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ABSTRACT
This study assessed the environmental impact of

two novel photovoltaic and thermal (PVT) collector
prototypes developed within the PVT4EU project: a
polymer-based retrofit solution (V1 PVT-SP) for
upgrading existing PV panels, and a low-concentration
CPC-based system (V1 PVT-MG) designed for higher-
temperature applications up to 140°C. Life cycle
assessment following a cradle-to-grave analysis of these
collectors using OpenLCA software and Ecoinvent
database demonstrated low carbon emissions of 16.51
kg:CO,-eq/m? with 100% water and 18.49 kg CO,-eq/m?
using a 40% glycol-water mixture as HTF, and an EPBT of
1.04 and 1.44 vyears, respectively, for V1 PVT-SP.
Similarly, V1 PVT-MG has a carbon emission of 539.6 kg
00;-eg/m? and an Energy Payback Time (EPBT) of 6.34
years. The study identifies design improvements for both
technologies, emphasizing material optimization,
modularity, and supply chain efficiency to enhance
sustainability. These findings provide critical insights into
advancing PVT systems in resilient energy infrastructures
and help policymakers compare PVT systems with
conventional energy solutions.

Keywords:  Photovoltaic-thermal, life  cycle
assessment, renewable energy, sustainability, energy
payback time, Global warming potential.

NOMENCLATURE
Acronym Meaning
CED Cumulative energy demand
EPBT Energy Payback Time
GWP Global Warming Potential
HTF Heat Transfer Fluid
LCA Life Cycle Assessment
LCl Life Cycle Inventory
PBT Payback Time
V1 PVT-MG | Version 1 of PVT-MG Collector
V1 PVT-SP | Version 1 of PVT-SP Collector

1. INTRODUCTION

The energy transition toward sustainability depends
ongtechnologies which deliver maximum performance
with a minimal carbon footprint throughout their life

cycle. A Photovoltaic-thermal (PVT) hybrid system has
proven its worth as a solution because it operates as a
single, integrated unit that produces both electricity and
thermal energy. Existing PVT technology operates at
restricted temperatures below 80 degrees Celsius,
making it suitable mainly for domestic hot water
production [1]. Industrial applications requiring medium-
to high-temperature heat generation between 80-140°C
face barriers toward wider implementation because of
poor thermal performance, design inefficiencies, and
integration challenges [2].

The implementation of Concentrating PVT systems
remains limited by fundamental trade-offs between
solar tracking requirements combined with system
complication and cost elevation [3]. These limitations
highlight a clear knowledge and technology gap: cost-
effective, retrofittable, and high-performance PVT
solutions that can address both residential and low-to-
medium temperature industrial demands (20-140°c).
PVT4EU aims to develop two innovative PVT collectors
that can efficiently and cost-effectively meet domestic
heating and cooling demands as well as low-to-medium
temperature industrial applications (20-140°C) [4].

The first innovative PVT collector is the PVT-SP
collector. SolarPeak's heat recovery media aims to
provide a cost-effective solution for converting
photovoltaic (PV) panels into photovoltaic-thermal (PVT)
collectors. The polymer-based design of this technology
enables simple PV panel retrofitting solutions that let
both electricity and heat production occur from the
upgraded solar power system. As the second technology
of PVT4EU, the PVT-MG collector represents an LCPVT
collector that combines compound parabolic
concentrator shapes with silicone-gel-encapsulated
bifacial PVT receivers, functioning as a low-concentrating
photovoltaic-thermal unit.

A meaningful assessment of environmental
performance in solar technologies relies on two key
sustainability metrics: Global Warming Potential (GWP),
which quantifies the total greenhouse gas emissions
expressed in COy-equivalent units, and Energy Payback
Time (EPBT), which reflects how quickly a system can
recover the energy consumed during its production.



Together, these indicators offer a comprehensive view of
climate impact and energy efficiency throughout the
technology's life cycle.

For context, commercial PV modules have associated
GWPs of approximately 117 kg CO,-eq [5] and 157 kg
CO,-eq [6] per unit, respectively. In the case of solar
thermal collectors, a flat-plate collector emits about
177.6 kg COy-eq per unit [7], while for solar thermal
retrofits (Copa Solar), the impact amounts to 18.57 kg
CO,-eq per unit based on a cradle-to-gate analysis. This
value was obtained by multiplying the declared cradle-
to-gate GWP (A1-A3: 21.1 kg CO,-eq/m?) by the
product's aperture area (0.88 m?). [8]. Hybrid systems
show a wider GWP range: Naked Energy VirtuPVT emits
around 186 kg CO,-eq [9], while Abora aH72SK (module
consists of 72 monocrystalline photovoltaic cells, 1.960
m? total area, and 52 kg empty load) reaches as high as
1068 kg COy-eq [10] per unit, highlighting the variability
inidesign and material use.

