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Abstract 

The performance of a BIPV (Building Integrated 

Photovoltaic) façade located in an urban environment 

depends on the characteristics of the surrounding urban 

environment, which affects the total solar radiation 

reaching the photovoltaic panels. The analysis of the 

impact of the different urban canyon types on the total 

solar irradiance incident on the BIPV façade which 

influences its performance. The geometry of the urban 

canyon has significant impact on the distribution of solar 

radiation, the wider the urban canyon, the higher the total 

annual solar irradiance incident on the BIPV facade. The 

material properties of surface of urban canyon have 

lower impact on the solar radiation distribution. 

Introduction 

The street canyons are the most representative urban 

arrangements in the world. The geometry (Deng and 

Wong 2020), color (Radhi, Assem, and Sharples 2014), 

greenery (Bochenek and Klemm 2020) and other, nature 

base solution determine external human comfort and 

indoor environmental quality. One of the ideas for 

protecting cities against the heat island effect is the 

introduction of shading (Nasrollahi, Namazi and 

Taleghani 2021) or high reflective elements (Salvati et 

al. 2022) to protect building facades, streets and 

pavements against direct irradiation. The quantitative 

effect of reflected irradiance was studied experimentally 

using photogrammetric techniques by e.g. Heim and 

Knera (2021) and Liu et al. (2021). A different modeling 

approach was proposed by C. Wang, Wang, and Ryu 

(2021) for urban canopy, Dumitrascu and Beausoleil-

Morrison (2020) for changeable urban albedo and 

Engedy, Lechleitner, and Mahdavi (2019) for sound 

propagation. The combined model of airflows and 

thermo-radiative balances coupled at building and street 

scales was developed and validated by M’Saouri El Bat 

et al. (2020). 

The effect of the distribution of solar radiation in urban 

canyons was studied using experimental and simulation 

techniques. Strømann-Andersen and Sattrup (2011) 

reveled that the reflectivity of urban canyons plays an 

important role for low-energy buildings and has an 

impact on energy use of up to +30% for offices and 

+19% for housing. Using reflective pavement in an

urban canyon reflects additional diffuse radiation to the

adjacent walls, and quantitatively it is 5 times more in

summer than in winter (Qin 2015). Increasing the

reflectivity of the façades does not affect air temperature,

given the reduced solar availability on vertical surfaces

in urban canyons (Salvati et al. 2022). The combination

of higher road reflectivity and lower façade reflectivity

in the bottom part would be the best strategy for

residential areas (the case of London) to mitigate the

urban heat island. Furthermore, the highly reflected glass

components applied on building facades are responsible

for the undesirable effect of glare and the convergence

of solar radiation into a hotspot (Zhu, Jahn, and Rein

2019). A detailed study of the risk of sun glare could also

avoid its negative impact on drivers, cyclists, and

pedestrians (Li et al. 2019). It should be depicted that

building integrated photovoltaic is one of the covering

material that can seriously increase the glare risk

(Sreenath, Sudhakar, and Yusop 2021).

However, protection against urban irradiation and 

canyon overheating can considerably limit daylight 

availability in the interiors of the buildings (Darula, 

Christoffersen and Malikova 2015). Although, under 

some specific conditions the existence of external 

shading devices permits a more balanced range of 

brightness and offers a higher visual comfort in the 

indoor environment (Sreenath, Sudhakar, and Yusop 

2021). Higher levels of solar radiation are also required 

in urban canyons for active solar energy systems such as 

integrated photovoltaic façades (Knera, Dellicompagni, 

and Heim 2021) or bioreactive algae facades (Talaei, 

Mahdavinejad, and Azari 2020). In both cases, the colors 

of the façade are essential not only to provide sufficient 
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reflected light, but also to the overall aesthetic quality of 

buildings, especially in urban context (Xiang, Green, and 

Matusiak 2021). The last aspect of reflected solar 

radiation in an urban context is the case of facades 

covered with photocatalytic paints (Brattich et al. 2021). 

The solar reflectance of TiO2 coatings is at a very high 

level even after three years of exploitation (Dantas, 

Vittorino, and Loh 2022). 

Presented paper analyzes the new type of integrated PV 

façade in the urban environment - En-ActivETICS. 

Proposed innovative energy active wall insulation 

system consists of the traditional low thermal 

conductivity insulation system ETICS (External 

Thermal Insulation Composite Systems) with high heat 

capacity Phase Change Material (PCM) and flexible 

photovoltaic. In comparison with traditional BIPV with 

a glass covering from the outside, the proposed system is 

characterized by a less reflective and diffuse surface. 

