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A B S T R A C T   

With an increasing demand for climate resiliency, water sensitivity, nature inclusiveness and energy efficiency in 
dense urban environments, the call for layered and multifunctional use of rooftops is rising. Vegetated roofs 
combined with Photo-Voltaic (PV) installations are an example of multifunctional and more effective use of 
available space, and well-irrigated systems could have an enhanced cooling effect. This research investigated a 
blue-green capillary irrigated solar roof with grey (shower-) water suppletion, with a constructed wetroof for 
grey water purification. Two full-scale commercial PV systems on twin rental apartment blocks in Amsterdam 
were analyzed, on a blue-green roof (BGR) versus a bitumen roof (BiR). The energy output, PV panel temper-
ature, relative humidity and air temperature under the panels were monitored during 5 warmer months 
(June–October 2022). On average, a solar panel on the BGR is expected to produce 4.4% more energy than a 
solar panel on the BiR at similar irradiation. A clear difference in panel temperature on the roofs is only seen 
when the surface temperature of the roofs differs by at least 4.64 ◦C. Otherwise, other factors such as wind or 
albedo have probably more influence on the PV panel temperature and thus on PV power output.   

1. Introduction 

Expectations of multifunctionality and functional-layered urban 
design are rising. Urban environments need to reduce air pollution, 
adapt to climate change-induced drought, flooding and heat stress, and 
play a key role in the energy transition. At the same time, urban space is 
often scarce, and choices have to be made on how to utilize space 
effectively. Roofs are in general seen as an ideal location for local 
renewable energy production and on new buildings, PV panels are 
becoming indispensable to meet energy performance requirements. At 
the same time, greening roofs is seen as a promising solution for urban 
heat island mitigation, and stormwater runoff reduction [1,2] as well as 
reducing energy consumption for cooling, noise- and air pollution, while 
enhancing biodiversity [3,4]. Would this mean that we have to choose 
between energy production or the beneficial effects of vegetated roofs? 

It is well known that the performance of PV modules decreases with 
increasing panel temperature, with a temperature coefficient of 
0.2–0.4%/◦C depending on the type of solar cell [5]. Moreover, there is a 
clear correlation found between the average daily air temperature under 
the PV module and the temperature of PV modules [6,7]. With these 

facts in mind, it has been shown that green roofs and PV are not 
necessarily in conflict over the same space, but can be combined on the 
same surface with possible positive effects for the energy production of 
solar panels. 

Green roofs namely have transpiring plants that cool the air in their 
surroundings by shifting the distribution of energy from warming up air 
(sensible heat, H in J m− 2) to using energy for the evaporation of water 
(latent heat, LE in J m− 2). If water is abundantly available, LE on green 
roofs can become as high as 95% of net incoming radiation, Rn (J m− 2) 
on a long-term annual basis [2]. On a green roof, the evapotranspiration 
of the plants can thus lead to cooling of the air under the panels, which in 
turn positively affects the PV efficiency [8,9]. As mentioned, water 
availability is crucial for evapotranspiration. When water becomes 
scarce, rooftop plants stop transpiring and the ratio H/LE can change 
from below 0.1 to more than 10 [2] resulting in strong heating of air. In 
this respect, so-called blue-green roofs are an interesting option. These 
roof systems capture and store rainwater under the vegetation layer, 
reducing stormwater runoff [10] and provide the vegetation with water, 
ideally through sub-surface capillary irrigation, for longer periods of 
time [2,11]. It is interesting to note that Schindler et al. (2018) [12] 
suggested that regular irrigation of green roofs in Mediterranean 
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climates could enhance the power output of PV-green roofs, and El 
Helow found water stress of the plants in Toronto causing them to 
evaporate less [13]. Osma-Pinto & Ordóñez-Plata [14] state that a green 
roof will only give a thermal benefit as long as it has a satisfactory 
moisture level (in tropical climates). 

Although still limited, the number of studies quantifying the effect of 
green roofs on energy production of solar panels is increasing and the 
results so far are summarized in Table 1. The available studies show a 
positive effect of green (non-irrigated) roofs on PV performance with 
between 0.5 and 6% increase in power output (see Table 1). Yet, many 
studies have a small set-up [8,12,14–16] of only one or a few panels. 
Moreover, the set-ups of PV systems on green and bitumen/black roofs 
are often not comparable in height [12,14,17–19], although the height is 
indicated as a factor that influences solar panel performance [20,21]. 
Therefore, there is a need for more large-scale systematic research on 
green roofs with PV systems whereby the height of the panels above the 
roof is comparable between set-ups [20,21]. Also, the application of a 
blue-green roof could lead to continuous evapotranspiration of the 
vegetation during dry (and warm) periods and thus positively affect the 
PV panel efficiency. Therefore, our research question is: 

Is there an increased performance of solar PV above a capillary 
irrigated, blue-green roof vs a bitumen roof in a temperate maritime 
climate? 

To answer this question, research is performed on two identical 
rental apartment buildings in Amsterdam (The Netherlands), providing 
a unique setting for a large scale field study. The novel system set-up 
combines a blue-green roof with PV, and has additional water supply 
by transforming grey water from showers to irrigation water with a 
shallow rooftop version of a horizontal flow constructed wetland, a so- 
called constructed wetroof [22]. This way we opt to demonstrate the 
win-win-win situation for future buildings, contributing to energy pro-
duction, local water reuse, reduction of urban drought and increasing 
biodiversity while reducing heat stress and flooding as a result of heavy 
rainfall. 

