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Abstract 

A significant amount of global energy consumption takes place in the built environment, with as collateral effect 

CO2-related climate change. One of the strategies to realize a significant CO2 reduction is by integrating 

photovoltaic modules in the building envelope (BIPV). Disadvantages of BIPV include a possibly lower energy 

output and a possibly decreased life span due to the lack of optimal cooling of the PV modules. Currently, 

cooling of PV modules is usually realized by passive back-string ventilation, which is under strain when 

integration PV modules in the building envelope. In this study, a comparative field study of BIPV is conducted 

in the field lab ‘The District of Tomorrow’ to generate insight into BIPV efficiency as a function of back-string 

ventilation. This paper presents a selection of the monitoring results of the realized system, consisting of 24 PV 

modules in 4 segments with a total of 6000 Wp output with different amounts of back-string ventilation. The 

measurements  indicate that in a moderate climate BIPV solutions without back-string ventilation result in 

increased operating temperatures, lower electricity output and condensation between PV modules and rooftop 

surface.  To  decrease relative humidity levels and operating temperatures to acceptable values, back-string 

ventilation is seen as an effective cooling medium in the presented field case. 

1 Introduction 

Between 1990 and 2005, global final energy consumption increased by 23%, while the associated CO2 

emissions increased by 25% [1]. This consumption is expected to grow by another 45% between 2002 

and 2025 [2]. Of this global energy consumption 20% to 40% is consumed in the built environment [3], 

of which more than 86% is based on fossil fuels [4]. Between 1995 and 2005, extraction of fossil fuels 

increased by 24% [5]. To lower overall energy consumption in the built environment and to lower 

dependency on fossil fuels, it has been agreed within the EU that all new buildings in 2020 have to be 

(nearly) zero-energy buildings (NZEB) [3, 6]. NZEB implies that all building related operating energy 

is generated on the building site itself by using renewable sources, calculated on a yearly basis [7, 8]. 

 

The building envelope plays a significant role in energy performance [9], as it provides the 

necessary space for the installation of active solar energy systems for energy generation [10] and 

influences the energy gains/losses through insulation values of opaque and transparent components.  

One of the solutions to provide the necessary energy in the building itself is by applying active 

solar energy-generating devices in the form of photovoltaic (PV) modules for electricity. In a PV 

system solar radiation is converted into electricity, which can be used in the building itself or can be 

fed into the electricity grid. As the energy received from the sun on the earth’s surface in one hour is 

equal to approximately one year’s energy needs for mankind [11, 12], we have the ability to fulfil our 

mailto:michiel.ritzen@zuyd.nl
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energy needs completely using the sun, even with the current efficiency of PV systems of between 12% 

and 19%.  

 

PV systems can be added to a building (Building Applied PV - BAPV) or can be integrated in the 

building envelope (Building Integrated PV – BIPV), as illustrated by Fig. 1. and Fig. 2. BIPV is part 

of the building design, possibly replacing conventional building materials such as wall cladding and 

/or roofing. To realize buildings of which the operational energy is fully generated by PV modules, 

integrating these modules in the building envelope will lead to  aesthetically acceptable solutions and 

contribute to large-scale realization of NZEBs. BIPV solutions generally result in a decrease of space 

between the PV installation and the thermal building envelope, negatively affecting the natural back-

string ventilation.  

 

Fig. 1. and 2. Examples of two projects with Building Applied PV (BAPV) and Building Integrated PV (BIPV) 

in the Netherlands. 

Back-string ventilation is one of the methods to effectively cool PV systems [13-23] and is one of 

the aspects that is under constraint when integrating the energy-generating devices in the building 

envelope. This has a negative effect on PV performance because the efficiency of PV crystalline 

silicon cells drops by approximately 0.5% per K temperature rise [24, 25]. Besides that, higher 

temperatures of the PV modules might lead to a shortened lifespan and lack of ventilation might lead 

to condensation in the structure.  

