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In this paper, the concept of a collector-reflector system consisting of a bifacial
solar collector and a single flat-plate reflector separated and placed in parallel be-
low the collector but moveable only in the direction normal to the collector plane
is investigated. The developed mathematical model was used to optimize the size
and position of the planar back reflector. The optimal hourly, daily, monthly and
annual distances between the collector and reflector were determined. In addition,
the daily, monthly and annual energy performance of the optimized bifacial col-
lector-reflector system was estimated and compared with that of the correspond-
ing monofacial solar collector. Based on the obtained results, two ways of use of
the reflector are recommended, either according to the optimal hourly (moveable
reflector) or optimal annual (fixed reflector) reflector positions. With optimally
positioned moveable or fixed reflector the total solar radiation incident on the bi-
facial solar collector can be significantly higher than that for a monofacial solar
collector. Its largest daily and monthly as well as average annual increase is: 74%
(59%), 65.91% (46.21%), and 54% (39.4%), respectively. The proposed model
can be applied to evaluate the energy performance of flat-plate bifacial thermal,
photovoltaic or photovoltaic-thermal solar collector, of arbitrary size and position,
which is in this arrangement with a planar reflector.

Key words: solar collector, bifacial, reflector, optimal position, optimal size,
mathematical model

Introduction

Solar energy is a renewable resource that has the potential to provide a lifetime supply
of energy. There are various methods available for harnessing solar energy, and they differ in
how they capture, convert, and distribute sunlight to generate useful outputs [1]. A flat-plate
solar collector is one of the simplest and most common device that captures incoming solar
radiation. Many investigations have been conducted to improve the overall performance of a
flat-plate thermal (FPC), photovoltaic (PV), and photovoltaic thermal (PVT) solar collectors.
One of the simplest and most inexpensive solution is the utilization of one or more flat-plate re-
flectors coupled with either monofacial solar collector (MSC) or bifacial solar collector (BSC)
in different configurations. There are studies of MSC integrated with a single top reflector [2],
single bottom reflector [3], side (left and right) reflectors [4, 5], top and bottom reflectors [6]
and four reflectors (top, bottom, left and right) [7, 8]. The numerical and experimental results
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exhibited that the MSC performance can be increased by: 19.8% (FPC) [2], 34.16% (PV) [3],
26.1% (FPC) [4], 35% (PV) [5], 14.7% (PVT) [6], 50% (FPC) [7], and 64% (FPC) [8]. As
expected, the MSC with multiple reflectors has the highest energy yield, but is more complex,
expensive and bulky.

The FPC, PV or PVT system can be more cost-effective and energy efficient with the
implementation of a bifacial solar absorber and plane reflector. This concept was first reported
by Souka [9] and Souka and Safwat [10]. A bifacial FPC (BFPC) tilted at 40° with five alumi-
num reflectors set behind it at angle of 60° was theoretically and experimentally evaluated. The
maximum obtained thermal power of this BFPC was 48% higher than that for a FPC. However,
these authors did not discuss the optimal reflector dimensions and the optimal distances be-
tween the reflector and the collector. Durkovié¢ and Purisi¢ [11] stated that an optimally tilted
bifacial PV (BPV) power plant would have 29.19% higher electricity production than a verti-
cal BPV power plant if the distance between PV rows is 4 m and the coefficient of reflection
(horizontal reflector) is 0.2. Zahid et al. [12] experimentally confirmed that the optimally tilted
moveable front and rear mirrors can enhance the power generation of the vertical BPV by up to
57% during autumn equinox and 51% for the entire year. The main drawback of the proposed
system is that it requires a relatively large horizontal surface for its installation. Khan ez al. [13]
predict that for almost all regions of the world vertical BPV farms will outperform monofacial
PV farms by 10%-20%, assuming a constant ground albedo equal to 0.5. In [14, 15] a tilted
BPV mounted on the ground covered with aluminum reflective surface was explored. The ex-
perimentally obtained average bifacial gain of the BPV was 16.54% and 21.4%, respectively.
Optimization of the reflector size and its distance from the collector was not considered. Chen
et al. [16] examined the effect of distance between wall and a tilted BPV module on electrical
performance of a vertical BPV module. According to the tests conducted, unfortunately, only
during one day, the highest bifacial gain can be reached when their distance is 1-1.5 times the
size (width) of the BPV module. A tilted BPV modules combined with horizontal single-axis
tracking reflector system were theoretically and experimentally considered in [17]. The results
demonstrate that the average annual bifacial gain with tracking and fixed reflector is 30% and
17%, respectively. The performance of this system is limited since the back reflector is smaller
than the module.

