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Abstract 22 

Bifacial photovoltaics are widely investigated with the aim of reducing the amount of silicon used and 23 

increasing conversion efficiencies. The conversion efficiency of bifacial photovoltaics depends on the 24 

quantity of solar radiation incident on the reverse face. Furthermore, controlling the orientation  can 25 

distribute the times of peak power output in the morning and afternoon to better match the demand. In 26 

this study, the demand patterns of individual houses or the whole Hokkaido region were analyzed 27 

assuming the substitution of a conventional large-scale electric power system with one using bifacial 28 

photovoltaics. The supply–demand balances and electrical storage capacities were investigated. When 29 

comparing a large scale solar power plant (mega-solar power plant) using monofacial photovoltaics or 30 

vertical bifacial photovoltaics (in which the orientation could be adjusted), the supply–demand could be 31 

better balanced for individual houses in the latter case, thereby allowing the storage capacity to be 32 

reduced. A bifacial solar module was modeled by 3D-CAD (three dimensional computer aided design) 33 

and thermal fluid analysis. The module temperature distribution of bifacial photovoltaics was calculated 34 

with respect to the environmental conditions (wind flow, direct and diffuse solar radiation, etc) and 35 



internal heat generation, as well as the orientation of the solar panels. Furthermore, the conversion 36 

efficiency of bifacial photovoltaics can be easily obtained from the analysis result of modular temperature 37 

distribution and the relation between temperature and conversion efficiency. 38 

 39 
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 42 

1. Introduction 43 

There are examples of study on evaluating the reliability of large-scale photovoltaic (PV) systems and 44 

the effect of photovoltaics interconnection on the reliability of local distribution system [1-3]. 45 

Furthermore, cost and efficiency of new design photovoltaics are investigated [4, 5]. Bifacial 46 

photovoltaics are being investigated for the purpose of reducing the quantities of silicon required and 47 

increasing the conversion efficiency [6-8]. The amount of silicon can be reduced by reducing the distance 48 

that the charge carriers need to travel in a bifacial photovoltaic system. Standard monofacial solar cells 49 

have an opaque backing on the reverse face, whereas bifacial photovoltaics have a transparent glass on 50 

the back that allows the input of solar radiation—which is the source of electricity generation—from the 51 

reverse face also. Moreover, when solar radiation is incident on the reverse face, the dependence of the 52 

electric power generation on the orientation and angle of inclination of bifacial photovoltaics is small 53 

compared to standard monofacial photovoltaics. The reverse face of a bifacial photovoltaic system can 54 

easily capture reflected and diffused solar radiation, and therefore, these systems are thought to be 55 

suitable for installation on, for example, the roofs of parking areas, walls of buildings, fences, and rooftop 56 

signs [9-11]. The conversion efficiency of bifacial photovoltaics greatly depends on the amount of incident 57 

solar radiation on the reverse face. Moreover, when exposed to high temperature, the conversion 58 

efficiency falls, as for the standard solar cells [12]. Therefore, in order to predict the electric power 59 

generation of bifacial photovoltaics, thermal fluid analysis can be applied to obtain the temperature 60 

distribution in the module as a function of the environmental conditions (outside air temperature, vector 61 

of the wind, solar position, direct solar radiation, diffuse solar radiation, radiation reflected from the 62 

ground) and geometrical parameters related to the installation (orientation, number of modules, height 63 

from the ground, etc.). The conversion efficiency can be obtained by applying the relation between 64 

module temperature and conversion efficiency to the temperature distribution of the bifacial 65 

photovoltaics obtained from thermal fluid analysis. A simple method for obtaining the conversion 66 

efficiency from such analysis is proposed here. 67 

It is necessary to compensate the inconsistent power output of photovoltaics by connecting them with 68 

a commercial power system. However, in order to make the power output of photovoltaics increase with 69 

an electrical power system, a stable supply from the photovoltaic power plant side is desired. Electrical 70 



storage equipment is required for stabilizing the supply from a large-scale photovoltaic power plant 71 

(mega-solar power station), and although NAS cells (Na–S batteries), pumped hydro power generation, 72 

etc. can be considered, they are very expensive. An alternative for controlling the peaks in power-73 

generation output is by changing the orientation of vertical bifacial photovoltaics, as will be presented 74 

in this study. When installing bifacial photovoltaics in the east–west directions, peaks occur in the 75 

electric power generation in the morning and the afternoon. On the other hand, two load peaks are seen 76 

in the general electricity demand in the morning and evening, and hence, if the two output peaks of 77 

bifacial photovoltaic generation and the two load peaks of electricity demand can be synchronized, it 78 

may be possible to reduce the storage capacity for balancing the supply–demand. This could result in a 79 

reduction in the installation cost of electrical storage equipment. In this study, the supply–demand 80 

balance and storage capacity facilities of a mega-solar power plant using bifacial photovoltaics is 81 

investigated on the basis of the load pattern of individual houses and assuming substitution of a large-82 

scale electric power system. 83 

 84 

2. Materials and Methods 85 

2.1 Scheme of Bifacial Photovoltaics 86 

Figure 1 shows a schematic of a bifacial photovoltaic device in which the active n-type single crystal 87 

layer is sandwiched between two amorphous silicon layers (above and below), forming a symmetrical 88 

cell. Therefore, electricity is generated when light enters from either the upper or lower face of a bifacial 89 

solar cell. However, because the intensity of the incident light is not equal on both sides, the amount of 90 

electrical power generation is not simply doubled. Moreover, because the maximum voltage (open circuit 91 

voltage) falls when the temperature of a solar cell rises, the output power will drop under high-92 

temperature conditions. Although there are few voltage drops due to the amorphous material under high 93 

temperatures compared to the single crystal, the temperature characteristics of bifacial photovoltaics 94 

are slightly better than single crystal silicon because of the resistances of other components. 95 

