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ABSTRACT Bifacial photovoltaic cell and module technology have been well understood for many years
and produced in quantity by companies, such as Sanyo/Panasonic, Hitachi, PVGS, BSolar, Yingli, and LG.
While manufacturers are already producing bifacial modules, there is slow adoption into themarket place due
to a deficiency in standardized testing and modeling techniques used to predict the performance of bifacial
systems. As such, Prism Solar conducted a multi-variable, multi-site testing program to determine the impact
that common installation variables have on the yearly energy output of its bifacial solar modules. The effects
of the module’s minimum height ratio, tilt angle, and ground albedo on the annual energy output were studied
through direct field measurement. Based on these results, a best-fit model that links these variables to the
annual energy output is presented. We believe this is the largest single collection of bifacial experiments
presented to date, and one of the first general bifacial energy models publicly disclosed for general use.
In addition, a comparison of the results of using this best-fit bifacial energy yield model derived by the
authors with third-party bifacial data is also presented; this serves to validate the authors’ model and adds to
the utility of this paper by presenting and combining multiple sources of bifacial data.

INDEX TERMS Solar energy, photovoltaic systems, modeling, energy harvesting, bifacial.

I. INTRODUCTION
Bifacial technology has been shown to significantly increase
the performance of traditional photovoltaic (PV) module
architectures [1]–[4] using relatively conventional silicon
manufacturing techniques, and has the potential to reduce the
costs of solarmodules [4], [5]. Recently, it has been stated that
bifacial technology is one of the best PV innovations that can
be utilized to meet the DOE/ShunShot goal of under $1/Watt
total system price by 2030 [5]. Bifacial technology allows for
both the front and rear surfaces of the cell/module to convert
light into energy, thus increasing the energy harvesting poten-
tial of flat plate PV modules. The major components of the
energy generated by a bifacial module are shown in Figure 1.
The relative efficiency of the rear of the module, related to
the front of the module is denominated as the bifacial ratio,
sometimes also known as bifaciality, and can be defined as:

BR[%] = Bifacial Ratio [%] = 100∗(ηREAR/ηFRONT )

= 100∗(PREAR@STC/PFRONT@STC) (1)

where ηREAR and ηFRONT are the rear and front efficiencies
of the module, and PREAR@STC and PFRONT@STC are the

FIGURE 1. Components of the solar radiation components that act on a
typically mounted bifacial module.

module/cell rated power under standard test conditions (STC)
of 25C, illumination level of 1000W/m2 acting only on one
surface, and an AM1.5 atmosphere profile. All of Prism Solar
modules are IV-tested using a collimated light source with a
black absorptive material in the background behind the mod-
ule. This is done to limit reflected light to the rear/opposite
side of the module during testing. The bifacial modules used
in this work had a BR of ∼95%.
Silicon bifacial cells have been fabricated since the

early 1980s [6] and bifacial PV modules have been com-
mercialized by Sanyo/Panasonic since the late 2000s [7],
and starting in 2012, by Prism Solar [8], PVGS [3], [9],
Yingli [10], and LG [11], among others.
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Current state of the art solar PV modeling platforms such
as NREL’s System Advisor Model [12], PVSyst [13], and
Folsom Labs’s Helicoscope [14] cannot directly estimate the
additional contribution of the rear side of bifacial modules or
their total energy output.

Authors [15] have presented optical modeling results
showing that the distance between a reflector and a bifacial
cell can be optimized to maximize the bifacial output.
Systems previously deployed in the field [1], [3], [16], [17]
have shown bifacial gains in excess of 20% under high albedo
conditions, and others [17] showed bifacial field system
results as a function of height (h) and albedo (α), while
calling for the need to develop bifacial simulation tools.
Additionally, bifacial gains of more than 30% have been
shown to be achievable [18], [19] and presented the results of
a bifacial model in which height (h), albedo (α), tilt (θ ) and
ground cover to module ratio were explored for specific site
conditions.

