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Simulation of Bifacial and Monofacial Silicon Solar
Cell Short-Circuit Current Density Under Measured

Spectro-Angular Solar Irradiance
Shweta Pal , Angèle Reinders , and Rebecca Saive

Abstract—In this article, we simulated the performance of bifa-
cial and monofacial silicon heterojunction solar cells under mea-
sured spectro-angular solar irradiance. We developed a new set-
up and procedure to measure spectro-angular irradiance over a
wide range of orientations. Measurements were executed in En-
schede, the Netherlands (52◦23

′
N, 6◦85

′
E). Using this measured

multi-dimensional input irradiance along with SunSolve simulated
external quantum efficiency for various cells, we determined the
short-circuit current density of bifacial and monofacial silicon het-
erojunction solar cells. We conclude that monofacial cells perform
marginally better than bifacial cells for front-side illumination (up
to 3.0% more for direct sun) and bifacial cells perform significantly
better than monofacial cells (higher output ranging from 20.1% to
68.1%), under diffuse irradiance. We compared our results with
a well-monitored roof-top solar module set-up and found good
agreement for clear sky days (accuracy 1.1%–8.5%).

Index Terms—Bifacial cells, diffuse irradiance, PV performance,
silicon solar cells, solar spectra, spectral and angular irradiance,
spectro-angular irradiance.

I. INTRODUCTION

THE output of a silicon solar cell, amongst other factors,
depends on the following:

1) the spectral irradiance [1], [2];
2) the angle of incidence [3];
3) the temperature of the cell [4]; and
4) the solar cell’s device design.
In several technologies, the output is particularly dependent

on the spectral and angular irradiance.
1) Two-terminal tandem and multi-junction silicon solar cells

are sensitive to changes in the spectrum due to current
matching constraints [5], [6], which get enhanced for light
that is not incident under normal angle.
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2) Bifacial solar cells accept light from the front and rear side
and, hence, capture a higher portion of diffuse irradiance
and ground reflected irradiance (albedo), thus increasing
output [7]. This has motivated research in various direc-
tions for bifacial cells, ranging from mismatch loss esti-
mation [8], single-axis tracking [9], [10], modeling [11] to
field studies [12]. Furthermore, it has been shown that the
spectral dependence of albedo also strongly influences the
output [13]–[15]. Properly accounting for all these effects
requires knowledge on the spectral and angular irradiance.

3) Various emerging light management strategies also impart
angular dependences [16]–[21], thus, emphasizing on the
need to take into account the spectral and angular profile
of the incoming irradiance to calculate PV performance.

Traditionally, the AM 1.5 spectrum [22] is used as the stan-
dard incoming irradiance, neglecting that in reality, irradiance
depends on location [23], time of the day [24] and year [25],
local climate [26] and weather [27], cloud coverage [28], and
surroundings [29]. The actual incident irradiance consists of
direct beam irradiance and diffuse irradiance. Diffuse irradi-
ance results from scattering on atmospheric molecules, clouds,
and small particles. In countries with cloudy climates, diffuse
irradiance caused by clouds contributes significantly to the inci-
dent irradiance energy. In the Netherlands, for instance, diffuse
irradiation amounted to around 55% for the year 2017 [30].

Irradiance monitoring devices like pyranometers and pyrhe-
liometers and various other sophisticated irradiance modeling
strategies [31]–[37] provide a highly reliable method to analyze
PV performance. But these methods do not give information
on the spectral and angular composition of the incoming ir-
radiance. Ignoring the spectral and angular distribution of the
solar irradiance can lead up to an error of 15% in the simulated
PV power for a monocrystalline silicon module [38]. Even
sophisticated computational simulations developed to account
for as many parameters as possible, still stress on the requirement
of more local and reliable input irradiance [39], [40], in order
to determine PV performance more accurately, among which is
the short-circuit current density.

The time and location-dependent solar irradiance in combi-
nation with the spectrum and angle-dependent performance of
solar cells establishes the need to have an angle-resolved spec-
tral irradiance map, henceforth referred to as spectro-angular
irradiance. In 2016, one of first efforts in modeling the spectral
and angular irradiance was presented by Ernst et al. [41]. Yet,
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an extensive experimental validation is missing. Therefore, in
this article, we explore a method to measure the spectro-angular
irradiance for various sky conditions throughout the year and
quantify its effect on different solar cell configurations. All the
experiments described in this work were carried out in Enschede,
the Netherlands (52◦23′ N, 6◦85′ E).

The structure of the article is as follows: Section II elaborates
on the seasonal solar spectrum variation. Section III elaborates
on the experimental set-up and procedure and comments on
the sky conditions of the experiments. Section IV presents the
computational simulation of external quantum efficiency (EQE)
and the method of short-circuit current density calculation used.
Subsequently, the results obtained are summarized in Section V
and the article is completed by a discussion and conclusion in
Section VI.

