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Determining heat sources for solar cells is essential to avoid energy loss, which in turn causes the
efficiency of solar cells to decrease and therefore, the loss processes have a significant impact on
solar conversion. This paper presents a study of intrinsic and exogenous losses in solar cells,
identification of the resulting energy loss at different temperatures, and discusses the impact of
exogenous and spectral reflectivity on solar cell performance. The results show an increase in
thermal loss with an increase in temperature, which in turn leads to a decrease in the efficiency of
solar cells. Also explained that the external radiate efficiency, spectral reflectance and operating
temperature significantly affect the loss processes. The efficiency of the cell begins to decrease with
the decrease of its external radiate efficiency.
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Introduction

Solar energy photovoltaic technology has developed rapidly for the
past years and researchers over the world have been working hard on
improving the efficiency and reducing the cost of photovoltaic
devices. We constantly see new records of solar photovoltaic (PV)
cell efficiencies, which are approaching the theoretical limits.
However, the efficiency of photovoltaic devices grows slowly in
recent years [1], [2].

Many studies hase been conducted on the factors that limit the
efficiency of photovoltaic devices. In 1996, Shockley and Queasier
developed the first detailed model for ideal solar cells that illustrated
the mechanisms of intrinsic (internal) loss called the detailed
equilibrium model [3]. Moreover, in 1980, proposed Henry a
graphical method for understanding intrinsic losses [4], and in the
same year, Wurfel published thermodynamic limitations of solar
energy conversion based on the second law of thermodynamics,
which is theoretically the highest efficiency of photovoltaic devices

[5]. Later on, studies wer carried out to investigate the coefficients of
crystalline silicon radiate recombination [6] and Auger
recombination [7]. Hirst studied five mechanisms of quantum
intrinsic losses and gave a mathematical and graphical demonstration
[8]. one year later, Auger recombination was quantified with an
improved Model [9]. In addition, the intrinsic losses model for single-
junction solar cells was applied but this time considering the AM1.5¢g
standard solar spectrum as the incident power [10]. As in 2015, the
Non-Radiate-Recombination processes are considered in the analysis
[11]. A year later, was developed full thermal model based on explicit
formulas for calculating heat sources, and optical losses and internal
processes of solar cells under any incident spectral irradiation [12].
The SQ limit is studied for ideal solar cells but this time using
monochromatic light [13]. and has recently introduced an extension
of the Full thermal model to evaluate the PV devices [1], As full
thermal model was applied to a bifacial hetero junction solar cell in
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2019 [14] .

This paper studies the loss processes in photovoltaic devices
depending on different kinds of parameters, such as external radiate
efficiency(ERE), spectral reflectance, and operating temperature.
Energy distributions of a crystalline silicon(c-Si) solar cell are
presented to characterize the intrinsic and extrinsic losses in detail,
calculated by a thermal model based on the model proposed by Dupré
etal [12].

METHODOLOGY

Loss processes in solar cells consist of two parts: intrinsic losses
(fundamental losses) and extrinsic losses. Intrinsic losses are
unavoidable in single bandgap solar cells, even if in the idealized
solar cells [8]. In this paper, this loss was determined based on the
full thermal model (FTM) which includes the main loss mechanisms
inside the cell and they are in detail explained in [1], [12]. In Table 1,
briefly the explicit formulas to calculate different mechanisms and
losses at Maximum Power Point (MPP), where the heat sources are
represented as “Q” and non-heat sources as “P” ..

Table 1: Explicit formulas of FTM.

Mechanizm Explicit Formula
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The model was applied of crystalline silicon(c-Si) solar cell with the
bandgap of 1.1246 eV, under an AML.5 solar illumination (photon
flux density =1000.25 W/m2 )The maximum output current and
voltage density was determined numerically using:

_ 1 ) Q(V‘I'JR.;} _V+JR3
I(V} = foomasx ERE)remi.53|'or:e-‘"'p( ch ) R,h

(1)

Where Jemit refers to the photocurrent loss caused by radiative
recombination, defined as:

