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14 
Abstract Dependent on the specific conditions flat roofs can be well suited for the installation 15 
of large photovoltaic systems in urban areas. For urban designers also other aspects, such 16 
as the insulation of buildings, cooling, air purification and water retention play an important 17 
role besides the ecological energy generation. The combination of photovoltaics and roof 18 
greening can therefore be an interesting fusion. It combines the advantages of a green roof 19 
with the local electrical energy production at the place of consumption.  20 
However, using a conventional photovoltaic system with tilted modules in south or east-west 21 
direction on a green roof causes problems, as typical low tilt angels and high ground 22 
coverage rates result in an almost complete coverage of the roof surface. Plants, growing in 23 
between the covered areas provoke undesirable shading of the collector surface. Only a 24 
frequent maintenance procedure, complicated by dense PV system layouts, can avoid a 25 
reduction of the energy yield in the course of time.  26 
Vertically mounted specially designed bifacial modules are an option to realize photovoltaic 27 
power generation in combination with a functional green roof at low maintenance costs. In 28 
this paper, we report on the layout and the energy yield of a corresponding system. Custom-29 
made bifacial modules with 20 cells were produced and vertically installed in landscape 30 
orientation. The narrow layout of the modules lowers the wind load and reduces the visibility. 31 
The enhanced power in the morning and evening of vertically east-west installed modules 32 
can additionally lead to higher self-consumptions rates.  33 
Despite having some shading and undergrounds with albedo factors of less than 0.2, the 34 
bifacial installation with a rated power of 9.09 kWp achieved a specific yield of the 35 
942 kWh/kWp in one year (11.08.2017 to 10.08.2018). This is close to typical values of 1000 36 
kWh/kWp achieved for south-facing PV systems in the same region. 37 
The impact of the greening on the albedo and the system performance is investigated in 38 
more detail with two smaller sub-systems. The energy yields of the two bifacial sub-systems 39 
are compared to a monofacial, south-facing reference module. The use of silver-leaved 40 
plants in this system resulted in higher albedo values and a more resilient roof greening.  41 
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Nomenclature 47 
PV Photovoltaic 48 

49 
GCR Ground cover ratio [%] 50 

51 
SGR Standard green roof 52 

53 
BGR Bright green roof 54 

55 
Wp Nominal module or system power as measured at STC conditions [W] 56 

57 
STC Standard testing conditions (25 °C; 1000 W/m2; AM 1.5, defined 58 
spectra) 59 

60 
LED Light emitting diode 61 

62 
63 

1. Introduction64 
Green roofs promise a wide range of benefits compared to other flat roof solutions such as65 
the reduction of peak water runoff (water retention), protection of the roof seal, additional66 
insulation, cooling and air humidification of the ambient atmosphere, habitat for animals67 
(especially insects), filtering air pollutants and other effects. Currently, building regulations68 
that support the green roof concept are being implemented around the world (Snow, 2016).69 
These regulations aim to reduce rainwater runoff, to improve air quality and to reduce the70 
need for cooling (Azeñas et al., 2018). Sealed floor surfaces in cities, waste heat from71 
houses and engines enhance the warming of the air during the day and reduce the cooling of72 
the air during night. Thus, summer nights in cities are four to five degrees warmer compared73 
to rural regions (Soukup and Häne, 2015). The maximum cooling at street level due to green74 
roofs ranges from 0.03 to 3 °C according to 17 studies that provide data on urban heat island75 
reduction (Francis and Jensen, 2017). Due to tremendous cost reductions in the past76 
decades, photovoltaic energy is going to be one of the major energy contributors of electrical77 
energies. Roofs in urban areas are predestinated for the use of photovoltaic energy78 
conversion as unused area can be used meaningfully and the produced energy can at least79 
partly be used directly at the place of the consumer. It is therefore a logical approach to80 
combine both solutions to one urban roof concept.81 
In real applications however, the combination of a photovoltaic (PV) system with green roof82 
creates obstacles, which make such a solution unfavorable. Today’s PV installations on83 
green roofs largely cover the flat roof area, which suppresses the green roof effect to a large84 
extent, if not bitumen or gravel is used from the outset. Plants often lead to considerable85 
shading of the modules, while on the other hand the green roof maintenance is hindered by86 
the PV installation. A green roof layout with good accessibility for maintenance lowers the87 
ground cover ratio (GCR) of the PV system and reduces the annual yield.88 
Vertically mounted bifacial modules may be an option to provide sufficient area for the plants89 
and their maintenance in combination with a PV system giving specific energy yields90 
comparable to standard flat roof systems. Simulations of vertically mounted bifacial modules91 
have shown that this installation type has the potential to produce higher specific energy92 
yields as compared to standard installations. The actual yield is however also extremely93 
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dependent on the location and on the installation conditions (Guo et al., 2013; Nussbaumer 94 
et al., 2015). An important factor for the output of vertically installed bifacial systems is the 95 
mutual shading by adjacent rows, which requires a large row distance and low GCR to limit 96 
the shadowing losses.  97 
In this work, the concept of a PV system with vertically mounted bifacial modules in 98 
combination with a green roof is demonstrated by a realized example. The achieved energy 99 
yield of two different grounds is analyzed and compared to the energy yield of a south-100 
orientated monofacial reference module. In addition, simulations with PVSyst were carried 101 
out for several configurations with varying GCR and albedo values. In order to appraise the 102 
accuracy of the simulations, the calculated results for the two specific systems are compared 103 
to measured data.  104 

