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Abstract: Bifacial photovoltaic modules combined with horizontal single-axis tracker are widely
used to achieve the lowest levelized cost of energy (LCOE). In this study, to further increase the
power production of photovoltaic systems, the bifacial companion method is proposed for light
supplementation and the efficiency enhancement of tilted bifacial modules with a horizontal single-
axis tracker. Specifically, a solar reflector is added to the rear end of the tilted bifacial photovoltaic
module to guide the sunlight and promote power generation on the rear end. The technical feasibility
of the proposed method is verified through optimal calculation and prototype experimental test. The
theoretical calculation results suggest that the bifacial companion system is particularly suitable for
mid-to-high latitude areas. The higher the latitude, the higher the gain ratio of generated power in
the system; there is an optimal module tilt angle that maximizes the efficiency at different latitudes.
The closer the module tilt angle to the optimal tilt angle, the higher the power generation efficiency
of the system. Meanwhile, compared to the fixed solar reflector, the use of tracking solar reflector is
more conducive to improving the power generation efficiency of the system. For the 37.5° latitude
area, the annual average power generation gain ratio of the bifacial companion system with tracking
solar reflector and fixed solar reflector can reach up to 30% and 17%, respectively. Additionally, the
test results for the three sets of bifacial companion prototypes (module tilt angles of 10°, 20°, and 30°)
with a fixed solar reflector show that the maximum gain ratio of daily power generation in August
2021 are 8.2%, 13%, and 18.1%, and that in September 2021 are 7%, 8.7% and 13.7%, respectively,
which are consistent with the theoretical results.

Keywords: tilted horizontal single-axis tracker; photovoltaic support system; bifacial photovoltaic mod-
ule; bifacial companion; fixed / tracking solar reflector; light supplementation and efficiency enhancement

1. Introduction

With the rapid development of the photovoltaic power generation industry, the de-
mand for efficiency enhancement and cost reduction is continuously increasing. The main
factors affecting the efficiency and cost of photovoltaic power generation systems are solar
resources at the project site, photovoltaic module characteristics (efficiency, bifacial factor),
photovoltaic support form, additional irradiation, etc. [1]. These aspects have garnered
extensive research attention in the recent years.

Firstly, bifacial photovoltaic modules [2] are becoming increasingly popular because
they can transform solar radiation into electricity from both front and rear sides. Compared
to a monofacial photovoltaic module, the power generation of a bifacial photovoltaic
module is higher by approximately 10-40% on a global scale [3-6]. Further, the photoelectric
conversion efficiency of the front and rear sides of a bifacial photovoltaic module has been
improving year by year. The front efficiency of single-crystal passivated emitter and rear
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contact (PERC) solar cell has exceeded 22%; the bifacial factor has reached nearly 80%;
and the bifacial factor of heterojunction (HJT) and n-type passivated emitter rear totally
diffused (n-PERT) battery technology can reach more than 90% [7-11]. The maturity of
bifacial photovoltaic module technology has paved the way for its large-scale industrial
application in the field of solar energy. In 2019, 5 GW of bifacial photovoltaics were installed
worldwide [12]; the international photovoltaic technology road map (ITRPV) in 2020 [13]
predicts that bifacial solar cells will soon dominate the market, and the global market share
of crystalline silicon (c-Si) bifacial photovoltaic cells and modules will exceed 35% by 2028.

Secondly, in addition to the photovoltaic module, the photovoltaic support form has a
significant impact on the power generation performance of the system. The photovoltaic
module is generally mounted on an appropriate structure, either fixed or with tracking.
Among them, fixed mounted structures are divided into horizontal fixed mounted, fixed-tilt
mounted, and vertical fixed mounted structures according to different tilt angles [14,15];
trackers are divided into horizontal single-axis tracker, tilted single-axis tracker, horizontal
single-axis tracker with tilted module, and dual-axis tracker [16-20]. Trackers can effectively
improve the efficiency of power generation. Al-Mohamad [14] found that the daily output
power of a single-axis tracking photovoltaic module could be increased by more than 20%
in comparison with that of a fixed module. Lazaroiu et al. [15] studied the power genera-
tion gain and energy consumption of a photovoltaic system with solar tracking, and the
results indicated a significant growth in the power production during morning and evening.
Patel et al. [21] showed that when the geographic latitude was lower than 30°, the annual
power generation of a single-axis tracking system was higher than that of an optimal
fixed-tilt mounted system by 25-45%. Regarding the solar tracking method, based on
the traditional maximum power point tracking method (MPPT) [22], Clifford and East-
wood [23] proposed a novel passive solar tracker, whose power generation gain could reach
30%. Fathabadi et al. [24,25] proposed a sensor-less, high-precision dual-axis, closed-loop,
solar tracking system, whose power generation gain reached 28-43%.