In this work, we will first present the results of various
test conditions performed on Prism Solar bifacial modules,
conducted specifically to relate the energy yield of bifacial
modules to variables such as the module height (h), tilt (θ ),
and the albedo (α) of the surface under the modules. Second,
we will define an empirical best-fit model to predict the
annual energy yield of bifacial modules, which was created
to fit the experimental results; a method to adapt the best-fit
model to other bifacial modules with dissimilar bifacial ratio
characteristics is also presented. Then, a discussion on the
general effects of azimuth, latitude and diffuse illumination
on bifacial modules will also be presented. Last, a comparison
of the best-fit bifacial energy yield model with third party
bifacial data sources, including both measured and modeled
sources will be presented.

Using the empirical model presented later in this work,
PV simulations tools [12]–[14] may be used to estimate the
annual energy yield of bifacial modules by:

1. Simulating bifacial PVmodules asmonofacial modules
based on their standard test condition (STC) front-side
parameters, measured with no rear-side contribution
(black background).

2. Using the module installation conditions and the bifa-
cial best-fit energy yield model, the additional annual
energy from the rear of the module for the installation
conditions can be estimated.

3. The total annual energy of the bifacial system can be
estimated by the addition of the front and rear annual
energy components, as shown in Equation (2).

The total bifacial energy yield generated by a bifacial
module/system can be expressed as:

Total Bifacial Energy Yield [kWh]

= Front[kWh]+ Rear[kWh] (2)

where Total Bifacial Energy Yield [kWh] is the combined
output of the bifacial module/system, Front [kWh] is the
energy yield from the front side of the module/system which

can be estimated using conventional PV tools, Rear [kWh] is
the energy provided by the rear of the module, which can be
estimated by the model in this work.

II. BIFACIAL EXPERIMENTAL SETUP
In this section, the results of seven different experimental
setups of bifacial modules are presented, and the additional
energy generated by the rear of the modules is quantified
through the use of the Bifacial Gain in Energy (BGE). The
BGE, expressed in percentage, is the amount of energy that
the rear of a bifacial module generates as a function of the
amount of energy generated by the front of the bifacial mod-
ule, and is defined in Equation (3):

BGE[%] = (Rear[kWh])/(Front[kWh]) (3)

where BGE[%] is the bifacial gain in energy, Rear[kWh]
is the measured energy from the rear surface of the sys-
tem/module and Front[kWh] is the measured energy from the
front surface of the module/system. When using all equations
in this work, the components in the energy equations must be
measured for the same time period interval.

The simultaneous and completely decoupled measurement
of the Front and Rear components of a bifacial system is not
presently possible, therefore the total energy generated by
the bifacial systems was measured, and secondary monofa-
cial systems were deployed alongside the bifacial systems.
To determine the equivalent Front component, the mono-
facial energy yield was assumed to be equal to the Front
bifacial energy component. The approach of using monofa-
cial modules as references to estimate the bifacial gain has
been used previously with bifacial field measurements
conducted by Sanyo/Fraunhofer [29], [30], PVGS [1], and
bSolar [16], [17]. Combining Equations (2) and (3), the mea-
sured BGE can then be expressed as:

BGE[%]] = (Total Bifacial Energy Yield[kwh]

− Front[kwh])/Front[kwh] (4)

Monofacial reference modules with similar characteristics as
the bifacial modules were used in the different test conditions;
these similar characteristics include the number of cells, STC
power rating, voltage and amperage, and temperature coef-
ficients, which can be seen in the specifications of most of
the reference [21] and bifacial modules [22]. For example,
the reference modules had a Pmax temperature coefficient
of −0.45%/C, while the bifacial modules had a temperature
coefficient of −0.465%/C. All energy, power and gain mea-
surements were measured on the AC side of the inverter and
in all cases, including test conditions 4 and 5 where custom
reference modules were used, the AC measurements were
normalized by the module Pmax STC rating to account for
the differences in the module wattage. Care was also taken to
not introduce significant edge effects into the test conditions
which might have increased the bifacial gain disproportion-
ately. In Table 1, the number of modules, the inverter type,
module minimum height (h), albedo (α), and tilt angle (θ )
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TABLE 1. Summary of the experimental conditions, data collection range,
and measured Bifacial Gain in Energy (BGE) for the different test arrays.
The number of bifacial and reference modules used in each test
conditions is shown in parenthesis in the table. All module performance
measurements were obtained on the AC side of the inverters, and
normalized by the Pmax STC power rating.

used in the various test conditions is shown. A clear trend
of a higher BGE as the tilt, height and albedo of the module
installations increases can be seen in Table 1. This increase
linked to the height, tilt and albedo forms the basis of the
author’s empirical model.