 

In this study, the effect of PV integration in the building envelope regarding PV system 

performance is investigated. Four segments, with a total of 6000 WP, with different amounts of back-

string ventilation were extensively monitored in a field test in The District of Tomorrow (Fig. 3.). The 

difference in back-string ventilation was realized by installing the mechanical ventilation outlet behind 

two segments (Fig. 4.). One segment was left as-is with natural ventilation, and the air gap behind one 

segment was sealed, as indicated in Fig. 5. A further description of the installation is given in Section 

2.1. The monitoring installation consisted of temperature sensors, air-velocity sensors, relative 

humidity sensors, a wind direction sensor and a pyranometer. A further description of the monitoring 

installation is given in Section 2.2. 
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Fig. 3. and 4. PV field test in The District of Tomorrow consisting of 4 segments of PV modules and a vertical 

section of the field test with ventilation in and outlets providing different amounts of back-string ventilation. 

  

Fig. 5. Rooftop overview of the four PV segments with different amounts of back-string ventilation in the PV 

field test in The District of Tomorrow. 

 

Similar research and tests have been conducted on a smaller scale [19, 22, 23, 26] and similar sized 

arrays have been monitored, but without fluctuating the back-string ventilation [27-30]. Moreover, 

combinations of Building Integrated PV (BIPV) with other functions in the building envelope are 

being studied, but without the fluctuation of ventilation [10, 16, 31-36].  
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2 Field test site 

The location of the field test in the District of Tomorrow (TDoT), Heerlen, the Netherlands, has a 

moderate sea climate (type Cfb according to Köppen)) with relatively mild summers (17.5°C), mild 

winters (3.1°C) and annually 773 mm of precipitation [37]. The exact geographic location is 

50°49'47.48" latitude, 6°1'2.06" longitude and 183 m. altitude. The location is an open site without 

major disturbance from building objects. The highway between Heerlen and Aachen (Germany) is 

southwest of the location. In TDoT 4 experimental building objects are being realized with amongst 

other elements innovative PV solutions. The field test in this study is part of building 1, indicated in 

Fig. 6.   

 

 

Fig. 6. Plan of The District of Tomorrow with the weather station installed approx. 30 m. west to southwest of 

the field test. 

2.1 PV installation  

 

The PV components of the field test have the following specifications: 

 

a) Orientation 190° (SSW) 

b) Inclination 35° 

c) frames (6.0 x 1.68 m)  

d) 6 modules 1x1.6 m per frame, type Solland Solar 

e) 60 mono-crystalline cells per module, type Sunweb® 

f) segments (6000 Wp with 1440 cells) 

g) inverters type SMA sunnyboy 1200 (1 per string / frame) 

h) Efficiency 16% (indicated by manufacturer) 

i) Location: open field 

 

2.2 Monitoring installation 

 

The design, realization and monitoring of the system accords with the international standard IEC 1829 

(Chrystalline silicon photovoltaic (PV) array – on-site measurement of I-V characteristics) [38] and 

the international standard IEC 61724 (Photovoltaic system performance monitoring – guidelines for 

measurement, data exchange and analysis) [27]. Figure 7 shows an overview of measurements in the 

field test.  
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Fig. 7. Overview of measurements in the field test consisting of sensors on the PV installation, a weather station 

and PV output. 

 

The monitoring installation consists of the following:  

 

a) A weather station, type Delta Ohm HD52.3D 147R,  is installed at a height of approximately 

191 m. above sea level, 8 m above local level, located approximately 30 m. west to south-west 

of the field test. (Fig. 6), consisting of the components indicated in Table 1. 

b) 16 PT100 4-wire surface temperature sensors, type Delta Ohm TP878.1SS, placed in the 

centre on the back of the PV modules at the top and bottom of the segments, and placed on the 

rooftop directly opposite the sensors on the PV modules (see Fig. 8, 9, 10, and 11). Range + 

4°C - + 85°C. Indicated by ‘PTxx’ in Fig. 8 and 9. 

c) 6 air-temperature, air-velocity and relative humidity sensors, type Delta Ohm HD29.371, 

placed in the air gap between the PV modules and the rooftop. Temperature range: -10 
0
C - 

