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ABSTRACT 
The environmental performance of residential rooftop photovoltaic electricity systems is 
becoming increasingly important for urban energy transition strategies. This study assesses 
whether rooftop photovoltaic electricity generation can reduce environmental impacts relative 
to conventional electricity supply in Zagreb, Croatia. It is hypothesised that rooftop photovoltaic 
electricity systems have lower climate-related and resource-related impacts than the national 
electricity grid mix. A screening cradle-to-use life-cycle assessment was performed using site-
specific electricity-generation data and impact categories defined by a European construction-
product standard, with all impacts expressed per 1 kWh of electricity delivered. The results show 
a 65.89 per cent lower climate change impact and a 94 per cent lower fossil resource 
consumption than the modelled Croatian electricity grid mix. Overall, the findings suggest that 
rooftop photovoltaic systems in Zagreb can reduce climate and resource-related impacts under 
the assumed screening model. 

KEYWORDS 
Residential rooftop photovoltaics, Life-cycle assessment, Environmental impacts, Electricity grid 
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INTRODUCTION 
Addressing climate change remains a primary focus of European Union (EU) policies. The 

energy sector accounts for 27.4% of greenhouse gases [1]. Therefore, the EU has set the goal 
of achieving at least 42.5% of energy from renewables by 2030, with an aspiration to reach 
45% [2]. Photovoltaic (PV) technology is cost-effective and easy to install. The Solar Energy 
Strategy targets 320 GW by 2025 and 600 GW by 2030, with initiatives to expedite PV 
permitting and mandate solar systems for new public, commercial, and residential buildings by 
2029 [3]. Croatia, third among EU states, generated 73.7% of its net electricity from renewable 
energy sources [4], mainly hydro (47%) and wind (14.7%), with solar at 2.4% (2023) [5]. As 
hydro depends on water resources affected by climate change, Croatia is encouraged to 
diversify its energy sources [6]. 
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Solar irradiation and space are the key criteria for photovoltaic (PV) implementation, unlike 
other renewables. Growing PV production and falling costs have accelerated the adoption of 
small and utility-scale systems. Real-time data-driven algorithms help evaluate financial 
viability amid market fluctuations. Agarwal et al. developed a greedy search algorithm for 
high-capacity PV systems [7]. While large PV systems increase electricity output, they require 
extensive land, harming ecosystems and reducing arable land [8]. To mitigate this, research is 
shifting toward rooftop PV installations on urban buildings, which can help offset part of 
household electricity needs, reduce reliance on polluting grid power, and potentially improve 
energy security and lower costs. Optimal incentives for using roof space could maximise 
benefits, but more precise geographical data are needed to assess rooftop PV potential [9]. 

Residential rooftop photovoltaic systems have seen increasing adoption as a distributed 
energy solution contributing to decarbonisation and energy transition goals. Recent studies 
have examined various aspects of photovoltaic deployment, including diffusion dynamics of 
rooftop installations across different markets [10] and energy flow management in 
photovoltaic-based microgrids [11]. Furthermore, enhancing energy system performance is 
another crucial way to achieve sustainability, as properly cooled photovoltaic panels last longer 
and experience less performance loss [12]. Advanced cooling strategies using nanofluids can 
significantly mitigate thermal degradation, ensuring the system’s performance remains stable 
throughout its service life [13]. These contributions highlight the focus on sustainable energy 
systems and provide a contextual foundation for assessing the environmental impacts of 
rooftop PV systems through life-cycle approaches. 

Installing rooftop PV systems nationwide could meet between 20–30% electricity demand, 
as shown for the case of  Spain [14]. A new method combining geographic information system 
(GIS), light detection and ranging (LiDAR), and cadastral data, applied to the district of 
Zaragoza, showed that dedicating 21% of available rooftop space to solar thermal can achieve 
domestic hot water self-sufficiency. Further, allocating the remaining suitable rooftop area to 
photovoltaic systems can achieve 20% electricity self-sufficiency under this prioritisation 
scenario [15]. Rooftop solar potential strongly depends on site-specific factors, such as climate. 
In the Netherlands, a bottom-up building-stock model (50% of renovated buildings and all new 
buildings) suggests that rooftop PV installation can potentially substitute 80% of public-grid 
electricity for appliances and lighting by 2050 [16]. In tropical climates like Puerto Rico, PV 
systems produce 2–3 times more energy than required, with excess supplied locally via the grid, 
reducing transmission losses [17]. 

Today, better management of electrical grid loads is needed to meet rising energy demand 
from new appliances and electric cars. PV-based electric vehicle (EV) charging systems and 
management schemes balance interactions among solar, batteries, and the grid, underscoring 
the need for integrated energy management to reduce grid stress and promote renewable energy 
use [18]. Proper energy management not only optimises energy flows but also directly 
enhances environmental quality by implementing energy-efficient processes [19]. Integrating 
rooftop PV and battery systems can reduce overloads and increase solar energy use, especially 
in rural low-voltage grids [20]. However, battery components use critical raw materials, raising 
environmental concerns like toxicity and resource scarcity [21]. Thus, ecological impacts, in 
addition to techno-economic benefits, must be considered when deploying rooftop PV systems. 