All test condition albedo coefficients were measured on
site, at solar noon, with an Apogee SP-110 silicon-cell pyra-
nometer [20] with a cosine response within ±5%. Several
albedo measurements were taken and averaged for each test
condition. All racking and support members, for both sites,
were selected so that no structural element would directly
shadow the rear of the bifacial modules.

For test condition 1, ten Canadian Solar CS6P-245P
(245W) [21] were chosen as the reference, and ten Prism
Solar B245 (245W) modules [22] were used as the bifacial
modules. All measurements were taken with the line inverters
used for each system, SMA SB-3000HF [23] for the B245
system and SMA SB-2500HF [23] for the CS6P-245P sys-
tem; both SMA inverters had CEC efficiency of 96.5% [23].
The measured minimummodule height at the installation was
1.25m with a double row system for both module arrays.
The power range for each string inverter was chosen so
that no clipping would occur and both inverters had similar
voltage/efficiency characteristics for the number of module
chosen, as to not influence the results. Figure 2 and Figure 3
show the test condition setup and test system results.

For the data in Figure 3, snow fall at the site was
not significantly recorded on the winter of 2012-2013, but
significant snow fall was recorded from December 2013
through February 2014, and in February of 2015, which led
to increases in the BGE attributed to partial snow ground
cover as can be observed in Figure 3. Once the snow effects
are accounted for, the peak BGE was obtained in the

FIGURE 2. Test condition 1 in Highland NY with two independent
10 module arrays. (a) B245 array front view, (b) B245 array rear view, and
(c) CS6P-245P; each connected to a SMA string inverter. All modules face
south (AZ=180◦), θ = 30, minimum module height = 1.25m, and α = 10%.

FIGURE 3. Results at Test Condition 1 showing the daily average energy
production [kWh/kW] for the B245 bifacial, and CS6P-245P
Monocrystalline monofacial modules. The BGE value is shown as the
secondary axis. All module face south (AZ = 180◦), θ = 30, min
height = 1.25m, and α = 10%.

summer months, which coincides with the modules overall
peak power production. These results are consistent with
those found by others [1], [3].

For all measurements taken with micro-inverters, as in test
conditions 2 through 7 in Tucson, AZ, one ABB MICRO-0.3
(300W) [25] per module was used, each micro-inverter with
a CEC efficiency of 96% [25]. All similar condition modules
were averaged. The ABBmicro-inverters were chosen so that
no module power clipping, which might affect the results,
would occur. The largest individual module deviations in the
total bifacial energy yield from the averaged bifacial energy
value occurred for test conditions 2 and 5, in which the
largest deviation from the average was ∼1.5%, all other test
condition deviations from the average were within 1% or
less. The test condition 4 installation is shown in Figure 4, as
representative of the other installation test conditions at the
Tucson site; parameters such as height, tilt and albedo were
varied in the other installations. All modules were oriented
south (AZ=180◦).
For Test Condition 2 and 3, two Canadian Solar

CS6P-245M (245W) [24] were chosen as the references and
two Prism Solar B245 modules [22] were used as the bifacial
modules for each test condition, for a test period ranging
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FIGURE 4. Test condition 4 experimental setup in Tucson AZ. Two B245
and three CS6P Mono module test modules, each module connected to
an ABB/Power One 300W micro inverter. All modules faced south, and
were mounted over a white roofing membrane with a measured albedo
of 70%, h = 0.2m, and θ = 20◦. The contrast between the asphalt and the
reflective membrane used can be seen around the edges of the setup.

from early May to early October 2013. Figure 5 shows the
daily energy yield for condition results 2 and 3. In Figure 5,
the BGE trend shows a peak in the summer months and a
declining trend towards the winter months; additionally, the
BGE increases significantly on days in which the overall
module energy production decreases, which is attributable to
the added diffuse light available for the bifacial modules on
cloudy days.

