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Abstract

Bifacial photovoltaics are widely investigated with the aim of reducing the amount of silicon used and
increasing conversion efficiencies. The conversion efficiency of bifacial photovoltaics depends on the
quantity of solar radiation incident on the reverse face. Furthermore, controlling the orientation can
distribute the times of peak power output in the morning and afternoon to better match the demand. In
this study, the demand patterns of individual houses or the whole Hokkaido region were analyzed
assuming the substitution of a conventional large-scale electric power system with one using bifacial
photovoltaics. The supply—demand balances and electrical storage capacities were investigated. When
comparing a large scale solar power plant (mega-solar power plant) using monofacial photovoltaics or
vertical bifacial photovoltaics (in which the orientation could be adjusted), the supply—demand could be
better balanced for individual houses in the latter case, thereby allowing the storage capacity to be
reduced. A bifacial solar module was modeled by 3D-CAD (three dimensional computer aided design)
and thermal fluid analysis. The module temperature distribution of bifacial photovoltaics was calculated

with respect to the environmental conditions (wind flow, direct and diffuse solar radiation, etc) and
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internal heat generation, as well as the orientation of the solar panels. Furthermore, the conversion
efficiency of bifacial photovoltaics can be easily obtained from the analysis result of modular temperature

distribution and the relation between temperature and conversion efficiency.

Key Words : Bifacial photovoltaics, Conversion efficiency, Photovoltaic power station, Heat transfer

analysis.

1. Introduction

There are examples of study on evaluating the reliability of large-scale photovoltaic (PV) systems and
the effect of photovoltaics interconnection on the reliability of local distribution system [1-3].
Furthermore, cost and efficiency of new design photovoltaics are investigated [4, 5]. Bifacial
photovoltaics are being investigated for the purpose of reducing the quantities of silicon required and
increasing the conversion efficiency [6-8]. The amount of silicon can be reduced by reducing the distance
that the charge carriers need to travel in a bifacial photovoltaic system. Standard monofacial solar cells
have an opaque backing on the reverse face, whereas bifacial photovoltaics have a transparent glass on
the back that allows the input of solar radiation—which is the source of electricity generation—from the
reverse face also. Moreover, when solar radiation is incident on the reverse face, the dependence of the
electric power generation on the orientation and angle of inclination of bifacial photovoltaics is small
compared to standard monofacial photovoltaics. The reverse face of a bifacial photovoltaic system can
easily capture reflected and diffused solar radiation, and therefore, these systems are thought to be
suitable for installation on, for example, the roofs of parking areas, walls of buildings, fences, and rooftop
signs [9-11]. The conversion efficiency of bifacial photovoltaics greatly depends on the amount of incident
solar radiation on the reverse face. Moreover, when exposed to high temperature, the conversion
efficiency falls, as for the standard solar cells [12]. Therefore, in order to predict the electric power
generation of bifacial photovoltaics, thermal fluid analysis can be applied to obtain the temperature
distribution in the module as a function of the environmental conditions (outside air temperature, vector
of the wind, solar position, direct solar radiation, diffuse solar radiation, radiation reflected from the
ground) and geometrical parameters related to the installation (orientation, number of modules, height
from the ground, etc.). The conversion efficiency can be obtained by applying the relation between
module temperature and conversion efficiency to the temperature distribution of the bifacial
photovoltaics obtained from thermal fluid analysis. A simple method for obtaining the conversion
efficiency from such analysis is proposed here.

It is necessary to compensate the inconsistent power output of photovoltaics by connecting them with
a commercial power system. However, in order to make the power output of photovoltaics increase with

an electrical power system, a stable supply from the photovoltaic power plant side is desired. Electrical
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storage equipment is required for stabilizing the supply from a large-scale photovoltaic power plant
(mega-solar power station), and although NAS cells (Na—S batteries), pumped hydro power generation,
etc. can be considered, they are very expensive. An alternative for controlling the peaks in power-
generation output is by changing the orientation of vertical bifacial photovoltaics, as will be presented
in this study. When installing bifacial photovoltaics in the east—west directions, peaks occur in the
electric power generation in the morning and the afternoon. On the other hand, two load peaks are seen
in the general electricity demand in the morning and evening, and hence, if the two output peaks of
bifacial photovoltaic generation and the two load peaks of electricity demand can be synchronized, it
may be possible to reduce the storage capacity for balancing the supply—demand. This could result in a
reduction in the installation cost of electrical storage equipment. In this study, the supply—demand
balance and storage capacity facilities of a mega-solar power plant using bifacial photovoltaics is
investigated on the basis of the load pattern of individual houses and assuming substitution of a large-

scale electric power system.

