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Abstract

To achieve higher accuracy in power rating of photovoltaic modules and systems we recently developed
an advanced PV performance model that separately address the contribution of diffuse and direct solar
irradiance. To further improve the accuracy, we upgraded the model in this study to include the influence
of solar spectra on PV module conversion efficiency. We measured solar spectra in Ljubljana separately
for diffuse and direct irradiances under different weather conditions. Compared to AM1.5 reference
spectrum, we detected spectral losses for silicon PV module up to 23.9% for diffuse irradiance under clear
sky and 3.5% in average for cloudy conditions. For direct irradiance we detected spectral gains, ranging
from 0.8% to 10.3% for air mass values of 1.1 and 5.0, respectively. We modeled obtained results in a form
of spectral correction factors in relation to the air mass for direct light solar spectra and the share of diffuse
irradiance for diffuse light solar spectra. The spectral correction factors are applied to measured diffuse
and direct irradiance which are then used as an input parameters of the developed PV performance model.
We evaluated the increase of accuracy of the model with the spectral upgrade for one month and one year
measurements of silicon PV module at outdoor monitoring test site in Ljubljana, Slovenia. For the month
of June 2014 the root-mean-square error of the spectrally upgraded model was 2.3% compared to 2.7%
without spectral correction. For the eight snowless month period in 2014 the error of evaluated
performance model improved from 3.7% to 3.3% in the case of additional spectral corrections applied.
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1. Introduction

The accurate performance analysis of photovoltaic (PV) systems using various mathematical
models (De Soto et al., 2006; Ding et al., 2012; Huld et al., 2010; King et al., 2004; Marion, 2002) is a key
to maximize energy harvesting leading to improvement in the economical sustainability. Heuristic PV
module performance models focus on modelling the PV module electric power based on outdoor
measurements of maximum power at PV module test sites (Ding et al., 2012). Contrary, analytical models
are achieving better results by evaluating the one- or two-diode model of solar cells within a PV module,
separately calculating voltage, current and other output parameters (Almonacid et al., 2009; De Soto et
al., 2006; King et al., 2004; Marion, 2008; Tsuno et al., 2009). Compared to heuristic models analytical
models require higher degree of (indoor and outdoor) characterization of PV module, making them
difficult to utilize. Basic heuristic models are easier to implement, since they consider only two input
parameters, irradiance and temperature, usually irradiance in the plane of array (Gpoa) and PV module
operating temperature (Tpv). That limits the accuracy which is usually correlated to the complexity of the
model, often defined by the number of fitting coefficients (Ding et al., 2012; Dittmann et al., 2010).
Common approach to increase accuracy of heuristic models is to consider higher number of input
parameters. In this respect, we have recently developed direct-diffuse-power-rating model (DDPR) both
for crystalline silicon (c-Si) and thin film (TF) modules (Kirn et al., 2015). The DDPR model separately
addresses diffuse and direct irradiances in the plane of the array (Gpoa_dif and Gpoa_dir) and also compensates
losses at higher solar incident angles (θs). The diffuse light model (Pmodel_dif) for crystalline silicon (c-Si) PV
modules is a simple linear function (Eq. 1), while the direct light model (Pmodel_dir) consist of a second order
polynomial function (Eq. 2) multiplied by the solar incident angle loss factor F (Eq. 3). To obtain the output
power of the module (Pmpp), direct and diffuse light powers are summed and linearly corrected for cell
operating temperature of PV module (Kirn et al., 2015).
𝑃𝑚𝑜𝑑𝑒𝑙_𝑑𝑖𝑓 (𝐺𝑝𝑜𝑎_𝑑𝑖𝑓 ) = 𝑘𝑑𝑖𝑓1 ∙ 𝐺𝑝𝑜𝑎_𝑑𝑖𝑓