+60
0
C; accurancy: +/- 0.3

0
C. Air-velocity range: 0.05 - 1 m/s, accuracy +/- 0.06 m/s + 2% of 

measurement at 50 % RH and 1013 hPa. Relative humidity range 5-98% RH, accuracy +/-2.5% 

(5-90%RH) - +/- 3.5% remaining range. Indicated by ‘TVLxx’ in Fig. 8 and 9.      

d) 3 air-temperature and air-velocity sensors, type Delta Ohm HD29.37, placed in the outlets of 

the mechanical ventilation between the PV modules and the rooftop. Temperature range: -10 
0
C - +60

0
C; accurancy: +/- 0.3

0
C. Air-velocity range: 0.05 - 1 m/s, accuracy +/- 0.06 m/s + 2% 

of measurement at 50 % RH and 1013 hPa.   

e) 2 air-temperature and relative humidity sensors, type Delta Ohm HD4817TC1.2, placed in the 

air-gap between the PV modules and the rooftop. Temperature range -20 
0
C - +80

0
C, accuracy 

+/-0.3
0
C (0- +70 

0
C), +/-0.4

0
C (-10 

0
C - 0

0
C and +70 

0
C - +80

0
C). Relative humidity range 0-

100%RH, accuracy +/-2% (10-90%RH), +/-2.5% outside. Indicated by ‘TLxx’ in Fig. 8 and 9.   

f) 4 air-pressure-difference sensors, type Delta Ohm HD408T-20MBD, placed in the air gap 

between the PV modules and the rooftop to indicate the direction of airflow per segment.  

g) 1 SMA sunny webbox for monitoring PV output per segment and in total. The webbox 

generates data output with a 5-minute resolution based on measurements every 1 second. 

Generated data consists of operating time (h), output (W), output (kWh), frequency (Hz), 

isolation (kOhm), voltage (V), ampere (A), and operating status. PV output per segment is 

measured after the inverter. Decreasing efficiency of the inverters might be of influence on the 

measurements.  
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Table 1. Specifications of the components of the weather station in The District of Tomorrow (TDoT).  

Component Method Range Resolution Accuracy 

horizontal solar irradiation 

(W/m2) 

thermopile 0-2000 W/m2 1 W/m2 2nd class pyranometer 

wind speed (m/s) ultrasonic 0-60 m/s 0.01 m/s whichever is greater 0.3 m/s or +/- 

2% (0-35 m/s); +/- 3% (>35 m/s) 

wind direction (°) ultrasonic 0-360° 0.1° +/-2% RMSE from 1.0 m/s 

Relative humidity (%) capacitive 

sensor 

0-100% RH 0.1% @ T= +15°C - +35°C: +/-1.5% (0-

90%RH) +/- 2% RH (remaining 

field) 

@ T= -40°C - +15°C and +35°C - 

+60°C: +/- (1.5 + 1.5% of the 

measure)%RH 

air temperature (°C) PT100 -40°C - +60°C 0.1°C +/- 0.15°C +/- 0.1 % of the measure 

barometric pressure (hPa) piezoresistive 600-1100 hPa 0.1 hPa +/- 0.5 hPa @ 20 °C 

 

The weather station generates data output every 10 seconds, based on measurements every 1 

second. The data is sent through a FTP server to the website www.wvmmonitor.eu, where the 

information is stored in .cvs files and freely accessible. The weather station has a time deficiency of 

approximately 1.5 minute per year. The internal clock is checked and corrected, if necessary, monthly.  

 

The air- and surface-monitoring installation generates data output every 10 seconds, based on 

measurements every 1 second. The data is collected through a WAGO datalogger, and sent through a 

FTP server to the website www.wvmmonitor.eu, where the information is stored in .cvs files and freely 

accessible. The internal clock is checked and corrected, if necessary, monthly.  

            

Fig. 8. and 9. Overview of monitoring sensors on the rooftop and on the PV segments in the field test. 

Abbreviations of sensors: TVL= air temperature, air velocity and relative humidity, PT=surface temperature, 

TL= air temperature and relative humidity.    

 

http://www.wvmmonitor.eu/
http://www.wvmmonitor.eu/
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Fig. 10. and 11. Vertical sections of the bottom and top of the PV segments 1 and 2 with the locations of the 

different sensors, the realized air gap of 13 cm for back-string ventilation and the mechanical ventilation (MV) 

outlet. 

