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Assessing the Impact of Spectral
Irradiance on the Performance of
Different Photovoltaic
Technologies
Mohammad Aminul Islam, Nabilah M. Kassim,

Ammar Ahmed Alkahtani and Nowshad Amin

Abstract

The performance of photovoltaic (PV) solar cells is influenced by solar irradi-
ance as well as temperature. Particularly, the average photon energy of the solar
spectrum is different for low and high light intensity, which influences the photo-
current generation by the PV cells. Even if the irradiance level and the operating
temperature remain constant, the efficiency will still depend on the technological
parameters of the PV cell, which in turn depends on the used PV material’s absorp-
tion quality and the spectral responsivity and cell structure. This study is devoted to
the review of different commercially available technologies of PV cells include
crystalline silicon (c-Si), polycrystalline silicon (pc-Si), cadmium telluride (CdTe),
and copper indium gallium selenide (CIGS). We tried to correlate the spectral
response or the photocurrent of different PV cells with the variations of the solar
spectrum, environmental conditions, and the material properties and construction
of PV cells.

Keywords: photovoltaics technology, average photon energy, spectral irradiance,
spectral effect, photovoltaic performance

1. Introduction

The energy demand is increasing concurrently with the increase of the world’s
population and meeting the increasing energy demands including managing social,
economic, and ultimate environmental issues are one of the greatest challenges of
the present time. Solar energy, as one of the promising renewable energy sources, is
becoming an important source of energy all over the world. Its huge development
potential has attracted a lot of attention and the photovoltaic (PV) industry has been
experiencing a large-scale development to replace traditional energy. Also, a signif-
icant increase in energy conversion efficiency and the decrease in the price of the
solar panels along with various national policies over the world enhanced the solar
PV-based energy generation with the least Levelized-cost-of-energy (LCOE). How-
ever, for getting optimum output, proper resource estimation is necessary to assess
the feasibility of solar PV systems in any area. The output of any PV system’s output
indeed depends on the weather of its surroundings will be elaborated in this chapter.
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In contrast, there are several types including different technologies of photovol-
taic modules in the market. However, the technological choices are very critical in the
sense of the lack of guide and forecasting tools suited to the climates and environment
of the installation sites. There have been many PV system projects going to fail due to
the bad choice of PV technology where failure causes are influenced by the environ-
mental parameters, such as heat, humidity, shadow, and dust, etc. Manufacturers
provide a characteristic of PV modules measured in standard test conditions (STC),
however, the performance cannot reach that level in real operating conditions.
Besides, the PV module’s performances and aging strongly depend on the climate and
the surrounding environment of the installation site.

The investigation of PV performance under real external conditions became an
important factor as a result of increasing trends of PV capacity over the world.
Particularly, the performance of the PV module influence by the number of differ-
ent external issues, such as, (i) spectral irradiance, i.e., the wavelength of incident
light and light intensity, the efficiency of PV certainly varied with the variations in
the spectrum of sunlight [1–4] and light intensity directly affect the short circuit
current [5]; (ii) reflectivity of the module surface, however, the reflectivity that
occurred in the module surface depends on the angle between the module surface
and the incident angle [6]; and (iii) module temperature, particularly temperature
of the module surface increases to 60-80 °C at noon and cause of the reduction in
open-circuit voltage which also depend on the light intensity and airflow [7]. Thus,
in each PV field, the factors that contribute to solar cell efficiency are different and
the important considerations applied in each area are different. On the other hand,
some types of PV modules show the degradation of power conversion efficiency
under the long-term light exposer in the field and/or elevated temperatures. Partic-
ularly, due to the above-mentioned effects, the module efficiency and/or electrical
parameters are observed to deviate from the nameplate value measured under
Standard Test Conditions (STC) [8] in the real external condition. Besides, there are
some other causes for which the energy production capability of a PV module is
affected, such as installation angle; possible shadow, dust or snow deposition, etc.
However, these mostly depend more on the details of the installation, not inherent
to the module type and the physical properties of the module. It could be mention
that the power output could vary as an impact of the above-listed causes while
different types of the module installed in the same way; alternatively, similar types
of module generate different power output due to the installation in a different way
or different places. The variation of PV performance has been investigated by
several authors in terms of geographical variability and technology. Some authors
only focused on the effect of solar irradiation while other authors consider some of
the above-mentioned factors. In this study, we also only reviewed the study that
focuses on the effect of solar irradiance on the different PV technology.

2. Spectrum irradiance on earth surface

Solar irradiance on different locations of the earth is shown in Figure 1 [9]. The
maps highlight the global horizontal irradiation (GHI) which means that the overall
irradiance from the sun reaches the earth’s horizontal surface. It is related to the diffuse
horizontal irradiance (DHI) and direct normal irradiance (DNI) as follows [10],

GHI ¼ DHIþ DNI x cosθ (1)

Where θ is the solar zenith angle. Areas with a high proportion of GHI include
South-East China, Northern Europe, and the tropical belt around the equator.
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Since the electrical performance of PV devices is greatly affected by the incident
light spectrum, hence, significant efforts have given by the PV community to
develop methods and evaluate the impact of the spectral variations on the PV device
performance over the last three decades. The parameters that have the highest
impact on the spectrum distribution as well as on the PV module performance are
(i) the air mass (AM), (ii) the perceptible water (PW), and (iii) the aerosols optical
depth (AOD) [11].

The AM is a measure of the atmospheric absorption that affects the spectral
content and the intensity of the solar radiation coming to the earth’s surface. The
impact of AM on the solar spectral distribution is shown in Figure 2 [11]. Particu-
larly, the solar spectral distribution just above the Earth’s atmosphere-in the relative
vacuum of space is commonly referred to as an air mass zero (AM0). And the
AM = 1.0 at sea level when the sun is directly overhead (zenith angle, θz = 0). As the
θz increases, the path passes by the sun spectrum through the atmosphere become

Figure 1.
Global horizontal irradiation (GHI) over the world [9].