2. Material and methods 

2.1. General experimental setup 

PV panels were placed on the rooftops of two identical six-story, 
34.4 m high apartment buildings in Amsterdam (latitude 52.35◦N, 
longitude 4.84◦E). One building was equipped with a blue-green roof 
(BGR) and the other with standard bitumen roofing (BiR) (Fig. 1). The 
climate of the research site is temperate maritime, with an average 
maximum day temperature of 22.5 

◦

C in July, average global radiation 
of 393 MJ cm− 2yr− 1, average precipitation of 880 mm yr− 1 and an 
average Makkink reference crop evapotranspiration [25] of 627 mm 
yr− 1 (period 1992 until 2022, from weather station Schiphol, located 7 
km from the research site). On the roof of the western building, we 

installed a blue-green roof equipped with a Permavoid 85s rainwater 
retention and capillary irrigation system [26] and a substrate layer of 6 
cm (see Fig. 2). The maximum water storage level in the Permavoid units 
was set to 60 mm. An added advantage of the full field surface capillary 
irrigation system is the fact that water availability for plants underneath 
and in between the rows of panels is equal. Because ample water is 
crucial for plant transpiration and thereby for cooling, we provided an 
additional water supply by transforming grey water from showers in the 
building on the roof using a shallow rooftop version of a horizontal flow 
constructed wetland, a so-called constructed wetroof [22]. This way a 
local source of irrigation water is available for the vegetated roof, even 
during dry spells, reducing the sewer loading and the use of drinking 
water for irrigation. The constructed wetroof [22] was integrated into a 
waterproof-lined section (ca 30 m2) of the substrate layer in the 
blue-green roof, to receive and treat grey water (shower only), coming 
from a collection, pre-treatment and pump tank in the basement of the 
building, with an overflow of the treated water into the Permavoid 
rainwater retention units underneath the substrate layer. Using the 
treated grey water, the water level in the water storage layer below the 
vegetation is kept at a minimum of 50 mm, ensuring a sufficient water 
supply for the vegetation [2]. The initial vegetation consisted of sedum 
mix blankets from the company Sempergreen. After placement of the 
sedum mix blankets, 26 plant species native to the Netherlands were 
sown on the blankets. 

The installed Jinko 405 Wp PV panels (see Table 2 for specifications) 
are facing south (180◦) and are fixed at a 20◦ angle and have a size of 
1.03 × 1.86 m in landscape position. The total system capacity on each 
roof is 23.78 kWp (62 panels per roof) of which 6 panels per roof were 
chosen for more detailed monitoring (see Fig. 3 and next section). The 
panels for detailed monitoring were chosen such that the panels on the 
blue-green and bitumen roofs are as close together as possible, yet the 
panels closest to the roof edge are excluded from the study as they will 
be influenced more by i.e. wind effects and less by vegetation. A sunlight 
study (Fig. 3) has shown that due to adjacent tall buildings, the eastern 
roof (the black roof) receives quite a lot of shade in the morning hours in 
spring and autumn. In summer the effect is less pronounced, and in 
winter shade has a similar impact on both buildings. To be able to 
correct for shade effects, we installed a pyranometer on both roofs (see 
next section). 

The lower side of the panels were positioned 32 cm above the sur-
face, being either the soil surface or the rooftop surface on both roofs to 
make sure that the results from both roofs are not influenced by distance 
between the roof and the panel [20,21] (for details see Fig. 2). Rows are 
spaced at 73 cm between the high end of a panel in one row and the low 
end of the panel in the next row. The reduction in electric efficiency due 
to the warming up of the panels compared to the efficiency at standard 
test conditions can be calculated as follows: 

ηmp = ηmp,STC
[
1+αP

(
Tp − Tp,STC

)]
(Eq 1) 

Nomenclature 

BiR Bitumen roof 
BGR Blue-green roof 
H sensible heat (J m− 2) 
hc- convective heat transfer coefficient (W m− 2K− 1) 
kWp kilowattpeak 
LE latent heat (J m− 2) 
ηmp the efficiency of a solar cell (%) 
ηmp,STC Efficiency of a solar cell at standard test conditions (%) 
αP Solar cell temperature coefficient of power (%/◦C) 
RH Relative humidity (%) 
P precipitation (mm) 

PV photovoltaic 
QH sensible heat flux (W m− 2) 
Rn net radiation (J m− 2) 
Rs incoming short wave radiation (J m− 2) 
Irr Irradiance (W m− 2) 
Tamb Ambient air temperature (◦C) 
Ta Air temperature underneath the solar panel (◦C) 
Tc Cell temperature (◦C) 
TP Back of panel temperature (◦C) 
TS Roof surface temperature (◦C) 
v Wind velocity (ms− 1) 
W Watt (J/s)  

E. van der Roest et al.                                                                                                                                                                                                                         
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Table 1 
Literature overview of studies focusing on green roofs with PV.  

Study Measured parameters Location Measurement design Minimum 
panel height 
above the roof 

Angle Measurement 
duration/period 

Increase in PV power 
output 

Alshayeb & 
Chang 
(2018) [6] 

Under panel air 
temperature, roof surface 
temperature, relative 
humidity, PV panel 
temperature, PV output. 
Weatherstation; wind 
speed + direction, solar 
radiation, ambient 
temperature, relative 
humidity. 

Kansas, USA 9 panels with black roof 
surface, 9 panels with 
green roof (sedum) 
surface. 

20 cm 10◦ One year 3.3–5.3% extra PV 
power output with 
warm weather. 
Year round 1.4%. 

Schindler et al. 
(2018) [12] 

Substrate temperature, air 
temperature in front of the 
panel and at under the 
panel, panel temperature, 
PV output. 