II. SEASONAL SOLAR SPECTRUM VARIATION

To get an overview of the solar resource available across a
year, we look at the seasonal variation in the spectral irradiance
recorded for the year 2014. The spectral measurements were
performed using a south facing spectroradiometer tilted at 30◦

with respect to the zenith. The spectroradiometer is an EKO
MS 700, with spectral range of 350–1050 nm and accuracy
of ±10.89% for 350–450 nm, ±4.13% for 450–900 nm, and
±4.06% for 900–1050 nm. This set-up is located at the PV
test bench at the University of Twente, Enschede, the Nether-
lands [42]. To visualize the large changes in irradiance spectra
throughout the year, we choose to plot the spectrum for solar
noon of a given month for the day with maximum irradiance at
solar noon [see Fig. 1(a)] and minimum irradiance at solar noon
[see Fig. 1(b)]. The day with maximum irradiance for a given
month was determined by selecting the spectrum with the highest
peak value. Similarly, the day with the lowest total irradiance
was determined by selecting the spectrum with the lowest peak
value. We see that the spectral content changes significantly
over the course of a year. As we go from winter (January) to
summer (June), the irradiance increases gradually. Similarly,
as we move from summer (June) to winter (December), the
irradiance gradually decreases. The largest changes are seen for
the lower wavelengths. Also, the peak values for days with the
highest irradiance [see Fig. 1(a)] is about ten times greater than
the peak value for days with the lowest irradiance [see Fig. 1(b)].
As the incoming radiation varies throughout the year, these
variations must be taken into account for solar power output
calculations. An analysis of this test bench data expanding on
the results reported here can be found in [42] and [43]. While
these continuous spectral measurements are a crucial step to the
better understanding of irradiance changes and their influence
on PV output, as we describe in the introduction, we still need
to take into account the angle resolved irradiance instead of a
constant tilt angle capturing one specific hemisphere.

III. SPECTRO-ANGULAR IRRADIANCE MEASUREMENTS

We designed and developed a set-up and procedure to measure
spectro-angular solar irradiance [30], [44]. Here, we present a

Fig. 1. Maxima of spectra measured in each month of the year 2014 for
Enschede, the Netherlands. (a) For a day with maximum total irradiation. (b)
For a day with minimum total irradiation.

thorough analysis of this spectro-angular irradiance recorded
in Enschede, the Netherlands (52◦23′ N, 6◦85′ E). The data
were recorded for various times of the day and year, and sky
conditions as detailed in Table I. The set-up, data acquisition,
and measurements are described in the following sections.

A. Spectro-Angular Irradiance Measurement Set-Up

The spectro-angular irradiance measurement set-up [see
Fig. 2(a)] consists of a fiber-coupled spectrometer supported by
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Fig. 2 (a) Photograph of the spectro-angular irradiance measurement setup. (b) Schematic demonstrating the angle definition.

TABLE I
DATE AND TIME OF THE MEASUREMENTS

a tripod and 1 inch rotation mount. The spectrometer used was
an Avantes CMOS device, with a bandwidth of 200 to 1100 nm,
and accuracy of ±5%. The rotation mount and the tripod allow
the fiber to rotate along the zenith and azimuth angle axis,
respectively, thus enabling the fiber to point in any direction.
For controlling the viewing angle, we used an aperture with a
cosine corrector attached to the fiber. For the work presented
here, the viewing angle was fixed to be 23°. With a viewing
angle of 23° and the need to keep the experiment duration
small, the step size was decided to 30°. But often, test modules
or irradiance sensors are positioned at 45° from the zenith. To
ensure that we can cross-check our approach with such sensors,
the step size decided was 30° and 45°, leading to 17 different
measurement points in one series to cover a plane. Due to this
reason, the measurement series may take 30 to 90 minutes, the
cloud coverage may vary drastically within the course of the
experiment. To monitor and quantify these changes, we used
a photodiode which was set horizontally, facing the zenith, i.e.,
the sky. The viewing angle of the photodiode was approximately
140°.

B. Measurement Procedure

Three sets of measurements were performed as follows:
1) direct sun (DS);
2) north-south plane (NS); and
3) east-west plane (EW).
Throughout the entire report, we use spherical co-ordinates

defined by (radius, zenith angle, azimuth angle)= (r, θ, φ), with
the radius (r) is set to unity. This is to maintain consistency with
popular irradiance models [31]–[37], and measuring instruments
[45]. This definition of angular orientation differs from the stan-
dard polar coordinates. The NS plane is defined as φ = 0◦ , or
φ = 180◦ , and 0◦ ≤ θ ≤ 360◦, where (θ, φ)values for north and
south are (90◦, 0◦) and (270◦, 180◦), respectively [see Fig. 2(b)].
Similarly, the EW plane is defined as φ = 90◦ , or φ = 270◦ ,
and 0◦ ≤ θ ≤ 360◦, where (θ, φ) values for east and west are
(90◦, 90◦) and (270◦, 270◦), respectively. The NS and EW plane
measurements were performed by aligning the fiber accordingly
using a compass and recording data at angular steps of 30◦ or
15◦ (to account for 45◦) along the θ-axis. The measurement
began from zenith, i.e., 0◦ and ended at zenith again, i.e., 360◦.
The direct sun spectrum was recorded by pointing the fiber
tip of the detector towards the sun and adjusting it further for
maximum signal. Simultaneous to the DS, NS, and EW spectral
measurements, the photodiode current was recorded.

