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A B S T R A C T   

Mesh screens can be installed over a photovoltaic (PV) module to provide varying degrees of outdoor solar 
irradiance for I-V curve measurements. In such tests, it is often not possible to cover the PV module and the 
irradiance sensor with the mesh screen at the same time, requiring the transmissivity of the mesh to be accurately 
measured beforehand. This paper describes a measurement method and evaluates the uncertainty in determining 
the transmissivity of mesh screens used to attenuate solar radiation on PV modules. The method involves 
modeling the short-circuit current of the PV module as a function of irradiance and temperature indoors and 
measuring the transmissivity of mesh screens outdoors. Two mesh screens with nominal transmissivities of 50 % 
and 70% were assembled and used in single-layer and double-layer configurations, resulting in four different 
mesh filters. The transmissivity of each configuration was measured under four different conditions obtained by 
combining two angles of incidence for solar radiation – normal and 30◦ - and using two PV modules, one with 
monocrystalline and the other with polycrystalline silicon cells. The proposed measurement method succeeded in 
measuring the transmissivity and determining the optimal sample size for all mesh screen configurations, taking 
5 to 7 measurements to obtain an uncertainty of less than 1%. The work highlights the importance of measuring 
the transmissivity of mesh screens and provides valuable results for future research using this method to study 
the performance of PV modules at low irradiance levels.   

1. Introduction 

With the growth of photovoltaics (PV), evaluating the performance 
of PV modules and systems under several and less than ideal conditions, 
such as partial shading or low solar irradiance, has become increasingly 
important. Performance evaluation includes characterizing thin-film 
cells (Virtuani et al., 2003), modeling the behavior of large photovol-
taic arrays (Deline et al., 2013), or exploring alternative bypass diode 
configurations for PV modules (Pannebakker et al., 2017). 

Modeling of PV devices is the subject of extensive research to provide 
improvements, simplifications, or more accurate models to describe the 
behavior of PV cells and modules (Celik and Acikgoz, 2007; Chenni 
et al., 2007; Ishaque et al., 2011; Xiao et al., 2004). In such scenarios, 
accurate measurement of PV module behavior under different solar 
irradiance conditions is necessary to model their performance (Belha-
chat and Larbes, 2018). To reduce the irradiance of I-V curve 

measurements in a controlled manner, attenuation filters can be placed 
over the PV module or in the path of the radiation source for indoor or 
outdoor measurements. Among the available types of attenuation filters, 
polymeric or metallic mesh screens are characterized by their low-cost 
fabrication and versatility (Kim et al., 2013; Kenny et al, 2013). 

However, there are situations when it is not possible to cover the PV 
module and the irradiance sensor at the same time. In such cases, they 
must be accurately calibrated to attenuate the irradiance within the 
desired values (Kenny et al., 2013). However, there are few references in 
the literature on the calibration of mesh screens for use in shaded I-V 
curve measurements, and none of these references describe a detailed 
method for optimizing the sample size of mesh screen transmissivity 
measurements to achieve a specified uncertainty threshold with the 
smallest possible number of measurements. 

Therefore, developing a method to calibrate mesh screens for shaded 
I-V curve measurements with optimal sample size can improve the study 
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of PV module behavior under less than ideal conditions by allowing 
more accurate and efficient reproduction of shaded conditions in such 
modules. This paper presents a measurement and calibration method to 
evaluate the transmissivity of mesh screens with a minimum number of 
measurements to balance measurement effort and calibration error and 
achieve the desired accuracy. The method was applied to four configu-
rations of single and double layer mesh screens and allowed their 
transmissivity to be measured within the desired margin of error of 1 %. 

All transmissivity rates were measured with optimal sample size, 
proving the efficiency of the method in achieving the desired accuracy 
with minimal measurement effort. Also, the effects of spectral mismatch, 
layer order and dependency in double layer mesh screens, and angle of 
incidence in the mesh screen calibration were measured and analyzed to 
assess their significance in the transmissivity rate. 

The article is organized as follows: Section 2 presents the materials, 
equipment and methods used to calibrate the mesh screens; Section 3 
presents and discusses the results of the ISC measurements and the 
calibration of the screen; finally, Section 4 presents the conclusions. 

2. Methodology 

2.1. Materials and equipment 

The materials and equipment used to perform the procedures 
described in this work are listed in Table 1 and shown in Figs. 1-5. 

A polycrystalline and a monocrystalline PV module were used in the 
calibration procedures. They were chosen to investigate the possible 
effects of spectral mismatch and optical properties of the devices during 
the mesh screen calibration. The solar simulator listed in Table 1 is used 
to measure the indoor I-V curves of the PV modules. The procedures for 
determining the indoor matrix of I-V curves under different irradiance 
and temperature conditions are described in (Gasparin et al., 2022). 

The outdoor measurements are performed using the experimental 
setup shown in Fig. 1. The frame on which the PV module is placed 
allows the adjustment of the tilt and azimuth angle. 

The reference cell (Fig. 2) is placed next to the PV module to measure 
the irradiance in the plane of the array (POA). The voltage measured by 
the reference cell is corrected for temperature effects according to Eq. 
(1), from the international standard IEC 60904–10 (IEC, 2009). 

G0 = Vrcm

1000
Krc

(1 − arc(Trcm − 25) ) (1) 

where G0 is the temperature corrected solar irradiance, Vrcm is the 

voltage measured at the reference cell, Krc is the calibration value of the 
reference cell at 25 ◦C, arc is the temperature coefficient of the reference 
cell and Trcm is the measured temperature of the reference cell. 

The temperature sensor (Fig. 3) is attached to the back of the PV 
module with aluminum tape. It is kept in close contact with the back of 
the module to measure its temperature. This sensor is self-assembled 
with the RTD element encapsulated on a 0.2 mm thick copper sheet 
about 1.5 × 2 cm. The sensor is encapsulated with epoxy resin to provide 
mechanical strength. It provides good thermal contact with the surface 
of the PV module and has low thermal inertia. 

For the outdoor attenuated I-V curve measurements, the 50 % and 
70 % mesh screens were mounted in two wooden frames (one for each 
mesh), resulting in two irradiance attenuators named S-50 (from the 50 
% transmissivity screen) and S-70 (from the 70 % transmissivity screen). 
The mesh screens were placed in the experimental setup shown in Fig. 4. 
They cover the entire PV module while the reference cell remains 
exposed to direct sunlight. In this way, the reference cell is used to 
measure the irradiance outside the irradiance attenuator, here called 
external irradiance (GEXT). The measured short-circuit current of the 
PV module is used to determine the irradiance under the screen, here 
called internal irradiance (GINT). 

Mesh screens S-50 and S-70 can be superimposed to combine their 
shading effects and reduce overall transmissivity, resulting in double- 
layer configurations S-50–70 when S-50 is superimposed over S-70 
and S-70–50 when S-50 is superimposed over S-70. These four mesh 
configurations were used to attenuate irradiance during outdoor mea-
surements and determine their transmissivity. 