Life cycle assessment is the primary method for evaluating the environmental impacts of 
rooftop PV systems throughout their lifespans. Tang et al. investigated potential reductions in 
household carbon dioxide (CO2) emissions under different rooftop PV configurations. They 
found PV systems with battery energy storage systems (BESS) to be optimal, though costly for 
most households. Conventional rooftop PV systems have slightly lower CO2 reduction but cost 
about a third as much, making them more practical [22]. Their energy payback time is 7 to 10 
years, which is shorter than utility-scale systems [23]. Data on the carbon-reduction potential 
are inconclusive: some studies favour utility-scale PV systems [8], while others favour rooftop 
systems [24]. While greenhouse gases are a major concern, other environmental impacts are 
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also important. Studies show that environmental performance depends on system design and 
life-cycle stage, complicating direct comparisons [25]. Additionally, numerous factors at 
different stages affect the environmental impact, most of which occur during module 
production [26]. This impact can be lessened by relocating production to areas with higher 
renewable energy use [8]. End-of-life strategies, including waste transportation, also influence 
sustainability [27]. 

The environmental performance of rooftop PV systems is dependent on the installation 
location. Therefore, this study aims to assess the approximate environmental impacts of a case-
study residential rooftop PV installation in Zagreb, Croatia, and compare them with those of 
an approximate reference of the Croatian grid mix. 

The primary research inquiries are: 
1. What is the estimated environmental impact of a rooftop photovoltaic (PV) system 

installed in Zagreb, Croatia? 
2. How does the PV system’s performance compare to the Croatian electrical grid in terms 

of environmental impact? 
By answering these questions, this paper offers insights into whether residential rooftop PV 

systems can reduce selected life-cycle impacts, measured per the functional unit of 1 kWh, 
relative to the modelled Croatian electricity grid mix. 
MATERIALS AND METHODS 

Life-cycle assessment (LCA) is a standardised method for evaluating the environmental 
impacts across different stages of a system’s life cycle. It follows the framework outlined in the 
ISO 14040 and ISO 14044 standards. It comprises four key phases: defining the goal and scope, 
conducting a life-cycle inventory analysis, assessing impacts, and interpreting the findings [28, 
29]. 

The presented study was framed as only a screening, attributional, comparative LCA because 
it compared two electricity-generating systems per functional unit using secondary and proxy-
based inventory data, with the aim of identifying major impact patterns and hotspots rather than 
producing a product-specific environmental declaration. 

The system boundaries were set as a cradle-to-use, excluding the end-of-life phase. For the PV 
system, this implies modelling of raw material extraction, upstream material processing, 
component manufacturing, transportation from the assumed country of origin to Zagreb, and 
electricity generation during the system’s operational life. End-of-life treatment, including 
dismantling, waste transport, recycling, and disposal, was not considered due to a lack of 
consistent, detailed datasets across all components. Overall, the chosen system boundary 
represents a partial life-cycle model and should not be interpreted as a full cradle-to-grave 
assessment. 

The functional unit was 1 kWh of electricity generated. All input and output flows, such as 
materials, energy, waste, and emissions, were allocated to this functional unit over the considered 
service life. The PV system lifetime was assumed to be 25 years, consistent with the commonly 
reported service lifetime of PV panels. Total lifetime electrical generation was estimated from the 
annual PV output, adjusted for module degradation. 

The life-cycle model was developed using the open-source software OpenLCA. The rooftop 
PV system comprises PV modules, an inverter, a support structure, electrical cables, and 
associated transport processes. Access to commercial life-cycle inventory (LCI) databases was 
unavailable. Therefore, LCI data were compiled from freely available databases, including 
Tiangong and the European Reference Life-Cycle Database (ELCD), and supplemented with 
industry-reported life-cycle inventory data for PV technologies from the IEA PVPS (International 
Energy Agency Photovoltaic Power Systems Programme) Task 12 initiative [30]. Where an exact 
process dataset was unavailable, the closest available proxy process was selected based on 
material type, process function, and geographical and technological relevance. This approach was 
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used to maintain model completeness, but it also introduces uncertainty. Foreground inventory 
data and proxy mappings used in the OpenLCA are provided in the Appendix (Tables S1–S6). 

Relative differences between the rooftop PV system and the Croatian electricity grid mix were 
calculated from the OpenLCA results for each impact category. Negative values indicate lower 
impacts for the PV system, whereas positive values indicate higher impacts. For categories in 
which the electricity grid result is zero or negative, no percentage comparison was reported 
because such values are not mathematically meaningful.  

Life cycle assessment of a photovoltaic system 
A rooftop photovoltaic system is installed on a residential building in Zagreb, Croatia, 

covering an effective roof area of 50 m2. It includes 18 monocrystalline PV modules arranged in 
two strings of nine modules each, connected in series to the inverter. The modules are mounted 
on industry-standard rooftop structures.  

The system is grid-connected and has a nominal installed capacity of 9.81 kWp (545 Wp per 
PV module). During design, the annual electrical energy consumption of a representative three-
member household (two parents and one child), including daily electric vehicle charging, was 
considered, consistent with recent Croatian census data on average family size [31]. Figure 1 
shows a schematic diagram of the installed photovoltaic system. 

 

 
Figure 1. Schematic of a photovoltaic system with household appliances and one electric vehicle 

 
The life-cycle inventory phase was conducted based on the number of components required 

for the PV system installation. Minor installation components, such as screws, nuts, and earthing 
cables, were not included because reliable quantity data were unavailable in the installation 
documentation. Their omission should therefore be interpreted as a foreground-data limitation of 
the present model rather than as evidence that these components are universally negligible. 
Furthermore, previous research supports this decision, as it was determined that the module 
production is the main contributor to the system’s overall environmental impacts [26]. 

Photovoltaic module 
The photovoltaic module is the primary component of a photovoltaic (PV) system, generating 

environmentally sustainable electrical energy from solar irradiation. Although innovations in 
photovoltaic cell technology are introduced annually, silicon-based technologies continue to 
dominate the global photovoltaic market, a trend anticipated to endure until 2030 [32]. 