C. Spectro-Angular Irradiance Data

The measurements were performed for two different times of
the year, i.e., summer (July 21, 2019 and July 23, 2019) and
spring (March 21, 2020 and March 25, 2020). We begin by
analyzing the spectral measurements for some specific angles,
namely,
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Fig. 3. Spectral plots for (a) direct sun, (b) 30◦ tilted South facing [ (θ, φ) = (330◦, 270◦) ], (c) zenith for NS plane [ (θ, φ) = (0◦, 0◦) ], (d) albedo for NS plane
[ (θ, φ) = (0◦, 180◦) ]. For the direct sun [see Fig. 3(a)], the measurements for all days follow the same trend as AM 1.5 direct spectrum (red), except July 21,
2019 as heavy cloud coverage blocked the sun. In Fig. 3(b), for the spectral output for a 30◦ tilted south facing sensor, we see the noon-time has a higher output
than other times of the day. Particularly, it is highest for summer noon (July 21, 2019 and July 23, 2019). In the case of the zenith angle [see Fig. 3(c)], we notice
that July 21, 2019 has the highest output as the heavy cloudy diffuses incident irradiance in zenith direction. In Fig. 3(d), we see the spectral albedo plots (NS
plane) showing a small bump around 550 nm indicating the presence of green grass.

1) direct sun;
2) 30◦ tilted South facing [ (θ, φ) = (330◦, 270◦) ];
3) zenith for NS plane [ (θ, φ) = (0◦, 0◦) ]; and
4) albedo for NS plane [ (θ, φ) = (0◦, 180◦) ].
Since the EQE of silicon heterojunction cells start to vanish

beyond 1100 nm (also discussed in Section IV-B), this work
focuses on the wavelength range 300–1100 nm. Therefore, all
the measurement equipment used (photodiode for normaliza-
tion and CMOS spectrometer for spectral measurements) were
silicon-based.

Fig. 3(a) displays the spectral plots for direct sun. The mea-
surements for all days follow the similar curve as AM 1.5 direct
spectrum (red), except July 21, 2019 Noon. This was due to
heavy cloudy coverage blocking the sun. Fig. 3(b) shows the
spectral output for a 30° tilted south facing sensor. We see that
the noon-time has a higher output than other times of the day, and
the signal is highest for summer noon (July 21, 2019 Noon and
July 23, 2019 Noon), as expected. Moreover, the detectors used
for Fig. 1(a) and (b) and Fig. 3(b) have the same orientation,
yet they have different curves. This is due to the difference
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Fig. 4. Current of a horizontally positioned photodiode (I inμA) versus all the
zenith angles of the fiber under noon sky for all the mentioned days. This plot
indicates the variation of cloud coverage over time. Changing cloud coverage
results in fluctuating current versus angle plots and this variation is used to
normalize the spectro-angular irradiance measurements.

in the viewing angle of the detectors. The spectroradiometer
(used for Fig. 1(a) and Fig. 1(b)) has a 180◦ viewing angle,
which enables the detector to capture all the irradiance coming
from the entire upper hemisphere, including the direct sun. And
as mentioned earlier, the fiber-coupled spectrometer has a 23◦

viewing angle. This leads to the exclusion of direct sun irradiance
in the cases when the sun’s location is not within the fiber’s
viewing angle. In the case of the zenith angle [see Fig. 3(c)],
we notice that July 21, 2019 Noon has the highest output as the
heavy cloud coverage diffuses incoming irradiance in the zenith
direction. This is in agreement with the conclusion that for a
cloudy day, fixed horizontal orientation is the best configuration
[46]. Finally, Fig. 3(d) shows the spectral plots for the ground,
i.e., albedo, for NS plane. The curves have a small bump around
550 nm indicating the presence of green grass. The curves for
summer noon (July 21, 2019 Noon and July 23, 2019 Noon) are
different as compared to the rest of the sky conditions.

D. Irradiance Measurements

In this section, we evaluate the changes in cloud coverage
during our measurements for the mentioned days. Fig. 4 shows
a polar plot of the photodiode current (I in μA) versus zenith
angle of the fiber for noon sky for all the mentioned days. This
figure shows the variation of cloud coverage over the course of
the spectro-angular measurements. For all polar plots presented
in this article, the north and south are represented by 90◦ and
270◦ on the NS plane respectively, and the east and west are
represented by 90◦ and 270◦ on the EW plane respectively. The
current changes by a small percentage for clear sky days (e.g.,
3.4% for July 21, 2019NS about the average). For the cloudy
days, we see fluctuating current output indicating fluctuating
cloud coverage. We use this variation in current to normalize the
irradiance curves for all the spectro-angular measurements, i.e.,

all the measurements are referenced to the photodiode current
for the direct sun. Through this procedure, we remove the effect
of varying cloud coverage while recording data for one specific
set of measurements.

IV. COMPUTATIONAL SIMULATION AND CALCULATIONS

In this section, we describe the computational simulations and
calculations performed to model EQE for monofacial (Mo) and
bifacial (Bi) silicon heterojunction solar cells.