(1)
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The proposed DDPR model shares its properties with other heuristic models, being robust and
easy to implement. However, compared to the basic performance models with two input parameters, the
DDPR model renders higher accuracy especially at lower irradiances in the mornings and evenings, when
the share of diffuse irradiance is higher and direct irradiance arrives to the surface of the PV modules at
higher incident angles. The other benefit of the DDPR model is also the possibility to map the PV
performance globally by directly applying the model to various weather databases which usually include
the information of diffuse and direct irradiances in horizontal plane (Kirn and Topič, 2016).
To further improve the accuracy of performance models additional input parameters have to be
considered, for example wind speed and direction (Kurnik et al., 2011) and snow (Marion et al., 2013).
Solar spectra is also an important factor in PV module conversion efficiency. Many studies of spectral
influence on PV module performance were carried on showing various spectral gains and losses for
different PV module technologies at different weather conditions (Alonso-Abella et al., 2014; Duck and
Fell, 2015; Galleano et al., 2013; Gracia Amillo et al., 2015; Martín and Ruiz, 1999; Nofuentes et al., 2014).
The effect of solar spectra variation can be described with average photon energy APE (Jardine et al.,
2002), blue fraction BF (Sutterlueti et al., 2011) or spectral mismatch factor MM (International
Electrotechnical Commission, 2008). To include the influence of solar spectra into PV performance models,
the air mass method by Sandia (King et al., 2004) and utilization factor UF by PVsyst are used (“PVsyst,”
2016). Other approaches consider also precipitable water, rendering higher accuracies in spectral
corrections (Lee and Panchula, 2016). While APE, BF and MM render lower deviation in spectral correction
compared to air mass method (Louwen et al., 2016), they require spectral data to correct the power of the
modules. On contrary, by the air mass method the correction coefficients are obtained at a specific
location from a certain measurement set and can be applied later on without additional spectral
measurements.
When applying spectral correction to PV performance models, ease of practical implementation
as well as availability of data are important. For example, solar spectra are usually measured in the
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horizontal plane, while the PV modules are tilted to maximize the energy yield. Additionally, solar spectra
are often not available for specific locations what makes basic air mass correction the most widely used
approach. In this study, we evaluated the spectral influence on c-Si PV modules at an outdoor test site in
Ljubljana, Slovenia (Kurnik et al., 2008). We measured solar spectra in the plane of the array for both
diffuse and direct irradiance separately and developed spectral correction methods for both irradiance
components in order to be used with the spectrally upgraded DDPR performance model.

2. Experimental methods

To consider the solar spectrum influence on PV module performance an outdoor
spectrophotometer measuring diffuse (with the use of a shading ring) and direct light solar spectrum (Gλ)
in the plane of the array (south, 30° inclination) from 300 nm to 1100 nm was installed at our outdoor PV
module test site in Ljubljana, Slovenia (Kurnik et al., 2008). Solar spectrum is periodically measured
together with other weather data and an I-V curve sweep of the tested modules.
To interpret the influence of the solar spectrum to the conversion efficiency of c-Si PV module
under various weather conditions, spectral response (SR) of the tested module is required. In order to
obtain the spectral response, we laminated a reference c-Si solar cell following a typical commercial PV
module manufacturing process omitting only the aluminum frame of the module. The measured spectral
response of the reference cell from 300 nm to 1200 nm is shown in Fig. 1.
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Fig. 1. Measured spectral response of the reference c-Si solar cell and AM1.5 solar spectrum

From measured Gλ and reference cell SR we calculated short-circuit current density (JSC) using Eq.
4. The limits of integration (λ1 and λ2) were defined by the range of spectrophotometer being from 300 nm
to 1100 nm, resulting in some negative error due to non-zero spectral response of the reference cell up to
1200 nm (Fig. 1). To evaluate the induced error we calculated JSC at AM1.5 spectrum from 300 nm to
1100 nm as well as from 300 nm to 1200 nm (International Electrotechnical Commission, 2008). The
results are shown in Table 1, indicating an error of -0.53% due to the limited wavelength range of the
spectrophotometer.

Table 1. Calculated short circuit current density of the reference c-Si solar cell illuminated by AM1.5
spectrum for different wavelength ranges

Jsc from 300 nm to 1100 nm

Jsc from 300 nm to 1200 nm

Relative difference
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36.14 mA/cm2

36.34 mA/cm2

-0.53%

𝜆2

𝐽𝑆𝐶 = ∫ 𝑆𝑅 (𝜆) ∙ 𝐺𝜆 ∙ 𝑑𝜆

(4)

𝜆1

According to the philosophy of separating diffuse and direct irradiance by the DDPR model, we
measured a set of solar spectra of diffuse and direct irradiance at different weather conditions. We
measured the solar spectra of diffuse irradiances by manually covering direct sunlight from the glass dome
of spectrophotometer using a shading ring. We calculated the direct irradiance spectrum by subtracting
the diffuse spectrum from the total spectrum measurement, which we carried out immediately after the
diffuse one. We normalized measured spectra to match the spectral irradiance of AM1.5 spectrum
(1000 W/m2). Then we calculated the diffuse and direct spectral factor (Sdif and Sdir) as a relative difference
between JSC at the normalized diffuse and direct spectra (JSC_dif@1000W/m2 and JSC_dir@1000W/m2) and reference
JSC at the AM1.5 spectrum from 300 nm to 1100 nm (JSC_STC), using Eq. 5 and 6. The spectral factors
represent spectral loss or gain due to the deviation of the measured spectral density from AM1.5
reference. Using the JSC relative difference in this case also reduces the error caused by limited range of
the spectrophotometer.
𝑆𝑑𝑖𝑓 =

