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ABSTRACT The bifacial photovoltaics (PV) technology promises several advantages over monofacials,
including improved energy yield, lower operating temperature, and easier integration with agrophotovoltaics.
There have been various experimental or computational studies comparing bifacials tomonofacials; however,
a theory-experiment combined analysis for accurate worldwide extrapolation is missing. Literature review
reveals that many reported experiments study standalone systems that overrepresent the yield performance
obtainable in farms. Moreover, most reported experimental studies are for configurations that are not
necessarily designed close to the optimum. In this work, we experimentally study and analyze the fixed-tilted
bifacial farm configiurations, namely south-facing monofacial, south-facing tilted bifacial (TBF), and
ground-sculpted vertical bifacial (VBF) arrays, at Dhaka, Bangladesh (23.7 ◦N, 90.4 ◦E). The optimal
TBF configuration, for 0.5 albedo, yields 21.3% and 73.3% more than the optimal monofacial and the
optimal VBF configurations, respectively. Through a combination of experimental and numerical analysis,
we compare the in-array performance of the configurations under different albedo conditions to analyze the
physics and consolidate the predictions. There is a growing interest in PV array configurations beyond the
conventionally ground-mounted south-facing TBF, such as agrophotovoltaics, floating-PV, industry-roof PV
array, etc. This necessitates a critical analysis of various array configurations for broader PV expansion.

INDEX TERMS Bifacial, energy yield, experiment, ground-sculpting, photovoltaics, solar farm, simulation,
tilted, vertical.

I. INTRODUCTION
According to the 2020 International Technology Roadmap
for Photovoltaics (ITRPV), the worldwide market share of
bifacial solar cells is expected to grow from 20% in 2020 to
70% by 2030 [1]. This significant increase is attributed to the
intrinsic bifaciality of newer commercial solar cell technolo-
gies, such as PERC, PERT, and HIT [2]. As these bifacial
cells become inexpensive, they will also heighten the interest
in bifacial modules. Bifacial modules are projected to be
the dominant technology for the proposed next-generation
solar farms in the Middle-East and South America [3], [4].
Deployment of bifacial systems is expected to decrease the
Levelized cost of energy (LCOE) with its inherently better
light collection and increased energy yield [5].
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The design and setup of bifacial farms for optimal LCOE
and yield depend on the geographical conditions. While it is
imperative to understand the optimal bifacial array designs
for traditional, utility-scale, grid-connected solar farms—
unconventional array configurations under local irradiance
conditions may also play a role in creating a sustainable sys-
tem. For example, vertical module arrays are only viable with
bifacial modules. Although vertical setups have lower output
shown experimentally [6] and numerically [7], this config-
uration may be used to mitigate soiling in highly dust prone
regions [8], [9], and in agrophotovoltics (agro-PV) [10], [11].
New farm topologies involving bifacial tracking, floating
bifacials, bifacials in agro-PV, etc. may be the next-generation
systems enabled through the development of bifacial tech-
nology and industry [12]. As a result, several groups have
published theoretical and/or experimental results, but these
works have typically focused on experimental or theoretical
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results related to a single farm topology. An integrated theory-
experiment analysis comparing multiple topologies is gener-
ally not reported—making it difficult to quantify the relative
bifacial gain of the possible farm topologies under compara-
ble operating conditions.

A. STANDALONE PV SYSTEMS
Regardless of the chosen topology, the energy yield per-
formance of bifacial modules compared to the conventional
monofacial ones is improved due to additional light collection
at the rear face. The fraction of solar irradiance incident on
the rear face of a bifacial module mainly depends on the
albedo of the ground surface underneath. Thus, the yield
of bifacial systems can improve by controlling the ground
(i.e., reflector) geometry as well as increasing the reflectance.
For example, one of the early studies on standalone bifacial
modules by Cuevas et al. presented the great promise of
bifaciality by demonstrating a 50% bifacial gain when the
systemwas mounted over a white ground with a white wall as
a reflector [13]. In South Korea, experiments with standalone
systems showed bifacial gain of 5.25%, 11.10%, and 14.47%
for albedo RA = 0.06, 0.12, and 0.21 for different surface
materials [14] — the gain is observed to reach 33.3% for
RA = 0.79 [15]. The numerical analysis by Sun et al. [16]
found that a 30% bifacial gain for tilted bifacial configura-
tions is obtainable worldwide with 1-meter module elevation
for RA = 0.5. Expectedly, this yield-albedo relationship is
extensively reported in the literature for different locations
and surface materials. However, many experiments up to
date are carried out with standalone systems as opposed to
modules in-array configurations [17]. A standalone system
can receive light unobstructed by any adjacent structure,
therefore, constitute an overoptimistic representation of the
conditions in a solar farm.

B. ENERGY YIELD FROM ARRAYS ARE LOWER THAN
STANDALONE SYSTEMS
For a module in a multi-row array with optimal pitch, the
shadings from adjacent modules and rows of modules reduce
the rear-irradiance, leading to a lower energy yield than the
standalone systems. For south-facing tilted bifacial (TBF)
arrays with 4.5-meter row spacing, Baloch et al. reported a
5.88% decrease in specific yield compared to a standalone
bifacial system [18]. The effect of limited albedo collection
from a period was numerically shown by Berrian et al. [19].
They estimate that the 24% bifacial gain in energy of a
standalone system can reduce to ∼16.5% in an array config-
uration. Further, simulations with a raytracing model show
that at Albuquerque, a single isolated module receives 45%
more rear-irradiance compared to when placed in a single
row [17]. In a multi-row system, the rear-face irradiation
of the center module can be ∼30% lower than that of the
modules at the edges. As a result, the results observed in the
host of experiments for standalone bifacial systems found in
literature cannot be extrapolated to predict bifacial PV farm
yield. Moreover, experiments should be studied alongside

numerical models to understand the validity and accuracy of
extrapolated worldwide predictions.

C. GROUND SHAPING CAN IMPROVE ARRAY OUTPUT
In addition to increasing the bifacial yield by engineering
surface material and albedo, wemay also improve the bifacial
yield by engineering the ground geometry [13], [20], [21].
Such strategies are expected to increase the rear-face irradi-
ance by driving more light towards the modules. As men-
tioned earlier, Cuevas et al. placed a white reflective wall
at the back and achieved an extra-ordinary 50% bifacial
gain [13]; however, such an arrangement is not suitable for
outdoor TBF arrays. Amore practical optionwas proposed by
Nussbaumer et al. [21], where the ground below the module
array would have a periodic-parabolic pattern. A vertical
bifacial (VBF) array is expected to have more benefit from
engineered ground shape, as the yield of vertical modules is
significantly dependent on albedo collection due to its high
tilt angle. In the ground-sculpted vertical bifacial (VBF) lay-
out proposed by Khan et al. [22], the ground underneath the
array is shaped to enhance albedo collection by the vertically
mounted modules (see Fig. 1(b)). The authors predicted that,
with RA = 0.5, optimal VBF farms can outperform optimal
monofacial farms in most locations on the earth having clear-
ness index, kt < 0.45. However, the numerical analysis omits
Perez correction [23] in the insolation model and the perfor-
mance predictions are yet to be experimentally validated.

