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Understanding and Benchmarking Ground Reflectors
for Bifacial Photovoltaic Yield Enhancement
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Abstract—Bifacial modules combined with optimally positioned
ground reflectors (albedo) can boost photovoltaic (PV) yield. Yet, a
rigorous understanding and benchmarking of the reflector perfor-
mance is missing, which leads to errors in power yield and economic
estimates, thus hampering PV market penetration. Here, we ad-
dress this impediment by establishing an experimentally validated
reverse ray tracing (RRT) approach, combined with empirically
derived parameters. First, we determine the spectro-angular re-
flection of a wide class of ground reflectors (diffuse, glossy, and
specular). These parameters were fed into our RRT software, that
simulated the PV yield, which was then experimentally validated
with a model PV system. The validated framework enables de-
termining an upper limit to PV yield enhancement and current
mismatch within modules exposed to different kinds of reflectors.
Our approach helps assessing already-existing natural and exotic
reflectors, and inspire novel reflectors for enhanced PV yield and
economic benefits.

Index Terms—Albedo, bifacial solar, optical modeling, reflectors,
reverse ray tracing.

I. INTRODUCTION

MARKET penetration of an energy source is primarily
driven by the levelized cost of electricity (LCOE), i.e.,

the ratio of the total cost incurred by a power plant to the total
energy generated over its lifetime. Photovoltaic (PV) solar pan-
els have become one of the most cost-effective ways to generate
energy sustainably and recent studies show that installing new
solar plants is already less expensive than operating existing
coal power plants [1]. Nonetheless, their LCOE needs to further
decrease for solar to become a clear favorite in most countries
and thereby accelerate the transition to a 100% renewable future.
To minimize the LCOE, the PV yield must be increased, while
keeping the costs low. A lucrative candidate to achieve this are
bifacial modules. These panels accept light from both faces,
i.e., the front and the rear, as opposed to their conventional
monofacial counterparts, thereby allowing for capturing dif-
fuse and ground reflected (albedo) light. Furthermore, bifacial
modules enable novel types of solar integration such as vertical

Manuscript received 20 July 2023; revised 8 September 2023; accepted 23
September 2023. This work was supported by the University of Twente Faculty
of Science and Technology Tenure Track Start-up Package. (Corresponding
author: Rebecca Saive.)

The authors are with the MESA+ Institute for Nanotechnology, University
of Twente, 7522 Enschede, The Netherlands (e-mail: s.s.pal@utwente.nl; f.h.
c.vanloenhout@student.utwente.nl; j.westerhof@student.utwente.nl; r.saive@
utwente.nl).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JPHOTOV.2023.3319592.

Digital Object Identifier 10.1109/JPHOTOV.2023.3319592

installations in combination with agriculture [2], [3], [4], [5].
As a consequence, the International Technological Roadmap of
Photovoltaic 2021, predicts an increase for world bifacial market
share from 48% in 2021 to 78% in 2031 [6].

Nevertheless, the bifacial market is facing the major problem,
that the LCOE is difficult to predict as the ground reflectance,
i.e., albedo, strongly influences the yield [7], [8]. Understanding
and optimizing the influence of albedo for accurate LCOE
predictions and enhanced yield is crucial to establish an even
stronger solar advantage. The spectral [9], [10], [11] and angular
reflectance of the ground must be carefully taken into account
as PV power generation depends on the spectrum [12], [13] and
angle of incidence [14] of the irradiance reaching the module.
Generally, ground reflectors are assessed by their angle and/or
wavelength-averaged albedo [7], [15], [16], [17], [18], [19].
This can lead to errors in power and LCOE estimation of up
to 23.6% and 65.2%, respectively [20]. Therefore, a computa-
tional and experimental framework to assess the spectro-angular
albedo-dependent yield of a module is proposed here. The soft-
ware readily allows for accommodating any incoming illumi-
nation and intricate spectral and angular dependance of natural
(paint, grass, concrete, and gravel) and exotic (metamaterials
[21], free space luminescent solar concentrators [22], [23], and
holographic reflectors [24]) reflectors. Using this methodology
in conjunction with an optimization algorithm, one can even
design new classes of artificial reflectors. The aforementioned
methodology can enable accurate LCOE predictions and a more
extensive search and benchmarking of albedo materials, which
could outperform naturally occurring surfaces. These could be
designed for maximum annual yield, maximum performance
during high-energy demand times, robustness to the solar path,
economic feasibility of solar-tracking, mismatch, or losses due
to spatially inhomogeneous illumination introduced by the re-
flector. This comprehensive approach allows for a fundamental
way of discussing and improving the surface properties of a re-
flector to investigate albedo-dependent PV output more reliably.