Haifa, Israel Experimental plots on 4 ×
3.8 m wooden frames. 

Black: 50 cm 
Green: 30 cm 

20◦ 18 months No difference measured 

Osma-Pinto & 
Ordonez- 
plata (2019) 
[14] 

Solar irradiation, air 
temperature, air velocity, 
DC, AC power. 

Buramanga, 
Colombia 

Green and black plots 
constructed on one roof. 

25/50/75/100 
cm 
Vegetation 
decreases space 
between panel/ 
surface with ca. 
20 cm 

10◦ 13 tests lasting for 
at least one week 

1–1.3% 

Perez et al. 
(2012) [15] 

Internal building 
temperature, near surface 
roof temperature, back-of- 
module temperature, PV 
output. 

New York 
City, USA 

Very small setup with 
miniature ‘houses’ (about 
0.5 m high). 

Unknown 45◦ 8 months 
(May–January) 

2.42% for PV above a 
green roof vs. a gravel 
roof 

Chemisana & 
Lamnatou 
(2014) [16] 

Module temperature on 
panel, on the surface 
beneath the panel, in the 
surface and the air above 
panel, PV output. 

Lleida, Spain Tiny panels (36.5 × 19.5 
cm) in wooden trays (0.9 
× 1.30 m2) on a gravel roof 
With Sedum and Gazania. 

2 cm (because 
of very small 
panels). 

33◦ 2 months 
(June–July) 

1.29–3.33% increase in 
maximum power output 
on a green vs gravel 
roof. 

Köhler et al. 
(2007) [17] 

PV power output, infrared 
temperature 
measurements 

Berlin, 
Germany 

Many different designs. Green: 50 cm 
Bitumen: 0 cm 

8–30◦ 5 years 6% for panels above 
green roof compared to 
bitumen. 

Nagengast 
et al. (2013) 
[18] 

Panel temperature on 
panel, PV output. 
Solar irradiance, 
measured parallel to the 
PV panel. Weather station 
on the roof with wind 
speed, direction, solar 
radiation, rain, ambient 
temperature 

Pittsburg, USA Large roof with different 
solar setups. 60 PV panels 
on moss green roof, 90 PV 
panels on black roof. 

Black roof: 13 
cm 
Green roof: 51 
cm 

15◦ One year Max. 0.5% 

Alameddine 
et al. (2021) 
[19] 

Biodiversity, air quality, 
thermal insulation 
properties, Stormwater 
runoff, PV output. 

Sydney, 
Australia 

335 panels (395 Wp) on a 
green roof, North facing, 
346 panels (320 Wp) on 
the bitumen roof, East- 
West facing) 

Not mentioned 15◦ on 
green, 5◦

on 
bitumen 

234 days (8 
months) 

2.48% increased hourly 
energy output on green 
roof vs black roof. 

Ogaili (2015) 
[20] 

Temperature of back 
surface of panel, heat flux, 
air temperature, and 
windspeed under panel, 
surface temperature, DC 
voltage, DC current, AC 
power. 

Portland, USA Roof with PV rack with 
0.3 m distance between 
panels, both with white, 
black and green (Dianthus) 
surface. Sensors were 
placed at two panels at the 
same time and conditions 
(surface/height) were 
changed over time 

18 cm and 24 
cm above roof 
surface 

30◦ At least 3 sunny 
days per condition, 
experiments lasted 
from July to 
September. 

At 18 cm: 1.2% PV- 
green roof vs black roof, 
0.8% more above a PV- 
green roof vs white roof. 
At 24 cm: 1.0% PV- 
green roof vs. black 
roof, 0.7% for a PV- 
green roof vs. white 
roof. 

Osma et al. 
(2016) [23] 

PV output. Bucaramanga, 
Colombia 

3 panels installed on a 
green (sedum, 7 cm 
substrate) roof, vegetation 
could be removed under a 
panel to obtain a black 
surface (black) 

50 cm and 75 
cm above the 
roof surface 

10◦ 3 weeks Lower height increases 
PV output by 2%, a 
green roof increases the 
PV output by ca 1%. 

El Helow 
(2017) [24] 

Temperature of back 
surface of panel, PV 
output, biomass data, 
ambient temperature. 

Toronto, 
Canada 

40 panels on a white roof, 
in four rows with green 
beds (grasses and 
wildflower species) 
underneath at different 
heights. 

61 cm and 122 
cm above the 
roof surface 

– About 7 weeks Larger height increases 
cooling effect. More 
biomass growth (18%) 
with higher distance. 
WR vs GR – 1.1% higher 
on GR. GR 122 cm 2.2% 
higher output than at 
61 cm.  
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With ηmp (%) the efficiency of the solar cell, ηmp,STC the efficiency (%) at 
standard test conditions (STC), αP the temperature coefficient of power 
(Pmax) in %/◦C, Tp the panel temperature and Tp,STC the cell temperature 
at standard test conditions (25 ◦C). Characteristic values for ηmp,STC and 
αP are given in Table 2. 