2. Materials and Methods

2.1 Scheme of Bifacial Photovoltaics

Figure 1 shows a schematic of a bifacial photovoltaic device in which the active n-type single crystal
layer is sandwiched between two amorphous silicon layers (above and below), forming a symmetrical
cell. Therefore, electricity is generated when light enters from either the upper or lower face of a bifacial
solar cell. However, because the intensity of the incident light is not equal on both sides, the amount of
electrical power generation is not simply doubled. Moreover, because the maximum voltage (open circuit
voltage) falls when the temperature of a solar cell rises, the output power will drop under high-
temperature conditions. Although there are few voltage drops due to the amorphous material under high
temperatures compared to the single crystal, the temperature characteristics of bifacial photovoltaics

are slightly better than single crystal silicon because of the resistances of other components.

2.2 Output Characteristics of Bifacial Photovoltaics

Figure 2 shows the output characteristics of bifacial photovoltaics obtained during testing. Figure 2
(a) shows the relationship between the voltage and the current of bifacial photovoltaics in the case where
there is no input of solar radiation to the reverse face. Moreover, Fig. 2 (b) shows the output
characteristics of the bifacial photovoltaics based on Fig. 2 (a). The maximum conversion efficiency in
Fig. 2 (b) is approximately 16% at 25 °C. On the other hand, Fig. 2 (c) shows the relationship between
the power-generation output and the conversion efficiency of bifacial photovoltaics with solar radiation
of 1.0 kW/m?2 incident on the front face, showing that the conversion efficiency significantly changes

depending on the magnitude of the radiation incident on the reverse face. In order to maintain a high
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conversion efficiency of bifacial photovoltaics, it is necessary to ensure that the incident insolation on
the reverse face is at least 30% of that on the front surface. Therefore, because there is little input of
solar radiation to the reverse face, even if bifacial photovoltaics are installed as monofacial photovoltaics,
a high conversion efficiency is not obtained. Figure 2 (d) shows the temperature characteristics of the
conversion efficiency when a solar radiation of 1.0 kW/m2 enters the front face of a bifacial photovoltaic

as a function of the ratio of solar radiation incident on the reverse face to the front face.

2.3 Large-scale solar power system (mega-solar power plant)

Figure 3 (a) shows the case of a large-scale photovoltaic power plant currently installed in Japan,
which has monofacial photovoltaic cells facing south with 45° angle of inclination from horizontal. For
comparison, Fig. 3 (b) shows the proposed system with vertical bifacial photovoltaics in the east—west
directions. Figure 4 (a) shows the output characteristics of each module of the monofacial photovoltaics
facing south, as shown in Fig. 3 (a), and the bifacial photovoltaics for east—west, as shown in Fig. 3 (b).
However, the normal power of the monofacial photovoltaics in Fig. 4 (a) is smaller than that for the
bifacial photovoltaics. Although the maximum output of the monofacial photovoltaics facing south is
obtained during noon, the peak output of the bifacial photovoltaics installed in the east—west directions
is obtained in the morning and afternoon. As the next section will describe, when the orientation of
vertical bifacial photovoltaics is changed, the magnitude of the output peaks obtained in the morning
and afternoon can be adjusted. Therefore, the capacity of the electrical storage facilities required to
compensate for the difference in power generation between the mega-solar power system and the power
demand may be reduced by controlling the orientation of vertical bifacial photovoltaics on the basis of
the load pattern.

Figure 4 (b) shows output characteristics when combining the monofacial photovoltaics and bifacial
photovoltaics described in Figs. 3 (a) and (b) (green curve). The supply-and-demand difference over the
course of the day can be minimized by choosing an appropriate ratio of monofacial and bifacial
photovoltaic cells and by optimizing the orientation of the bifacial photovoltaics on the basis of load

estimations.

2.4 Outline of Proposed System

Figure 5 shows the system configuration of a mega-solar power plant using vertical bifacial
photovoltaics considered in this study. The DC output of the vertical bifacial photovoltaics can supply
electric power to a grid from high-voltage equipment and a transformer through a DC-DC converter and
an inverter (from Path A-1 to A-3 in Fig. 5). Alternatively, the DC output of the vertical bifacial
photovoltaics can be supplied to the demand side through the inverter (Path A-1, B-4). Furthermore, the
DC output of the vertical bifacial photovoltaics can also be stored in a battery through the DC-DC
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converter and the inverter (Path B-1). After the electric power stored in the battery passes through the
DC-DC converter and the inverter, the electric current is divided—Path B-2, B-3, and A-2 for supplying
the power grid and Path B-2, B-3, and B-4 for supplying the demand side.

Any fluctuations in the output of bifacial photovoltaics have a serious influence on the stability of the
power supply. Therefore, the output of a mega-solar power plant is stabilized by storing the electricity
or by connecting it to a commercial (conventional) power system. As shown in Fig. 5, storage using a
pumped-storage hydroelectric power plant and NAS batteries is considered in the mega-solar power

plant assumed in this study.