The 6000 Wp BIPV system consisting of four segments with different quantities of back-string 

ventilation was installed in The District of Tomorrow (TDoT) in September 2011 and began its 

operation in December 2012. In December 2012, all monitoring equipment was installed and was 

connected to a web-based data logging system in May 2013. Data for PV output is generated in 5-

minute intervals, based on measurements per second; all other data output is generated in 10- second 

intervals, based on measurements per second. The program MS Access and MS excel were applied to 

generate insight into the data collection presented in this research. The performance of the installation 

is monitored continuously since May 2013.  

3 Preliminary results 

In this section, the performance data of the installation is presented of three days in the different 

seasons spring, summer and fall, in the first year of monitored operation. This chapter consists of the 

measurements of the weather station, the PV output, and temperature sensors.  

3.1 Selection of days 

The following selected dates are based on the outside circumstances solar irradiation and temperature; 

the 28
th
 of May, the 25

th
 of July and the 11

th
 of November 2013. The 28

th
 of May was a partly cloudy 

spring day in the Netherlands, relatively cool in the morning with increasing temperatures during the 

day. In the afternoon there was some precipitation. Sunrise was at 4:31 and sundown at 20:36 

summertime. The 16
th
 of August was a  mainly sunny summer day, with relative high Dutch summer 

temperatures. Sunrise was at 5:25 and sundown at 19:55 summertime. The 11
th
 of November 2013 was 

a  relatively mild partly cloudy autumn day. Sunrise was at 7:45 and sundown at 16:54 wintertime. 

Graphs 1 and 2 show the outside air temperature and solar irradiation on the selected days.  

 



Ritzen et al Comparative performance assessment of BIPV roof solutions in the Netherlands 8/17 

 

Graph 1. Outside air temperatures of the selected dates in this study at the location of the field test in The District 

of Tomorrow.  

 

 

Graph 2. Solar irradiation and indication of sunrise and sundown on the selected dates in this study at the 

location of the field test in The District of Tomorrow. 

 

Table 2 shows the total PV output per segment on the selected dates. Segment 4, the non-ventilated 

segment, shows a significantly lower output compared to the other three, ventilated, segments. In the 

following section PV output, temperature measurements and relative humidity are presented per day. 

 

Table 2. Total output per segment (kWh) on the different selected dates. 

Segment number Total output (kWh) 28th of May Total output (kWh) 16th of August Total output (kWh) 11th of November 

1 6.6 7.1 4.2 

2 6.6 7.2 4.2 

3 6.6 7.1 4.2 

4 6.0 5.3 2.9 
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3.2 Results 28
th

 of May 2013 

 

In this section the PV output and surface temperatures are presented of the 28
th
 of May 2013. In Graph 

3 an overview is given of the PV output per segment in (W). The results show a comparable output for 

segments 1, 2 and 3. Graph 4 indicates the  difference in electricity output (W) of segments 1, 2, and 4 

compared to the naturally ventilated segment 3. Segment 4 shows a significantly lower output over the 

measurement period of 10%. Segments 1 and 2 show a similar output to segment 3.  

 

Graph 3. PV output (W) per segment on the 28
th

 of May 2013 between sunrise and sundown. 

 

 

Graph 4. PV output (W) difference per segment compared with segment 3 on the 28
th

 of May 2013 between 

sunrise and sundown. 

Graph 5 shows an overview of average PV surface temperatures per segment (top and bottom). 

Average segment temperatures rise to above 60°C, while the temperature sensor on the PV segment 

number 4 indicates temperatures reaching 70°C on this moderately warm spring day in the 

Netherlands, with a maximum of 23°C outside air temperature. Between the segment averages, a 

difference of approximately 6°C is shown, while independent  sensors indicate a difference of 35°C.  
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Graph 5. Average PV surface temperatures (°C)  on the 28
th

 of May 2013.  

 

 

Graph 6 Average PV surface temperature differences (°C) between segments 1,2 and 4 compared with segment 3 

on the 28
th

 of May 2013.  