Regarding EPBT, flat-plate thermal collectors recover
their embodied energy in approximately 2 vyears,
delivering an average of 3.1 GJ/m?/year of useful energy.
By contrast, typical PV systems have a much longer EPBT
of.12 years, due to their lower energy output of about
0.72 GJ/m?/year. Hybrid PVT systems, offering both
thermal and electrical production, show intermediate
performance with an estimated EPBT of 3.8 years,
producing about 3.6 GJ/m?/year for the geological
location of Isparta, Turkey (2000-2009), where average
solargradiation ranged 250-650 W/m? with 2-12 daily
sunlight hours [11]. This study aims to position novel PVT
collectors within the broader context of sustainability by
comparing their GWP and EPBT with those of established
PV, solar thermal, and hybrid technologies. These
findings will support decision-makers in identifying
suitable technologies for scalable deployment in
residential and industrial energy systems.

2."/METHODOLOGY

A cradle-to-grave LCA (conducted using OpenLCA
version 2.4 and Ecoinvent database version 3.9)
evaluated sustainability = across  environmental
dimensions. The chosen functional unit is the entire
equipment. For V1 PVT-SP, the functional unit represents
a_total area of 0.93 m?, an empty load of 2 kg, and an
internal volume capacity of 1.07 L for the HTF. For the V1
PVT-MG, the functional unit represents a total mass of
61.63 kg as empty load, and 1.5 L of HTF. With a total
collector area of 2.57 m?, the system comprises 152

monocrystalline silicon PV cells, utilizing 1/3-cut cell
technology.

The LCA adheres to the EN 15804 and EN 15978
standards, encompassing raw material extraction,
manufacturing, use, and end-of-life stages. For V1 PVT-
SP, the inventory includes PC/ABS heat exchanger
production, vacuum forming (resulting in 3.4 kWh of
energy use), and transportation from Austria to Sweden.
Heat transfer fluid (HTF) scenarios include water and a
40% glycol-water mixture. V1 PVT-MG features a more
complex supply chain involving aluminum reflectors
(Germany), PV cells (China), and various European
components. Assembly energy use is estimated at 25
kWh per unit, based on assumed production facility data.
Use-phase modelling includes 1.5 L of HTF with water
and a mixture with 40% glycol.

2.1 Global Warming Potential

To analyze the relative contribution to climate
change, an assessment of GWP was carried out for both
PVT technologies. This analysis followed ReCiPe 2016
midpoint (H) methodology, using a 100-year time frame.
The GWP assessment encompassed the full cradle-to-
grave system boundaries (A1-C4), including emissions
from raw material acquisition, component
manufacturing, product use, and disposal. The Ecoinvent
3.9 database provided life cycle inventory data to ensure
consistency and comparability with other studies in the
energy systems domain. Both systems use the cut-off
allocation model for end-of-life  assessment.
Components with negligible environmental impact or
lacking data, such as clamps and minor fasteners, are
excluded due to the prototype nature of the systems.

2.2  Energy Payback Time

EPBT determines the time required for a system to
recover the cost of non-renewable energy consumed
during its operational life cycle. The calculation of net
environmental impact excludes renewable energy
inputs, as per the International Energy Agency [12] and
the I1SO 14040 life cycle assessment standards [13],
because renewable resources are not considered finite
resources that require restoration. The model prioritizes
non-renewable energy recovery because it follows global
sustainability evaluation standards. The CED values for
both technologies were obtained from the Ecoinvent
database using the Impact method as 'Ecoinvent - CED'.
For V1 PVT-SP, Annual energy output data were sourced
from [14], based on simulations for Stockholm. For a



single-family house, V1 PVT-SP yielded 452 kWh/m?
(thermal) and 23.14 kWh/m? (electrical) annually, while
for an apartment building, the outputs were 426 kWh/m?
(thermal) and 21.13 kWh/m? (electrical). For V1 PVT-
MG, annual electrical energy output for V1 PVT-MG at a
tilt angle of 45°, a geographical location of Stockholm,
and a delivery temperature of 45 °C was found to be 92
kWh/m? or 345.6 MJ/m?2. Similarly, annual thermal
energy output was found to be 105 kWh/m? or 612.0
MJ/m? [15]. EPBT is calculated using the following
equation[16]:

Total Non—Renewable CED (M])

EPBT (years) = Annual Energy Savings (M]/year)

The Carnot method was chosen for this study
because it provides a standardized and straightforward
way to assess thermal energy quality [17]. The Carnot
efficiency is calculated as follows:

Tambient
Nearnot = 1 — T
delivery

An average ambient temperature of 280.45 K (7.3 °C)
[18], reflecting annual conditions in Stockholm, was
used. Both PVT systems—V1 PVT-SP and V1 PVT-MG—
were assessed at an average delivery temperature of
318.15 K (45°C), typical for domestic water
heating [19] [15]. This yields a Carnot efficiency of
11.9%, indicating the proportion of thermal energy
considered as high-grade [17].