2.5 System Operation

Figure 6 shows the output power as a function of time of day for the mega-solar power plant operating
with vertical bifacial photovoltaics, as shown in Figure 6 (a), or monofacial photovoltaics, as shown in
Fig. 6 (b), and their charge—discharge operations. In both cases the surplus power stored is supplied from
the electrical storage equipment when the demand exceeds generation. It can be seen that the maximum
in supply—demand is smaller for the mega-solar power plant with bifacial photovoltaics compared to that
for the plant with the monofacial photovoltaics. Moreover, because the output pattern of the bifacial
photovoltaics more closely resembles the load characteristics than that of the monofacial photovoltaics,
many small time zones of the supply—demand difference may appear. Therefore, the mega-solar power
plant using bifacial photovoltaics can expect a reduction in the amount of charges and discharges

compared to conventional monofacial photovoltaics.

3. Theory

3.1 Heat flow analysis and conversion efficiency

Although the temperature of a module rises owing to the internal generation of heat and the solar
radiation incident on the bifacial photovoltaics, the module can be cooled by the wind. Therefore, the
temperature distribution of the solar module is analyzed by calculating its energy balance. Figure 7
shows a schematic of the energy and fluid fluxes relevant for a bifacial photovoltaic module. The direct
solar radiation 0w, diffuse solar radiation (s, and quantity-of-heat (et from the flow of open air
over the bifacial photovoltaic module and the direct-current-power (it are determined over the
sampling time t. Moreover, the generation of heat of (g: occurs as a result of the electrical resistance
of the module. Heat (Ucat) is removed by heat transfer between the front face of the module and open air.
Furthermore, corresponding to the difference between the module surface temperature Tpm: and the
outside air temperature T.., the heat Quw: is removed by radiative heat transfer. The front face of a
solar module is covered with a special glass, and in general, the reflected solar energy Or from the glass

surface is less than 1%. The temperature Tpmt of the solar module is determined from the energy
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balance of all these components. All radiation energies containing (wt and (s , which are reflected
from the ground and incident on the reverse face of bifacial photovoltaics, are analyzed by the ray tracing
method. The conversion efficiency of the bifacial photovoltaic module will be obtained from the model
characteristics shown in Fig. 2 (d). When Tom: and (u; are fixed, Eq. (1) describes the energy balance

of the radiation t enters the solar module in a sampling time t, where

qsd,j,t + qsf it = qdc,t + qgh,t - RLoad R I%m,t + Rir,t : I ;Z)m,t (1)

The input of direct solar radiation 0u,jt and diffuse solar radiation (¢t to the surface of j is
outputted as Joule’s heat (p: by DC output 0, corresponding to load R g of the solar cell and
internal resistance R;, of the solar module.

3.2 Heat Transfer Analysis

3.2.1 Radiative Heat Transfer Analysis

(1) Radiation between surfaces

The radiation energy 0o jt emitted from the surface of j at the sampling time 1 is the sum of
the emission (the first term of the right hand side) by surface j according to the Stefan—Boltzmann
law and the reflected component (the second term of the right hand side) of the radiation energy emitted

from surface j from surface i.Therefore, Qi ouwjt 1is defined by Eq. (2).

Qe out,jt =&j - O-‘Tft + 01,i QT init (2

Here &, 0, T;,,and prj are emissivity, Stefan—Boltzmann constant, temperature of the surface,
and reflectivity, respectively, while 0O ,init is the heat radiation that enters into i in sampling time t.

(2) Direct solar radiation and diffuse solar radiation

Equation (3) describes the emission Osoujt of the radiation energy from surface j by input of
direct solar radiation and diffuse solar radiation. Component 0su.nkt of the direct solar radiation enters
surface j from an emission surface k of direct solar radiation, and component s init of the diffuse
solar radiation enters surface j from emission surface | of diffuse solar radiation. Osoutjt is
calculated by multiplying the sum of (winkt and 0s,init by the reflectivity ps; of the surface of j.
The diffuse solar radiation 0s nit uniformly enters from all angles, and the magnitude of diffuse solar

radiation is dependent on the weather.
Orsout,jt = Os,j * (Clsd,in,k,t + (st ,in,I,t) (3)

(3) Net radiation
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Equation (4) describes the total radiation energies emitted from surface j . In this study, the difference
between the radiation energy emitted from surface j and the radiation energy which reaches j is

defined as the net radiation O jt, and is calculated using Eq. (5).

qr,out,j,t = qu out, jt + qu,out,j,t (4)

qu gt = qr,out,j,t - qr,in,j,t = (qu out, jt + qu,out,j,t)_ (qu,in,j,t + qu,in,j,t) (5)

The amount of energy exchange Qrr.jt on the surface j 1s afunction of the heat radiation 0 outkt
from surface k and the view factor (proportion of energy emitted from surface k that is incident on
surface j ), as shown by Eq. (6). Moreover, the amount of energy exchange Qs,jt by solar radiation on
surface j isobtained from Eq. (7) by using direct solar radiation sw.ink:, diffuse solar radiation 0 init,

and the radiation view factor Fjy;.

