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ABSTRACT: Photovoltaics (PV) are promoted as an environmentally friendly alternative to carbon intensive energy 

sources, however, typical installations require expansive land-use. Building-integrated and building-applied 

photovoltaics (BIPV and BAPV) minimize this impact by use of pre-existing and non-productive surfaces for module 

installation. In these environments higher operating temperatures are expected because of reduced rear-side 

ventilation, which will have an impact on performance both instantaneously and in the long-term (i.e. reliability). A 

test station of 18 modules mimicking typical topologies for BIPV and BAPV was constructed in Neuchâtel 

(Switzerland) to monitor the thermal behavior of modules for validation of temperature predictions and modelling of 

degradation. Back-of-cell and back-of-module temperatures were measured by integrated thermocouples, and three 

factors were explored, including 1) module glass thickness (3.2-mm and 6-mm); 2) insulation (insulated, close-roof, 

and open-rack); and 3) inclination (0°, 45°, and 90°). Insulated and slope-mounted modules experienced the highest 

average temperatures and diurnal temperature differences across the year, though seasonal variations and other 

nuances were observed. Once long-term data sets are obtained, they will be utilized to validate temperature 

calculation models and model thermal and photothermal degradation of PV modules. 

Keywords: BIPV, temperature, performance, reliability 

 

 

1 INTRODUCTION 

 

 Agriculture and forestry dominate land-use is many 

parts of the world and space demands for photovoltaics 

(PV) can place strain on the current balance.[1] In that 

context, building-integrated and building-applied 

photovoltaics (BIPV and BAPV) make use pre-existing 

and non-productive surfaces (e.g. rooftops, façades, 

windows) to generate electricity, and are one of the most 

rapidly growing segments of the PV market.[2] However, 

many challenges exist for the implementation of BIPV 

and BAPV, one of which is the unique operational 

environment of the modules, in which they can 

experience elevated temperatures and temperature 

variations due to reduced rear-side ventilation.[3]–[8] 

 Solar cell temperature has a direct effect on its 

operating characteristics.[4], [9]–[13] For crystalline 

silicon, a large increase in temperature will lead to a 

moderate decrease in voltage, and slight increase in 

current. Beyond instantaneous performance effects, 

higher temperatures accelerate degradation of modules, 

especially of their metallic and polymeric 

components.[5], [14] Thus, lower operating temperatures 

are generally preferable. There are existing models which 

use meteorological inputs to predict cell temperatures, 

such as those developed by King and Faiman.[10], [15], 

[16] These and similar models use empirically 

determined coefficients for temperature calculation, 

however, they were mostly developed for open-rack 

mounted modules, and modification and validation of 

these models with long-term time series of real-world 

data are necessary to improve their accuracy for BIPV 

and BAPV modules.[4], [5], [8], [9]  

 In recent years it was recognized that some modules 

(e.g. BIPV) may operate at temperatures above those 

used in the module qualification and safety tests of IEC 

61215 and 61730. This motivated development of IEC 

TS 63126, entitled “Guidelines for qualifying PV 

modules, components and materials for operation at high 

temperatures”. This technical specification modifies 

module tests based on two higher temperature regimes 

which are determined by 98th percentile operating 

temperatures. In addition to elevated temperatures, the 

diurnal temperature differences are expected to be larger 

for BIPV and BAPV modules, which would in turn 

increase the thermomechanical stresses to which a 

module is subjected. Real-world module temperature data 

are needed to define these conditions for modules, and 

can also be used to model module degradation in 

different topologies. This would include thermal aging 

and cycling of solar cell interconnects or photothermal 

degradation of module encapsulants and backsheets.[5], 

[14] 

 In this work cell and module temperature monitoring 

data, including 98th percentile values, diurnal 

differences, distributions, and daily profiles, are reported 

for 18 different module configurations, including glass 

thicknesses, insulations, and inclinations. Two glass 

thicknesses were used for module fabrication, including 

standard 3.2-mm glass and thicker 6-mm glass. Three 

types of insulation were used, based on definitions from 

IEC TS 63126, including insulated or “BIPV-like”, close-

roof or “BAPV-like”, and reference open-rack modules. 

Three inclinations were chosen for monitoring, horizontal 

(0°), sloped (45°), vertical (90°), mimicking typical 

orientations for BIPV and BAPV modules. Insulated and 

sloped modules experienced the highest average 

operating temperatures year-round. Seasonal effects and 

other characteristics specific to particular configurations 

are also reported. Similar stations will later be installed in 

different locations across Europe to add the dimension of 

climate to the study. Acquisition of long-term datasets for 

each unique topology will set the basis for validating 

various module temperature models and to model module 

degradation. These will enable more accurate prediction 

of module performance and reliability when integrated or 

applied to the building envelope. 