D. THE NEED FOR OPTIMUM/COMPREHENSIVE
EXPERIMENTS
Table 1 shows that the existing literature of bifacial farms
involves an eclectic mix of topology, technology, and
albedo-related results that makes direct comparison diffi-
cult. Moreover, the experimentally tested TBF configurations
found in the literature may not necessarily be optimized.
Patel et al. [24] predicts 15–20% bifacial gain for arrays opti-
mized for tilt (β), period (p), and fixture elevation (y0) at
latitude <30◦. A VBF solar farm designed for maximum
output per land area, however, yields 10–40% less than an
optimal monofacial farm close to the equator [25]. With
an increased row-spacing, the albedo collection significantly
improves, and the VBF becomes competitive to monofacials.
It is important to realize that the bifacial gain of each module
may increase in an array if the row-spacing is increased—
this is due to enhanced albedo collection. However, this will
in turn reduce the overall yield and bifacial gain of the finite-
area farm due to the reduced number of modules. The exper-
imental studies should therefore be designed accordingly
close to the optimal configuration.

E. THE KEY GAPS IN LITERATURE
The important issues unaddressed in literature can be sum-
marized as follows. (i) There are very few experiments on
bifacial PV arrays. (ii) These studies are away from optimum,
resulting in an unclear understanding of the expected bifacial
gain. (iii) The array experiments at each location focus on
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FIGURE 1. a and d, View of the sky dome and approximate sun-paths as seen from the VBF and TBF array, respectively. b–c, Schematic showing
parameters of VBF and TBF array configurations. e, Test array for ground-sculpted vertical bifacial configuration. The image shows the triangular-prism
shaped ground covered with vinyl banners with different albedo. From left, the configurations shown are B90Wht, 50%, B90Wht, 25%, B90Wht, 0%,
B90Gry, 50% and B90Gry, 0%. f, Test array for south facing tilted bifacial configurations (B24Wht , B24Gry ) and monofacial configurations. The ground
underneath is covered with vinyl banners with RA= 0.3 and 0.5 (from left). The adjacent rows and module slots of bifacial modules are covered with
opaque vinyl banners to emulate in-array conditions. In all the experiments, we emulate a bifacial module using two monofacial modules, which allows
us to decouple outputs from the two faces [34].

a single configuration, so that energy yield of multiple con-
figurations cannot be compared. (iv) The experiments and
numerical models are not self-consistently tested for model
validations. (v) In addition to the disjoint set of experiments
in literature, the bifacial gain is sometimes defined as the
energy gained from a bifacial module compared to a mono-
facial one oriented at the same angle [17], [26]. However,
it is more useful to compare the energy gain of optimum
bifacial topology compared to that of optimum monofacial
one [5] — we will use this definition (also shown later in
Eq. 1).

In this work, we present a theory-experiment combined
study of near-optimum fixed-tilted bifacial array topologies
under the same ambient conditions. Ten array configurations
(summarized in Table 2) have been set up for this study. This
includes seven bifacial and three monofacial configurations.
Here, we report the outdoor energy yield performance of the
south-facing fixed-tilted bifacial (TBF) and ground-sculpted
east-west-facing vertical bifacial (VBF) array configurations
using small-scale setups. Our miniaturized test arrays are
predictive of its larger counterpart [32], [33].Wemeasure and
analyze both the effects of varying albedo and ground shaping
on bifacial gain. The same set of configurations are also
modeled using Purdue view-factor (VF)-based optoelectric
solar farm model [5], [22]. The experimental results provide
the basis for validation of the model for solar farms and the
model’s subsequent application in the spatio-temporal extrap-
olation of farm performance across the globe. The paper is
organized as follows.

Sec. II: Description of the experimental array configura-
tions under study

Sec. III: Analysis of measured minute-by-minute output
variation on clear and cloudy days

Sec. IV: Analysis of measured daily yield and relevant
statistics

Sec. V: Overall yield comparison integrated over the anal-
ysis period and validation of numerical results

Sec. VI: Location-specific performance of optimum bifacial
solar farms

Sec. VII: Discussion on the effect of diffuse sunlight on opti-
mal VBF performance

II. EXPERIMENTAL ARRAY CONFIGURATIONS
The contributions from the front and the rear faces of an
in-field bifacial module cannot be decoupled without addi-
tional equipment. A workaround to this problem is to use
two monofacial modules to represent each face of the bifacial
module. Previously, Hansen et al. [34] adopted a similar
approach to analyze rear-face irradiance. When two identical
monofacial modules are used, the resultant emulated bifacial
module will have a unity bifaciality factor. For this experi-
ment, we chose Solarland’s SLP030-12 monofacial modules
with 30 W nominal maximum power. Each module has a
length (Mw) of 26.57 inches and width (Mh) of 14 inches.

We consider parametric variations of east-west facing,
ground-sculpted vertical bifacial (VBF) module array and
south-facing bi-/mono-facial module array for this experi-
ment, see Fig. 1. Our setup consists of two miniaturized
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TABLE 1. Bifacial gains of fixed-tilted systems reported in literature for varying design parameters.

test arrays on the rooftop of East West University (23.7◦ N,
90.4◦ E) in Dhaka, Bangladesh. The first array shown in
Fig. 1(e), oriented east-west (γ = 90◦), hosts vertical bifacial
modules with the triangularly shaped ground. The second
array shown in Fig. 1(f), oriented south (γ = 0◦), hosts
tilted bifacial and themonofacial modules.We study ten array
configurations in this work, listed in Table 2. The relevant
design parameters are defined in Fig. 1(b, c).
The naming convention for the configurations is as follows.