Conventional photovoltaic cell technology primarily comprises two categories: 
monocrystalline and polycrystalline, distinguished by differences in the manufacturing process 
for silicon wafers and the resulting crystalline structures. Wafers of both categories are doped with 
phosphorus and boron to establish a p-n junction. The interaction of photons with electron-hole 
pairs at this junction facilitates the generation of electrical current via the photoelectric effect, as 
illustrated in Figure 2 [33]. In terms of efficiency, monocrystalline PV cells frequently surpass 
polycrystalline cells, primarily due to the higher material purity, a more uniform lattice structure, 
and fewer grain boundaries produced by the Czochralski process. The inherent properties of 
silicon impose certain limitations on the maximum achievable efficiency of this cell technology. 
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Recent advancements, including the development of passivated emitter rear cell (PERC) 
technology, which employs a passivation layer at the rear of the cell to mitigate optical and 
recombination losses, have significantly enhanced cell efficiencies, bringing them closer to their 
theoretical maximum [34]. 

 

 
Figure 2. Structure of PERC solar cell [34] 

 
Photovoltaic cells are vulnerable to mechanical damage and environmental degradation and 

require protection to last 25 years. Ethylene-vinyl acetate (EVA) acts as an encapsulant, securing 
the cells before enclosing them in the module frame, as shown in Figure 3. The module frame is 
made from aluminium alloys to lower transportation costs and preserve structural integrity. The 
back sheet provides support, while the tempered glass front cover ensures sufficient light 
transmission for energy conversion. 

 

 
Figure 3. Monocrystalline silicon photovoltaic module [35] 

 
Modules vary in shape, size, efficiency, and nominal power. Monocrystalline PERC-type 

module (Table 1) with a nominal power of 545 W and an efficiency of 21.09% is the main 
component of the PV system under study [36]. The choice of this specific module reflects the 
exact installed component at the case study’s residential rooftop PV system installation location, 
rather than indicating that the study aims to compare PERC technology against alternative PV cell 
architectures. MPP refers to the maximum power point. 

As manufacturer-specific LCI data for this exact product were not available, the module 
inventory was represented using adapted monocrystalline silicon PV manufacturing data from the 
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IEA PVPS Task 12 dataset as the closest available proxy [30]. The module was linked to an 
assumed manufacturing location in China, the largest producer of silicon-based PV technologies, 
which accounts for 80% of the global supply [37]. Industrial partners validated this assumption. 
The life-cycle includes production steps such as refining metallurgical-grade silicon, using the 
Siemens or Czochralski process, cutting monocrystalline silicon wafers, manufacturing cells, and 
assembling modules.  

When modelling the PV module life-cycle in OpenLCA, upstream flows were matched to the 
best available proxies because access was constrained only to open-source, publicly available LCI 
databases. 

 
Table 1. Technical specification of the studied PV [36] 

Module RS545S8-144GA, 
Jiangsu Runda PV Co., Ltd., China 
MPP voltage [V] 41.92 
MPP current [A] 13 

Open circuit voltage [V] 50.04 
Short circuit voltage [V] 13.84 

Nominal output [W] 545 
Fill factor [%] 78.69 
Efficiency [%] 21.09 
Width [mm] 1134 
Height [mm] 2279 
Depth [mm] 30 
Surface [m2] 2.58 

Frame width [mm] 33 
Weight [kg] 32.5 

 

Inverter 
The direct current (DC) electrical power generated by photovoltaic (PV) modules from 

sunlight cannot be directly utilised in households or supplied to the grid. Consequently, it must be 
converted to alternating current (AC) power using an inverter to operate appliances, electric 
vehicles, and other electronic devices. Inverters are manufactured for various applications and are 
categorised by their maximum input power. Given that the installed PV system in Zagreb has a 
peak power of 9.81 kWp, a 10 kW inverter was selected. The Fronius Primo GEN24 inverter was 
chosen for this system based on its technical specifications, as detailed in Table 2. The selected 
commercial inverter was represented using a proxy life-cycle inventory for a representative 
European 10 kW inverter, based on IEA PVPS Task 12  LCI data [30]. Transport to Zagreb, 
Croatia, was assumed from the location of Fronius International’s headquarters in Austria. 

 
Table 2. Technical specification of the inverter Fronius Primo GEN24 (Fronius International) [38] 

Fronius Primo GEN24 inverter, 
Fronius International, Austria 

Number of MPP trackers 2 
Max PV input power [kW] 10.36 

Max input current (IDC,max) [A] 22 / 22 
Max short circuit current, module array [A] 41.25 / 36 

DC input voltage range (UDC,min to UDC,max) [V] 65 – 600 
Feed-in start voltage (UDC,start) [V] 80 
Nominal input voltage (UDC,r) [V] 400 
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MPP voltage range (UMPP,min to UMPP,max) [V] 260 – 480 
Usable MPP voltage range [V] 65 – 480 

Number of DC connections 2 + 2 
Max PV generator power (PDC,max) [kWp] 15 

 

Support structures 
Different PV systems require different mounting structures. For rooftop PV systems, modules 

are attached to an aluminium support structure and fixed with clamping elements, as shown in 
Figure 4. The assessment assumed that all support components were made of aluminium, either 
by extrusion or by sheet metal forming. The support was manufactured in Croatia, and cross-
country transportation was included in the LCA assessment. 