Qrr,jt = Zijk,t “OrT outk,t ©
k

Qrs.jt = Z Fi k.t Osd,ink.t +Z Fiit - Ostint )
k |

Equations (8) and (9) are radiation energy equations using the radiative view factor for heat radiation
and solar radiation. The radiation energy (heat radiation and solar radiation) input to the surface is
calculable by introducing reflectivity pr; from surface j, emissivity &;, surface temperature T;;,
view factor Fj; between the surface of k and the surface of j, and radiation energy 0t j_i;,
Ors, j—k.t » Which enters from the surface of k , into Egs. (8) and (9). The radiation view factor is calculated
by the ray tracing method. Photons that simulate radiation energies are regularly emitted from the light
source surface in the ray tracing model and a radiation view factor is determined from the number of

photons arriving on the target surface.

Urtin,jt —PT1.j 'Z(ijk,t 'qu,jfk,t): €j ‘O"Tft 0
k

Ors,in, jt — Ps, ] 'Z(ijkit 'QrS,jfk,t)zo 9
K

3.2.2 Temperature of Bifacial Photovoltaics Module
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The temperature change (Tpm,t _Tpm,t—l) of the solar module over sampling times t—1 to t is
obtained using Eq. (10), where Q.. , Qgh,t , Qnit, Qri,and Qy canbe calculated by using Eq. (11)-
Eq. (15), respectively, where the temperature of the solar module T,,; can be found by inputting these
values into Eq. (10). When the temperature T,,;; of the surface of j is obtained, the conversion
efficiency can be calculated from the temperature characteristics of the bifacial photovoltaics—as shown
in Fig. 2 (d). The amount of insolation entering the reverse face of bifacial photovoltaics gives the sum

total of the reflected light from the ground and diffuse solar radiation.

Qe + Qe =G *Copn* (Tome = Tpmecs )+ Quee + Qu + Qe (10)
Qo = Pt *Cpoot (T = Ty ) U (11)
Qgne = Rir - Ioms (12)
Qe = A Mo - (T = T (13)
Q=71 '(Qsd ++ 0 ,t) (14)
Qui =0 A (T —T2) (15)

4. Analysis Flow and Analysis Conditions

4.1 Supply—Demand Balance of Mega-Solar Power Plant and Capacity of Electrical Storage Facilities

4.1.1 Analysis Conditions

(1) Object of investigation

The supply—demand requirements for matching specific power load patterns (individual houses or the
whole Hokkaido region) using mega-solar power plant with vertical bifacial photovoltaics is clarified in
this study, and the required electrical storage capacity is investigated. Because the output patterns of
vertical bifacial photovoltaics depend on their orientation, the relationship between the orientation and
storage capacity is discussed. Here we assume the case of a mega-solar power plant with bifacial
photovoltaics installed at Kitami and investigate the representative days of the maximum and minimum
power generation during 2012, which on the basis of the meteorological data [13], were on March 19 and
November 26, respectively.

(2) Load pattern of individual houses



241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275

Figure 8 shows the load pattern of the individual houses used in the analysis, where power
consumption by household appliances and electric lights is included but cooling and heating loads are
not considered. As a result, large variations are not seen throughout the year in the load characteristics.
The power output pattern of a 1000 m2 area of bifacial photovoltaics is shown for both 60° and 90° angles
of orientation on March 19, 2012 in Fig. 8. As shown in Fig. 9, the clockwise angle defines the orientation
from the south; therefore, for example, 90° (thick blue line of bifacial photovoltaics data shown in Fig. 8)
of the acceptance surface is oriented in the east—west direction. On the other hand, when the orientation
of bifacial photovoltaics is 60° (thick red line as shown in Fig. 8), the height of the peak in the morning
and the afternoon changes.

(3) Load pattern of whole Hokkaido region

Figure 10 shows the power load pattern of the whole Hokkaido region in 2010 [14]. Hokkaido is a wide
area including Kitami with a population of 5,450,000 and land area of 83,456 km2. The grid of 8,317 km
is distributed over the area of Hokkaido, operated by the Hokkaido Electric Power Co., Inc. Electric
power is supplied by 54 hydroelectric power stations (1.2 GW), 12 thermoelectric power plants (4.2 GW),
one nuclear power station (2.1 GW), one natural steam power station (25 MW), and one photovoltaic
power plant (I MW). The pumped hydroelectric output is 1.0 GW over three sites (one under
construction). The analysis in this study considers neither losses from the electrical power grid nor the
capacity of the actual power transmission line.

