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Abstract 
This paper examines the environmental impact of a grid-connected PV system in Kocaeli, Turkey, supported by East Mar-
mara Development Agency to contribute local economic and environmental sustainability goals. For this purpose, energy 
payback time and greenhouse payback time analysis is carried out in terms of calculated total embodied data and measured 
annual operation data. The results indicate that the system spends approximately 12.68% of its lifetime to payback its total 
embodied energy and 10.67% to save its total embodied greenhouse gas emissions.
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Introduction

It is a fact that the global warming has reached to a critical 
level likely between 0.8 and 1.2 °C with noticeable effects 
in natural and human ecosystems as extreme temperatures, 
heatwaves, wildfires, tropical storms, floods and droughts. 
The Special Report of Intergovernmental Panel on Climate 
Change (IPCC) on Global Warming estimates that it would 
be possible to limit the warming by 0.5 °C on a century time, 
if only all worldwide emissions were reduced to zero imme-
diately (Intergovernmental Panel on Climate Change 2018). 
Sanderson et al. emphasise the importance of limitation by 
establishing the massive differences in extreme behaviours 
between the 1.5 degree Celsius (°C) and 2 °C scenarios with 
various climate simulations by their climate model emulator. 
The results show that 0.5 °C changes the frequencies vitally 
to experience extreme conditions for temperature, sea level 
and sea ice (Sanderson et al. 2017).

Global energy-related carbon dioxide (CO2) emissions, 
one of the major contributors of climate change, have dra-
matically increased from 20.5 Gigaton (Gt) CO2 to a historic 
value, 33.1 Gt CO2 in the last 20 years as a result of fossil 
fuel domination in power generation sector. International 
Energy Agency estimates that global electricity use will 
continue to increase as a result of rising demand of modern 
economies (International Energy Agency, CO2 Emissions 
2019). Thus, achieving climate change goals is depend-
ing on rising to a challenge of mitigation of energy-related 
emissions.

Buildings and construction sector accounted for 39%, 
more than one-third, of global energy and process related 
CO2 emissions in 2018. Besides, it is estimated that build-
ings sector energy intensity and related emissions will 
continue to rise worldwide for several reasons like rise in 
the building stocks, improved energy access in developing 
countries, rise in heating and cooling-based energy demands 
and use of energy-consuming devices (International Energy 
Agency, Tracking Buildings 2020). However, this rising 
trend stands as a serious threat in achieving ambitions for 
limiting the warming by 2 °C or below.

In this context, the zero energy buildings emerge to 
reverse the trend. Peterson et al. define a zero energy build-
ing as “An energy-efficient building where, on a source 
energy basis, the actual annual delivered energy is less than 
or equal to the on-site renewable exported energy” (Peterson 
et al. 2016). In this definition, the source energy refers to 
the embodied energy of primary fossil fuels and the energy 
used at the building site (D’Agostino and Mazzarella 2019). 
Besides, the definition explains that the essential require-
ments of the zero energy buildings are energy efficiency 

measures and power self-sufficiency on renewable energy. 
Among all the renewable energy sources, photovoltaic 
(PV) technology is the most common approach used in zero 
energy buildings and other energy efficient buildings due 
to the possibility of energy feedback into the grid (Shirazi 
et al. 2019; Belussi et al. 2019). It is an indisputable fact that 
PV technology is a feasible solution to reduce environmen-
tal impacts caused by traditional energy sources. However, 
embodied emissions from PV energy systems in energy effi-
cient buildings lead to material emissions to be compensated 
for (Birgisdóttir et al. 2016).