 96 

2.2 Output Characteristics of Bifacial Photovoltaics 97 

Figure 2 shows the output characteristics of bifacial photovoltaics obtained during testing. Figure 2 98 

(a) shows the relationship between the voltage and the current of bifacial photovoltaics in the case where 99 

there is no input of solar radiation to the reverse face. Moreover, Fig. 2 (b) shows the output 100 

characteristics of the bifacial photovoltaics based on Fig. 2 (a). The maximum conversion efficiency in 101 

Fig. 2 (b) is approximately 16% at 25 ℃. On the other hand, Fig. 2 (c) shows the relationship between 102 

the power-generation output and the conversion efficiency of bifacial photovoltaics with solar radiation 103 

of 1.0 kW/m2 incident on the front face, showing that the conversion efficiency significantly changes 104 

depending on the magnitude of the radiation incident on the reverse face. In order to maintain a high 105 



conversion efficiency of bifacial photovoltaics, it is necessary to ensure that the incident insolation on 106 

the reverse face is at least 30% of that on the front surface. Therefore, because there is little input of 107 

solar radiation to the reverse face, even if bifacial photovoltaics are installed as monofacial photovoltaics, 108 

a high conversion efficiency is not obtained. Figure 2 (d) shows the temperature characteristics of the 109 

conversion efficiency when a solar radiation of 1.0 kW/m2 enters the front face of a bifacial photovoltaic 110 

as a function of the ratio of solar radiation incident on the reverse face to the front face. 111 

 112 

2.3 Large-scale solar power system (mega-solar power plant) 113 

Figure 3 (a) shows the case of a large-scale photovoltaic power plant currently installed in Japan, 114 

which has monofacial photovoltaic cells facing south with 45° angle of inclination from horizontal. For 115 

comparison, Fig. 3 (b) shows the proposed system with vertical bifacial photovoltaics in the east–west 116 

directions. Figure 4 (a) shows the output characteristics of each module of the monofacial photovoltaics 117 

facing south, as shown in Fig. 3 (a), and the bifacial photovoltaics for east–west, as shown in Fig. 3 (b). 118 

However, the normal power of the monofacial photovoltaics in Fig. 4 (a) is smaller than that for the 119 

bifacial photovoltaics. Although the maximum output of the monofacial photovoltaics facing south is 120 

obtained during noon, the peak output of the bifacial photovoltaics installed in the east–west directions 121 

is obtained in the morning and afternoon. As the next section will describe, when the orientation of 122 

vertical bifacial photovoltaics is changed, the magnitude of the output peaks obtained in the morning 123 

and afternoon can be adjusted. Therefore, the capacity of the electrical storage facilities required to 124 

compensate for the difference in power generation between the mega-solar power system and the power 125 

demand may be reduced by controlling the orientation of vertical bifacial photovoltaics on the basis of 126 

the load pattern. 127 

Figure 4 (b) shows output characteristics when combining the monofacial photovoltaics and bifacial 128 

photovoltaics described in Figs. 3 (a) and (b) (green curve). The supply-and-demand difference over the 129 

course of the day can be minimized by choosing an appropriate ratio of monofacial and bifacial 130 

photovoltaic cells and by optimizing the orientation of the bifacial photovoltaics on the basis of load 131 

estimations.  132 

 133 

2.4 Outline of Proposed System 134 

Figure 5 shows the system configuration of a mega-solar power plant using vertical bifacial 135 

photovoltaics considered in this study. The DC output of the vertical bifacial photovoltaics can supply 136 

electric power to a grid from high-voltage equipment and a transformer through a DC–DC converter and 137 

an inverter (from Path A-1 to A-3 in Fig. 5). Alternatively, the DC output of the vertical bifacial 138 

photovoltaics can be supplied to the demand side through the inverter (Path A-1, B-4). Furthermore, the 139 

DC output of the vertical bifacial photovoltaics can also be stored in a battery through the DC–DC 140 



converter and the inverter (Path B-1). After the electric power stored in the battery passes through the 141 

DC–DC converter and the inverter, the electric current is divided—Path B-2, B-3, and A-2 for supplying 142 

the power grid and Path B-2, B-3, and B-4 for supplying the demand side. 143 

Any fluctuations in the output of bifacial photovoltaics have a serious influence on the stability of the 144 

power supply. Therefore, the output of a mega-solar power plant is stabilized by storing the electricity 145 

or by connecting it to a commercial (conventional) power system. As shown in Fig. 5, storage using a 146 

pumped-storage hydroelectric power plant and NAS batteries is considered in the mega-solar power 147 

plant assumed in this study. 148 

 149 

2.5 System Operation  150 

Figure 6 shows the output power as a function of time of day for the mega-solar power plant operating 151 

with vertical bifacial photovoltaics, as shown in Figure 6 (a), or monofacial photovoltaics, as shown in 152 