 

2 EXPERIMENTAL 

 

 In total 36 temperature data streams were created, 

summarized in Table I. Single cell c-Si (Al-BSF) 

modules with a glass/glass superstrate/substrate structure 

were fabricated with an ethylene-vinyl acetate (EVA) 

encapsulant. Two type K thermocouples were laminated 

with each module, one behind the cells (“cell 

temperature”), embedded into the encapsulant, and one 

behind the substrate (“module temperature”), laminated 
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Table I. Summary of thermocouple locations and module 

configurations in the test station. 

 
 

with an ethylene tetrafluoroethylene (ETFE) film onto the 

back glass. Two types of modules were made, one with 

standard 3.2-mm thick PV glass, and one with 6-mm 

thick PV glass. Thicker glass is sometimes utilized in 

BIPV modules where regulatory and structural 

requirements are different than for field-mounted 

modules. Each cell was connected to two 0.1 Ω resistor, 

so that they operated between open circuit voltage and 

short circuit current conditions, at roughly the maximum 

power point. 

 An aluminum frame structure (Figure 1) was used to 

mount modules with three types of insulation, including 

insulated or “BIPV-like”, with a <1 cm gap between the 

module and insulation (12 cm thick polyurethane foam), 

close-roof or “BAPV-like”, with a 5 cm gap between the 

module and insulation (Figure 1b), and 3) reference open-

rack mounting, with no insulation.[17] Modules were  

 

 
Figure 1. Front- (a) and side-views (b) of the temperature 

monitoring station. Dimensions in (b) indicate insulation 

thickness and air gap for the close-roof configuration. 

 

mounted at three different angles of inclination, including 

horizontal (0°), sloped (45°), and vertical (90°). 

Temperature data were acquired by an Agilent 34970A 

data acquisition switch unit at 5 minute intervals. 

Monitoring was intermittent during 2019, and continuous 

since 2020. The data presented in the results are from 

different time periods, as indicated in respective figures. 

 Finally, in addition to cell and module temperatures, 

four types of meteorological data were acquired: 1) solar 

irradiance; 2) air temperature; 3) wind speed and 

direction; and 4) 2) relative humidity (RH). For 

irradiance, spectrally flat Class A pyranometers (ISO 

9060:2018) were mounted alongside the structure for 

each inclination (0°, 45°, and 90°). 

 

3 RESULTS AND DISCUSSION 

 

 98th percentile temperature and average daily 

temperature change for all module configurations are 

shown in Figure 2 for the summer of 2020 (June-August). 

Generally, as discussed in greater detail below, during 

summer the insulated modules with horizontal and sloped 

mounting experienced the highest temperatures and 

diurnal differences. A cursory analysis of the less 

complete data for a full year (not shown) indicated that 

the insulated and sloped modules consistently 

experienced the highest average temperatures year-round. 

 

3.1 Cell and module temperature 

 The temperature differential between the interior and 

exterior of the modules (i.e. cell and module 

temperatures) was mostly insignificant for insulated 

modules, as seen in Figure 2a and 3a. For close-roof and 

 

 
Figure 2. 98th percentile cell and module temperatures 

(a) and average diurnal temperature difference (b) for all 

module configurations. For each insulation type the left 

data points represent the module with thin glass, and the 

right data points represent modules with thick glass. 

Some cell and temperature data points overlap, most 

notably for insulated configurations. Data are from 

summer 2020. 
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open-rack configurations the cell temperature was 

typically 1°C to 4°C warmer than the module temperature 

during the day. For the insulated mounting the rear-side 

ventilation and hence heat transfer is reduced, which is 

largely responsible for the more uniform temperature 

distribution between the solar cell and module.[18] 

 

3.2 Glass thickness and temperature 

 For both cell and module temperature the 6-mm glass 

modules were 1°C to 2°C warmer than the 3.2-mm glass 

modules for all configurations during the day (data not 

shown). The higher thermal mass of the thick glass is 

suspected to cause this difference. Other work has also 

shown slightly elevated temperatures for modules 

manufactured with back covers that have higher thermal 

mass, for example glass versus polymer backsheet.[12] 

 

3.3 Insulation and module temperature 

 The degree of insulation (insulated, close-roof, open-

rack) had the strongest overall impact on cell and module 

temperatures. Shown in Figures 2 and 3, the difference in 

average daytime temperature between insulated and open-

rack mounting was up to 12°C. In the non-summer months 

this difference was reduced (e.g. Figure 3b). The close-roof 

configuration resulted in slightly elevated temperatures 

compared to the open-rack mounting. During summer 

2020 for 6-mm glass and 45° inclination, the 98th 

percentile cell temperature for the insulated module was 

56°C, compared to 47°C for the open-rack module. 

 

3.4 Inclination and temperature 

 Throughout the year the sloped module (45°) had the 

highest average temperature, however, a seasonal 

dependence was observed for different inclinations. 