The first letter indicates a bifacial (B) ormonofacial (M)mod-
ule setup. Then, the module β follows: a value of 90 indicates
an east-west oriented VBF, and a value less than 90 indicates
a south-oriented tilted bi-/mono-facial array. The subscripts
indicate the ground albedo and, additionally for VBFs, the
ground height ratio HR.
The vertical bifacial test array has five east-west-facing

VBF configurations: B90Gry, 0%, B90Gry, 25%, B90Wht, 0%,
B90Wht, 25%, and B90Wht, 50%. Here, the subscripts ‘Wht’

and ‘Gry’ indicate the color of the ground underneath each
configuration. As shown in Fig. 1(e), a triangular-prism-
shaped ground was employed with ground height r between
two rows. The numbers in the configuration names indicate
the height of the triangularly shaped ground relative to the
array height (HR) (see Table 2). We installed the modules
in landscape orientation. The modules were elevated (y0)
at 6 inches above the ground and placed periodically (p)
22 inches apart. Keeping other variables constant, we varied
HR or RA for each vertical configuration.
The ground albedo was controlled by covering the ground

with colored vinyl banners having 50% (white-colored) and
30% (gray-colored) measured reflectance RA (see Experi-
mental procedures in appendix). To exclude the effect of
edge brightening that may result in overestimated yield [26],
[27], we mounted the modules on the central slot of the
rack in landscape orientation and covered the adjacent ones
with black, opaque vinyl banners (see Fig. 1(e,f)). The black
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TABLE 2. List of configurations and the corresponding design parameters chosen for the experiment at Dhaka (23.7◦N, 90.4◦E).

covers artificially create row-to-row shading conditions on
a module placed within a large array. In addition to the in-
array losses, each configuration will incur a varying degree of
output loss due to soiling. To stem such unwanted variability,
the modules were manually cleaned every 24 hours.

The south-facing test array hosts two TBF configurations:
B24Gry and B24Wht . These modules were tilted at 24◦ with an
array period (p) of 24 inches, and minimum ground clearance
(y0) of 22 inches. The albedos (RA) of the ground underneath
the B24Wht and B24Gry configurations are 50% and 30%,
respectively.

To compare the outputs of bifacial configurations with
conventional south-facing tilted monofacial ones, we have
set up two monofacial modules tilted at 0◦ and 14◦ angles,
which are labeled M0Nat and M14Nat , respectively. As the
module bifaciality was emulated by back-to-back mounted
monofacial modules, we may readily measure the power
generated from the front face of a TBF configuration alone.
The M24Nat configuration represents the measurement from
the front face of a bifacial configuration tilted at 24◦.

III. MINUTE-BY-MINUTE ANALYSIS OF DIURNAL
OUTPUTS
In this section, we will discuss the characteristics of the
minute-by-minute output and the albedo collection at differ-
ent parts of the day under clear or cloudy weather conditions.

A. TEMPORAL VARIATION IN OUTPUT
We measured each module’s short circuit current (ISC ) at
two-minute intervals from September 24 to November 26,
2019, during late autumn. As shown in Fig. 1(a,d), during the
experimental period the sun follows a low-altitude path. For
a bifacial configuration, we calculate the total bifacial output
by summing the outputs of the front and rear modules. Fig. 2
shows the diurnal ISC profiles (30-sample moving averaged)
on three representative days to demonstrate the effects of
varying cloud conditions. We quantify the cloud conditions
with the corresponding estimated daily diffuse fractions (kd )

FIGURE 2. The recorded short circuit current, ISC , values from TBF (left
column) and VBF (right column) configurations on clear (a and b), partly
cloudy (c and d) and rainy day (e-f). The daily diffuse fractions are shown
on the plots.

(see Experimental procedures for details) defined as the ratio
of daily diffuse and global irradiance on a horizontal plane.
A higher kd indicates a relatively cloudier day.

On a clear day (kd = 0.20), south-facing tilted bifa-
cial (TBF) and monofacial modules show a bell-shaped ISC
characteristic with a peak at noon, see Fig. 2(a). On the
same day, as shown in Fig. 2(b), the east-west facing vertical
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bifacial (VBF) modules show the well-known double-hump
profile. At noon, the direct sunlight does not reach any of
the module faces, and the output is entirely comprised of
albedo and sky-diffuse light – the inability to receive direct
light causes the output to dip. A couple of hours before and
after noon, one of the module faces can collect the direct
sunlight resulting in the double-peaks. All vertical config-
urations will receive identical direct and diffuse light from
the sky; the only difference is in the albedo collection which
is controlled by the combined effect of the reflectivity RA
and the ground shape. The difference in output current is
therefore prominent in the absence of direct light collection
closer to noon. Fig 2(c,d) shows that, on a partly cloudy day
(kd = 0.30), the current profiles show frequent fluctuations
due to moving clouds. Finally, as shown in Fig. 2(e,f), on an
overcast day (kd = 0.56) dominated by diffused sunlight,
the diurnal profiles of the vertical and tilted configurations
become indistinguishable. The double humps in the vertical
modules are no longer visible as there is very little direct
sunlight.

B. DECOMPOSED OUTPUT OF MODULE FACES AND THE
EFFECT OF ALBEDO
As we have used back-to-back monofacial modules to emu-
late a bifacial module, we can separately measure and ana-
lyze the light collection on each face. Fig. 3 (a,b) show the
measured current output of the two faces in TBF (B24Wht )
and VBF (B90Wht, 50%) configurations obtained on October
14, 2019 (clear day). The front face of the TBF configura-
tion faces the sun and collects both the direct and diffuse

FIGURE 3. Measurements from front and rear faces of TBF (left column)
and VBF (right column) configurations on October 14, 2019. a, Measured
total ISC and the contributions from front and rear faces of B24Wht
configuration. b, Measured total ISC and contributions from the east and
west faces of B90Wht, 50%. c, Comparison of the TBF’s rear face ISC for
RA = 0.5 and 0.3. d, Comparison of the diffuse light collection of
B90Wht, 50% and B90Gry, 50%. e-f, Increase in absolute collection
efficiencies (1ηC ) of TBF and VBF arrays due to 20% increase in RA.

sunlight, whereas the rear face of TBF collects the albedo
and a small fraction of sky-diffuse light. Fig. 3(a) shows
the outputs from the individual faces. In Fig. 3(b), the east
and west faces of a vertical bifacial (i.e., VBF) show output
characteristics mirrored around the solar noon. For example,
the west-oriented face (red-line) will not directly see the sun
(i.e., no direct sunlight collection) till noon. Therefore, the
output current from this face represents only the combined
albedo and sky-diffuse light collection before noon. After
the solar noon, the west face will collect direct, diffuse, and
albedo — that is why there is a significant increase in output
beyond noon. We can similarly explain the output from the
east face where the direct sunlight is received only before
noon. If we want to decouple and remove the direct light
collection on the vertical bifacial module, we would only
consider the output from the west face before noon, and from
the east face after noon, see Fig. 3(d). This gives us the
combined collection from sky diffuse and albedo light.