 

  
(a) (b) 

Figure 4. Aluminium PV support structure (a); clamping system (b) 

Electrical cables 
Two types of electrical cables are used in the PV system installation. PV arrays connect to the 

inverter via the H1Z2Z2-K single-core cable, a standard DC cable for solar power setups. This 
cable features a 4 mm2 cross-section copper wire that carries direct current. To prevent fire damage 
from short circuits, the copper wires are wrapped in low-smoke, zero-halogen polymer insulation, 
assumed to be polyethene for this study. Alternating current is supplied to the household through 
a five-core FG16OR 5 × 10 mm2 energy cable, which contains five copper conductors insulated 
with polymer-based insulation/sheath materials. Because complete manufacturer-specific bill-of-
material data were not available, the cable inventory was modelled using the dominant materials 
by mass, namely copper conductor and generic polymer insulation/sheath proxies. Electrical 
cables were assumed to be transported from Italy to the PV system installation site in Zagreb. 

Photovoltaic system electrical energy generation 
Electrical generation from the rooftop PV system was simulated using PV*SOL software, 

based on the Metronom 8.2 dataset of hourly radiation (Figure 5) for the Maksimir neighbourhood 
in Zagreb, Croatia. The weather station is located at 45.81° north latitude and 16.03° east longitude, 
at an altitude of 112 meters. The annual global irradiation totals 1205 kWh/m2, with an average 
temperature of 12.6 °C. The PV system is mounted flush with the roof at a 30° tilt. Simulations 
used hourly data for a full year, resulting in a total annual electrical output of 11871.82 kWh. 
Energy losses from transfer, conversion, and mismatches, as well as the overall system’s energy 
balance, are shown in Figure 6. 
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Figure 5. Hourly global radiation for Maksimir, Zagreb, Croatia (Metronom 8.2 dataset) 

 
The environmental impacts of power generation systems were evaluated using a functional 

unit of 1 kWh of electricity generated under the defined system boundaries. The PV system has 
an estimated lifespan of 25 years. Its total energy output was calculated by summing the annual 
PV generation, which was adjusted each year for module degradation at a rate of 0.5%: 

 

𝐸𝐸LC = 𝐸𝐸1 × (1 +  � (1 − 𝑛𝑛 × 𝐷𝐷𝐷𝐷𝐷𝐷. )
𝐿𝐿𝐿𝐿−1

𝑛𝑛=1

 (1) 

 
where ELC (kWh) is the energy produced through the lifespan, E1 (kWh) is the annual energy 
production, Deg. is the yearly module degradation factor, n is the module year used, and LC is 
the total lifespan of the module. 
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Figure 6. Energy balance Sankey diagram 

 
 

Life-cycle assessment of the electrical grid mix of Croatia 
The PV system primarily aims to reduce environmental impacts, particularly greenhouse gas 

emissions. To assess its advantages, a life-cycle model of Croatia’s electrical grid mix was 
developed for comparison. This model was built in OpenLCA (Figure 7) using publicly available 
data on Croatia’s various electricity sources (Table 3) [5, 39, 40]. The Croatian electricity grid 
model was defined from cradle to electricity generation at the plant output, including upstream 
processes associated with fuel supply, material inputs, and electricity production. Because a 
specific Croatian national electricity grid inventory was not available in the accessible databases, 
each source was represented using the closest available regional or technology-specific 
background dataset. Electricity imports were approximated using the EU27 electricity mix; 
hydropower using a regional European average; fossil thermal generation using European 
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background datasets for fuel oil, natural gas, and coal; and nuclear electricity using available 
European nuclear LCI data. Geothermal energy was excluded because of its negligible share in 
the reference electricity mix. A life-cycle impact assessment was performed in OpenLCA using 
the EN 15804+A2 impact categories, and results for both systems were reported on a per-
functional-unit basis. 

 
Table 3. Structure of electrical energy sources in Croatia [5, 39, 40] 

Source of electrical energy Share [%] Subtype: Sub-share [%] 
Hydro 30.01   

Thermal – fossil 17.8 Fuel oil 1.68 
  Natural gas 68.07 
  Coal 30.23 

Nuclear  13.68   
Renewable energy sources 7.6 Wind 61.24 

  Solar 4.35 
  Bio 32.34 
  Geothermal 2.06 

Total imports 30.91   
 

 
(a) 
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(b) 
 

Figure 7. OpenLCA model of electrical energy mix in Croatia: (a) upstream processes, (b) core 
process 

 

RESULTS AND DISCUSSION 
A comparative assessment of the environmental impacts of a rooftop photovoltaic system 

installed in Zagreb was performed relative to the Croatian electricity grid mix. The life-cycle 
impact assessment was conducted for the environmental impact categories defined in EN 
15804+A2, including climate change, acidification, resource depletion, and toxicity. All results 
(Table 4) were reported per 1 kWh of electricity generated, which is a common functional unit 
for power generation systems. 

The rooftop PV system showed much lower climate change impacts than the modelled 
Croatian electricity grid mix, based on total emissions measured in terms of global warming 
potential (GWP) expressed as kg CO2-equivalent (kg CO2 eq.). Total climate change impact was 
0.0285 kg CO2 eq. per kWh for the PV system and 0.0834 kg CO2 eq. per kWh for the electricity 
grid, corresponding to a 65.89% lower value for the PV system. This decrease was primarily due 
to the avoidance of direct fossil-fuel combustion in electricity generation. In both systems, the 
fossil subcategory dominated the overall results on climate change. The negative biogenic 
contribution in the electricity grid model can be attributed to biogenic-carbon accounting and 
data-specific characterisation, rather than from biomass combustion emissions. 