Figure 2.
Impact on the direct spectral irradiance of air mass (AM) simulated with the SMARTS model [11].
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longer, and AM increases. The AM could estimate simply using a trigonometric
function of the zenith angle:

AM ¼
1

cos θz
¼ sec θz (2)

where θz is the angle of incidence or solar zenith angle.
The above equation is quite accurate for θz ≤80 degrees, however, more com-

plex and precise models are necessary when the sun goes near the horizon. More-
over, the distribution of the outdoor solar spectrum varied during the day due to the
presence of water vapors and aerosol in the air. Thus, the real spectrum at the
earth’s surface is infrequent to fit with the AM1.5 standard solar spectrum as
defined in standard IEC 60904–3 and/or ASTM GE173–03 [12]. Specifically, the
spectral power distribution observed in the sun at an angle of about 48.2o is speci-
fied as AM 1.5 spectrums (as in Figure 3(a)). The power density of AM1.5 light is
about 1,000W/m2. The standard AM 1.5 spectrum is known as solar constant and is
normally used in solar cell analysis. Figure 3(b) shows the spectral distribution of
sunlight under the different air masses.

Another important parameter that needs to be considered for understanding
solar irradiance on the earth’s surface is the clearness index (KT). Particularly, KT is
defined by the ratios of the solar radiation for a particular day and the extraterres-
trial solar radiation for that day. It could also be defined by hourly as shown below:

KT ¼
H

Ho
dailyð Þ and kT ¼

I

Io
hourlyð Þ (3)

Where H and I represent the total measured and Ho and Io are represent the
extra-terrestrial solar radiation which could be calculated using several approaches
[14]. This value of KT or kT lies between zero and one which contingent on atmo-
spheric conditions. For clear sky conditions, KT is near 1 and if the sky is very
cloudy and/or turbid and/or heavily overcast, KT becomes less than 0.4. Several
laboratories have been developed computational models considering spectral direct
beam during the clear sky and hemispherical diffused irradiances on a surface either
horizontal or tilted condition for a certain location and time [15]. Other than the
above parameters, the outdoor energy yield and performance of the PV modules
further depend on a large number of on-site factors or local factors such as ambient
temperature, wind, and rain. These undefined factors may also influence signifi-
cantly amount of solar radiation that arrives on the surface of the PV module.

Figure 3.
(a) The path length (in units of air mass) changes with the zenith angle (b) spectral distribution of solar
energy [13].
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Certainly, it is important to analyze the influences of all the above on-site environ-
mental factors on the outdoor performance of different types of PV modules, for
finding out the best-suited technology for a specific location and enabling more
widespread deployment.

3. PV performance parameters and spectrum

3.1 PV performance parameters

The electrical power generated in a solar cell or PV device can be modeled with a
well-known equivalent circuit as shown in Figure 4 which includes a shunt resis-
tance parallel with a diode and a series resistance [16].

This equivalent circuit can be used for either an individual cell, a multi-cell
module, or an array consisting of multiple modules. Using this model and consider-
ing constant temperature and solar radiation, the current–voltage equation for a
solar cell or module could be expressed as shown in Eq. (4).

I ¼ I0 exp
qV

A

� �

� 1

� �

� IL þ
V � IRs

Rsh
(4)

Where, IL is the light generated current, Io is the dark saturation current, Rs is
the series resistance, Rsh is the shunt resistance, A is the modified cell or module
ideality factor that can be expressed as:

A �
NsniKT

qe
(5)

where Ns is the number of cells or modules that are connected in series, ni is the
diode ideality factor for a cell, K is the Boltzmann constant, qe is the electron charge,
T is the cell or module temperature.

Figure 5 shows the current–voltage (I-V) characteristic curves of a solar cell or a
module. Particularly, the power generated by the solar cell or module is the product
of the current (Imp) and voltage (Vmp). It should be noted that five parameters,
such as IL, Io, Rs, Rsh, and A, determine the current and voltage generated in a cell or
module, thus the impact of external factors, such as solar radiation and temperature
could be analyzed from the change of these values. In general, the FF is directly
affected by series resistance, and it is found that the fill factor of a solar cell
decreases by about 2.5% for each 0.1 Ω increase in series resistance [17]. On the

Figure 4.
Equivalent circuits for a solar cell in a single diode model, including series and shunt resistance [16].
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other hand, Rsh is reduced if the leakage current is increased in a solar cell. If there
any light and temperature-activated defects available in a solar cell, then leakage
current could be increased, alternatively Rsh could be reduced as the increase of
irradiance intensity or temperature. Finally, FF and Voc will be reduced. For an
ideal case, Rs = 0, Rsh = ∞ and ni = 1, the open-circuit voltage, Voc could be
expressed as,

Voc ≈
KT

qe
ln

IL þ Io
Io

� �

(6)

For a very small applied voltage (V ≈ 0), the diode current, Io is negligible or
zero, then from Eq. (6), we can find,

I≈ IL ≈ Isc (7)

Where Isc is a short circuit current. Now Eq. (9) becomes,

Voc ≈
KT

qe
ln

Isc þ Io
Io

� �

(8)

The Voc and Isc rectangle description as shown in Figure 5 offers a useful means
for characterizing the maximum power point [18]. The fill factor (FF) is defined as
the ratio of the maximum power to the product of Voc and Isc and is less than one at
all times. FF indicates the squareness of the I-V curves and can be defined from the
ratios of two rectangles (Figure 5) as,

FF ¼
Pmp

ISCVOC
¼

ImpVmp

ISCVOC
(9)

Where Pmp denotes the maximum power of the solar cell or module, Imp and
Vmp are the current and the voltage values at the maximum power point, respec-
tively. Moreover, the most significant Figure of merit for a solar cell or PVmodule is
its power conversion efficiency, η, which is specified as,

Figure 5.
Typical current–voltage (I-V) and power-voltage characteristic curves of a solar cell.
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η ¼
VOCISC
Pin

FF (10)

Where Pin denoted the power of incident light that is determined by the char-
acteristics of the light spectrum incident onto the solar cell or PV module. The
power of the incident light spectrum, Pin can be express as,

Pin ¼ G x A (11)

Where A is the surface area of the solar cell or PV module and G is the total
spectral irradiance, which could be defined as [19],

G ¼

ð

∞

0
ελf λð Þdλ (12)

Where, f(λ) is the flux density (number of incident photon per unit area
and unit time) for a specific wavelength of the photon with energy, ελ and
wavelength, λ.