(4) Analysis flow

Electric power generation of the mega-solar power plant for each sampling time is calculated by using
recorded insolation data for each representation day (March 19 and November 26, 2012) at Kitami (lat.
43° 47'N and long. 143° 54'E). The maximum supply—demand difference on each day in accordance with
the operation method shown in Fig. 6 was investigated by using the electric power generation as
described in upper part and the load patterns of Fig. 8 and Fig. 10 . This maximum supply—demand

difference was used to determine the electrical storage capacity.

4.2 Wind Analysis of Kitami Area and Analysis of Conversion Efficiency

Flow Simulation 2012 was used to analyze a 3D-CAD (three dimensional computer aided design)
model of the photovoltaic system prepared by SolidWorks® regarding the net radiation, heat transfer
rate hpm, it» and temperature Tpm, jt of surface j. The internal resistance of the monofacial side and
bifacial photovoltaics was 1.0 Q/m2, and the maximum conversion efficiency and temperature coefficient
of monofacial photovoltaics was set to 18% and 0.4%/°C , respectively. Laminar flow of fluid and
turbulence was used for the Navier—Stokes equation, and the transport equation (K —& model) was
applied to turbulence kinetic energy [15] in the calculation of the streamline of space surrounding the

solar power generators. After clarifying the module temperature distribution as described in Section 3.1,
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the conversion efficiency of the bifacial photovoltaics was obtained from the relationship between the
temperature of the module shown in Fig. 2 (d) and the conversion efficiency. It was necessary to provide
meteorological data (outside air temperature, solar radiation, wind direction, and wind speed) for
simulating the operating environment of the photovoltaics and physical properties of the solids and
fluids in the analysis. The meteorological data used for analysis was sourced from the Meteorological
Agency [13], Japan Weather Association [16], and New Energy and Industrial Technology Development
Organization NEDO) [17].

5. Results

5.1 Analysis Conditions

The maximum conversion efficiency of the modular output terminal was set to 20%, assuming single-
crystal-silicon-type monofacial photovoltaics. The output characteristics of the bifacial photovoltaics are
given in Fig. 2. The monofacial and bifacial photovoltaics were installed 1 m above the ground, and the
internal resistance of a solar module was set to 1.0 Q/m2. The circumference of a solar module is
surrounded with air, and the reflectivity (scatter reflection) of the ground was set to 0.2. Physical
properties of the silicon were applied to the model of a solar module, and the location was set to Kitami.
The wind speed, direction of the wind, solar position, outside air temperature, etc. of the neighborhood

were arbitrarily given according to the location.

5.2 Supply-Demand Balance and Storage Capacity

5.2.1 Output Characteristics of Vertical Solar Cells

Figures 11 and 12 show the outputs of March 19 and November 26 of vertical monofacial photovoltaics
and vertical bifacial photovoltaics, respectively. The monofacial photovoltaics were installed with a
southerly orientation (0° angle of direction), with the angles of inclination of the bifacial photovoltaics
set at 0°, 30°, 60°, 90°, 120° and 150°. The difference in the outputs from the two representative days of
maximum (March 19) or minimum (November 26) electric power generation is very large, as shown in
Fig. 11 and Fig. 12. Moreover, the characteristics of the power-generation peaks in the morning and
afternoon greatly depend on the orientation of the vertical bifacial photovoltaics.

The electrical power outputs (Figs. 12 (b)—(f)) of the vertical bifacial photovoltaics with 30° or higher
angles of direction are approximately 4% lower than the total generation (Fig. 11 (a)) on March 19 with
the vertical monofacial photovoltaics facing south. It is thought that this drop in the output with angles
of direction other than 0° is due to the difference between the direct solar radiation and the radiative
view factor of the acceptance surface as well as the difference in the maximum conversion efficiency of

the bifacial photovoltaics and monofacial photovoltaics. The electrical storage capacities at the time of
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introducing each output pattern of Figs. 12 (a)—(f) into the load patterns shown in Figs. 8 and 10 are

determined as follows.