With a parallel arrangement of a BSC and a flat-plate reflector a higher performance
of the BSC can be achieved, but if certain conditions are met: the size and distance of the reflec-
tor from the absorber are appropriate and the reflection is specular. In other words, the greatest
advantage of the parallelism between the BSC and reflector is that the incident angle of the so-
lar beam falling on the upper absorber surface can be the same as the incident angle of the solar
beam falling on the lower absorber surface (BLAS). Anyway, this concept was investigated in
[18-25]. The reflector can be either integrated with the BSC within the same housing [18-21] or
be separated from the BSC housing [22-25]. Ooshaksaraei et al. [18] experimentally evaluated
the power output of a BPV module, composed of four silicon solar cells (packing factor 0.69),
coupled with a semimirror back reflector. An increase in power output of 20% was achieved for
the distance between the BPV panel and the reflector of 115mm. Lo et al. [19] optimized the
design of the BPV panel, consisting of six solar cells (packing factor 0.33), with a back mirror
reflector. They demonstrated that the maximum yearly electrical energy enhancement of the
BPV of 26% can be obtained when the distance between the BPV and the mirror is 158 mm.
The energy behaviour of a double-pass bifacial PVT (BPVT) solar air collector integrated with
a v-groove back mirror was simulated in [20]. Total energy efficiency of the BPVT (packing
factor is 0.66, distance is 100 mm) was found to be 9% higher than that for a monofacial PVT
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under the same operating conditions. In [21] the double-path parallel flow BPVT (packing fac-
tor is 0.67), equipped with a flat back aluminum reflector with 50 mm separation, was experi-
mentally investigated. The total energy efficiency of 51%-67% was observed.

The biggest limitation of using a BSC integrated with a reflector within the same
housing is that during most of the day and year, it is not possible to achieve full irradiation of
the BLAS due to the shadow effect. The shadow on the reflector is caused by the lateral housing
surfaces, BSC which is at a relatively small distance from the reflector and its packing factor.
The aforementioned limitation is removed by moving the reflector away from the BSC, which
requires the solar collector to be separated from the reflector structure. Robles-Ocampo et al.
[22] designed and constructed a system consisting of a water-based BPVT and a set of stainless
steel reflectors. The dimensions of the reflectors and its separation from the BPVT were not op-
timized. In comparison the conventional PVT the proposed BPVT produced 40% larger amount
of electricity. The collector-reflector system (CRS) with a flat-plate reflector placed in parallel
below the BSC and movable in all three possible orthogonal directions: north-south, east-west
and normal to the collector, was experimentally evaluated in [23]. The reflector dimensions
were the same as those of the BSC. According to the experimental measurements thermal out-
put of this BFPC was significantly higher (41.79%-66.44%) than thermal output of the FPC. A
bifacial and monofacial double-flow solar air heaters with a corrugated and flat-plate absorber
were analytically studied in [24]. Under the assumption that the planar back reflector always
enables full irradiation of the BLAS the maximum increase in thermal efficiency of 10.85% for
the BFPC with a corrugated absorber over the FPC with a flat-plate absorber can be reached.
Mandal and Ghosh [25] estimated the operation of a single-pass FPC and a double-pass BFPC
with planar mirror reflector placed in parallel behind it. Both the BFPC and the reflector were
moved with the position of the Sun. Their dimensions were the same. The experimental results
revealed that the double-pass BFPC has the higher efficiency (47.98%) than the single-pass
FPC (38.1%). However, the compared results were not taken at the same time of the year. In
[24, 25] the authors did not optimize the distance between the collector and the reflector.

In this paper, the concept of a CRS consisting of a BSC and a single flat-plate reflector
separated and placed in parallel below the collector but moveable only in the direction normal
to the collector plane is presented and investigated. The novelty and contribution of the present
research work rely on optimization of the size and position of the reflector. For the first time,
the optimal size of the reflector and the optimal hourly, daily, monthly and annual distances
between the collector and reflector were determined. In addition, the daily, monthly and annual
energy performance of the optimized proposed bifacial CRS was estimated and compared with
that of the corresponding MSC.