 

 
Figure 3. Cell and module temperature distribution for 

open-rack and insulated modules (summer) (a), and cell 

temperature for different types of module insulation 

(spring) (b). 

Inclination has the greatest impact on insolation of the 

modules, and for a short period around the summer 

solstice the horizontal modules (0°) tended to be hottest 

of all inclinations because solar zenith was near its peak 

(Figure 4a). Conversely, the vertical modules (90°) were 

warmest of all modules around the winter solstice when 

solar zenith was lowest (Figure 4b). This behavior was 

noted for a short time period around the solstices, then 

the sloped modules became again the warmest modules, 

because the 45° angle is a compromise to maximize 

annual insolation (note that the latitude of Neuchâtel is 

47° N). 

 

3.5 Daytime and nighttime temperature 

 Data presented above include temperatures recorded 

at both daytime and nighttime, which showed insulated 

modules were warmer on average than open-rack 

modules. However, in Figure 3 it can be seen that the low 

temperature distribution was notably different for 

insulated modules. This was in fact a real trend for 

insulated modules, and a closer look at a daily 

temperature profile, Figure 5, shows that at nighttime the 

insulated modules were consistently cooler than the other 

modules, by up to 2°C, and nearly reach the nighttime 

ambient air temperature (13°C in this example). This was 

due to radiative cooling of the modules, and the 

horizontally mounted modules were coolest at night, 

because they have the largest view factor of the 

atmosphere.[4], [19] Once the irradiance increased above  

a certain level, the insulated modules were again warmer 

than the open-rack modules. While this lower 

temperature occurs during non-productive hours, it 

contributed to an increased daily maximum temperature 

and therefore diurnal thermal cycling stresses. 

 

 
Figure 4. Daily cell temperature profiles for different 

inclinations around the solstices in summer (a) and winter 

(b) for insulated modules with a thick-glass construction. 
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Figure 5. Daily profile of module temperature and 

irradiance for horizontally mounted modules with thick 

glass. Dashed lines indicate intervals when radiative 

cooling causes the insulated modules to be cooler than 

the open-rack modules. 

 

4 CONCLUSIONS 

 

A PV cell and module temperature monitoring test 

bed with 18 different module topologies has been 

installed in Neuchâtel (Switzerland). Three major factors 

influencing operating temperature were examined, 

including glass thickness, insulation, and inclination. 98th 

percentile cell temperatures were slightly higher than 

module temperatures (1-4°C) except for the insulated 

modules. Thick-glass constructions lead to a slightly 

higher temperature (1-2°C) than thin-glass modules. 

Insulation had the greatest overall effect on temperature, 

leading to up to a 12°C difference between insulated 

(BIPV) and open-rack mounting configurations during 

summer. The impact of inclination varied seasonally, 

with the horizontal (0°) and vertical (90°) modules being 

the warmest around the summer and winter solstices, 

respectively. However, the sloped (45°) modules were 

the warmest on average throughout the year. 

Once long-term data sets are obtained these data will 

be utilized to validate solar cell temperature models and 

model PV module degradation (e.g. thermal cycling or 

photothermal effects). Through improved understanding 

of the operational environment of BIPV and BAPV 

modules designs and predictions for performance and 

reliability can be advanced. This will allow increased 

penetration levels for these PV applications, and reduce 

land-use requirements for a transition to renewable 

energy systems. 

 

5 ACKNOWLEDGEMENTS 

 

Authors acknowledge support from Ana Martins, 

Lionel Bloch, Aymeric Schafflützel, and Xavier Niquille 

in construction and commissioning of the test bench. 

Authors acknowledge financial support from the 

European Commission in the framework of the H2020 

Be-Smart project (grant agreement #818009). 

 

6 REFERENCES 

 

[1] S. Nonhebel, “Renewable energy and food supply: 

will there be enough land?,” Renew. Sustain. Energy 

Rev., vol. 9, no. 2, pp. 191–201, Apr. 2005, doi: 

10.1016/j.rser.2004.02.003. 

[2] G. Masson and I. Kaizuka, “Trends in Photovoltaic 

Applications 2019,” IEA PVPS T1-36:2019, 2019. 

Accessed: Jan. 27, 2020. [Online]. Available: 

https://www.dropbox.com/s/t6j1vw8dmd05kv6/Iea-

pvps_report_2019.pdf?dl=0. 

[3] A. Chatzipanagi, F. Frontini, and A. Virtuani, “BIPV-

temp: A demonstrative Building Integrated Photovoltaic 

installation,” Appl. Energy, vol. 173, pp. 1–12, Jul. 2016, 

doi: 10.1016/j.apenergy.2016.03.097. 