The I-V curve measurements with the outdoor setup are performed 
by the I-V curve tracer shown in Fig. 5, which consists of the digital 
multimeters listed in Table 1 used to measure the voltage supplied by the 
reference cell, the temperature sensor of the reference cell, the current 
and voltage pairs of the I-V curve, and the temperature of the PV 
module. The four-quadrant bipolar power supply is used to generate the 
DC voltage sweep required to measure the I-V curve. A computer is used 
for data acquisition and automatic operation of the system. 

2.2. Methods 

All measurements were performed at the Laboratory of Solar Energy 
(LABSOL) of the Federal University of Rio Grande do Sul (UFRGS) – in 
Porto Alegre, Brazil, at 30◦ south latitude. The outdoor measurements 
with the p-Si module were performed on June 15th, between 13 h and 
15 h local time (UTC-3), while the measurements with the m-Si module 
were performed on June 20th, also between 13 h and 15 h local time 

Table 1 
Materials and equipment used for the measurement of the I-V curves of the 
photovoltaic modules.  

MATERIAL 

MESH 
SCREEN 

Sombrite® knitted fabric made of high density polyethylene with 
light transmissivity of 50 % and 70 %. 

EQUIPMENT Specification Technical data 
Photovoltaic (PV) 
modules 

1x Jinko JKM315PP-72-V, polycrystalline 
silicon (p-Si);1x CanadianSolar CS6P- 
265MM, monocrystalline silicon  
(m-Si) 

Reference cell NES Solar Radiation Sensor SOZ-03, serial 
number 11795, m-Si, calibration value of 
88.5 mV at 1000 W/m2 

Temperature 
sensor 

Surface RTD Pt100 4 wire class A 

Multimeter 3x multimeter Agilent 34410A, 6.5 digit 
accuracy. 
2x multimeter Agilent 34411A, 6.5 digit 
accuracy. 

Electronic load 4 quadrant power source Kepco BOP 100- 
10MG 

Solar simulator Large Area Pulsed Solar Simulator PASAN 
SumSim 3C, class AAA  

Fig. 1. Outdoor test setup without mesh screen attenuators over the 
PV module. 
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(UTC − 3). 
The proposed measurement procedure for mesh screen trans-

missivity consists of the procedures given in the flowchart in Fig. 6. 

2.2.1. ISC(G,T) modeling 
The relationship between the short-circuit current (ISC), irradiance 

(G), and temperature (T) in a PV module can be modeled by Eq. (2) (De 
Soto et al., 2006; Lo Brano et al., 2010; Orioli and Di Gangi, 2013; Vil-
lalva et al., 2009). 

ISC(G,T) =
G

GREF
(ISCREF + a(T − TREF) ) (2) 

where GREF is the reference value of irradiance in W/m2 (1000 W/m2 

at STC); TREF is the reference value of temperature (25 ◦C at STC); ISCREF 

is the value of short-circuit current value at GREF and TREF, to be 
determined as a model parameter; a is the temperature coefficient, to be 
determined as a model parameter. 

When measuring ISC, the values are usually specified in the STC 

AM1.5G spectrum. For this purpose, the PV module and the reference 
cell must be spectrally matched to compensate for the mismatch be-
tween the AM1.5G spectrum and the solar spectrum during the mea-
surements. Since the goal of this work is to measure transmissivity, the 
spectral mismatch is calculated as a deviation from an indoor Isc refer-
ence measurement. 

The mismatch is calculated as a normalized current ratio, where the 
measured Isc under outdoor conditions is linearly corrected to 1000 W/ 
m2 and then divided by the reference Isc. The deviations from unity are 
interpreted as mismatch, which may be caused by spectral mismatch or 
other differences in optical properties between the reference cell and the 
PV module. 

Modeling of ISC(G,T) was performed by measuring the ISC values of 
each PV module, with G varying in 100 W/m2 increments from 100 W/ 
m2 to 1000 W/m2 and T varying in 10 ◦C increments from 25 ◦C to 65 ◦C. 
The measurements were peformed indoors to ensure accurate control 
and measurement of both temperature and irradiance on the PV mod-
ules. There are 50 I-V curves for each PV module, resulting in a matrix. A 
detailed description of the indoor measurements performed for this 
work can be found in (Gasparin et al., 2022). 

The model in Eq. (2) is then fitted to the data set generated from the 
ISC(G,T) measurements using ordinary least squares (OLS). The 
following error metrics are used to assess the goodness of fit of the 
model: chi-square (χ 2), reduced chi-square (χ 2

red), standard deviation 
(SD) of the error, coefficient of determination (R2), and adjusted coef-
ficient of determination (R2) (Hoffmann, 2021; Zielesny, 2016). 

The expected values of ISCREF and a, along with their respective 
standard error (SE) and covariance matrix, are obtained from the least 
squares fit to evaluate their uncertainty and for further use in modeling. 
The SE is used to determine the confidence interval (CI) and tolerance 
interval (TI) of each parameter to evaluate the significance and precision 
of the obtained values. All uncertainty intervals were calculated 
assuming a normal distribution of errors in measurement and fitting. 

The two-tailed confidence interval of each model parameter was 
calculated using Eq. (3) (Mohr et al., 2021; Montgomery and Runger, 
2018). 

CI = ±t(1+α)/2,n− pSE (3) 

Fig. 2. Reference cell NES SOZ-03.  

Fig. 3. Surface mount RTD Pt100 4-wire Class A temperature sensor.  

Fig. 4. Outdoor experimental setup with a mesh screen over the PV module.  
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where α is the confidence level chosen, tα/2,n− p is the upper two-tailed 
100α/2 percentile point of the t-distribution with n − p degrees of 
freedom – where n is the number of samples and p is the number of 
parameters in the model. The CI indicates the interval in which the mean 
of the estimated model parameters is contained with α confidence and 
tends toward 0 as n increases (Mohr et al., 2021; Montgomery and 
Runger, 2018). 

Although the CI can measure the accuracy and significance of 
parameter estimates, it cannot be used as a measure of where most 
possible measurements and parameter estimates might lie. To obtain 
such a measure, the tolerance interval of the parameters is needed. The 

tolerance interval was calculated using Howe’s method (Howe, 1969), 
corrected by (Bissell and Guenther, 1977), via Eq. (4). 

TI = ±SE⋅
̅̅̅
n

√
⋅k⋅w (4)  

k = z1+γ
2

⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(n − p)
(
1 +

1
n

)

χ 2
1− a,n− p

√
√
√
√
√

,

w =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
n − 3 + χ 2

1− α,n− 1

2(n + 1)2

√

,

where γ is the given population coverage, indicating the percentage 
of possible values of the estimated parameter distribution covered by the 
TI; z1+γ

2 
is the critical value of the normal distribution with cumulative 

probability (1 − γ)/2. The TI provides the interval that, for a given 
parameter, includes 100γ percent of its estimated value distribution with 
α confidence and tends to the true 100γ percentile of the estimated 
parameter distribution as n increases (Howe, 1969; Montgomery and 
Runger, 2018). 

With the obtained ISC(G,T) model of the PV module, it is possible to 
use future ISC and T measurements to determine the irradiance G on the 
PV module and then it can be used as an irradiance sensor to measure the 
internal irradiance in the mesh screen transmissivity measurement. 