Fig. 6 (b), and their charge–discharge operations. In both cases the surplus power stored is supplied from 153 

the electrical storage equipment when the demand exceeds generation. It can be seen that the maximum 154 

in supply–demand is smaller for the mega-solar power plant with bifacial photovoltaics compared to that 155 

for the plant with the monofacial photovoltaics. Moreover, because the output pattern of the bifacial 156 

photovoltaics more closely resembles the load characteristics than that of the monofacial photovoltaics, 157 

many small time zones of the supply–demand difference may appear. Therefore, the mega-solar power 158 

plant using bifacial photovoltaics can expect a reduction in the amount of charges and discharges 159 

compared to conventional monofacial photovoltaics. 160 

 161 

3.  Theory 162 

3.1 Heat flow analysis and conversion efficiency  163 

Although the temperature of a module rises owing to the internal generation of heat and the solar 164 

radiation incident on the bifacial photovoltaics, the module can be cooled by the wind. Therefore, the 165 

temperature distribution of the solar module is analyzed by calculating its energy balance. Figure 7 166 

shows a schematic of the energy and fluid fluxes relevant for a bifacial photovoltaic module. The direct 167 

solar radiation tsdq , , diffuse solar radiation tsfq , , and quantity-of-heat tcaq ,  from the flow of open air 168 

over the bifacial photovoltaic module and the direct-current-power tdcq ,  are determined over the 169 

sampling time t . Moreover, the generation of heat of tghq ,  occurs as a result of the electrical resistance 170 

of the module. Heat ( tcaq , ) is removed by heat transfer between the front face of the module and open air. 171 

Furthermore, corresponding to the difference between the module surface temperature tpmT ,  and the 172 

outside air temperature tT , , the heat trbq ,  is removed by radiative heat transfer. The front face of a 173 

solar module is covered with a special glass, and in general, the reflected solar energy trq , from the glass 174 

surface is less than 1%. The temperature tpmT ,  of the solar module is determined from the energy 175 



balance of all these components. All radiation energies containing trbq ,  and sfq , which are reflected 176 

from the ground and incident on the reverse face of bifacial photovoltaics, are analyzed by the ray tracing 177 

method. The conversion efficiency of the bifacial photovoltaic module will be obtained from the model 178 

characteristics shown in Fig. 2 (d). When tpmT ,  and trbq ,  are fixed, Eq. (1) describes the energy balance 179 

of the radiation t enters the solar module in a sampling time , where 180 

2
,,

2
,,,,,,,, tpmtirtpmtLoadtghtdctjsftjsd IRIRqqqq   (1) 

The input of direct solar radiation tjsdq ,,  and diffuse solar radiation tjsfq ,,  to the surface of j  is 181 

outputted as Joule’s heat tghq ,  by DC output tdcq ,  corresponding to load tLoadR ,  of the solar cell and 182 

internal resistance tirR ,  of the solar module. 183 

3.2  Heat Transfer Analysis 184 

3.2.1 Radiative Heat Transfer Analysis 185 

(1)  Radiation between surfaces 186 

The radiation energy tjoutrTq ,,,  emitted from the surface of j  at the sampling time  is the sum of 187 

the emission (the first term of the right hand side) by surface j  according to the Stefan–Boltzmann 188 

law and the reflected component (the second term of the right hand side) of the radiation energy emitted 189 

from surface j  from surface i . Therefore, tjoutrTq ,,,  is defined by Eq. (2). 190 

tiinrTjTtjjtjoutrT qTq ,,,,
4
,,,,    (2) 

Here i ,  , tjT , , and jT ,  are emissivity, Stefan–Boltzmann constant, temperature of the surface, 191 

and reflectivity, respectively, while tiinrTq ,,,  is the heat radiation that enters into i  in sampling time . 192 

(2)  Direct solar radiation and diffuse solar radiation 193 

Equation (3) describes the emission tjoutrSq ,,,  of the radiation energy from surface j  by input of 194 

direct solar radiation and diffuse solar radiation. Component tkinsdq ,,,  of the direct solar radiation enters 195 

surface j  from an emission surface k  of direct solar radiation, and component tlinsfq ,,,  of the diffuse 196 

solar radiation enters surface j  from emission surface l  of diffuse solar radiation. tjoutrSq ,,,  is 197 

calculated by multiplying the sum of tkinsdq ,,,  and tlinsfq ,,,  by the reflectivity jS ,  of the surface of j . 198 

The diffuse solar radiation tlinsfq ,,,  uniformly enters from all angles, and the magnitude of diffuse solar 199 

radiation is dependent on the weather. 200 

 tlinsftkinsdjStjoutrS qqq ,,,,,,,,,,    (3) 

(3) Net radiation 201 

t

t

t



Equation (4) describes the total radiation energies emitted from surface j . In this study, the difference 202 

between the radiation energy emitted from surface j  and the radiation energy which reaches j  is 203 

defined as the net radiation tjrNq ,, , and is calculated using Eq. (5). 204 

tjoutrStjoutrTtjoutr qqq ,,,,,,,,,   (4) 

   tjinrStjinrTtjoutrStjoutrTtjinrtjoutrtjrN qqqqqqq ,,,,,,,,,,,,,,,,,,,,   (5) 