Due to the excellent characteristics of bifacial modules and solar tracker, the combination
of the two can offer unprecedented advantages and has attracted wide attention. The bifacial
photovoltaic module is often used in fixed-tilt mounted and tracking configurations. Egido
and Lorenzo [26] established a theoretical model to deduce that the annual total energy
obtained by a bifacial photovoltaic module with a dual-axis tracker was 80% higher than
that obtained by a fixed mounted monofacial photovoltaic module and 30% higher than
that obtained by a fixed mounted bifacial photovoltaic module. Gu et al. [27] compared the
electrical and thermal performances of bifacial and monofacial photovoltaic modules, and
they found that the daily bifacial gains for sunny and cloudy days were 13.08% and 16.54%,
respectively. Pelaez et al. [28] observed that the bifacial gain in the single-axis tracking system
was 4-15%, and the global average gain was 9%. Sun et al. [3] examined the relationship of
bifacial gain with the ground albedo and geographic latitude. The results revealed that, when
the ground albedo was less than 25%, the bifacial gain of the bifacial photovoltaic module
installed on the ground was less than 10% globally; by increasing the albedo to 50% and
raising the module to 1 m above the ground, the bifacial gain could be increased to 30%.
Kopecek et al. [6] showed that by using bifacial module in an optimal fixed-tilt mounted
system, the annual energy yield could be increased by 30% compared with that of a monofacial
module. Furthermore, by combining bifacial modules with single-axis tracking systems, the
energy yield was expected to increase by more than 40%.

Additionally, it is possible to increase the power generation of the system by increasing
the solar energy received by the module, usually in the form of a diffuse reflection from
ground, reflector reflection, and concentrated lens refraction [29]. The ground diffuse
reflection depends on the ground conditions. In common natural environments, the albe-
dos of soil, green grass, and concrete are approximately 9%, 23%, and 25%, respectively,
while that of fresh snow can exceed 90% [30]. The albedo of different environments varies
greatly. Among the active concentration method, the V-groove reflector [31-33] is the
most common device to increase the radiation intensity received in front of the module.
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Ooshaksaraei et al. [34] tested the power generation after adding semi-mirror and diffuse
reflectors at the back surface of a bifacial photovoltaic module and observed an output
power enhancement of 20% and 15% from the semi-mirror and diffuse reflectors, respec-
tively. Although the above methods can effectively increase the power generation of the
system, the layout of the reflector and the economic problems of the system have not been
perfectly resolved yet.

Finally, in terms of the economic efficiency of bifacial photovoltaic modules combined
with tracking systems, the bifiPV2020 [12] technical review released by NREL pointed out
that for the bifacial module with horizontal single-axis tracker, in the Middle East and North
Africa, Chile, and the United States, the list price will soon drop below 10 USD/MWh.
Guo et al. [35] compared the vertically mounted photovoltaic modules facing east-west and
conventionally mounted traditional mono-facial module, and they found that the pros and
cons of the two methods depend on three factors: (i) geographic latitude, (ii) local diffuse
reflection coefficient, and (iii) ground albedo. Chudinzow et al. [36] investigated the effects
of installation row spacing, the tilt angle of the photovoltaic module, and ground reflectivity
on the power generation and the levelized cost of energy (LCOE) of fixed-tilt and single-axis
tracked bifacial photovoltaic modules. Patel et al. [37] found that for systems with module-
related costs higher than land-related costs and project latitude higher than 30°, the tilt
angle of bifacial photovoltaic modules is 10°-45°, and the LCOE can be reduced by 2-6%.
Riedel-Lyngskeer et al. [38] pointed out that, compared to the optimal fixed-tilt mounted
system, a horizontal single-axis tracker system can reduce the LCOE by 3.5 EUR/MWh,
and a bifacial photovoltaic module can reduce LCOE by 4.0 EUR/MWh. Furthermore, the
high cost and structural complexity have limited the wide application of dual-axis tracker.

To recapitulate, bifacial photovoltaic modules combined with single-axis trackers are
a widely utilized technology to minimize the LCOE. However, this technology has the
potential for further improvement. For instance, the rear of a bifacial photovoltaic module
only passively receives ambient scattered light and ground diffuse reflection light. Further,
its power generation efficiency is affected by environmental factors, such as ground albedo.
Therefore, the rear power generation gain can be increased by further optical optimization.
Consequently, how to combine the existing support technology to further improve the
power generation efficiency on the rear side of the bifacial photovoltaic module is an
important research direction, which can boost the development of photovoltaic industry.
To address this issue, in this study, the bifacial companion method is proposed for light
supplementation and efficiency enhancement of tilted bifacial modules with a horizontal
single-axis tracker. Specifically, this method can increase the radiation intensity on the rear
side of the module, thereby improving the power generation efficiency.

2. Principle of the Proposed Bifacial Companion Method

The bifacial companion method is based on the principle that for the horizontal
single-axis tracker of the existing tilted module (the tracking axis is north—south NS),
glass solar reflectors and other sunlight reflecting devices can be introduced in the gaps
between adjacent modules to reflect the received sunlight in these gaps to the rear side
of the bifacial photovoltaic module. The bifacial companion is an innovative module
radiation enhancement method, which is different from the existing solar photovoltaic
application technologies. It combines the existing tracking bracket technology with low-
power concentration technology and new bifacial module technology. This method can
further stimulate the power generation potential of the bifacial photovoltaic module to
improve the power generation efficiency and reduce the cost of the system. The principle is
shown in Figure 1.
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Torque tube(TT) Mirrors Bifacial PV modules

Figure 1. The principle of the bifacial companion method for light supplementation and efficiency
enhancement of tilted bifacial modules with horizontal single-axis trackers.