2000mie . I gV —E
Jomission = f:;:‘" (E®KT, + 2EKTZ + 2k°T2)exp (—H} ) @

To discuss the intrinsic losses of solar cells quantitatively, the
reflectance R_c and the transmittance T_c of the cell are set to zero,
ERE is set to 1, and resistances of the cell (R_s and R.sh) are ignored.
Then eq. (1) is written as:

1 V
.HV} = Jrsc_..kz'ax - m;‘r&missiunem (qk(—T}) (3]

Fig. 1 shows the equivalent circuit diagram of a solar cell. By taking

all loss processes into consideration, eq. (1) is used to derive the

necessary parameters. Firstly,V_MPPand J_MPPare calculated by

finding the maximum power point(P_MPP [=J_MPP V] _MPP)

with the variables imposed R_s=1.1Q [cm) ~2,R _sh=240Q [cm]
A2, T c=0, T s=5800 K, Q_emit=n, Q_abs=Q_emit46200, and

cases of different EREs (ERE= [10] ~(-1), ERE= [[10] A(-5)) are

calculated to illustrate the impact of external radiate efficiency on

loss processes at different temperatures, as well R_c=0.1, R_c=0.05

to illustrate the effect of spectral reflectance on cell performance.

1 Load
vo L R,e.[]
]. Re

Fig. 1. Equivalent circuit diagram of a solar cell showing the load,
series resistance (R_s), shunt resistance (Rsh) and the voltage across
the cell (V_C).

Results and discussion

The results in Table 2 and Fig. 2 indicate the fundamental (basic)
losses that they take up the majority of the incident energy, and that
a large amount of solar energy is converted into heat. The efficiency
of the ideal crystalline silicon cell (ERE=1) is achieved 33.52% at a
temperature 298.15 K. The relative error is

& = (|POutput + PHeat + PEmission — Plncident|) f Pincident. |:4.'|

The total of energy distributions expressed in this equation agree well
with the incident solar energy, which prove the model of high
accuracy.

Table 2 Energy distribution and corresponding parameters of a
c-Si solar cell

crystalline silicon solar cell, E,=1.1246 ¢V, Ta=298.15 k
ERE=1
Current | Voltage | Power | Prcigen
Am?| WV Wim? %
Tt Venze Prncia=e [436.40 |1.1246 | 100023 100
Qelow 19434 | 1045
Q Thermalizerion 31535 | 3151
PErmicsion 13.13 14.76 1.47
Qeamot 0.0578 | 2445 244
Qangie 0.276 116.80 | 11.68
hoe= | Vipe= -
Pougna 12327 | 0702 33524 | 33.52(m)
A 0 i} 0.6 0
Qe 650.04 65.07

At room temperature.

Fig. 2. Energy distributions of a c-Si solar cell at room temperature.

Fig. 3 shows the effect of external radiation efficiency on the
efficiency of solar cells below the solar spectrum (AML1.5) at a
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temperature (298.15) as the highest efficiency obtained at ERE=1 and
cell efficiency begins to decrease with lower external radiation
efficiency. Fig. 4 shows the distribution of fallen solar energy
(imposing black body radiation at 5800 k)at different external radiate
efficiency with the bandgap, the larger the bandgap, the smaller the
heat source and the fewer loss processes associated with radiation re-
union with increased band gap and increased external radiate
efficiency. From Table 3 for external radiate efficiency it does not
affect loss processes except for NRR loss where NRR_V=2.07% at
ERE= [[10)] ~(-1) and 10.44% at ERE= [10)] ~(-5) and At
ERE=2.22* [(10) ~(-7) is 13.75% and this excess energy is
converted to heat, which reduces cell efficiency as a result.
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Fig. 3. Efficiency of ideal solar cells only considering the intrinsic
losses at different external radiate efficiency at room temperature.

Fig. 4. Energy distribution of solar cells in radiate limit at room
temperature. The external radiate efficiency are ERE=1 in (a),
ERE=10-1 in (b), ERE=10-5 in (c), respectively.