 
Table 4. Environmental impact results for rooftop PV system and Croatian electricity grid mix 

Impact category PV system Electricity grid 
mix – Croatia 

Relative 
difference [%] 

Acidification [mol H+ eq.] 3.5841 × 10–4 2.1531 × 10–4 66.46 
Climate change [kg CO2 eq.] 2.8455 × 10–2 8.3430 × 10–2 −65.89 

Climate change – Biogenic [kg CO2 eq.] 1.4506 × 10–4 –4.5130 × 10–4 net-neg. grid 
Climate change – Fossil [kg CO2 eq.] 2.8310 × 10–2 8.3881 × 10–2 −66.25 

Climate change – Land use and LU change 
[kg CO2 eq.] 0 0 — 

Ecotoxicity, freshwater [CTUe] 3.4636 × 10–2 0.5442 −93.64 
Ecotoxicity, freshwater – inorganics 

[CTUe] 1.2796 × 10–2 4.2316 × 10–2  −69.76 

Ecotoxicity, freshwater – metals [CTUe] 2.0901 × 10–2 0.48082 −95.65 
Ecotoxicity, freshwater – organics [CTUe] 1.0439 × 10–3 2.2705 × 10–2 −95.40 

Eutrophication, freshwater [kg P eq.] 4.8939 × 10–8 2.2685 × 10–7 −78.43 
Eutrophication, marine [kg N eq.] 5.0728 × 10–5 4.8504 × 10–5 4.59 

Eutrophication, terrestrial [mol N eq.] 5.3646 × 10–4 5.4778 × 10–4 −2.07 
Human toxicity, cancer [CTUh] 1.6027 × 10–11 9.7419 × 10–12 64.52 

Human toxicity, cancer – inorganics 
[CTUh] 4.4217 × 10–24 0 — 

Human toxicity, cancer – metals [CTUh] 1.0230 × 10–12 7.4159 × 10–12 −86.21 
Human toxicity, cancer – organics [CTUh] 1.5004 × 10–11 2.326 × 10–12 545.05 

Human toxicity, non-cancer [CTUh] 1.7612 × 10–10 3.7122 × 10–10 −52.56 
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Human toxicity, non-cancer – inorganics 
[CTUh] 6.7059 × 10–12 7.08 × 10–11 −90.55 

Human toxicity, non-cancer – metals 
[CTUh] 1.6788 × 10–10 3.2208 × 10–10 −47.88 

Human toxicity, non-cancer – organics 
[CTUh] 1.9313 × 10–12 1.3858 × 10–11 −86.06 

Ionising radiation [kBq U-235 eq.] 4.4195 × 10–4 2.0868 × 10–2 −97.88 
Land use [Pt] 5.1232 × 10–3 6.5351 × 10–2 −92.16 

Ozone depletion [kg CFC11 eq.] 5.3429 × 10–10 8.9973 × 10–9 −94.06 
Particulate matter [disease incidence] 1.9976 × 10–9 1.0502 × 10–9 90.21 

Photochemical ozone formation 
[kg NMVOC eq.] 1.5547 × 10–4 1.5922 × 10–4 −2.36 

Resource use, fossils [MJ] 7.3708 × 10–2 1.3605 −94.58 
Resource use, minerals and metals 

[kg Sb eq.] 2.7414 × 10–9 2.0124 × 10–8 −86.38 

Water use [m3 deprivation] 24.539 –8.0738 net-neg. grid 
 

The rooftop PV system also demonstrated significantly lower fossil fuel consumption than 
grid electricity, with a 94.58% reduction (0.0737 MJ for the PV system versus 1.3604 MJ for the 
grid). This showed that the modelled PV system can decrease fossil-fuel demand relative to the 
Croatian electricity grid, and that deploying similar systems in Zagreb could support the 
decarbonisation of Croatias electricity sector. 

Total human toxicity related to cancer was 64.52% higher for the PV system than for the grid, 
mainly because the organics subcategory impact was significantly higher, whereas the metals 
subcategory impact was lower. On the other hand, total human toxicity (non-cancer) was 52.56% 
lower for the PV system than for the electrical grid, with reductions observed across the inorganic, 
metal, and organic subcategories. These indicators are more sensitive to upstream dataset selection 
and proxy modelling choices than the core climate-change and fossil-resource results and should 
therefore be interpreted with greater caution. 

The eutrophication impact results varied across subcategories between the PV system and the 
grid. Specifically, the rooftop PV system showed 78.43% lower freshwater eutrophication and 
2.07% lower terrestrial eutrophication compared to the grid, but 4.59% higher marine 
eutrophication. This suggests that the relative environmental performance of the two systems 
depends on the emission pathways within each eutrophication subcategory, rather than on a single 
consistent trend. 

Freshwater ecotoxicity was lower for the rooftop PV system than for the electrical grid in the 
current model. Total freshwater ecotoxicity was 3.4636 × 10−2 CTUe for the PV system and 
5.4422 × 10−1 CTUe for the grid, representing a 93.64% reduction for the PV system. The PV 
system also exhibited lower results in the inorganic, metal, and organic freshwater ecotoxicity 
subcategories. Since ecotoxicity indicators remain sensitive to the underlying background datasets, 
these results should still be viewed as model-dependent, rather than manufacturer-specific. 

The lower ionising-radiation indicator for the PV system compared to the Croatian grid was 
primarily due to the inclusion of nuclear-generated electricity in the Croatian grid mix, which 
comes from the Slovenian-Croatian Krško nuclear power plant. 
Regarding land use, the grid mix showed a higher value (0.0654 Pt) than the rooftop PV system 
(0.0051 Pt). This result is consistent with the use of existing roof space for PV installations. The 
rooftop PV system had an ozone-depleting potential that is 94% lower than that of the grid model. 
It also showed a slightly lower photochemical ozone formation indicator than the electrical grid, 
namely by 2.36%. On the other hand, the particulate matter indicator was higher for the rooftop 
PV system. These categories are likely influenced by upstream material manufacturing, 
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processing, and transportation and should be understood as supply-chain-sensitive results within 
the current screening model. 