FIGURE 5. Test Condition 2 and 3 daily average kWh values for the
two sets of B245 modules, one set at h = 0.2m and the other at
h = 0.76m, α = 77%, θ = 30◦, and CS6P-245M modules. The BGE values
for both heights of bifacial modules is shown as the secondary axis.
The test period ranged from May to early October 2013.

For Test Condition 4, three Canadian Solar
CS6P-245M [24] modules were chosen as the references and
two Prism Solar B245 modules [22] were used as the bifacial
modules. Figure 4 and Figure 6 show the test condition setup
and test system energy yield results, respectively. Figure 6
shows a higher BGE in summermonths and the BGE reaching
a minimum during winter months, a trend previously seen
Figure 5 and once snow effects are accounted for, also
in Figure 3.

FIGURE 6. Test Condition 4 daily average kWh values for the B245
modules, set at α = 70%, h = 0.2m, θ = 20◦, and CS6P-245M modules.
The BGE value is shown as the secondary axis.

For Test Condition 5 and 6, two custom made
monofacial monocrystalline silicon modules with ETON
(STC=256.7W) and STX SOLAR (STC=251.5W) cells
were chosen as the references, and three and two Prism Solar
B245modules [22] were used as the bifacial modules, respec-
tively. The custom modules had the same construction as the
bifacial modules, similar IV and temperature characteristics,
and all energy measurements and gains were normalized
by the Pmax STC rating to account for differences in the
module wattage. Figure 7 shows the test results for test
conditions 5 and 6; the BGE trend in which the peak BGE
production happens in summer months was only observed for
the higher albedo condition (α = 68%) and not the modules
over asphalt (α = 22%).

FIGURE 7. Results at Test Conditions 5 (high albedo roofing membrane
α = 68%) and 6 (asphalt with low albedo α = 22%), %, h=0.2m, θ = 20◦,
showing the daily average energy production [kWh/kW] for the B245
bifacial, and CS6P monocrystalline monofacial modules, as well as the
normalized Bifacial Gain in Energy(%) for the Bifacial system.

For Test Condition 7, four Canadian Solar
CS6P-245M [24] modules were chosen as the references
and two Prism Solar B245 modules [22] were used as the
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bifacial modules. Figure 8 shows the test condition results;
the trends previously seen for high tilt and high albedo
conditions in which the BGE peaks in summer and decreases
in winter was not observed, possibly due to the lower tilt
conditions.

FIGURE 8. Test Condition 7 daily average kwh/kW values for the B245
modules, set at α = 70%, h=0.3m, θ = 10◦, and CS6P-245M modules.
The BGE value is shown as the secondary axis.

III. BEST-FIT BIFACIAL ANNUAL ENERGY YIELD MODEL
In order to predict the annual increased energy resulting from
the additional illumination of the rear of a bifacial module, an
empirical best-fit model based on the previously shown test
conditions was developed. To minimize the variance due to
seasonal effect on the BGE, a uniform period of study of one
year was selected.

Test conditions 2 and 3 had only a test run period of
5 months with mostly summer data; therefore, a weighted
extrapolation was done to convert the data from a 5 month
data set to a yearlong equivalent. This was done in order to
account for the observed higher BGE values in the 5 months
data which occur in summer, which were decreasing by
October and would have reached a minimum in winter
months if the data set had not been truncated. The sea-
sonal variation trend that was accounted for can be seen in
Figure 3, Figure 5, Figure 6, and Figure 7 for the other
test conditions at the site. This weighted extrapolation
resulted in a decrease of the BGE of test conditions 2 and
3 from the 5-month value of 36.8% and 27.3%, to an esti-
mated annual value of 30.64% and 22.75% respectively; the
estimated annual values were used to generate the model.