2.2.2. Measuring and correcting spectral mismatch 
The irradiance and measurement conditions of the mesh screen 

transmissivity measurements may differ from the irradiance conditions 
used in modeling ISC(G,T), either because they are performed in envi-
ronments with different air masses or because reference cells with a 
different spectral response than the PV module are used. In this work, 
the same reference cell was used indoors and outdoors to minimize this 
effect. The model ISC(G,T) was determined indoors because external 
disturbances in outdoor conditions may prevent accurate measurement 
of the temperature coefficient of the short-circuit current of the PV 
module. 

The spectral mismatch between the two measurement conditions is 
inserted into the model ISC(G,T) so that it can be fitted to the condition 
used in the transmissivity measurements of the mesh screen. The effect 
of spectral mismatch on ISC measurements made under two different 
conditions can be measured by the mismatch factor MF. This is the ratio 
between ISC measured under the second condition and then translated 
from T and G to TREF and GREF, respectively, and the value ISCREF from 
the ISC(G,T) model under the first condition (JRC Institute for Energy 
and Transport, 2010), calculated via Eqs. (5) and (6). 

ISCc = ISC⋅
GREF

G
− a⋅(T − TREF) (5)  

MF =
ISCc

ISCREF
(6) 

MF is estimated via a weighted least squares (WLS) fit of a constant 
line in a data set of n paired measurements of ISCc/ISCREF taken at regular 
intervals during the timespan of the mesh screen transmissivity mea-
surements. The SE of each measurement is used as error bars. The 
standard error (SE) of each ISCc and ISCc/ISCREF measurement was 
determined using the delta method, described in Eq. (7) (Gorroochurn, 

a

c

b

b

d

Fig. 5. I-V curve tracer for the I-V measurements, consisting of: a) computer for 
data acquisition; b) Agilent 34410A multimeter; c) Agilent 34411A multimeter; 
and d) Kepco BOP 100-10MG power supply. The fifth Agilent 34410A is located 
at the rear of the rack and is not visible. 

Fig. 6. Main flow diagram of the procedure for measuring the transmissivity of the mesh screens.  
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2020). 

SE(f(θ̂) ) ≈

(
∑k

i=1

∑k

j=1

(
δf
δθ̂i

)(
δf
δθ̂j

)

Cov
(

θ̂i , θ̂j
)
)1

2

(7) 

where SE(x) is the standard error of a given random variable x, f is an 
arbitrary continuous function with estimated parameters θ̂1 , θ̂2 ,⋯, θ̂k 

(which are random variables) and Cov
(

θ̂i , θ̂j
)

is the covariance matrix of 

θ̂1 , θ̂2 ,⋯, θ̂k . In the case of ISCci, a and ISCi are the estimated parameters 
and their covariance matrix can be obtained from the OLS fit of the 
model ISC(G,T). 

In the case of ISCc/ISCREF, where ISCREF and ISCc are the estimated 
parameters, there is no available covariance matrix for them because 
they were obtained by different procedures. However, they represent the 
same physical quantity measured under different conditions, which 
means that they have perfect positive correlation and thus Cov(ISCREF,

ISCci) = SE(ISCREF)⋅SE(ISCci), which allows using Eq. (7) to determine 
the SE of each measurement of ISCc/ISCREF, which are used as error bars 
in the WLS fit of ISCc/ISCREF. 

The SE, CI and TI of MF are determined in the same manner as for 
modeling ISC(G,T), except that the WLS procedure is used to obtain the 
SE and variance of MF and to evaluate the accuracy of the MF mea-
surement. After MF is accurately measured, the model ISC(G,T) can be 
adjusted to the conditions of the mesh transmissivity measurement and 
becomes ISCMF (G,T), as given in Eq. (8). 

ISCMF (G,T) =
MF⋅G
GREF

(ISCREF + a⋅(T − TREF) ) (8)  

2.2.3. Measurement of the mesh screen transmissivity 
The transmissivity (τ) of a single or multilayer mesh screen can be 

determined by measuring the internal irradiance GINT and the external 
irradiance GEXT (Kenny et al., 2013), according to Eq. (9). 

τ =
GINT

GEXT
(9) 

GEXT is measured directly from the reference cell outside the 
coverage area of the mesh screen and is the same value as G0 in Eq. (1). 
GINT can be determined via the model ISC(G,T) or ISCMF (G,T) (depend-
ing on whether or not spectral mismatch correction was required) from 
the inputs ISC and T measured in the PV module covered by the mesh 
screen under test. In this case, G is replaced by GINT and the model 
equation is solved for GINT , leading to Eq. (10). If the original model 
ISC(G,T) is used, Eq. (10) still holds by defining MF = 1. 

GINT =
(ISC⋅GREF)

MF⋅(ISCREF + a⋅(T − TREF) )
(10) 

The SE of each GINT measurement was determined from the variance 
and covariance of ISCREF , MF, ISC and a – the estimated parameters in Eq. 
(2) and Eq. (6) – via the delta method in the same way as the mea-
surement and correction for spectral mismatch. The only existing cor-
relation between these parameters is between ISCREF and a, whose 
covariance is given by the covariance matrix obtained in the OLS fitting 
of ISC(G,T). 

The transmissivity τ is estimated via a WLS fit of a constant line in a 
data set of n paired measurements of GINT/GEXT , in the same manner as 
for the estimation of MF. In this case, the SE of each measurement is the 
SE of each GINT measurement divided by the respective GEXT measure-
ment used as error bars. 

The transmissivity of each mesh screen configuration was measured 
under four conditions: with an m-Si PV module at incidence angles of 
0◦ and 30◦, and with a p-Si PV module at the same incidence angles. In 
all conditions, the rest of the outdoor experimental setup – including the 
m-Si reference cell – remained the same. This allows us to measure the 
effects of replacing the m-Si module with the p-Si module while 

maintaining the m-Si reference cell, as well as the effects of different 
incident angles on the mesh screen transmissivity results. 

The CI and TI of τ are determined from its SE in the same way as for 
the ISC(G,T) modeling to evaluate the accuracy of the τ measurement. 
The measured τ and their respective uncertainties can be used to assess 
whether there is a significant difference between the measured and 
nominal transmissivity. In addition, it can be checked whether there is a 
significant dependence between the transmissivity of the upper and 
lower layers in double layer mesh screens, and whether the layer 
arrangement has a significant effect on the combined transmissivity. 

To estimate τ accurately without taking too many samples, a method 
is proposed that estimates the smallest sample size n that gives the 
desired SE, CI and TI for τ that is smaller than a given uncertainty 
threshold e at a confidence level α and population coverage γ, which is 
called the optimal sample size for the parameter. 

2.2.3.1. Procedure for estimating the optimal sample size. Given a desired 
uncertainty threshold e with confidence level α and a population 
coverage γ, the procedure begins with an initial estimate of τ and its SE, 
CI and TI – called SE(τ),CI(τ) and TI(τ) respectively – with an initial 
sample of ni measurements. If any of the uncertainty intervals is greater 
than e, the uncertainty intervals are estimated using a new sample size 
nf = ni +1 via Eqs. (11–13), which is incremented until all estimated 
uncertainty intervals are smaller than e. 