The water-use category presents contrasting results between the two systems. The rooftop PV 
system shows a positive water-deprivation impact of 24.5 m3, mainly attributable to upstream 
manufacturing processes. In contrast, the Croatian electricity grid mix yields a net-negative water 
deprivation value (–8.07 m3), which can be attributed to methodological credits and regional water 
scarcity factors embedded in the life-cycle inventory data. Such a negative value indicates 
modelling assumptions, rather than physical water production and should therefore be interpreted 
with caution. 

The results show that, based on the assumptions of this screening comparative LCA, the 
rooftop PV system in Zagreb, Croatia, can decrease selected environmental impact parameters, 
such as climate change, fossil resource use, ionising radiation, land use, ozone depletion, 
freshwater eutrophication, and freshwater ecotoxicity, compared to the modelled Croatian grid 
mix. 

Further enhancement of rooftop PV environmental performance will mainly rely on lower-
impact upstream manufacturing, cleaner material supply chains, and the future incorporation of 
robust end-of-life recovery scenarios. 

Overall, this screening and comparative LCA indicated that rooftop PV systems in Zagreb can 
lower life-cycle climate impacts and fossil resource demand per delivered kilowatt-hour compared 
to the modelled Croatian electricity grid mix. 
LIMITATIONS 

This study has several limitations that affect the interpretation of LCA results. The PV system 
life-cycle inventory was based on publicly accessible datasets and the best available proxies, rather 
than manufacturer-specific cradle-to-gate inventories, especially for modules and inverters. It is 
reasonable to expect that environmental impact results vary among photovoltaic manufacturers 
due to differences in the production electricity mix, manufacturing routes, material composition, 
transport distances, and module efficiency. The Croatian grid mix was modelled as a comparative 
reference using publicly available data on electricity sources and the closest available regional 
background datasets, rather than a fully country-specific national inventory. Another limitation of 
this comparative study is that the compared systems were not modelled to the same downstream 
delivery point, since the Croatian electricity grid model was represented only up to the plant output, 
whereas the PV system included the electricity output at the end of the inverter cable. This 
boundary mismatch is expected to have a minor influence on the overall results, but it remains a 
limitation of the comparison. 

End-of-life treatment, dismantling, recycling, and disposal scenarios for PV components were 
excluded because consistent data were unavailable for all system components. The electricity 
generation from the rooftop PV system was not measured on-site but was simulated in PV*SOL 
using average meteorological data for Zagreb and the installed system specifications. The model 
further assumed a fixed module degradation rate over a 25-year service life, while effects such as 
soiling, shading, and future changes in manufacturing supply chains were not explicitly modelled. 

A formal sensitivity or uncertainty analysis was not performed in the present study. Therefore, 
the results should be regarded as a screening comparative case study only, with the highest 
robustness in the climate-change and fossil-resource indicators and greater uncertainty in toxicity- 
and emissions-sensitive categories. Future developments in manufacturing, recycling, or grid 
decarbonisation could significantly influence several impact categories.  
CONCLUSION 

This study applied a screening life-cycle assessment to evaluate the environmental impact of 
a rooftop photovoltaic (PV) system installed in Zagreb, Croatia, compared to a modelled Croatian 
electricity grid reference. Electricity generation simulations were performed using PV*SOL, 
while life-cycle modelling of the PV system was conducted in OpenLCA. PV system’s 
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environmental impacts were calculated for the impact categories defined in EN 15804+A2. The 
results were presented per 1 kWh of electricity generated, and the life cycle inventories for the 
compared systems were constructed using publicly available and proxy background datasets.  

The results indicate that installing a rooftop PV system can reduce climate change-related 
impacts and fossil resource depletion relative to the Croatian electrical grid mix under the 
assumptions of this screening cradle-to-use model. The impact of climate change was 65.89% 
lower than that of the modelled Croatian grid mix, while fossil resource consumption dropped by 
94.58%. These results suggest that rooftop PV installations may aid in climate change mitigation 
and decrease reliance on fossil fuels in the electricity sector. 

The results also indicate that not all impact categories improve. In the current PV system model 
compared to the grid, human toxicity (cancer) is higher, whereas human toxicity (non-cancer) is 
lower. More broadly, acidification, marine eutrophication, and particulate matter were higher for 
the rooftop PV system than for the grid reference. These categories are considered more sensitive 
to upstream manufacturing assumptions, proxy dataset selection, and modelling choices than the 
core climate change and fossil resource results and should therefore be interpreted with greater 
caution. 

Overall, the study suggests that rooftop PV systems in Zagreb can lower life-cycle greenhouse 
gas emissions and fossil resource consumption per delivered kilowatt-hour compared to the 
modelled Croatian electricity grid mix. Nevertheless, the results of this screening, comparative 
life-cycle assessment should be taken with caution due to limitations in the available LCI datasets 
and the use of proxy processes when designing the LCA model of the two compared systems. 