A. Computational Simulations for EQE

We used SunSolve by PV Lighthouse [47], which runs ray
tracing and transfer matrix-based Monte-Carlo simulations to
calculate EQE. The software takes the geometry and complex
refractive index data for every material as input and calculates
reflection, transmission, and absorption of every layer. The EQE
is assumed to be equivalent to the absorption within the active
layer, i.e., the internal quantum efficiency is assumed to be one,
which is a valid assumption for silicon heterojunction solar cells
[48]. The EQE was simulated for 10 angles equally spaced
between 0° to 89° and interpolated for any other angles in
between. The EQE was set to zero for the edges of the cell
(90° and 270°). The cells used in this article have the same
architecture and materials as the cells used in [49]. For both
types of cells, the active absorber layer consists of 180 μm thick
crystalline Si [50] with top and bottom surface being textured
with 5μm high random upright pyramids. The top and bottom of
the active absorber are passivated by 5 nm amorphous intrinsic
Si [48]. Selective contacts of 5 nm of amorphous n-Si [48] on the
top and 5 nm amorphous p-Si [48] on the bottom are assumed
with 70 nm of indium tin oxide [51] on each of them. The final
bottom layer for a monofacial cell is a 300 nm thick Ag [52].
The cells are encapsulated in 450 μm thick EVA [53] followed
by 3.2 mm of glass [54] and finally 110 nm thick ARC [55].

Fig. 5(a) shows EQE plots for a bifacial cell for various angles
starting from 0° to 180°. The EQE decreases as the angle is
changed from 0° to 90° and increases in a similar fashion again
between 90° and 180°. The difference in EQE of symmetric
angles of the top and bottom surface resulted from the difference
in parasitic absorption of p-Si on top and n-Si on the bottom.
In the case of a monofacial cell, EQE for angles from 270° to
90° (front surface) is similar to that of a bifacial cell, except
for the infrared region. In Fig. 5(b), a comparison between a
monofacial and a bifacial cell is shown for 0°, 45°, and 90°. A
monofacial cell has better performance in the infrared region
because the silver rear reflector redirects infrared light back into
the cell, thereby increasing the optical path length. Due to the
silver mirror, absorption on the rear surface is not possible and
we set the EQE for all the angles ranging from 90° to 270° to
zero.

B. Short-Circuit Current Density Calculations

In order to examine the output of bifacial and monofacial
cells for various tilt settings, a normal to the cell surface was
defined and its orientation is given in Table II. Because of
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Fig. 5. EQE plots for various angles of (a) a bifacial cell and (b) a bifacial and
a monofacial cells. For a bifacial cell, EQE for top and bottom hemisphere not
identical due to n and p layer, respectively. For a monofacial cell, EQE in the
infra-red region is higher than bifacial cell due to Ag rear reflector.

this varying tilt and the difference in the sun’s position for
various sky conditions, the angle (ψ) between the cell and the
incoming radiation changes. Short-circuit current density (Jθ,φ)
for a particular zenith (θ) and azimuth (φ) angle for a solar cell
is calculated using the following equation:

Jθ,φ = q

1100∫
300

F (λ, θ, φ) · cos (ψ) · EQE (λ, ψ) dλ (1)

where F is the flux, ψ is the angle between the cell normal and
the incoming radiation, and λ is the wavelength. The numerical
integration was done using the trapezoidal rule.

The flux is obtained by converting the units of irradiance
measurements in the experiment (see Section III) and the EQE

TABLE II
ORIENTATION OF THE NORMAL OF THE MODULE FOR

VARIOUS CONFIGURATIONS

is obtained by computational simulations (see Section IV). For
convenience, the short-circuit current density will be referred to
as “output” or simply “current density.”.

The current density for each angle, for direct and diffuse
irradiance, is calculated using the above equation. But in the
case of diffuse irradiance, to calculate the total current density
incident from all the angles and over all the wavelengths, first,
we calculate the current density by each plane, i.e., JNS and
JEW for the respective NS and EW planes, separately using the
following equation:

Jplane =

330◦∑
θ=0◦

Jplane,θ∗ρ (2)

where ρ is the angle fraction and given as follows:

ρ =
angular step size

viewing angle
(3)

where the viewing angle is 23◦ and the step size either 15° or
30°. Concretely, the measured angles were 0°, 30°, 45°, 60°,
90°, 120°, 135°, 150°, 180°, 210°, 225°, 240°, 270°, 300°, 315°,
330°, 360°.

The total short-circuit current density (JTotal) is given as the
average of JNS and JEW as follows:

JTotal =
JNS + JEW

2
. (4)

We then compute bifacial gain (BG) in terms of short-circuit
current density for direct and diffuse irradiance, as given by the
following equation:

BG =
JBi − JMono

JBi
∗ 100. (5)

The above-mentioned diffuse irradiance calculations are done
and analyzed separately for total diffuse irradiance, diffuse
irradiance from the upper hemisphere (from 270◦ to 90◦) and
from the lower hemisphere (from 90◦ to 270◦).

Generally, the performance of solar modules is described by
calculating or measuring power conversion efficiencies, which
require the knowledge of open-circuit voltage (VOC) and fill fac-
tor (FF). Both quantities are dependent on module temperature
[56], which requires knowledge of ambient temperature, wind
speed, and heat dissipation of the components of the module
[57]. These parameters were unavailable to us. Hence, in the
work presented here, the performance of the module is discussed
only in terms of short-circuit current density.
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Fig. 6. Maximum current density (EQE = 1 and cosine = 1 with respect to
polar angle, for certain cases for July 23, 2019. Output with the DS influence
is shown with dotted lines and output after eliminating DS, i.e., only diffuse
irradiance, is shown with solid line. Inset: Zoomed out polar plot of maximum
current density for all the sky conditions.