This effect was achieved by a direct application of 

flexible photovoltaic panel on the surface of an external 

wall (Heim et al. 2021). The performance of photovoltaic 

panels is mainly dependent on the solar radiation that 

reaches their surface. Therefore, authors analysed the 

proposed façade in the geometry of an urban canyon. The 

performance of vertically positioned BIPV is affected by 

the district morphology (Boccalatte, Fossa and the 

Ménézo 2020) and reflected solar radiation from 

surrounding buildings (Heim and Knera 2021). 

However, the effect of reflected solar radiation in many 

buildings performance simulation software is considered 

in a simplified way. In the presented paper, an algorithm 

for BIPV façade performance determination is proposed 

combining two software, for solar radiation and BIPV 

energy calculation respectively. 

The main aim of the presented article is to analyse the 

impact of the different urban environment on the total 

solar irradiance incident on the walls of the urban canyon 

and its influence on the performance of the integrated 

photovoltaic façade. In the study frame, the specific 

construction of the BIPV façade was considered – the 

construction of a wall equipped with En-ActivETICS.  

Simulation methods 

The numerical investigation presented in this paper 

consists of two stages (Figure 1). The first part is 

dedicated to the analysis of solar irradiance incidents on 

the surface of PV panels with consideration of reflected 

rays from the surrounding environment. The Radiance 

simulation engine combined with Blender software by 

the VI-Suite addon was selected for the calculation 

(Southall and Biljecki 2017). Radiance lighting 

simulation and visualization software is a 

comprehensive and validated tool for lighting and solar 

radiation simulation. The Radiance simulation engine is 

based on a hybrid approach of ray tracing and Monte 

Carlo (Larson, Greg and Shakespeare, 1998). The 

geometry of the analysed urban area was modelled using 

the Blender tool, which provides modelling, rendering, 

and visualisation capabilities. The simulation was 

performed using the VI-Suite addon, which allows the 

transformation of geometry developed in Blender to 

Radiance geometry files, simulation using the Radiance 

engine, and visualization of results of solar radiation 

calculations in Blender.  

The results of the first part of the calculations were used 

in the next stage. In the second part of the simulations, 

the performance of the BIPV facade was determined 

using ESP-r software. The ESP-r is a multi-domain 

simulation tool for comprehensive modelling of building 

operation including the energy flow or renewable energy 

sources (Clarke 2001). In ESP-r, photovoltaic 

conversion can be modelled using one of three models: a 

simple model with constant PV cell efficiency, Kelly’s 

model, and the WATSUN-PV model. In the presented 

article, the last, the WATSUN-PV model, was used due 

to the most advanced consideration of the impact of cell 

temperature on the voltage and current of PV panels 

(Asaee et al. 2017). ESP-r software has been developed 

extensively in the context of building performance 

simulation. Generally, solar radiation is calculated based 

on the basis of the data from a meteorological year 

without interreflections between surrounding surfaces. 

Therefore, in the presented paper, the total solar radiation 

incident on the analysed BIPV facade was calculated 

using the Radiance engine. Subsequently, the obtained 

result file was implemented into the ESP-r model as a 

boundary condition in the form of a temporal file. 

Figure 1 Algorithm of numerical simulation 

Case study 

The study will be performed for different urban canyon 

configurations, including various urban canyon 

geometry and surface optical properties. The analysed 

BIPV façade consists of 180 flexible monocrystalline 
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photovoltaic panels arranged in 10 rows with 18 PV 

panels in every row, row numbers have been assigned 

from 0 (lowest) to 9 (highest), as shown in Figure 2. The 

technical parameters of the PV panels are presented in 

Table 1. The analysed BIPV façade was oriented to the 

west. The axis of the urban canyon was positioned 

according to the N-S direction. 

Table 1 PV panel parameters 

Parameter Unit Value 

Nominal power [W] 150

Voltage at nom. power [V] 21.45

Current at nom. power [A] 6.99

Open circuit voltage [V] 25.35

Short circuit current [A] 7.51

High  [m] 1.24

Width  [m] 0.67

Figure 2 Model and construction of the BIPV façade in 

an urban canyon 

The geometry of the urban canyon was defined by 

different H/W ratios - proportion of the mean height of 

buildings to the mean width of the street. According to 

the classification presented in (Oke et al. 2017), the H/W 

for compact midrise urban zone is in the range of 0.75 – 

2.0. In the paper both extreme H/W ratios were 

considered: 

• H/W = 2.0, H=12.4 m, W=6.2 m;

• H/W = 0.75, H=12.4 m, W=16.53 m.

