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mostly utilized by installing either PV panels to pro-
duce solar energy, or by implementing green rooftops 
to promote urban greenery. However, the integration of 
both technologies is environmentally beneficial in the 
enhancement of the PV panels and plantation on the 
roof (Bousselot et  al., 2017; Hui & Chan, 2011). Fur-
thermore, greywater could be used to irrigate the plants 
and it could also be filtered for reuse by the green layer 
on the roof.

1. PV efficiency in a cold climate

There may be some uncertainties concerning the practi-
cability of adapting households to optimize solar energy 
in countries with cold climates. This could be the reason 
behind not having as many studies, observing PV pan-
els efficiency conducted in cold regions as there are in 
warmer or tropical regions. Experimental studies done by 
researchers in Serbia (Pantic et al., 2016), and by Zirnhelt 
and Richman (2015) in Canada, prove that solar energy 
is a feasible source of energy that could cover a build-
ing’s energy needs and is of value even when executed 
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Abstract. A rooftop of a building could be ultimately utilized to retrofit the implementation of smart and sustainable 
solutions. Green roof systems play a significant role in terms of reducing heat loss and energy consumption, making 
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benefits and analysis of rooftops utilized by combining PV and green roofs, integrating both solutions to the building’s 
smart energy system, and reusing grey water to maintain the greenery of the rooftop, to attain a sustainable system. 
The experimental case studies presented in this paper, which are done by different researchers, show that PV-Green 
rooftops are an advantageous hybrid solution to implement even in countries with harsh winter conditions, and are 
more sustainable than stand-alone PV panels.
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Introduction 

The leading reasons behind the augmented demand to 
have sustainable energy solutions are the spike in energy 
costs, the urgency to widely use renewable and clean en-
ergy resources, lessen the use of scarce energy, as well as 
to minimize the consumption of natural resources such 
as water (Hoyer, 2022). The European (EU) green deal 
which was approved in 2020 by the European Commis-
sion, has initiated policies concentrating on reducing 
greenhouse gas emissions in Europe by 55% by 2030 
and becoming climate neutral by 2050 (Simon, 2019; 
Tamma et  al., 2019). Some of the strategies set by the 
EU Commission to attain this target are, to transition 
to renewable energy resources, and to enhance the en-
ergy performance of the buildings (Hoyer, 2022; Euro-
pean Commission, 2019). This has led to a growth in 
the number of smart buildings. A rooftop of a building, 
even in cold regions, is a space that could be ultimately 
utilized to design or retrofit the implementation of smart 
and sustainable solutions to help cool, heat, produce, and 
consume energy efficiently in the building. Rooftops are 
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under harsh winter conditions. A simulation study done 
by Hachem-Vermette, Cubi and Bergerson (2016) with 
a scale of approximately 1000 households and facilities 
in Calgary, Canada, stated that PV panels are an ef-
fective part of energy production (Hachem-Vermette 
et al., 2016). According to a review done by Dubey et al. 
(2013), PV panels are sensitive to temperature and their 
efficiency linearly drops as the temperature rises (Dubey 
et  al., 2013). Solar PV cells are more efficient at lower 
temperatures, which makes temperature-sensitive PV 
panels convenient to implement in cold climate regions 
(Pantic, 2016; Dubey et al., 2013; Mansouri Kouhestani 
et al., 2018; Sheps et al., 2021; Drücke et al., 2021; Mus-
sard, 2017). The experiment conducted in Serbia (Pantic 
et al., 2016), also verifies that PV efficiency is higher in 
winter than it is in summer. Figure 1 shows improved 
efficiency in December (winter) compared to July (sum-
mer) (Pantic et al., 2016; Mussard, 2017).

Figure 1. Daily variation of the efficiency (η) of the PV 
module for various months (Pantic et al., 2016)

2. Green rooftops in a cold climate

2.1. Benefits

There are plenty of benefits that come with the imple-
mentation of green rooftops in buildings. Green rooftops 
are aesthetically appealing and play a significant role in 
air quality, stormwater management, and heat reduction, 
and decrease the energy used for cooling and heating 
(Cubi et al., 2015). Another reason why a green rooftop 
is a great way to enhance the overall environment and 
urban surroundings; is that it doesn’t take space from 
roads or streets (Cubi et al., 2015; Schade et al., 2021; As-
cione et al., 2013). Studies conducted by Getter (Schade 
et al., 2021) in a Midwestern U.S. climate, compare hot 
summers to snowy winters of a green roof and a bare 
roof. The results showed that the green roof ’s effect on 
the heat flux through the roof was larger in summer 
with a heat flux reduction of 167%, while the reduction 
in winter averaged only 13%. Moreover, the bare roof 
was up to 20 °C warmer than the green roof in summer. 

However, green and bare roofs showed comparable tem-
peratures during winter when it snowed (Schade et al., 
2021). Cubi et al. (2015) evaluated the life-cycle perfor-
mance of green roofs installed in various cold Canadian 
climate zones and found that they reduced both the heat-
ing and cooling energy consumption of the buildings 
(Cubi et al., 2015). 