II. QUANTIFYING ALBEDO-DEPENDENT YIELD

The hypothesis at the core for describing any albedo is that
the total reflection function can be given as a linear combination
of reflection functions, with the three main functions being
specular, glossy, and diffuse [schematic shown in Fig. 1(a)–(c)].
This concept was first introduced in 1965 [25] and is commonly
referred to as bidirectional reflectance distribution function
(BRDF). Various variations of BRDFs have been proposed,
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Fig. 1. Schematic of a (a) diffuse, (b) glossy, and (c) specular reflector (light incident from the right), and (d) the goniometer for spectro-angular reflection
measurements. The set-up consists of a white light source for illumination, a sample holder on a tilt stage to control the angle of incidence, and a fiber-couple
spectrometer on a different tilt stage to independently control the viewing angle.

whereas we use the following definitions to comply with the
laws of physics as detailed in [20]. Mathematically, the total
reflection function RT [sr−1] is then given as

RT = kS RS + kGRG + kDRD (1)

such that, kS + kG + kD ≤ 1 (2)

RS =
δ (θ − θr) δ (φ− φr)

cosθr
(3)

RG = GGX (θi, φi, θ, φ, m, n, k, λ) (4)

RD =
1
π

(5)

where RS , RG, and RD represent the spectral and angular
reflection function of a specular, glossy, and diffuse reflector,
respectively. kS , kG, and kD denote the fraction of energy that
is specular, glossy, or diffuse in nature, respectively. For clarity, a
completely diffusive material will have kD = 1, whereas a com-
pletely specular material will have kS = 1. These coefficients
are determined experimentally using a goniometer explained in
the following section. λ is the wavelength of the incoming irradi-
ance, and θ andφ are the zenith and azimuth angles, respectively,
according to the spherical coordinate system. δ(x− x0) is the
Dirac delta distribution, the subscripts i and r denote the direction
of the incidence and reflection. To emulate a glossy surface, we
choose the GGX theory for its physics-based approach [26]. It re-
quires surface roughness, refractive index, and absorption coef-
ficient as input parameters and calculates the glossy (reflection)
lobe. Throughout the entire investigation, we assume azimuthal
symmetry. In this work, the bifacial output due to a generic alu-
minium mirror, a generic white paper, and a generic photopaper
as reflectors is simulated, and then experimentally validated. The
aforementioned materials were used as they exhibit the classic
cases of specular, diffuse and glossy reflectors, and allow for
robust and reproducible experimental results. First, the spectro-
angular albedo of the reflector is accurately characterized in

terms of [kS, kG, kD], which are determined using a goniometer.
By combining the experimentally obtained k coefficients and
RT into the reverse ray-tracing software, in accordance with
(1)–(5), the bifacial photovoltaic output due to a mirror, paper,
and photopaper is computed. The technical details of the three-
dimensional (3-D) reverse ray-tracing software can be found
in [20]. Finally, the albedo-dependent bifacial output was mea-
sured. An excellent agreement between the proposed framework
and the experimental data was found as will be shown below.

III. KS, kG, kD MEASUREMENTS

Determining the nature of a material using k coefficients
requires spectral and angular reflectance measurements over
the entire upper hemisphere of the sample. For this, a compact
goniometer [see Fig. 1(d)] was designed. The experimental
set-up consists of a white light source (Thorlabs SLS401), a
sample holder, and a fiber-coupled spectrometer. The sample
holder is situated on a rotation stage so that the angle of incidence
can be varied. The optical fiber was attached to a rotating arm so
that the viewing angle can be independently varied and data can
be recorded for a fixed azimuth angle but various zenith angles.
The sample can be rotated about its own normal to change the
azimuth angle. The three samples investigated were: 1) a generic
mirror (specular reflector) (11 cm × 14.2 cm); 2) a generic A4
photopaper (glossy reflector); and 3) a generic A4 paper (diffuse
reflector). Here, as a reference, a paper coated with spectralon
[27] (measured reflectance = 98%) was used. Spectralon is a
fluoro-polymer paint, which has the highest diffuse reflectance
known so far [28].