The results in the Table 4, Table 5 and the fig.5 ,fig. 6 showed that
an increase in the temperature of the cell leads to a decrease in its
efficiency from 16.68% at room temperature to 14.58% at 55° at the
radiative limit ERE= [ 10)] ~(-5), and from 24.4% at room
temperature to 23.1% at 55° at the radiative limit ERE= [10)] ~(-1).
Also showed the increase in the amount of heat generated from
705.12 W m”(-2) at room temperature to 760.81 W m”(-2) at 55°.
This is humiliating that the amount of heat is directly proportional to
the high temperature and inversely to external radiate efficiency
(ERE) . To study the effect of spectral reflectance on the performance
of the solar cell, the results shown in Table 6 and fig. 7 show an
increase in efficiency from 24.4% at R_c=0.1 to 25.85% at R_c =
0.05 in room temperature, this increase is a decrease in the process of
loss of the current by reflection from 43.64 (A[1m”"2) at R_c =0.1to
21.82 A/m"2 at R ¢=0.05.

Table 3 Energy distribution and corresponding parameters of a
c-Si solar cell with different external radiate efficiency at room
temperature.

crystalline silicon solar cell, E=1.1246 eV, Ta=298.15K
ERE=1(* ERE=10° ERE=1.22:107

Current | Voltage | Power | /Piosaen | Current | Voltage | Power | Pimtess | Current | Voltage | Power | Praciaca:

mit | oamd |V | wad | % | aw? | V| wad| % | awd | V| wel| %
JiVerPrss | 4364 | L124 | 100025 100 | 4364 | 1124 (100025 100 4364 | L124 | 100025 | 100
Pretecim 43.64 1000 | 10.00 | 43.64 1000 | 1000 | 43.64 1000 | 10.00
Paier 1749 | 1749 1749 | 1749 19 | 1749
| S——— 28381 | 28.38 18381 | 2838 88 | 8318
Pruisice L1 14 | o1 ] 0 ] ] 0 ]
Peon 0.057 | 2029 | 202 0.051 | 2040 | 204 0.057 | 2018 | 2.01
Pug. 0276 | 9691 | 9.69 0276 | 9746 | OT4 0276 | 9640 | 964
Prges 10.01 ILM4 | 112 | 1842 Wi | 07 | BT 010 | 12
Py 0.0 | 2077 | 207 0295 | 10447 | 10.44 0393 | 13731 | 1378
Pseies 003 | 1233 | 113 00353 | 1247 | LM 0.034 | 1220 | 122
Pt 3047 35| 34 ) S A I KT VA ) 1960 | 19
D B AR el B o e e
4 ] 0 0.03 0 0.01 0 45 045 | 019 | 001 | -T6 0.76
PHeat 654.5 654 T05.12 T0.51 . .31

Current-Voltage characteristics at Ta=25 °C
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Fig. 5. Voltage-current curve of the solar cell at different external
radiative efficiencies.

Table 4 Energy distribution and corresponding parameters of a
c-Si solar cell with external radiate efficiency (ERE)=10-1 at
different temperatures.

crystalline silicon solar cell, E.=1.1246 Ey

ERE-10!
Te=30815K Te=31815K Te=3815K

Current | Voltage | Power | Plocidest | Current | Voltage | Power | /Piacidenc | Current | Voltage | Power | Placiden
Units Am2 v Wn2 % Am? v Wim2 % Am? v Wm2 %
IV Procuen | 4364 | 1124 {100025 | 100 | 4364 | 1124 100025 | 100 | 4364 | 1124 |100025 | 100
Prefiectin | 43.64 1000 | 10.00 | 43.64 1000 | 1000 | 4364 1000 | 10.00
Petew 1749 | 1749 1749 | 1749 1749 | 1749
Prusrmaizaron 2831 | 2831 2831 | 2831 2831 | 2831
Pracsn | 131 L4 | 014 | 043 048 | 004 | 040 04 | 004
Peamot 0059 | 208 | 208 0061 | 204 | M4 0063 | 21 | 212
Pazzte 0285 | 99.6 | 996 0204 | 1023 | 1023 0303 | 1063 | 1063
Pwss | gy 133 | 133 | 1393 156 | 156 | 1241 1B | 13
Prerv 006l | 213 | 213 0063 | 219 | 210 0058 | 227 | 217
Pseres 0035 | 122 | 12 10348 | 1208 | 120 0035 | 1225 | 122
Pstut 30.08 318 | 338 | 1967 B3 | 31l | 195 15 | 328
Pouput Qgg 3’2;‘; 14003 z(io“ gf;l; 3?71; 23547 | 23540 :3'“5%’1 ‘30.[;’: 23102 | 23.10(7)
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Current-Voltage characteristics at ERE=10""
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Fig. 6. Voltage-current curve of the solar cell with external radiate
efficiency (ERE)=10-1 at different temperatures.