Furthermore, three cases were taken into account with 

respect to the optical properties of the ground surface 

located at the level of the street:  

• A – dark surface - imitation of asphalt road - typical

street material;

• B – bright surface – like pavements and paving

used to reflect solar radiation;

• C – green surface – corresponding to greenery.

The last three cases were taken into account in terms of 

different opical parameters of elevations of surrounding 

buildings: 

• a – highly glazed surfaces - imitating modern office

buildings;

• b – bright diffuse surfaces – characteristic for most

buildings with a finished elevation with plaster;

• c – dark surfaces – corresponding to modern BIPV

façade.

The detailed optical parameters for all the types of 

surface considered for ground and elevation are specified 

in Table 2. Finally, the 18 different cases were 

calculated. The calculations were performed using 

weather data defined by the typical meteorological year 

(TMY) for the location of Lodz, Poland (Latitude: 

51.75°; Longitude:19.45°). The TMY used in the 

simulations according to the VI-Suite instructions was 

downloaded from the Energy Plus website 

(https://energyplus.net/weather).  

Table 2 Optical parameters of materials 
Type Reflectance Rought

ness 

Specula

rity R G B 

A plastic 0.1 0.1 0.1 0.02 0.00 

B plastic 0.5 0.5 0.5 0.01 0.00 

C plastic 0.1 0.6 0.2 0.01 0.00 

a metal 0.2 0.2 0.2 0.00 0.95 

b plastic 0.6 0.6 0.6 0.01 0.00 

c plastic 0.1 0.1 0.1 0.00 0.07 

The model developed in ESP-r consists of 10 zones 

representing every row of PV panels. The construction 

of the BIPV façade was based on the En-ActivETICS 

component mounted on the brick wall.  

Calculations in ESP-r were performed using data of solar 

radiation incident on the BIPV façade determined in the 

first part of analysis. The remaining meteorological data, 

such as air temperature, wind direction and velocity, air 

pressure, and humidity, were assumed according to the 

same weather data as in the first part of the analysis. 

Results 

The results were divided into two parts. The first part 

was devoted to analysis of solar radiation incident on the 

BIPV façade surrounded by different urban 

characteristics. The second part introduces the study of 

impact of different solar radiation distributions on 

photovoltaic performance.  

The first graph presented in Figure 3 represents the 

annual total solar radiation determined for all urban 

characteristics. The solar radiation values obtained for 

the individual H/W ratios are comparable with small 

differences despite the different properties of the ground 

and façade surfaces. The higher solar radiation, about 65 

MWh/year, was determined for cases with a wider urban 

canyon (H/W=0.75). The BIPV façades located in the 

narrower urban canyon (H/W=2.0) obtained lower solar 

radiation, in the range of 51 - 54 MWh/year. 
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Figure 3 Total annual solar radiation 

BIPV facades were modeled with the arrangement of 

photovoltaic panels in 10 rows. The surrounding 

buildings influence the different solar irradiance of 

specific rows because of the shading and interreflections 

effect. Therefore, in the frame of the uniformity and non-

uniformity analysis, the average solar radiation at 

individual rows was calculated. The uniformity of solar 

irradiance (u) was calculated according to the following 

formula: 

𝑢 =
𝐼𝑚𝑖𝑛
𝐼𝑚𝑎𝑥

(1) 

where Imax and Imin are the maximum and minimum solar 

energy densities on individual rows of solar panels, 

respectively. 

The nonuniformity (nu) of solar flux density was 

determined using the Wang et al. (G. Wang et al. 2019) 

formula: 

𝑛𝑢 =
𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛
𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛

(2) 

Figure 4 Uniformity (u) and non-uniformity (nu) of 

solar radiation obtained in the rows of PV panels 

Figure 4 presents the uniformity and nonuniformity 

calculated based on the total annual solar radiation for 

individual rows. The highest uniformity was obtained for 

wider urban canyon (H/W=0.75) for all cases, in the 

range of 0.85 to 0.90. The uniformity for remaining cases 

(H/W = 2.0) was at the level of 0.53-0.58. The 

nonuniformity distribution is opposite, as can be seen in 

the graph. The differences in solar radiation in individual 

rows are smaller for wider streets (H/W=0.75) because 

the effects of shading and interreflections are less 

significant. In narrow streets (H/W=2.0) these effects are 

more significant and result in a higher discrepancy of the 

solar radiation distribution. 