105 
106 

2. PV System design and measurement set-up107 
On a flat roof located in Winterthur (coordinates: 47°30'10.7"N 8°43'22.0"E), Switzerland, the108 
Solarspar association installed a bifacial PV system with 9.09 kWp nominal power. The109 
modules are mounted vertically with an orientation close to the east-west direction (90° tilt110 
angle, -65° azimuth for the front side and 115° for the rear side) as shown in Figure 1. Due to111 
the building orientation the alignment of the system is, compared to a perfect east-west112 
orientation, rotated by 25° (Figure 2). The roof is divided into several fields with different soil113 
material and plants. Two subfields are analyzed in more detail. In these two fields,114 
respectively two modules in the center of each specific field are measured as representative115 
examples for typical modules in an extended system. In an extended system with vertically116 
installed modules, mutual shading is an important factor. Modules at the rim of a field are117 
less affected by shading and including them leads to an overestimation of the typical yield.118 
One of the two test fields consists of a standard green roof substrate and a standard mixture119 
of green-leaved plants (standard green roof, SGR). The other consists of recycled green roof120 
substrate combined with bright gravel and silver-leaved plants to achieve a higher albedo121 
(bright green roof, BGR) as proposed by Wassmann-Takigawa (Muntwiler et al., 2019).122 
Figures 2 and 3 show the location and details of the subsystems. Silver-leaved plants are123 
found in dry environments with high solar irradiation. The bright color of the plants protects124 
them from drying out by partially reflecting the sunlight. Accordingly, they also have an125 
improved resilience in dry conditions. Plants with a low growth height were deliberately126 
selected. The green roof was not watered in the reported period, but relied on precipitation127 
as a moisture source.128 
A single, monofacial standard module is installed in south direction (16° tilt angle, 25°129 
azimuth) as reference. Mutual shading effects that would occur in an extended PV system130 
are not considered in this stand-alone configuration, but should be small for this installation131 
type with low tilt angle. The arrangement on the roof is shown in the aerial view in figure 2.132 
Due to the pronounced self-shading effects of vertically installed modules, module based133 
MPP trackers were installed. This setup allows a monitoring of the energy yield of the whole134 
field. An AC electricity meter measures the feed-in of the entire PV system. The meter135 
reading was read periodically and evaluated for a period of one year (11th August 2017 to136 
10th August 2018). The specific energy yield of the 9.09 kWp vertical bifacial PV system in137 
this period is 942 kWh/kWp. A typical value for south-facing PV systems in the same region138 
is 1000 kWh/kWp (Baumann et al., 2018).139 
As described above the energy yield is monitored with increased accuracy for respectively140 
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two modules in the center of two sub-field with differing ground. High quality DC power 141 
measurement systems are installed to monitor these two modules in each sub-field and the 142 
monofacial reference module (in total five modules). The measurement uncertainty for the 143 
power measurement is below 0.5 % (k=2) and the measurements are logged every 10 144 
seconds. The module temperature of the reference module is measured with a Class A 145 
PT1000 sensor mounted on the module backside. The measurement uncertainty of the 146 
temperature sensor depends on the actual temperature resulting in ± 0.25 °C (k=2) at 50 °C. 147 
The used measurement electronics in the data logger add another ± 0.25 °C measurement 148 
uncertainty (k=2). 149 
The bifacial PV system was put into operation in March 2017 and the south-facing reference 150 
module was installed in spring 2018. The more precise DC power measurement of the five 151 
modules (reference module plus four bifacial modules in the two specific fields SGR and 152 
BGR) was started on 19 May 2018. For this work, measurement data until the 18th of 153 
September have been taken into account. Therefore, four months or 123 days of 154 
measurement data have been evaluated. Data of the electricity meter for the whole system 155 
have been available since July 2017. 156 