3.3 Results 16
th

 of August 2013 

In this section the PV output and surface temperatures are presented of the 16
th
 of August 2013. In 

Graph 7 an overview is given of the PV output per segment in (W). The results show a comparable 

output for segments 1, 2 and 3. Graph 8 indicates the  difference in electricity output (W) of segments 

1, 2, and 4 compared to the naturally ventilated segment 3. Segment 4 shows a significantly lower 

output over the measurement period of over 30%. Segment 1 and 2 show a higher power output (1 % 

to 4%).  
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Graph 7. PV output (W) per segment on the 16
th

 of August 2013 between sunrise and sundown.  

 

 

Graph 8. PV output (W) difference per segment compared with segment 3 on the 16
th

 of August 2013 between 

sunrise and sundown. 

Graph 9 shows an overview of average PV surface temperatures per segment (top and bottom). 

Average segment temperatures rise to above 60°C, while temperature sensor on the PV segment 

number 4 indicate temperatures reaching 70°C, with a maximum 28°C outside air temperature. 

Between the segment averages a difference of approximately 11°C is shown, while independent  

sensors indicate a difference of 30°C.  
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Graph 9. Average PV surface temperatures(°C) on the 16
th

 of August 2013.  

 

 

Graph 10. Average PV surface temperature differences (°C) between segments 1,2 and 4 compared with segment 

3 on the 16
th

 of August 2013.  

3.4 Results 11
th

 of November 2013 

In this section the PV output and surface temperatures are presented of the 11
th
 of November 2013. In 

Graph 11 an overview is given of the PV output per segment in (W). The results show a comparable 

output for segments 1, 2 and 3. Graph 12 indicates the  difference in electricity output (W) of segments 

1, 2, and 4 compared to the naturally ventilated segment 3. Segment 4 shows a significantly lower 

output over the measurement period of over 40%. Due to the fluctuation of solar irradiation 

differences between the different segments 1,2 and 3 are negligible on the total output on this day (4.2 

kWh per segment).  
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Graph 11. PV output (W) per segment on the 11
th

 of November 2013 between sunrise and sundown.  

 

 

Graph 12. PV output (W) difference per segment compared with segment 3 on the 16
th

 of August 2013 between 

sunrise and sundown. 

Graph 13 shows an overview of average PV surface temperatures per segment (top and bottom). 

Average segment temperatures rise to above 35°C, while the temperature sensor on the PV segment 

number 4 indicate temperatures reaching 45°C on this moderate sunny autumn day in the Netherlands, 

with a maximum 9°C outside air temperature. Between the segment averages a difference of 

approximately 5°C is shown, while independent  sensors indicate a difference of 23°C is.  
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Graph 13. Average PV surface temperatures(°C) on the 11
th

 of November 2013.  

 

 

Graph 14. Average PV surface temperature differences (°C) between segments 1,2 and 4 compared with segment 

3 on the 11
th

 of November 2013.  
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4 Conclusions and discussion 

This first analysis of a selection of data collected in the BIPV field test in The District of Tomorrow in 

the Netherlands indicates that ventilation might prove to be an effective way to prevent PV panels 

from accumulating heat with collateral negative effects on PV output and lifespan. The results indicate 

that temperature differences of individual sensors vary between 23°C on an autumn day and 35°C on a 

spring day. PV output differences vary between 10% on a spring day and over 40% on an autumn day. 

Theoretically, with 0.5% PV output decrease, a difference of 17.5% on a spring day and 10% on an 

autumn day would be expected. Outside circumstances such as solar irradiation, wind and temperature 

have been left out of this first study, but will be investigated to indicate more clearly the relation 

between back-string ventilation and PV output. The decreased efficiency of the PV modules 

throughout time might indicate that the increased temperatures in the non-ventilated segment have a 

negative effect on the lifespan of the PV modules. 

 

Based on this study of three days, an indication has been given for the temperature developments in 

BIPV solutions in the Netherlands. Long-term data evaluation is necessary and will be conducted to 

generate insight into the long-term effect of back-string ventilation on BIPV efficiency.  
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