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Abstract 

We defined building integrated photovoltaic stuck on 3 

different constructions: concrete, polystyrene and metal 

plate. A combined thermo-power flow model was used 

to analyze and compare the panel performance for five 

different locations characterized by a different latitude 

along Europe. The model was defined in ESP-r and we 

used weather data from TMY (Typical Meteorological 

Year). The difference obtained in panel efficiency versus 

temperature was around 1% despite different building 

locations. The highest overheating and overcooling were 

observed for PV-ETICS and PV-steel constructions, 

while the PV-concrete case was characterized by fewer 

yearly temperature fluctuations. The effect of thermal 

inertia is visible for temperatures above 60C in summer, 

which is not exceeded by PV-concrete despite location. 

Finally, the risk of acceleration of ageing due to working 

in temperatures above 80C is possible in temperate 

climate with high irradiation (Athens). 

Introduction 

Façade-Integrated Photovoltaic (FIPV), also recognized 

as a kind of Building-Integrated Photovoltaic (BIPV), is 

becoming more and more popular among architects, 

although with unfavorable limitations in geometry, 

construction, and solar energy availability. Due to the 

vertical position, the overall energy performance of 

façade photovoltaic is much lower than in the case of 

roof or free-standing installations (Sarkar, Kumar, and 

Sadhu 2020). Traditional FIPVs are based on stiff, 

mainly glass panels built into ventilated rain screen 

cladding systems (Biyik et al. 2017). Such a solution 

requires additional metal sub-construction and is mainly 

limited to rectangular shape of panel elements but not 

restricted in the color design (Xiang et al. 2021). The 

new idea proposed and described in that paper is the 

direct implementation of flexible photovoltaics in the 

construction of the exterior wall. Taking into account the 

structure and thickness of flexible PV, as the well as 

possible coloring of the final product (Xiang, Green, and 

Matusiak 2021) the proposed solution can be much more 

aesthetic and cost effective compared to traditional 

FIPV. Moreover, these forms of application seem to be 

easier adaptable and applicable on non-flat surfaces than 

the traditional one; however, the thermal performance of 

the system can be problematic in case of periodic 

overheating (D Heim et al. 2021). Therefore, the thermal 

inertia of the wall adjacent to the PV panel influences its 

temperature, impact on the energy performance and total 

service life. The intensity of the ageing effect should be 

considered multivariable including both hygrothermal 

and mechanical effects. 

The direct paste of thin, light, and elastic panels to 

building construction is a relatively new issue with a 

great potential of application from buildings to any type 

of engineering structures, e.g., tanks, bodies, curtain 

walls. The bearing surface is mainly made from metal or 

concrete, however, in the case of buildings the external 

wall can be made from wood, ceramic, glass, bitumen, 

or polystyrene covered by a thin layer of cement plaster. 

The most popular among others are metal, concrete, and 

even polystyrene, which represents thermally insulated 

wall. The type of inner construction and its heat capacity 

effects on thermal inertia and possibly overheating of PV 

panels. In case of non-ventilated BIPV the solar energy 

absorbed by the panel and not converted into electricity 

(up to 90%) can be effectively reradiated to external 

environment or stored in building fabric. 

The main goal of the paper is a thermal analysis of the 

walls with surface stuck flexible PV integrated with 

different type of bearing surface. The numerical model 

was developed in ESP-r as a coupled of both: heat and 

power flow within building domain (Clarke and Kelly 

2001). Three cases studied here differ in thermal mass 

and insulation level from the internal environment. We 

considered very high thermal mass construction 

(concrete) and two low thermal mass (metal sheet and 

thin cement plaster). 

The modeling and simulation of surface stuck PV is a 

relatively new issue and was considered by (Dariusz 
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Heim et al. 2021). However, a similar effect was 

identified for PV/T (photovoltaic/thermal) installations 

(Chwieduk and Bigorajski 2018). Due to avoid panel 

overheating and stabilize electricity production, 

additional passive and active techniques were used. 

(Abd-Elhady, Serag, and Kandil 2018) proposed a round 

perforation in the underlayer of traditional PV. In case of 

a PV / T transpired collector, the cooling of the inner 

surface was carried out by air flow infiltrated through 

perforated metal cladding (Rounis, Athienitis and 

Stathopoulos 2021). The comprehensive review of air-

based PV/T and BIPV/T systems was done by (Rounis, 

Athienitis, and Stathopoulos 2021). Water as a cooling 

medium was, among others, used by (Navakrishnan et al. 

2021) and studied numerically in case of cooling through 

thin and thick cooling cross-fined channel box. (Kim, 

Kim, and Kim 2021) proposed the PV/T collector with 

high thermal conductivity absorber plates to extract more 

heat from the PV module. However, all three cases 

studied in this paper are considered passive cooling and 

differ from the standard PV/T system. 