A. Angular Reflectance Using a Goniometer

The measured angular reflectance of spectralon, paper, pho-
topaper, and mirror at λ = 600 nm for various angle of inci-
dences can be seen in Fig. 2(a)–(d), respectively. For all the
samples, it is to be noted that the data points are missing when
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Fig. 2. (a)–(d) Angular reflectance of (a) spectralon, (b) paper, (c) photopaper, and (d) mirror, respectively, at λ = 600 nm for various angles of incidences relative
to the reflector’s normal. (e) Spectral reflectance of our spectralon sample measured with a UV-VIS spectrophotometer relative to the UV-VIS spectralon reference.
(f)–(g) Angle integrated spectral reflectance using a UV-VIS spectrophotometer with integrating sphere and by computationally integrating the goniometer results
for (f) paper, (g) photopaper, and (h) mirror.

the viewing angle is equal to the angel of incidence (AoI). This
is done to prevent the eclipsing of the source by the detector.
For this reason, the sharp peaks for glossy and mirror reflectors
at AoI = 0◦ are absent. For spectralon, we see the standard
cosine behaviour as must be displayed by a diffuse reflector
[see Fig. 2(a)]. Although, for AoI = −60◦, we see noncosine
like behavior. This is because of retro-scattering due to uneven
spectralon layers. Retro-scattering is the scattering of light in
the direction it came from, i.e., direction of the source. For
paper, in Fig. 2(b), we also see a cosine behavior indicating
its diffusive nature, but the magnitude is lower than that of the
spectralon. Also, for paper, we see deviation from the cosine
curve for AoI = −40◦ and AoI = −60◦. This is due to the fact
that at grazing angles the reflection tends to be more specular. For
photopaper [see Fig. 2(c)], interestingly, we see a combination
of diffuse and glossy nature shown by the cosine curve and sharp
peaks for all the angle of incidences (except AoI = 0◦). Finally,
for a mirror [see Fig. 2(d)], we only see sharp peaks, indicating
specular, or highly glossy nature for all the angle of incidences.
Overall, one must also note the difference in magnitude as we
move from diffusive samples to specular samples.

B. Calculating the k Coefficients

The k coefficients are calculated relative to the spectralon-
coated paper. For a given sample, at a given wavelength, the
angular reflectance seen in Fig. 2(a)–(d) was first extrapolated
for all the azimuth angles by assuming rotational symmetry
around the angle with maximum reflection. This gives a 3-D
reflectance curve. For a glossy sample, the diffuse curve and
the glossy curve were extrapolated separately. The volume un-
der the extrapolated 3-D curve was determined. Finally, this
calculated volume for a given sample was divided by the volume

TABLE I
K COEFFICIENTS FOR THE SAMPLES

of the spectralon-coated paper. The resulting ratio gives the k
coefficients for a given sample. The final wavelength-averaged
k coefficients for the three samples are shown in Table I.

C. Verifying the Goniometer Measurements

To verify the abovementioned experimental results, the
spectro-angular reflectance data [see Fig. 2(a)–(d)] was used
to calculate the total spectral reflectance of a sample, and then,
compared to the total spectral reflectance measured with a UV-
VIS spectrophotometer and an integrating sphere (Relative error
of 1%) [29]. Total spectral reflectance is the angle-integrated
spectrally-resolved reflectance. To obtain the calculated spectral
total reflectance from the goniometer measurements, for a given
wavelength, the angular reflectance was integrated over all the
angles as explained previously. For the measured total spectral
reflectance, a spectrophotometer was used. It consisted of a
broadband light source for illumination, a monochromator for
sweeping over wavelengths, a sample holder, an integrating
sphere for collecting all reflected light, and a photodiode for
detection. The beam emitted by the source passes through a
monochromator first and is then split into two beams, one of
which is used for illuminating the sample, and the other is used
as reference for normalization. The reflected light is collected by

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



4 IEEE JOURNAL OF PHOTOVOLTAICS

a spectralon coated integrating sphere. Since the light reflected
by the sample is collected and diffused by the integrating
sphere, the angular resolution is lost. The photodiode records
the reflected intensity for each wavelength. This measured
signal is then normalized. A sweep over the desired wavelength
range gives the total spectral reflectance. To be concise, we
mathematically integrate the goniometer measurements over the
upper hemisphere to get the total spectral reflectance, whereas
the UV-VIS spectrophotometer measures the angle-integrated
spectral reflectance over the upper hemisphere experimentally.