Methodology
Mathematical model
Total solar radiation incident on the collector surface

The amount of total solar radiation incident on the MSC (H'.c [Wm™]), and BSC
(H'4g [W/m?)), surface is calculated according to egs. (1) and (2), respectively [23]:

cos (i) H 1+cos(G)

H . =H "
G dir Sln(ﬂ) dif 2 (1)
, , cos(i) . l+cos(G) , cos(i) 4 , AF
H, =H, ——=— — H'. o H . r
dG dir s1n(ﬁ) + e 2 + P g sm(ﬂ) Ac,low + P ACJOW (2)
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where H'y, and H'y [Wm™] are the intensities of the direct and diffuse solar radiation on a
horizontal surface, 7 [rad] — the incident angle of the solar beam, f [rad] — the solar altitude
angle, G [rad] — the collector tilt angle, p [-] — the coefficient of reflection for the reflector,
i, [rad] — the incident angle of the reflected beam, A;, [m*] — the size of the irradiated area on the
BLAS, A.jow= Acwy= A. [m?] — the area of the lower (upper) BSC surface, 4, [m*] — the area of
the reflector surface, and F,. [-] — the view factor. It should be noted that the diffuse radiation,
reflected from the surrounding surfaces and reflector on the both collectors, is neglected in the
calculations.

Irradiated area

In order to achieve the highest possible performance of the BSC its lower surface
should be fully irradiated at all times. In other words, for an arbitrary sun and reflector position
the ratio 4;,/A. 0w should be equal to 1, eq. (2). According to the findings in [23], there are two
ways to develop and optimize the bifacial CRS. The first way implies that the reflector has the
same dimensions as the collector (L,= L. and W,= W,) and be moveable in all three possible
directions: north-south, east-west, and normal to the collector and reflector plane. The second
type of CRS consists of a BSC with a reflector that would move only in one direction, in the
direction normal to the CRS plane. The greatest advantage of this system is reflected in the
fact that the reflector moves significantly less, which makes it easier to build a structure for its
movement. In order to achieve the highest possible irradiance of the BLAS, the dimensions of
the reflector must be larger than the dimensions of the BSC (L,> L. and W,> W,). To determine
both the optimal size and the optimal hourly, daily, monthly and annual positions of the reflec-
tor of this type of CRS, the equations given in the Appendix A, derived according to the verified
procedure explained in [26], would be used.

The CRS is observed in three planes: the plane perpendicular to the CRS plane with
a view from the south (the ewGa plane), the plane perpendicular to the CRS plane with a view
from the west (the nsGa plane) and the CRS plane, fig. 1. The parameters 4, &, and a, represent
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the length of irradiation in the ewGa, nsGa, and CRS planes, whereas the parameter b, s,
represents the shadow length in the nsGa plane, respectively. The length parameters p..q, and
Pusce are defined as the distance between the place where the sun beam hits the reflector and the
place where the reflected beam hits the BLAS in the ewGa and the nsGa planes, respectively.
The distance between the collector and the reflector plane is defined by y. The parameters feuce
and f,sq, are projections of the solar altitude angle on the ewGa and the nsGa planes, whereas
the parameter yg, is the projection of the solar azimuth angle on the CRS plane.

Simulation case

The dimensions of the BSC, L.= 1 m and .= 0.5 m were chosen. The position of
the considered CRS, its tilt angle of G = 37.5° and orientation of a = 180°, corresponds to the
annual optimal position of the solar collector for the city of Kragujevac (latitude 44.02 N, lon-
gitude 20.92 E) [27]. For practical reasons, the movement of the reflector is limited to a value of
y =1 m, which corresponds to the collector length of L.=1 m (0 <y < L.). The step of chang-
ing y is 0.005 m. The optimal size and paths of the reflector were obtained numerically using
FORTRAN. To simulate weather conditions of the selected location the EnergyPlus weather
file (EPW file) was used. This file contains real weather data representing the long-term typical
weather condition over a year in the city of Kragujevac [28]. For the purposes of calculating
the incident solar radiation by using the egs. (1) and (2), the hourly values of the H'y;, and H' g
(8 a. m. to 4 p. m.) were taken from the mentioned EPW file. It was assumed that p = 0.9.