SEest(τ) = SE(τ)⋅
̅̅̅̅ni

√

̅̅̅̅̅nf
√ (11)  

CIest(τ) = ±tα/2,n1 − 1SEest(τ) (12)  

TIest(τ) = ±SEest(τ)⋅
̅̅̅̅̅nf

√ ⋅kf ⋅wf (13)  

kf = z1+γ
2

⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
nf − p

)
(

1 +
1
nf

)

χ 2
1− α,nf − p

√
√
√
√
√
√ ,

wf =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
nf − 3 + χ 2

1− α,nf − 1

2
(
nf + 1

)2

√
√
√
√ ,

where SEest(τ), CIest(τ) and TIest(τ) are, respectively, the estimated 
new values for SE(τ),CI(τ) and TI(τ) with nf samples, and p is the total 
number of estimated parameters in the model where P is included. nf is 
iteratively incremented until SEest(τ), CIest(τ) and TIest(τ) are smaller 
than e. Then nf − ni additional measurements are made and P is recal-
culated along with its uncertainty intervals. 

This procedure assumes that the SD of the population distribution 
used to determine SE(τ) was perfectly estimated and does not change 
with increasing sample size. Under this assumption, SE(τ) can be 
determined accurately with n1 samples by canceling the denominator 
̅̅̅̅ni

√ embedded in SE(τ) and replacing it with ̅̅̅̅̅nf
√ , which is done in Eq. 

(11), and nf will be the optimal sample size that satisfies the error 
criteria. 

However, the additional measurements may change the estimated 
SD of the population distribution in any direction, and in hindsight nf 
may be slightly larger than the true optimal sample size or still insuffi-
cient to meet the error criteria. In the latter case, ni assumes the actual 
value of nf and the procedure is repeated to obtain a new estimate for the 
optimal sample size nf until the error criteria are met or the current nf is 
no longer feasible, requiring an increase in e or adjustments to the 
experimental design. 

3. Results and discussion 

The results of each procedure of the flowchart described in Section 
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2.2 are presented in the following subsections. The chosen values for the 
uncertainty threshold e are 0.03 for the mismatch factor measurement 
and 1 % for the mesh screen transmissivity measurement, with an initial 
sample size ni of 5 measurements for both procedures. All uncertainty 
intervals were determined with a confidence level and population 
coverage of 99 % (α = γ = 0.99). 

The reported calculations were performed with 15 significant digits 
in all steps to avoid rounding errors in the estimation of parameters, and 
the values presented were rounded to no more than 5 significant digits to 
be consistent with the uncertainty of each value. Therefore, the input 
values, intermediate values, and final values of the individual parameter 
estimates may present inconsistencies in the least significant digits due 
to roundoff errors. However, these inconsistencies are at least an order 
of magnitude smaller than the uncertainty intervals reported for the 
individual values. 

3.1. ISC(G,T) modeling 

Tables 2-3 show the indoor measurements of ISC of the p-Si and m-Si 
PV modules. These data sets were used to estimate the parameters of the 
ISC(G,T) model of each PV module, which are given in Table 4 along 
with their uncertainty intervals. The error metrics of the OLS fit of the 
two ISC(G,T) models are shown in Table 5. 

Values for ISCREF were estimated with an uncertainty in the range of 
10 mA in both models, whereas values for a were estimated with an 
uncertainty of less than 10 % of the estimated value. The R2 values and 
adjusted R2 values, which are almost equal to 1, show that the model of 
ISC(G,T) explains almost all the behavior of ISC within the input ranges of 
the data set 100–1000 W/m2 for irradiance and 25–65 ◦C for 
temperature. 

The χ2 values and the reduced χ2 values show a nearly perfect fit of 
the two data sets. The SD error of less than 10 mA for both fits indicates 
that the uncertainty in G/GREF is beyond the second decimal place when 
the ISC(G,T) models are used to output G/GREF for a given ISC and T 
measurement. Thus, the fitted ISC(G,T) models can determine G up to 3 
significant digits for irradiances between 100–1000 W/m2 and tem-
peratures of 25–65 ◦C, which is sufficient to determine the mismatch 
factor and transmissivity rates within their respective error limits. 

3.2. Spectral mismatch measurement and correction 

For each PV module, a total of 13 outdoor measurements without 
attenuation were taken at regular intervals during the 2-hour period of 
screen transmissivity measurements. The lower irradiance values are 
obtained by changing the angle of incidence. Tables 6-7 contain the 
outdoor measurements of ISC, which were used to estimate the mismatch 
factor between the indoor and outdoor tests of the p-Si and m-Si PV 
modules. Table 8 contains the estimated mismatch factors as normalized 
current ratio (NCR), along with their uncertainty intervals. 

Both mismatch factors had values close to unity but statistically 

Table 2 
ISC values of the p-Si module JKM315PP-72-V measured at various irradiances 
and temperatures indoors.  

G(W/m2) Isc (A) 
25 ◦C 35 ◦C 45 ◦C 55 ◦C 65 ◦C 

1000  9.067  9.113  9.160  9.224  9.269 
900  8.152  8.194  8.238  8.291  8.336 
800  7.236  7.265  7.315  7.361  7.404 
700  6.339  6.374  6.414  6.447  6.487 
600  5.424  5.454  5.485  5.527  5.556 
500  4.516  4.540  4.568  4.599  4.622 
400  3.628  3.646  3.674  3.696  3.712 
300  2.709  2.719  2.742  2.759  2.773 
200  1.816  1.827  1.838  1.852  1.863 
100  0.916  0.921  0.928  0.936  0.941  

Table 3 
ISC values of the m-Si module CS6P-265MM measured at various irradiances and 
temperatures indoors.  

G(W/m2) Isc (A) 
25 ◦C 35 ◦C 45 ◦C 55 ◦C 65 ◦C 

1000  9.109  9.180  9.242  9.297  9.351 
900  8.197  8.262  8.306  8.362  8.408 
800  7.278  7.340  7.379  7.430  7.469 
700  6.376  6.431  6.470  6.508  6.543 
600  5.461  5.506  5.541  5.574  5.611 
500  4.544  4.584  4.612  4.640  4.669 
400  3.652  3.681  3.707  3.730  3.751 
300  2.728  2.750  2.767  2.785  2.797 
200  1.832  1.848  1.859  1.873  1.883 
100  0.927  0.935  0.941  0.948  0.955  

Table 4 
Parameters from ISC(G,T) OLS fitted models of the PV modules.  

PV module Parameter Value SE CI 

JKM315PP-72-V 
(p-Si) 

ISCREF (A)  9.051 3.425E-3 9.186E-3 
a(A/◦C)  5.305E-3 1.398E-4 3.750E-4 

CS6P-265MM 
(m-Si) 

ISCREF (A)  9.114 3.776E-3 1.013E-2 
a(A/◦C)  5.951E-3 1.542E-4 4.135E-4  

Table 5 
Error metrics for ISC(G,T) OLS fitted models of PV modules.  

Error metric JKM315PP-72-V (p-Si) CS6P-265MM (m-Si) 

χ2 3.613E-3 4.392E-3 
Reduced χ2 7.527E-5 9.150E-5 
R2 0.9999 0.9999 
Adjusted R2 0.9999 0.9999 
SD of error 8.676E-3 9.565E-3  

Table 6 
Measured and corrected Isc and normalized current ratio measurements used to 
determine the mismatch factor of the JKM315PP-72-V p-Si module under out-
door conditions.  