In this paper the environmental profile of an energy effi-
cient building with a roof-type 290.4 kWp grid-connected 
PV system in Kocaeli, Turkey, is evaluated by means of 
energy payback time (EPBT) and greenhouse payback time 
(GPBT). The main goal of the paper is to investigate the 
relation between the changes in annual mean temperatures, 
one of the most noticeable effects of climate change, and PV 
system environmental profile. For this purpose, EPBT and 
GPBT of the examined system are estimated dividing the 
embodied data by the annual in operation data to investigate 
the effect of energy performance on carbon footprint of a 
PV system. Energy generation and CO2 saving data between 
2014 and 2018 are obtained from the owner. The embod-
ied data is calculated by an appropriate approach which is 
selected from the current studies based on the mounting type 
of the PV system, the energy source used to produce the PV 
system, the year of PV system production and annual solar 
irradiation received in the location. Then, EPBT and GBPT 
results are evaluated for measured annual mean temperature 
and solar radiation data of the location. In conclusion, world 
future priorities are discussed since the solar PV generation, 
leader of renewable power capacity, does not promise to 
reduce emissions to zero.

System description

East Marmara Development Agency (MARKA) is an insti-
tution of Ministry of Industry and Technology compris-
ing Kocaeli, Yalova, Düzce, Sakarya and Bolu cities in 
East Marmara Region, Turkey, which was established to 
decrease the dependency on imported resources by utilizing 
the regional ones efficiently. The institution aims to coop-
erate with universities, public commercial organisations, 
privately held companies and civil institutions in the region 
to contribute the regional and national economic and social 
development. Thus, the renewable energy investments are 
encouragingly supported by the institution since they offer to 
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use the local clean resources instead of imported fossil fuels 
(East Marmara Development Agency 2019).

The PV system evaluated in this paper is commissioned 
on the roof of a privately held food facility, located in 
Kocaeli, Turkey, in 19.11.2013 with the support of MAR-
KA’s clean production financial support program (Fig. 1). 
The system consists of 1200 PV modules oriented to south 
with an inclination angle of 32°, 18 inverters (Table 1).

Methodology

In zero energy buildings and other energy efficient build-
ings, PV technology applications are widely used to meet 
energy efficiency measures and power self-sufficiency 
requirements. However, PV technology and all other 
renewable energy technologies have embodied energy 
and embodied greenhouse gas emissions depending on 
the energy source to produce the technology. Due to 
the increasing climate change concerns, it is becoming 
increasingly essential to evaluate the economic and envi-
ronmental profile of energy technologies. Energy payback 
time (EPBT) and greenhouse payback time (GPBT) are the 

Fig. 1   290.4 kWp grid-connected PV system

Table 1   Technical specifications of the PV system

PV modules

Heckert Solar NeMo P220 (05/2013)
Rated power (W) 220
Efficiency (%) 15
Short circuit current (A) 8.62
Open circuit voltage (V) 33.77
Max. power voltage (V) 27.54
Max. power current (A) 8.08
Dimensions (mm) 1481 × 991 × 38
Mass (kg) 16.3

Sunny Tripower 17x 1700 TL-10 Sunny Tripower 5000 TL-20

Inverters
Input voltage (Vdc) 400–800 245–800
Max. input voltage (Vdc) 1000 1000
Max. input current (Adc) A: 33, B: 11/33 A: 11, B: 10
Max. input power (W) 17,410 5100
Nominal output voltage (Vac) 160–280 160–280
Max. output current (Aac) 24.6 7.3
Max. output nominal power (W) 17,000 5000 W
Max. output apparent power (VA) 1700 5000
Frequency (Hz) 50 50
Efficiency (%) 98.1/97.7 98/97.1
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two most common metrics to investigate the performance 
of a PV system throughout its lifetime.

Energy payback time (EPBT) represents the period 
required for a PV energy system to recover the energy 
amount consumed to produce the system (Frischknecht 
et al. 2016; Kato et al. 1998):

where EE is the embodied energy and Eo is the annual energy 
generation of the system.

Energy used in fabrication, transportation and instal-
lation stages for PV modules and balance of the system 
(BOS) constitute the total embodied energy of the system:

where EPV,E is the embodied energy of PV modules and 
EBOS,E is the embodied energy of BOS components.