V. RESULTS

In summary, we calculated the short-circuit current density
for monofacial and bifacial heterojunction silicon cells, by
combining the measured multidimensional input irradiance (see
Section III) with computationally simulated EQE (see Section
IV) according to (1). For the input irradiance, the direct and dif-
fused component was separated first. Then the calculations were
performed for various sky conditions (as mentioned previously)
and various cell tilt and orientation (detailed in Table II). These
cell configurations are denoted as follows:

1) horizontal cell (Horizontal);
2) cell tilted at 45◦ with respect to zenith facing south (45◦

South); and
3) vertical cell facing north-south (Vertical NS), d) vertical

cell facing east-west (Vertical EW).
In the following sections, we discuss some results obtained

for direct and diffuse irradiance.

A. Separation of Direct and Diffuse Irradiance Component

Fig. 6 displays a polar plot of the maximum short-circuit
current density (in mA/cm2) possible for certain cases for July
23, 2019. This equivalent maximum current density is calculated
by setting EQE to 1 (indicating perfect absorption and perfect
internal quantum efficiency across the whole spectrum) and the
cosine term to be 1 (indicating normal incidence) in (1). For
angles closer to the sun’s location, the direct sun was within the
chosen aperture and therefore, falsified the measured irradiance,
as seen by dotted lines in the figure. To correct for this, we take
out the measurements for these angles and linearly interpolate.
The results of this interpolation for certain sky conditions for
July 23, 2019 can be seen with solid curves in the same figure.

B. Polar Plot of Current Density Under Diffuse Irradiance

Fig. 7(a)–(h) shows polar plots of the current density for
various cell configurations with only diffuse irradiance for noon

sky of July 21, 2019 (cloudy sky), and July 23, 2019 (clear
sky), including maximum possible output (yellow curve). The
maximum possible current density assumes perfect EQE and
normal irradiance for (1), which is also shown in Fig. 5. For each
sky condition, a polar plot for a bifacial and a monofacial cell
for NS and EW plane is shown. The current density (J) is plotted
along the radial axis and has an uncertainty of±5.2%. Below the
legend, a schematic representation of the cell orientation is given
with the orange arrow representing the normal of the cell. For
the maximum output curve (yellow), we see that the contribution
from the bottom hemisphere is higher for the clear sky day, and
for cloudy sky, the contribution from the upper hemisphere is
higher.

The output for a horizontal cell (black curve) becomes zero
at 90◦ and 270◦ as the EQE and the cosine becomes zero at
these angles in all the figures. For the 45◦ south-facing cell (blue
curve), the output becomes zero at 45◦ and 225◦ for NS [see
Fig. 7(a), (c), (e), and (g)] and 90◦ and 270◦ for EW [see Fig. 7(b),
(d), (f), and (h)] because the 45◦ NS and 225◦ NS are the 90◦ and
270◦ for such a tilted cell. In the case of vertical NS (red curve)
and vertical EW (green curve) configuration [see Fig. 7(a)–(d),
the 0° and 180° become the points where EQE and cosine terms
become zero, hence, contributing to zero current density. Again,
in Fig. 7(a), (c), (e), and (g), for vertical EW(green curve), the
contribution of the irradiance coming from NS plane is zero as
these light rays are parallel to the cell. Similarly, the contribution
of irradiance from the EW plane to the output of vertical NS (red
curve) cell is zero as the light coming from this plane travels
parallel to the cell (see Fig. 7(b), (d), (f) and (h)].

On comparing the output of a bifacial cell to that of a mono-
facial cell, it can be seen that for any orientation, the front face
of monofacial cell produces marginally higher output than its
bifacial counterpart due to higher EQE in the infrared region,
see also Fig. 5. A monofacial cell shows similar behavior as
a bifacial cell only for one half of the circle, as only the front
face is active. Due to the higher acceptance angle, a bifacial
cell can accept light from almost all angles, hence accepts
more diffuse irradiance and albedo. The measurements were
performed on grass, the effect would be even more pronounced
for a higher albedo [13]–[15]. On the other hand, if the cells
were mounted on a low albedo material such as dark concrete,
the benefit of a bifacial cell would only result from improved
performance during cloudy days. We would like to note that in
a large power plant with several modules next to each other,
self-shading would also become relevant and our measurements
and calculations would have to be adjusted accordingly. Another
interesting case is a bifacial cell in vertical EW configuration
(green curve) which is one of the best settings for morning and
afternoon sky, since it has better performance for the east and
west direction, as shown by the two lobes in Fig. 7(b) and (f).
Thus, for a cloudy sky setting and/or high albedo surrounding,
bifacial cell clearly becomes a better-suited candidate. Also,
during the sunrise and sunset hours, the power consumption
increases [58], and thus, an increase in power production during
these hours can help bridge the gap between consumption and
production.
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Fig. 7 (a)–(h) Polar plot of current densities for bifacial and monofacial cells under noon sky for July 23, 2019 (cloudy sky) and July 21, 2019 (clear sky) condition
(diffuse) for all configurations. (a), (c), (e), and (g) correspond to calculations done with radiation measured in the NS plane and (b), (d), (f), and (h) correspond
to calculations done with radiation measured in the EW plane. The yellow curve shows the maximum possible output, i.e., EQE = 1 and cosine = 1 in (1). In the
case of July 23, 2019 (clear sky), we notice that the contribution of the bottom hemisphere is more than the upper hemisphere, and for July 21, 2019 (cloudy sky),
the upper hemisphere contributes the most. We see that a monofacial cell produces a similar curve to that of a bifacial cell but only for one half, i.e., the active side.
For vertical EW configuration (green curve) (a), (c), (e), (g), the contribution by NS plane is zero, and vice versa is true for vertical NS configuration (red curve)
[in 7(b), (d), (f), (h)]. Here, we get a detailed account of angle-resolved current density for a given cell in various configurations.