G(W/ 
m2) 

T(◦C) ISC(A) ISCc (A) NCR 
Value SD Value SE Value SE 

877 54  8.0429 1.562E- 
2  

9.017 1.571E- 
2  

0.9963 1.776E- 
3 

677 53  6.1767 9.848E- 
4  

8.975 7.003E- 
3  

0.9916 8.599E- 
4 

673 44  6.0984 9.021E- 
4  

8.961 5.502E- 
3  

0.9900 7.141E- 
4 

950 45  8.6797 8.557E- 
4  

9.030 4.982E- 
3  

0.9977 6.675E- 
4 

538 39  4.8970 3.911E- 
2  

9.028 5.763E- 
2  

0.9975 6.379E- 
3 

763 40  6.9083 9.509E- 
4  

8.975 4.560E- 
3  

0.9916 6.282E- 
4 

871 40  7.8902 1.075E- 
3  

8.979 4.335E- 
3  

0.9921 6.086E- 
4 

950 41  8.6506 1.053E- 
3  

9.021 4.356E- 
3  

0.9967 6.114E- 
4 

751 33  6.8350 3.560E- 
3  

9.059 3.410E- 
3  

1.0009 5.342E- 
4 

459 33  4.1779 2.946E- 
2  

9.060 5.070E- 
2  

1.0010 5.615E- 
3 

408 38  3.7102 1.703E- 
3  

9.025 5.920E- 
3  

0.9971 7.551E- 
4 

664 39  6.0311 1.016E- 
3  

9.009 4.665E- 
3  

0.9953 6.383E- 
4 

886 40  8.0295 9.301E- 
4  

8.983 4.283E- 
3  

0.9925 6.041E- 
4  

J. Pedro Lemos Morais et al.                                                                                                                                                                                                                 



Solar Energy 249 (2023) 152–162

158

different from unity as they were outside their CI, indicating that the 
overall difference in the ISC(G,T) relation of the PV modules between 
indoor and outdoor setups was present and detectable, but quite small. 
In both cases, the TI shows that the sample size chosen is sufficient to 
accurately measure the mismatch factor within the time window with an 
uncertainty of less than ± 0.05. 

The mismatch factor measured with the p-Si PV module was closer to 

1 than that of the m-Si PV module, even with an additional mismatch 
source due to the use of an m-Si reference cell in the measurement. This 
behavior could be due to optical differences between the reference cell 
and the PV module being included in the mismatch, which could be the 
source of the differences. Undetected interference can also occur during 
outdoor measurements. 

3.3. Measurement of the transmissivity of the mesh screen 

Tables 9-12 show the transmissivity measurements made with each 
of the four mesh screen configurations under four different conditions. 
The results are for two PV modules used for the internal irradiance 
measurements and two incidence angles. Table 13 summarizes the re-
sults of the transmissivity measurements for all configurations and 
conditions. 

3.3.1. Transmissivity values and sample size optimization 
All transmissivity values were measured with uncertainty intervals of 

less than 1 % and thus met the criteria for the error threshold. Most 
transmissivity measurements met the error criteria with the initial 
sample size of 5 measurements, with the m-Si S-50–70 at 30◦ and the p- 
Si S-70–50 at 0◦ being the exceptions, indicating that the initial sample 
size chosen is a good starting point for measuring mesh transmissivity 
with uncertainty within 1 %. 

In the cases of m-Si S-50–70 at 30◦ and the p-Si S-70–50 at 0◦, the 
error criteria were not met with the initial sample, so the sample size 
optimization procedure was applied in these cases to meet the error 
criteria without excessive sampling. The results of the error estimation 
and the number of measurements are shown in Table 14. 

The estimated values of the optimal sample size n1 were sufficient to 
meet the error criteria in the first iteration of the process. The sample 
sizes chosen were optimal in both cases: for m-Si S-50–70 at 30◦, TI with 
n0 = 6 is 1.03 %, which is still above the error threshold; for the p-Si S- 
70–50 at 0◦, only one measurement was added to the sample, which 
ensured the desired result. 

However, the measured uncertainty intervals differed substantially 
from the respective estimates for the new sample sizes, with the latter 
differing by up to nearly 10 % when new measurements were included 
due to variations in the SD sample. Since the sample SD can evolve in 
either direction as the sample size increases, the measured uncertainty 
intervals can be either overestimated or underestimated, and in the 
latter case require a new sample size adjustment to meet the error 
criteria. 

Table 7 
Measured and corrected Isc and normalized current ratio measurements used to 
determine the mismatch factor of the CS6P-265MM m-Si module under outdoor 
conditions.  

G(W/ 
m2) 

T(◦C) ISC(A) ISCc (A) NCR 
Value SD Value SE Value SE 

530 42  4.8062 1.747E- 
3  

8.967 6.300E- 
3  

0.9839 8.025E- 
4 

723 43  6.5823 2.798E- 
3  

8.997 5.624E- 
3  

0.9872 7.403E- 
4 

892 44  8.2171 3.223E- 
3  

9.099 5.407E- 
3  

0.9984 7.233E- 
4 

703 47  6.4078 2.714E- 
3  

8.984 6.450E- 
3  

0.9858 8.171E- 
4 

502 47  4.5609 1.607E- 
3  

8.955 7.482E- 
3  

0.9825 9.163E- 
4 

782 50  7.1675 1.848E- 
3  

9.017 6.762E- 
3  

0.9894 8.476E- 
4 

837 50  7.5863 2.308E- 
3  

8.915 6.602E- 
3  

0.9782 8.301E- 
4 

475 50  4.2971 9.055E- 
4  

8.898 8.222E- 
3  

0.9763 9.886E- 
4 

472 41  4.2358 1.027E- 
3  

8.879 6.461E- 
3  

0.9742 8.158E- 
4 

859 42  7.8618 3.138E- 
3  

9.051 5.106E- 
3  

0.9931 6.951E- 
4 

712 25  6.3869 9.665E- 
3  

8.970 1.049E- 
3  

0.9843 4.237E- 
4 

405 31  3.5798 1.039E- 
3  

8.803 4.428E- 
3  

0.9659 6.294E- 
4 

826 37  7.5385 1.647E- 
3  

9.055 4.271E- 
3  

0.9936 6.237E- 
4  

Table 8 
Determined mismatch factor for both PV modules under outdoor conditions.  

PV module Value SE CI TI 

JKM315PP-72-V (p-Si)  0.9949 9.951E-4 3.040E-3 1.773E-2 
CS6P-265MM (m-Si)  0.9844 2.490E-3 7.606E-3 4.436E-2  

Table 9 
Transmissivity measurements of the S-50 configuration under outdoor conditions.  