3.2 Spectral response and quantum efficiency

Particularly, the light to the electrical power conversion efficiency of a solar cell
or a module is an inherent property that depends on the type of semiconductor
material and the manufacturing process. However, this efficiency also depends on
the environment of the installation site, especially on the hours of equivalent peak
spectral irradiance in a day and/or temperature. The PV module characteristics that
we find in the nameplate are typically measured at standard testing conditions
(STC), the irradiance of 1000Wm�2 at AM 1.5 and 25 °C of cell temperature. In
fact, these conditions hardly exist because the outdoor spectrum is far different
from the STC condition, which also varied by location and season. The response to
the spectral variation by different types of PV modules vastly depends on its mate-
rial properties and structure. This response is primarily determined by the bandgap
of the materials used in fabrication, which sets the upper wavelength limit of the
spectral response (SR). More specifically, SR is depending on the PV material’s
bandgap, cell thickness, and carrier transport mechanisms in the device. Secondly,
device structure, means the position of the absorber material and other supporting
layers has a significant effect on the spectral response. Also, the variation of elec-
trical parameters of different types of PV module/device as an impact of various
environmental factors depends on the technology (device structure and materials).
On the whole, the PV device performance and SR is proportional for specific PV
devices, where SR is defined as:

SR λð Þ ¼ JL λð Þ=G λð Þ (13)

Where JL(λ) represents the light-generated current density for a specific wave-
length “λ” and G(λ) is the spectral irradiance of the incident light measured in W/
m2-nm. However, in state-of-the-art solar cell or PV modules, the spectral response
is defined as the short-circuit current, Isc(λ), resulting from a single wavelength of
light normalized by the maximum possible current [20–23].

SR λð Þ ¼
ISC λð Þ

qAf λð Þ
(14)
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Where, q is the electronic charge 1.6 x 10–19 C, A is the surface area of the PV
device and f(λ) is the incident photon flux (number of photons incident per unit
area per second per wavelength). Besides, the SR of the PV devices is also estimated
in terms of quantum efficiency (QE), which indicates that how efficiently a PV
device converts the incident light to a charge carrier that flows through the external
circuit [24], details on QE has been discussed next section. In that case,

SR λð Þ ¼ QE λð Þ
q:λ

h:c
(15)

In the case of PV modules, JL is approximately the same in value as the short-
circuit current density (Jsc) [25]. Thus, with the help of the above equations, Jsc can
be expressed as,

Isc λð Þ ¼
q

h:c

ð

SR λð Þ:G λð Þ:λ:dλ (16)

It could be seen in Eq. (16) that Jsc can be estimated by the SR for PV modules
which certainly have prime importance in evaluating PV materials and device
characteristics. Particularly, the degree to which the SR and the incident irradiance
spectrum varies gives rise to a spectral effect on the device current and efficiency.
The SR of different types of the module at AM1.5G spectrum (up to 1300 nm) is
shown in Figure 6 to confirm the response is different for different technologies
[10]. As seen in Eq. (16), Isc is affected by the spectrum. Particularly, the spectrum
variations are also influenced the other PV output parameters, viz. FF, Voc, and η.
To determine the magnitudes of these effects on different technology-based PV
devices, various performance review studies were carried out [26–31].

Particularly, The SR shows represent the current produced by a solar cell for per
watt of irradiance at each wavelength of the photon. As seen in Figure 7 that SR
towards the higher wavelength region is lower because photons in this region have
energy less than the material bandgap threshold. As a result, the effect of spectral
variation on the output of PV devices is most pronounced in narrow SR technologies
such as a-Si and CdTe. Especially narrowest SR is seen for the a-Si that is also
discussed in the literature [32–35]. For simplification of SR and PV performance,

Figure 6.
Spectral response characteristics of different solar module technologies, modified from [26–35].
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research is commonly used one-dimensional terms, such as spectral mismatch fac-
tor (MMF) [32–34, 36], the useful fraction (UF) [37], average photon energy (APE)
[38, 39]. In the case of MMF and UF, their values should be a known factor for a
specific module understudy, however, the SR data is not available publicly and
analysis complexity arises. Besides, APE is denoted by the unit of an electron volt
(eV) which signifies the average incoming photon energy. The equation for calcu-
lating is as follow:

APE ¼

Ð qλ
pλE λð Þdλ

qe
Ð qλ
pλ f λð Þdλ

(17)

Where, E(λ) represents the energy of the incident photon and f(λ) is the inci-
dent photon flux at wavelength λ, and pλ and qλ are the integration limits indicate
the lower and higher absorption wavelength, which are 300 and 1200 nm as shown
in Figure 7. Particularly, APE varies on a daily and seasonal basis due to the increase
of air mass at sunrise and sunset compared to noon and in winter compared to
summer. For example, when the sun is above the horizon, the spectral irradiance is
red-shifted and the APE becomes low. APE rises again to a high around noon during
the day. Moreover, the APE is higher in the summer months than in winter because
the zenith angle of the sun is higher in summer. Besides, the atmospheric water,
cloud cover, and/or aerosol content affect the APE due to light absorption and
scattering. For most of the PV modules, the APE effect on performance seems to be
linear. The spectral photon flux density denoted in joules can be expressed as below
for a specific wavelength λ:

f λð Þ ¼
G λð Þ

Eλ

¼
G λð Þ
hc
λ

(18)

where ‘h’ is the Planck constant and ‘c’ is the light velocity in vacuum.
The SR and QE are conceptually similar to each other. Particularly, SR is the ratio

of the generated current in a solar cell per unit incident power, while QE denoted
the ratio of the number of generated carriers and the number of the incident photon
on the solar cell. In another way, the QE of a solar cell represents the amount of
current the cell produces for a particular wavelength of an incident photon. Know-
ing the QE of a particular PV technology is important because by integrating QE for
the whole solar spectrum, the current generation capability of PV solar cells could
be realized. Interestingly, the QE value could exceed 100% for a PV solar cell in the
case of multiple excitation and generation (MEG). In that case, one incident photon

Figure 7.
(a) variation of EQE, IQE, and reflectance with the wavelength of a c-Si solar cell (collected and modified from
Wikipedia), (b) EQE of different PV solar cell technology [41].
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could generate several electron–hole pairs as an impact of multiple excitations. The
MEG properties are typically seen in quantum-dot solar cells [40]. However, all the
incident photons on the cell surface cannot be absorbed due to surface optical
properties, such as absorption and reflection. Thus, QE is divided into two terms,
(i) external QE (EQE) and (ii) internal QE (IQE) which simply differ by the
photons reflection properties of a PV solar cell. In the case of EQE, all photons that
impinge on the cell surface are taken into account, while in the case of IQE, only
photons that are absorbed (not reflected) by the solar cell are considered. The
graphical representation of EQE and IQE is shown in Figure 7.