Results and discussion

Determining the optimal positions of the reflector, fig. 2, was preceded by the cal-
culation of its optimal surface. As an initial value, it was adopted that the reflector surface is
proportionally 10% larger than the collector surface, that is, L,= 1.1 m and W;= 0.55 m. For
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these reflector dimensions, the variable A4;, was calculated. In each subsequent step, the reflec-
tor surface was increased by 5% with recalculation of 4;,. This procedure was repeated until the
moment when the average percentage annual deviation of 4, for two adjacent steps (two close
reflector dimensions) was very small (<0.3%). In this way, the optimal reflector dimensions of
L.=2 m and W,= 1 m were obtained.

It is clear that the optimal reflector surface must be four times larger than the collector
surface (4,/4. = 4). In previously described bifacial CRS concepts, the reflector size was not
optimized. Moreover, the 4,/4. ratio had a significantly higher value. For instance, in [9, 10] the
authors used a reflector that was 7.6 times larger than the collector, while in [22] its size was
6.7 times larger. Optimal hourly reflector position represents the smallest possible distance of
the reflector from the collector, at that hour, for which 4;, has the highest possible value. The
distance y-D is that y for which the average daily 4;, has the highest value. The same pattern is
applied to find y-M and y-Y. In fig. 3 the values of 4,,, for every hour (8 a. m. to 4 p. m.) and
every day of the year, calculated according to the adopted values for y-H, y-D, y-M, and y-Y,
are shown.

By observing figs. 2 and 3 at the annual and daily level, all diagrams for y and A;,
are symmetrical with respect to the summer solstice (22™ of June) and noon, respectively. The
smallest y-H is in the morning and afternoon hours, at low values of the solar altitude angle,
fig. 2. As its value increases, it is necessary to move the reflector away from the solar collector
until noon, and then move it closer to the collector at sunset. On an annual basis, around noon,
y-H increases from the beginning of the year until the period around the spring equinox, when
it has its highest value, and then decreases until the summer solstice. From the summer solstice
it increases again until the autumn equinox, when it has its highest value again, and after which
it decreases until the end of the year. The parallelism of the reflector and collector and the op-
timal annual position of the CRS influenced the fact that the greatest distance of the reflector
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(y = L.=1 m), is in the period of the year around spring (autumn) equinox and around noon
(10 a. m. to 1 p. m.) during the day (i = i,= 0). This results in a decrease in 4;,-H, fig. 3, which
is most pronounced at 11 a. m. (33%) and 12 p. m. (20%). That is the biggest drawback of the
proposed system. The positive thing is that the drop downs of A;,-H around the equinox are
significantly shallower at 10 a. m. (>90%) and 1 p. m. (=75%). Besides, in the period 10 a. m.
to 1 p. m. there is no need to move the reflector (y-H =1 m).

The main advantage of the second type of CRS is reflected in the fact that in the period
around the summer and winter solstice, around noon, and in the morning and afternoon hours
throughout the year, 4;~-H = 0.5 m? (100%). Figure 2 demonstrates that the differences between
v-D, y-M, and y-Y are very small. The explanation lies in the narrow range of y-D change,
034 < y-D < 044 m. The range of reflector movement on a monthly basis is
0.37 < y-M <0.43 m, while the y-Y value is equal to 0.39 m. Due to the great similarities of the
curves y-D, y-M, and y-Y, the shape and values of the curves 4;,-D, A4;,~-M, and 4;-Y, fig. 3, are
approximately equal. It can be concluded that there is no reason why the reflector movement
should be performed according to the optimal daily and monthly positions. The greatest advan-
tage of such a CRS would be that the reflector would be fixed during the year. For 9 a. m. to
2 p. m. and 4 p. m. on most days of the year, 4;.-D, 4;.-M, and A4;.-Y have significantly lower
values than 4;,-H. The smallest difference between them is in January and December (9 a.
m. to 2 p. m.) and at 8 a. m. and 3 p.m. throughout the year. The curves for 9 a. m. to 2 p. m.
have a similar shape, but in relation those for 4 p. m. they differ, due to the position of the
reflector, y-D, y-M, and y-Y in relation y-H. With the known 4,,-H, 4;,-D, 4;,-M, and 4;,-Y, it
is now possible to find the total solar radiation incident on the both a BSC (H'ss) and a MSC
(H'.g), fig. 4. In order to easily compare the performance of the BSC and MSC, in fig. 5 the
percentage difference between H'yg and H'. (AH'-H, AH'-D, AH'-M, and AH'-Y), expressed as
AH' = 100(H"y5-H’ .c)/H' G, are given.