We begin the discussion by first determining the quality of
the spectralon-coated paper against the homogenously-coated
spectralon reference of the UV-VIS spectrophotometer, using
the measured total spectral reflectance [see Fig. 2(e)]. This
step is important as the spectralon-coated paper was used as
a reference for calculating the k-coefficients, and a high-quality
must be ensured. We see that the total spectral reflectance
of the spectralon-coated paper is nearly identical to that of
the homogenously-coated UV-VIS spectralon reference. This
assures us of the quality of the spectralon-coated paper.

The results for paper, photopaper, and mirror are shown in
Fig. 2(e)–(h), respectively, for near-normal incidence (AoI =
5◦). For paper and photopaper [see Fig. 2(f) and (g)], we see
the goniometer and UV-VIS measurements match well, except
for the 400 nm < λ < 450 nm. For 400 nm < λ < 450 nm, the
calculated total reflectance value goes beyond 1. This is because
generic white paper and photopaper tend to have optical bright-
ening agents (OBA) for enhancing whiteness [30]. OBA are
chemicals that absorbs UV light (λ < 400 nm) and emit longer
wavelength, mainly blue. The spectrometer detects this down-
shift, thus leading to a reflectance greater than 1 as explained
below. The signatures of OBA can be seen in UV-VIS measure-
ments of the respective samples at λ < 350 nm. For λ < 350 nm,
the UV-VIS total reflectance value for paper and photopaper is
above 1. This is because a UV-VIS spectrophotometer measures
the total spectral reflectance by illuminating the sample with
one wavelength at a time and measuring the reflected signal
using a photodiode calibrated for that given wavelength. There-
fore, when the sample is illuminated with UV light, the down-
converted wavelengths emitted by the OBAs are registered as the
UV wavelengths. This is because the photodiode cannot distin-
guish the photons spectrally. Therefore, at the absorption wave-
length (∼345 nm), it overcounts the photons as it using its spec-
tral response for 345 nm instead of the one for 440 nm. However,
the grating-based spectrometer can detect and assign the correct
wavelengths, thus showing the signatures of the down-converted
light at the correct wavelength, which leads to a reflectance value
greater than 1 for the emitted wavelengths (∼440 nm) and a
very low reflection for the absorbed wavelength (∼345 nm).
Finally, for the mirror sample [see Fig. 2(h)], we again see that
the goniometer and UV-VIS measurements match well. Further
details of set-up and additional results can be found in [31].

The abovementioned results clearly demonstrate the robust-
ness of k coefficients in accurately quantifying the spectral and
angular reflectance of a given sample. Moreover, our compact
goniometer does not only match the sophisticated and more
expensive UV-VIS results, but also detects the reflected spectrum
better.

IV. EXPERIMENTAL VERIFICATION

This section discusses the experimental verification of our
framework. The simulated albedo-dependent short-circuit cur-
rent density (Jsc) of a bifacial module, as a function of cell
height (h) and cell tilt (t), are compared. We investigated the
influence of the albedo surfaces characterised from the previous
section, i.e., the same generic mirror, generic A4 photopaper,
and generic A4 white paper. For the experiment, a set-up [see
Fig. 3(a)] was designed, which consists of an aluminium frame
to hold a reflector at the bottom and an arm to hold a PV cell. The
cell tilt can be varied from 0◦ to 90◦ relative to the zenith, i.e.,
horizontal to vertical cell, by rotating the arm about its own axis.
The cell height can be varied from 4 to 12 cm by sliding the arm
along the vertical aluminium post. The set-up was blackened
to minimize stray reflection and slimmed to minimize shadows.
For illuminating the cell, we used a solar simulator, which emits
all the wavelengths of AM1.5G [see Fig. 3(b)], which represents
the direct (i.e., unscattered) and diffuse solar irradiance received
by a 37◦ tilted from the zenith, sun-facing surface under the US
standard atmosphere, when the sun has a solar zenith angle of
48.2 [32] The outcoming beam was divergent in nature (half
angle< ±4◦) and would cast a spot size of 16 cm on the ground
[see Fig. 3(c)]. All the experiments were performed using a
silicon heterojunction cell with an active area of 2 cm × 2 cm
and total area of 4 cm × 4 cm [see Fig. 3(c)]. The following
three types of measurements were performed for each sample,
height, and tilt [see the schematic in Fig. 3(d)]: 1) output due
to light entering the module through the front face (Jsc,F); 2)
output due to light entering the module through the rear face
(Jsc,R); and 3) output due to light entering the module through
both faces (Jsc,F+R). To get the output through one face, the
other face was covered with black paper.