Instead of using the direct measuredminimumheight of the
arrays to derive the model, a minimum height ratio was used
in the model to account for systems in which there are more
than one row of modules in the same racking system, such
as those in condition 1 and seen in Figure 2. This was done
to maintain the same proportionality of the self-shadowing to
the array height and depth. The double high/depth system in
test condition 1 would then have its measured height divided
by 2 to obtain the high ratio parameter. The validity of this
assertion was tested in the iterative process that derived the
best-fit model and was found to significantly reduce the error
between model and field data, compared to not maintaining

proportionality for the self-shadowing of the system by using
the direct height of the system. All the parameters used to
generate the best fit model can be seen in Table 2.

TABLE 2. Summary of the experimental conditions and Bifacial Gain in
Energy (BGE) for the different Prism Solar B245 test arrays for a one year
test period that were used to develop the best-fit model coefficients. The
Bifacial Ratio used was 95% in all test condition cases.

The model was developed using similar trends found by
authors [15]–[19], [26] and the following assumptions:
• The BGE increases as the tilt angle (θ ) increases, as
the surface of the module exposed to diffuse light and
ground reflected light increases. Since the sine(θ ) func-
tion is linear in the region of interest, the coefficient
will be related directly to the angle. From work [26],
it would be reasonable to assume that this parameter
would be partially latitude dependent, as pertaining to
the self-shadowing effect, this partial dependence was
not modeled in this work. The (θ ) region of study is
7.5 to 35 degrees, these being typical PV installation
angles and reasonably covered by the experimental data.

• The BGE increases as the minimum module height
ratio (h) increases; as the height of the module increases,
the self-shadowing to the rear of the module decreases.
From this [26] it would be reasonable to assume that this
parameter would be latitude dependent as this affects the
self-shadowing of the module; this dependence was not
modelled as part of this work. From the sun angle geom-
etry, it would be reasonable to assume that at latitudes
closest to the equator, the minimum height ratio needed
for self-shadowing would increase, and decrease as the
installation moves further away from the equator. The
minimum height ratio (h) region of interest is 0.15m to
0.8m, these being typical minimum height ratios in the
PV industry and reasonably covered by the experimental
data.

• Since the best-fit model does not directly account for
the sun angle geometry changes introduced by latitude
changes, it is suggested that it be used for latitudes
that deviate by no more than 1/3 of the total seasonal
sun angle change of 23.45 [26] degrees, or about one
month of solar noon sun angle movement, from the
latitudes of the sites used to generate the model (Tucson,
AZ = 30◦N; Highland, NY = 42◦N). Therefore, the
suggested latitude range for the model is from 21 to 51
degrees from the equator.

• The BGE increases as the albedo (α) under and
surrounding the modules, increases. It has been well
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established that the albedo irradiance on a tilted surface
is linear with the albedo of that surface [19], [26]. The
α region of interest is 10% to 90%, as this covers most
materials including white roof covering materials, and
these values are reasonably covered by the experimental
data.

• From experimental data gathered by the authors, portrait
or landscape orientation was not a strong factor for the
applications under study when proper inter-row clear-
ance was used, in this case the inter row spacing for
the sites was set using the industry standard of shadow
lengths based on time of day on December 21st, 9am.
It is noted that portrait/landscape would have an impor-
tant effect on the shadow handling properties of any
modules, either bifacial or monofacial, if the inter row
spacing was reduced; landscape module orientations
allow for better bypass diode utilization in typical mod-
ule configurations.

• All azimuth (φ) were considered to be 180◦, that is, south
facing.

• All bifacial measurements were performed on modules
with a bifacial ratio of 95%; thus, we do not believe that
this model should be applied to bifacial modules with
bifacial ratios of less than 70%.

• We do not believe that the bifacial model discussed in
this work should be applied to hybrid bifacial technol-
ogy, such as Sanyo/Panasonic HIT or Sunpreme HCT,
since the cell architecture and temperature coefficients
are substantially different from the more traditional bifa-
cial cells used in developing this model, and therefore
there might be additional field performance differences.

• No tracking conditions were considered, only fixed tilt
conditions.