Current studies in the literature propose that the total 
embodied energy of a PV module and BOS varies between 
894 and 13,428 MJ/m2 (Bhandari et al. 2015; Saini et al. 
2020). In this paper the mounting type, energy source 
used to produce the technology, year of production and 
the annual solar irradiation received in Turkey (1527 kWh/
m2/year) are used as determining integrators for the total 
embodied energy of a PV module and BOS. The system 
examined in this paper is a roof-type multi-crystalline 
PV system produced with 2013 technology (Table 1). De 
Wild-Scholten proposes that the total embodied energy of 
a roof-type multi-crystalline PV system in a location with 
annual solar radiation of 1700 kWh/m2/year is approxi-
mately 931.535 MJprim/m2. Table 2 gives the fossil fuel 
energy consumed per process step based on 2011 manufac-
turers’ data; and on 2013 equipment manufacturers’ esti-
mates of photovoltaic modules (De Wild-Scholten 2013).

Greenhouse payback time (GPBT) represents the period 
required for a PV energy system to save the greenhouse 
gas emissions occurred due to the energy consumed to 
produce the system (Lu and Yang 2010):

(1)EPBT =
E
E

E
o

(2)EE = EPV,E + EBOS,E

where GHGE is the embodied greenhouse gas emissions and 
GHGo is the annual greenhouse gas emission savings of the 
system. GHGE is the sum of the emissions occurred dur-
ing fabrication, transportation and installation stages for PV 
modules and balance of the system (BOS):

Lifecycle greenhouse gas emission studies for PV energy 
systems mainly focus on mounting type of the system. The 
statistical analysis from qualified studies shows that mean 
greenhouse gas intensity is 48.5 g CO2-eq/kWh and 34.5 g 
CO2-eq/kWh for roof-type and ground-type mounting PV 
applications, respectively (Nugent and Sovacool 2014). 
However, De Wild-Scholten shows that energy source used 
in per process to produce PV systems is one of the key 
parameters to determine the carbon footprint of PV electric-
ity. In this context, greenhouse gas emissions for per process 
with fossil fuel based energy sources to produce a roof-type 
multi-crystalline PV system are used to estimate the embod-
ied greenhouse emissions of the PV system examined in this 
paper (Table 3) (De Wild-Scholten 2013).

Results

Table 4 gives the annual global solar radiation values for 
Kocaeli city between 2014 and 2018 (Ministry of Energy 
and Natural Energy Sources, Turkey Solar Energy Potential 
Atlas 2018). The table shows that 2016 is the sunniest year 
and 2018 is the cloudiest year among the period. Figure 2 
gives annual temperature anomalies in Turkey. The figure 
shows that 2018 is a hotter year than 2016 with an annual 
temperature 15.4 °C, 1.9 °C above from 1981–2010 normal 
(Ministry of Energy and Natural Energy Sources, State of 
Climate in Turkey in 2018).

The total embodied energy of the system is calculated 
2,304,872.61. Table 5 shows that PV modules contribute 

(3)GPBT =
GHG

E

GHG
o

(4)GHG
E
= GHGPV,E + GHGBOS,E

Table 2   Embodied energy of a roof-type multi-crystalline PV system 
per process step

Feedstock (MJ/m2) 367.5
Ingot/crystal + wafer (MJ/m2) 222.95
Cell (MJ/m2) 81.55
Laminate (MJ/m2) 157.5
Frame (MJ/m2) 53.9
Mounting (MJ/m2) 43.75
Cables and connectors (MJ/m2) 4.375
Inverter (MJ/kWp) 2,290

Table 3   Greenhouse gas emissions of a roof-type multi-crystalline 
PV system per process step

Feedstock (kg CO2-eq/m2) 100
Ingot/crystal + wafer (kg CO2-eq/m2) 51.9
Cell (kg CO2-eq/m2) 22.3
Laminate (kg CO2-eq/m2) 27.4
Frame (kg CO2-eq/m2) 12.5
Mounting (kg CO2-eq/m2) 89.7
Cables and connectors (kg CO2-eq/m2) 0.511
Inverter (kg CO2-eq /kWp) 124
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most to the embodied energy with a 66.44%. The energy 
generation data of the system since commissioning is 
obtained from the owner and used to calculate EPBT by 
Eq. 1. Figure 3 gives the annual energy generation of the sys-
tem on monthly basis, and Table 6 gives the annual energy 
generation and EPBT of the system between 2014 and 2018. 
According to the table, EPBT is minimum, 2.073 years, for 
total yield in 2016 and maximum, 2.230 years, for total yield 
in 2018 which is in consistent with the global solar radiation 
and temperature data.