157 

158 
159 

Figure 1 Vertically east-west oriented bifacial modules were installed on the green roof in 160 
Winterthur, Switzerland with a nominal power of 9.09 kWp. The east-west-facing modules 161 
have a tilt angle of 90° and an azimuth angle of -65° for the front side and 115° for the rear 162 
side. (Used azimuth angle definition: east = -90°, south=0° and west = 90°) 163 

164 
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165 
166 

Figure 2 Aerial view of the roof. Power measurements with increased precision were 167 
performed on respectively two modules in the center of fields marked with orange and blue 168 
color rectangles. The monofacial south-oriented reference module (not shown on the photo) 169 
is located in the area marked with the black rectangle. The ground in the area within the 170 
white rectangle is covered with gravel. Due to the building orientation the alignment of the 171 
system is, compared to a perfect east-west orientation, rotated by 25°. 172 

173 

174 
Figure 3 Photos of the two green roof areas that were measured with increased precision. 175 
On the left side is the standard green-leaved green roof (SGR) and on the right side is the 176 
“bright” silvered-leaved green roof (BGR). The photos were taken after a long dry and hot 177 
period on 21st August 2018. The depictions demonstrate the higher resilience of the silver-178 
leaved plants compared to the standard greening.  179 
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180 

181 
182 

Figure 4 Custom-made module and mounting. The module is a narrow 20 cell bifacial device 183 
installed in landscape orientation.  184 

185 
The bifacial modules used for the vertical installation are custom-made glass/glass modules, 186 
with 20 monocrystalline n-type silicon “BiSoN” cells from the manufacturer MegaCell. A photo 187 
of such a module on an also custom-made mounting system for vertical installation from the 188 
company ZinCo is shown in figure 4. The modules have a dimension of 36 x 170 cm, 189 
whereby the cell covered area is 31.5 x 157.5 cm2 The STC-power of the installed modules 190 
was measured in the laboratory with a portable LED Flasher (Knecht et al., 2017). Each side 191 
of the bifacial module was measured separately while the other side was completely shaded. 192 
At STC-conditions, the modules have a measured front side power of about 82 Wp and a 193 
bifaciality factor of about 87 %.  194 
The narrow layout of the modules can be beneficial with regard to the optical appearance of 195 
the system. It results in a less bulky overall impression of the system compared to 196 
installations with vertically installed 60-cell modules. Due to the reduced wind load, also the 197 
mounting substructure can be less massive. In addition, the narrow layout affects the vision 198 
angle from below the roof. Related issues are particularly relevant for PV systems in urban 199 
areas (Probst and Roecker, 2019) (Florio et al., 2018). 200 
The distance between the ground and the lower edge of the module was chosen to be 40 201 
cm. A certain distance off the ground is necessary in order to avoid shading by plants and202 
the covering by snow in winter. The row distance between the modules is 98 cm, which203 
corresponds to a shading angle of 20.2° and a ground coverage ratio (GCR) of 36.7 %. The204 
row distance was chosen based on the simulations of large, vertically installed 60 cell205 
modules (Nussbaumer et al., 2015). The simulations indicated that for reasonable albedo206 