High EQE is a precondition for high-power PV applications, which depends on
the absorption coefficient of the absorber material of a PV solar cell, the carrier
excitation quality, and carrier recombination rate or the amount of electron trans-
port to the electrodes. The mentioned QE in Eq. (15) is typically EQE, which is
directly related to the current generation by a solar cell [41]:

Jsc ¼ q

ð

∞

0
φλ λð Þ:EQE λð Þ:dλ (19)

Where, with q is the charge of electron and φλ(λ) the incident spectral flux
density, indicating the incident number of photons of wavelength λ on the cell
surface per unit of area, per unit of time and EQE could be defined as:

EQE ¼
electron=s

photon=s
¼

current=e

total photon power=hν
(20)

The relation between IQE and EQE could be defined as:

IQE ¼
EQE

1� L
¼

EQE

1� R� T
(21)

Where L is the total optical loss that occurred in a solar cell either through
reflection or transmission or both. Particularly, for maximizing EQE, the optical loss
should be minimized. To reduce the optical loss, anti-reflection coating, and back-
reflection coating is applied in the current PV technologies.

3.3 Spectral irradiance and temperature

Solar irradiance and surface air temperature are two key factors for investigating
the PV module performance. Particularly, the increase in solar irradiation is a cause
of the increase in air temperature and vice versa. On the other hand, the increase in
solar irradiance is proportionally increased the power output of the PV module,
however, module output decrease with the increase of temperature [42]. Usually,
the output and temperature of the PV modules are considered to be linear. The
effect of temperature mostly depends on the absorber material and its quality. From
the module electrical properties, the temperature effect could be realized by
observing the variation of the device parameters:

Pmpp ¼ IscVocFF (22)

In the case of Isc and FF, there is very little change that occurred with temper-
ature for crystalline silicon and thin-film devices. Alternatively, the Voc is highly
dependent on the temperature variation, which can be described via the Voc as
calculated from the one diode model as shown below:
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d

dt
Voc ¼

d

dt
n VT ln

Isc
Io

� �

(23)

And,

VT ¼
kT

q
(24)

Where VT is known as thermal voltage, T is the solar cell temperature, k is the
Boltzmann constant, q is the elemental charge q, n is the ideality factor and I0 is the
diode saturation current. From the above diode equation, it could seem that the Voc is
positively changing with the temperature, because the above-simplified diode equa-
tion typically overlooked the parasitic factors, such as solar cell series and shunt
resistance. Particularly, this parasitic resistance is changed significantly over thermal
variation [43] and greatly impacts the voltage and diode saturation current as
reported elsewhere [44]. For understanding the impact of temperature on Voc, we
have to consider the temperature-dependent diode saturation current, which in turn:

I0 ¼ B Tγ exp
Eg

kT

� �

(25)

Where B is a temperature-independent empirical factor but controlled by the
quality of absorber material, γ is also an empirical factor that relies on the specific
carrier loss mechanism and Eg is the absorber material bandgap. The influence of
irradiance and module temperature can be explored by combining the data
according to these dependencies. The resulting matrix can then be used to model
the annual yield for various technologies at different locations [45]. The main
uncertainties, in this case, are kWp standardization and input irradiance [46].

3.4 Solar spectrum distribution model

As there are several uncertainty factors are involving, for the easy and efficient
deployment of PV solar cell system, it is essential to measure and develop a model
for the spectral distribution of solar radiation. Colle et al. [47] have shown that there
has a linear relationship between the uncertainty of solar irradiation and the uncer-
tainty of solar thermal and PV systems. This is a big challenge in the 21st century to
develop a more efficient and robust model that could reduce the solar radiation
misprint include will need fewer input parameters, will have smaller residual and
can be used in a wide variety of conditions.

Indeed, the solar spectrum depends on the place, time, and condition of the atmo-
sphere. The global solar spectrummay be divided into two spectrummodels, one for
direct beam radiation and the other for diffuse radiation. Particularly, the spectrum of
solar incident radiationwavelengths on the PVmodules corresponds to the appropriate
spectral response range of the PV cells. Several reports on the effect of spectral irradi-
ance variation and PV solar cell performance can be found elsewhere [48, 49]. The
longer irradiation hours provided the better annual average electricity outputs [50].
The effect of solar spectral irradiation on the yield of several PV technologies has been
documented byNann and Emery at four separate locations [51]. Eke et al., on the other
hand, found that the spectrum variance had a very limited effect on the low bandgap
absorber content in PV solar cells [52]. Figures 6 and 7 shows the spectral response
characteristics and EQE of different PV technologies which indicate that how the
performance of PVmodule could change upon the variation spectral distribution.
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Several solar spectrum models, including SPECTRAL2 [53], LOWTRAN2 [54],
REST2 [55], and SMARTS2 [56], have been developed yet to date over time for clear
skies. These models are usually computer programs developed to evaluate the
shortwave spectrum components of surface solar irradiance in the range of 280 to
4000 nm. Some of them have high spectral resolutions, however, they need very
complex calculations making them less efficient. In the case of LOWTRAN(2),
detailed inputs are needed, which increases the execution time and creates some
performance limitations, that’s why the use of this model is limited in engineering
applications [57]. On the other hand, even a low number of parameters are needed
for SPECTRAL2, however, the mean deviation associated with different aerosol
models is higher than SMART2 [58]. On the other hand, transmittance parameter-
izations based on the SMARTS spectral model are used to build the high-
performance REST2 model [57]. Particularly, more updated parametric functions
and constants are used in the SMARTS2 model, for which it has a higher resolution
and is showing lower deviation in the spectral analysis. SMARTS program is written
in FORTRAN and depends on simplifications of the radiative transfer equation
which allow very quick calculations of the irradiance of the surface. The newest
versions, such as SMARTS2.9.2 and SMARTS 2.9.5 are hosted by NREL.