The impact of different elevation optical properties on 

total annual solar radiation is presented in Figure 5 for 

the ground defined as greenery. Whereas the influence 

of ground characteristics with consideration of fully 

glazed elevation is shown in Figure 6.  

a)

b)

Figure 5 Solar radiation for different elevation surface 

properties for a) H/W=0.75, b) H/W=2.0 

Considering the results, the difference between the solar 

radiation calculated for the lowest (0-1) and highest (8-

9) rows is more significant for the narrow canyon

(H/W=2.0) with a difference of about 3 MWh. The

results obtained for row 9 are similar for both H/W

ratios. The differences determined for cases

characterized by different H/W ratios are the results of

high differentials of solar radiations obtained at lower

rows. Furthermore, the results presented in Figures 5 and

6 indicated the impact of elevation is more significant

than the influence of the characteristics of the ground

independently of the H/W ratio. The differences between

solar radiation for Ca, Cb, and Cc cases (Figure 5) are

greater than for cases Aa, Ba, and Ca (Figure 6). The

variances are noticeable, especially for rows located near

the ground.
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a)

b)

Figure 6 Comparison of solar radiation for different 

ground surfaces for a) H/W=0.75, b) H/W=2.0 

Subsequent part of solar radiatio analysis was performed 

for selected day with the highest horizontal solar 

radiation at the location considered – 27.05. For the 

selected day, the maps of daily solar radiation and hourly 

uniformity/nonuniformity ratios were calculated. 

Example results for cases Ab (H/W=0.75) and Cc 

(H/W=2.0), characterized by the highest differential in 

hourly uniformity, are presented in Figures 7 and 8.  

The maps of daily solar radiation (Figure 7) show the 

significant differences in the distribution of solar 

radiation at the façade. The results for case Ab 

(H/W=0.75) are characterized by a more uniform 

distribution and higher solar radiation on the analyzed 

surface compared to case Cc (H/W=2.0). The same 

relationship was observed for the remaining cases 

assigned for the individual width of the urban canyon. 

Graphs in Figure 8 presents the relations between 

average, minimum, and maximum solar radiation 

determined for individual rows with the uniformity ratio. 

The differences in results for the afternoon hours 

between the case Ab (H/W=0.75) and Cc (H/W=2.0) 

show the variations in the solar radiation distribution for 

the considered urban geometry. The narrow street 

influence on the shadowing of part of the façade, 

resulting in the significantly lower minimum solar 

radiation since 13. 

Furthermore, the analysis of hourly results shows that the 

uniformity ratio is insufficient for the representation of 

the differential between hourly solar radiation of 

individual rows. The same uniformity at the level of 0.48 

was obtained for 8 and 13 hours in case Cc (H/W=2.0), 

whereas the difference between minimum and maximum 

solar radiation values was 0.51 and 5.35 kWh, 

respectively. 

a) 

kWh/m2 b)  

Figure 7 Maps of daily solar radiation for 27.05 cases 

a) Ab (H/W=0.75), b) Cc (H/W=2.0)

a) 

b) 

Figure 8 Solar radiation characteristic for rows for 

27.05 case a) Ab (H/W=0.75), b) Cc (H/W=2.0) 
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The second part of the analysis presented in the article 

was devoted to the study of impact of the different solar 

radiation distributions on PV performance. The results 

obtained for analyzed cases were compared to the basic 

case of BIPV façade without surrounding buildings. 

Table 2 shows the maximum decrease of the PV panel 

temperature and increase the power of the BIPV façade 

for individual cases compared to the basic case.  