The bifacial companion system mainly includes bifacial photovoltaic module, solar
reflector, solar reflector transmission drive device, spindle transmission drive device, and
support structure composed of support column (referred to as POST) and rotating spindle
(referred to as torque tube), and the rotating spindle can rotate around its axis, as shown in
Figure 2. The solar reflector and bifacial photovoltaic module are installed on the support
system formed by the support column and spindle. The module is fixed on the spindle
with a specific tilt angle («), and the solar reflector is installed on the spindle structure
behind the rear of the module (distance d) through its central axis. The solar reflector can
be divided into fixed and tracking according to whether it can rotate around its central
axis. The fixed solar reflector is installed on the spindle at a fixed angle () and remains
unchanged, while the tracking solar reflector can rotate around its central axis to keep
track of the Sun’s position and reflect the sunlight in the module gap (D) in real time to the
designated position on the rear side of the module.

POST Mirrors Bifacial PV modules  Torque Tube (TT)  TT rotation driver

Mirror rotation driver

Mirror rotation axis

Figure 2. Schematic diagram of the structural composition for light supplementation and efficiency
enhancement of tilted bifacial modules with horizontal single-axis trackers.
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3. Calculation Method for Design Optimization

The introduction of solar reflector causes the bifacial companion system to become a
photovoltaic support with the highest comprehensive power generation efficiency. Mean-
while, the bifacial companion system also acts as an optical system sensitive to the structural
size. For parameters of different modules and project sites, the tilt angle of the module and
the selection of shape, position, size, and tilt angle of the solar reflector govern the pros and
cons of the scheme. Therefore, the key to the design of the bifacial companion system is
that, under the conditions of known latitudes of project sites (¢), light resource parameters
(GHI = global horizontal irradiance; DHI = diffuse horizontal irradiance; DNI = direct
normal irradiance), photovoltaic module size (L x B), front and rear power generation
efficiency (front power generation efficiency: A, module bifacial factor: ), and other charac-
teristic parameters, the optimal parameter combination («, 5, D, d, I, h) should be obtained,
as shown in Figure 3.

Bifacial PV modules y X

Mirrors

Bottom heiht of P\ module Horizontal line center heiht of Mirrors Horizontal line

Figure 3. Key parameters of the bifacial companion design.

* Symbol description:

ALocal coordinate system OXY: a coordinate system with the midpoint of solar reflector
as the origin, main axis of tracking support as the X axis, and normal of the module
installation plane (the surface of the bracket purlin) as the Y axis;

AL: horizontal length of the module;

Al: horizontal length of the solar reflector;

Ad: distance between the module and solar reflector;

AD: distance between adjacent modules;

Ah: distance between the bottom line of module and the center line of solar reflector;

Awa: tilt angle of the module, i.e., the angle between the module section and OX axis;

AB: tilt angle of the solar reflector, i.e., the angle between solar reflector section and
OX axis;

Ael’: the elevation angle of the Sun relative to the module installation plane, i.e., the
angle between the Sun’s rays and OX axis;

ASy: module section line;
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AS1, Sp, S3: reflected sunlight at the upper edge, center line, and unobstructed bottom

of the solar reflector.

3.1. Basic Assumptions and Limitations of the Established Computational Model
3.1.1. Basic Assumptions in the Computational Model

@

@

®)

It is assumed that the direct sunlight is parallel light, and the reflection of sunlight
from the mirror surface is specular reflection.

The direct solar radiation intensity (DNI) is approximately proportional to the solar
elevation angle, i.e., DNI o sin(el) This law is based on Igbal Model C and ASHRAE
model [39].

The power generated on the front and back sides of the bifacial module is proportional
to the total amount of solar light energy received on the corresponding surface, and
the proportionality coefficient is the photoelectric conversion efficiency on each side.

3.1.2. Limitations of the Computational Model
)

@

The calculation model only considers the influence of direct sunlight and does not
consider scattered light.

The possible power loss caused by the uneven distribution of reflected sunlight (direct
sunlight) on the back of the module is not considered in the model.

The above assumptions and limitations may lead to some differences between theoret-

ical and experimental results.

3.2. Calculation Process

The calculation process for obtaining the optimal optical design of bifacial companion

system is shown in Figure 4.

Start

v

I Set project location parameters( ® ,GHI) and PV module parameters(L,B, A, u) ’
.

‘ Calculate the solar position parameters in global and local coordinate systems ‘
.

‘ Presets the initial parameters of the product structure and calculates the secondary parameters ’-
.

| Calculate the optical efficiency and solar energy utilization efficiency of the mirror |
:

N
Calculate the system real-time power generation and annual total power generation |

’”’:[igemnne whether the total annual power generation of the system meets the

destgrrgio’aili P
i S

Output the design parameter combination(a ,D,d,Lh)

End )

Figure 4. Calculation process for the design optimization of the bifacial companion system.