2.2. Data acquisition 

On each roof, a section of six panels was equipped with sensors to 
measure incoming short wave radiation Rs (J m− 2), ambient air tem-
perature Tamb (◦C), air temperature below the PV panels Ta (◦C), relative 
humidity RH (%), surface temperature Ts (◦C), substrate temperature 

Tsub (◦C) and back of panel temperature Tp (◦C) (Fig. 2 & Table 3). 
Precipitation P (mm) was measured with a rain gauge (ARG314, EML 
Ltd.) on the blue-green roof. Incoming shortwave radiation (Rs) was 
measured at 1.25 m above the roof surface using pyranometers (CS320, 
Campbell Scientific Inc.). Air temperature (Tamb & Ta) and relative hu-
midity (RH) were measured using a combined element (HygroVUE5, 
Campbell Scientific Inc.) placed in a radiation shield next to the pyr-
anometer and below each pair of solar panels at a height of 40 cm. The 
surface temperature (Ts) of the vegetation and bitumen was measured, 
in the shade, below three panels on each roof using infrared radiometers 
(SI-431-SS, Apogee Instruments). The substrate temperature (Tsub) was 
measured at two locations below the panels on the blue-green roof using 
a temperature sensor string (CS225, Campbell Scientific Inc.). PV panel 
temperature (Tp) was measured at the back of each of the six panels on 
each roof using back-of-module temperature sensors (CS241, Campbell 
Scientific Inc.). Measurements were collected at 10 min intervals, 
aggregated to hourly values, and logged on a datalogger (CR380, 
Campbell Scientific Inc.). Wind data was obtained from the nearby 
Schiphol weather station. Besides the detailed measurements the energy 
output of each panel on the two roofs is logged on an hourly basis. The 
PV panels are installed with microinverters to avoid string effects, 
enabling us to measure PV output of each panel at hourly intervals via 
the SolarEdge data platform. 

Fig. 1. Overview of (a) the BiR, (b) the BGR (c) the blooming BGR with the integrated constructed wetroof in the background (grey PVC water inlet distribu-
tion pipe). 

Fig. 2. Overview of sensor types and locations on the blue-green roof BGR (a) and bitumen roof BiR (b), including the design of the blue-green roof with capillary 
irrigation system below the substrate layer. The Apogee sensor is pointed towards the roof surface and thus measures the roof surface temperature below the panels. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
PV panel characteristics of the Jinko Solar 405Wp panels.  

Panel characteristic Unit Value 

Maximum Power Output at STC W 385 
Module efficiency (ηmp,STC) % 20.17 
Nominal Operating Cell Temperature (NOCT) ◦C 45 ± 2 
Temperature coefficient of Pmax (αP) %/◦C − 0.35 
Temperature coefficient of Voc %/◦C − 0.28 
Temperature coefficient of Isc %/◦C − 0.048  

E. van der Roest et al.                                                                                                                                                                                                                         
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2.3. Data analysis methods 

The presented data are from the measurement period of June up until 
October 2022. To answer the research question, the performance in 
terms of solar PV output of both roofs should be compared. Yet, as 
discussed in the introduction, the PV output is influenced by panel 
temperature, which is subsequently influenced by air and/or roof tem-
perature. To better understand the relationships between temperature 
and power output, we have done multiple analyses, and used methods 
that are commonly applied in similar research on green roofs with PV 
systems.  

- 1. Data cleaning 

We have only used daytime values (Irradiation >4 Wm-2) and 
removed outliers of PV output. If the average energy output of 6 
measured panels was higher than their maximum capacity (385 Wh) or 
the energy production was very low (<3 Wh) while the irradiation was 
>100 Wm-2, the data were excluded from further analysis.  

- 2. PV performance analysis 

To determine the differences in PV performance under different 
weather conditions, the data were divided into bins of both tempera-
tures (per 5 ◦C) as well as irradiation (per 100 Wm-2), according to the 
same method as Nagengast et al. (2013) [18]. Due to differences in 
shading on both roofs in the early morning hours mostly during autumn 
and winter (Fig. 3), we have chosen to not compare the roofs at similar 
moments in time, but at similar irradiance. This was possible because we 
have placed two irradiance sensors at both roofs in the same area as the 
measured PV panels. Besides an orderly presentation of data, we per-
formed a linear regression analysis (OLS method) on the daytime dataset 
for both roofs, to find a relationship between irradiance and solar PV 
output, with the intercept at 0 (at zero irradiation, there will be no PV 
output) and a 95% confidence interval, which is a common method in 
other research on green roofs with PV systems [8,15,18,27].  

- 3. Multi-linear regression of PV performance with more parameters 

To obtain more insights on the factors influencing solar panel per-
formance, a correlation table was made followed by a multi-linear 
regression analysis for the most important parameters while avoiding 
collinearity. Similar methods have been applied in earlier research [13, 
18]. In the combined dataset, all measurements from both roofs were 
merged, whereby roof type was added as a parameter (integer, BGR = 1, 
BiR = 0). A correlation table was obtained for the correlation values 
between PV performance and roof type, irradiation Irr, relative humidity 
RH, PV back panel temperature Tp, roof surface temperature TS, air 
temperature under PV panel Ta, the ambient air temperature above the 
roof (1.25 m) Tamb, and wind (nearby Schiphol weather station). 

Fig. 3. Schematic overview of the chosen panels for 
monitoring on the western blue-green roof (a), and 
the eastern bitumen roof (b). The panels for detailed 
monitoring are chosen in such a way that the differ-
ences in shading are kept to a minimum. The symbols 
represent sensors and are explained in Fig. 2, the 
green block on the blue-green roof (a) represents the 
part of the roof that is designed as a constructed 
wetroof, the rest of the roof is sedum in combination 
with 26 native plant species. The shade situation is 
given for 30 September 9:59 (bitumen roof is still in 
the shade) and 10:59 (half of the bitumen roof is in 
the sun). (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   

Table 3 
Overview of sensor type, characteristics and location. Sensor locations are 
shown in Fig. 2.  