• The module racking elements were chosen as to not
shadow or obscure the bifacial modules; racking shad-
owing cell in the rear of the module, such as structural
elements behind the modules is not accounted for.

• Additional assumptions affecting the BGE were intro-
duced, which conservatively reduce the BGE value for a
given condition:

◦ All measured albedos were rounded up to the near-
est and highest 5/100, as seen in Table 2.
◦ Test condition 5 was omitted from the model, since

it was a repeated data point with test condition 4;
instead of averaging both conditions, the lowest
measured BGE value was used. It was reintroduced
and used as to measure the difference between the
model and field data.

A best fit 3-variable BGE(%) model, was derived from the
test conditions 1-4 and 6-7, already outlined in Table 2, using
the form shown in Equation (5):

BGE(%) = A∗(θ )+ B∗(h)+ C∗(α) (5)

whereA is the fit coefficient for the tilt angle, θ is the tilt angle
of the module in degrees for a range of 7.5 to 35 degrees,

B is the fit coefficient for height, h is the minimum height
ratio of the bifacial module in meters for a range of 0.15m to
0.8m, C is the fit coefficient for albedo, and α is the average
minimum surface albedo surrounding the bifacial module in
percentage. The BGE, tilt, height ratio, and albedo for each
test conditions are used to generate an equation in the form
of Equation (5), the set of equations form a matrix which was
then fed into a best-fit algorithm [27] to determine the best-fit
coefficients that reduce the difference on the matrix.

An iterative methodology was used to derive the best-fit
coefficients in which only the Tucson, AZ conditions 2-4 and
6-7 were used to derive initial best-fit coefficients; these were
found the be A=0.347/deg, B=17.7/m, and C=0.113/%.
Before introducing the Highland NY condition results into
the model, the NY conditions were modeled with the Tucson
only derived coefficients, modeling the height as both the
original measured height and the height ratio approximation,
to test the validity of the height ratio assumption. With the
height ratio of 0.63m, the modeled BGE was 22.7% using the
initial fit coefficients, while using the direct measured height
of 1.25m resulted in a BGE of 33.7%; when compared to the
measured value of 17.9% for the NY site, it was found that
height ratio approximation yielded the smallest difference by
a large margin, and was therefore judged to be more appro-
priate not just from the geometrical self-shadowing approach
but from a model derivation approach. The final set of best-
fit coefficients incorporate both the NY and AZ test condition
data, with the NY test condition using the height ratio approx-
imation to generate the fit. The final set of coefficients were
found to be A=0.317/deg, B=12.145/m, and C=0.1414/%.
Equation (5) then takes the form shown in Equation (6):

BGE(%) = 0.317/deg∗(θ )+12.145/m∗(h)+0.1414/%∗(α)

(6)

The total bifacial energy yield of the bifacial module, when
compared to an equivalent STC ratedmonofacial module, can
then be given as:

Total Bifacial Energy Yield [%] = (BGE(%)+ 100%) (7)

TABLE 3. Measured and modeled annual bifacial energy yield (%) as
given by Equation (7), with the modeled to measured annual
bifacial yield difference (%).

Table 3 shows the experimental andmodeled annual energy
yield for the different test conditions, as well as the (%)
difference between them. The largest observable difference
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between the best-fit model and a test condition occurred with
Test Condition 5, which was not used directly in the data set
used to generate the best fit model; even then, the predicted
total energy yield difference was under 2%.

To adapt the energy yield model for another type of
bifacial module with a different Bifacial Ratio (BR′), first
Equation (8) should be used to modify Equation (6):

BGE ′[%] = BGE[%]∗(BR′[%]/95%) (8)

where BGE′[%] is the new BGE value to be found, BGE [%]
is the BGE derived value from the best fit model of Table 2
and given in Equation (6), and BR′ is the Bifacial Ratio of
the new module to use. Care should be taken that modules
with the new BR are flashed under similar conditions to
the ones described earlier in this work (collimated, black
background), so that the STC/front and rear side conditions
are equivalent. Equations (6) and (8) can then be combined
into a general expression for bifacial systems oriented south,
given in Equation (9):