3.3. Calculation Steps
3.3.1. Setting Basic Parameters

The basic initial parameters include the latitude of project site and solar radiation

intensity GHI, DHI, module size, front power generation efficiency A of the module, bifacial
factor p, etc. These initial parameters are listed in Table 1.
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Table 1. Basic parameters of the calculation model.

Object Parameter Numerical Value
Specification (B x L x t; mm?3) 2256 x 1133 x 35
Module parameters [40] Front power generation efficiency A 20%
Bifacial factor p 75%
Latitude ¢ 5-55°
Solar radiation GHI
Project site parameters (kWh/m? /year) 2000
Solar radiation DHI
(kWh/m?/ year) 400

3.3.2. Calculation of Solar Position Parameters

(1) Solar position parameters of the global coordinate system
Introducing time parameters (T, N), in the astronomical geocentric celestial coordinate
system (see Figure 5a), the approximate equation [41] is used to calculate the solar hour

angle w = 15° x (T — 12), declination angle & = 23.45° x sin[3¢L x (N + 284)} at any
time, where T is the true solar time and N is the serial number of a day in a year. The solar
elevation angle el and azimuth angle az are expressed as follows:

. i 1
sin(az) = 7605055 ?lerll)w @

{ sin(el) = sin @ siné + cos ¢ cos d cos w

Note: At position O on the latitude @, there is a tracker (blue colored rectangle). ONS
is the horizontal coordinate system of this position, where O is the origin and the N and S
axes point north and east, respectively.

(2) Solar position parameters of the local coordinate system

The local coordinate system OXYZ is established by taking the real-time position
of the installation plane of the tracking support module as the reference plane, and it is
obtained by rotating the geocentric celestial coordinate system (O-East-North-UP) in real
time around the O-South axis by a certain angle -, as shown in Figure 5b. Consequently,
in the local coordinate system OXYZ, the azimuth angle az’ of the Sun is kept as 0, and
the position of the Sun in the two coordinate systems satisfies the following coordinate
transformation equation:

. . cos(el’) cos(az’) 1 0 0 cos(el) cos(az)
OP; = [iRj(X,y)|®OPy = | cos(el')sin(az’) | = | 0 cosy sinvy cos(el) sin(az)
sin(el”) 0 —siny cosy sin(el)

Further, the relationship between the elevation angle el’, solar azimuth angle, and
elevation angle in the geocentric celestial coordinate system is expressed as follows:

cos(el’) = cos(el) cos(az) )
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Figure 5. (a). Schematic diagram of latitude @, hour angle w, declination angle 9, azimuth angle az
at any position O on the Earth’s surface. (b). Local coordinate system OXYZ and geocentric celestial

coordinate system.
3.3.3. Introduction of the Initial Variables and Calculation of the Secondary Product

Parameters
To obtain the optimal optical design, the initial variable parameters of the structure

(«, d, h) are introduced, and the product parameters (D, 3, I) are calculated according to the

following product design conditions:
(1) Optimal module spacing D: within the designed solar elevation angle range

el’ > el’y, there is no shadow occlusion between the adjacent modules.

_ Lsin(a+el'y)
D= sin(el’y) ®)
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where el’j is the solar altitude angle in the local coordinate system at 9:00 a.m. or 3:00 p.m.
on the winter solstice.
(2) Tilt angle B of solar reflector: the center reflection line of the solar reflector always
aims at the center of the rear of the module.
Lsina + 2h 1
= catan(———~) — zel’ 4
b= aran(osa—2d) ~ 2° @
For fixed reflectors, the reflector tilt angle j is a constant, which is the annual average
value of real-time f calculated according to Equation (3).
(3) Optimal horizontal length [ of reflector: the solar elevation angle range is el’ > ely,
and the reflector has no shadow at the rear module
Dh+ DLsina —dLsina — hLcosa

I1<2x 5
- Dsinf 4 Lcos Bsina — Lcosa sin ©)

3.3.4. Calculation of Reflector Optical Efficiency

(1) Calculation of occlusion efficiency 71 of the module to the reflector: occlusion
efficiency = 1 — (module shadow length — distance from reflector to module)/reflector
shadow length

Ar + (h + %lsinﬁ)ctg(el) —(d— lcosﬁ)
A

m=1- (6)
(2) Calculation of interception rate 1, of the reflected light from the reflector by the
module: the interception rate is the proportion of reflected light from the reflector projected
to the rear side of the module.
First, in the local coordinate system, the coordinates of the intersection of top reflection
line S1 of the reflector, bottom reflection line S3 of the reflector, and truncation line SO of
the reflection target are obtained.

tgzxxd—ﬁ- tg(2p+-el lcosﬁ—%lsinﬁ-&-h

. )
50N 51 : xo1 tga—tg(2B+el) @)
50N S3 tgzx><d (Ulfj)tg(2ﬁ+el)lcos/3+(771f%)lsin‘BJrh
n 102 tgu—tg(2p+el)

The interception rate of reflected light by the module is expressed as follows:

X2 — X1

- L 8
& X02 — Xo1 )
where
d—Lcosa xp € [—00,d — Lcosa]
Xy = X02 X2 € [d — Lcosa,d]
d X2 € [d/ OO] (9)
d— Lcosu X1 € [—00,d — Lcosa]
X1 = X01 X1 € [d — Lcosa,d]
d Xo1 € [d, 0]

(3) The cosine efficiency 73 of the reflector to the Sun’s incident light is expressed as

13 = sin(B + el’) (10)

(4) The average reflection efficiency 74 and reflectivity of the reflector are related to
factors, such as the material composition of the reflector and the cleanliness of the reflective
surface. In this paper, the annual average reflectivity is taken as a constant: 4 = 85%.
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(5) The total optical efficiency #sum of the reflector is the product of each efficiency
sub-item of reflected light

Nsum = H i (11)
i

The four typical days of the spring equinox, autumnal equinox, summer solstice,
and winter solstice are used as calculation time points. Under a known combination of
parameters (¢ = 37.5, 0 =20°, h = 0.4 m, d = D = 1.74 m), the total optical efficiency #sm of
the reflector varies with time on four typical days, as shown in Figure 6.

T T T T T
& S — & ‘ P N & WT
08 WF
- Flig - ® | < SF
d \ s / & ET
= N o< > —@—EF |
5 |~ A : ; /i
g 08 [ T o N e
c W\ & | o 4
c AN - I
9 AN \\; : // 74
o 2\ ‘ e
= 04 } - | 1 / FUE 2 l
% s \o\__, ; ‘ LR
w© d B & L
O
a < / ‘ &
o B e e S e S A SR
5 & P _
< N '// A 4
o0 s g_.._g ,,,,,,,,,,,, i
T l Al l L) i Ll I T I T
6 8 10 12 14 16 18
Time(h)

Figure 6. Variation in the reflector optical efficiency with time.

In Figure 6, the labels are a combination of the calculation date and reflector method,
such as E—equinox, S—summer, W—winter, T—tracked, and F—fixed. For example,
ET represents the efficiency of the tracking reflector method at the spring equinox and
autumnal equinox. Typically, in the local coordinate system, the solar elevation angle el’ in
the morning and afternoon of each day is higher than that at noon. The reflector has less
occlusion and can receive more sunlight, so the optical efficiency vs. time curve is generally
concave. The presence or absence of reflector tracking has the greatest impact on the optical
efficiency in the morning and evening of the summer solstice. For fixed reflectors, due to
the fixed tilt angle B of the reflector, to ensure the maximum energy output (priority capture
of the sunlight at noon with high energy density), the cutoff rate #, in the morning and
afternoon is lower than that at noon. Hence, the curve is convex. Due to the difference in
the variation trend of the optical efficiency of each sub-item with time, the variation trend
of the total optical efficiency with time in each typical day is different. Under the same
reflector configuration, the efficiency of the summer solstice is the highest, followed by that
of spring and autumn, and the winter solstice has the worst efficiency.

(6) Reflector energy efficiency #.,: according to Igbal Model C and ASHRAE Model
C [41], the direct solar radiation intensity (DNI) is approximately proportional to the solar
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elevation angle, i.e., DNI « sinel. Then, the energy weight of optical efficiency #s, can be

obtained as follows: _
sinel

o
Zl SlI;l/lﬁ

Similar to the total optical efficiency 7., of the reflector, the variation in 7., on four
typical days with time is obtained, as shown in Figure 7.

(12)

Nen = Ysum X

X | . 1 L | : | " 1 !
. o= S o ==l
4 A : & st |
S, £ N AN < SF
1.0 H / g\ \\e\ i})e =< /8x &—ET |+
i £ AN G I / \ ©—EF[ )
. / o S : N
| o @ . “I'!. e"‘:" » E
{ e - ’ Ly b
QL 954 ‘ -
&LE) \ AN
o 4 @ ' ' v. i
5 04 — : ; -
[} / = = \
c ] A
o \ v/ G 4 \ A
o N ‘ S i
0.0 o =
L} I T ' T I L} I T l T
6 8 10 12 14 16 18
Time(h)

Figure 7. Variation in the reflector optical efficiency with time for the following parameter combina-
tion: ¢ =375, x=20°, h=04m,d=D=174m.

In Figure 7, the meaning of the labels is the same as that in Figure 6. Since the energy
density of the sunlight is highest at noon, the total optical efficiency is weighted by energy,
and the energy efficiency (#.,) curve rises near noon. Compared with the total optical
efficiency curve, this curve is convex. 7., is greater than 1 at noon for the summer solstice.
This is because the maximum solar elevation angle during the year is at noon for the
summer solstice, and the corresponding solar irradiance is also the maximum, which may
be much higher than the annual average value, so the energy weighting factor in this period
is greater than 1.