Fig. 3(c, d) show the sky diffuse and albedo contribu-
tion to the current for TBF and VBF, respectively. These
figures show scenarios for both RA = 0.3 and 0.5. The
increase in output current for the B24Gry–B24Wht pair (TBF)
or the B90Gry, 50%–B90Wht, 50% pair (VBF) is only due to
the increase in albedo collection originating from increased
reflectance from the ground. Over the period on October 14,
we observe 10.43% and 2.83% relative increases in energy
yield for the VBF and TBF pairs, respectively. The cor-
responding increase in output power, normalized to GHI,
gives the increase in efficiency 1ηC due to the increased
ground albedo RA (0.3 to 0.5) of the module configurations,
see Fig. 3(e, f). Trivially, the 1RA = 0.2 increase would
translate to an equivalent 20% increase in output. However,
this expected gain is significantly suppressed due to module
tilt and shading in the periodic array. In practice, we observe
1ηC ∼ 0.5% for TBF, and 1ηC ∼ 0.5% to 1.3% (between
9 a.m.–3 p.m.) for VBF. We can read 1ηC as the absolute
increase in efficiency of the relevant module configuration
for the tested 1RA = 20% scenario.

IV. DAILY INTEGRATED YIELD AND GAIN
In this section, we will discuss the output integrated over each
day and the corresponding bifacial gain statistics.Wewill also
explain the daily efficiency of the different configurations.

A. DAILY VARIATION IN YIELD
To calculate the energy yield, we mapped the measured ISC
to corresponding maximum DC power outputs, Pmax (see
Experimental procedures). The resulting daily output power
profiles were then integrated over 9 a.m. to 3 p.m. to obtain
the daily DC energy yield produced by each configuration.
This period was chosen to avoid row-to-row shading in all
setups. Further, Fig. 4(a) shows the daily energy yield (Y ) of
the best performingVBF, TBF, and themonofacial configura-
tions (i.e., B90Wht, 50%, B24Wht , M24Nat ). Significant dips in
the trend, e.g., on November 10, are associated with rainy or
overcast weather conditions. We find that the TBF(B24Wht )
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FIGURE 4. Daily energy yields during the 52-day experimental period. a, Daily energy yield of best
performing VBF(B90Wht, 50%), TBF(B24Wht ), monofacial (M24Nat ) configurations during the period of the
experiment. b, Relative daily yield of VBF configurations are shown as the deviations from B90Wht, 50%
yield. c, The yield deviations for TBFs and monofacial configurations from B24Wht configurations.

configuration produces the most yield on every day of the
experiment, whereas the VBF(B90Wht, 50%) the least.
The bifacial yield is expected to increase with increas-

ing RA. Thus, for TBFs, we expect YB24Wht > YB24Gry for
increasing RA. For ground-sculpted configurations, as the
grounds between the modules are shaped to deflect sunlight
towards the adjacent modules (see Fig. 1(e)), we intuitively
anticipate that the module’s light collection will increase with
an increase in r (ground triangle height) provided that the
triangular ground shape does not shade the modules. This
constraint is satisfied for HR ≤ 50% [22]. Thus, all else
being equal, we expect a higher yield for higher RA and r .
Therefore, among the VBFs, the expected yield performance
hierarchy is YB90Wht, 50% > YB90Wht, 25% > YB90Wht, 0% >

YB90Gry, 50% > YB90Gry, 0% . To compare the everyday per-
formance of individual configurations, we plot the daily
signed deviations from optimal VBF (B90Wht, 50%) and TBF
(B24Wht ) configurations in Fig. 4(b) and Fig. 4(c), respec-
tively. In the figures, we illustrate the expectations by the size
of the data markers for each configuration; namely, a larger
marker suggests a higher expected yield.

Let us first consider the yield performance of VBF con-
figurations as shown in Fig. 4(b). Negative deviations on
most days indicate that the B90Wht, 50% generally performed
best as expected. Unexpectedly, on some clear days, e.g.,
Nov. 12-14, the B90Wht, 0% configuration produced more
energy than the B90Wht, 25% (both have the same RA = 0.5).

On these days, we observe a more pronounced anomaly for
B90Gry, 0% and B90Gry, 50% pair (RA = 0.3) – the out-
put from a flat ground array (B90Gry, 0%) crosses over a
ground-sculpted one (B90Gry, 50%). Such crossovers in yields
suggest that a ground-sculpted configuration does not neces-
sarily produce more yield than a non-ground-sculpted one,
but depends on the daily weather conditions. We find that
the crossovers are correlated with lower values of kd , i.e.,
higher availability of direct sunlight. It implies, if a location
were to largely receive direct sunlight, the yield enhance-
ment resulting from a sculpted ground may be rendered
insignificant. We further examine this implication in a later
section.

As for south-facing modules, we expect the bifacial con-
figurations to produce more energy relative to the monofacial
ones—since the rear faces of bifacial modules can collect
additional light reflected from the albedo enhanced ground.
Fig. 4(c) shows daily yield performance trends consistent
with our expectation. The south-facing TBF with a white
ground (B24Wht ) demonstrates the highest daily energy yield
among the bifacial configurations and consistently outper-
forms the monofacial ones.

B. BIFACIAL GAIN IN ENERGY
We define the bifacial gain in energy (BGE ) as the frac-
tional gain in the yield of a bifacial array compared to the
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FIGURE 5. Bifacial gain in energy (BGE ) vs. Daily integrated GHI for
different configurations. Both daily yield and daily GHI are obtained by
integrating the measurements over 9 a.m.–3 p.m. period. Marker colors
indicate estimated daily diffuse fractions (kd ).

optimum [5] monofacial array:

BGE =
YBF − YMonoopt

YMonoopt
× 100 (1)

For our location, the optimal monofacial configuration
Monoopt is M14Nat . The BGE -statistics under varying inso-
lation (shown in Fig. 5) can be understood by studying the
daily yields and ambient temperatures. As shown in Supple-
mentary Fig. S2, YM14Nat linearly increases with GHI. For
vertical bifacials, YVBF vs. GHI slope decreases at higher GHI
(see Supplementary Fig. S2), indicating VBF is less efficient
under higher GHI. We can also see this in Fig. 5(a, b) where
the BGE for VBF decreases at higher GHI. It is consistent
with our previous discussion that VBF performance is better
at a higher diffuse fraction (i.e., at lower GHI). As for the
bifacial gain in energy for TBFs, we see in Fig. 5(c, d) that
the gain is always nonnegative as expected. Interestingly, the
BGE increases with GHI, indicating that TBF is even more
efficient under brighter sunlight (clear days). However, the
gains have more variability at higher GHI: ∼10% on bright,
clear days. This variance can be directly correlated to the
broader variance in ambient temperature (hence the module
efficiency) as GHI increases, as shown in Supplementary
Fig. S4. The daily average ambient temperatures (between
9 a.m.–3 p.m.) at various GHI are shown in Supplementary
Fig. S3.