The relative error in the measurements was 5%. Further
details and error analysis can be found in [33]. To simulate
the experimental conditions, the spectral and angular dependent
external quantum efficiency of the cell was calculated using PV
Lighthouse SunSolve [34]. Details on the cell’s properties can
be found in [35] and [36]. Since 15% of the cell’s active area is
covered by the electrical contacts [see Fig. 3(c)], the calculated
short-circuit current densities are multiplied by a factor of 0.85.
The cell was illuminated with parallel beams of AM1.5G at
normal incidence. [kS , kG, kD] shown in Table I was used to
emulate the reflectors. The surface roughness of m = 0.2 was
given by the fits performed on the glossy lobe obtained from
the goniometer [see Fig. 3(e)]. The resulting GGX-based glossy
reflection function can be seen in Fig. 3(e).

We begin the discussion by analyzing the results for a mirror
(see Fig. 4). The simulated Jsc,F [see Fig. 4(a)] shows depen-
dence only on the cell tilt, which would be expected from a
parallel beam. The measured Jsc,F [see Fig. 4(d)] also mainly
depends on the cell tilt, but has a slight dependence on the
height as well. This is caused by the diverging solar simulator
beam, which leads to a higher intensity closer to the source. We
find this behavior in all measurements. The simulated Jsc,R [see
Fig. 4(b)] shows zero output since the normally incident parallel
beam of rays is specularly reflected back in the vertical direction
by the reflector while casting a shadow right underneath the
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Fig. 3. Experimental set-up and validation. (a) Schematic of the experimental set-up. (b) Spectrum emitted by the solar simulator compared to the standard
AM1.5G. (c) Photograph of the illuminated (spot size on the ground= 16 cm) silicon heterojunction bifacial cell (total area: 4 cm × 4 cm, active area: 2 cm × 2 cm)
used. (d) Schematic of different types of illumination considered, namely, top, bottom, and total. (e) Reflection profile (top view) of a glossy material with m = 0.2
due to a normally incident light using GGX formalism.

Fig. 4. Experimental validation for a mirror. (a) Simulated Jsc,F. (b) Simulated Jsc,R. (c) Simulated Jsc,T. (d) Measured Jsc,F. (e) Measured Jsc,R. (f) Measured
Jsc,T. The subscripts F, R, T stand for front face, rear face, and total, respectively.

cell. Thereby, for a perfectly parallel beam the contribution
of the specular reflector is zero. Since the beam in the exper-
iments is slightly divergent, we did obtain some contribution
on the rear side from reflection [see Fig. 4(e)]. Simulated Jsc,T

[see Fig. 4(c)] displays a behavior identical to that of Jsc,F, since
Jsc,R is zero, as Jsc,T = Jsc,F + Jsc,R . Again, because of the

slight beam divergence, in the experiment Jsc,T is a bit increased
for high tilt and height compared to Jsc,F [see Fig. 4(f)].

For simulated Jsc,F with photopaper and paper (see Figs. 5(a)
and 6(a), respectively), we see a slightly different output as
was observed for the mirror [see Fig. 4(a)]. A higher output is
seen in the region of lower height and higher tilt for photopaper
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Fig. 5. Experimental validation for photopaper. (a) Simulated Jsc,F. (b) Simulated Jsc,R. (c) Simulated Jsc,T. (d) Measured Jsc,F. (e) Measured Jsc,R.
(f) Measured Jsc,T. The subscripts F, R, T stand for front face, rear face, and total face, respectively.