Surface stuck flexible PV 

We consider three constructions of surface stuck PV 

panels presented in figure 1. We considered direct 

integration of PV by sticking to the following bases: a) 

very low thermal mass - polystyrene, b) very high 

thermal mass - concrete wall, c) thermally mitigated and 

semi-controlled – thin metal plate. 

The PV on ETICS (External Thermal Insulation 

Composite System) presented in figure 1a are an 

example of direct application of the PV panel on 

insulation (mainly polystyrene) in the case of residential 

or public buildings. Cases PV on concrete or PV on steel 

represents rather building structures e.g., tanks, silos, 

granaries, or any walls of warehouse building. For the 

metal plate, the surface can be directly laminated by a 

PV panel and reinforced glue is not required. Thermally, 

all three cases are characterized by a different thermal 

response. PV on ETICS represents low thermal mass and 

is highly insulated from the internal environment. The 

heat balance of the outer layer is determined by an 

external condition. The case of photovoltaic on concrete 

is characterized by a high thermal mass and heat 

exchange with the internal environment. The thermal 

insulation of this component is much lower than in case 

PV on ETICS. The photovoltaic on metal plate is 

characterized by very low thermal mass but also with 

increased heat exchange between the PV panel and air 

on both sides (inner and outer) of the wall. It is expected 

that during the entire year the overall productivity would 

differ for individual cases due to thermal conditions. The 

thermal response of each individual construction was 

determined using modelling techniques under different 

climate conditions across Europe. Moreover, we 

estimate the risk of overheating above different 

temperatures e.g., 85C which is considered as a 

maximum operating temperature for many types of PV. 

 [W/mK]  [kg/m3] cp [J/kgK] 

Concrete 2.3 2300 1000 

Mortar 1.0 1800 1000 

EPS 0.036 25 1450 

Reinf. glue 1.0 1800 1000 

PV 0.19 1200 1470 

Steel 50.0 500 7800 

Figure 1 Three cases of surface stuck PV, a) PV on 

ETICS, b) PV on concrete, c) PV on metal plate 

Numerical approach and boundary 

conditions 

We analysed the thermal and electrical performance of 

BIPV under the weather conditions of TMY for five 

different locations in Europe from north to south. We 

Ti Te 

Ti Te 

Ti Te 

© 2022 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, 
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

127



analysed the following cities: Tallin, Lodz, Bratislava, 

Bucarest and Athen (figure 2). The characteristic climate 

data is presented in table 1. The indoor boundary 

conditions were assumed as an uncontrolled (free 

floating) which corresponds to the external air 

temperature without any additional heat gains. 

Figure 2 The location of analyzed cities in Europe 

Table 1 Characteristic for selected locations 

City name Latitude 

[deg] 

Sunshine 

[h/year] 

Climate 

zone* 

Tallin 59.4 1923 EL 

Lodz 51.8 1734 EM 

Bratislava 48.2 2038 DM 

Bucharest 44.4 2115 DM 

Athens 38.0 2773 DH 

* according to Köppen-Geiger-Photovoltaic climate

classification, EL – cold with low irradiation, EM – cold

with medium irradiation, DM – temperate with medium

irradiation, DH – temperate with high irradiation

(Ascencio-Vásquez, Brecl, and Topič 2019).

Calculations were carried out throughout the year using 

60-minutes time step. All cases of wall-stuck

photovoltaics were modelled in ESP-r as multilayer

construction. It was assumed that all systems are

installed on the south-facing wall. In the simulations, a

ground albedo of 0.2 was used as the default value.

The power output was determined according to the 

formula of the WATSUN-PV model implemented in the 

ESP-r as a one-diode model and validated (Mottillo et al. 

2006). The model takes into account the temperature 

dependence of the short-circuit current and open-circuit 

voltage (Clarke and Kelly 2001). 

Results 

The results of the power production of the PV panels 

obtained for different locations are very similar (figure 

3). Characteristic differences can be identified for higher 

irradiance, which is limited in norther latitudes. The 

maximum difference between Tallin and Athens is 

around 100 W/m2. For all locations, the highest 

performance was obtained for PV-concrete and the 

lowest for PV-ETICS. The maximum differences in 

power production do not exceed 30 W/m2. The annual 

averaged performance of the panels differs between PV-

ETICS and PV-concrete at the level of 1% for all cities 

and is slightly higher for the south locations (table 2). 

Detailed comparison of different constructions for one 

location (Bratislava) is presented in figure 4. The 

calculated decrease in efficiency was between 0.3-

0.4%/10 K depending on the construction. 