Condition GEXT(W/m2) T(◦C) ISC(A) GINT(W/m2) τ (%) 
Value SD Value SE Value SE 

0◦ m-Si 889 45  4.0543 1.240E-3  446.1  0.3425  50.18 3.853E-2 
888 45  4.0499 1.180E-3  445.6  0.3411  50.18 3.841E-2 
888 45  4.0463 1.264E-3  445.2  0.3425  50.14 3.857E-2 
887 45  4.0360 1.126E-3  444.1  0.3391  50.07 3.823E-2 
886 45  4.0327 1.150E-3  443.7  0.3392  50.08 3.828E-2 

0◦ p-Si 936 45  4.2600 1.430E-2  467.6  1.3091  49.96 0.1399 
933 45  4.2273 4.191E-3  464.0  0.3975  49.73 4.261E-2 
932 45  4.2290 2.285E-3  464.2  0.2642  49.80 2.835E-2 
933 45  4.2310 2.793E-3  464.4  0.2914  49.77 3.123E-2 
933 45  4.2344 2.743E-3  464.8  0.2981  49.82 3.195E-2 

30◦ m-Si 815 45  3.6093 8.890E-4  397.1  0.3037  48.73 3.726E-2 
813 45  3.6064 8.524E-4  396.8  0.3028  48.81 3.724E-2 
812 45  3.5993 1.027E-3  396.0  0.3057  48.77 3.764E-2 
812 45  3.6011 1.065E-3  396.2  0.3070  48.80 3.781E-2 
813 45  3.5999 1.009E-3  396.1  0.3057  48.72 3.761E-2 

30◦ p-Si 799 35  3.4900 1.205E-3  385.3  0.1780  48.22 2.227E-2 
797 35  3.4893 3.687E-2  385.2  3.1635  48.33 0.3969 
797 35  3.4826 2.091E-2  384.5  1.7217  48.24 0.2160 
798 35  3.4974 3.467E-2  386.1  3.0070  48.39 0.3768 
797 36  3.4833 4.271E-3  384.3  0.3953  48.22 4.960E-2  
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Due to the stochastic nature of the process, there is no guarantee that 
the optimal sample size will be found in a single iteration. However, if 
multiple measurement iterations are undesirable and the estimated 
uncertainty intervals are too close to the error threshold, choosing a 
sample size slightly larger than that provided by n1 may increase the 
chance of meeting the error criteria in the next measurement cycle. In 
this case, the measurement effort increases and the probability of 
exceeding the optimal sample size also increases. 

Choosing a larger initial sample size based on prior knowledge of the 
process may also increase the chances of meeting the error criteria with 
minimal sample size adjustments by providing more accurate uncer-
tainty estimates for the new sample size and minimizing its variation as 
the sample size increases. 

3.3.2. Difference between measured and nominal transmissivity 
For all configurations, except S-50 at 0◦, the difference between the 

measured and nominal transmissivity was more than 1 %. For the 
double-layer configurations, the expected nominal transmissivity is 

given by the product 50%⋅70% = 35%, assuming independence be-
tween the upper and lower layers. This demonstrates the importance of 
measuring the transmissivity of mesh fabrics when they are used to 
simulate attenuated or partial shading conditions in PV modules, so that 
the desired irradiance conditions can be reproduced with the desired 
accuracy. 

3.3.3. Effect of different irradiance incidence angles on mesh screen 
transmissivity 

Varying the angle of incidence of irradiance resulted in significant 
changes in transmissivity, as shown in Table 15, which reached up to 
2.5 % between 0◦ and 30◦. 

These differences are mainly caused by the thickness of the mesh, 
whose surfaces block more and more of the external radiation, so that 
the shaded area increases when the angle of incidence deviates from 
0◦ and the behavior of the mesh differs from that of an ideal 2D mesh. 
Therefore, the measured transmissivity values are valid as long as the 
angle of incidence is close to the angle used in the transmissivity 

Table 10 
Transmissivity measurements of the S-70 configuration under outdoor conditions.  

Condition GEXT(W/m2) T(◦C) ISC(A) GINT(W/m2) τ (%) 
Value SD Value SE Value SE 

0◦ m-Si 869 47  5.4247 1.911E-3  596.1  0.4469  68.60 5.143E-2 
870 48  5.4285 1.079E-3  596.1  0.4499  68.52 5.171E-2 
871 48  5.4364 1.090E-3  597.0  0.4503  68.54 5.169E-2 
873 48  5.4506 1.109E-3  598.6  0.4519  68.56 5.176E-2 
873 48  5.4525 1.111E-3  598.8  0.4522  68.59 5.180E-2 

0◦ p-Si 939 42  5.8163 9.708E-4  639.5  0.2413  68.11 2.569E-2 
939 43  5.8083 2.093E-3  638.3  0.2799  67.97 2.981E-2 
941 43  5.8233 2.378E-3  639.9  0.3005  68.00 3.193E-2 
937 43  5.7959 5.543E-3  636.9  0.4925  67.97 5.256E-2 
935 43  5.7924 9.169E-4  636.5  0.2378  68.08 2.543E-2 

30◦ m-Si 790 50  4.8212 1.061E-3  528.8  0.4058  66.93 5.137E-2 
790 50  4.8192 1.024E-3  528.5  0.4047  66.90 5.123E-2 
790 50  4.8115 1.004E-3  527.7  0.4038  66.80 5.111E-2 
789 49  4.8085 8.792E-4  527.7  0.4005  66.88 5.076E-2 
789 49  4.8070 1.024E-3  527.5  0.4037  66.86 5.117E-2 

30◦ p-Si 792 38  4.7245 1.598E-3  520.7  0.2305  65.74 2.910E-2 
791 38  4.7156 1.704E-3  519.7  0.2299  65.70 2.906E-2 
791 38  4.7166 1.625E-3  519.8  0.2315  65.72 2.927E-2 
791 38  4.7091 1.390E-3  519.0  0.2182  65.61 2.758E-2 
791 39  4.7132 9.944E-4  519.1  0.2054  65.63 2.597E-2  

Table 11 
Transmissivity measurements of the S-50–70 configuration under outdoor conditions.  

Condition GEXT(W/m2) T(◦C) ISC(A) GINT(W/m2) τ(%) 
Value SD Value SE Value SE 

0◦ m-Si 893 44  2.7163 8.801E-4  299.1  0.2366  33.49 2.649E-2 
893 44  2.7214 1.024E-3  299.6  0.2424  33.55 2.715E-2 
892 44  2.7189 9.912E-4  299.3  0.2410  33.56 2.701E-2 
892 43  2.7132 9.764E-4  298.9  0.2401  33.51 2.692E-2 
891 43  2.7210 1.009E-3  299.8  0.2429  33.65 2.726E-2 

0◦ p-Si 945 42  2.8751 4.030E-2  316.1  3.3355  33.45 0.3530 
944 42  2.8723 1.661E-2  315.8  1.3724  33.45 0.1454 
942 43  2.8608 1.721E-2  314.4  1.4298  33.37 0.1518 
942 43  2.8496 3.766E-3  313.1  0.3583  33.24 3.804E-2 
941 44  2.8544 1.886E-2  313.5  1.6048  33.31 0.1705 

30◦ m-Si 817 42  2.4160 8.496E-4  266.3  0.2137  32.60 2.616E-2 
817 42  2.3929 1.021E-3  263.8  0.2187  32.29 2.677E-2 
816 42  2.3927 1.102E-3  263.8  0.2221  32.33 2.722E-2 
817 42  2.3919 8.770E-4  263.7  0.2128  32.27 2.605E-2 
817 42  2.4031 9.683E-4  264.9  0.217  32.43 2.656E-2 
817 42  2.4015 9.064E-4  264.7  0.2146  32.40 2.626E-2 
817 42  2.3885 9.054E-4  263.3  0.2141  32.23 2.621E-2 

30◦ p-Si 771 38  2.1606 1.606E-3  238.1  0.1697  30.88 2.201E-2 
771 37  2.1526 1.035E-3  237.4  0.1245  30.79 1.614E-2 
771 37  2.1685 2.244E-3  239.1  0.2227  31.01 2.889E-2 
771 37  2.1591 3.560E-3  238.1  0.3116  30.88 4.041E-2 
770 37  2.1549 2.325E-3  237.6  0.2294  30.86 2.980E-2  
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measurements. 