The SMARTmodel uses different inputs to define the conditions of the atmosphere
under which the irradiance spectra are to be measured. Ideal conditions can also be
selected by the user, based on various potential model atmospheres and aerosol
models. Moreover, it is also possible to determine practical conditions as inputs, based,
for example, on aerosol and water vapor data supplied by a sun photometer [59].
Besides, the spectrally integrated (or ‘broadband’) irradiance values are given by this
model, which can later be compared with measurements from a pyranometer (for
diffuse or global radiation) or pyrheliometer (for direct radiation). Solar geometry is
another vital input in this model in addition to the atmospheric condition, which is
typically specified by the position of the sun (zenith angle and azimuth), the location,
the air mass (AM), or by specific time and date. More details on the usage of the

Figure 8.
Direct normal irradiance spectra calculated with SMARTS 2.9.5 for increasing air mass (0 to 10), using the
same atmospheric conditions as the ASTM G173 standard. Air mass 0 corresponds to the extraterrestrial
spectrum, marked as top of atmosphere (TOA), modified from [67].
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SMARTS model for PV applications can be found elsewhere [60–63]. Particularly, this
model is frequently employed to evaluate PV modules’ efficiency and mismatch
factors in real-world conditions [64–66]. Figure 8 shows the direct normal irradiance
spectra with SMART 2.9.5 for different air mass.

4. Performance of PV modules by technologies

Crystalline silicon (c-Si) is the most prevalent PV technology on the market (c-
Si). In considering crystal size and crystallinity, c-Si can be divided into two major
categories, mono or single-crystalline Si (sc-S) and multi or polycrystalline Si (mc-
Si). The power conversion efficiency of sc-Si is higher than mc-Si solar cells, alter-
natively, sc-Si is costly than mc-Si. The typical efficiency of commercial c-Si mod-
ules is between 11% and 20% which power generation varies by temperature
(temperature coefficients) in the range of 0.3–0.5%/K [68]. Commercial c-Si mod-
ules consisting of 200–500 μm thick PV cells that are connected in series and/or
parallel for attaining expected voltage and current. It is important to note that c-Si
solar cells or PV modules can generate electrical energy for a wide range of the
spectrum (350–1200 nm) as illustrated in Figure 9 [69]. However, the absorption
coefficient of c-Si is below 104 cm�1 for all wavelengths larger than 500 nm as
shown in Figure 9. This means that all the potential photons below 500 nm are
absorbed close to the surface of the cell. Thus, it is important for the c-Si solar cell
that the active region has to be located near the cell surface for absorbing all
potential photons and achieving optimum efficiency. Also, it could be seen in
Figure 9 that the absorption coefficient is below 2.0 x 104 for wavelength above
650 nm. As the absorption coefficient of c-Si is below 103 for wavelengths above
700 nm which indicates that photons in this range can penetrate the bulk and
generate electron–hole pairs. However, their contribution to the photocurrent is
very hard in the case of conventional c-Si solar cells. Thus, for collecting these bulk
carriers, the configuration of conventional c-Si structure modified, by names they

Figure 9.
Absorption spectrum of Si, CdTe, and CIGS solar cells, modified from [69].
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are passivated emitter and rear contact (PERC) [70], passivated emitter and rear
locally-diffused PERL [71], interdigitated back-contact (IBC) c-Si [72] solar cells.

As it has been mentioned earlier that the response to spectral variation by
different types of PV modules vastly depends on its material properties and struc-
ture, c-Si solar cells also showed different characteristics depending on the irradia-
tion properties. Several studies have been reported on the in-field energy output
analysis of c-Si PV systems by Panchula et al. [73] based in Ontario, Canada; Dolara
et al. [74] based in Tuscania, Italy; Fiances et al. [75] Based on a different place in
Peru, Kazem et al. [76] based on the desert area of Sohar, Oman, Fuentes et al. [77]
and Muñoz et al. [78] under warm climate of Spain, Bahaidarah et al. [79] based on
Dhahran, Saudi Arabia and Edalati et al. [80] based on Kerman, Iran. In the above
reports, they typically estimate the performance of the system based only on aver-
age monthly or yearly insolation and performance ratio varied by the location
ranging from around 0.7 to 0.85. Fiances et al. [75] studied different Si technology
includes sc-Si, mc-Si, a-Si, and μc-Si PV modules in the climate of Peru, and finalize
that a-Si/μc-Si PV modules perform much better than others with an annual per-
formance ratio of 0.97. Ahmed Ghitas [81] reported the effects of the spectral
variations on the mc-Si module performance based on outdoor measurements in
daily irradiation changes. They only consider cloud-free days in Helwan, Egypt in
their measurements and also did not consider the temperature effect. The variation
of Voc, Jsc, and power concerning radiation intensity is shown in Figure 10. It is
evident from Figure 10 that the most affected device parameter is Isc, and output
power in the case of the mc-Si PV module.

Eke and Demircan [82] have been studied mc-Si PV module performance based
on winter (January) and Summer (August) for Mugla, Turkey. The operating tem-
perature at this location is 50.5 °C in January and 80.5 °C on August 16. The power
generation of the module is 30% lesser in summer than winter because of the
significant difference in operating temperature. The power generation every day in
January and August is shown in Figure 11. Bora et al. [83] also studied the pc-Si PV
module along with a-Si, HIT-Si PV modules under the climate condition of the
different parts of India. They find that all these three types of Si-based PV modules
produce the highest energy yield in the cold and sunny zone.

