carriers through p-n
junction in reverse bias. Following on Shockley diodes theory (22 = 1), however
values of n greater than unity is much suitable to consider defects produced
through industrial manufacturing. R, is the addition of metal grids bulk resis-
tance, bulk resistance of semiconductor materials and interconnections and re-
sistance contacting metal contact and the semiconductor. Series resistance, R,, is
considered the most important parameter to achieve concentrated cells of en-
hanced performance. Shunt resistance is due to leakage current through p-n

junction in cell boundary or in the crystal in the proximity to the junction
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Figure 2. Triple junction single diode equivalent circuit.

because of imperfections or impurities deposition. V. is obtained by putting /=
0 in Equation (17).

Last term in Equation (17) makes the equation nonlinear and implicit requir-
ing huge efforts to be solved. So, this term is commonly ignored in already ex-
isting models considering shunt resistance is equal infinity. This assumption
significantly affects the accuracy of the results. That is why the present work
considers the shunt resistance in calculations. Employing Lambert W-function,
Equation (17) can be converted from implicit equation to explicit nonlinear eq-
uation. Jain and Kapoor [27] adapted Lambert W-function to rewrite Equation
(17) as:

Ry, (R1, +R 1, +V,)| nk,,

Lambert W ks,A sc,i s,ito,i
o (RSJ + Rsh,i) q
Iy = 1 (18)
l R&i + Rsh,i Rx,i

Rs,i + Rsh,z'
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Because of the explicit aspect, Equation (18) has been employed to analyze
HCPV systems [28] [29]. Maple software is utilized to perform calculations of
current developed numerical model. Ghoneim et a/ [30] introduced in detail the
numerical technique adapted to analyze Equation (18). The solar radiation ab-
sorbed by HCPV cells, Q,,, is given by:

0., = XGA

rec 770
r fop

(19)

where G is the global radiation in (W/m?); 7, is optical efficiency; A4, is the re-
ceiver area and X is geometrical concentration ratio of HCPV optical system.
The concentration ratio (X) is the receiver area (4,.) divided by the concentra-
tor aperture area (4,,). The electrical efficiency (7,) of triple-junction solar cells
is function of both concentration ratio (X) and cell temperature (7,,) and ex-
pressed as [31] [32] [33]

7, =0.298+0.0142In X +[~0.000715+0.0000697In X ](7,, ~298)  (20)

The optical, module and inverter efficiencies (77, 7mop 77:2) are assumed to be
constants. So, cell output power is:
Poy = XGApy 1,y i lin e 1)
where A, is the area of HCPV cell.
The electrical efficiency (7.) of HCPV/T system is determined from:

77 _ va _XGApvnopnmodninvﬂel
el

= = (22)
4,G 4,G

The output power of HCPV reaches peak at maximum power point (MPP).
Fill factor (FF) examines square similarity of IV as:

B, VI
FF=_" =_mn (23)
V()E[.VC V()C]S(‘

where 7, and V,, are maximum current and maximum voltage at maximum
power P .
The short circuit current 7. (X sun) is expressed as function of concentration
ratio (X):
I (X sun)=XI_(1sun) (24)

where 7 (1 sun) is the short circuit current at 1 sun and 1 sun equals 000 W/m®.
The models are examined utilizing measurement data provided by AZURSPACE
manufacturer [34]. The developed model results agree well with measured values
provided by AZURSPACE manufacturer. The total root mean square errors in
the current results are approximately 1.94%.

3. Results and Discussions

The effect of the system important parameters namely ambient temperature
(7,,5), cooling water temperature (7,), cell temperature (7},) and concentrated
ratio (X) on electrical, thermal and total efficiencies will be presented and dis-
cussed. Followed discussions and conclusions are extracted from the electrical

and thermal models developed for this work.
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3.1. Thermal Efficiency of Hybrid HCPV/T System

The main source of thermal energy in HCPV/T system is the overheated HCPV
cell. A thermal model is developed for the hybrid HCPV/T system to calculate the
thermal performance 7,, utilizing finite difference technique for two-dimensional
model. Applying energy balance for each system element, the impact of concen-
tration ratio (X) and cooling water temperature (7,) on the thermal efficiency
(7,) can be explored.