factors a distance of about three meters (GCR 33 % for landscape orientation) is required to207 
obtain specific annual yields (kWh/kWp) that are comparable to typical monofacial208 
installations. As the custom-made bifacial modules, which are used in this study, have209 
roughly a third of the width, the row distance can also be reduced to a third. Similar210 
simulations are shown further down in Figure 8. According to these simulations, for an GCR211 
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of 33% an albedo factor close to 0.4 is necessary to obtain specific yield parity with an east-212 
west oriented monofacial system (10° tilt, 100 %GCR, same front side module power).  213 
The south oriented (25° azimuth, 16° tilt angle) monofacial reference module is a 214 
glass/backsheet module (Hareonsolar type HR-210-24/Aa) with 72 monocrystalline silicon 215 
cells.  216 
The test roof is located in Winterthur, Switzerland (coordinates: 47°30'10.7"N 8°43'22.0"E). 217 
There is a higher building on the west side of the roof, which causes shading in the evening. 218 
Figure 5 shows a panorama photo, including the sun positions over one year. The shading 219 
causes more power loss on the bifacial modules than on the reference module. In order to 220 
avoid wrong conclusions, only measurement data up to an azimuth angle of 86° is evaluated. 221 
In a complementary evaluation, the missing data from 86° azimuth onwards were simulated 222 
as described below, in order to reconstruct data that would be obtained at unshaded 223 
conditions.  224 

225 

226 
227 

Figure 5 Panorama photo with indicated sun positions. The vertical line marks the 86° 228 
azimuth angle. For angles larger than 86° a nearby building causes shading of the 229 
installation. Therefore, for azimuth angles to the right of the vertical line simulated data is 230 
used to complement the data sets. 231 

232 
An albedo measurement, listed in Table 2, was performed on a clear day (21 August 2018) 233 
at a sun position of 25° azimuth. At these conditions, the shadows of the modules were 234 
exactly below the modules and did thus not reduce the albedo. The measuring device was 235 
placed at the height of the upper edges of the monitored module in the middle of the module 236 
rows. Figure 3 and figure 6 show the photos that were taken at the time of the albedo 237 
measurement. In order to allow a comparison, the albedo factors of the gravel surface (figure 238 
6 left) and of a SGR area that was less affected (figure 6 right) by the preceding extremely 239 
dry conditions were also measured.  240 
The more detailed DC power measurements for the SGR subfield were performed in an area 241 
that suffered more and had as a result a lower share of plants covering the ground (figure 3 242 
left). The horizontal global irradiance during the albedo measurements was 780 W/m2. 243 

244 
245 



8 
 

  
 246 
Figure 6 Gravel (left) and standard green roof (SGR) with more plants (right) at the time of 247 
the albedo measurements. 248 
 249 
Table 2 Results of albedo measurements with different surfaces carried out on 21st August 250 
2018. Measured on the module upper edges in the middle of the module rows. 251 
 252 

Surface Albedo [ ] 
SGR (figure 3 left) 0.09 
BGR (figure 3 right) 0.21 
Gravel (figure 6 left) 0.14 
SGR with more plants (figure 6 right) 0.16 

 253 
The measured albedo factors in Table 2 show that by means of plants an improvement of the 254 
albedo is possible. The standard green roof subfield with a high share of bare soil, in the 255 
presented case caused by dry and hot conditions, leads to the lowest albedo factor of 0.09. 256 
For the less affected subfield with more plants, a higher albedo factor of 0.16 is measured. 257 
This is almost identical to the value that is measured for the gravel covered area. The highest 258 
albedo factor is obtained with the plants with the silvery leaves in BGR subfield. 259 
 260 
 261 
3. Energy yield simulations of the realized system and comparison to measured data 262 
 263 
In this study, also PVSyst and MATLAB based simulations were carried out, mainly to 264 
complement the measurement data that had to be clipped due to the limited azimuth angle 265 
range (see figure 5).  266 
For the simulations, 10-minute meteo data (global irradiance, diffuse irradiance, air 267 
temperature, wind speed and wind direction of MeteoSwiss (Federal Office of Meteorology 268 
and Climatology) were taken. The data was recorded by a nearby  weather station, located in 269 
Kloten (14.2 km linear distance). A low-cost irradiance measurement was installed on the 270 
test roof itself, but it was also affected by the shading and was therefore not used for the 271 
simulation. The yield simulation with MATLAB is structured as follows: 272 
 273 
1. Sun position (azimuth and elevation) (DIN 5034-2:1985-02, 1985) 274 
2. Angle of incidence (AOI) (Quaschning, 2013) 275 
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3. Extraterrestrial irradiance (Quaschning, 2013) 276 
4. Direct normal irradiance from global and diffuse irradiance (Quaschning, 2013)277 
5. Global tilted irradiance (Perez et al., 1990)278 
6. Low-light performance (Carigiet et al., 2014)279 
7. Module temperature (Quaschning, 2013)280 
8. Module power considering low-light performance, module temperature, power281 