C. DAILY CONFIGURATION-EFFICIENCY
Fig. 6(a) shows the distribution in daily efficiency (module
yield per unit area normalized to GHI) for every configu-
ration under study. As M0Nat is placed horizontally, its ISC
is proportional to the GHI. The ISC/GHI ratio, therefore,

FIGURE 6. a, Boxplots of daily configuration efficiency (ηC ) of each setup
based on experimental data. b, Experimental and simulated net energy
yields per module width of each configuration under study. For each
bifacial configuration, the BGE is shown. For simulations, the OHP model
was applied to decompose the measured GHI.

would be constant for any GHI over M0Nat . The spread in
M0Nat efficiency is only due to the nonlinear relationship
between GHI and Pmax (i.e., between ISC and Pmax as shown
in Supplementary Fig. S1).

Among the VBFs, the mean efficiency increase with
increasing RA from 0.3 to 0.5 is: (i) 1% between B90Gry, 0%
and B90Wht, 0%, and (ii) 1.5% between B90Gry, 50% and
B90Wht, 50%. On the other hand, the usefulness of ground
shaping is not apparent. The efficiency of B90Gry, 50%
(ground sculpted) is marginally lower than B90Gry, 0% (flat
ground), while B90Wht, 50% performs only marginally better
than B90Wht, 0%.

The TBF configurations are 6-7.5% (absolute) more effi-
cient compared to VBFs. The TBFs have larger variability
in efficiency than vertical arrays. This again can be associ-
ated with the GHI–Pmax nonlinear relationship. As M24Nat ,
B24Gry and B24Wht are optimally tilted to collect direct light
(compared to M0Nat or M14Nat ) during the experimental
period (September-November) at the test site, they will cycle
through a larger range in ISC when the daily GHI changes.
This translates to a larger variation in operating efficiency,
see Supplementary Fig. S4. On the other hand, VBFs are
less sensitive to direct sunlight. Therefore, the vertical arrays
will have a smaller variation in efficiency, mostly associated
with ambient temperature variations (shown in Supplemen-
tary Fig. S4).

Overall, from the daily yields, we expectedly see that
B24Wht has the highest output, and the improvement from
ground sculpting in VBF is weather-dependent. The bifa-
cial gain BGE increases for TBF and decreases for VBF
with increasing GHI. And, TBFs have over 5% (absolute)

VOLUME 10, 2022 47733



J. B. Jahangir et al.: Critical Analysis of Bifacial Solar Farm Configurations: Theory and Experiments

variabilities in configuration efficiency due to the nonlinear
relationship between Pmax and GHI.

V. NET ENERGY YIELDS OF THE CONFIGURATIONS
In this section, we will compare the net yield of the compar-
ison over the entire study period. Corresponding numerical
results present the accuracy of the prediction models. Then
the numerical models are used to extrapolate to the annual
yields of every configuration.

A. NET ENERGY YIELD OVER THE STUDY PERIOD
The net yield, calculated by summing the daily outputs, will
give a better statistical comparison among the various array
configurations. Fig. 6(b) shows the net yield per row length
(kW·h·m−1) from each configuration for the entire dura-
tion of the experiment. Both the experimentally measured
(�-marker) and numerically simulated (×-marker) energy
yields are shown in the figure.

First, from the experimental data, the trend shows that
south-facing tilted bifacial modules (B24Gry and B24Wht )
produce a higher yield than the monofacial modules, which is
expected from our previous discussion. The B24Wht configu-
ration with the white ground (RA = 0.5) shows 21.3% BGE
compared to the M14Nat monofacial configuration; followed
by the B24Gry configuration which shows an 18.3% gain.
By contrast, among the vertical setups, the best performing
VBF configuration B90Wht, 50% (RA = 0.5, HR = 50%)
[22] generates 30% less yield than M14Nat . It follows that all
the TBF configurations produce more energy than the VBF
configurations: for the same albedo RA = 0.5, the B24Wht
configuration produces 73.3% more yield than B90Wht, 50%.

Second, it is apparent that the yield from a bifacial
module increases for higher albedo: compare B90Gry, 0%
vs. B90Wht, 0%, B90Gry, 50% vs. B90Wht, 50%, and B24Gry
vs. B24Wht in Fig. 6(b). For example, B24Wht with the
white-colored ground (RA = 0.5) yields 2.6% more than
B24Gry with the gray-colored ground (RA = 0.3). Likewise,
the B90Wht, 50% configuration produces 16.3% more than
the B90Gry, 50% configuration. Hence, the artificial albedo
enhancement effectively increases the yield of bifacial con-
figurations.

Finally, the trends among the vertical modules illustrate
the benefits of employing the ground-sculpting technique
and the impact of the choice of ground height (r) on VBF
performance. The ground-sculpted B90Wht, 50% configura-
tion with 50% HR shows 5.7% performance improvement
over the flat-grounded B90Wht, 0% configuration (HR = 0).
Despite the several crossovers observed in the daily yields,
i.e., YB90Wht, 0% > YB90Wht, 25% on some days, B90Wht, 25%,
on the whole, produces more yield than B90Wht, 0%. How-
ever, B90Gry, 50% surprisingly produces slightly less (1.6%)
than B90Gry, 0%. This anomaly may be due to measurement
inaccuracies or by one of the B90Gry, 0% modules receiving
marginally higher spurious light from the surroundings. This
is plausible because the sun follows a low altitude path during

the experimental period (see Fig.1(a,d)) and the presence of
building structure in the proximity of the test-site.

B. NUMERICAL PREDICTION OVER THE STUDY PERIOD
Developing simulation tools for bifacial farms is uniquely
challenging due to the need to quantify the rear face irra-
diance. Several bifacial models have been proposed that
utilize ray-tracing [29] or the view-factor method [16],
[25], [35]–[38]. When compared with field data, both the
ray-tracingmethod and view-factor-basedmodels were found
to be in good agreement [39], [40].

We have carried out simulations of the experimental con-
figurations for comparison and yearly predictions. We use
the detailed physics-based Purdue view-factor-based solar
farm model [5], [22] (summarized in Experimental proce-
dures) to find the numerical results. For the simulations,
physical module dimensions and array geometry were cho-
sen and module efficiencies for direct (ηdir ) and diffuse
(ηdiff ) light collection were set to 12.5%. For irradiance
inputs, we decompose the on-site measured global horizontal
irradiance (GHI) (detailed in Experimental procedures) into
direct normal irradiance (DNI) and diffuse horizontal irradi-
ance (DHI) components. The decomposition was performed
using a combination of Orgill-Hollands [41] and Perez’s [23]
anisotropic diffuse skylight model, which we will refer to
as the OHP model. We choose the Perez model due to its
relatively accurate diffuse sunlight estimation [16], [42]–[44].
The simulations were carried out over the same dates as the
experiments for proper comparison.