Figure 3 shows the impact of concentration ratio on the thermal efficiency at
two different ambient temperatures 25°C and 45°C. As revealed by the figure,
thermal efficiency rises slightly with increasing concentration ratio from 1 sun
till about 400 suns then for higher concentration ratio the increase is faster. In-
creasing ambient temperature to 40°C, the thermal efficiency behaves in the
same manner with about 10% higher in efficiency values. The variation of ther-
mal efficiency versus concentration ratio is opposite to the behavior of electric
efficiency at higher concentration levels (X > 400 suns). Also, this figure reveals
that the HCPV/T system runs well in hot climates because of thermal efficiency
increase with high ambient temperature for high concentration values.

Figure 4 illustrates the effect of cooling water temperature 7, on heat dis-
charged from the of HCPV/T hybrid system which use active cooling method.
Figure 4 indicates the variation of thermal efficiency with cooling water temper-
ature at three various concentration ratios lsuns, 500 suns and 1000 suns. As
figure reveals, thermal efficiency of HCPV/T system decreases gradually from
40% to zero when increasing cooling water temperature from 20°C to 45°C for 1
sun concentration ratio, while increasing the concentration ratio to higher levels
for example 500 suns or 1000 suns the thermal efficiency values drop to zero at
higher water temperature 59°C and 77°C, respectively. This indicates that in-
creasing X to higher levels (>400 suns) results in increasing the thermal efficien-
cy to values higher than 65% and the cooling water could be heated to tempera-
ture higher than 75°C.

3.2. HCPV Cell Temperature

Based on the proposed curve fitting methods assuming wind speed is equal to
zero and the cooling fluid temperature of HCPV is constant, the concentration
ratio and the ambient temperature are regarded as the main source of cell tem-
perature. The operating temperature of photovoltaic cell especially HCPV/T
system strongly affects its performances. Therefore, the main absorber of the
used multijunction solar cell is a semiconductor material with a band gap which
is sensitive to the increase of cell temperature. The increase in cell temperature
decreases the band gap which implies a decrease in some electrical parameters of
the cell: open circuit voltage, fill factor and efficiency while increase the short
circuit current. Since the temperature of cell is an important model parameter in
examining the electrical and thermal behavior of HCPV cell and due to difficulty

in measuring it there are several models employed to evaluate the temperature of
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Figure 3. Thermal efficiency behavior with concentration ratio.
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Figure 4. Thermal efficiency changes with cooling water temperature for
various concentration ratio.

HCPV cell. Rodrigo ef al [35] introduced extensive analysis of calculating cell

temperature for high concentrated modules based on direct measurements or

DOI: 10.4236/sgre.2019.105008 130 Smart Grid and Renewable Energy


https://doi.org/10.4236/sgre.2019.105008

K. M. Kandil et al.

atmospheric parameters. They stated that some techniques are more suitable for
specific conditions and examining the temperature of cell at maximum power
point is useful for certain work and is interesting for future work.

In this research, the cell temperature is determined from the model proposed
by introduced by Ju et al [36]:

kT In(X

K’C(TC’X)—KC(T,.E,,I)—"LH()
' q

Ty =T,y + .

PV of ﬂVOC(X)

where B, is the open circuit temperature coefficient and 7. is the reference

temperature.

Figure 5 illustrates the variation of cell temperature with the concentration
ratio (X). The figure shows that the cell temperature rises logarithmically with
the increase of the concentration ratio at a slow behavior up to X equal to about
400 suns then at higher concentration values up to X equal to 1500 suns, the in-
crease becomes faster.