3.3.5. Calculation of Total Solar Energy Absorbed by Module and Generated Power

The sunlight energy collected by the module for a given combination of structural
parameters («, d, h) is calculated.
Direct solar radiation intensity DNI:

DNI x sin(el) = GHI — DHI (13)
Energy collected on the front:

Efyont = BL x (DNI x sin(a +el’) + DHI) (14)
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Energy scattered on the rear:
Eeqr 1 = BL x DHI (15)
Supplemental light on the rear of the module:
Erear 2 = Bl X DNI X 1,y (16)
Total solar radiant energy collected by the module:
Esum = Erear 1+ Evear 2 + Efront (17)

Total solar radiant energy collected by the module during the calculation time period
n

k(a, d, h) =Y Equm(T;) (18)
i

According to theoretical analysis, it is found that the total energy x(«, d, h)_year
collected by the module annually is positively correlated with the variable d. Meanwhile,
due to the limitation of the structural design conditions, the distance d between the reflector
and module should not exceed the distance D between the modules. Therefore, in this
paper, it is assumed that d = D.

Similarly, using the four typical days of spring equinox, autumnal equinox, summer
solstice, and winter solstice as the calculation time points, under the parameter combination
of ¢ =375 04 =20° h=04m,d =D =1.74 m, the variation in the total generated power
of the system (Es;;;) and the power generated by reflected light (E,,, ») with time on four
typical days are shown in Figures 8 and 9.
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Figure 8. Variation in the total generated power Es;;; of the single-module system with time.
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Figure 9. Variation in the power generated by reflected light (E,,, ) of the single-module system
with time.

In Figures 8 and 9, the meaning of labels is the same as that in Figure 6. The light
supplementation and efficiency enhancement effect of the bifacial companion system is
optimal at the summer solstice and the worst at the winter solstice. This is because the solar
elevation angle decreases from summer solstice to winter solstice, so the amount of solar
radiation that the reflector can receive between the modules is reduced, which in turn leads
to a reduction in the amount of supplementary light on the rear of the module. Compared
with fixed reflectors, tracking reflectors can effectively increase the power generation in
the morning and afternoon periods at the summer solstice and winter solstice, and the
effect is more pronounced during the summer solstice, and it can also increase the power
generation during the noon period at the spring and autumnal equinox.

4. Case Study
4.1. Working Parameters

Six groups of different latitudes (¢ in the range of 5-55°) and six groups of module tilt
angles (o in the range of 5-55°,) are selected, and the reflector is set in tracking and fixed
configurations to establish 72 sets of working conditions, which are shown in Table 2.

Table 2. Parameters for different working conditions.

Latitude ¢ at the Project Site Module Tilt Angle Reflector Tilt Angle 3
5° 5°
15° 15°
25° 25° Fixed
35° 35° Tracking
45° 45°

55° 55
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4.2. Case Results

The optical parameters of the bifacial companion method for the above 72 sets of
working conditions were optimized, and the annual average total power generation
k(a, d, h)_year of optimized single-module system was calculated and compared with that
of the horizontal single tracker with the optimal tilted bifacial module (HTTB). The results
are shown in Figure 10.
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Figure 10. Comparison between total power generation x (&, d, h)_year of the optimal single-module
system and horizontal single tracker with the optimal tilted bifacial module.

In Figure 10, the Y-axes on the left and right sides represent the annual average power
generation of the bifacial companion single-component system and the gain ratio before
and after adding the companion part, respectively. The label indicates the combination of
reflector method and calculated latitude, where T—tracked, F—fixed. For example, T15
represents the maximum annual power generation of the tracking reflector single-module
system in the 15° latitude area. The bifacial companion system has good application
prospects in high latitude areas. Assuming that the solar radiation is the same everywhere
and GHI = 2000 kW-h/m?/year, the average power generation x(a, d, h)_year of the
module on all sunny days in a year varies with the geographic latitude. At a geographic
latitude of 55°, the average power of the module can reach 630 W. At high latitudes,
comparing the annual average power generation («, d, h)_year of the bifacial companion
system with that of the horizontal single tracker with the optimal tilted bifacial module, the
gain of bifacial companion method is obvious. For latitudes above 35°, when the module
tilt angle is 25°, the annual average power generation of the tracking reflector bifacial
companion can be increased by more than 20%, and that of the fixed reflector bifacial
companion can be increased by more than 13%. However, in low latitude areas, regardless
of whether the reflector is tracking the Sun or not, the bifacial companion method has a
minor effect on the increase in power generation: when the geographical latitude is 5°,
the maximum increase is 3.5%, and when the geographical latitude is 15°, the maximum
increase is 7.8%. The variation rule of the module tilt angle is to increase first and then
decrease. In different latitude areas, the bifacial companion system has an optimal module
tilt angle that maximizes the power generation efficiency of the single-module system. For
the 37.5° latitude region, the optimal module tilt angles of the bifacial companion with
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the tracking reflector and fixed reflector are 42° and 36°, respectively. The corresponding
annual average power generation increase rates are 30% and 17%, respectively. When the
module tilt angle is 20°, the annual power generation increase rates of the tracking and
fixed methods are 25% and 15%, respectively. The optimal module tilt angles for each
latitude are shown in Table 3.

Table 3. Theoretical optimal tilt angle of the bifacial companion system (°).