The amount of energy exchange tjrTQ ,,  on the surface j  is a function of the heat radiation tkoutrTq ,,,  205 

from surface k and the view factor (proportion of energy emitted from surface k that is incident on  206 

surface j ), as shown by Eq. (6). Moreover, the amount of energy exchange tjrSQ ,,  by solar radiation on 207 

surface j  is obtained from Eq. (7) by using direct solar radiation tkinsdq ,,, , diffuse solar radiation tlinsfq ,,, , 208 

and the radiation view factor tkjF , . 209 

tkoutrT

k

tkjtjrT qFQ ,,,,,,     
(6) 

  

l

tlinsftlj

k

tkinsdtkjtjrS qFqFQ ,,,,,,,,,,  
(7) 

Equations (8) and (9) are radiation energy equations using the radiative view factor for heat radiation 210 

and solar radiation. The radiation energy (heat radiation and solar radiation) input to the surface is 211 

calculable by introducing reflectivity jT ,  from surface j , emissivity j , surface temperature tjT , , 212 

view factor tkjF ,  between the surface of k  and the surface of j , and radiation energy tkjrTq ,,  , 213 

tkjrSq ,,  , which enters from the surface of k , into Eqs. (8) and (9). The radiation view factor is calculated 214 

by the ray tracing method. Photons that simulate radiation energies are regularly emitted from the light 215 

source surface in the ray tracing model and a radiation view factor is determined from the number of 216 

photons arriving on the target surface. 217 

   

k

tjjtkjrTtkjjTtjinrT TqFq 4
,,,,,,,,   

(8) 

   

k

tkjrStkjjStjinrS qFq 0,,,,,,,   
(9) 

 218 

3.2.2 Temperature of Bifacial Photovoltaics Module 219 



The temperature change  1,,  tpmtpm TT  of the solar module over sampling times  to  is 220 

obtained using Eq. (10), where , , , , and  can be calculated by using Eq. (11)–221 

Eq. (15), respectively, where the temperature of the solar module  can be found by inputting these 222 

values into Eq. (10). When the temperature tjpmT ,,  of the surface of j  is obtained, the conversion 223 

efficiency can be calculated from the temperature characteristics of the bifacial photovoltaics—as shown 224 

in Fig. 2 (d). The amount of insolation entering the reverse face of bifacial photovoltaics gives the sum 225 

total of the reflected light from the ground and diffuse solar radiation. 226 

  ttrtrthttpmtpmpmppmtghtca QQQTTcGQQ ,,,1,,,,,    (10) 

  ttpmttpttca uTTcQ ,,,,,,,     (11) 

 (12) 

 (13) 

 tsftsdrtr qqQ ,,,   (14) 

 (15) 

 227 

4.  Analysis Flow and Analysis Conditions 228 

4.1 Supply–Demand Balance of Mega-Solar Power Plant and Capacity of Electrical Storage Facilities 229 

4.1.1 Analysis Conditions  230 

(1)  Object of investigation 231 

The supply–demand requirements for matching specific power load patterns (individual houses or the 232 

whole Hokkaido region) using mega-solar power plant with vertical bifacial photovoltaics is clarified in 233 

this study, and the required electrical storage capacity is investigated. Because the output patterns of 234 

vertical bifacial photovoltaics depend on their orientation, the relationship between the orientation and 235 

storage capacity is discussed. Here we assume the case of a mega-solar power plant with bifacial 236 

photovoltaics installed at Kitami and investigate the representative days of the maximum and minimum 237 

power generation during 2012, which on the basis of the meteorological data [13], were on March 19 and 238 

November 26, respectively. 239 

(2)  Load pattern of individual houses 240 

1t t

tcaQ , tghQ , thtQ , trQ , ttrQ ,

tpmT ,

2
,, tpmirtgh IRQ 

 ttpmtpmpmtht TThAQ ,.,, 

 4
,

4
,, ttpmpmttr TTAQ 



Figure 8 shows the load pattern of the individual houses used in the analysis, where power 241 

consumption by household appliances and electric lights is included but cooling and heating loads are 242 

not considered. As a result, large variations are not seen throughout the year in the load characteristics. 243 

The power output pattern of a 1000 m2 area of bifacial photovoltaics is shown for both 60° and 90° angles 244 

of orientation on March 19, 2012 in Fig. 8. As shown in Fig. 9, the clockwise angle defines the orientation 245 

from the south; therefore, for example, 90° (thick blue line of bifacial photovoltaics data shown in Fig. 8) 246 

of the acceptance surface is oriented in the east–west direction. On the other hand, when the orientation 247 

of bifacial photovoltaics is 60° (thick red line as shown in Fig. 8), the height of the peak in the morning 248 

and the afternoon changes. 249 

(3)  Load pattern of whole Hokkaido region 250 

Figure 10 shows the power load pattern of the whole Hokkaido region in 2010 [14]. Hokkaido is a wide 251 

area including Kitami with a population of 5,450,000 and land area of 83,456 km2. The grid of 8,317 km 252 

is distributed over the area of Hokkaido, operated by the Hokkaido Electric Power Co., Inc. Electric 253 

power is supplied by 54 hydroelectric power stations (1.2 GW), 12 thermoelectric power plants (4.2 GW), 254 

one nuclear power station (2.1 GW), one natural steam power station (25 MW), and one photovoltaic 255 

power plant (1 MW). The pumped hydroelectric output is 1.0 GW over three sites (one under 256 

construction). The analysis in this study considers neither losses from the electrical power grid nor the 257 

capacity of the actual power transmission line. 258 

(4)  Analysis flow  259 

Electric power generation of the mega-solar power plant for each sampling time is calculated by using 260 

recorded insolation data for each representation day (March 19 and November 26, 2012) at Kitami (lat. 261 