2.2. Green roof layers and plant selection

A basic green roof system, shown in Figure 2, consists of 
the following layers: a vegetation layer, growing medium, 
filter fabric, drainage materials, insulation, and mem-
branes to protect buildings from leaks and prevent plant 
roots from penetrating the roof membrane (Mahmoudi 
et al., 2021; Evans, 2015; Kamarulzaman et al., 2014; Vi-
jayaraghavan, 2016).

Figure 2. Green roof layers (Vijayaraghavan, 2016)

Selecting the species of plants for plantation on the 
roof is of high importance (Lönnqvist et  al., 2021). 
The plants selected in cold regions should be able to 
withstand local temperatures, winds, snow, and rain-
fall (Pradhan et  al., 2019). The cold climatic condi-
tions dictate the kind of plantation that would be 
suitable to have on rooftops. Moist vegetation based 
on species from the Crassulaceae family and a lot of 
Sedum species are used for green roofs in Northern 
Europe (Johannessen et  al., 2017; Xing et  al., 2019). 
A study held in three different locations in northern 
Sweden in Kiruna, Luleå, and Umeå, which have a 
cold climate according to the Köppen Geiger climate 
classification, examines the plantation on 41 sections 
of roofs on 11 buildings across those locations dur-
ing the summer and autumn of 2016 and the summer 
of 2017 (Johannessen et  al., 2017). Table 1 presents 
climatic data of the three locations surveyed from the 
Swedish meteorological and hydrological institute’s 
database between 1961 and 1990. It could be observed 
from Table 2 that the total roof coverage of a plant in 
all surveyed rooftops, differs from one species to an-
other. Hence, plant species influence green roof cover-
age and vitality (Lönnqvist et al., 2021).
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Table 1. Locations and climatic data (for the reference period 
1961–1990) taken from the Swedish meteorological and 
hydrological institute’s database (Lönnqvist et al., 2021)

Location Kiruna Luleå Umeå

Lat, Long 67.85, 20.32 65.58, 22.16 63.80, 20.29
Mean temp. 
°C (max, min 
daily mean)

–1.9  
(24.9–37.9)

1.6  
(23.7, –31.1) 

2.7  
(23.1, –26.0)

Annual snow 
precipitation, 
millimeter (%)

500 (40) 506 (35) 591 (35)

Annual 
precipitation, 
days

180 162 137

Table 2. The 10 most abundant vascular plant species (by 
coverage) found on roofs (Lönnqvist et al., 2021)

Species
Mean total 
cover (min, 

max)

Stan-
dard 

devia-
tion

Coeffi-
cient of 

varia tion

No. roof 
sections 
where 

present (%)

Sedum acre 

Poa alpine

Sedum 
album
Festuca 
ovina
Epilobium 
ciliatum 
Poa glauca

Poa 
pratensis 
Sonchus 
arvensis 
Geranium 
colum-
binum 
Poa 
compressa 

58.1  
(0.0, 100.0)

6.6  
(0.0, 60.5)

3.0  
(0.0, 36.0)

2.2  
(0.0, 23.7)

1.6  
(0.0, 64.6)

1.5  
(0.0, 54.0)

0.4  
(0.0, 8.8)

0.3  
(0.0, 11.0)

0.3  
(0.0, 11.3)

0.2  
(0.0, 10.0)

36.4

16.1

6.1

5.1

10.1

8.5

1.6

1.7

1.8

1.6

0.6

2.4

2.0

2.3

6.3

5.7

3.9

4.2

6.4

6.4

38(93)

11(27)

27(66)

19(46)

5(12)

2(5)

3(7)

4(10)

1(2)

1(2)

3. Integration PV-Green roof

3.1. Benefits of PV-Green roof integration

Combining both a green roof and PV systems on a roof-
top promotes a sustainable green building, and improves 

their effectiveness. The panels work as a shade for the 
plants and protect them from radiation and extreme sun 
exposure. This contributes to the enhancement of plant 
growth, richness, and variety. On the other hand, plants 
protect PV panels from cold weather conditions because 
of their thermal capacity (Hui & Chan, 2011; Feng et al., 
2015; Lamnatou & Chemisana, 2015). A certain case 
study done by Kohler in 2007, demonstrated the increase 
and higher efficiency performance of 6% with PV arrays 
installed on green roofs (Bousselot et al., 2017). Another 
study done by Hui and Chan (2011) realized that 8.3% 
more electricity was generated from PV arrays integrated 
with green roofs than from stand-alone PVs (Bousselot 
et al., 2017). To examine the effects of PV-green roof in-
tegration, a hypothetical case study has been performed 
by Hui and Chan (2011) using the software “EnergyPlus” 
to run four simulation models to calculate the annual 
energy consumption of an existing building in Hong 
Kong. The four models were set up to compare findings 
of the year-round energy performance of a bare roof, a 
green roof, a PV roof, and a PV-green roof (Hui & Chan, 
2011).