BGE ′(%) = (0.317/deg∗(θ )+ 12.145/m∗(h)

+ 0.1414/%∗(α))∗(BR′[%]/95%) (9)

By combining Equations (4) and (9), the total bifacial energy
yield of the system can be expressed as:

Total Bifacial Energy Yield [kWh]

= (Front[kWh])∗(BGE ′(%)+ 100%) (10)

where Total Bifacial Energy Yield [kWh] is the combined
output of the bifacial system or the bifacial energy yield,
Front [kWh] is the predicted annual energy yield of the
system/module using conventional PV modeling tools, and
BGE’(%) is the expected bifacial energy gain for the site
conditions. The total bifacial energy yield of the bifacial mod-
ule, when compared to an equivalent STC rated monofacial
module, can then be given as:

Total Bifacial Energy Yield [%] = (BGE ′(%)+ 100%)

(11)

By analyzing Equation (3), the general effects of azimuthal
deviation from south can be inferred. For tilted module appli-
cations, as the module orientation deviates from true south in
the norther hemisphere, the Front contribution of the module
is reduced due to the deviation from optimum [26]; the Front
component is the denominator in the equation, thus a decrease
in Front, increases BGE. Additionally, as we deviate from
south, the Rear energy contribution of the tilted module will
increase, as it is now exposed to more of the direct component
of light throughout the year, especially as we deviate from
the equator; this will in turn further increase the BGE as the
numerator in Equation (3) increases. As the BGE increases
in these off-south conditions, this does not mean that the
bifacial module/systemwill necessarily generatemore energy
in its totality, but that the ratio of Rear/Front energy has
increased and the bifacial module will help offset the losses
associated with typical optimum orientation deviations; thus

increasing the attractiveness of a bifacial option compared to
a monofacial option for less than optimum orientations.

The model derived in this work was derived with 5/6 sites
located in Tucson, AZ which has a dry and hot environment
at an elevation of 730m above sea level, and therefore less air
mass. The Tucson AZ annual direct to global irradiance ratio
at 1.24 is higher than most other locations [12]. It is expected
that this causes that proportionately less diffuse light reaches
the rear of the module compared the front, and therefore,
that the observed results would understate the bifacial gain in
locations with a higher proportion of diffuse light. Figure 5
shows that the BGE increases on days with increased cloud
cover, which produce more diffuse light.

The annual BGE model derived in this work should be
used with caution when running time of use (TOU) computa-
tions, as it averages out the BGE variations that are expected
throughout the day and seasons. Clear examples of the mea-
sured seasonal BGE variation can be seen in the monthly
BGE variation in Figure 3, Figure 5, Figure 6, and Figure 7.
Figure 9 shows the five minute instant power reading onMay
11th, 2013 for test condition 2, and the variation between the
5 min, daily and estimated annual values of the BGE.

FIGURE 9. Test Condition 2 values for (a) 5 minutes average power values
for the B245 modules, set at α = 77%, h=0.76m, θ = 30◦, and CS6P-245M
modules on 5/11/2013. (b) Average BGE values for 5 minute, daily and
annual average for 5/11/2013.

IV. COMPARISON OF BEST-FIT MODEL WITH
THIRD PARTY BIFACIAL DATA
A comparison of the best-fit bifacial energy yield model to
third party bifacial data sources, both modeled and measured,
was carried out to estimate the difference in data sets and to
help validate themodel. The results of the comparison, as well
as the module tilt, height ratio, and site albedo parameters
used in the bifacial annual energy yield model are shown
in Table 4.

Only sources that modeled or measured the data for a
period of at least nine months or more were included, as well
as only sources that had enough information to reasonably
obtain values needed to use the best fit annual energy yield
model as described in Equation (11). Some sources which
did not fall within the range of the model but were reasonably
close were presented in Table 4 for illustrative purposes. For
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TABLE 4. Comparison of the author’s best-fit annual bifacial energy yield
model to third party bifacial modeled and measured results, as given by
Equation (11). The Difference (%) between the two is also shown.

the statistics presented in Table 4, such as the average, median
and standard deviation values, only the data sets in which
the installation conditions fell within the model applicability
range were used.