The diagrams shown in fig. 2-5 cannot be observed separately. The two variables that
have the greatest influence on the shape and values of the curves for H'ys and AH' are 4;, and
share of diffuse radiation in the total incident solar radiation, D = H'g/(H' g+ H'sir). With the
full irradiation of the BLAS and p = 0.9, the theoretically largest percentage difference AH'
would be 90%, but under the condition that H'y;= 0. However, in reality this is not the case
(H'4> 0). Hence, AH' < 90% for all hours and days of the year. A smaller D, but at full irra-
diation of the BLAS, contributes to a higher performance of the BSC or a greater AH' and vs.
Although the reflection of diffuse radiation is neglected, it is to be expected that a small part
of it would be reflected on the BLAS, which would make the BSC performance to be a little
better. For all hours and days of the year, the BSC exhibits a significantly better performance
than the MSC, regardless of the way the reflector is moved either according to optimal hourly or
annual positions. The curves for AH'-H, AH'-D, AH'-M, and AH'-Y follow the curves for A;,-H,
Ai-D, 4;,-M, and A;,-Y. It is observed that the values for H'y; and AH' vary during the day and
year even when A;, is constant. This is a consequence of their dependence on the parameter D.
In other words, the maximal peaks refer to the maximum possible 4;, and very low D. In hours
with extremely high D the minimal peaks occur (H'yc~H'.). The curves for AH'-D, AH'-M ,
and AH'-Y almost coincide, confirming once again that there is no need to move the reflector
according to its optimal daily and monthly positions.

In order to accomplish the highest performance of the BSC it is recommended to
move the reflector on hourly basis during the year. Comparing AH'-H and AH'-Y, the percentage
increase for y-H is always greater than the increase for y-Y, under the condition of neglecting
the moments when H'yc=H'.c. The highest achieved AH’-H is in the range of 63.64%-82.20%.
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On the most unfavorable dates for using this type of CRS (brd = 97 and 246) at 11 a. m. and
12 p. m. the lowest AH'-H values of 20% and 10% were recorded. However even then, AH’-H
was higher than AH'-Y, 9% (11 a. m.), and 5% (12 p. m.). Although at 10 a. m. and 1 p. m.
there are the drop downs of 4;,-H, they are milder and significantly less affected the amount of
AH'-H. Namely, for both hours and dates, AH-H > 50%. Generally speaking, the average annual
AH'-H is in the range of 44.85-65.15%.

The greatest advantage of the CRS whose reflector would be placed in a position that
corresponds to the optimal annual position, is attributed to the fact that it is fixed. As already de-
scribed this results in significantly lower values for AH'-Y compared to AH'-H. In other words,
the average annual AH'-Y is in the range of 27.90%-53.69%. There are periods, January and
December (9 a. m. to 2 p. m.) and at 8 a. m. and 3 p. m., when their differences are relatively
small, due to small deviations of y-Y from y-H. It can be concluded that there is a third way of
using this type of CRS. Namely, in December and January, the reflector would be fixed, while
in the rest of the year it would move according to the optimal hourly positions. This way of
using reflector would have a smaller contribution than the first, but significantly higher than
the second. Another fact that does not support the fixed position of the reflector is the energy
performance of the BSC in the early morning (6 a. m. and 7 a. m.) and late afternoon hours
(5 p. m. and 6 p. m.), which were neglected in this study. In the mentioned periods of the day due
to lower solar altitude angle, y-H will be smaller than those obtained at 8 a. m. and 4 p. m. The
90 reflector will be closer to the BSC. Conversely,
80 - y-Y will be significantly greater than y-H. The
70 large distance of the fixed reflector prevents the

60 ”{” \ I l{‘i " | H reflection of solar beams on the BLAS, which
| | ‘\b * M Ilm | " | is why H'y-Y=H' .. This is supported by the re-

o

Daily AH-H, AH-Y, [%]
o

5
40 sults obtained for y-H, y-Y, Ai-H, Ai-Y, AH'-H
301 N ey and AH'-Y at 4 p. m., when y-Y was greater than
?g e y-H. However, AH'-H will undoubtedly have
ol |Jl] relatively high amounts during these periods.
0 30 60 %0 120 150 180 210 240 270 309 230, 360 The results illustrated in fig. 5 on hourly basis,
can be observed in another way, on daily basis,
fig. 6. Figure 6 shows daily increase in the total
solar radiation for y-H and y-Y, throughout the

year.