Fig. 6. Experimental validation for paper. (a) Simulated Jsc,F. (b) Simulated Jsc,R. (c) Simulated Jsc,T. (d) Measured Jsc,F. (e) Measured Jsc,R. (f) Measured
Jsc,T. The subscripts F, R, T stand for front face, rear face, and total face, respectively.

and paper. This is because as the diffusiveness of the reflector
increases, more light can be redirected to the front face of the cell.
At lower height, the cell is the closest to the reflector, and hence,
can capture more. For greater tilt, the shadow is minimal, which
leads to more light being incident on the cell. For simulated Jsc,R

for photopaper and paper [as shown in Figs. 5(b) and 6(b)], we
see a maximum for lower height and lower tilt. This is because

as the cell moves further away from the reflector, more reflected
light is lost in directions away from the cell, as the reflection is
now over a wider lobe. Furthermore, as the module tilt increases,
the rear face’s exposure to the reflector reduces, which leads
to a lower rear output. Finally, for the simulated Jsc,T due to
the photopaper and paper [see Figs. 5(c) and 6(c)], we see the
cumulative effect of the respective Jsc,F and Jsc,R.
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TABLE II
NRMSE FOR THE SAMPLES

The agreement between the simulated and measured data
is quantified in terms of normalized root-mean-square error
(NRMSE), which is given as

NRMSE =

√∑n
i=1 (si −mi)

2

n
/ (max (mi)− min (mi))

(6)
where si and mi are simulated and measured quantities, and n is
the total number of the configurations. Here, n = 50, denoting
5 different heights and 10 different cell tilts.

The NRMSE, is given in Table II for all cases. For the
measured Jsc,F [see Figs. 4(d), 5(d), 6(d)], we notice a maxima
for higher height and lower tilt. This is because as the height
increases, the cell moves closer to the source. Since the source
is diverging, the closer the cell is to the source, the higher is the
intensity. This effect is strongest for a horizontal cell as it is the
most exposed to the source above. As the tilt increases, this effect
decreases due to reduced exposure. For measured Jsc,R due to
a mirror [see Fig. 4(e)], we see some output as opposed to the
simulated Jsc,R [see Fig. 4(b)]. This is because of the diverging
incoming beam and stray radiation, further exaggerated by the
nonideal specularity of the reflector. The agreement between
simulated and measured data can be improved by: 1) accounting
for the divergence of the incoming source and simulating for
those angles of incidence; 2) using an even better collimated
source of uniform illumination to reduce stray radiation; and 3)
simulating more realistic spectral and angular properties of the
cell that match the real cell better.

Overall, we also see good quantitative agreement between
simulations and experiments, thus proving the mettle of the
methodology presented here.

V. PV PERFORMANCE DUE TO IDEAL SPECULAR AND

DIFFUSE ALBEDO

In the previous sections, we demonstrated how our ray tracing
model accounts for the angle dependence and BRDF of different
materials and validated this framework experimentally. In this
section, we will use our validated model to determine the upper
limit or the maximum potential for PV enhancement. This can be
brought about by ideal reflectors. Ideal reflectors reflect 100% of
light, i.e., without any loss. Ideal specular and diffuse reflectors
are characterized by kS = 1 and kD = 1, respectively.

A. Short-Circuit Current Density

We use the previously mentioned software to calculate and
analyze the performance of a free-standing, south-facing silicon
heterojunction bifacial module as a function of time of the day
(T ) and module tilt (t). A 1 m × 1.5 m module located at a

height of 1 m from the ground and a reflector size of 10 m ×
15 m was assumed. The module normal or tilt was varied from
0◦ to 90◦, i.e., horizontal to vertical, relative to the zenith. The
incident spectrum used is the standard AM1.5G [see Fig. 3(b)].
The location and date for the study was fixed to be Enschede
(52.2◦, 6.8◦), The Netherlands, and 6/22/2022, respectively. The
corresponding solar position in terms of solar zenith (θsol) and
solar azimuth (φsol) from sunrise to sunset is shown in Fig. 7(a).
The region bounded inside the vertical dashed lines show the
time frame for which the sun is in the south. The north is
represented by φsol = 0◦, increasing east-ward. With all the
parameters defined, we first calculate the module’s short-circuit
current density. Namely: 1) Jsc,top for light received from the sky
or the sun, i.e., usually the top [see Fig. 7(b)]; 2) Jsc,front for light
received from the bottom or the reflector through the module’s
front face [see Fig. 7(c) and (d)]; and 3) Jsc,rear for light received
from the bottom or the reflector through the module’s rear face
[see Fig. 7(e) and (f)].