temperature coefficient and spectral mismatch (Carigiet et al., 2014)282 
283 

For the bifacial modules, the global tilted irradiance was calculated for both sides and then 284 
summed up to consider the bifaciality. In addition, the mutual shading was taken into account 285 
for the calculation of the global tilted irradiance. 286 
In order to obtain a uniform time interval with the 10 second measurement data, the 287 
10 minute simulation data were interpolated linearly (Baumann et al., 2016). The simulated 288 
DC power was scaled according to the measurement data prior to the shading and added to 289 
the measured data. An exemplary result is shown in figure 7 for one specific day (16 August 290 
2018). The depiction shows the data of the two bifacial modules in the BGR sub-field and the 291 
monofacial reference as orange and black lines. For times prior to the clipping, with an 292 
azimuth angle lower than 86°, the measured data was plotted. For the shaded conditions 293 
with higher azimuth angles the MATLAB simulated data was used.  294 

295 

296 
297 

Figure 7 Measured power data for the two bifacial east-west-facing modules (orange) in the 298 
BGR sub-field and the south-facing reference module (black) for 16th August 2018 (UTC+1). 299 
In order to account for shading, simulated data is added for azimuth angles > 86° (red 300 
vertical line). In addition, simulated data using PVSyst is represented by crosses. The spike 301 
close to the transition line is also present in the MeteoSwiss irradiation data and is no 302 
simulation artefact.  303 

304 
305 

In addition, also a simulation of the power for the same bifacial modules and the monofacial 306 
reference with PVSyst version 6.74 was carried out. Crosses in figure 7 represent the 307 
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resulting hourly values for the two systems. For the specific day shown, the difference in the 308 
bifacial system is significant, especially for the second half of the day. The differences cannot 309 
be explained by the fact, that the global irradiance values are wrong, since the simulation for 310 
the south-facing monofacial module corresponds fairly well to the measured data. Similar 311 
PVSyst simulations were carried out for the whole period of measurements, corresponding 312 
results and deviations are listed in Table 3. 313 
In Table 3, the specific DC energy yields in kWh/kWp for the measured period from 19th May 314 
2018 to 18th September 2018 are shown for the three different cases considered: 315 

 Monofacial, south orientation as reference module (25° azimuth, 16° tilt angle)316 

 Bifacial, vertical, East/West oriented; azimuth angle of -65°, SGR, ground albedo317 
0.09318 

 Bifacial, vertical, East/West oriented; azimuth angle of -65°, BGR, ground albedo319 
0.21320 

321 
The first row lists the measured data up to 86° azimuth angle. The second line shows the 322 
combination of measured data and simulation beyond 86° azimuth, in order to compensate 323 
shading effects by the nearby building.  324 
Rows three to five show a comparison between measured and simulated data using PVSyst. 325 
A certain complication with regard to the comparison of measured data and PVSyst 326 
simulations is the use of one-hour steps in the simulation tool. The correct inclusion of the 327 
step caused by the 86° azimuth within a one-hour period is difficult. In order to make the 328 
simulated and measured energy yield comparable it is necessary to delete the affected hour 329 
that includes the 86° azimuth angle from the measured and simulated data. The resulting 330 
changes due to this approach are represented by the adapted results in rows 3 and 4, 331 
indicated by “measurement 1h res”. The deviation of the results is respectively shown in row 332 
five. The error of the PVSyst simulation is below 5 % for the analyzed period. 333 

334 
335 

Table 3 Specific DC energy yields in kWh/kWp for the period from 19th May 2018 to 18th 336 
September 2018. The upper two lines reflect the actual energy yield as obtained by the 337 
measurements and the complementary simulations. Rows 3 and 4 show adapted data to 338 
allow a comparison of measured and PVSyst simulated data. The hour including the 339 
86° azimuth angle is respectively deleted (“1h resolution”).  340 