Figure 6 shows the variation of cell temperature with the ambient tempera-
ture. As figure shows, the cell temperature increases linearly faster with the in-
crease of ambient temperature and this behavior depends on the location. These
results agree with the outcomes of Renno et al. [8] and Skoplaki et al. [12]. Fig-
ure 5 and Figure 6 indicate that cell temperature (7},) is strongly dependent on
ambient temperature (7,,,) and high concentration ratio (X) but in different

manners.

3.3. Electrical Parameters of HCPV/T System
3.3.1. Effect of Cell Temperature on Voc and FF

The variation of (V) with the cell temperature (7;,) at two different ambient
temperatures 7, (25°C and 45°C) are presented in Figure 7. As shown, cell
temperature increases from 25°C to 70°C, V. reduces with a fixed slope. In ad-
dition, with increasing the ambient temperature to 45°C the same linear beha-
vior is noticed with distinguished increase in the slope. This means that the
temperature sensitivity increases with the increase of cell temperature which re-
sulting due to the increase of concentration ratio. These results agree well with
the corresponding results published in the literature [37] [38] for the triple junc-
tion solar cell. This decrease of V. with the increase of cell temperature and the
ambient temperature results mainly because of the exponential increase of I,
with cell temperature. The most important characteristic of the figure is the ca-
pability of evaluating the temperature of hybrid HCPV/T under working condi-
tions and standard conditions if the open circuit voltage is known.

Figure 8 presents the variation of FF with cell temperature for hybrid
HCPV/T system at two different ambient temperatures 25°C and 45°C. The be-
havior is the same as for V,,.in Figure 7 but with different explanation. FF is an

indication of triple junction solar cell quality as it relies mainly on the parasitic
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Figure 6. Variation of cell temperature against ambient temperature.

resistances of the cell. As the ambient temperature increases from 25°C to 45°C
the FF values decrease in a linear form but with a higher slope. This decrease
seems to be due to the increase in parasitic losses by increasing cell temperature
and the increase of the slope is due to the increase of concentration ratio which
induces increase of the cell ideality factor n as verified by electroluminescence

study of the aged triple junction at high concentration values [8].
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3.3.2. Effect of Concentration Ratio on Fill Factor and Electrical
Efficiency

Figure 9 and Figure 10 show the variation of both fill factor (FF) and cell elec-
trical efficiency (7,) with concentration ratio at two different cell temperatures
25°C and 80°C. Figure 9 discussed in detail in literature [30]. As shown in these
two figures the behavior of FF and 7,,is similar; at cell temperature 25°C as the

concentration values increase from 1 sun to about 400 suns the fill factor and the
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efficiency increase linearly from 0.82 to 0.85 for FF and from 40% 42.5% for 7,,,
then with increasing the concentration ratio higher than 400 suns there a drasti-
cally decrease of the two parameters to values 0.79 for FF and 38.5% for 57, which
are still high values compared to other photovoltaic systems.

As cell temperature is raised from 25°C to 80°C the behavior is repeated for

the FF and 7, but at lower values due to two reason; the overheating of the cell
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and the high concentration ratio. As seen from these figures the increase of FF
and 7., with increasing concentration ratio is slow at X < 400 suns and is faster
for higher values of X. Also, the inverted peak in the two figures is slightly
shifted to higher values of X. This is may be due to the effect of increasing con-
centration ratio which means the light flux density increases, so the photogene-
rated current increases and the series resistance decreases. For higher values
there is an extra heating of HCPV cell because of the increase of radiation flux.
This overheating cause changes of the recombination processes of the photoge-
nerated current carriers from radiative recombination to non-radiative type. The
change of recombination process by overheating causes an increase parasitic
electric loss due to an increase of R and decrease of R, photovoltaic device. So,
the overheating is a significant problem for HCPV/T systems, and it can be
solved utilizing suitable heat dissipation method in the hybrid system with active

cooling and using this heat for certain application.