[4] M. Koehl, S. Hamperl, and M. Heck, “Effect of 

thermal insulation of the back side of PV modules on the 

module temperature: Effect of thermal insulation of the 

back side of PV modules on the module temperature,” 

Prog. Photovolt. Res. Appl., vol. 24, no. 9, pp. 1194–

1199, Sep. 2016, doi: 10.1002/pip.2773. 

[5] S. Kurtz et al., “Evaluation of high-temperature 

exposure of photovoltaic modules,” Prog. Photovolt. Res. 

Appl., vol. 19, no. 8, pp. 954–965, Dec. 2011, doi: 

10.1002/pip.1103. 

[6] S. Dittmann, T. Friesen, F. Frontini, and U. Wolfer, 

“MODULE CHARACTERISATION OF A ROOF 

INTEGRATED PV SYSTEM AFTER A 12-YEARS 

OPERATION PERIOD IN THE SWISS MIDLANDS,” 

p. 4, 2015. 

[7] M. J. Ritzen, Z. A. E. P. Vroon, R. Rovers, and C. P. 

W. Geurts, “Comparative performance assessment of a 

non-ventilated and ventilated BIPV rooftop 

configurations in the Netherlands,” Sol. Energy, vol. 146, 

pp. 389–400, Apr. 2017, doi: 

10.1016/j.solener.2017.02.042. 

[8] Y. B. Assoa et al., “Thermal analysis of a BIPV 

system by various modelling approaches,” Sol. Energy, 

vol. 155, pp. 1289–1299, Oct. 2017, doi: 

10.1016/j.solener.2017.07.066. 

[9] E. Skoplaki, A. G. Boudouvis, and J. A. Palyvos, “A 

simple correlation for the operating temperature of 

photovoltaic modules of arbitrary mounting,” Sol. Energy 

Mater. Sol. Cells, vol. 92, no. 11, pp. 1393–1402, Nov. 

2008, doi: 10.1016/j.solmat.2008.05.016. 

[10] D. L. King, W. E. Boyson, and J. A. 

Kratochvill, “Photovoltaic array performance model.,” 

SAND2004-3535, 919131, Aug. 2004. doi: 

10.2172/919131. 

[11] T. Nordmann and L. Clavadetscher, 

“Understanding temperature effects on PV system 

performance,” p. 4. 

[12] T. Sample and A. Virtuani, “Modification to 

the Standard Reference Environment (SRE) for Nominal 

Operating Cell Temperature (NOCT) to Account for 

Building Integration,” p. 6, 2009. 

[13] M. W. Davis, A. H. Fanney, and B. P. 

Dougherty, “Prediction of Building Integrated 

Photovoltaic Cell Temperatures,” J. Sol. Energy Eng., 

vol. 123, no. 3, pp. 200–210, Aug. 2001, doi: 

10.1115/1.1385825. 

[14] M. D. Kempe and J. H. Wohlgemuth, 

“Evaluation of temperature and humidity on PV module 

component degradation,” in 2013 IEEE 39th Photovoltaic 

Specialists Conference (PVSC), Tampa, FL, USA, Jun. 

2013, pp. 0120–0125, doi: 10.1109/PVSC.2013.6744112. 

[15] D. Faiman, “Assessing the outdoor operating 

temperature of photovoltaic modules,” Prog. Photovolt. 

Res. Appl., vol. 16, no. 4, pp. 307–315, Jun. 2008, doi: 

10.1002/pip.813. 

[16] A. Q. Jakhrani, A. K. Othman, A. R. H. Rigit, 

and S. R. Samo, “Comparison of Solar Photovoltaic 

Module Temperature Models,” p. 8, 2011. 

[17] A. Martins, V. Chapuis, A. Virtuani, and C. 

37th European Photovoltaic Solar Energy Conference and Exhibition

1755



Ballif, “Monitoring the Outdoor Operating Temperature 

of Glass-Free Lightweight Solar Modules for Building 

Integrated Photovoltaics,” presented at the 36th European 

Photovoltaic Solar Energy Conference and Exhibition, 

2019, Accessed: Jan. 27, 2020. [Online]. Available: 

https://www.eupvsec-

planner.com/presentations/c48157/monitoring_the_outdo

or_operating_temperature_of_glass-

free_lightweight_solar_modules_for_building_integrated

_photovoltaics.htm. 

[18] M. Jankovec and M. Topič, “Intercomparison 

of Temperature Sensors for Outdoor Monitoring of 

Photovoltaic Modules,” J. Sol. Energy Eng., vol. 135, no. 

3, p. 031012, Aug. 2013, doi: 10.1115/1.4023518. 

[19] L. Zhu, A. Raman, K. X. Wang, M. A. Anoma, 

and S. Fan, “Radiative cooling of solar cells,” Optica, 

vol. 1, no. 1, p. 32, Jul. 2014, doi: 

10.1364/OPTICA.1.000032. 

 

37th European Photovoltaic Solar Energy Conference and Exhibition

1756