Sensor Accuracy Operating 
temperature 

Amount Location 

HygroVUE5 air 
temperature 
and relative 
humidity (RH) 

±0.3–0.4 ◦C 
±1.8–3% 
(RH) 

− 40 ◦C–70 ◦C 3 per 
roof/1 
per roof 

Under panel/ 
1.25 m above 
panel 

CS320 
pyranometer 

±2.6% − 50 ◦C–60 ◦C 1 per 
roof 

1.25 m above 
panel 

Apogee 
radiometer SI- 
431-SS 

±0.2 ◦C − 30 ◦C–65 ◦C 3 per 
roof 

Mounted in 
the middle of 
the panel 

CS 241 PT1000 ±(0.15 +
0.002t)◦C 

− 40 ◦C–150 ◦C 6 per 
roof 

Placed on the 
back side of 
the panel (in 
the middle) 

ARG314 
Raingauge 

99% up to 
120 mm/h 

+1 ◦C–70 ◦C 1 (on 
blue- 
green 
roof) 

Open 
location on 
the roof 

CS225 
Temperature 
sensor 

±0.2 ◦C − 55 ◦C–85 ◦C 2 (on 
blue- 
green 
roof) 

In soil under 
panel (3 cm 
depth)  
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- 4. Temperature analysis and estimation of sensible heatflux 

Besides solar panel output, differences in temperature and sensible 
heatflux between both roofs provide valuable data as well for compar-
ison and to further explore how differences in solar output can be 
explained. Therefore, both maximum as well as average differences in 
temperature of PV back panel temperature Tp, roof surface temperature 
TS, air temperature under PV panel Ta, the ambient air temperature 
above the roof (1.25 m) Tamb were calculated. Segmented linear 
regression [28] was used to explore relationships between differences in 
TS, Ta and Tp. 

The sensible heat flux QH (Wm− 2) is proportional to the difference 
between surface temperature and air temperature measured at a certain 
level times a convective heat transfer coefficient [29]. QH was calculated 
according to: 

QH = hc • (TS − Ta) (Eq 2)  

With hc the convective heat transfer coefficient (W m− 2K− 1). hc can be 
approximated using the empirical Jürges formula which is used in urban 
canopy models [29–31]: 

hc = 5.9 + 4.1v •
(

511 + 294
511 + Ta

)

(Eq 3)  

With v the wind velocity (ms− 1). Given the complexity of urban surfaces, 
it is questionable whether the application of an empirical heat transfer 
coefficient will provide exact values for QH. Xu & Asawa [31] mention 
an uncertainty of ±15–20% associated with the use of Jürges formula. 
Calculated values are, however, valuable for comparison between the 
two roofs and to other applications. 

3. Results & discussion 

3.1. PV performance 

To assess the effect of roof type on PV performance, we present the 
average difference in PV power output and categorized the data based 
on both ambient temperature and solar irradiance. Overall, the BGR is 
constantly performing better than the BiR in all solar irradiance cate-
gories (see Table 4). The absolute difference is increasing as well, which 
is expected as the absolute solar output also increases with higher 
irradiance. A similar trend is seen for all temperature categories, 
although there is a significant outlier at the 5–10 ◦C/100–200 Wm-2 

category (with only 1.2% of the data). The data thus suggest that for 
temperatures above 10 ◦C, regardless of the amount of irradiation, the 
PV system on the BGR produces more power than the BiR. 

To quantify this effect further, we have done a linear regression 
analysis with all daytime data for both roofs with irradiation versus PV 
output. The 95% confidence interval is shown in Fig. 4, and the confi-
dence intervals of both regression lines do not overlap, which means the 
difference in PV output between the two roofs is significant. Based on 
the regression values (see Table 5), the BGR roof would on average 
produce 4.4% more electrical energy at similar irradiance. 

This result is on the higher side of the range based on available studies 
(see Table 1), for which we discuss two possible explanations. Firstly, 
different studies [20,21] pointed out that differences in enhanced solar 
panel performance between studies are influenced by the height of the 
panels above the roof. The higher the panels are placed, the larger the 
cooling effect of the airflow is. This could have influenced the almost 
insignificant results of Nagengast et al. [18] who conclude that only if the 
temperature is > 25 ◦C/irradiance >800 Wm-2 a green roof would make a 
difference on PV panel output, otherwise it would not. However, the 
height of the panels above the green roof was 53 cm, and for the black roof 
13 cm, so this could explain the small difference. The study of Alshayeb & 
Chang [6] could have been influenced by the different heights as well. 
Here, the sedum is placed under already installed panels which results in 
less height between the surface and panel on a green roof than with a 
black surface. The same seems to be true for Schindler et al. [12], 
although the windy climate could have influenced the results here as well, 
combined with the low evaporation of plants on the green roof. Our study 
is one of the few studies with a long-term large-scale set-up that paid 
attention to comparable heights between PV systems on both roof types. 
Secondly, our BGR has a continuous water supply and capillary irrigation, 
and therefore as shown in Cirkel et al. (2018) [2] and Busker et al. (2022) 
[11] evapotranspiration will not decline due to water limitation during 
dry periods, as in other studies [12]. An inconvenience of our setup was 
the difference in shadow effects between the BGR and BiR. Therefore, the 
BGR is longer exposed to sunlight than the BiR, so even at similar irra-
diation, the BGR is already receiving sunlight for a longer period and thus 
the solar panels could already have warmed up slightly, this could have 
influenced our results. That means that our results could be on the con-
servative side, so with similar shadow effects, the BGR could possibly 
perform even better than measured here. Yet, these moments occur only 
at the beginning of the day with lower irradiation (<200 W/m− 2 so the 
bottom left corner of the graph), when the effect is less significant due to 
low PV output, and where most data points are located (40.6%), thus a 
possible effect is damped. Furthermore, we know from the temperature 
data (see section 3.3, 3.4 & 3.5 for a further analysis) that the solar panels 
on the bitumen roof quickly warm up when receiving irradiation, thus the 
effect diminishes within about 1 h. Therefore, the influence on the results 
of the difference in shading on both roofs is minimal. 