3.4. Electrical, Thermal and Total Efficiency of HCPV/T Hybrid
System

The electrical, the thermal and the total efficiencies are calculated adapting the
present developed model, as a function of the three important key parameters of
HCPV/T hybrid unit; the concentration ratio, PV temperature and the ambient
temperature. Figure 11 illustrates the impact of concentration level X on system
performances; electrical 7, thermal 7,, and the total efficiencies 7, at ambient
temperature 7, = 25°C. This figure reveals that increasing the concentration
ratio from 1 sun till 400 suns will increase both electrical 7., and thermal 7, effi-
ciencies by about 2% and 3%. When increasing the concentration ratio to higher
levels (>400 suns), there is a different behavior as the electrical efficiency 7,, de-
creases by about 4% while the thermal efficiency 7,, increases by about 10%. This
behavior is reflected on the total efficiency 7, of the HCPV/T system as its value
is about 72% at 1 sun and about 79% at 1500 suns, which is a good quantity to be
collected from the incident solar power.

Figure 12 illustrates the variation of electrical, thermal and total efficiency
with cell temperature (7};) at concentration ratio of 500 suns when cell temper-
ature is increased from 45°C to 85°C. This figure shows that with the existence
of active cooling device in HCPV/T unit, increasing cell temperature has no sig-
nificant effect on the electrical efficiency as it reduces only by about 1%. Howev-
er, this leads to significant increase of about 15% in thermal efficiency and in-
crease of about 10% in total efficiency. This increase of the cell temperature may
be attributed to slow flow rate of cooling water or heat leakage and imperfect
insulation.

Figure 13 indicates the effect of ambient temperature 7, on the three effi-
ciencies of the HCPV/T hybrid system at a constant concentration level of X =
500 suns. The impact of ambient temperature on electrical, thermal and total ef-
ficiencies is the same as the effect of cell temperature 7, discussed before in

Figure 12.
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4. Conclusions

The performance of high concentrating photovoltaic thermal (HCPV/T) system
is examined. Single diode circuit model is employed to analyze the electrical
performance of triple junction solar cells. Furthermore, a thermal model using

two-dimensional finite difference technique is developed to determine the
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thermal and total efficiency of hybrid HCPV/T system. Based on the results ob-

tained, the following conclusions can be drawn:

Single diode model is a reliable model instead of using the more complex
model of two diodes. Overall root mean square errors in present results are
about 1.942% as compared to HCPV cell manufacturer measurements.

Single diode model can be utilized to precisely evaluate electrical perfor-
mance of HCPV for a broad band value of operating parameters.

Increasing the concentration ratio results in logarithmic rise in HCPV cell
temperature at a slow rate up to concentration ratio about 400 suns, and then
the increase becomes faster at higher concentration values up to X = 1500
suns.

Cell temperature is strongly dependent on ambient temperature and concen-
tration ratio but in different manners.

Increasing the ambient temperature leads to a decrease in fill factor in a li-
near form with a higher slope.

Overheating is a significant problem in HCPV/T systems, however, it can be
resolved by introducing adequate heat removal techniques with active cool-
ing.

Hybrid HCPV/T system works efficiently in hot climates due to the increase
of the system thermal efficiency with high ambient temperature at high levels
of concentration.

Increasing coolant water temperature significantly minimizes the thermal ef-
ficiency at low concentration ration. On the other hand, at high values of

concentration ratio (>400 suns), the thermal performance increases up to
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65% and the coolant water temperature could be heated up to 75°C.

* When the concentration ratio increases to values greater than 400 suns, the
electrical efficiency decreases by about 4% while the thermal efficiency in-
creases by about 10%. This behavior has a significant effect on HCPV/T total
efficiency.

* Employing active cooling device in HCPV/T system results in significant in-
crease (about 15%) in thermal efficiency and at the same time leads to an in-
crease of about 10% in total efficiency.

* The impact of ambient temperature on thermal, electrical and total efficiency
is similar to the effect of cell temperature on these parameters.

The present work could be extended in the future by designing and setting up

a practical HCPV/T system to carry out experimental work to validate the results

obtained from theoretical work.
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