Latitude ¢ at the Project Site Fixed Reflector Tracking Reflector
5 15 15
15 25 25
25 30 36
37.5 36 42
45 40 47
55 415 50

5. Experimental Test
5.1. Test Methods

In Weihai (N 37.53° N, E 122.06° E, altitude 23 m, time zone UTC+8), a prototype of
the fixed reflector bifacial companion system was tested. The ground environment was
grassland, and the reflectance was 20-25%. The solar module selected for the test was
LR5-72HBD 535 M, and the size of the module was 2256 x 1133 x 35 mm?. The front power
generation efficiency of the module was 20.9%, and the bifacial factor was 70 £ 5%. The
selected test modules were located inside the photovoltaic array, and the positions inside
the array were more representative.

The experiment was divided into three groups according to the module tilt angle
(30°, 20°, 10°) for testing. Two modules were arranged at each angle. A reflector was
arranged behind one of the modules, and the reflector was fixed on the bracket spindle
at a fixed optimal tilt angle. Additionally, to ensure the synchronization of the test data
and improve the test accuracy, two modules with the same angle were connected to the
same microinverter (MI-1500, rated output power: 1500 W) during the test. Microinverters
with more than 2 years of field experience were selected for the test, and the inverter
power generation data showed a high degree of consistency over the years. Further, to
prevent peak clipping, the cable channel with reflector was shunted and connected. At the
same time, the power generation data and environmental data were monitored. In this
study, relevant photovoltaic power data, sampled every 15 min, were selected, and the
photovoltaic output power from 05:00 to 19:30 every day was selected for analysis. The test
structure and wiring diagram are shown in Figure 11.

Microinverter 3 Microinverter 2 Microinverter 1
— — ( )

_ ) _ < / » 4 Module 3 Module 2 \Module 1
Module 6 o Module 5 ANISC & .

1\0\ I(N 20\ '_’Ur\ 30° _ ‘;04'.

\ \ Torque Tuhe

Fixed mirror 3 Fixed mirror 2 Fixed mirror |

Figure 11. Test structure and wiring diagram.

Under three sets of tilt angles, the structural parameters of the test module and
reflector arrangement are shown in Table 4. The prototype system used in the test is shown
in Figure 12.
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Table 4. Structural parameters and reflector arrangement for the test modules.

Serial Number of Model Parameters
Test Module « (°) d (m) D (m) h (m) 1 (m) B
1,2 30 1.96 1.96 0.46 0.87 37
3,4 20 1.74 1.74 0.33 0.61 39
56 10 1.46 1.46 0.21 0.39 41

Figure 12. Prototype system used in the test.

5.2. Test Results

The daily power generation of the prototype system was measured. Based on the test
data of all sunny days during August and September 2021, a comparison between the daily
power generation of each prototype system is given in Figures 13 and 14.

In Figure 14, the ordinate on the left is the measured daily power generation of the
prototype, which corresponds to the histogram, and the ordinate on the right is the light
gain ratio calculated based on the measured data, which corresponds to the red polyline.

As shown in Figures 13 and 14, the supplementary reflector light brings significant
gain to the daily power generation of the prototype system. Among the 3 sets of prototype
systems, the system with a 30° tilt angle has the largest daily power generation gain ratio,
and the highest gain ratios in August and September are 18.1% and 3.7%, respectively.
Further, the monthly average gain ratios in August and September are 14.06% and 9.7%,
respectively. The maximum daily light gain ratios of the prototype system with a 20° tilt
angle in August and September are 13% and 8.7%, respectively, and the monthly average
gain ratios in August and September are 10.3% and 7.07%, respectively; the maximum daily
light gain ratios of the prototype with a 10° tilt angle in August and September are 8.2%
and 7%, respectively, and the monthly average gain ratios in August and September are
6.36% and 4.73%, respectively,

Additionally, there is a certain positive correlation between the gain ratio and daily
power generation. This is because when the light resource is good, the proportion of direct
solar radiation received by the reflector is higher, which is conducive to the reflection of
light to the rear of the module.

The daily light gain ratio obtained by the test is compared with the theoretically
calculated value in Figures 15 and 16.
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Figure 13. Comparison of the power generation and light gain of the prototype bifacial companion
system in August before and after light supplementation.
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Figure 14. Comparison of the power generation and light gain of the prototype bifacial companion
system in September before and after light supplementation.
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Figure 15. Test value vs. theoretical value of the daily gain ratio before and after light supplementation
for the prototype system in August.
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Figure 16. Test value vs. theoretical value of the daily gain ratio before and after light supplementation
for the prototype system in September.
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In Figures 15 and 16, the dotted line shows the theoretically calculated daily gain
ratio of the ideal sunny day model. The black circle, blue triangle, and red diamond solid
lines are the experimental test values of the daily gain ratio for the prototype systems with
tilt angles of 30°, 20°, and 10°, respectively. The theoretical value of daily gain is based
on an ideal sunny day, where it is assumed that the structural and transmission error is
the limit value of 0. If the variability of the weather during the day and the actual error
in the prototype production are taken into account, the test value of the daily gain ratio
can fluctuate to a certain extent. Therefore, the test value is less than the theoretical value.
However, the overall variation trend of the theoretical and test values is basically the same,
and both show a gradually decreasing trend with time from August. This is because the
solar elevation angle decreases with the passage of the season, so the amount of usable
solar radiation received by the reflector is reduced, which in turn reduces the amount of
light supplemented on the rear side of the module.