Table 4 
Average difference in solar PV output of 6 panels on each roof presented as solar output BGR– solar output BiR in kW (kWh/hr) is shown. The data are categorized according to 
solar irradiance and ambient temperature. Table layout inspired by Nagengast et al. (2013) [18].  

Solar Irradiance (Wm− 2) - Irr Ambient temperature (◦C) - Tamb Weighted average BGR – BiR per 
panel (kW) 

% of 
data  

<

− 5 
-5–0 0–5 5–10 10–15 15–20 20–25 25–30 30–35 >35   

0–100    0.2 2.0 0.1 − 0.7 − 1.0   0.6 23.9 
100–200    − 6.3a 4.8 3.3 − 0.8 − 1.0   1.7 16.7 
200–300     8.9 2.0 1.3 0.9 7.3a − 4.7a 2.5 14.0 
300–400     14.5 4.8 6.8 − 4.1 4.7a − 1.8a 5.2 11.9 
400–500     − 1.8 9.4 3.8 17.2 19.6a  3.1 11.1 
500–600     6.7a − 0.7 11.2 6.4 15.1 10.4a 6.1 7.7 
600–700     4.8a 16.7 9.8 2.1 19.0 5.6a 6.1 7.6 
700–800      13.2 13.0 16.3 12.3a − 3.5a 9.8 4.9 
800–900      19.0a 14.2 10.0   9.0 2.1 
900–1000      8.1a     4.1a 0.1 
>1000             
Weighted average BGR – BiR 

(kW) 
0 0.0 0.0 − 1.1 4.6 5.5 6.0 5.6 13.6 1.2   

% of Data 0 0.0 0.0 1.2 16.7 49.4 24.4 6.8 1.2 0.2    

a Value is based on 1–3 datapoints. 
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3.2. Multi-regression analysis 

We have performed a multi-linear regression analysis on the com-
bined dataset of the two roofs to determine if the roof type has a sig-
nificant effect on the PV panel output, roof type was added to the dataset 
as a parameter (BGR = 1, BiR = 0). 

Then the correlation coefficients of all measured parameters were 
analyzed (Table 6) to check which parameters influence each other. The 
roof type has only a small negative correlation with TS, meaning that the 
BGR tends to result in a lower roof surface temperature. On the other 
parameters, no effect is visible, which means as well that there is no risk 
of multicollinearity with other parameters. Moreover, we see that TS and 
Tamb are highly correlated and thus should not both be included in the 
multilinear regression equation. The same line of reasoning is valid for 
the TS and Tp, and for Tamb and Tp. Therefore, we have chosen to include 
the air temperature Tamb, and not TS and Tp in the regression analysis. 
Furthermore, irradiance (Irr) was included as we know it highly affects 
PV output. To assess the effect of roof type, two analyses were done. 

First, we have taken only the irradiation and air temperature into 

account and evaluated how these two parameters explain the variance 
PV power output. With an R2 = 0.943 the coefficients were significant 
(P < 0.05) at a 95% confidence interval (Table 7). Secondly, we have 
added the roof type as a factor in the regression analysis. The roof type 
proves to be significant as well (P < 0.05) and the R2 for the combined 
analysis of irradiation, solar panel temperature and roof type was 0.944 
(Table 8). Thus, the roof type proves to be a significant factor, although 
it does not explain the variance in the data significantly more than 
without the roof type included as a factor. 

3.3. Differences in surface temperature TS, Air temperature below panels 
Ta and back of panel temperature Tp 

The daytime roof surface temperature TS measured underneath the 
PV panels was lower on the BGR compared to the BiR. ΔTS (BiR – BGR) 
increases with higher irradiation and can become as high as 12 

◦

C on a 
clear summer day (Fig. 5). Mean daytime TS were lower on the blue- 
green roof with a statistically significant difference of 2.39 

◦

C. 
Although less pronounced, the BiR indicates a measurable, positive ef-
fect on the daytime near-roof air temperature Ta measured below the PV 
panels. During the measurement period, Ta was on average 0.19 ◦C 
higher on the BiR, this difference was however statistically non- 
significant. A maximum ΔTa of 2.63 ◦C was reached on August 14, 
2022 at 14:00 p.m. Mean Tp was almost equal on the BiR and BGR (mean 
ΔTp = − 0.05). There were several periods where positive ΔTp’s were 
measured, reaching a maximum ΔTp of 6.63 ◦C on September 2, 2022. 

However, as is also visible in Fig. 5, there are negative spikes in the 
ΔTS, ΔTa and especially ΔTp data, indicating a higher Tp on the BGR 
compared to the BiR. This is caused by shade from a nearby tall building 
on the BiR in the morning before 11 a.m. (Fig. 3). Even with the sun at its 
highest azimuth (around the 21st of June) we still see these shadow 
effects causing discrepancies in the amount of irradiance on both roofs, 
resulting in lower temperatures on the BiR. Besides these shading ef-
fects, there are also periods with negative ΔTp, ΔTa (Fig. 5) and 

Fig. 4. Linear regression results including a 95% confidence interval for the average PV panel output versus irradiation in Wm− 2 for both the BiR) and BiR based on 
all hourly daytime data, outliers removed. 

Table 5 
Linear regression results (OLS method) for irradiation vs PV panel output for 
both roof types.   