In Fig. 7(b), we examine Jsc,top as a function of the sun’s
position, given in terms of time of the day, and module tilt. The
maximum for any given tilt always occurs around solar noon
(T ∼ 13 : 34 h), when the sun has the highest position in the sky.
Overall, a 30◦ tilted module leads to the highest output as it best
oriented with respect to the varying sun’s position. In particular,
it’s perpendicular to the irradiance at solar noon. During the early
and late hours, the sun is in the north and occupies shallow zenith
positions [see Fig. 7(a)]. This leads to a lower output, in general,
as the angle of incidence is poor. For slightly larger zenith, the
sun’s azimuth moves towards the edge of the module. At these
angles, the incoming rays are closer to the modules’ horizontal,
where the conversion efficiency is low [36]. Hence, a region
of low output occurs. Note that the output at high tilt and high
zenith [so upper left and right corner in Fig. 7(b)] originates
from the rear face of the bifacial module, whereas in all other
situations, the irradiance is received from the front. Fig. 7(c) and
(d) shows Jsc,front, the output due to the light reflected onto the
front face of the module, by an ideal specular and diffuse albedo,
respectively. For both reflectors, the output increases as the
module tilt increases because the front face gets more exposed
to the reflector. As a consequence, Jsc,front reaches a maximum at
t = 90◦ for both the reflectors. The Jsc,front drops to zero for all
the reflectors for t < 16.7◦, as the front face is no more exposed
to the reflector. For a specular reflector [see Fig. 7(c)], the output
for T < 09 : 00 and T > 18 : 30 is zero. This is because the sun
is in the north, i.e., on the module backside [shown by dashed
line in Fig. 7(a)]. Hence, the reflected rays hit only the back of
the module. The output reaches a maximum around solar noon.
For a diffuse reflector [see Fig. 7(d)], the changes in output
are more gradual. This is due to the fact that a diffuse reflector
reflects over the entire upper hemisphere, thus leading to a more
homogeneous illumination.

Fig. 7(e) and (f) shows Jsc,rear the output due to the light
reflected on the rear face of the module, by an ideal specular
and diffuse albedo, respectively. For both the reflectors, when
the sun is in the south, the highest yield occurs for t = 0◦, i.e.,
a horizontal module, as it ensures maximum exposure to the
reflector. For a specular reflector [see Fig. 7(e)], around sunrise
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Fig. 7. Computationally simulated output for ideal reflectors. (a) Solar path in terms of solar zenith and solar azimuth for Enschede, The Netherlands for 6/22/2022.
The region marked within the dashed vertical lines show the time when the sun is in the south. (b) Short-circuit current-density due to AM 1.5G emanating from
the sky or top (Jsc,top). (c), (d) Albedo-dependent short-circuit current-density generated by irradiance onto the front face of the module (Jsc,front) due to a specular
and diffuse albedo, respectively. (e), (f) Albedo-dependent short-circuit current-density generated by irradiance onto rear face of the module (Jsc,rear) due to a
specular and diffuse albedo, respectively. (g), (h) Total power per unit area (Ptot) with a specular and diffuse albedo, respectively.

and sunset, the angle of reflection is such that the specularly
reflected rays never hit the module, given the geometry at hand.
This changes as the day progresses or the solar position changes.
For t > 60◦, as the sun’s elevation angle increases, the rays are
reflected at such an angle that they hit the front of the module.
This leads to an output from the front face [see Fig. 7(d)], instead
of the rear and causes a dark semicircle-like region for t > 60◦,
the inverse of which can be found in Fig. 7(d). For a diffuse
reflector [see Fig. 7(f)], again, the variation in output is more
gradual as it reflects over the entire hemisphere.

B. Power Per Unit Area

The instantaneous power per unit area (P ) due to a reflector-
module is calculated using

P = FF.Voc. Jtot (7)

such that VOC =
kBTmod

q
ln

(
Jl
Jd

+ 1

)
(8)

Jsc,tot = Jsc,front + Jsc,rear + Jsc,top (9)

whereFF is the fill factor or the “squareness” of the I-V curve of
the module, and was assumed to be 0.85 for this study. Voc is the
open-circuit voltage or the highest voltage that can be generated
by a module. kB is the Boltzmann constant, Tmod is the module
temperature, Jl is the light generated current-density, and Jd is
the dark saturation current density. Here, Jd = 2.44 mA/cm2.