5.2.2 Supply—Demand Balance and Storage Capacity Based on Load Patterns of Individual Houses.

Figures 13 and 14 show the supply—demand balances and the storage capacities at the time of
introducing into the load pattern of individual houses the mega-solar power plant with vertical
monofacial photovoltaics or vertical bifacial photovoltaics. The results for March 19 (maximum power
generation) are compared in Fig. 13 (a) (left side) and Fig. 14 (a) (left side). An area of 1000 m2 of
monofacial photovoltaics or bifacial photovoltaics can meet the electricity demands of 125—-130 houses
or 120-127 houses, respectively (namely the number of ridges which are balanced by the supply—
demand). Because of distribution and storage losses, in reality, fewer houses will be able to be supplied.
The reason bifacial photovoltaics provide for fewer houses than monofacial photovoltaics is the
orientation given to the vertical bifacial photovoltaics; electric power generation will decrease rather
than electric power generation of the monofacial photovoltaics facing south, and the maximum
conversion efficiency of bifacial photovoltaics with little insolation incident on the reverse face is lower
than for the monofacial photovoltaics, as described in Section 5.2.1. The power storage capacity for the
supply—demand balance of the number of houses as described is 0.95 MWh from 0.86 MWh in the
monofacial photovoltaics (facing south, with an angle of inclination of 40-90°) and 0.89 MWh from 0.8
MWh in the bifacial photovoltaics on March 19 (right figures of Figs. 13 (a) and 14 (a)). By adjusting the
orientation of the vertical bifacial photovoltaics facing south (Fig. 12), a maximum reduction of 16% in
the required storage capacity can be achieved for monofacial photovoltaics with an angle of inclination
of 40-90°. Therefore, optimizing the orientation of vertical bifacial photovoltaics can significantly reduce
the storage capacity required for a mega-solar power plant.

When the supply—demand balances for the load pattern of the individual houses on November 26
(minimum output) are compared (left sides of Figs. 13 (b) and Fig. 14 (b)), because there is little electric
power generation output, the power demand cannot be satisfied without the use of stored power (surplus
power from other days). When a mega-solar power plant is installed in Kitami, although the required
storage capacity was calculated to be small for a day of maximum power generation, the day of minimum

power generation requires much larger storage capacity, which attends to the demand for several days.

5.2.3 Supply—Demand Balance and Storage Capacity Based on Load Pattern Assuming Substitution
of Large-Scale Electric Power System

Figures 15 and 16 show supply—demand balances and the storage capacities when the power load
pattern for the mega-solar power plant (vertical monofacial or bifacial photovoltaics) is considered over

the whole Hokkaido region. Figure 15 (a) shows the case of the monofacial photovoltaics facing south on
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March 19. In order to supply the electric power for the whole Hokkaido region using vertical monofacial
photovoltaics with an angle of inclination of 90° requires acceptance surface of 76 km2 and an angle of
inclination of 40° requires acceptance surface of 70 km2. In addition, corresponding electrical storage
equipments of 116 GWh and 97 GWh are required. On the other hand, Fig. 16 (a) shows the case of
vertical bifacial photovoltaics for the same conditions. In order to supply the electric power of the whole
Hokkaido region by using vertical bifacial photovoltaics, 0° (for north and south) orientation requires an
acceptance surface of 76 km2, and 150° requires 80 km? from angles of direction of 30°. Furthermore, it
is not based on the orientation, but the electrical storage equipment of 108 GWh is required. The storage
capacity in the case of applying the power load pattern of vertical bifacial photovoltaics over the whole
Hokkaido region decreases when solar cells are facing south (0°). However, when different orientations
are used, the storage capacity requirement increases compared to monofacial photovoltaics with an
angle of inclination of 40°. Using the output characteristics of bifacial photovoltaics is not advantageous
with the characteristics of the power load pattern in March representation day of the whole Hokkaido
region shown in Fig. 8 (a).

When the supply—demand balance based on the load pattern of the whole Hokkaido region on
November 26 is compared (left side of Figs. 15 (b) and 16 (b)), the power generation is low for all solar
cells. As a result, using surplus power (stored from another day) or backup from another power source

(e.g., external system or pumped hydro power generation) is required.

5.3 Conversion Efficiency of Bifacial Photovoltaics

Figure 17 shows an example of the temperature distribution results for the bifacial photovoltaics
described in Section 4.2. In order to study the temperature rise in the solar cell, time durations of 12:00
and 14:00 on August 15 (mid-summer in Kitami) were investigated. The direct solar radiation and
outside air temperature of this location will make the temperature of the module high during most of
the year. Figures 17 (a) and (b) show the temperature distribution of the vertical bifacial photovoltaics
of 90° (for east and west) orientation. 1 m/s weak wind (air temperature of 30 °C) was flowing from
southeast in Fig. 17 (a), and the windless condition is shown in Fig. 17 (b). The mean temperature of the
modules shown in Figs. 17 (a) and (b) were 62 °C and 76 °C, respectively, with conversion efficiencies of
16.8% and 16.0%, respectively (calculated from data shown in Fig. 2 (d)). It turned out that the
conversion efficiency increased only 0.8% with a weak wind flow (Figs. 17 (a) and (b)). On the other hand,
Fig. 17 (¢) shows the results of the temperature distribution for 15° orientation of each bifacial
photovoltaics shown in Figs. 17 (a) and (b). Because the modular mean temperature falls to 49 °C, the
conversion efficiency increased to 17.6%.