Number of 
observations 

Coefficient 
(irradiation/PV panel 
output) 

t- 
statistic 

P- 
value 

R2 

BiR 2048 0.3915 291.7 0.000 0.977 
BGR 2048 0.4090 294.1 0.000 0.977  

Table 6 
Correlation coefficients for roof type (here interpreted as BG = 1), air temper-
ature above the roof (Tair), irradiation (Irr), relative humidity (RH), PV panel 
back temperature (Tp), roof surface temperature under the panel (TS) and air 
temperature under a PV panel (Ta,p) for the combined dataset of the two roofs 
(day values).   

Roof 
type 

Tamb Irr RH Tp TS Ta 

Roof type (1 is BG, 
0 is BiR) 

1       

Tamb − 0.02 1      
Irr − 0.03 0.47 1     
RH 0.02 − 0.74 − 0.65 1    
Tp − 0.02 0.79 0.87 − 0.78 1   
TS − 0.21 0.90 0.61 − 0.76 0.87 1  
Ta − 0.03 0.99 0.53 − 0.76 0.84 0.93 1  

Table 7 
Multi-regression analysis results for PV panel output variance explained by air 
temperature and irradiation.   

Coefficient Standard 
Deviation 

t-statistic P-value 

Intercept 4.86 1.665 2.93 0.003 
Irr 0.415 0.002 237 0.000 
Tair − 0.599 0.096 − 6.25 0.000 
R2 0.943 

4210 No. of observations  
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sometimes even negative ΔTS. So, although the mean surface tempera-
ture of the BGR is significantly cooler than the BiR and we saw in Fig. 5 
that there seemed to be a smaller but similar effect on ΔTa as well as ΔTp, 
there are also periods where temperatures measured at the BiR are lower 
than at the BGR. 

3.4. Differences in estimated sensible heat flux 

Sensible heat flux estimates QH, below the PV panels, were higher at 
the BiR compared to the BGR with a significant mean difference of 52.5 
W m− 2. During our measuring period estimated QH at the BGR stayed 
below 60.0 W m− 2 and were often very small, or even negative during 
daytime (Fig. 6). At the BiR estimated QH was much higher with a mean 
value of 50.2 W m− 2 and peaks reaching 291.1 W m− 2. Negative sensible 
heat flux estimates point to a so-called oasis effect, where energy is 
transferred from the surrounding air to the plants and used for evapo-
transpiration. The observed negative daytime QH estimates on the BGR 
coincide with cooler Ta and Tp on the BGR (Fig. 5). Note that the above 
QH estimates are based on temperature measurements in the shade of PV 
panels, resulting in relatively low sensible heat flux densities. In litera-
ture values for QH reaching up to 280 and 750 W m− 2 were found for 
respectively green and bitumen roofs without the shade of PV panels in a 
similar climatic setting [29]. 

Table 8 
Multi-regression analysis results for PV panel output variance explained by air 
temperature, irradiation and roof type.   

Coefficient Standard 
Deviation 

t-statistic P-value 

Intercept 1.943 1.69 1.15 0.25 
Irr 0.415 0.002 237 0.000 
Tair − 0.598 0.095 − 6.27 0.000 
Roof type 5.50 0.74 7.44 0.000 
R2 0.944 

4210 No. of observations  

Fig. 5. Hourly differences in temperature (ΔTs, ΔTa and ΔTp) between the BiR and the BGR during the periods 10–15 August and 2–7 July. A positive value means 
that the temperature measured at the bitumen roof is higher than at the blue-green roof. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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3.5. Nonlinear relation between Ts, Ta and Tp 

From earlier studies, we know that a clear temperature effect of 
green-solar roofs [6,8] versus bitumen roofs is expected. There are 
several explanations for our more ambiguous results. On the BGR energy 
is stored in the substrate and water storage layer, buffering temperature 
fluctuations at the surface. As a result, the cooling rate of the bitumen 
roof is higher over the course of the night resulting in lower nocturnal TS 
than the green roof [29]. Note that in our setup TS is measured in the 
shade of the solar panels on both roofs, which delays the warming effect 
of irradiation in the morning. Another explanation can be found in 
rainfall. After rainfall events, not all rainfall is drained from the BiR 
immediately and the roof surface stays wet for several hours or even 
days until the remaining water is evaporated, cooling down the BiR 
surface during that process. Wind effects can also play a role, mainly in 
the sense that the cooling effect of wind can overrule the effects of roof 
temperature. For example, Osma-Pinto & Ordóñez-Plata [14] conclude 
that the air velocity is more influential than the roof type, at least in 
warm and tropical climates. Lastly, positive effects of the BGR besides 
the roof temperature could be the difference in albedo between both 
roofs [32]. 

Additional analysis was done to further understand the temperature 
effects. We found that there is a significant positive non-linear rela-
tionship between ΔTs and ΔTa (R2: 0.69) and between ΔTs and ΔTp (R2: 
0.43) (Fig. 7). Fitting segmented linear regression models [28] on the 
data results in two linear sections with different slopes for each relation 
with an estimated significant breakpoint at ΔTs = 4.64 ◦C (st. err. 0.14 
and 0.31). Below this temperature difference there is almost no 
measurable relation between ΔTs and ΔTa or ΔTp. The cooling effect of 
the BGR thus has to result in an at least 4.64 ◦C lower surface temper-
ature compared to the BiR, before an effect on ΔTa and Tp becomes 
measurable. 