C. Total Current Density (JTotal)

To obtain an overall picture of the performance of bifacial
and monofacial solar cells under various illumination conditions
and cell configurations, a comparison of their total outputs,
i.e., total current density (JTotal), is required. This total current
density output is calculated by using (1) and (4) and the results
are graphically presented in Fig. 8(a)–(c). Fig. 8(a) shows the
results for direct irradiance and Fig. 8(b) and (d) for total diffuse
irradiance (entire 360◦), upper diffuse irradiance (from 270◦

to 90◦), and the lower diffuse irradiance (from 90° to 270°),
respectively.

The bars show the maximum possible output [i.e., cosine is
1 and EQE is 1 for (1)] of each day for the direct irradiance
[see Fig. 8(a)], total diffuse irradiance [see Fig. 8(b)], diffuse
irradiance on the upper hemisphere [see Fig. 8(c)] and the
lower hemisphere [see Fig. 8(d)]. The white and red markers
indicate the output of bifacial and monofacial cells, respectively.
Different orientations of the cells are shown by different shapes
of markers.

The maximum output (bars) for the direct sun [see Fig. 8(a)]
is the highest for clear noon skies, except for the noon of March
21, 2020. This is due to the fact that there was considerable
cloud coverage, as indicated by Fig. 4. As expected, the max-
imum output for the direct sun is lowest for cloudy (July 21,
2019) noon sky. Also, the total diffuse maximum output [in
Fig. 8(b)] for July 21, 2019 noon and March 21, 2020 noon sky is

considerably higher than other days due to cloudy sky. As the
cloud coverage increases, the diffused fraction increases and the
direct irradiance decreases.

To compare the performance of bifacial and monofacial cells,
we first look at their output for each type of irradiance. In the
case of direct irradiance beam only [see Fig. 8(a)], a bifacial
cell practically behaves like a monofacial cell as the irradiance
falls on only one face at a time. We notice that because of the
higher infrared EQE, a monofacial cell has a higher output than
a bifacial cell for every case, except for vertical EW configu-
ration under clear noon sky for which both cells have almost
no output. For noon sky and afternoon sky, the total current
density by a monofacial cell in vertical EW setting is zero,
due to the direct sunbeam being at the back (non-active) side
of the monofacial cell (refer to sun’s position in Table I). In
crux, the best output for morning and afternoon sky is seen with
vertical EW configuration with a monofacial and a bifacial cell,
respectively—however, only if the active side of the monofacial
cell is facing east, as it was the case here. For noon sky, 45°
south configuration is optimum, as the difference between the
normal of the cell and the sun is the least.

Fig. 8(b)–(d) shows a comparison of performance under dif-
fuse irradiance. For the full hemisphere diffuse irradiance [see
Fig. 8(b)], a bifacial cell performs better in any configuration
for any sky condition, with horizontal orientation being the
best, followed by 45◦ south configuration. To have a better
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Fig. 8. Total current densities for bifacial and monofacial modules for all investigated sky conditions and configurations under (a) direct irradiance, (b) total
diffuse irradiance, (c) upper diffuse irradiance, and (d) lower diffuse irradiance. Monofacial cells give zero output for direct sun when the sun is on the non-active
side, as expected. For direct sun and upper diffuse radiation, a monofacial cell performs better. But for lower diffuse irradiance, a bifacial cell has far superior
performance, which consequently leads to a higher total diffuse irradiance output.

understanding of output contribution coming from various di-
rections, we look into the output due to diffuse irradiance
coming from the upper hemisphere (majorly owing to clouds
and atmosphere) and the lower hemisphere (majorly albedo).
Fig. 8(c) shows a comparison of diffuse irradiance from the up-
per hemisphere. Again, for the upper hemisphere, a monofacial
cell produces more because it has a higher EQE in the infra-red
region for the side which faces the upper hemisphere. For the
lower hemisphere (light gray bar), the output of a monofacial

cell for horizontal configuration is zero as expected due to the
non-active side. Also, a bifacial cell performs significantly better
than a monofacial cell as it is capable of absorbing the irradiance
from the bottom. The contribution by the lower hemisphere, i.e.,
albedo, is so significant that the output under the total diffuse
irradiance by a bifacial cell becomes higher than a monofacial
cell. In a nutshell, due to better EQE for the infrared region, a
monofacial cell has a marginally higher output than a bifacial
cell, when only one face of a bifacial is active, e.g., under direct
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Fig. 9. Bifacial short-circuit current density gain calculated using (5) for various sky conditions and configurations for direct, total (diffuse), upper (diffuse), and
lower (diffuse) irradiance. Each module has a horizontal histogram depicting the gain by each configuration and condition. Red bars indicate that a monofacial cell
produces more current than a bifacial one, and green indicates higher current generation by bifacial modules. Due to better EQE in the infrared region, a monofacial
module performs better mainly in the cases of direct sun (when sun is on the active side) and upper (diffuse) illumination. Bifacial modules perform better in every
other case because of a higher acceptance angle, thus capturing more light.