The detailed results of panels efficiency versus 

temperature in case of PV-ETICS are presented in figure 

5. Each dot represents the average efficiency calculated

for each temperature. The dots spacing for very low and

very high temperatures is an effect of a low number of

records. The difference in efficiency between individual

locations is invisible and characteristic for all cities are

similar. For the whole range of working temperature, the

differences are between 2-3%. The detailed calculations

showed that the higher decrees in efficiency 0.4%/10 K

are for Lodz and the lowest 0.2%/10 K for Tallin. For

Bratislava, Bucharest and Athens we obtained efficiency

dropped down at the level of 0.3%/10 K.

The effect of panel temperature on power production is 

visible in energy production (figure 6). The difference 

between selected locations is the effect of different total 

annual irradiation, while the difference between 

constructions revelled the effect of panel temperature. 

According to the results of panel efficiency (figure 4) the 

highest productivity was obtained for PV-concrete 

caused by higher thermal inertia, resulting in lower 

overheating of PV panels. The annual differences are 

around 4-6% (depending on the locations) compared to 

other constructions. For PV-ETICS and PV-steel, the 

results are almost the same. 

The effect of different constructions on the working 

temperature range is directly visible in figure 7. The 

working temperature range is the narrowest in PV-

concrete case (T=40 K) when maximum temperature 

does not exceeded 60C (50C for Tallin and Lodz). The 

dominant temperature range depends on the locations 

and is 0-10C for Tallin and Lodz, 20-30C for 

Bratislava and 30-40C for Bucharest and Athens. In the 

case of PV-ETICS and PV-steel, the noticeable 

differences are visible at high temperatures due to 

overheating. The maximum temperature even exceeded 

90C for single hours during a year. For Athens and 

Bucharest, the number of hours above 80C is significant. 
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Figure 3 Power generation under different solar 

irradiance for 3 constructions and 5 locations 

Table 1 Annual averaged efficiency of solar energy 

conversion 

City 

name 

PV-ETICS 

[%] 

PV-concrete 

[%] 

Difference 

[%] 

Tallin 13.9 14.9 1.0 

Lodz 14.3 15.2 0.9 

Bratislava 13.7 14.8 1.1 

Bucharest 13.8 14.9 1.1 

Athens 13.4 14.6 1.2 
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Figure 4 The effect of temperature on panel efficiency 

for different construction in Bratislava 

Figure 5 The effect of temperature on panel efficiency 

for PV-ETICS 

Figure 6 Energy production for selected locations 

Table 2 Number of hours when PV panels are above 

given temperatures [h/year] 

Location  
Temperature 

[C] 

PV-

ETICS 

PV-

CONC. 

PV-

STEEL 

Tallinn 

>45 657 32 582 

>65 183 0 67 

>85 7 0 0 

Lodz 

>45 440 19 379 

>65 56 0 20 

>85 2 0 0 

Bratislava 

>45 986 97 912 

>65 220 0 87 

>85 8 0 0 

Bucharest 

>45 1080 139 1066 

>65 313 0 200 

>85 27 0 2 

Athens 

>45 1727 485 1690 

>65 649 0 389 

>85 55 0 2 

Based on the results for all locations we can conclude 

that the working temperature range for PV-ETICS and 

PV-steel is two times bigger (T=80 K) in comparison 

to PV-concrete. This can influence panel ageing, as well 

as mechanical crack formations between panel and 

supporting layer. In case of ETICS, the risk of crack 

formation caused by temperature and moisture content 

was analysed by (Volkova et al. 2021). The exact 

number of hours above 45, 65 and 85C respectively is 

presented in Table 2. For any locations, the highest 

number of overheating hours was obtained for PV-

ETICS. The exact temperature distribution for specific 

days in the year is presented in figure 8. The three 

specific days were selected due to the highest solar 

irradiation for a specific location and can represent 

different periods in the year. The individual results also 

confirmed the maximum temperature reduction for PV-

concrete compared to other constructions. What is more 

interesting is that the thermal inertia of concrete not only 

reduces pick temperature but also daily temperature 

fluctuations. The biggest effect is visible for Athens 

(figure 8c), when the diurnal range is 5 times higher for 

PV-ETICS and 3 times for PV-steel. 

The comprehensive description of possibly ageing effect 

was provided by (Kaaya et al. 2019) who proposed i) 

hydrolysis driven, ii) photo and iii) thermo-mechanical 

degradation. In all three cases, the driven force for 

degradation is temperature and the temperature 

difference. 
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Figure 7 Exploitation temperature range of PV panels 

for different constructions at 5 locations. 

Conclusion 

The results obtained for different locations showed the 

significant effect of different constructions on the 

exploitation temperatures of the PV panels. The 

overheating of PV panels slightly influences on averaged 

efficiency but can cause faster power degradation. The 

real effect of degradation should be investigated together 

with relative humidity and UV radiation to obtain the 

combined and estimate the life span of surface stuck, 

building integrated photovoltaics. 
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Figure 8 Daily temperature fluctuations (the day with 

highest irradiation) for different constructions of PV 

panels at 5 locations. 
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