The total embodied greenhouse gas emissions for PV 
modules, arrays supporting and cables and inverters of the 
system are calculated 549,713.68 kg CO2-eq, respectively 
(Table 7). The annual emission savings of the system are 
obtained from the owner and used to calculate GPBT by 
Eq. 3 (Table 8). According to the table, GPBT is longer with 

Table 4   Annual global solar 
radiation for Kocaeli city 
between 2014 and 2018

Year Annual global solar 
radiation (kWh/
m2−day)

2014 3.907
2015 3.917
2016 4.022
2017 4.009
2018 3.888

Fig. 2   Annual mean temperature anomalies for Turkey

Table 5   Embodied energy of the system (MJ)

EPV,E 1,555,137.36
EBOS,E EE for arrays supporting and 

cabling
84,719.25

EE for inverters 665,016

Fig. 3   Annual energy genera-
tion of the system on monthly 
basis [MJ]
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GHGo in 2018 which is in consistent with the global solar 
radiation and temperature data.

Discussion

Net electricity consumption of Turkey has increased from 
7308 to 249,023 GWh since 1970. Table 9 shows the dis-
tribution of the consumption by sectors (Turkish Statistical 
Institute, Environment and Energy 2018). According to the 
table, biggest contribution comes from industry and the big-
gest increase is observed in commercial sector. The share 
of household sector also shows a significant increase from 
15.9 to 21.8%. These numbers all prove that the modern 
world is dependent on energy now than ever before at every 
step of life.

(1)	 It includes consumption in agriculture, livestock, fish-
ery sector and municipal water abstraction pumping 
facilities, and other public services, etc.

This year, it is likely to see net electricity consumption 
by most sectors in Table 9 and CO2 emissions related to 
these sectors largely fall in virtue of the coronavirus which 
is affecting people’s health and economies unprecedently 
all over the world. The coronavirus, COVID-19, is thought 
to have spread from Wuhan, China, to at least 190 coun-
tries in a three months’ time. The precautions taken to fight 
the outbreak are forcing the world to reduce emissions with 
extreme slowdowns in industrial production and transporta-
tion. However, the effects of the outbreak to reduce emis-
sions are likely to be temporary.

This paper addresses EPBT and GPBT of a PV system 
which gives a relation between the annual power genera-
tion and total embodied energy. Table 6 and Table 8 show 
EPBT and GPBT calculations of the examined system for 
the annual generation of 2014, 2015, 2016, 2017 and 2018, 

Table 6   Annual energy generation and EPBT of the system between 
2014 and 2018

Year Total yield (MJ) EPBT (years)

2014 1,110,420 2.075
2015 1,039,824 2.216
2016 1,111,680 2.073
2017 1,108,944 2.078
2018 1,033,164 2.230

Table 7   Embodied greenhouse gas emissions of the system (kg 
CO2eq)

GHGPV,E 354,896.64
GHGBOS,E GHGE for arrays supporting and 

cabling
158,807.44

GHGE for inverters 36,009.60

Table 8   Annual CO2 savings and GPBT of the system between 2014 
and 2018

Year GHGO (kg CO2eq) GPBT (years)

2014 222,084 2.475
2015 210,632 2.609
2016 222,360 2.472
2017 221,788 2.478
2018 207,640 2.647

Table 9   Distribution of net 
electricity consumption by 
sectors

Year Total Household Commercial Government Industrial Illumination Other(1)