Future work should include end-of-life scenarios, improved national-grid inventory modelling, 
and the integration of BESS. These additions would provide a broader understanding of the life-
cycle impacts of PV systems and of how energy management systems affect the environment. 
NOMENCLATURE 

Symbols 
Deg. Yearly Module Degradation Factor  
E Energy [kWh] 
I Current [A] 
LC Total Lifespan [years] 
n Module Lifetime in Use [years] 
P Power [kW] 
U Voltage [V] 

Greek letters 
φ Phase Angle [°] 

Subscripts and superscripts 
DC,max Maximum Direct Current 
DC,min Minimum Direct Current 
DC,r Nominal Input Direct Current 
DC,start Start Direct Current 
LC Total Lifespan 
MPP,max Maximum Power Point, Maximum 
MPP,min Maximum Power Point, Minimum 

Abbreviations 
AC Alternating Current 
BESS Battery Energy Storage System 
CFC11 eq. Trichlorofluoromethane Equivalent 
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CO2 eq. CO2-Equivalent 
CTUe Comparative Toxic Unit for Ecosystems 
CTUh Comparative Toxic Unit for Humans 
DC Direct Current 
ELCD European Reference Life-Cycle Database 
EU European Union 
EU27 European Union 27 Member States 
EV Electric Vehicle 
EVA Ethylene-Vinyl Acetate 
GIS Geographic Information System  
GWP Global Warming Potential  
H+ eq. Hydrogen Ion Equivalent 
IEA International Energy Agency 
ISO International Organization for Standardization 
kBq U-235 eq. Ionising Radiation-Equivalent 
LCA Life-Cycle Assessment 
LCI Life-Cycle Inventory 
LCIA Life-Cycle Impact Assessment 
LiDAR Light Detection and Ranging 
LU Land Use 
MPP Maximum Power Point 
N eq. Nitrogen Equivalent 
NMVOC eq. Non-Methane Volatile Organic Compounds-Equivalent 
P eq. Phosphorus Equivalent 
PERC Passivated Emitter Rear Cell 
Pt Points 
PV Photovoltaic 
PVPS Photovoltaic Power Systems Programme 
Sb eq. Antimony-Equivalent 
STC Standard Test Conditions 
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 APPENDIX 
This appendix reports the foreground exchanges explicitly entered in the OpenLCA model 

for the rooftop photovoltaic system case study in Zagreb. The tables present the direct material, 
energy, transport and selected direct output flows defined in the foreground model, together 
with the linked proxy provider datasets used for each exchange. For readability, concise 
provider labels are shown here; the underlying linked processes remain unchanged from the 
exported model files. The appendix should therefore be interpreted as a foreground life-cycle 
inventory disclosure and proxy mapping, rather than a complete manufacturer-specific cradle-
to-gate background inventory. 

Components for which no reliable bill-of-material quantity or linked background dataset 
was available in the working model are not added retrospectively in this appendix. All 
quantities are reported exactly as modelled in the supplied process spreadsheets. Table S6 
presents the installed-system quantities and their normalisation to the functional unit of 1 kWh, 
based on the modelled lifetime electricity output. 

 

Table S1. Foreground life-cycle inventory of the photovoltaic module process (reference unit = 1 
m2). Adapted from [30]. 

Flow Process Amount Unit Linked provider or note 
Input Aluminium sheet 2.13 kg Aluminium sheet, production mix 

Input Copper wire 0.103 kg Copper wire, market/technology 
mix 

Input Corrugated cardboard 0.763 kg Corrugated cardboard, recycled 
paper route 

Input Diesel 0.009 MJ Diesel mix at refinery 
Input Electricity 14 kWh Electricity mix, Jiangsu 
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Input Ethylene-vinyl acetate 
copolymer 0.875 kg Ethylene-vinyl acetate copolymer 

 Input Flat glass, uncoated 8.81 kg Flat glass, uncoated, at plant 

Input Glass-fibre reinforced 
plastics 0.295 kg Glass-fibre reinforced plastics 

Input Hydrogen fluoride 0.062 kg Hydrogen fluoride proxy 
Input Isopropanol 0.147 g Cut-off 
Input Lead (99.995%) 0.725 g Lead, primary/secondary mix 
Input Organic silicone 0.122 kg Organic silicone 

Input Photovoltaic cell, single-Si, 
at plant 1 m2 Foreground-linked process 

Input Polyethene high-density 
granulate (PE-HD) 0.024 kg PE-HD granulate 

Input Polyethylene terephthalate 0.346 kg Polyethylene terephthalate 
Input Potassium hydroxide 0.051 kg Cut-off 
Input Recycled polyvinyl chloride 0.112 kg Recycled polyvinyl chloride 
Input Soap 0.012 kg Soap production proxy 
Input Tin rod 0.013 kg Tin rod production proxy 
Input Transport in t·km 16.6 t·km Road transport, small lorry 
Input Transport in t·km 2.77 t·km Road transport, 32 t lorry 

Input Water, unspecified natural 
origin, CN 5.03 m3 Direct 

Input Wooden pallet (EURO) 0.05 kg Wooden pallet, EURO 
Output Carbon dioxide, fossil 0.022 kg Direct elementary flow 
Output Heat, waste 50.3 MJ Direct output 

Output NMVOC, unspecified 
origin 8.06 g Direct elementary flow 

Output Water, CN 0.503 kg Direct output 
Reference 
product 

Photovoltaic panel, 
single-Si, at plant 1 m2 Reference flow 

 

Table S2. Foreground life-cycle inventory of the delivered PV panel process (reference unit = 1 
panel at the installation location). 