The conclusions identical to those stated for fig. 5 can be drawn. In other words, 4;,
and D have the greatest influence on the energy performance of the proposed CRS. There are
four the drop downs of daily increases during the year. Those around the spring and autumn
equinoxes are primarily the result of the effect of the parallelism between the collector and
reflector (significantly lower 4;,), while the other two, in December and January, are caused
by a large share of diffuse radiation, D. However, the daily increases for both y-H and y-Y are
significant and reach a value of 74% and 59%, respectively. With known daily increases, it
is possible to determine the monthly and annual increases. When it comes to the difference
between monthly AH'-H and AH'-Y, the highest value was achieved in the month of July, on av-
erage around 19.7% (65.91% vs. 46.21%). The smallest difference was recorded in December
and January, of only 3.4% and 7.15%, respectively. For all other months, with the exception
of November (8.1%) and February (13.8%), it averaged around 17.6%. Observed on an annual
level, the energy performance of the considered BSC, either with an hourly movement of the
reflector or with a fixed reflector, could be 54% and 39.4%, respectively, higher than that of

Figure 6. Daily percentage differences
AH'-H and AH'-Y
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a MSC. The findings of this research have shown the positive effect of using single flat-plate
reflector which is in parallel with the separated BSC. Considering the estimated hourly, daily,
monthly and annual increase of the total solar radiation, it is believed that the proposed concept
can outperform the similar concepts described in the research available in [9, 12, 14-19, 22, 24,

25]. The results from those studies and present work are compared and given in tab. 1.

Table 1. Comparison of the obtained findings with those from similar studies

Reference The BSC and Moveable/ Reflecting Bifaciz_il gain
reflector arrangement | fixed reflector surface hourly, daily, annual

[9] Tilted-separated Fixed Aluminum plate 48% daily - 5 reflectors
[12] Tilted-separated Moveable Mirror 51% ani’:;?: ilazilze; flectors
[14] Tilted-separated Fixed Aluminum foil 16.54% daily; 14.77% annual
[15] Tilted-separated Fixed Aluminum foil 21.4% daily
[16] Tilted-separated Fixed White concrete 9.4% annual
[17] Tilted-separated Moveable/fixed Mirror 30%/17% annual
[18] Parallel-integrated Fixed Semimirror 20% hourly
[19] Parallel-integrated Fixed Mirror 26% annual
[22] Parallel-separated Fixed Stainless steel 40% daily - 3 reflectors
[24] Parallel-separated Fixed Mirror 10.85% (-)
[25] Parallel-separated Moveable Mirror 25.9% hourly

This study | Parallel-separated | Moveable/fixed Mirror 74%/59% daily; 54%/39.4% annual

The bifacial gain is affected not only by the arrangement of the BSC and reflector,
the position and material of the reflecting surface, but also by the size or number of the reflec-
tors. The highest bifacial gain is achieved with the parallel-separated arrangement, moveable
and mirror reflecting surface. These are the characteristics of the proposed CRS. Satisfactory
results are accomplished with tilted-separated arrangement but with multiple reflectors [9, 12].
The main limitation of the previous studies relies on the fact that the optimization of the size
and/or position of the reflector was not conducted. The parallel-integrated CRS design offers
cost-effectiveness and simplicity of construction, but exhibits significantly lower bifacial per-
formance. In terms of complexity, bulkiness and cost-effectiveness, the studied CRS can be in
a more favorable position compared to the systems with considerable bifacial gain reported in
[9, 12, 22]. Its construction would be smaller, 4/4.= 4 vs. A/A.= 7.6 [9] and 4,/4.= 6.7 [22],
and simpler because it has only one reflector. The CRS described in [12] consists of two sepa-
rate manually moveable mirrors that occupy a larger area. Considering the data given in [23],
the costs of the proposed CRS will be at least 39% higher than the costs of the corresponding
MSC. Optimization of its production costs is the subject of future research.