Figures 17 (d) and (e) shows examples of a 3 kW system, 12 sets of bifacial photovoltaic modules with
a width of 0.940 m and length of 1.56 m. As shown in Fig. 17 (f), the systems described by Figs. 17 (d)
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and (e) were examined on campus at the Kitami Institute of Technology in Japan. Owing to the windless
condition, as shown in Fig. 17 (d), the modular mean temperature rises at 91 °C and the conversion
efficiency falls to 14%. On the other hand, Fig. 17 (e) shows the case of wind flow of 3 m/s (at 30 °C)
flowing in from the southwest. Because the mean temperature of the module in this case is cooled to 55
°C, the conversion efficiency increases to 17.3%. If the amount of insolation that enters the reverse face
can be increased, as shown in Fig. 2 (d), the conversion efficiency of Figs. 17 (a)—(e) can be increased
further. Therefore, it is easy to increase the input of reflected light from the ground into the reverse face
by leveling a bifacial photovoltaic (Fig. 17 (g)). When 30% or more reflected insolation (relative to input
into the front face) is input into the reverse face, as in the model of Fig. 17 (g), although the conversion
efficiency should greatly increase, the conversion efficiency is only 14.8% (without wind) because the
modular mean temperature rises to 100 °C. When there is wind flow, it is expected that the conversion

efficiency will significantly increase in the model of Fig. 17 (g).

6. Conclusions

Amorphous silicon bifacial photovoltaics were analyzed with respect to their supply—demand
characteristics and modular conversion efficiency when operating in a mega-solar power plant. The
following conclusions were obtained by numerical simulations.
(1) On the basis of the load pattern of individual houses or the whole Hokkaido region, assuming
substitution of a large-scale electric power system, the supply—demand balance and storage capacity of
a mega-solar power plant operating with bifacial photovoltaics were clarified. The storage capacity could
be reduced by adjusting the orientation of vertical bifacial photovoltaics for the mega-solar power plant,
which consists of monofacial photovoltaics in the load pattern of individual houses. However, no benefit
of introducing bifacial photovoltaics was observed in the power load pattern when assuming substitution
of the large-scale electric power system.
(2) Modeling of the solar module by using 3D-CAD and thermal fluid analysis, allowed module
temperature distributions and conversion efficiencies to be calculated as a function of the given

environmental conditions (e.g., wind flow) and geometry of the photovoltaics.
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Nomenclature

A . Area of a solar module [m2]

Cp.pm . Specific heat of the solar module [J/(g:K)]



gm
Qs
Qs

Qn
Qrr

Specific heat of air [J/(g-K)]

View factor

Mass of the solar module [kg]

Heat transfer rate on the surface of a solar module [kW/(m2-h-K)]
Current of the solar cell [Al

Heat of air current [J]

Rate of heat of air current [kW]

Output rate of direct current [kW]

Heat of the solar module [dJ]

Generation rate of heat of the solar module [kW]

Heat by heat transfer [J]

Reflection energy of solar radiation [J]

Reflection energy rate of solar radiation [kW]

Amount of insolation incident on the modules reverse face [kW]
Net radiation energy [kW]

Amount of radiation energy exchange by solar radiation [kW/m?2]
Solar radiation [kW/m?2|

Amount of radiation energy exchange between two surfaces [kW/m2|
Radiation energy between two surfaces [kW/mz2]

Direct solar radiation [kW/m?]

Diffuse solar radiation [kW/m?]

Heat transfer of radiation [J]

Heat transfer rate of radiation [kW]

Resistance of load [Q]

Internal resistance [Q ]

Temperature [°C]

Sampling time [h]

Surface temperature of solar module [*C]

Outside air temperature [*C]

Velocity of air [m/s]

Greek characters

&

Ve

Ps, pr

Emissivity
Reflectivity of solar radiation on the surface of the solar module

Reflectivity
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Fo ' Density of air [kg/cms?]

o :  Stefan—Boltzmann constant [J/(s-cm2-K4)]
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Captions

Fig. 1 Schematic showing the basic configuration of a bifacial solar cell.

Fig. 2 Output characteristics of a bifacial solar cell.

(a) Relationship between the voltage and current of a bifacial solar cell and the amount of insolation.
(b) Relationship between the voltage and wattage of a bifacial solar cell and the amount of insolation.
(c) Relationship between the input of solar radiation to the reverse face and total power output of the
bifacial solar cell. Solar insolation 1.0 kW/m2 on the front face.

(d) Temperature characteristics of the power-generation efficiency of a bifacial solar cell. Solar insolation

1.0 kW/m?2 on the front face.

Fig. 3 Mega-solar power station.
(a) Conventional system.

(b) Vertical installation of bifacial photovoltaics.

Fig. 4 Output characteristics of PV.

(a) Bifacial module.

(b) Hybrid bifacial and monofacial system.

Fig. 5 Proposed power generation and storage system.