43° 47'N and long. 143° 54'E). The maximum supply–demand difference on each day in accordance with 262 

the operation method shown in Fig. 6 was investigated by using the electric power generation as 263 

described in upper part and the load patterns of Fig. 8 and Fig. 10 . This maximum supply–demand 264 

difference was used to determine the electrical storage capacity. 265 

 266 

4.2 Wind Analysis of Kitami Area and Analysis of Conversion Efficiency 267 

Flow Simulation 2012 was used to analyze a 3D-CAD (three dimensional computer aided design) 268 

model of the photovoltaic system prepared by SolidWorks® regarding the net radiation, heat transfer 269 

rate tjpmh ,, , and temperature tjpmT ,,  of surface j . The internal resistance of the monofacial side and 270 

bifacial photovoltaics was 1.0 Ω/m2, and the maximum conversion efficiency and temperature coefficient 271 

of monofacial photovoltaics was set to 18% and 0.4%/℃ , respectively. Laminar flow of fluid and 272 

turbulence was used for the Navier–Stokes equation, and the transport equation (  model) was 273 

applied to turbulence kinetic energy [15] in the calculation of the streamline of space surrounding the 274 

solar power generators. After clarifying the module temperature distribution as described in Section 3.1, 275 

k



the conversion efficiency of the bifacial photovoltaics was obtained from the relationship between the 276 

temperature of the module shown in Fig. 2 (d) and the conversion efficiency. It was necessary to provide 277 

meteorological data (outside air temperature, solar radiation, wind direction, and wind speed) for 278 

simulating the operating environment of the photovoltaics and physical properties of the solids and 279 

fluids in the analysis. The meteorological data used for analysis was sourced from the Meteorological 280 

Agency [13], Japan Weather Association [16], and New Energy and Industrial Technology Development 281 

Organization (NEDO) [17]. 282 

 283 

5.  Results 284 

5.1 Analysis Conditions 285 

The maximum conversion efficiency of the modular output terminal was set to 20%, assuming single-286 

crystal-silicon-type monofacial photovoltaics. The output characteristics of the bifacial photovoltaics are 287 

given in Fig. 2. The monofacial and bifacial photovoltaics were installed 1 m above the ground, and the 288 

internal resistance of a solar module was set to 1.0 Ω/m2. The circumference of a solar module is 289 

surrounded with air, and the reflectivity (scatter reflection) of the ground was set to 0.2. Physical 290 

properties of the silicon were applied to the model of a solar module, and the location was set to Kitami. 291 

The wind speed, direction of the wind, solar position, outside air temperature, etc. of the neighborhood 292 

were arbitrarily given according to the location. 293 

 294 

5.2 Supply–Demand Balance and Storage Capacity 295 

5.2.1 Output Characteristics of Vertical Solar Cells 296 

Figures 11 and 12 show the outputs of March 19 and November 26 of vertical monofacial photovoltaics 297 

and vertical bifacial photovoltaics, respectively. The monofacial photovoltaics were installed with a 298 

southerly orientation (0° angle of direction), with the angles of inclination of the bifacial photovoltaics 299 

set at 0°, 30°, 60°, 90°, 120° and 150°. The difference in the outputs from the two representative days of 300 

maximum (March 19) or minimum (November 26) electric power generation is very large, as shown in 301 

Fig. 11 and Fig. 12. Moreover, the characteristics of the power-generation peaks in the morning and 302 

afternoon greatly depend on the orientation of the vertical bifacial photovoltaics. 303 

The electrical power outputs (Figs. 12 (b)–(f)) of the vertical bifacial photovoltaics with 30° or higher 304 

angles of direction are approximately 4% lower than the total generation (Fig. 11 (a)) on March 19 with 305 

the vertical monofacial photovoltaics facing south. It is thought that this drop in the output with angles 306 

of direction other than 0° is due to the difference between the direct solar radiation and the radiative 307 

view factor of the acceptance surface as well as the difference in the maximum conversion efficiency of 308 

the bifacial photovoltaics and monofacial photovoltaics. The electrical storage capacities at the time of 309 



introducing each output pattern of Figs. 12 (a)–(f) into the load patterns shown in Figs. 8 and 10 are 310 

determined as follows. 311 

 312 

5.2.2 Supply–Demand Balance and Storage Capacity Based on Load Patterns of Individual Houses. 313 

Figures 13 and 14 show the supply–demand balances and the storage capacities at the time of 314 

introducing into the load pattern of individual houses the mega-solar power plant with vertical 315 

monofacial photovoltaics or vertical bifacial photovoltaics. The results for March 19 (maximum power 316 

generation) are compared in Fig. 13 (a) (left side) and Fig. 14 (a) (left side). An area of 1000 m2 of 317 

monofacial photovoltaics or bifacial photovoltaics can meet the electricity demands of 125–130 houses 318 

or 120–127 houses, respectively (namely the number of ridges which are balanced by the supply–319 

demand). Because of distribution and storage losses, in reality, fewer houses will be able to be supplied. 320 