In addition to the experimental configurations, we also
simulate the B90Gry, 25% configuration having identical
design parameters to B90Wht, 25%, butRA set to 0.3. As shown
in Fig. 6(b), the predicted trend demonstrates an overall good
fit to experimental data with 3.8% mean absolute percentage
error (MAPE). For TBF and monofacial configurations, the
MAPE is 2.7% and 1.7%, respectively. We notice a larger
deviation (5.5% MAPE) for the ground sculpted VBFs com-
pared to other configurations. As the yield of vertical bifacials
is predominantly controlled by the effective collection of
diffuse and albedo light, the accuracy of numerical models for
VBF is greatly affected by the accuracy of DHI estimation.

C. PREDICTING ANNUAL YIELDS
We now apply our solar farm model to predict the annual
yield of the configurations at Dhaka. For the annual yield
simulation (and simulations hereafter), the input daily irradi-
ance data was obtained from NASA’s POWER database [45].
As the dataset only provides the daily average GHI, the
diurnal GHI profiles are numerically estimated by Haurwitz
clear sky model [46] scaled to match the daily average. The
aforementioned OHP model was used to decompose the GHI
values and estimate the diffuse irradiance component.

The predicted annual yields per row length (kW·h·m−1)
for the configurations are shown in Fig. 7(a). We find that
the overall yield performance hierarchy of the configurations
remains unchanged from the experiments done in Autumn

47734 VOLUME 10, 2022



J. B. Jahangir et al.: Critical Analysis of Bifacial Solar Farm Configurations: Theory and Experiments

(shown in Fig. 6): we predict larger yields from the TBF con-
figurations compared to the VBF ones. The seasonally vary-
ing availability of diffuse sunlight has an appreciable effect
on the performance of the bifacial modules. For instance,
during the wet season, a larger fraction of the sunlight will
be diffused owing to cloudy sky conditions. To examine the
impact of seasonal kd variations on the yields, we split the
annual yield into two six-month periods, named Summer
(Apr.-Sept.) and Winter (Oct.-Mar.). The two periods expe-
rience approximately equal insolation: the integrated GHI is
only ∼3% higher in Summer compared to Winter. However,
the periods have a varying degree of availability of diffuse
sunlight: the mean daily kd during the Summer period is 0.53,
while it is 0.33 during the Winter.

The trends for Summer and Winter periods in Fig. 7(a)
show that, although the ground-sculpted configurations (e.g.,
B90Wht, 50%, B90Gry, 50%) perform similarly during both
periods, the flat-ground configurations (i.e., B90Wht, 0%,
B90Gry, 0%) perform marginally better (∼7% higher) dur-
ing Winter when kd is lower. This predicted yield improve-
ment suggests that direct sunlight conditions are favorable to
the vertical bifacial configuration with no ground-sculpting.
We will later show that such dependency will have a decisive
impact on ground-sculpted vertical farm design based on geo-
graphic location. Furthermore, the seasonal yield predictions
in Fig. 7(a) indicate that the TBF configurations perform
worse during the Summer: B24Wht ’s yield falls 17% com-
pared to the Winter period. Such decline occurs due to the

FIGURE 7. a, Predicted annual yield per row length from each
configuration under study. The BGE for each bifacial configuration is
shown. The annual yield is split into yields from half-yearly periods:
Summer and Winter. In Winter, with higher availability of direct sunlight
compared to in Summer, the TBF configurations produce higher relative
yield. b, The predicted annual yield per land area for the experimental
configurations. BGE per land area for bifacial configurations are also
shown.

combined effect of the reduced availability of direct sunlight
and slight misalignment between themodule and the sun-path
during Summer. As such, the relative gain of TBF compared
to VBF also declines during this period.

Fig. 7(b) shows the predicted annual yield per land area
(in kW·h·m−2) of our experimental setup. We obtain the
yield per land area for each configuration by dividing their
yields in Fig. 7(a) by the respective array pitch (p) parame-
ters. While the TBF gains remain unchanged from Fig. 7(a),
they increase for the VBFs. This is because, while TBFs
and monofacial arrays have equal array pitch (p = 24 in),
a slightly smaller period (p = 22 in) was chosen for VBFs
(see Table 1). Still, the VBFs are predicted to produce less
yield per land area than the monofacial configurations at this
location. The relative improvement in yield per land area of
the densely packed VBFwill be considered at higher latitudes
when the monofacial modules are optimally tilted higher with
increased row-spacing. That is why VBFs are preferred at
higher latitude [25] as it maximizes output per land area in a
finite-sized farm.

The net yield of the configurations discussed in this
section provides some key insights: an increase in RA from
0.3 to 0.5 increases BGE of TBF by 3% (18.3% to 21.3%).
The numerical results for TBF and VBF are within 2.7%
and 5.5% of the experiments. Our numerical predictions over
different seasons show that: (i) TBF in this location performs
better under lowered diffuse light, and (ii) ground sculpting
may be useful when diffuse light is high.

VI. LOCATION-SPECIFIC PERFORMANCE OF OPTIMUM
BIFACIAL SOLAR FARMS
We now apply our solar farm model to predict the energy
yield performance of TBF and VBF farms for several loca-
tions across the globe. Fig. 8(a) shows the annual yield per

FIGURE 8. a. Predicted annual yield per module width shown for
optimum tilted bifacials (TBF), vertical bifacials (VBF), and monofacials. b.
The corresponding BGE of bifacial solar farms.
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modulewidth (in kW·h·m−1) obtainable from optimum farms
TBFopt , VBFopt and Monoopt at various geographic loca-
tions. To represent the modules in utility-scale solar farms,
we set the module Mh to 1 m, and efficiencies ηdir and ηdiff
to 18.9% and 15.67%, respectively, and assume RA = 0.5.
The farms TBFopt and Monoopt are optimized for minimum
LCOE [5]. The modules are assumed to be mounted in an
array at a height y0 = 1 m above the ground. One the
other hand, the VBFopt farm is optimized for the ground
shape r with p = Mh [22]. As observed in Fig. 8(a), Doha
has the highest yield — the location-specific variation in
output is due to the difference in insolation. As expected, TBF
outperforms other configurations.