sun and diffuse irradiance from the upper hemisphere. But when
the whole viewing angle of a bifacial cell and the contribution of
albedo is considered, the output of a bifacial cell surpasses that
of a monofacial cell significantly. This can be clearly seen for
the cases of diffuse irradiance from the lower hemisphere and
ultimately, the total diffuse irradiance. Thus, when the albedo is
further improved, it can lead to even higher power generation by
a bifacial cell. Another advantage that a bifacial cell offers is the
freedom to choose the best configuration. A bifacial cell, in all
cases, gives nearly an output as high as that of a monofacial cell.
But in certain special cases, like vertical EW configuration, it
produces significantly higher output, as it can absorb irradiance
during the morning and the evening from either of the faces.

D. Bifacial Short-Circuit Current Density Gain

Fig. 9 shows bifacial short-circuit current density gain calcu-
lated using (5), for various sky conditions and configurations for
direct, total (diffuse), upper (diffuse), lower (diffuse). Each cell
has a horizontal bar depicting the gain by that particular cell con-
figuration and sky condition. Red bars indicate that a monofacial
cell produces more output than a bifacial cell, up to 3.0% for
direct sun and up to 5.9% for upper (diffuse) illumination. Due
to better EQE in the infrared region, a monofacial cell performs
better mainly in the cases of direct sun (when the sun is on the
active side) and upper (diffuse) illumination. Green bars indicate
higher output generation by bifacial cell, ranging from 20.1%
to 68.1% for total (diffuse) irradiance. The gain can be as high
as 100% for horizontally oriented cell, if only lower (diffuse)
hemisphere illumination is considered. A bifacial cell performs
better for every other case because of higher acceptance angles,
thus capturing more incident irradiance.

E. Validation of the Computational Method

To test our calculations involving spectro-angular irradiance,
we computed current densities for a realistic outdoor solar
module under various sky conditions and compared our results
to the output of a test bench solar module. The module under
observation was a south-facing monofacial multicrystalline sili-
con solar panel (Canadian Solar CS6P-245P), tilted at 30◦ from
the zenith. The module is located at the PV test bench at the
University of Twente, Enschede, the Netherlands with a 400 m
distance to where the spectro-angular measurements were taken.
The set-up logs a current value (in Amperes) every minute.

For a given sky condition, we selected module current values
corresponding to exact instances of each angular measurement
and then converted them into current density (mA/cm2). These
values were then averaged.

For the calculations, we simulated EQE for the module and
combined it with the spectro-angular irradiance measurements to
obtain total current density, using (1)–(4). Since we were dealing
with an outdoor module, we wanted to ensure that we were
normalizing the flux (using photodiode current) with the exact
same sky condition that the module was exposed to. For this, we
ran the calculations for various iterations, where each iteration
corresponded to normalization with respect to the photodiode
current for one particular angle. This leads to 34 total current
density values as there were 34 angles in total (17 for NS and
EW plane, each). These 34 values were then averaged to obtain
a final calculated total current density for the module and the
standard deviation is reported as error bar in Fig. 10(a).

The results for the above-mentioned computation are shown
in Fig. 10(a). We notice that the measured and the calculated
output is the highest for the July 23, 2019 Noon, as expected. The
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Fig. 10. (a) Plot of averaged measured and calculated current density for the
module under various sky conditions. The calculated and the measured values
match well. We see higher-relative error for July 21, 2019 due to cloudy and
fluctuating sky condition and smaller relative error for 07/23/2019 due to clear
sky condition. (b) Polar plot of the relative current density (in %) for the module
under various diffuse sky conditions compared to the maximum possible current
density. We see zero current density generation at the non-active side of the
monofacial module. This can be improved by using a bifacial cell and optimizing
the tilt and height of the module, and albedo accordingly.

calculated and measured values for July 23, 2019 morning and
afternoon are similar because the sun’s position was symmetric
to solar noon (refer Table I). Overall, for July 23, 2019, the sky
was clear and stable (refer Fig. 4), hence, the standard deviation
is lower. For July 21, 2019 Noon, the measured and calculated
output is low as the sky was cloudy and fluctuating (refer Fig. 4).
As a consequence, the standard deviation for July 21, 2019 is
large (±62.9%) for module measurements. The standard devi-
ation for the calculated value is significantly smaller (±9.1%).
This is because, while collecting the spectro-angular data, the
signal was low, thus, leading to higher integration time (often
longer than a minute). This resulted in an overall time-averaged
spectral data for that given angle, consequently, reducing the

standard deviation of the final calculated value. To quantify the
agreement between the measurements and calculation, per cent
accuracy was defined as follows:

Per cent accuracy =

( |Xcalc −Xexp|
Xexp

)
∗ 100 (6)

where Xcalc is the calculated value, Xexp is the expected value,
i.e., measured value of the module (providedXexp �= 0), and the
modulus sign (| |) represents absolute value.