Table 5 Energy distribution and corresponding parameters of a
c-Si solar cell with external radiate efficiency (ERE)=10-5 at
different temperatures.

crystalline silicon solar cell, Ez=1.1246 Ev.
ERE=10°
TeIB15K Ta328 15K T8 1EK
Current | Voltage | Power | Proisew | Current | Voltage | Power | Prisc. | Current | Voltage | Power | Procae.
Units Am? v | W | % | am? V| Wt % Am? v wat %
JfVePlims | 4364 | L1124 | 100025 | 100 | 4364 | L124 | 100025 | 100 | 4364 | L1124 |100025 | 100
Prn | 4364 1000 | 1000 | 364 1000 | 1000 | 43.64 1000 | 1000
oo 1745 | 17.49 1743 | 1749 1748 | 1748
P iemmstonion 2931 | 2831 2931 | 2831 2831 | 2831
Pracin 0 0 0 0 0 0 0 0 0
Peum 0059 | 208 | 208 006l | 215 | 215 006 | 222 | 222
P 0285 | 995 | 99 0294 | 1029 | 1029 0303 | 1061 | 1063
P | 2296 %53 | 258 | 1347 63 | 265 | 24 2736 | 27
Pramy 0305 | 1067 | 10.67 0315 | 1103 | 1103 0325 | 1138 | 1138
Poie 0035 | 122 | L2 00M8 | 1208 | 120 0035 | 1225 | 12
Pam: | 2049 2305 | 230 | 19 2206 | 220 | 1877 1 | 21
Poum: | s | | 15062 '"‘19)5 s | o | 1524 [ 1524 | e | TR 434 | 14530
Iy 0L | 001 | 55 | 036 | 001 | 001 | 54 | 054 | 001 | 001 | 59 | 0.8
PHeat 746,13 76 754 73 760.81 76.08

Current-Voltage characteristics at ERE=10°
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Fig. 7. Voltage-current curve of the solar cell with external radiate
efficiency (ERE)=10-1 at different temperatures.

Table 6 Energy distribution and corresponding parameters of a
c-Si solar cell with external radiate efficiency(ERE)=10-1 and
spectral reflectance(R_c)=0.05 at room temperature.

c-3i solar cell, E-=1.1246 ¢V
ERE/Ta/R: 10! | 29815k | 0.05
Current Voltage Power PIncident
Alm? v Wim? %
Jph/VmaxPIncident 436.40 11246 1000.25 100
POptical 21.82 50.01 5.00
PBelow 184.62 18.48
PThermalization 299.53 29.93
PEmission 0.29 0.33 0.03
PCarnot 0.057 2145 214
Pangle 0.276 102.47 10.24
PNRR-J 11.42 12.54 1.28
PNRR-V 0.059 21.96 219
PSeries 0.037 13.78 137
PShunt 30.58 3434 343
POutput 3733 0.696 258.51 25.85 ()
A -0.01 0 0.36 0.03
PHeat 60104 69.08

Current-Voltage characteristics at ERE=10""
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Fig. 8. Voltage-current curve of the solar cell with external radiate
efficiency (ERE)=10-1 and spectral reflectance (R_c)=0.05 at room
temperature.

Conclusion

This paper study of the intrinsic and external losses in solar cells and
the determination of the resulting energy loss at different
temperatures. It also discusses the effect of external radiative
efficiency and spectral reflectance on the performance of the solar
cell. The results show that the processes of loss and temperature
increase have a major impact on the efficiency of the solar cell. With
the increase of these two factors, the efficiency decreases, and the
basic losses processes have the majority of the energy falling and thus
the amount of heat more. In addition to the loss processes, the
operating temperature and the external radiate efficiency affect the
performance of the solar cell.
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