The resulting power plots for specular and diffuse are shown
in Fig. 7(g) and (h) is a combination of Jsc,top [see Fig. 7(b)] and
their respective Jsc,front and Jsc,rear [see Fig. 7(c) and (d)]. The
highest output occurs due to a specular reflector at t = 0◦ for the
given day and location, (∼9% more than a diffuse reflector).

A good reflector is not only supposed to redirect more light
but is also supposed to be more robust to the change in the solar
position. This makes a diffuse reflector an overall winner.

C. Mismatch

Another important aspect of solar power production is the
module mismatch. A solar module consists of many photovoltaic
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Fig. 8. Mismatch due to reflectors. (a) Schematic of the configuration assumed. Mismatch induced due to (b) specular, (c) glossy, and (d) diffuse reflector,
respectively.

cells electrically connected, at least partially in series. Any
spatial inhomogeneity in the incident illumination on the module
leads to spatially varying short-circuit current density within
the module, i.e., not all cells produce the equal short-circuit
current density. Thus, due to series current matching condition,
the short-circuit current of a string is limited by the lowest
value. The difference in the short-circuit current density between
highest and lowest output (Jsc, MM) is given out as heat (i.e., loss)
and can damage the cell. Thus, while discussing the merit of a
ground-reflector, the module mismatch introduced by it must
also be considered. For this work, we quantify the mismatch as
the difference between the Jsc at a given point on the module
and the minimum Jsc on the module.

A south-facing 30◦ tilted module (1 m × 1.5 m) was fixed at
a height of 1.5 m from the reflector (10 m × 15 m). AM1.5G
was made incident at [θsol, φsol] = [5◦, 180◦]. The schematic
is shown in Fig. 8(a). Fig. 8(b)–(d) shows mismatch across
a module due to a specular, glossy (m = 0.4), and a diffuse
reflector, respectively. Note, the color bar for specular is different
to that of glossy and diffuse due to vastly different values. In the
schematic [see Fig. 8(a)], the black rectangle shows the shadow
cast by the module, and the yellow dots show the illuminated
spots due to the reverse ray-tracing from the module pixels.
Only the illuminated spots outside the shadow contribute light
for output generation in the module. As a consequence of this,
we see a higher output in the southern-side of the module
[see Fig. 8(b)–(d)]. This effect is the strongest for a specular
reflector, and gradually alleviates as one moves towards diffuse.
This is because of the widening of the reflection lobe. Another
consequence of the wider lobe can be seen at the east and west
edges. As the reflection lobe widens, more light is spread out
across the module through the east and west edges. This leads
to the diffuse reflector inducing the least mismatch.

Such an analysis of mismatch can not only help in develop-
ing better albedos that can enhance the yield but also prevent
mismatch-related damages to a PV module.

VI. CONCLUSION

We present a comprehensive method to describe and lay
rules for designing a good reflector for PV yield enhancement.
Ignoring spectral and angular composition of the incoming
and ground-reflected irradiance can lead to errors in power
and LCOE estimations as high ∼24% and ∼65%, respectively.
Therefore, we developed an experimentally validated frame-
work to successfully characterize spectro-angular reflectance
of wide range of materials (i.e., mirror-specular, paper-diffuse,
photopaper-glossy, and diffuse). We determined the k coeffi-
cients for generic paper, photopaper, and mirror. These coeffi-
cients, along with a reverse ray-tracing software enabled us to
simulate the influence of these diverse reflectors on solar power
generation under realistic conditions, i.e., for any illumination,
height, and tilt. Our analysis clearly demonstrates the need for
a more nuanced discussion for benchmarking and designing
albedo materials. From an optics-perspective, a good reflector
must: 1) redirect more light onto the module; 2) redirect light
as homogeneously as possible, i.e., reduce mismatch; and 3) be
robust to the changing sun’s position.

The abovementioned calculations can be expanded to include
solar tracking systems, local spectro-angular irradiance data, and
thermal variations. This approach provides a rigorous frame-
work for analyzing a bifacial power plant performance due to any
ground-reflector. When used with an optimization algorithm for
yield enhancement or machine-learning algorithm, it can help
design and optimize novel or exotic reflectors like free-space
luminescent solar concentrators [22] and metamaterial-based
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reflectors [21]. Such a knowledge of the properties of a reflector
can serve as the “target” solution and streamline the quest for
better reflectors.
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