3.6. Reflection on vegetation-PV feedback and interaction 

Our results confirm that vegetation has a positive influence on PV 
performance. From the literature we know there is also an effect of PV on 
the vegetation; PV systems on green roofs lead to lower evapotranspi-
ration due to the shade effect of the PV panels [27]. In warm climates, 
the shading of the PV panels can even lead to faster growth of vegetation 
and 50% lower pigment levels [14]. The type of plant chosen also affects 
the power output performance [21]. During our measurements, 

Fig. 6. Estimated sensible heat flux densities QH on both roofs for two periods: 10–15 August and 2–7 July.  
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relatively low sedum species still dominated the vegetation, but (taller) 
native herbs started to slowly overtake the vegetation and gradients in 
plant growth became visible between shaded and sunny areas (Fig. 8). 
Below the panels, plants remained relatively low. In the sunny paths 
between the panel rows plant growth was more abundant. If succession 
proceeds to a grass/herbs-dominated vegetation with taller plants, this 
might also affect air circulation underneath the PV panels. As we dis-
cussed in the previous section air velocity can be an important factor in 
cooling PV panels [14]. Taller vegetation might therefore result in a less 
positive effect on PV output than observed during our measurement 
period. Lysimeters and more detailed wind and radiation measurements 
are needed to further investigate the effects of the solar panels and plant 
development on wind effects, actual evaporation and energy fluxes. 
Moreover, fault detection algorithms [33] could possibly assist in the 
online monitoring of the plant height and potential influence on PV 

output to know when maintenance of the vegetation would be neces-
sary. On the other hand, algorithms developed for the optimal planning 
and packing of rooftop PV systems [34,35] could be extended to include 
the possibility of (blue)-green roofs as well. 

3.7. Considerations on energy use of the grey water system 

The grey water system in the building provided a more continuous 
water supply for the vegetation and therefore prevented drought stress. 
As a result, transpiration and the cooling effect of the plants can be 
considered optimal for the meteorological conditions during the mea-
surement period. However, the abundant supply of water comes at a 
price. Energy is needed to pump the collected shower water from the 
basement to the roof. We have calculated that the (multi-05) pump 
which has to overcome 34 m of height difference can pump about 1 m3 

per hour at full capacity (900 W). Depending on if the water supply to 
the roof is only functioning during spring and summer, or during the 
whole year, this means that between 65 and 160 kWh per year is needed 
for pumping. The expected extra production of the BGR versus the BiR 
with 62 panels is about 970 kWh/year (405 Wp panels, based on the 
4.4% higher power production). Thus, 7–17% of the expected extra 
power production is needed for the water supply on the roof, which is 
significant, yet manageable. Moreover, the water supply is not only 
influencing (indirectly) the solar panel output, but is used for the 
vegetation on the balconies and lower roofs as well. Overall, the extra 
solar power output is expected to more than compensate the pump en-
ergy, the water system meanwhile is also enhancing other positive ef-
fects of the building such as reducing heat stress, increased urban plant 
coverage, increased biodiversity and better stormwater management 
[16,21]. 

3.8. Implications for water- and energy-sensitive buildings 

The design and construction of the twin buildings, where we per-
formed our research, required a lot of extra effort from all parties 
involved because of the non-conventional water system in the building 
and multifunctional use of the rooftops for energy, vegetation and water 
management. The most important lessons learned are:  

• Sustainability goals like water circularity, stormwater management, 
biodiversity, energy production and improved liveability for the 
tenants have to be considered and included in the designs from the 
start of the process because these goals affect architecture, structural 
design, rooftop waterproofing systems and water- and power infra-
structure from the basement all the way up to the roof.  

• Where in the past the roof was considered lost space where for 
example HVAC, ventilation and other technical infrastructure could 
be placed where convenient, with the multifunctional approach it 
now becomes important to minimise the amount of space used for 

Fig. 7. Relation between ΔTs and ΔTa and ΔTs and ΔTp and fitted segmented 
linear regression lines with 95% confidence intervals. 

Fig. 8. Impression of the vegetation in between the PV panels (sunnier area) and under the PV panels (shaded area).  
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this infrastructure and cluster it in limited and specific areas on the 
roof.  

• Normally the roof is the ‘final’ stage of waterproofing the building, 
yet to create a multifunctional rooftop landscape, specialists from 
different fields (ventilation and HVAC, power, water management, 
landscaping, solar PV) should be involved in design and construc-
tion. This requires understanding, extra cooperation and design, and 
smart building planning between these specialists, to construct the 
roof in an efficient manner. 

• When creating buildings with novel and innovative water manage-
ment systems, it will take at least one year after construction 
(covering all seasons) to optimise the systems and get experience in 
actual required maintenance to be incorporated in the final main-
tenance manual. Clearly appoint responsibility and budget time and 
money for these tasks. 

4. Conclusion 

We have investigated the performance of a full-scale solar PV system 
on a bitumen roof and a blue-green capillary irrigated roof on twin 
buildings in Amsterdam. Based on a 5-month data collection period 
(June–October 2022) we see a clear positive effect of the BGR on the PV 
performance. On average, a solar panel on the BGR is expected to pro-
duce 4.4% more energy than a solar panel on the BiR at similar irradi-
ation, in a North-West European climate. The positive effect is seen at air 
temperatures above 10 ◦C, regardless of irradiation. A clear difference in 
panel temperature on the roofs is only seen when the surface tempera-
ture of the roofs differs by at least 4.64 ◦C. Otherwise, other factors such 
as wind or albedo have probably more influence on the PV panel tem-
perature and thus on PV power output. Overall, we have shown that a 
blue-green PV roof creates a win-win-win situation both for PV pro-
duction, the local water balance as well as biodiversity. Future research 
could better investigate wind and albedo effects, different heights of 
solar panels above the roof and development of the vegetation and the 
effects of this changing vegetation on PV output. 
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