341 

Row Dataset - 123 days  
19 May to 18 September 2018 
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1 Measurement (< 86° azimuth angle) [kWh/kWp] 603.2 476.3 557.9 

2 Measurement and complementary simulation 
for azimuth angles > 86°) [kWh/kWp] 658.7 557.4 650.0 

3 Measurement 1h resolution (< 86°) [kWh/kWp] 577.5 452.1 529.7 

4 PVSyst 1h resolution (< 86°) [kWh/kWp] 597.7 471.3 515.1 

5 Deviation of measurement and PVSyst 3.4 4.1 -2.9
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simulation (< 86°) [%] 

342 
For the two vertical bifacial systems, the bright green roof (BGR) provides a significant 343 
increase in yield compared to the standard green roof (SGR). There is a yield increase of 344 
17.1 % for the pure measurement data and of 16.6 % for the measurement with 345 
complementary simulation, in order to compensate for the shading.  346 
It has to be mentioned however that the difference in energy yield between the BGR with the 347 
reflecting plants and the SGR with the standard greening is overestimated by the results in 348 
table 3. The detailed measured SGR sub-field suffered considerably more from the dry and 349 
hot summer than other areas with the same plants (compare figures 3 and 7). The resulting 350 
darker ground in this sub-field caused a pronounced drop of the albedo factor (0.09), 351 
compared to the less affected area (0.16), as shown in table 2. Due to the changing 352 
conditions of the plants, the albedo was also not constant, throughout the measurement 353 
period. Detailed measurements in other SGR areas that suffered less (figure 6) would have 354 
shown a higher yield. With regard to the albedo the beneficial effect of the BGR greening 355 
with silvery-leaves is two-fold. First, it leads to an increased albedo factor compared to green 356 
plants due to higher reflection. Second, the higher resilience of the plants provides a more 357 
stable albedo at unfavorable conditions that often prevail at flat roofs. 358 
Comparing the energy yield of east-west bifacial BGR with the south-oriented monofacial 359 
module a yield loss of 7.5 % for the time-period from 19th May 2018 to 18th September 2018 360 
had been measured. When considering the energy yield caused by the shading for azimuth 361 
angles larger than 86° the resulting yield loss is reduced to only 1.3 %. The obtained specific 362 
energy yield (kWh/kWp) with the BGR system is therefore almost identical to the south-363 
oriented, monofacial stand-alone module without mutual shading. Especially in the 364 
wintertime, when snow covers the ground, higher albedo values may increase the energy 365 
yield significantly, particularly in combination with a reduced snow coverage due to the 366 
vertical mounting. 367 

368 
369 

4. Simulated energy yield data for different system layouts370 
Motivated by the tolerable correspondence of the measured and simulated results, we371 
carried out additional simulations in order to obtain general indications on the limits of the372 
energy yield of PV systems using vertically installed PV modules in combination with green373 
roofs. Energy yield data is calculated as a function of the ground cover ratio (GCR) and374 
depending on the albedo. A period of one year is simulated using PVSyst version 6.74. The375 
simulations are based on bifacial and monofacial modules with the same nominal front side376 
power.377 
In figure 8, the simulated specific energy yields in kWh/kWp of vertical east-west oriented378 
bifacial PV systems with varying GCR and albedo are related to an also simulated typical379 
monofacial installation (bold X). The simulated monofacial installation is east-west oriented380 
with a low tilt angle of respectively 10° and with a GCR of 100 %. This type of east-west381 
oriented modules with a low tilt angle and high GCR is a typical installation type on large flat382 
roofs, which aims at a maximization of the total yield in kWh by an optimized utilization of the383 
available space. It also has a very small mutual shading due to the low tilt angle.384 
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385 
Figure 8 Simulated (PVSyst 6.74) annual relative energy yield (kWh/kWp) of vertical east-386 
west oriented bifacial PV systems with varying GCR and albedo compared to an also east-387 
west oriented monofacial installation with 100 % GCR and respectively 10° tilt angle (bold X).  388 