From the obtained values of percent accuracy, we can con-
clude that the current densities we calculated from our spectro-
angular irradiance measurements are in very good agreement
with measured test bench solar cell data for clear sky day (July
23, 2019), ranging from ±1.1% to ±8.5%. For cloudy sky (July
21, 2019), this value turns out to be ±16.8%, which can be
improved by making a few upgrades to the set-up described in
Section III-A. First, the set-up can be automated to reduced mea-
surement time so as to minimize cloud coverage variation within
the measurement window. This will enable one to gather irra-
diance data over long term, thus, improving reliability. Second,
the photodiode that is used for normalization can be replaced
with another calibrated spectrometer that constantly faces the
zenith to monitor the sky. This is because the photodiode does
not give information about the instantaneous spectral variation
due to fluctuating cloud coverage. A spectrometer will address
this issue.

In order to obtain angle-resolved information of the output
generation of the module, a polar plot of fractional calculated
current density under diffuse irradiance is shown in Fig. 10(b).
For a given angle, the fractional current density is the ratio of the
current density of the module to the maximum possible current
density (i.e., perfect EQE and normal incidence). This gives a
better idea of how much energy is unused or lost for a given
direction/angle. Again, we notice that the edges of the module
produce zero output at 60◦ and 240◦ for the NS plane (solid
lines), and at 0◦ and 180◦ (dotted lines) for the EW plane. The
irradiance on the non-active side of the module is completely un-
used. This can be improved by replacing the monofacial module
with a bifacial one. Moreover, optimizing the tilt angle and the
height of the module, and the albedo will further increase output.

We would like to note that the presented study did not consider
the mounting height and self-shading, rather, the presented data
can be fed into more complete algorithms, replacing simulated or
simplified irradiance by real, location-specific spectro-angular
irradiance data. Cell temperature was not considered either as it
cannot be derived directly from irradiance without knowledge
on ambient temperature, humidity, and wind speed.

VI. DISCUSSION AND CONCLUSION

We have presented a novel method to simulate the current
density output of solar cells using multi-dimensional (spectral
and angular) irradiance input. A 360◦ spectro-angular irradiance
map was measured for various times of day and year, and cloud
coverage. Using this measured irradiance and computationally
simulated angle-dependent EQE, short-circuit current density
of monofacial and bifacial silicon heterojunction PV cells was
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simulated. Through this approach, we obtained wavelength and
angle-dependent performance characteristics of both types of
solar cells punted in different configurations. We confirmed
that monofacial cells perform marginally better than bifacial
cells for front-side illumination due to increased infrared light
trapping. This improvement ranges up to 3.02% for direct sun
irradiance at a current density of 17.4 mA/cm2 and up to 5.9%
for upper (diffuse) irradiance at a current density of 0.6 mA/cm2

under a clear summer afternoon sky (July 23, 2019 after), for a
horizontally fixed module. We also confirmed previous studies
showing that bifacial cells perform significantly better (ranging
from 20.1% to 68.1%) when diffuse irradiance is incident. Using
this spectro-angular data, we also computed current density
for a solar module and compared it to the measured values
of an outdoor solar module set-up at a well-monitored PV
test bench. The computational results correspond well with
the clear sky measurements (percent accuracy ranging within
±1.1%–±8.5%), thus validating the method for stable clear
sky. This serves as motivation to extend this approach to obtain
detailed knowledge on power generation by solar modules even
with cloudy sky, if certain modifications are made. Namely,
automation for faster measurements account for instantaneous
cloud-coverage variations and for data collection over a long
term. Also, using spectrometer instead of a photodiode for flux
normalization could help to account for spectral changes due to
changing cloud coverage. Furthermore, if VOC and FF can be
calculated and combined with the JSC calculations mentioned
above, one can obtain more relevant quantities like power con-
version efficiencies.

In general, the incident irradiance can be a complicated func-
tion of angle and wavelength, and dependent on the specific time
and location, cloud coverage, and surroundings (mainly albedo),
which heavily influences the solar cell output. Moreover, intro-
duction of novel light management structures may also introduce
spectral and angular dependences. In principle, spectro-angular
irradiance measurements can allow for significantly improved
accuracy of modeling, prediction, and also customization of
solar cell plants. As prominent examples, investors are often
interested in maximum annual yield while utility companies
value electricity most during peak demand times—which im-
poses optimization constraints different from the first exam-
ple. Furthermore, assessing the added value of high-efficiency
multi-junction solar cells should carefully consider spectro-
angular irradiance for accurate economic decision making. Our
outlook on spectro-angular irradiance is that if such continuous
and long-term multi-dimensional irradiance measurements are
performed at sites which already monitor total irradiance, even-
tually it might become possible to extrapolate spectro-angular
irradiance from the knowledge of angle-independent data.
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