The reason bifacial photovoltaics provide for fewer houses than monofacial photovoltaics is the 321 

orientation given to the vertical bifacial photovoltaics; electric power generation will decrease rather 322 

than electric power generation of the monofacial photovoltaics facing south, and the maximum 323 

conversion efficiency of bifacial photovoltaics with little insolation incident on the reverse face is lower 324 

than for the monofacial photovoltaics, as described in Section 5.2.1. The power storage capacity for the 325 

supply–demand balance of the number of houses as described is 0.95 MWh from 0.86 MWh in the 326 

monofacial photovoltaics (facing south, with an angle of inclination of 40–90°) and 0.89 MWh from 0.8 327 

MWh in the bifacial photovoltaics on March 19 (right figures of Figs. 13 (a) and 14 (a)). By adjusting the 328 

orientation of the vertical bifacial photovoltaics facing south (Fig. 12), a maximum reduction of 16% in 329 

the required storage capacity can be achieved for monofacial photovoltaics with an angle of inclination 330 

of 40–90°. Therefore, optimizing the orientation of vertical bifacial photovoltaics can significantly reduce 331 

the storage capacity required for a mega-solar power plant. 332 

When the supply–demand balances for the load pattern of the individual houses on November 26 333 

(minimum output) are compared (left sides of Figs. 13 (b) and Fig. 14 (b)), because there is little electric 334 

power generation output, the power demand cannot be satisfied without the use of stored power (surplus 335 

power from other days). When a mega-solar power plant is installed in Kitami, although the required 336 

storage capacity was calculated to be small for a day of maximum power generation, the day of minimum 337 

power generation requires much larger storage capacity, which attends to the demand for several days. 338 

 339 

5.2.3 Supply–Demand Balance and Storage Capacity Based on Load Pattern Assuming Substitution 340 

of Large-Scale Electric Power System 341 

Figures 15 and 16 show supply–demand balances and the storage capacities when the power load 342 

pattern for the mega-solar power plant (vertical monofacial or bifacial photovoltaics) is considered over 343 

the whole Hokkaido region. Figure 15 (a) shows the case of the monofacial photovoltaics facing south on 344 



March 19. In order to supply the electric power for the whole Hokkaido region using vertical monofacial 345 

photovoltaics with an angle of inclination of 90° requires acceptance surface of 76 km2 and an angle of 346 

inclination of 40° requires acceptance surface of 70 km2. In addition, corresponding electrical storage 347 

equipments of 116 GWh and 97 GWh are required. On the other hand, Fig. 16 (a) shows the case of 348 

vertical bifacial photovoltaics for the same conditions. In order to supply the electric power of the whole 349 

Hokkaido region by using vertical bifacial photovoltaics, 0° (for north and south) orientation requires an 350 

acceptance surface of 76 km2, and 150° requires 80 km2 from angles of direction of 30°. Furthermore, it 351 

is not based on the orientation, but the electrical storage equipment of 108 GWh is required. The storage 352 

capacity in the case of applying the power load pattern of vertical bifacial photovoltaics over the whole 353 

Hokkaido region decreases when solar cells are facing south (0°). However, when different orientations 354 

are used, the storage capacity requirement increases compared to monofacial photovoltaics with an 355 

angle of inclination of 40°. Using the output characteristics of bifacial photovoltaics is not advantageous 356 

with the characteristics of the power load pattern in March representation day of the whole Hokkaido 357 

region shown in Fig. 8 (a).  358 

When the supply–demand balance based on the load pattern of the whole Hokkaido region on 359 

November 26 is compared (left side of Figs. 15 (b) and 16 (b)), the power generation is low for all solar 360 

cells. As a result, using surplus power (stored from another day) or backup from another power source 361 

(e.g., external system or pumped hydro power generation) is required. 362 

 363 

5.3 Conversion Efficiency of Bifacial Photovoltaics 364 

Figure 17 shows an example of the temperature distribution results for the bifacial photovoltaics 365 

described in Section 4.2. In order to study the temperature rise in the solar cell, time durations of 12:00 366 

and 14:00 on August 15 (mid-summer in Kitami) were investigated. The direct solar radiation and 367 

outside air temperature of this location will make the temperature of the module high during most of 368 

the year. Figures 17 (a) and (b) show the temperature distribution of the vertical bifacial photovoltaics 369 

of 90° (for east and west) orientation. 1 m/s weak wind (air temperature of 30 ℃) was flowing from 370 

southeast in Fig. 17 (a), and the windless condition is shown in Fig. 17 (b). The mean temperature of the 371 

modules shown in Figs. 17 (a) and (b) were 62 ℃ and 76 ℃, respectively, with conversion efficiencies of 372 

16.8% and 16.0%, respectively (calculated from data shown in Fig. 2 (d)). It turned out that the 373 

conversion efficiency increased only 0.8% with a weak wind flow (Figs. 17 (a) and (b)). On the other hand, 374 