(GWh) (%)

1970 7308 15.9 4.8 4.1 64.2 2.6 8.4
1975 13,492 17.5 4.9 3.7 64.8 1.9 7.2
1980 20,398 21.5 5.6 3.0 63.8 1.4 4.7
1985 29,709 19.0 5.5 3.0 66.0 1.4 5.1
1990 46,820 19.6 5.5 3.1 62.4 2.6 6.8
1995 67,394 21.5 6.2 4.5 56.4 4.6 6.8
2000 98,296 24.3 9.5 4.2 49.7 4.6 7.7
2005 130,263 23.7 14.2 3.6 47.8 3.2 7.5
2010 172,051 24.1 16.1 4.1 46.1 2.2 7.4
2015 217,312 22.0 19.1 3.7 47.6 1.9 5.7
2016 231,204 22.2 18.8 3.9 46.9 1.8 6.4
2017 249,023 21.8 19.8 4.1 46.8 1.8 5.7
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respectively. It is a fact that the performance of PV cells is 
directly dependent on radiation level and temperature (Chan 
and Phang 1987; Gow and Manning 1999; Brano et al. 2010; 
Bai et al. 2014; Fathi et al. 2017). According to the measured 
meteorological data, 2018 was the less efficient year among 
the investigation period of the study, 2014–2018, due to 
lower global solar radiation and annual temperature anoma-
lies. 2018 was recorded as the second warmest year since 
1971 with 1.9 °C above from 1981–2010 normal (Fig. 2).

The rise in annual mean temperature is one of the most 
noticeable effects of climate change. Greenhouse gas emis-
sions of Kocaeli city have been increasing dramatically and 
expected to reach 42 million tonnes CO2eq by 2030. The 
local government prepared an emergency action plan called 
“Kocaeli Greenhouse Gases Inventory and Climate Change 
Action Plan” to turn the industry city to a green city and 
support the climate change goals of the country. Greenhouse 
Gases Inventory Report of the city shows that the city is 
responsible for 5% of Turkey’s emissions in 2016, 25 mil-
lion tonnes CO2eq. The primary sources of these emissions 
are 65.3% stationary sources, 17% industry, 15% transporta-
tion, 1.4% land use and forestry and 0.9% agriculture. The 
urban climate change plan of the local government targets to 
fight 8 million tonnes of the emissions; 69% industry, 13.9% 
residential, 3.7% commercial, 13.1 urban transportation and 
0.9% agriculture. The plan has two main targets and eight 
actions to reduce the energy-based emissions of all sectors. 

Reducing fossil fuel use in industrial and commercial build-
ings by encouraging the roof-type PV systems is determined 
as Action 2 of Target 1. It is excepted to save at least 30% of 
total emissions by these buildings which occur during elec-
tricity consumption with roof-type PV systems (Regional 
Environment Center Turkey 2019).

In this paper, a roof-type 290.4 kWp grid-connected PV 
system of a commercial building in Kocaeli city, Turkey, is 
examined. The results indicate that this system has saved 
nearly 1.2 kt CO2eq emissions of the city and still continues 
to contribute savings with more than 250 ton CO2eq/year. 
In recent years, net electricity consumption by commercial 
and industrial buildings has not been dropped below 60% of 
total consumption in the country (Table 9). If the number 
of the buildings with roof-type PV systems similar to the 
building examined in this paper increases within Target 1 of 
“Kocaeli Greenhouse Gases Inventory and Climate Change 
Action Plan”, the city will save more than 0.9 million ton 
CO2eq/year of total commercial and industrial sectors based 
emissions in the country. Figure 4 gives the Photovoltaic 
Power Potential Map of Turkey. Kocaeli, nearest neighbour 
of Istanbul, is in the medium potential region of the Map 
with a potential of nearly 1300 kWh/kWp-year. There are 
also many other big cities with developed commercial and/or 
industrial sectors in the medium and high potential region of 
the Map. Greenhouse Gases Inventory of the country estab-
lished that emissions reached to 526.3 million ton CO2eq/