Flow Exchange flow Amount Unit Linked provider or note 

Input Photovoltaic panel, 
single-Si, at plant 2.58 m2 Foreground-linked process 

Input Transport in t·km 7.833 t·km Road transport, 22 t lorry 
Input Transport in t·km 543.9 t·km Ocean freight, container ship 
Input Transport in t·km 0.455 t·km Road transport, small lorry 
Input Transport in t·km 4.875 t·km Rail transport, electric cargo 

Reference 
product PV panel at location 1 Item(s) Reference flow 

 

Table S3. Foreground life-cycle inventory of the inverter process (reference unit = 1 inverter). 
Adapted from [30]. 
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Flow Exchange flow Amount Unit Linked provider or note 

Input Aluminium extrusion 
profile 12.23 kg Aluminium extrusion profile, 

production mix 

Input Copper wire 4.9 kg Copper wire, market/technology 
mix 

Input Corrugated board 
boxes 1.69 kg Corrugated board boxes 

Input Cable/connector 
assembly 1 kg Cable and connector proxy 

Input Glass-fibre reinforced 
plastics 0.066 kg Glass-fibre reinforced plastics 

Input Ferrite 0.066 g Iron oxide proxy 

Input Polyethene low-density 
foil (PE-LD) 0.029 kg PE-LD foil 

Input Cold-rolled steel sheet 2.33 kg Cold-rolled steel sheet 
Input Transformer 0.103 kg Transformer production proxy 
Input Transport in t·km 52.1 t·km Ocean freight, container ship 
Input Transport in t·km 5.79 t·km Rail transport, diesel cargo 
Input Transport in t·km 1.736 t·km Road transport, 22 t lorry 

Output Wastewater treatment 
flow 0.051 m3 Direct output 

Output Heat, waste 97.5 MJ Direct output 
Output Tap water 51 kg Direct output 

Output Water, unspecified 
natural origin, DE 0.097 m3 Direct output 

Reference 
product 

Inverter, 10 kW, 
average, at plant 1 Item(s) Reference flow 

 

Table S4. Foreground life-cycle inventory of the support-structure sub-processes. 

Component 
process 

Reference 
unit 

Exchange 
flow Amount Unit Linked provider dataset 

Aluminium 
channel 1 m Aluminium 

sheet 0.418 kg Aluminium sheet, 
production mix 

Aluminium 
channel 1 m Transport in 

t·km 0.018 t·km Road transport, 22 t lorry 

Aluminium 
channel cover 1 m Aluminium 

sheet 0.163 kg Aluminium sheet, 
production mix 

Aluminium 
channel cover 1 m Transport in 

t·km 0.007 t·km Road transport, 22 t lorry 

Aluminium 
extrusion profile 1 m 

Aluminium 
extrusion 

profile 
0.915 kg Aluminium extrusion 

profile, production mix 

Aluminium 
extrusion profile 1 m Transport in 

t·km 0.040 t·km Road transport, 22 t lorry 
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Aluminium end 
clamp 1 Item 

Aluminium 
extrusion 

profile 
0.031 kg Aluminium extrusion 

profile, production mix 

Aluminium end 
clamp 1 Item Transport in 

t·km 0.001 t·km Road transport, 22 t lorry 

Aluminium mid 
clamp 1 Item 

Aluminium 
extrusion 

profile 
0.023 kg Aluminium extrusion 

profile, production mix 

Aluminium mid 
clamp 1 Item Transport in 

t·km 0.001 t·km Road transport, 22 t lorry 

 

Table S5. Foreground life-cycle inventory of the cable sub-processes. 

Cable process Reference 
unit 

Exchange 
flow Amount Unit Linked provider 

dataset 

H1Z2Z2-K 
(1 × 4 mm2) 1 m Copper wire 0.044 kg 

Copper wire, 
market/technology 

mix 

H1Z2Z2-K  
(1 × 4 mm2) 1 m 

Polyethene 
high-density 

granulate (PE-
HD) 

0.020 kg PE-HD production 
proxy 

H1Z2Z2-K  
(1 × 4 mm2) 1 m Transport in 

t·km 0.028 t·km Road transport, 
22 t lorry 

FG16OR16  
(5 × 10 mm2) 1 m Copper wire 0.445 kg Copper wire, 

consumption mix 
FG16OR16  

(5 × 10 mm2) 1 m Polypropylene 
granulate (PP) 0.048 kg Polypropylene 

granulate 
FG16OR16  

(5 × 10 mm2) 1 m Polyurethane  0.197 kg Direct  

FG16OR16  
(5 × 10 mm2) 1 m PVC resin (B-

PVC) 0.083 kg PVC resin, bulk 
polymerisation 

FG16OR16  
(5 × 10 mm2) 1 m Transport in 

t·km 0.342 t·km Road transport, 22 t 
lorry 

 

Table S6. Installed-system bill of materials and normalisation to the functional unit (1 kWh of 
electricity generated over the modelled lifetime). 

System component Quantity in 
model Unit Linked foreground 

process 
Quantity per 1 

kWh 
PV panel at location 18 Item(s) PV panel at location 6.45 × 10–5 

Inverter 1 Item(s) inverter, 10 kW, 
average, at plant 3.59 × 10–6 

Aluminium extrusion 
profile 42 m Aluminium extrusion 

profile 1.51 × 10–4 

Aluminium channel 40 m Aluminium channel 1.43 × 10–4 
Aluminium channel 

cover 40 m Aluminium channel 
cover 1.43 × 10–4 
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Aluminium end clamp 12 Item(s) Aluminium end clamp 4.30 × 10–5 
Aluminium mid clamp 30 Item(s) Aluminium mid clamp 1.08 × 10–4 

FG16OR16 cable 20 m FG16OR16 5 × 10 mm2 
+ shipment from Italy 7.17 × 10–5 

H1Z2Z2-K cable 30 m H1Z2Z2-K 1 × 4 mm2 + 
shipment from Italy 1.08 × 10–4 

Reference output 278898 kWh Electrical energy 
production 1.00 
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