In Fig. 8(b), we compare the BGE for the three configura-
tions. At higher latitudes, the modules are optimally tilted at
higher angles to follow the sun — this enhances the impor-
tance of bifaciality to collect sky-diffuse and albedo light
through the back face [5]. That is whywe observe higher BGE
at high latitudes such as in Austria (kd = 0.53) andHokkaido,
Japan (kd = 0.54). Doha, Qatar (kd = 0.23) has low annual
diffuse fraction, and therefore has the least BGE . Although
Dhaka, Bangladesh (23.8◦N, kd = 0.4) and Doha (25.3◦N)
have similar latitudes, we observe a slightly higher BGE in
Dhaka due to higher kd . The predicted BGE in Fig. 8(b) are
similar to that seen in Table 1 – however, a proper comparison
is difficult here as the experiments in literature as listed in the
table are not representative of the LCOE-minimized design.

The negative BGE for VBF configurations in Fig. 8(b)
indicates its significantly lower yield compared to Monoopt .
Indeed, we find that, in terms of yield per module width, the
Monoopt outperforms the VBFopt anywhere in the world (see
Supplementary Fig. S6). However, when maximum yield per
land area is required, the VBFopt are expected to perform
better at higher latitudes (see Supplementary Fig. S6). Also,
the smaller optimized period (p = Mh) [22] compared to our
experiments (p = 1.6 Mh) results in lowered albedo light
collection and degraded bifacial gain.

VII. EFFECT OF DIFFUSE SUNLIGHT ON OPTIMAL VBF
PERFORMANCE
In the experimental data shown in Fig. 4, we observed that
ground sculpting by increasing r does not necessarily max-
imize yield from VBF every day. Remember, we defined
‘crossover’ as the case when VBF with flat-ground outper-
formed its ground-sculpted counter-part with the same RA.
The anomalous crossovers in the daily yields largely occurred
on clearer days between the B90Wht, 0% and B90Wht, 25%
pair, and B90Gry, 0% and B90Gry, 50% pair. The crossovers
statistically occur on a minute basis with the variation in the
diffuse fraction kd due to natural changes in the atmospheric
conditions. Fig. 9 shows the percentage of crossovers in the
measured output (taken every two minutes) of B90Wht, 0%-
B90Wht, 25% pair at different kd values. The distribution
shows that the crossovers are more likely when kd is low, i.e.,
more direct sunlight is available. It suggests that, at locations
with low diffuse fraction, the crossovers are more frequent,

FIGURE 9. Distribution of crossover percentage between B90Wht, 25%
and B90Wht, 0% against minutely diffuse fraction. The distribution
indicates that the crossovers occurred more frequently when diffuse
fraction was low.

and the vertical bifacial configurations with a flat groundmay
be equivalent or better than ground-sculpted ones.

We, therefore, posit that the conventional flat ground
(r = 0) VBF may be preferable at locations that experience
more direct sunlight (low kd ), while the sculpted ground
(r > 0) tends to be better at locations with more diffuse
sunlight (high kd ). For instance, locations such as Phoenix,
USA, have a low annual average diffuse fraction—indicating
significant amounts of direct sunlight around the year. Con-
sequently, in such locations, the lack of diffuse sunlight
may neutralize the expected benefits of the VBF in the long
term. To illustrate this dependency on the local diffuse frac-
tion, we carry out a worldwide simulation of B90Wht, 50%
and B90Wht, 0% configurations to estimate the annual gains
obtainable with ground-sculpting; the results are shown in
Fig. 10. We choose p = Mh for the simulation with module
efficiencies ηdir and ηdiff set to 18.9% and 15.67%, respec-
tively [22].

Fig. 10(a) shows the annual diffuse fractions around the
world. For such expected irradiance conditions, Fig. 10(b)
shows the ratio of the predicted annual yield obtained for
B90Wht, 50% and B90Wht, 0% configurations. We find that
B90Wht, 50% is expected to yield similar to or higher than
B90Wht, 0% all over the globe. However, the relative gains
for ground-sculpted B90Wht, 50% diminish at locations with
low diffuse fractions (i.e., locations with clearer sky on aver-
age), which is consistent with our hypothesis. For instance,
in parts of northern Africa and Saudi Arabia, where kd < 0.25,
the gains can be only 1–2%. By contrast, for kd > 0.4, the
ground-sculpting can lead to ∼30% performance improve-
ment in several parts of the world, e.g., in eastern China.
Indeed, we find that the gains for B90Wht, 50% tend to be
generally higher for regions with latitudes greater than 30◦

owing to the higher availability of diffuse sunlight at these
regions as shown in Fig. 10(a). The predicted annual BGE for
VBF configurations per row length and per land area shown in
Supplementary Fig. S6 – at latitudes > 45◦ VBF is expected
to yield more than monofacials in a finite-sized farm. Our
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FIGURE 10. Impact of the availability of diffuse sunlight on the
worldwide VBF performance. a, Map showing the annual diffuse fraction
calculated based on the data from NASA’s POWER database. b, Worldwide
predicted annual yield ratio of B90Wht, 50% (optimal VBF) and
B90Wht, 0% (conventional flat ground) configurations. The relative gain of
ground-sculpted configurations is minuscule at regions near the equator
for low values of diffuse fraction. However, the gain increases at higher
latitudes with higher diffuse fractions.

predictedVBF gains are smaller compared to the one reported
previously in Ref. [22]. We now predict ground sculpting is
expected to improve VBF performance at locations with a
higher diffuse fraction.

VIII. CONCLUSIONS
In this work, we have studied ten configurations in outdoor
array conditions having varying azimuth, tilt, albedo, and
ground height parameters at East West University, Dhaka,
Bangladesh. Based on the experimental data, we provide a
side-by-side comparison of the yield performance of tilted
bifacial (TBF) and vertical bifacial (VBF) arrays. A summary
of the work is as follows.
(1) All our configurations are designed to near-optimum

spacing from numerical predictions in literature [5].
We observe from our experiments that the best TBF
yields 21.3% and 73.3% more compared to the optimal
monofacial and VBF, respectively over the two months
of experiment in autumn.

(2) Our study includes the effect of ground albedo RA for
multi-row arrays.We observe that by increasingRA from
0.3 to 0.5: the VBF sees a 16.3% increase, and the TBF
has a 2.3% increase in yield. The improvements are
relatively moderate compared to that seen in literature.
This is due to the smaller period (close to optimum) of
the array than that in prior works.We also observe a large
statistical variability in TBF yield and bifacial gain on

brighter days — this is associated with larger variation
in ambient temperature on such days.

(3) The experimental configurations are simulated using
Purdue view-factor-based opto-electric solar farm
model [5], [22]. The simulated trend shows a remarkably
good agreement with the experiments (suggesting the
maturity and reliability of these models): the predicted
yields for TBF and VBF configurations show 2.7% and
5.5% maximum absolute percentage error, respectively.