Fig. 4   Photovoltaic Power Potential Map of Turkey (Global Solar Atlas 2020)
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year in 2017 and 86.3% of these emissions were recorded 
energy based. By using net electricity consumption by sec-
tors in Table 9, it is likely to say that the contribution of 
industrial and commercial sectors was nearly 290 million ton 
CO2eq/year. The map and the results of this study show that 
40 million tons of these emissions can be saved by only roof-
type PV system applications in industrial and commercial 
buildings with serious and urgent regional actions (Regional 
Environment Centre Turkey, 2019 and Turkish Statistical 
Institute, Environment and Energy 2018). From this point of 
view, it can be foreseen that solar energy development in all 
sectors and all regions to reduce energy-based emissions can 
improve the temperature anomalies in the red part of Fig. 2.

PV systems release zero emissions during the operation. 
However, these systems have embodied emissions from pro-
cesses of manufacturing, transportation and installation until 
the operation. The payback time for the embodied energy 
and emissions are dependent on the annual energy output in 
other words global solar radiation, weather conditions and 
PV technology. In this paper, the total embodied emissions 
of the roof-type PV system are estimated 549,713.68 kg 
CO2eq with approximately 2.536 years of payback time, 
12.68% of its lifetime. Regarding that the PV system exam-
ined in this paper was built in 2013, seven years ago, it is 
likely to calculate smaller embodied emissions for PV sys-
tems built with the latest solar energy technology which is 
in a much better shape with ongoing innovations to improve 
efficiency, cost and size. However, EPBT and GPBT results 
of the system prove the fact that temperature is a determin-
ing factor in PV system performance with longer EPBT and 
GPBT values due to lower annual energy output in 2018, 
the second warmest year of the country since 1971. This 
interaction between extreme temperature anomalies and 
solar energy which is one of the most promising renewable 
energy sources for a sustainable future with normal tem-
perature anomalies and normal weather conditions shows 
the urgency to put local and global climate change action 
plans into practice without a moment’s delay. Otherwise, the 
support of PV systems and other renewable energy systems 
in climate change fight may diminish with longer EPBTs 
and GPBTs.

Conclusion

This study focuses on the environmental impact of a 290.4 
kWp grid-connected multi-crystalline photovoltaic (PV) 
system—located in Kocaeli, Marmara region of Tur-
key—in terms of EPBT and GPBT. EPBT, total embodied 
energy divided by annual generation, is established between 
2.073 years and 2.230 years depending on the annual perfor-
mance of PV modules. Looking at the current literature this 
value is reasonable for 2013 PV panel production technology 

when up to 3.5 years of EPBT values are considered accept-
able (Bhandari et al. 2015). Also another acceptable data 
(for 2013) of GPBT values—around 2.5 years—confirm 
the fact that the environmental benefits of PV systems are 
determined by annual energy generation which is strongly 
dependent on weather conditions and PV technology. In a 
country such as Turkey, having this amount of solar radia-
tion, use of PV systems should be expanded to nationwide at 
least for private enterprises that have large scale of rooftop 
spaces.

As mentioned previously, PV system used in this private 
held food facility is consisting of multi-crystalline panels. 
Speaking for rooftop applications today in 2020, EPBT and 
GPBT values are retreated to 0.6 years for thin-film pan-
els which perform and operate better in means of electrical 
energy generation and have a longer life-span with a higher 
reliability (Taylor and Jäger-Waldau 2019). Evaluating this 
subject from this point of view, obviously adapting thin 
panel technologies to rooftop applications in a more efficient 
and an economic way will provide a better potential to save 
energy and prevent greenhouse gas emissions. It appears 
that investigations on PV power prediction and solar PV 
technologies will play a crucial role in building a sustainable 
future for the world which is at a defining moment to shape 
the coming climate crisis with a probability of retreating 
EPBT and GPBT ratios to 1–2% of panel life-spans.
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