Conclusions

This paper provides an analytical model for calculating the optimal size and hourly
(y-H), daily (y-D), monthly (y-M), and annual positions (y-Y) of the flat-plate reflector placed
in parallel below the BSC and moveable only in the direction normal to the collector plane. The
daily, monthly, and annual energy performance of the optimized bifacial collector-reflector sys-
tem was estimated and compared with that of the corresponding MSC. The main conclusions
are as follows.
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® The optimal size of the reflector has to be four times larger than the collector size, in order
for the irradiated area of the lower BSC surface, 4;,, at every moment (hour), would be the
highest possible.

® The performance of the BSC at y-Y is almost identical to that at y-D, and y-M, due to small
differences between y-D, y-M, and y-Y and the corresponding 4. In other words, two ways
of use of the reflector are recommended, either according to the y-H (moveable reflector) or
y-Y (fixed reflector);

® the 4. and the share of diffuse radiation in the total solar radiation, D, are the two factors
that most affect the BSC performance. The maximum A;, and the minimum D ensure the
highest performance of the BSC.

e With optimally positioned moveable or fixed reflector the total solar radiation incident on
the BSC can be significantly higher than that for a MSC. Its largest daily and monthly as
well as average annual increase is: 74% (59%), 65.91% (46.21%), and 54% (39.4%), re-
spectively.

® The proposed model can be applied to evaluate the energy performance of flat-plate bifacial
thermal, PV or PVT solar collector, of arbitrary size and position, which is in this arrange-
ment with a planar reflector.
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Appendix A, Mathematical model for determining the parameter A;,,

The form of the equations for 4;, depends on whether and how the reflected beams
form the same area. Because of this dependence, terms such as full irradiation (FIRR) and par-
tial irradiation (shading) (PIRR) are introduced:

A =C-4 FIRR ., — FIRR 1,
A, =¢a,+1-b, PIRR _PIRR
A = f(FIRR,PIRR) = P pasGar ewGa nsGa AD
Airr = 5 A+ A bp,nsGa FIRReWGa _ PIRRHSGQ
Airr = 5 : ap PIRRSWGD{ - FIRRHSGa

The equations for fsc. s fewcss and g,

First, the parameters Sscq, PSewca and yg, should be found. Their calculation follows the
calculation of the , &, @,, Pusca (Pewce) and by s
Ccos

nsGa

_ cos G(—cosacosfcosy +sinacosfsiny) + sin Gsinf (A2)

\/[cos G(~cosacosfcosy + sinacosfsiny) + sinGsinﬁ]2 +[sinG(~ cosacosfcos y + sinacosfsiny ) - cosGsinﬂ]2

cosacosfsiny +sinacosffcosy

Ccos

ewGa

(A3)

\/[cosacosﬂsin;/ Jrsinozcosﬂcos;/]2 +[sinG(—cosacosBeosy + sinacosfsiny) — cosGsin,B]2

cos G(—cosacosfcosy +sinacosfsiny) + sinGsinf

COS YGu

(A4)

\/[cosG( —cosacosfcosy +sinacosfsiny) + sinGsinﬁ]2 + [Cosacosﬁsiny + sinacosﬂcos;/]2
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The well-known equations for the solar collector orientation, a, solar altitude, 5, and
solar azimuth angle, y, are not presented.

The equations for 4 (&)

For L, > L., L/2 < L. and for 0° < yg, < 180° (same as for 180° < yg, < 360°),
tg(B ewca) = V(L2 — L/2), t2(B™ ewca) = V/(L/2), and tg(B™" wwce) = V/(LJ2 + L/2):

. 2y
PIRRew a 1 90°> ewGa 2 ewGa S>A=——"— AS
¢ ¢ ¢ tg (ﬂewGa ) ( )
« . y L ~-L
PIRR ., : > > > A= +—
ewGa ﬁ ewGa ewGa ewGa tg ( ﬂewca ) 2 (A6)
" L +L y

FIRRewGa :ﬂewGa = ﬂewGa > ewGa = l

2 tg(fuce) (A7

For L, > L., L/2 = L. and for 0° < yg, < 180° (same as for 180° < yg, <360°),
tg(f ewca) = V/(LJ2), and tg(B” cuca) = V/(LJ/2 + L./2):

« 2y
PIRRCW a : 900 > ewLba > ewLba :> i =T N A8
N © ¢ tg (ﬂewGa ) ( )
. - L +L y
FIRRewGa : ﬂewGa = ﬂewGa > ewGa = ﬂ’ = - (A9)

2 tg (ﬂewGa )