Fig. 17 (c) shows the results of the temperature distribution for 15° orientation of each bifacial 375 

photovoltaics shown in Figs. 17 (a) and (b). Because the modular mean temperature falls to 49 ℃, the 376 

conversion efficiency increased to 17.6%. 377 

Figures 17 (d) and (e) shows examples of a 3 kW system, 12 sets of bifacial photovoltaic modules with 378 

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) 379 



and (e) were examined on campus at the Kitami Institute of Technology in Japan. Owing to the windless 380 

condition, as shown in Fig. 17 (d), the modular mean temperature rises at 91 ℃ and the conversion 381 

efficiency falls to 14%. On the other hand, Fig. 17 (e) shows the case of wind flow of 3 m/s (at 30 ℃) 382 

flowing in from the southwest. Because the mean temperature of the module in this case is cooled to 55 383 

℃, the conversion efficiency increases to 17.3%. If the amount of insolation that enters the reverse face 384 

can be increased, as shown in Fig. 2 (d), the conversion efficiency of Figs. 17 (a)–(e) can be increased 385 

further. Therefore, it is easy to increase the input of reflected light from the ground into the reverse face 386 

by leveling a bifacial photovoltaic (Fig. 17 (g)). When 30% or more reflected insolation (relative to input 387 

into the front face) is input into the reverse face, as in the model of Fig. 17 (g), although the conversion 388 

efficiency should greatly increase, the conversion efficiency is only 14.8%  (without wind) because the 389 

modular mean temperature rises to 100 ℃. When there is wind flow, it is expected that the conversion 390 

efficiency will significantly increase in the model of Fig. 17 (g). 391 

 392 

6.  Conclusions 393 

Amorphous silicon bifacial photovoltaics were analyzed with respect to their supply–demand 394 

characteristics and modular conversion efficiency when operating in a mega-solar power plant. The 395 

following conclusions were obtained by numerical simulations. 396 

(1)  On the basis of the load pattern of individual houses or the whole Hokkaido region, assuming 397 

substitution of a large-scale electric power system, the supply–demand balance and storage capacity of 398 

a mega-solar power plant operating with bifacial photovoltaics were clarified. The storage capacity could 399 

be reduced by adjusting the orientation of vertical bifacial photovoltaics for the mega-solar power plant, 400 

which consists of monofacial photovoltaics in the load pattern of individual houses. However, no benefit 401 

of introducing bifacial photovoltaics was observed in the power load pattern when assuming substitution 402 

of the large-scale electric power system. 403 

(2)  Modeling of the solar module by using 3D-CAD and thermal fluid analysis, allowed module 404 

temperature distributions and conversion efficiencies to be calculated as a function of the given 405 

environmental conditions (e.g., wind flow) and geometry of the photovoltaics.  406 

 407 
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Nomenclature 412 

 : Area of a solar module [m2] 

 : Specific heat of the solar module [J/(g･K)] 

pmA

pmpc ,



 : Specific heat of air [J/(g･K)] 

F   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 [A] 

 : Heat of air current [J] 

 : Rate of heat of air current [kW] 

 : Output rate of direct current [kW] 

 : Heat of the solar module [J] 

 : Generation rate of heat of the solar module [kW] 

 : Heat by heat transfer [J] 

 : Reflection energy of solar radiation [J] 

rq   Reflection energy rate of solar radiation [kW] 

rbq   Amount of insolation incident on the modules reverse face [kW] 

rNq   Net radiation energy [kW] 

rSQ  : Amount of radiation energy exchange by solar radiation [kW/m2] 

rSq  : Solar radiation [kW/m2] 

rTQ  : Amount of radiation energy exchange between two surfaces [kW/m2] 

rTq  : Radiation energy between two surfaces [kW/m2] 

sdq  : Direct solar radiation [kW/m2] 

sfq  : Diffuse solar radiation [kW/m2] 

 : Heat transfer of radiation [J] 

 : Heat transfer rate of radiation [kW] 

 : Resistance of load [ ] 

 : Internal resistance [ ] 

T  : Temperature [ ] 

t  : Sampling time [h] 

pmT  : Surface temperature of solar module [ ] 

T  : Outside air temperature [ ] 

 : Velocity of air [m/s] 

Greek characters 

  : Emissivity 

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

S , T  : Reflectivity 

,pc

pmG

pmh

pmI

caQ

caq

dcq

ghQ

ghq

htQ

rQ

trQ

trq

LoadR 

irR 

C

C

C

u

r



 : Density of air [kg/cm3] 

 : Stefan–Boltzmann constant [J/(s･cm2･K4)] 

 413 

 414 
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Captions 481 

Fig. 1  Schematic showing the basic configuration of a bifacial solar cell. 482 

 483 

Fig. 2  Output characteristics of a bifacial solar cell. 484 

(a) Relationship between the voltage and current of a bifacial solar cell and the amount of insolation. 485 

(b) Relationship between the voltage and wattage of a bifacial solar cell and the amount of insolation. 486 

(c) Relationship between the input of solar radiation to the reverse face and total power output of the 487 

bifacial solar cell. Solar insolation 1.0 kW/m2 on the front face. 488 

(d) Temperature characteristics of the power-generation efficiency of a bifacial solar cell. Solar insolation 489 