Fig. 6 Model of electrical charge and discharge cycles of photovoltaic systems.
(a) Bifacial photovoltaics vertically installed.

(b) Monofacial photovoltaics installed with an optimal angle.

Fig. 7 Thermal model of a photovoltaic system.

Fig. 8 Relationship between the output of bifacial solar cell of 1000 m2 and power consumption of

various numbers of individual houses in March.

Fig. 9 Orientation.

Fig. 10 Electrical power supply of Hokkaido Electric Power Co. Inc. in 2010.

(a) From January to June.

(b) From August to December.
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Fig. 11 Output characteristics of a monofacial PV facing south.
(a) 90° angle.
(b) 40° angle.

Fig. 12 Output characteristics of a vertical bifacial PV in Kitami.

Fig. 13 Supply—demand balance of monofacial PV power of 1000 m2 based on the load pattern of

individual houses.

Fig. 14 Supply—demand balance of vertical bifacial PV power of 1000 m2 based on the load pattern of

individual houses.

Fig. 15 Supply—demand balance of monofacial PV power of 1000 m2 based on the supply pattern of the

electric power company.

Fig. 16 Supply—demand balance of vertical bifacial PV power of 1000 m2 based on the supply pattern

of the electric power company.

Fig. 17 Results of thermal fluid analysis of bifacial PV on August 15 in Kitami (lat. 43°47' N. and long.
143°54' E).

(a) Orientation of 90° (facing east—west), 14:00, wind direction from the southeast of 1 m/s.

(b) Orientation of 90° (facing east—west), 14:00, no wind.

(c) Orientation of 15°, 14:00, wind direction from the southwest of 1 m/s.

(d) 0.940 m x 1.56 m bifacial modules of 12 sets, orientation of 0° (facing south), 14:00, no wind.
(e) 0.940 m x 1.56 m bifacial modules of 12 sets, the orientation of 0° (facing south), 12:00, wind
direction from the southwest of 3 m/s.

() Photograph of 0.940 m x 1.56 m bifacial modules of 12 sets, orientation of 0°
(g) 0.940 m X 1.56 m bifacial modules of 12 sets, horizontal installation, 12:00, no wind.



550  Fig.1 Schematic showing the basic configuration of a bifacial solar cell.
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575  Fig. 2 Output characteristics of bifacial solar cells.
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Fig. 3 Mega-solar power station.
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Fig. 4 Output characteristics of PV.
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598  Fig.5 Proposed power generation and storage system.
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Fig. 6 Model of electrical charge and discharge cycles of photovoltaic systems.

Electric power supply

Electric power supply

Discharge (5::)

Discharge (-5::) Power demand

0 6 12 18 24
Time [0’ clock]
(a) Bifacial photovoltaics vertically installed.

Time [0’ clock]
(b) Monofacial photovoltaics installed with an optimal angle.



637
638
639
640
641

642
643
644
645
646
647
648
649
650
651
652

Fig. 7 Thermal model of a photovoltaic system.

Fig. 7 Model of charge and discharge of electricity of photovoltaics




653  Fig. 8 Relationship between the output of a bifacial solar cell of 1000 m2 and the power consumption

654 of various numbers of individual houses in March.
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Fig. 10 Electric power supply of Hokkaido Electric Power Co. Inc. in 2010.
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Fig. 11 Output characteristics of monofacial PV facing south.
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709  Fig. 12 Output characteristics of vertical bifacial PV in Kitami.
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721  Fig. 13 Supply-and-demand balance of monofacial PV power of 1000 m2 based on the load pattern of

722 individual houses.
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739  Fig. 14 Supply-and-demand balance of vertical bifacial PV power of 1000 m2 based on the load pattern

740 of individual houses.
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756  Fig. 15 Supply-and-demand balance of monofacial PV power of 1000 m2 based on the supply pattern of

757  the electric power company.
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773  Fig. 16 Supply-and-demand balance of vertical bifacial PV power of 1000 m2 based on the supply

774  pattern of the electric power company.
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789  Fig. 17 Results of thermal fluid analysis of bifacial PV on August 15 in Kitami (lat. 43°47' N. and long.
790  143°54' E).

791

792

(a) Orientation of 90° (facing east-west), 14:00, wind direction (b) Orientation of 90° (facing east-west), 14:00, no wind.
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(d) 0.940 m x 1.56 m bifacial modules of 12 sets, (e) 0.940 m x 1.56 m bifacial modules of 12 sets, the

orientation of 0° (facing south), 14:00, no wind. orientation of 0° (facing south), 12:00, wind direction
from the southwest of 3 m/s.

= L 4 2 (9) 0.940 m x 1.56 m bifacial modules of 12 sets, horizontal installation, 12:00, no wind.

(f) Photograph of 0.940 m x 1.56 m bifacial modules
of 12 sets, orientation of 0°
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