5.3. Uncertainty Analysis of Test Data

The test data in this paper corresponds to the daily average power generation data on
all sunny days in August and September 2021. However, the cloud blocking conditions
that may occur during sunny days or the sunlight scattering conditions caused by high air
humidity can reduce the proportion of direct light received by the bifacial companion’s
mirror system. This in turn can weaken the system’s effect on power generation gain to a
certain extent.

In addition, the solar tracking error as well as the geometrical manufacturing error of
the prototype can adversely affect the test results.

6. Economic Evaluation of the Scheme

The economic evaluation of the scheme is conducted by using the levelized cost of
energy (LCOE) of the newly added system (supplementary light system). First, the total
cost in the design life is estimated, and it is converted into the cost per kilowatt hour,
according to the expected total power generation. To evaluate the economic value of the
scheme, Table 5 shows the estimated cost of the tracking mirror scheme as an example,
where the annual solar energy is set as 2000 kWh/m? /year, the annual power generation
time is 2000 h/year, and the designed service life is 25 years. The module is LR5-72HBD
535 M with a size of 2256 mm x 1133 mm X 35 mm. The power generation rate of the
companion is ~30%. It can be seen from Table 5 that the LCOE for the companion part of
the bifacial companion method is 0.0038-0.0054 $/kWh (the cost in Table 5 is based on the
Chinese market materials and labor market conditions in 2021), which is far lower than
that for the traditional horizontal single-axis tracker (~0.05 $/kWh). This verifies that the
bifacial companion solution is more cost-effective than the traditional solution.

Table 5. Cost analysis of the bifacial companion method.

Cost of Bifacial Companion Method (Supplementary Light System) ($/25 Years)

Reflector (super white float glass)

Tracking system (push rod linkage mechanism, accuracy +3°)

Production cost 8-12
Operation and maintenance costs (cleaning) 8-10
Cost of production 3-5

Operation and maintenance costs (wear and

energy consumption) 8-10
Mirror holder Cost of production 4-6
Total — 31-43
Expected total power generated per module (kWh/25 years) 26750
Total expected incremental power generation by the companion 8025
system (kWh/25 years)
Companion kWh cost ($/kWh) 0.0039-0.0054

LCOE of traditional flat order tracking system ($/kWh) ~0.05
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7. Conclusions

The bifacial companion method was proposed for the efficiency enhancement of tilted
bifacial modules with a horizontal single-axis tracker. Through theoretical calculations and
field experimental tests, the technical feasibility of the proposed method was verified from
two aspects. The bifacial companion method effectively improved the power generation
efficiency on the rear side, maximized the power generation potential, and reduced the
cost of bifacial photovoltaic module, which provides a technically and economically viable
direction for the development of photovoltaic support industry. The main results of the
study are summarized as follows:

(1) The power generation efficiency of the bifacial companion system can be higher than
that of any existing photovoltaic support form. As an optical component sensitive to
the structural size, the calculation process to obtain the optimal parameter combination
(«, B, D, d, I, h) of the bifacial companion system under the known project site and
characteristic parameters of the photovoltaic module was described.

(2) The bifacial companion method was found to be particularly suitable for applications
in mid-to-high latitudes. The higher the latitude, the greater the increase rate of
system power generation, and reflector tracking was more conducive to improving
the power generation efficiency of the system. In project sites with different latitudes,
an optimal module tilt angle existed that maximized the efficiency. The closer the
module angle to the optimal tilt angle, the higher the power generation efficiency
of the system. Meanwhile, compared to the fixed solar reflector, the tracking solar
reflector was more conducive to improving the power generation efficiency of the
system. For the 37.5° latitude area, the annual average power generation gain ratio of
the bifacial companion system with the tracking reflector and fixed reflector could
reach up to 30% and 17%, respectively.

(8) In Weihai (37.53° N, 122.06° E), the experimental test results reveal that for the three
sets of bifacial companion prototype systems with a fixed reflector (module tilt angles
of 30°, 20°, and 10°), the maximum gain ratios of daily power generation in August
2021 are 18.1%, 13% and 8.2%, respectively; the maximum gain ratios of daily power
generation in September 2021 are 13.7%, 8.7% and 7%, respectively, and the test data
is consistent with the theoretical results.

(4) According to the cost analysis, compared with the traditional solution, the bifacial
companion solution based on the horizontal single-axis tracker with inclination angle
is more cost-effective and can significantly reduce the cost of electricity.

8. Future Prospects
The following aspects will be considered in future studies:

(1) A comparative analysis of different parameters, including economic efficiency, be-
tween the bifacial companion tracking mirror prototype and the horizontal single-axis
tracker with tilted module will be conducted.

(2) Based on the series-parallel characteristics of the module wafers, the uniformity of the
reflected light distribution received at the back of the module can be improved.

(38) As an extension of the bifacial companion method, for other existing mature stent
technologies, such as horizontal single-axis tracker, the backside light supplementation
methods will be examined.
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