Figure 10.
(a) Daily profile of the measured solar module short circuit current, open-circuit voltage, and electrical output
power, (b) daily profile of incident solar radiation along with module output power, and (c) spectral
irradiance variation versus time (a.ms) on a clear sky measurement day [81].
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It is important to mention that the energy yield analysis of a PV system is
incomplete if their low light condition analysis is missing. Reich et al. [84] have
reported the performance of c-Si at low light conditions, however, the impact of
temperature is missing as they conducted the study focusing on indoor perfor-
mance. The finalized that the obtained efficiency via indoor measurement and rated
efficiency has a significant difference. Certainly, temperature is a dominant factor
in the performance of the PV system in outdoor conditions. It should be noted that
solar irradiance and ambient temperature are proportional. Chander et al. [85], and
Atsu and Dhaundiyal [86] studied output yield using a detailed model that includes
temperature and wind speed variation. Chander et al. [85] reported that the perfor-
mance parameters of the sc-Si module such as Voc, Pmax, FF, and efficiency are
decreased with temperature while the Jsc is increased. Bahaidarah et al. [73] also
suggested that for achieving the highest PV performance yield in Saudi Arabia, a
suitable and uniform cooling system is necessary due to the climatic conditions. A
detailed study on performance variation by low light conditions along with the
temperature variation effect has been presented by Pervaiz and Khan [87]. In their

Figure 11.
PV module performance in January (a) and august (b) 2008 for Mugla,Turkey environment [82].

Figure 12.
Energy difference (D) in percent for Washington, Seattle, and Austin for years 2000–2003 [78].
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modeling, they used various insulation profiles for a different location in the US
collected from NREL. They reported that the energy harvesting of a PV system for a
specific location depends on the average peak sunlight hours of that location as
shown in Figure 12. The use of the following equation for calculating energy
difference concerning the variation of Equivalent Peak Sunlight Hours (EPSH).

Energy difference, D ¼ Ei� Ecð Þ=Ei½ � x 100 (26)

Where Ei is the energy harvested during one year considering a constant effi-
ciency and Ec is the energy harvested incorporating a change in efficiency. The
finalized that the reduction in energy yield is reliant on the EPSH of a region where
reduction factor could range from 1.5 to 5% for various regions concerning the value
of the EPSH.

Cotfas and Cotfas [88] have been studied details on the performance of sc-Si and
a-Si PV modules under the natural condition via years of observation, in Brasov,
Romania. They reported that the average Pmax of the sc-Si module is two times
greater than the a-Si module, however, on clear winter days, the values even
increase near to three times greater. Also, at low irradiance, under 100 W/m2, the
power gain is of sc-Si is 1.9 times greater than a-Si. The gain is over 1.9 times even
for very low irradiance, under 100 W/m2. The detailed performance of the a-Si PV
module including other thin-film modules as an impact of irradiance and tempera-
ture are covered in the next section. Under the Mediterranean climatic conditions of
the north of Athens, Greece [89], the performance of the p-Si photovoltaic system
has been investigated. There is a linear relationship between the module surface
temperature and the irradiance where the average temperature about 49.9 °C in
summer and 16.8 °C in winter. The efficiency of the p-Si module has been signifi-
cantly dropped in summer where it ranging from 6.2% to 10.4% concerning the
module temperature.

The SR of PV cells depends on the absorption coefficient and/or bandgap of the
absorber materials. Similarly, the performance variation by increase or decrease of
temperature also depends on the bandgap [90]. The semiconductor material with a
wider bandgap, such as 1.04–1.68 eV for CIGS [91], 1.45–1.5 eV for CdTe [92, 93],
and (1.7–1.9 eV for a-Si [94] shows higher temperature resistance to the increase of

Figure 13.
Calculated spectral effects for the devices under test in the UK environment. The graph compares the normalized
ISC divided by the irradiance measured with the pyrometer [86].
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module temperature. As a consequence, they have a lower temperature coefficient
than sc-Si and pc-Si PV modules [95], and thus, device performance is significantly
affected by the temperature. The details on the effects of irradiance, spectrum, and
temperature on thin-film PV modules were investigated by Gottschalk et al. [96]
under the UK environment. It has been reported that the performance of a-Si is
highly spectral dependent as shown in Figure 13. The relative change in short
circuit current (Isc) is +10% to �20% observed for a-Si whereas the change is only
�3% for c-Si and CIGS. Environmental effects have also been shown to cause up to
15% of losses to the annual PV production. The spectral impact on different PV
technologies for all single months has been investigated under the German climate
condition [32]. Similar to the other reports, the spectral impact changes more for
bigger bandgap a-Si PV modules as shown in Table 1. The average gains over the
year are 3.4% for a-Si, 1.1% for c-Si, 0.6% for CIGS, and 2.4% for CdTe. It has been
reported that CIGS and c-Si modules exhibit high gains in winter and a-Si and CdTe
shows an advantage in summer attributed mostly to spectrum variation [32]. The
study carried in the Netherlands [97] showed that low irradiance caused a decrease
in annual energy yield of 1.2% for the CIGS modules and 1% for CdTe. This
experimental study also indicated a strong effect of spectral variation on the
performance of the a-Si modules.

The detail on performance variation by the influence of temperature of the
different types of PV modules has been conducted by Gutkowski et al. under the
low insolation climate of Poland [95]. They observed a significant difference in
performance by different PV modules at temperatures 15-48 °C as shown in
Figure 14(a). It is clear from Figure 14(a) that under real conditions of the high-
temperature region, the power generated by CIGS thin-film technologies is higher
compare to the pc-Si PV modules. Ozden et al. [98] also experimentally investigate
the a-Si and CdTe thin-film PV module performance under the Turkey climate zone
along with sc-Si and mc-Si. They found a significant difference in performance in
that module for the sunny and cloudy days as shown in Figure 14(b). The output
performance of sc-Si and mc-Si is found to be the same, but the output difference

i Gi [kWh] average

monthly irradiation from

the reference period

Average, relative monthly spectral impact

a-Si (%) CdTe (%) c-Si (%) High-eff. c-Si (%) CIGS (%)