Similar trends were found using the author’s best-fit model
as those observed from the third party data, such that as the tilt
angle, albedo and module height ratio increases, the energy
generated by the rear of the bifacial modules increases. The
largest discrepancy between the author’s best-fit model and
the third party data was observed with Sanyo HIT modules,
which are not applicable to model. The largest discrepancy
between the author’s best-fit modeled data and applicable
third party data was 7.2% for a system modeled at 34 degrees
which was almost outside of the scope of the model; the
next closest discrepancy was a system in which the difference
was 4.01%. The median difference between the author’s best
fit model and the shown applicable third party bifacial data
was found to be 0.05% with a standard deviation of 3.5%.
The difference between the author’s results and third party

results is not dissimilar to the reported variable uncertainty
of 2% to 10% [32], or accuracy of 3% to 4% [33] of
accepted irradiance models for PV, and which can be as high
as 8% to 15% [34] for the direct normal irradiance (DNI)
component.

V. CONCLUSIONS
The results of seven bifacial test conditions, one in New York
and six in Arizona, were presented; these results were shown
as a function of the minimum module height (h), the module
tilt angle (θ ), and the surrounding ground albedo (α). For
each of these variables, the bifacial energy yield increased
as each of variables was increased. Five of the experimental
conditions presented ran for at least a year and the one in NY
for 2.5 years. The annual bifacial energy yield values ranged
from 112.3% up to 130.0%. Once snow account effects were
considered, a higher bifacial energy yield was found to occur
in summer months for systems with high tilt (30◦) or medium
tilt (20◦)/high albedo site conditions, when compared to low
tilt (10◦) or medium tilt (20◦)/lower albedo.
Based on the measured test data, a best fit empirical model

was developed which linked the annual bifacial energy yield
to the minimum module height ratio (h), the module tilt
angle (θ ), and the surrounding ground albedo (α). When
comparing the predicted model output, to the test conditions
measured by the authors, a total system output difference
under 2% was found for all cases. In all but one of the test
conditions, the predicted system total output difference was
under 1%.

The presented model is only intended to cover a limited
range of installation conditions, both to avoid extraneous con-
ditions and to cover the most common installation conditions
of PV modules:
• South oriented systems
• Systems in which the Bifacial Ratio (BR) is larger
than 70%.

• Systems in which the minimummodule height (h) varies
from 0.15m to 0.8m.

• Systems in which the module tilt angle (θ ) varies from
7.5 degrees to 35 degrees.

• Systems inwhich the ground albedo (α) varies from 10%
to 90%.

• Systems in which the latitude range is from 21 to
51 degrees from the equator.

• Systems which use non-hybrid bifacial cell technology.
It was found that using the model described in this work,

local installation conditions can be optimized to increase the
yield of installed bifacial modules or to predict their annual
energy yield.

The general differences between the 5-minute (instant),
daily and annual energy gains were shown through measured
data and can be substantial, as seen in Figure 9.
The general effects on the bifacial energy yield for tilted

bifacial modules, as we deviate from true south were dis-
cussed. From analyzing the presented equations, as modules
deviate from pointing to the equator, the annual bifacial
energy gain will increase since the Front energy component
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is reduced and the Rear energy component proportionately
increases.

A comparison of the best-fit energy yield model derived
by the authors and third party bifacial data was presented
in Table 4. The difference between the modeled results and
the third party data is not dissimilar to the reported variable
uncertainty of 2 to 10% [32], or accuracy of 3% to 4% [33]
of accepted irradiance models for PV, and which can be as
high as 8% to 15% [34] for the direct normal irradiance (DNI)
component.

A proposed method to use this model with conventional
PV simulation tools was discussed, using the STC rating
of the front side of the bifacial module in conjunction with
the best-fit model. In order to use this proposed method,
the module STC rating for the front side must not contain
contributions from the rear side of the module, which would
artificially raise the energy yield.
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