𝐽𝑆𝐶_𝑑𝑖𝑓@1000𝑤/𝑚2 − 𝐽𝑆𝐶_𝑆𝑇𝐶
𝐽𝑆𝐶_𝑆𝑇𝐶

(5)

𝑆𝑑𝑖𝑟 =

𝐽𝑆𝐶_𝑑𝑖𝑟@1000𝑤/𝑚2 − 𝐽𝑆𝐶_𝑆𝑇𝐶
𝐽𝑆𝐶_𝑆𝑇𝐶

(6)

Since the spectrophotometer is mounted in the plane of the array, the spectral factors can be
directly used to correct measured diffuse and direct irradiances. The corrected irradiances (Gpoa_dif_AM1.5
and Gpoa_dir_AM1.5) are calculated using Eq. 7 and 8 and can be directly applied to the DDPR model instead
of Gpoa_dif and Gpoa_dir in Eq. 1 and 2.
𝐺𝑝𝑜𝑎_𝑑𝑖𝑓_𝐴𝑀1.5 = 𝐺𝑝𝑜𝑎_𝑑𝑖𝑓 ∙ (1 + 𝑆𝑑𝑖𝑓 )

(7)
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𝐺𝑝𝑜𝑎_𝑑𝑖𝑟_𝐴𝑀1.5 = 𝐺𝑝𝑜𝑎_𝑑𝑖𝑟 ∙ (1 + 𝑆𝑑𝑖𝑟 )

(8)

We validated the proposed spectral correction method using one-year (2104) outdoor
measurements of 240 W multi-crystalline silicon (mc-Si) PV module in Ljubljana, Slovenia. We used
measurements of month June to obtain the coefficients of the basic DDPR and spectrally upgraded S-DDPR
models. To evaluate the accuracy gain of the S-DDPR model, we calculated root-mean-square-error (RMSE)
of both performance models for different irradiances in 10 W/m2 intervals using Eq. 9.
√1 ∙ ∑𝑛𝑖=1(𝑃𝑚𝑝𝑝,𝑖 − 𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒,𝑖 ) 2
𝑛
𝑅𝑀𝑆𝐸(𝐺𝑝𝑜𝑎 ± 5 W/m2 ) =
1 𝑛
∙∑ 𝑃
𝑛 𝑖=1 𝑚𝑒𝑎𝑠𝑢𝑟𝑒,𝑖

(9)

3. Results and discussion
3.1. Results
In Fig. 2, typical measurements of diffuse light spectra, normalized to AM1.5 spectral irradiance
(1000 W/m2) are shown. The diffuse light spectra on a sunny day are richer at shorter wavelengths,
matching the blue color of the sky dome. During cloudy day, the shape of the diffuse light spectrum is
closer to AM1.5 reference.
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Fig. 2. Diffuse irradiance solar spectra normalized to AM1.5 spectral irradiance measured at various
weather conditions in Ljubljana

From measured diffuse light spectra we calculated the diffuse light spectral factors, Sdif. The results
are shown in Fig. 3 in relation to the share of diffuse irradiance in the total irradiance in the plane of the
array (rdif = Gpoa_dif/Gpoa). The negative value of Sdif indicates spectral losses of c-Si reference cell under
diffuse irradiance. We detected the highest losses of 23.9% at clear sky conditions, when the share of blue
color in diffuse light solar spectra was highest. On the other side, spectral losses were lowest at cloudy
conditions, on average 3.5%. To characterize the diffuse light spectral factor Sdif, we used a third order
polynomial equation with fitting coefficients sdif0, sdif1, sdif2 and sdif3 and the share of diffuse irradiance (rdif)
as an input parameter (Eq. 10).
3
2
𝑆𝑑𝑖𝑓 (𝑟𝑑𝑖𝑓 ) = 𝑠𝑑𝑖𝑓3 ∙ 𝑟𝑑𝑖𝑓
+ 𝑠𝑑𝑖𝑓2 ∙ 𝑟𝑑𝑖𝑓
+ 𝑠𝑑𝑖𝑓1 ∙ 𝑟𝑑𝑖𝑓 + 𝑠𝑑𝑖𝑓0

(10)
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Fig. 3. Diffuse light spectral factor of the reference c-Si solar cell against the share of diffuse irradiance in
the total irradiance in the plane of the array

In Fig. 4, measurements of direct light spectra, normalized to 1000 W/m2 are shown. The direct
light spectra were measured on a sunny day at different hours. Measured direct light spectra is richer at
longer wavelengths, especially for the measurements in morning hours when the direct sunlight travels
longer distance through atmosphere.
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Fig. 4. Direct light solar spectra normalized to AM1.5 spectral irradiance measured at various weather
conditions in Ljubljana.