For L, > L., L/2 > L. and for 0° < ys, <180° (same as for 180° < yg, <360°),
t2(B ewca) = V/I(LJ/2), tg(B ewie) = VI(LJ/2 — LJ/2), and tg(f™ cwce) = V/(L/2 + LJ2):

. 2y
PIRRew a 190°> ewGa > ewGa :ﬂ:— AIO
© N ¢ tg(ﬂewGa ) ( )
FIRReWGa : IB:WG(Z 2 IgewGaz 2 ﬂ:\j’Ga = ﬂ’ = Lc (Al 1)
sk ok L +L y
FIRR : > > S A="—-
ewGa ﬂewGa ewGa ewGa 2 tg(ﬂewGa) (A12)

The equations for 4 for the interval 0° < yg, <180° (180° < y5,< 360°) correspond to
the equations for & but for the interval 90° < y5,<270° (270° < y5,< 90°). Also, the parameters
L., L, and f.c, should be replaced by the parameters W, W,, and f,.. These equations cannot
be used for the limit values of the yg,= 0°, 90°, 180°, 270°, and 360°, for which f.yg, = 90°
(76.=0°, 180° or 360°), and fs6,= 90° (y5,= 90° or 270°). Then the irradiated area is calculated
as A= & and A4, = &, where 4= L, and &= W..

The equations for p,sc, (Pewcs), @, and by, nsc.

The parameter puca (Pewas) appears only for the PIRR situation: pusc, = 3/tgfusc. and
Pewca = V/tgPewaqa. The equations of the a,, for the situations PIRR.,6,— PIRR,;q,, and for the in-
terval 0° <y, < 90° are presented below. For the intervals, 90° <yg, < 180°, 180° < yg, < 270°
and 270° < y5,< 360°, the equations are identical with the difference that the angle yg, is re-
placed by the angles 180°-yg,, y6,-180° and 360°-yg,, respectively:

For 0° < y5,< 90°, tg(y6.)'= 0 and tg(c)”" = (L ~ L)/2)/puss:

tg(j/Gzz)*Stg(yGa)Stg(yGa)**jap:Lc (A13)
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c+Lr

(A14)

tg(yGa)>tg(7/Ga)**:>ap: _tg(}/Ga)pnsGa

For the combination of the situations PIRR.,c, — FIRR,Gq, @, is calculated as

ay= L. —2peycq + A. As for the parameter b, ., there is only one equation, b, u6e= We — 2Pnsco-

Nomenclature

A —area, [m?] Y6« — projection of the solar azimuth angle on the
a, —length of irradiation in the CRS plane, [m] CRS plane, [rad]

b, —length of shadow, [m] A —length of irradiation in the ewGa plane, [m]
brd — day of the year, [] ¢ —length of irradiation in the nsGa plane, [m]
D — share of diffuse radiation, [-] p —coefficient of reflection, [—]

F  —view factor, [-]

G — collector tilt angle, [rad] Subscripts

H' — intensity of the hourly solar radiation c — monofacial (conventional) solar collector
on a horizontal surface, [Wm72] d — bifacial solar collector

H' — intensity of the hourly solar radiation on a dif  — diffuse solar radiation
tilted surface, [Wm2] dir - direct solar radiation

AH' — percentage difference between the total solar

ewGo — in the ewGa plane

radiation incident on a bifacial solar collector irr  —irradiated
and that incident on a monofacial solar low —lower
collector, [%] nsGa — in the nsGa plane
i —incident angle of the solar beam, [rad] r — reflector
L —length [m] up  —upper
p  — length parameter, [m]
W —width, [m] Acronyms
y  —distance between the collector and BFPC — bifacial flat-plate solar thermal collector

reflector planes, [m]

Greek symbols

o — collector orientation, [rad]

S —solar altitude angle, [rad]

Pewca — projection of the solar altitude angle
on the ewGa plane, [rad]

Phsca — projection of the solar altitude angle
on the nsGa plane, [rad]

BLAS — lower surface of the bifacial solar collector
BPV - bifacial photovoltaic

BPVT - bifacial photovoltaic thermal

BSC - bifacial solar collector

CRS - collector-reflector system

FPC —flat-plate solar thermal collector

MSC - monofacial (conventional) solar collector
PV —photovoltaic

PVT —photovoltaic thermal

y  —solar azimuth angle, [rad]
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