1 38 �2.0 1 1.9 2.4 2.6

2 65 �1.3 0.1 1 1.4 1.6

3 122 0.1 0.6 0.7 0.8 0.9

4 141 3.5 1.9 1.2 0.9 0.4

5 166 4.2 2.3 1.5 0.9 0.3

6 166 5.1 2.8 1.4 0.8 0

7 184 5.3 3.4 1.5 0.8 0

8 168 5.3 3.5 1.6 0.9 0.1

9 136 4.3 3.1 1.5 1 0.4

10 91 2.8 3 1.9 1.7 1.3

11 43 0.8 2.3 2.1 2.2 2.1

12 35 �2.2 1.8 2.4 3 3.3

Table 1.
Calculation of annual spectral impact based on the monthly sums of irradiance of a reference year and the
determined average monthly spectral impact assessed in Germany [32].
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between CdTe and sc-Si modules is 60% for a sunny day and which reduces to 35%
for a cloudy day indicating the impact of irradiance as well as temperature on these
technologies. Moreover, the performance ratio (PR) of sc-Si is in the range of 70%–

90%, a-Si is about 70% and CdTe is only 42%–72%. Alternatively, Kesler et al. [99]
also conducted a performance analysis between the c-Si and thin film for another
location, Antalya, Turkey, and reported that performance of the both technology is
very close to each other. Even they specified the reason is the high ambient tem-
perature of that area, however, the rated efficiency of that technologies may play an
important role in this case, which means that if the rated efficiency is almost the
same, their performance will be close to each other.

Sharma et al. [100] studied three different PV technologies, such as a-Si, pc-Si,
and HIT under the tropical climate of India. They found that the best-suited PV
technology for this climate is HIT and a-Si. The overall performance ratio for a-Si is
90% and for pc-Si is 83% in this region as shown in Figure 15. Interestingly, the
energy yield of a-Si is 14% greater during summer, but 6% lower in winter. The
effect of seasonal which in turn the effect of irradiance and temperature on the
performance of a-Si may be related to its thermal annealing process [101]. The HIT
modules have consistently performed better (≥ 4–12%) than p-Si over the year.

Figure 14.
(a) Normalized DC power generated by the PV systems of each studied technology [95], and (b) maximum
irradiance and temperature recorded for that day were 1000 W/m2 and 55 °C [78].

Figure 15.
Comparison of measured monthly and yearly performance ratio of each technology array tested in Indian
climate condition [100].
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Aste et al. [102] investigate PV module performance under temperate climatic
conditions (Italy) where the more distinct seasonal change and/or wide tempera-
ture variation have occurred. They found that a-Si is much more sensitive to the
seasonal solar spectrum rather than c-Si and HIT technology. The highest 93% of
performance ratio has been reported for c-Si in this study. However, the c-Si
technology has also shown seasonal variation as an exceptional case [75] and the
performance ratio found 20% lower in summer than in winter as a role of temper-
ature variation. In summer, the a-Si/mc-Si stack cell showed higher performance
than the other technologies tested in this study, which may be due to its low-
temperature coefficient and thermal annealing.

The assessment carried in the Netherlands [103] showed that the CIGS modules
are strongly affected by irradiance and temperature variations with a decrease in
annual energy yield of 1.2%. Moreover, CdTe modules also exhibited a decrease in
energy yield of about 1.0%. This experimental study also showed a significant
influence of spectral variation on the efficiency of a-Si modules. Zdyb and
Gutkowski studied four different types of PV modules, such as pc-Si, a-Si, CIGS,
and CdTe at high latitude under East Poland climate conditions [104]. In their
study, a-Si and CIGS shows the gain in performance ratio (about to 73.4% for a-Si
and 90.7% for CIGS) during summer sunny and warm environment. The increase
of performance ratio of a-Si PV modules has also been reported by Makrides et al.
[101] studied under the Cyprus environment. On the other hand, the performance
ratio of pc-Si PV modules exhibited over 80% except for December and always
remain the highest among the investigated PV modules over the year as shown in
Figure 16.

The effect of spectral irradiance distribution on the performance of a-Si/mc-Si
stacked photovoltaic modules has been analyzed by Minemoto et al. [105] installed
at Kusatsu-city (Japan). Their study revealed that these stacked PV modules are
extremely spectrally sensitive compared to pc-Si PV modules installed on the same
site. Akhmad et al. [106] have been compared the performance of poly-silicon
(pc-Si) and amorphous silicon (a-Si) at Kobe, Japan, and found a-Si modules are
better for this region. K. Nishioka et al. [107] compared sc-Si, pc-Si module, and
heterojunction silicon at Nara Institute of Science and Technology (NAIST) under
Japanese climate. They reported that the HIT technology is better suited for this
region due to its low-temperature dependency. Poissant [108] has evaluated four

Figure 16.
Performance ratio for each studied PV technology investigated in East Poland (data collected in 2018) [104].
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different novels PV module technologies, (i) H-Si, (ii) IBC, (iii) a-Si/uc-Si, and (iv)
c-Si under the climate of Canada. His study confirmed that the heterojunction
silicon and a-Si/uc-Si technologies are less affected by temperature than the other
two crystalline silicon technologies. Canete et al. [109] also performed a compara-
tive study of four different photovoltaic module technologies, (i) amorphous silicon
(a-Si), (ii) tandem structure of amorphous silicon- microcrystalline silicon (a-Si/-
mc-Si), (iii) polycrystalline silicon module (pc-Si) and (iv) cadmium telluride
(CdTe). Their results show that the performance of thin-film modules is better than
that of pc-Si modules for the location of Southern Spain. The performances of c-Si

Author(s) Location Environmental Parameters Tested

Technologies

Best

Perform

Technology

Dirnberger

et al., 2015

[32]

Breisgau, Germany Maritime climate, 5-25 °C,

1,117 kW/m2/year (approx.)

a- Si, sc-Si, CIGS

and CdTe

a-Si

Francis et al.,

2019 [75]

i. Arequipa, Peru

Tacna, Peru Lima,

Peru

i. Diverse climates 2380 kW/

m2, 3.81-32 °C 2280 kW/

m2, 13.4–31.5 °C 1740 kW/

m2, 18.8–18.9 °C

i. sc-Si ps-Si a-

Si/uc-Si

a-Si/μc-Si

Edalati et al.,

2015 [81]