Similar to diffuse light spectra we also calculated direct light spectral factors, Sdir. The results are
shown in Fig. 5 in relation to the air mass (m) at the time of measurements. Contrary to diffuse light
spectra, the Sdir is positive, indicating spectral gains for direct irradiance. At air mass of 5.0 the gain is
highest at 10.3%, while at air mass 1.1 the gain is 0.8%. The relationship between air mass and direct light
spectral factor can be described with second order polynomial equation with three fitting coefficients sdir0,
sdir1 and sdir2 (Eq. 11).
𝑆𝑑𝑖𝑟 (𝑚) = 𝑠𝑑𝑖𝑟2 ∙ 𝑚2 + 𝑠𝑑𝑖𝑟1 ∙ 𝑚 + 𝑠𝑑𝑖𝑟0 ; 1 < 𝑚 < 6

(11)
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Fig. 5. Direct light spectral factor of the reference c-Si solar cell versus the air mass.

With the diffuse and direct spectral factors obtained from selected spectra measurement set, the
diffuse and direct irradiances can be corrected using Eq. 7, 8, 10 and 11 knowing only air mass and the
share of diffuse irradiance in the plane of the array. Both parameters are easily accessible and the spectral
correction can thus be integrated into PV performance model DDPR with only limited effort, without
additional spectra measurements.
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Fig. 6. RMSE of the DDPR and the spectrally upgraded S-DDPR models for mc-Si module outdoor
measurements (Ljubljana, June 2014) together with final yield (YF) of the module

To evaluate the accuracy improvement of proposed spectral correction, we applied both DDPR
and spectrally corrected S-DDPR model to one month (June 2014) outdoor measurements of mc-Si PV
module in Ljubljana. The measurements were used to obtain performance model coefficients and also to
calculate the accuracy of the tested models. The RMSE of the performance models in June 2014 are shown
in Fig. 6 together with final yield of the evaluated PV module. The error is higher at lower irradiances for
both models, while in the middle range the S-DDPR model renders lower RMSE. Overall in June 2014 the
RMSE of the S-DDPR model is 2.3%, while for the DDPR model without spectral compensation the error is
2.7%. Additionally, based on yearly (2014) outdoor measurements of mc-Si PV module in Ljubljana we
calculated monthly RMSE of both performance models on monthly basis, using model coefficients
obtained in the month of June. Results are shown in Fig. 7, with relatively higher errors for winter months
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due to snow. For eight snowless months (from March to November), the average RMSE for DDPR model
was 3.7% and 3.3% for the S-DDPR model.
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Fig. 7. RMSE of the DDPR and the spectrally corrected S-DDPR models for mc-Si module outdoor
measurements (Ljubljana, 2014) together with final yield (YF) of the module