Table 2 Maximum values of temperature decrease and 

power increase  

Temp. decrease [ᵒC] Power increase [W] 

H/W=0.75 H/W=2.0 H/W=0.75 H/W=2.0 

Aa 7.33 16.27 2.47 2.88 

Ab 6.87 16.04 1.80 2.32 

Ac 7.6 16.64 1.44 1.75 

Ba 7.31 16.21 2.44 2.92 

Bb 7.13 15.99 1.81 2.28 

Bc 7.53 16.7 1.42 1.73 

Ca 7.58 16.33 2.43 2.91 

Cb 7.28 15.75 1.96 2.19 

Cc 7.6 16.74 1.45 1.75 

The temperature decrease was calculated as the 

difference in the temperature of the photovoltaic panel 

between the considered and the basic case. The decrease 

indicates the lower PV temperature for cases in urban 

surroundings compared to the base. The increase in 

photovoltaic temperature was also observed for urban 

cases, but at the lower level (the maximum delta was 

2.4°C) therefore consideration of temperature increase 

was not included in the analysis. Furthermore, the BIPV 

temperature in an urban environment should be analyzed 

taking into account the heat island effect neglected in the 

first part of the calculations. 

The power increase was calculated as a ratio of the power 

of the individual case to the power of the basic case. The 

temperature decrease and power increase were 

determined for hourly results over the year. The 

temperature decrease is significantly higher for cases 

with narrow streets (H/W = 2.0), the average value is 

equal to 16.3°C, compared to a wider urban canyon 

(H/W=0.75) with a mean decrease at the level of 7.3°C. 

The maximum temperature decrease was obtained for 

the lowest row (nr 0). The temperature differences then 

gradually reduce to average 1ᵒC in the highest row (nr 

9). The increase in power is similar for both urban 

canyon geometry with an average growth at the level of 

1.9 for cases with H/W=0.75 and 2.3 for H/W=2.0. The 

maximum increase was observed in row 1 for cases with 

H/W=0.75 and in row 4 for cases with H/W=2.0 

indicating the impact of surrounding buildings on the 

BIPV façade. The maximum single increase was 

observed for the case Ba (H/W=2.0) at the level of 2.91 

during 23.07. Subsequent figures 9 and 10 present the 

total power as well as power increase on this day for 

individual rows for the Ba (H/W=2.0) and basic case.  

Figure 9 Power from the BIPV façade during 23.07 for 

the urban canyon H/W=2.0 Ba and basic cases 

Figure 10 Power increase for individual rows during 

23.07 for case Ba H/W=2.0 

In the morning hours (8-11 hours) the power of the BIPV 

façade was slightly higher than for the basic case 

(maximum increase equal 0.62 kW), as a result of 

additional reflected solar radiation from surrounding 

buildings. In the mentioned hours the power increase is 

highest during the day with a maximum value for row nr 

4 positioned in the middle of the façade. However, for 

the remaining hours the power for the basic case is 

higher, even about 5.2 kW higher because of the shading 

effect in built area. The highest decrease was observed 

for the lowest rows as shown in Figure 10.  

The last Figure 11 presents the total energy lost 

determined based on the total energy of the rows of 

individual cases in comparison to the basic case. The 

energy decrease for BIPV facades located in wide urban 

canyons is at the level of 0.88 for the lowest row (nr 0) 

with a gradual increase to 1.0 for the highest row (nr 9). 

The same trend was observed for the narrow street, 

whereas the value for the lowest row is equal to 0.56. The 

highest differences between minimum and maximum 
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energy were pointed for narrow urban canyon and low 

rows.  

Figure 11 Total power increase characteristics for 

individual rows for a) H/W=0.75, b) H/W=2.0 

Conclusion 

A detailed analysis of solar radiation in environment of 

urban canyons with consideration of the shading effect 

and reflected solar radiation from the surrounding was 

presented in the paper. The differences in the solar 

radiation distribution at the considered BIPV façade 

between a wide and narrow urban canyon were observed. 

In the narrow urban canyon, the effects of shading and 

interreflections are significantly higher, which result in 

lower uniformity and lower total solar radiation. These 

effects also influence the performance of the BIPV 

façade by minimizing the total energy generated by the 

photovoltaic panels but also decreasing the façade 

temperature. The effect of decreasing the power of PV 

panels is observed especially in rows near the street. On 

the other hand, on sunny days, during morning hours, a 

small increase in power was observed caused by 

additional reflected solar radiation from surrounding 

buildings. In the wide urban canyon, the impact of 

surrounding buildings is lower for solar radiation 

distribution. Furthermore, the impact of different optical 

properties of surrounding buildings and ground surfaces 

was also considered in the study. However, the influence 

of these parameters was less significant on the total solar 

radiation and the performance of the BIPV façade for 

both urban canyons cases. 

An extension of the presented analysis may be the study 

of solar radiation distribution for different orientations of 

urban canyons, different geographic locations, or taking 

into account the heat island effect in the urban 

environment. 
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