1.0 kW/m2 on the front face. 490 

 491 

Fig. 3  Mega-solar power station. 492 

(a) Conventional system. 493 

(b) Vertical installation of bifacial photovoltaics. 494 

 495 

Fig. 4  Output characteristics of PV. 496 

(a) Bifacial module. 497 

(b) Hybrid bifacial and monofacial system. 498 

 499 

Fig. 5  Proposed power generation and storage system. 500 

 501 

Fig. 6  Model of electrical charge and discharge cycles of photovoltaic systems. 502 

(a) Bifacial photovoltaics vertically installed. 503 

(b) Monofacial photovoltaics installed with an optimal angle. 504 

 505 

Fig. 7  Thermal model of a photovoltaic system. 506 

 507 

Fig. 8  Relationship between the output of bifacial solar cell of 1000 m2 and power consumption of 508 

various numbers of individual houses in March. 509 

 510 

Fig. 9  Orientation. 511 

 512 

Fig. 10  Electrical power supply of Hokkaido Electric Power Co. Inc. in 2010. 513 

(a) From January to June. 514 

(b) From August to December. 515 



 516 

Fig. 11  Output characteristics of a monofacial PV facing south. 517 

(a) 90° angle. 518 

(b) 40° angle. 519 

 520 

Fig. 12  Output characteristics of a vertical bifacial PV in Kitami. 521 

 522 

Fig. 13  Supply–demand balance of monofacial PV power of 1000 m2 based on the load pattern of 523 

individual houses. 524 

 525 

Fig. 14  Supply–demand balance of vertical bifacial PV power of 1000 m2 based on the load pattern of 526 

individual houses. 527 

 528 

Fig. 15  Supply–demand balance of monofacial PV power of 1000 m2 based on the supply pattern of the 529 

electric power company. 530 

 531 

Fig. 16  Supply–demand balance of vertical bifacial PV power of 1000 m2 based on the supply pattern 532 

of the electric power company. 533 

 534 

Fig. 17  Results of thermal fluid analysis of bifacial PV on August 15 in Kitami (lat. 43°47′ N. and long. 535 

143°54′ E). 536 

(a) Orientation of 90° (facing east–west), 14:00, wind direction from the southeast of 1 m/s.  537 

(b) Orientation of 90° (facing east–west), 14:00, no wind. 538 

(c) Orientation of 15°, 14:00, wind direction from the southwest of 1 m/s. 539 

(d) 0.940 m × 1.56 m bifacial modules of 12 sets, orientation of 0° (facing south), 14:00, no wind. 540 

(e) 0.940 m × 1.56 m bifacial modules of 12 sets, the orientation of 0° (facing south), 12:00, wind 541 

direction from the southwest of 3 m/s. 542 

(f) Photograph of 0.940 m × 1.56 m bifacial modules of 12 sets, orientation of 0° 543 

(g) 0.940 m × 1.56 m bifacial modules of 12 sets, horizontal installation, 12:00, no wind. 544 
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Fig. 1  Schematic showing the basic configuration of a bifacial solar cell. 550 
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Fig. 2  Output characteristics of bifacial solar cells. 575 

(a) Relationship between the voltage and current of a bifacial solar cell and the amount of insolation.
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(c) Relationship between the input of solar radiation to the reverse face and total power output of the bifacial solar cell . Solar insolation 
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Fig. 3  Mega-solar power station. 576 
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Fig. 4  Output characteristics of PV. 584 
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Fig. 5  Proposed power generation and storage system. 598 
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Fig. 6  Model of electrical charge and discharge cycles of photovoltaic systems. 620 
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Fig. 7  Thermal model of a photovoltaic system. 637 
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Fig. 8  Relationship between the output of a bifacial solar cell of 1000 m2 and the power consumption 653 

of various numbers of individual houses in March. 654 
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Fig. 9  Orientation 663 
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Fig. 10  Electric power supply of Hokkaido Electric Power Co. Inc. in 2010. 669 
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Fig. 11  Output characteristics of monofacial PV facing south. 683 
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Fig. 12  Output characteristics of vertical bifacial PV in Kitami. 709 
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Fig. 13  Supply-and-demand balance of monofacial PV power of 1000 m2 based on the load pattern of 721 

individual houses. 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

(a) March 19

(b) November 26

Number of individual houses

Supply-and-demand balance of electric power

S
to

ra
g

e
 o

f 
el

e
c
tr

ic
it

y
 [

M
W

h
] 

Number of individual houses

Power storage capacity

0 100 200 300
0

0.4

1.4

1.0

0.2

0.6

0.8

1.2

Supply-and-demand balance of electric power

S
to

ra
g

e
 o

f 
el

e
c
tr

ic
it

y
 [

k
W

h
] 

Number of individual houses

Power storage capacity

-2.0

-1.0

1.5

0.5

-1.5

-0.5

0.0

1.0

P
o

w
e
r 

[M
W

] 

100 200 3000

100 200 3000

P
o

w
e
r 

[M
W

] 

Number of individual houses

-3.0

-2.0

0.0

-1.0

-2.5

-1.5

-0.5

100 200 3000

20

80

40

0

60

Electric power
selling 
Electric power
purchase 



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

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

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

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

143°54′ E). 790 
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