3.3.4. Effect of using m-Si and p-Si PV modules to measure internal 
irradiance 

Changing from an m-Si module to a p-Si PV module to measure in-
ternal irradiance while retaining the m-Si reference cell also resulted in 
changes in transmissivity values, as shown in Table 16, although to a 
lesser extent than for the different incidence angles in Table 15. For 
normal incidence, the differences are less than 0.6 %. 

The differences shown in Table 16 indicate that there is still some 
mismatch between the m-Si and p-Si cases that was not accounted for or 
compensated for by the mismatch factors measured in section 3.2. The S- 
70–50 at 0◦measurements are the only ones that do not show a signifi-
cant difference, which is not sufficiently strong evidence that the 
mismatch factors measured in section 3.2 could fully compensate for the 

associated uncertainty effects. Here, the general reproducibility of the 
outdoor measurements with multiple factors could explain these 
measured differences. 

However, the differences in the cases with an incidence angle of 
0◦ were less than 0.6 % for both single-layer and double-layer mesh 
screens. Combined with the respective CIs, the difference between m-Si 
and p-Si measurements was less than 0.7 % in the worst case. Thus, if the 

Table 12 
Transmissivity measurements of the S-70–50 configuration under outdoor conditions.  

Condition GEXT(W/m2) T(◦C) ISC(A) GINT(W/m2) τ(%) 
Value SD Value SE Value SE 

0◦ m-Si 897 49  2.7276 1.179E-3  299.3  0.2502  33.37 2.790E-2 
897 48  2.7201 9.536E-4  298.7  0.2396  33.30 2.671E-2 
895 47  2.7205 8.268E-4  298.9  0.2353  33.40 2.629E-2 
894 47  2.7133 9.624E-4  298.2  0.2395  33.35 2.679E-2 
895 47  2.7172 8.710E-4  298.6  0.2366  33.36 2.644E-2 

0◦ p-Si 943 43  2.8666 1.296E-3  315.0  0.1558  33.40 1.652E-2 
943 43  2.8576 3.955E-3  314.0  0.3545  33.30 3.760E-2 
942 43  2.8622 1.909E-3  314.5  0.1946  33.39 2.066E-2 
942 42  2.8611 1.012E-3  314.6  0.1418  33.40 1.506E-2 
941 42  2.8602 1.615E-3  314.5  0.1756  33.42 1.866E-2 

30◦ m-Si 819 44  2.4404 9.100E-4  268.7  0.2173  32.81 2.654E-2 
820 43  2.4383 9.614E-4  268.6  0.2189  32.76 2.670E-2 
817 42  2.4227 1.008E-3  267.1  0.2211  32.69 2.707E-2 
817 42  2.4244 8.324E-4  267.3  0.2138  32.71 2.617E-2 
818 42  2.4246 9.590E-4  267.3  0.2183  32.68 2.669E-2 

30◦ p-Si 779 39  2.2148 2.497E-2  243.9  2.1113  31.31 0.2710 
778 38  2.2153 2.913E-3  244.1  0.2655  31.38 3.413E-2 
778 38  2.2039 5.858E-3  242.9  0.5517  31.22 7.091E-2 
778 38  2.1952 3.436E-3  241.9  0.3110  31.10 3.997E-2 
777 38  2.1992 2.164E-3  242.4  0.2194  31.19 2.823E-2 
775 38  2.2016 2.842E-3  242.6  0.2619  31.31 3.380E-2  

Table 13 
Measured transmissivity of the individual mesh screen configurations.  

Setting Condition τ(%) SE(%) CI(%) TI (%) 

S-50 0◦ m-Si 50.12 2.409E-2 0.1109 0.5641 
p-Si 49.79 1.694E-2 7.799E-2 0.3968 

30◦ m-Si 48.76 1.782E-2 8.205E-2 0.4174 
p-Si 48.22 5.276E-3 2.429E-2 0.1236 

S-70 0◦ m-Si 68.56 1.403E-2 6.459E-2 0.3286 
p-Si 68.04 2.740E-2 0.1262 0.6418 

30◦ m-Si 66.88 2.271E-2 0.1046 0.5320 
p-Si 65.68 2.556E-2 0.1177 0.5986 

S-50–70 0◦ m-Si 33.55 2.666E-2 0.1227 0.6244 
p-Si 33.27 2.991E-2 0.1377 0.7005 

30◦ m-Si 32.36 4.785E-2 0.1774 0.9255 
p-Si 30.86 3.773E-2 0.1737 0.8839 

S-70–50 0◦ m-Si 33.36 1.664E-2 7.663E-2 0.3898 
p-Si 33.40 1.249E-2 5.748E-2 0.2924 

30◦ m-Si 32.73 2.407E-2 0.1108 0.5637 
p-Si 31.25 4.365E-2 0.1760 0.9045  

Table 14 
Sample size optimization results.  

Condition n0 SE(%) CI(%) TI(%) n1 SEest(%) CIest(%) TIest(%)

m-Si S-50–70 at 30◦ 5 6.102E-2  0.2809  1.4292 7 5.157E-2 0.1912 0.9974 
7 4.785E-2  0.1774  0.9255 – – – – 

p-Si S-70–50 at 0◦ 5 5.232E-2  0.2409  1.2254 6 4.776E-2 0.1926 0.9897 
6 4.365E-2  0.1760  0.9045 – – – –  

Table 15 
Difference in mean values of mesh screen configurations at different angles (ci =
99 %).  

Setting 1 Setting 2 Difference (%) CI (%) 

S-50 0◦ m-Si S-50 30◦ m-Si  1.36  0.1050 
S-50 0◦ p-Si S-50 30◦ p-Si  1.57  0.0817 
S-70 0◦ m-Si S-70 30◦ m-Si  1.68  0.0990 
S-70 0◦ p-Si S-70 30◦ p-Si  2.36  0.1310 
S-50–70 0◦ m-Si S-50–70 30◦ m-Si  1.19  0.1780 
S-50–70 0◦ p-Si S-50–70 30◦ p-Si  2.41  0.1680 
S-70–50 0◦ m-Si S-70–50 30◦ m-Si  0.63  0.1020 
S-70–50 0◦ p-Si S-70–50 30◦ p-Si  2.15  0.1830  

Table 16 
Difference of mean values of mesh screen configurations with different PV 
modules (ci = 99 %).  