(4) Over the experimental study period, the bifacial gain in
energy (BGE ) of the best performing VBF and TBF are
-30% and 21.3%, respectively. The numerically extrap-
olated annual BGE based on output per farm area is:
-26.8% for VBF and 18.5% for TBF. By including the
Perez model to estimate diffuse irradiance, we now
predict the gains for ground-sculpted VBF to be sig-
nificantly smaller than the previous prediction near the
tropics [22].

(5) Our experiments demonstrate that the efficacy of the
ground-sculpting technique degrades as the location’s
diffuse sunlight fraction decreases. This characteristic
extrapolates to location-specific annual diffuse fraction,
as predicted by the numerical model. In a global analy-
sis, we observe that at locations with a clear sky (i.e.,
low diffuse fraction), the ground-sculpted VBF only
provides 3%more yearly yield compared to a VBF farm
with a flat, un-patterned ground. In general, VBF outputs
less than monofacial farms for all locations within lati-
tude < 45◦; however, the potential for vertical module
arrays would truly be understood once the soiling effects
and maintenance costs are factored in for overall LCOE
and profit analysis.

The experimental data and the yield predictions reaffirm
that fixed tilted bifacial arrays are more efficient than the
vertical bifacial ones. However, the inherent geometry of ver-
tical bifacial arrays makes it a natural fit for land-constrained
niche applications, such as AgroPV and structure-integrated
PV. Furthermore, when we consider soiling losses, the perfor-
mance of vertical bifacials is expected to improve consider-
ably. A comprehensive techno-economic analysis would be of
interest to evaluate such potentials. While this study focuses
on maximizing DC generation potential, net economic value
of generated renewable power for end user will also depend
on tackling challenges related to power quality [47], [48].
Nevertheless, we anticipate the results will help to pave the
way for reducing solar LCOE by providing strategies to
increase the energy yield through application-specific bifacial
PV systems ensuring optimal utilization of local conditions.

APPENDIX
EXPERIMENTAL PROCEDURES
A. SHORT CIRCUIT CURRENT MEASUREMENT AND
MAPPING TO MAXIMUM POWER
The module short circuit current was measured by measuring
the voltage drop across a 1±5% � resistor. The load voltage
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was measured using an in-house data acquisition system
equipped with a 10-bit successive-approximation analog-to-
digital converter. The converter has an absolute accuracy of
±2 Least Significant Bits (LSB): for the chosen 5 V refer-
ence voltage the accuracy was ±9.76 mV. Each data point
was recorded at 2-minute intervals.Module-to-module output
variability is accounted for by multiplying the output by a
correction factor (see Supplementary sec. S5).

The module’s current-voltage profile and the maximum
power output under 1000 W·m−2 irradiance was obtained by
flash testing. As the short circuit current varies with the light
collection, the current-voltage profile under varying irradi-
ance can be approximated by shifting the profile vertically.
A mapping between the short circuit current and maximum
power output was calculated from the shifted profiles (shown
in Supplementary Fig. S1). Using the mapping, the daily
maximum power profile corresponding to a module’s daily
short circuit current profile was obtained through linear inter-
polation and extrapolation.

B. GLOBAL HORIZONTAL IRRADIANCE MEASUREMENT
The global horizontal irradiance (GHI) was estimated
from a calibrated horizontal monofacial module. The
module was characterized under standard testing condi-
tions (using Optosolar GmbH Flashlight Simulator), where
under 1000W·m−2 (1 sun) irradiance 2A short circuit current
was measured from the module. This measure was used to
calculate the instantaneous GHI inW·m−2 from themeasured
module instantaneous short circuit current.

C. DHI AND DIFFUSE FRACTION (kd ) CALCULATION
To calculate the diffuse fraction, in addition to GHI, we need
to quantify the diffuse horizontal irradiance. We can cal-
culate the instantaneous diffuse horizontal irradiance from
the measured module front and rear face ISC profiles of
B90Gry, 50% and B90Wht, 50% configurations. These config-
urations are identical with the exception of having varying
RA. As discussed before, until noon, the eastward face of
the vertical bifacial module receives mostly direct sunlight,
but the westward face receives none; and vice versa in the
afternoon. By concatenating the morning-time west face and
afternoon-time east face profiles, we isolate the diurnal ISC
profile owing to diffuse sunlight (see Fig. 3d). The total ISC
due to diffuse sunlight, Idiff , can be decomposed as

Idiff = Isky + Ialbedo
= Isky + RAIground (2)

where Isky is the isotropic sky diffuse sunlight component and
Ialbedo is the ground albedo component.

DHI is defined as the diffuse irradiance incident on a
horizontal surface from the sky. Therefore, we are only
interested in the Isky component, as a horizontally oriented
absorber will only receive that component. The B90Gry, 50%
and B90Wht, 50% configurations are identical except only the
albedo coefficient (RA) of the ground. With the total Idiff and

RA known for the two configurations, we solve the following
2× 2 system of equations for Isky.

I = C−1Idiff (3)

where, C is the coefficient matrix of Isky and Iground , and Idiff
is a column vector containing the Idiff value of B90Gry, 50%
and B90Wht, 50% configurations at a given time. The irradi-
ance value corresponding to the calculated Isky is obtained by
applying 500 W·m−2·A−1 conversion factor obtained from
module flash testing.

D. ALBEDO COEFFICIENT (RA) MEASUREMENT
The values of RA of the vinyl banner covered ground were
obtained experimentally. Two back-to-back mounted solar
reference cells were placed horizontally at 1 feet above the
ground, and their short-circuit currents were measured at
solar noon. While light reaches the top cell directly, it has
to be reflected from the ground surface before reaching the
bottom cell. Therefore, the ratio of the average short-circuit
current of the bottom cell to the top cell represents the fraction
of light reflected by the ground, namely the albedo coefficient
of the ground.

E. NUMERICAL MODEL FOR SOLAR FARM’s YIELD
PREDICTIONS
Our numerical calculations for the module array yield uses
the models from refs. [5], [22]. For the annual yield analy-
sis (both local and global), the 22-year average GHI values
are obtained from the NASA POWER database [45]. The
clear-sky irradiance [46] is scaled to the GHI data for a
more practical estimate. Orgill-Hollands along with Perez
correction is used to decompose GHI into DHI and DNI.
One difference with Ref. [22] is that we consider the Perez
correction for the vertical module arrays.

The contribution of DNI and DHI are treated separately.
The direct light collection and relevant shading on the mod-
ules and the ground are appropriately modeled by consid-
ering the temporal change in the position of the sun. The
amount of DHI collection on module faces and the ground are
calculated through sky-to-module and sky-to-ground view
factors, respectively. The ground is then assumed to be a
secondary diffuse light source to find the albedo collection on
the module faces. Once the light distribution on the module is
known, an electrical model is used to find the output power
(later integrated to find energy yield). We consider 3-bypass
diodes in the electrical model of the module.
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