3.2. Discussion

The separate measurements of diffuse and direct light solar spectra revealed that in Slovenia the
diffuse light has spectrally negative effect on c-Si modules compared to AM1.5 spectrum. The reason lies
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in the dominant blue part of the solar spectra (Fig. 2) which corresponds to the color of the sky dome and
can cause spectral losses up to 23.9%. In cloudy conditions when the sky is covered with clouds the spectral
losses are lower, in average 3.5%. The proposed diffuse light spectral correction relies on the share of
diffuse irradiance in the plane of the array (rdif) as an input parameter (Fig. 3). Due to the manual work
required (shading ring manipulation) relatively few measurements were obtained only for two specific
cases – cloudy and sunny conditions. Thus, the obtained diffuse light spectral correction is well defined for
clear sky conditions (rdif < 0.2) as well as cloudy conditions (rdif = 1). Between both cases, additional
measurements are required for various intermediate weather conditions, for example partially cloudy sky
covered with thin clouds or fog. In this aspect, additional input parameters like precipitable water as well
as additional fitting coefficients may be required to compensate the diffuse irradiance spectral influence
on PV module performance. For this research, use of two spectrophotometers simultaneously would be
the perfect choice. Due to budget constraints we are currently busy designing the automatic shading
device in order to increase the number of spectra measurements in all weather conditions.
In the case of direct irradiance the spectral influence is positive with up to 10.3% gain in
performance at air mass of 5.0 (Fig. 5). The proposed direct light spectral model is a second order
polynomial equation, however, the model is only defined for air mass values lower than 5.0. Additional
measurements are required at higher air mass values in order to extend the range of the model and to
verify if second order polynomial equation is still appropriate for the increased range. When compared to
similar studies (King et al., 2004) one can easily notice that in this study the spectral gain at air mass 1.5 is
not set to zero. That is due to the fact that in our case we compare the spectra of direct irradiance to the
AM1.5 reference which includes direct as well as diffuse components. By applying the air mass correction
only to direct irradiance we effectively avoid the errors that are caused by cloudy weather. During the
cloudy weather for example the air mass has little to no effect on the solar spectrum, causing nonavoidable deviation in air mass spectral correction (Louwen et al., 2016). In our approach the air mass
correction during cloudy weather has very limited influence on PV module performance calculations since
the direct irradiance component is close to zero, minimizing the errors of spectral correction.
The validation of the proposed spectral correction revealed that the highest improvement in the
accuracy of the S-DDPR model compared to the DDPR model is in the middle of irradiance range, between
300 W/m2 and 800 W/m2. We expected higher differences at irradiances below 300 W/m2 due to diverse
weather conditions from cloudy to clear sky with higher air mass values. We believe that the limited
accuracy of the diffuse and direct irradiance measurements at such conditions is dominant reason for

This is the accepted manuscript of the paper published in Solar Energy (Volume 150, 1 July
2017, Pages 310-316), doi: 10.1016/j.solener.2017.04.047, © 2017 Elsevier Ltd.

lower performance of both models. Thus, the additional spectral correction has only limited impact on the
accuracy at lower irradiances due to already distorted irradiance data. Another reason may include the
fact that the mono c-Si reference solar cell was used for determining the spectral factor while both PV
performance models were applied to mc-Si module. However, even with those setbacks the proposed
spectral correction nevertheless lowered the RMSE of the DDPR model from 2.7% to 2.3% for the
measurements of mc-Si PV module in the month of June 2014 in Ljubljana, Slovenia. In the case of eight
snowless months in Ljubljana in 2014, the error lowered from 3.7% to 3.3%. By addressing the
abovementioned issues there is additional potential to further improve the accuracy of spectrally
corrected S-DDPR model.

4. Conclusion

The solar spectra measurements in the plane of the array for different weather conditions
revealed that for c-Si PV modules the spectral influence of diffuse light is negative. We detected up to
23.9% spectral losses for clear sky conditions when the sky dome is blue, resulting in blue rich diffuse light
spectrum. The spectral losses of diffuse light can be modeled by diffuse light spectral factor in a form of
third order polynomial equation with the share of diffuse irradiance as an input parameter. Besides clear
and overcast sky, additional research and measurements are required to evaluate the impact of diffuse
light spectra at various weather conditions. For the direct light solar spectra, we detected a gain up to
10.3% for c-Si modules at air mass value of 5.0. The direct light spectral factor can be modeled by second
order polynomial equation with air mass as an input parameter. In this case the air mass shows promising
results as spectral correction input parameter since only the direct part of the solar irradiance is corrected.
Contrary, when air mass correction is used for total irradiance error is induced in the case of cloudy
weather, when air mass has little influence on the solar spectra. In the proposed method however direct
light air mass spectral correction has limited impact at cloudy conditions due to direct irradiance
component being close to zero.
Proposed direct and diffuse light spectral factors can be easily used to correct measured diffuse
and direct irradiances for spectral influence on the conversion efficiency of PV modules. Corrected values
are used as an input of advanced PV performance models, which separately address diffuse and direct
irradiances. In this respect, we upgraded the DDPR model with spectral correction into S-DDPR model and
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validated the accuracy based on outdoor measurements of mc-Si PV module at our PV module test site in
Ljubljana, Slovenia. The initial results show good improvements of accuracy; the RMSE of evaluated models
for one month measurements in June 2014 dropped from 2.7% to 2.3% in the case of spectral correction
applied (in S-DDPR model). For eight snowless months in 2014 the RMSE of DDPR and S-DDPR model was
3.7% and 3.3%, respectively. Furthermore, the proposed spectral correction has maintained robustness
and ease of implementation of the DDPR model. However, additional spectra measurements are required
to further evaluate (especially diffuse light) solar spectra effect on performance of silicon PV modules as
well as other PV module technologies.
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