Setting 1 Setting 2 Difference (%) CI (%) 

S-50 0◦ m-Si S-50 0◦ p-Si  0.33  0.1030 
S-70 0◦ m-Si S-70 0◦ p-Si  0.52  0.1240 
S-50–70 0◦ m-Si S-50–70 0◦ p-Si  0.28  0.1400 
S-70–50 0◦ m-Si S-70–50 0◦ p-Si  − 0.04  0.0728 
S-50 30◦ m-Si S-50 30◦ p-Si  0.54  0.0856 
S-70 30◦ m-Si S-70 30◦ p-Si  1.20  0.1200 
S-50–70 30◦ m-Si S-50–70 30◦ p-Si  1.50  0.1980 
S-70–50 30◦ m-Si S-70–50 30◦ p-Si  1.48  0.1740  
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TI of the transmissivity measured in the p-Si 0◦ configurations is 0.7 % 
smaller than the error threshold, the measurement error still meets the 
error criteria when the mesh screen is used with a matched PV module 
and reference cell. The results allow the use of a p-Si PV module with an 
m-Si reference cell to measure the transmissivity of mesh screens. 

3.3.5. Testing the dependence between individual layers in double-layer 
mesh screens 

The product of the transmissivity of all S-50 and S-70 configurations 
is given in Table 17, while the difference between these products and 
their counterparts is given in Table 18 to check whether the upper and 
lower layers of double-layer mesh screens show significant dependence 
on each other. 

All differences listed in Table 18 are statistically significant, reaching 
up to 1 % in the 0◦ cases. Such a deviation may result from the over-
lapping of shadow patterns between the mesh layers – where parts of the 
lower mesh are shaded by the upper mesh, and thus do not contribute to 
the overall shading of the PV module. 

These overlay patterns create a dependence between the geometric 
patterns of the lower and upper layers that can change the overall 
transmissivity depending on the position of the upper layer relative to 
the lower layer. At angles of incidence other than 0◦, the effects of mesh 
thickness described in Section 3.3.2 come into play and increase the 
dependence between the upper and lower layers. 

Thus, determining the transmissivity of a double-layer mesh screen 
by combining the transmissivity rate of the individual layers may be 
unreliable if the error threshold is less than 1 % or the angle of incidence 
is significantly different from 0◦. At lower error thresholds, indepen-
dence between the double-stacked layers can be assumed as long as the 
uncertainty of the transmissivity of each layer is at least 1 % below the 
error threshold. Otherwise, it is recommended to measure the trans-
missivity of the double-stacked mesh screen directly. 

3.3.6. Dependence on the layer arrangement in double-layer mesh screens 
The difference between the transmissivity of the S-50–70 and S- 

70–50 configurations under all conditions is given in Table 19 to 
determine if there is a significant dependence of the transmissivity of 
these configurations. 

All differences, except for the S-50–70 0◦ p-Si and S-70–50 0◦ p-Si 
cases, were statistically significant, and since a significant difference 
occurred in the case using m-Si PV module and m-Si reference cell, there 
is evidence that a dependence on layer arrangement is detectable in total 
transmissivity, albeit below the 1 % target. Such differences have a cause 
similar to those shown in Table 18. The overlay patterns can create a 
dependence between the upper and lower layers that can vary 
depending on how the upper layer is arranged with respect to the lower 
layer, and thus can change when the order of the layers is reversed. For 
angles of incidence other than 0◦, the effects of mesh thickness described 
in Section 3.3.2 come into play, increasing the dependence between the 
two layers. 

Thus, the S-50–70 and S-70–50 mesh screens may have different 
overlay patterns when installed in the experimental setup and thus have 
significantly different transmissivity. However, since the differences 
reported in Table 19 are less than 0.2 % for the measurements at 0◦, it 
can be assumed that the transmissivity is independent of the arrange-
ment of the layers as long as the uncertainty in the transmissivity of a 
given double-layer mesh screen is at least 0.4 % smaller (to account for 
the CI of the largest difference) than the error threshold. 

4. Conclusions 

The proposed measurement method was efficient in accurately 
measuring the transmissivity of mesh screens with optimal sample size, 
reaching the error threshold of 1 % in 5 to 7 measurements in all cases. 
The significant differences between the measured and nominal trans-
missivity of commercial mesh screens indicate that the nominal values 

should not be used directly for measurements in full or partial shading of 
PV modules. The actual transmissivity must be properly measured to 
achieve the desired irradiance conditions on the PV module. 

The mismatch between the PV module and the reference cell resulted 
in detectable errors on the order of 0.5 %. The dependence between 
upper and lower mesh layers resulted in an error of about 1 %, and the 
layer arrangement in double-layer mesh screens showed significant 
systematic effects of the order of 0.3 %. How to handle such effects 
depends on the desired accuracy of transmissivity measurements. For 
error thresholds above 2 %, such factors can be neglected by measuring 
transmissivity with lower uncertainty and using the remaining margin to 
compensate for the error caused by such neglect. For error thresholds 
near or below 1 %, such effects must be accounted for by measuring the 
transmissivity with matched PV modules and reference cells and by 
measuring all possible mesh screen configurations individually. 

The work presented in this article offers new insights to those con-
cerned with outdoor measurements of PV modules. The importance of I- 
V curve measurements with attenuated irradiance, the possibilities and 
limitations of using calibrated mesh screens as solar attenuators have 
been developed in detail and treated statistically. 
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Table 17 
Product of single mesh screens transmissivity.  

Setting 1 Setting 2 Product (%) SE (%) CI (%) TI (%) 

S-50 0◦ m-Si S-70 0◦ m-Si  34.36 1.795E- 
2 

8.265E- 
2  

0.4204 

S-50 0◦ p-Si S-70 0◦ p-Si  33.88 1.786E- 
2 

8.223E- 
2  

0.4183 

S-50 30◦ m-Si S-70 30◦ m-Si  32.61 1.627E- 
2 

7.490E- 
2  

0.3811 

S-50 30◦ p-Si S-70 30◦ p-Si  31.67 1.280E- 
2 

5.895E- 
2  

0.2999  

Table 18 
Transmissivity difference between the product of single mesh screens and dou-
ble mesh screens.  

Product Difference from 
measured S-50–70 
counterpart 

Difference from 
measured S-70–50 
counterpart 

Value (%) CI(%) Value (%) CI(%) 

S-50 0◦ m-Si × S-70 0◦ m-Si  0.81  0.1125  1.00  0.0857 
S-50 0◦ p-Si × S-70 0◦ p-Si  0.61  0.1292  0.48  0.0763 
S-50 30◦ m-Si × S-70 30◦ m-Si  0.25  0.1769  − 0.12  0.1017 
S-50 30◦ p-Si × S-70 30◦ p-Si  0.81  0.1834  0.42  0.1834  

Table 19 
Difference of transmissivity between S-50–70 and S-70–50 mesh screens (ci =
99 %).  

Setting 1 Setting 2 Difference (%) CI (%) 

S-50–70 0◦ m-Si S-70–50 0◦ m-Si  0.19  0.1165 
S-50–70 0◦ p-Si S-70–50 0◦ p-Si  − 0.13  0.1307 
S-50–70 30◦ m-Si S-70–50 30◦ m-Si  − 0.37  0.1797 
S-50–70 30◦ p-Si S-70–50 30◦ p-Si  − 0.39  0.1829  
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