The roof models in Figure 3 are in a 12-story office 
building with a total floor area of 46,320 m2. In this 
model simulation experiment, it is assumed that the PV 
systems of PV roof and PV-green roof have an efficiency 
of 12% and 13%, respectively, and that the PV system 
covers a roof area of 2,494 m2 (Hui & Chan, 2011). The 
leaf area index (LAI) of the green roof is assumed to be 3 
for a typical extensive green roof, whereas the LAI of the 
PV-green roof is divided into two parts: LAI = 3 for 30% 
of roof area (exposed) and LAI = 3.5 for 70% of roof area 
(Hui & Chan, 2011). The comparison of the annual en-
ergy consumption of lighting and space conditioning of 
the four models in Figure 4, demonstrates that PV panels 
of PV-green integrated rooftops, generate 118 GJ more 
energy than PV panels on a bare roof. However, there is 
no significant difference between the bare and the green 
roof, due to the small green roof area compared to the 
total building floor area (Hui & Chan, 2011).

An experiment was conducted by Zheng and Weng 
(2020) in Los Angeles, California, USA for selected 
buildings at two study sites; Glendale and Koreatown, to 
study the impact of PV-green rooftop integration. The 
assessment was done by comparing building demands 
under the current 1991–2005 and future 2050 under the 

 Bare roof  Green roof  PV roof  PV-green integrated roof
Figure 3. Four different roof models
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Intergovernmental Panel on Climate Change [IPCC] 
A1F1 emission scenario. The results of the experiment 
show the potential saved electricity when combining 
both PV and green rooftops in comparison to a standard 
roof as shown in Figure 5 (Zheng & Weng, 2020).

Figure 4. Annual energy consumption of lighting and space 
conditioning (Hui & Chan, 2011)

3.2 PV-Green rooftop arrangement design

The magnitude of the effectiveness of a PV green rooftop 
relies highly on the arrangement of a particular building 
site and the placement of PV panels and plants (Hui & 
Chan, 2011; Sailor et al., 2011). Figure 6 illustrates possi-
ble combinations of PV panels and green rooftops (Zlu-
wa & Pitha, 2021). There are standards and aspects to 
consider when implementing a hybrid PV-green rooftop 

arrangement design, such as; PV type and mounting, 
load on the roof, secured water supply, height and mate-
rial of the vegetated layer, selected plants, and mainte-
nance effort, to obtain a highly efficient system (Zluwa 
& Pitha, 2021; Tian et al., 2017).

4. Re-usage of greywater to irrigate green roofs

Greywater generally refers to the wastewater that comes 
from showers, sinks, and washing machines in house-
holds. As stated by some studies, the term “greywater” 
includes all the wastewater produced at home except 
for toilet water waste (Mahmoudi et  al., 2021; De Gisi 
et al., 2015). According to international statistics, 2.7 bil-
lion people worldwide will face water shortages by 2025 
(Mahmoudi et al., 2021). Therefore, the reuse of greywa-
ter, particularly for non-drinking purposes, has gained 
attraction for being an effective strategy to reduce the 
consumption of purified water in urban areas (Mahmou-
di et al., 2021). It can achieve from 10% to 50% potential 
savings on water use in the household (Pradhan et al., 
2019). One of the main reasons behind the restrains of 
green roofs and green walls implementation is their need 
for big amount of water. A green wall may require 1 l/m2 

of drinking water daily in countries with cool climates 
(Mahmoudi et al., 2021; Xu et al., 2020). This could be 
tackled by using greywater as an alternative to purified 

Figure 5. Percentage (%) of annual electricity savings from the integration of green roofs and photovoltaic systems compared 
with traditional roofs under the A1F1 emission scenario in 2050: a – Glendale; b – Koreatown (Zheng & Weng, 2020)

Figure 6. Possible combinations of PV panels and green rooftops, modified according to Pfoser (Zluwa & Pitha, 2021)
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water to irrigate green roofs. Furthermore, green roofs 
acting as a biofilter system could serve as a solution for 
the treatment and refining of greywater (Mahmoudi 
et al., 2021; Xu et al., 2020), which could be regarded as 
a decentralized, environmental, and cost-effective treat-
ment system that also limits subsurface infrastructure 
(Pradhan et al., 2019; Chang et al., 2011).

Conclusions 

There is a lack of research in this study area in cold cli-
mate regions. However, it is still observable from this 
review that a PV-green roof is potentially advantageous 
in the substantiality of a building, the environment, the 
PV cell efficiency, and plant variation and condition 
compared to stand-alone PVs or only green roofs. The 
integration of PV and green roofs enhances the func-
tion’s effectiveness in reducing a building’s energy de-
mands, even in harsh winters. The findings obtained 
from this review show that temperature-sensitive PV 
panels are suitable for implementation in countries with 
cold climates; it is of high importance to carefully select 
the plant species of the green roofs to make sure they 
would withstand the weather conditions (plant species 
such as Sedum are suitable to grow in cold countries 
and positively influence the green roof ’s vitality); grey-
water could be a reliable supply to irrigate the greenery 
on roofs; reusing greywater reduces water waste; and 
the green roof layers work as a filter which could be a 
cost-effective water-treatment system. Further studies 
are needed to analyse the performance of these findings 
when integrated in cold regions, to closely observe the 
feasibility and to have more solid experimental results 
proving it’s practicability. 
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