Kerman, Iran Dry climate 68.64–

198.72 kW/m2, 20 °C

sc-Si, and pc-Si pc-Si

Bora et al.,

2018 [83]

Different parts of

India

0.82–0.87 kW/m2/day not

mentioned

a-Si, HIT, and

pc- Si

All (cold

and sunny

zone)

Cotfas and

Cotfas, 2019

[88]

Brasov, Romania Temperate-continental

climate, 2.1–1.82 Wh/m2/

day, �4.0 – 24 °C

sc-Si and a-Si sc-Si

Louwen

et al., 2016

[89]

Utrecht, Netherlands Oceanic climate, 20.5–29.5 °

C, 950–1050 W/m2

SHJ, a- Si, sc-Si,

pc-Si, CIGS, CIS

and CdTe

sc-Si and

SHJ

Gulkowski

et al., 2019

[95]

Lublin, Poland Temperate climate, 950–1250

(kWh/m2)/year, 15–48 °C

CdTe, CIGS, and

pc-Si

CIGS

Aste et al.,

2014 [94]

Milan, Italy Temperate climatic,

1270 kW/m2/year, �5-32 °C

c-Si, a-Si/uc-Si,

HIT

HIT

Zdyb and

Gulkowski,

2020 [103]

Lublin, Poland Temperate climate, 950–1250

(kWh/m2)/year, 15–48 °C

pc-Si, a-Si, CIGS,

and CdTe

pc-Si and

CIGS

Makrides

et al., 2018

[104]

Cyprus Mediterranean climate, 1988–

2054 kWh/m2, 10-40 °C

sc-Si, pc-Si, a-Si,

CIGS and CdTe

a-Si

Minemoto

et al., 2007

[105]

Kusatsu-city, Japan Subtropical climate, 200 kW/

m2, 9-33 °C

pc-Si, and a-Si pc-Si

Poissant,

2009 [108]

Montreal, Canada Continental climate, 950–

1050 W/m2, max. 20 to

22 °C

SHJ, IBC, a-

Si/uc-Si, and c-Si

a-Si/uc-Si

Cañete et al.,

2014 [109]

Southern Spain Dry Mediterranean climate,

3.7–7.4 kWh/m2/day,

15–30 °C

a-Si, a-Si/μc-Si

CdTe, and pc-Si

a-Si and

CdTe

Table 2.
Summary of few reported works for finding out the best PV technology by location and climate.
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and a-Si PV modules under South Africa climate conditions have been evaluated by
Maluta and Sankaran [110]. They found that both technologies give a similar and
suitable performance for the climate of this region. Three different PV technologies
(monocrystalline, polycrystalline, and amorphous silicon) have been evaluated
under the desert climate by M. Shaltout et al. [111]. They reported that the poly-
crystalline silicon cells are more suitable in such a climate. All these above-
mentioned studies indicate the difficulty when it comes to choosing the appropriate
PV technology for a given site. Thus, the prediction of PV energy potentials before
installation helps us to understand the economic advantages associated with it and
for policy regulation for electric utilities.

Table 2 shows the summary of a few reported works for finding out the best PV
technology by location and its climate. It should be noticed that the results reported
by the various researcher as mentioned above are very difficult to compare because
the work has been conducted focusing on different locations and various time scales
(instantaneous, monthly, annual), different energy effects, and even the works are
different by used metrics and calculation. However, it is well agreed that the impact
of spectral irradiance variations on PV device performance mostly depends on its
spectral response, which in turn depends on its absorber material properties and
quality. Moreover, the influence of spectral irradiance on PV performance is
dependent on installation sites, for instance, the spectral distribution, climate,
environment, latitude, longitude, albedo, etc. of the location. Besides, the spectral
distribution of specific sites again depends on the cloudiness, water-vapor and
aerosol content in the sky of that sites. The analysis considering all the above factors
certainly will be too difficult, thus, the researcher considers only some of the factors
for simplifying their work.

5. Conclusion

The weather and/or solar irradiance of the earth is significantly different from
one location to another. Again, solar irradiance varies for a specific location by
season and/or common weather phenomenon, such as dust, rain, wind, cloud, fog,
and snow, etc. Thus, every year solar irradiance also not the same in amount and as
an impact of the above factors, the energy yield of different PV technology is
affected differently and prediction is very complicated. However, numerous studies
could help us to predict which PV technology is better suited for a certain location.
It should be noticed that all the incident solar radiations absorbed by PV cells are
not able to convert into electricity, some of them are increase temperature, thus the
performance varied. As discussed in this book chapter, most of the study showed
that summer months when irradiation becomes high that leads to an increase of
module temperature, a-Si technology show better performance than c-Si PV mod-
ules. It may be due to the metastable defects generated during the dangling bond
compensation are decreased upon module temperature increase and as a result, the
module performs better in elevated temperature. Also, CIGS PV modules show
similar behavior to the a-Si PV modules. The performance gain observed in CIGS
technology in summer or at elevated temperatures may be related to the larger
bandgap and lower temperature coefficient. Particularly, the optical bandgap of
CIGS thin film is higher than a-Si and the higher bandgap has a lower temperature
coefficient. Also, CIGS modules can convert the blue light part of the solar spectrum
due to a larger bandgap that may assist to perform better in hot summer. Alterna-
tively, c-Si have a narrow bandgap, as the defect density increases upon high
irradiance and high temperature in hot summer, the dark saturation current and/or
leakage current is increased. Consequently, the performance decrease in summer.
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However, it has been seen that c-Si perform very in high irradiance with cold
weather. It should be noticed that the module with a higher leakage current is highly
affected by low irradiance. Since a-Si solar cells inherently have high defect density
and/or high leakage current than c-Si solar cells, thus the power gain by c-Si at very
low irradiance is significantly higher than a-Si as discussed in the above section.
Overall, CdTe modules are performed much poorer than others probably due to the
consequence of early degradation of the module as reported in the previous section.
All these above-mentioned studies specify the difficulty of choosing an appropriate
PV technology for a given site. Thus, the prediction of PV energy potentials before
installation is very important concerning the economic advantages and for policy
regulation for electric utilities.
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