389 
The simulations indicate that it is possible to obtain specific yields (kWh/kWp) with vertical 390 
bifacial installations that are comparable to the ones of conventional, monofacial installations. 391 
It is however also apparent that vertical bifacial installations require a low GCR and high 392 
albedo factors to be competitive.  393 
A high albedo factor can be realized in principle by using reflective material on the ground or 394 
the selection of favorable locations for example snow covered mountainous areas or deserts. 395 
For green roof applications however, the obtainable albedo is limited, even if measures such 396 
as the use of plants with silvery leaves are implemented. In addition, the lower GCR that is 397 
necessary to limit the losses due to mutual shading causes a lower total output in kWh per 398 
available roof area compared to classical monofacial installations. According to Figure 8 a 399 
GCR of 33 % an albedo factor close to 0.4 would be required to obtain specific yield parity 400 
with the east-west oriented monofacial system. Due to the GCR of 33 % the total yield per 401 
area would therefore be a 1/3rd of the monofacial example. The specific yield parity could 402 
also be obtained with an albedo factor of 0.2 and a GCR of 10 % or an albedo factor of about 403 
0.5 and a GCR of 50 %, corresponding to a total yield of 10 % and 50 % compared to the 404 
monofacial system. 405 
In spite of these drawbacks, there are also numerous advantages from vertical PV 406 
installations in combination with green roofs that were extensively discussed in the above 407 
sections. 408 
As complementary information, the results from an also performed simulated height variation 409 
for vertical bifacial installations should be mentioned. Surprisingly, the yield difference with 410 
increasing installation height from 0 to 1 m was below 3 % relatively. If proven by 411 
measurements this would mean that the installation height for vertically installed bifacial 412 
modules is only of minor importance with regard to the energy yield of the system. For 413 
regions with little or no snow, the modules could be positioned close to the ground, which 414 
could be of practical importance and may result in lower cost for the sub-constructions. 415 

416 
417 
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418 
5. Conclusion419 
PV installations on flat green roofs are an interesting option in several regards, the practical420 
application is however difficult because of goal conflicts. Vertical bifacial systems are a way421 
to avoid such conflicts and to combine the advantages of both approaches. In this work, a422 
system was realized and the output was compared to typical monofacial systems and423 
simulations.424 
It was shown that vertically mounted bifacial PV systems with east-west orientation can425 
reach specific energy yields (kWh/kWp) that are comparable to the ones of typical426 
monofacial installations on flat roofs. Despite having some shading and undergrounds with427 
albedos of less than 0.2, the bifacial installation with a rated power of 9.09 kWp achieved a428 
specific yield of 942 kWh/kWp in one year. This is close to typical values of 1000 kWh/kWp429 
achieved for south-facing monofacial systems in the same region.430 
The output of vertical installations is however heavily dependent on the albedo and the431 
ground cover ratio. It was shown that plants with silvery leaves can improve the system yield432 
to a certain extent compared to standard roof greening. First, it leads to an increased albedo433 
factor compared to green plants due to higher reflection. Second, the higher resilience of the434 
plants provides a more stable albedo at unfavorable conditions that often prevail on flat roofs.435 
Apart from a sufficient albedo, a low ground cover ratio is necessary for vertical bifacial436 
systems to limit losses due to mutual shading. Therefore, the total installed capacity in kWp437 
per available roof area and the total yield in kWh for this type of installation is lower than for438 
standard monofacial systems. This is a disadvantage if the goal is a maximized output per439 
available roof space.440 
Nevertheless, there are also striking advantages of this installation type because it allows the441 
combination of a real green roof and photovoltaics. Roof greening is increasingly recognized442 
and already in demand in some communities in order to lower the negative effects of a443 
cumulative covering with impervious material by artificial structures. It is important for water444 
retention in urban areas and is beneficial with regard to biodiversity and cooling. Due to the445 
vertical installation, the maintenance of the green roofs can be carried out efficiently because446 
the area in between the PV module rows is easily accessible. Maintenance costs may be447 
further reduced by using a mowing robot (Baumann et al., 2016). Due to the east-west448 
orientation of the vertical modules there is a generation profile, which reduces peak449 
generation at noon. Vertical mounting also suppresses soiling effects. In winter, snow450 
covering may be reduced and the yield may even be improved by the high albedo factor of451 
snow. The narrow modules of the presented approach reduce the wind load, which allows452 
less massive sub-constructions and improves the optical appearance. The disadvantage of453 
the lower total yield per roof area is also relativized if one keeps in mind that some national454 
or regional regulations are in favor of a high self-consumption instead of a high feed-in ratio.455 

456 
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