3. RESULTS AND DISCUSSON

3.1 GWP of V1 PVT-SP

The GWP results for V1 PVT-SP were calculated for
two scenarios depending on the use of different HTFs.
Landfill was considered an end-of-life scenario. When
evaluating the 40% ethylene glycol mixture scenario, the
V1" PVT-SP system showed a total global warming
potential of 18.49 kg CO, equivalent. Breaking this down
reveals that nearly a third of this impact (5.41 kg CO,-eq)
is | |specifically attributed to the ethylene glycol
component in the HTF. This substantial contribution
stems from glycol's manufacturing process, which
depends on fossil fuel-derived petrochemicals and
requires considerable energy inputs. The GWP for V1
PVT-SP using 100% water as HTF is calculated as 16.51 kg
€CO3-eq. The contribution of water as HTF was found to
be negligible (0.06% or 0.01 kg CO»-eq).

The contribution of individual processes from the life
cycle of V1 PVT-SP to GWP, considering a 40% glycol-
water mixture as the heat transfer fluid (HTF) in the use
phase and landfill as the end-of-life (EOL) scenario, is
shown in Figure 3.1. To better assess environmental
performance, the GWP of V1 PVT-SP with water as HTF
(16.51 kg CO,-eq) can be compared to Copa Solar's 18.57
kg CO,-eq/unit [8], as introduced -earlier. Both
technologies operate similarly—retrofitting PV panels to
recover heat while cooling the PV module—but differ in
materials: Copa Solar uses aluminum, which has a higher
manufacturing footprint but is more recyclable than
plastic used in V1 PVT-SP. Additionally, Copa Solar's LCA
excludes the use phase, omitting HTF impacts, whereas
the V1 PVT-SP LCA includes the use phase, considering
either 100% water or a 40% ethylene glycol-water mix.
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Figure 3.1 V1 PVT-SP process contribution towards GWP

The main drawback of PC/ABS in V1 PVT-SP is its low
thermal conductivity (~0.22 W/m-K), which limits heat
exchanger efficiency. Glass fiber—reinforced TPOs offer a
viable alternative, combining enhanced thermal and
mechanical performance with superior recyclability and
heat tolerance [20]. TPOs can also reduce thermal losses
by 15% and improve recyclability by 50% [21]. Unlike
PC/ABS, which degrades after multiple cycles, TPOs
support mechanical recycling, though manufacturing
complexity must also be considered.

3.2 GWP of V1 PVT-MG

The environmental impact assessment results for V1
PVT-MG using a 40% ethylene glycol and 60% water
mixture as HTF (1.5 L) are calculated as 539.6 kg CO,-eq,
considering landfill as the EOL scenario. The
environmental impact assessment results for V1 PVT-
MG, considering 100% water as heat transfer fluid (1.5



L), are 538 kg CO,-eq. considering landfill as an EOL
scenario. This shows that the impact of using 40%
ethylene glycol-water as a heat transfer fluid (1.5 L) has
very little increase in GWP (1.59 kg CO,-eq). Figure 3.2
presents a graphical representation of individual
processes and their contributions to GWP. It shows that
monocrystalline PV cells contribute 55.80% of the total
GWP, and their production in China, where energy grids
are heavily dependent on fossil fuels, increases
emissions.
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Figure 3.2 VIPVT-MG GWP Impact contribution by processes
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The results for V1 PVT-MG with 40% glycol-water
mixture as HTF can be directly compared with the Abora
Hybrid Solar Panel aH72SK [22]. The reason for
comparison is that both technologies have similar
applications and general structure. In contrast with
Abora, the highest value recorded for V1 PVT-MG is
538.63 kg CO,-eq with 40% ethylene glycol-water
mixture as HTF. Notably, Abora's assessment excludes
HTF impacts but incorporates packaging materials (9.22
kg of pallets, boxes, and brackets), whereas V1 PVT-MG
omits packaging entirely. This discrepancy extends to
system boundaries: Abora's EPD accounts for installation
maintenance, deconstruction, and EOL transport—
stages collectively representing 62.8% of its net GWP—
while V1 PVT-MG's assessment excludes these phases
entirely. Studies have shown that PV modules
manufactured in Europe have a lower global warming
potential (GWP) compared to those produced in China.
Forl instance, a 5 MW solar plant in France utilising
Elropean PV modules exhibited a GWP of 37.5 g CO,
eq/kwWh, whereas a 1.8 MW PV facility in Italy with
imported modules from China had a GWP of 88.7 g CO,
eq/kWh [23]. However, it is essential to examine the
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economic implications, as these factors will undoubtedly
impact the final cost of the hybrid receiver.

3.3 End of Life scenarios

The LCA study of PVT4EU technologies also provided
an opportunity to analyse the impact of different end-of-
life scenarios. This study was conducted exclusively for
the V1 PVT-SP, as it involves a more straightforward
analysis where only a plastic sheet requires end-of-life
treatment. The plastic is categorised as electronic
consumer plastic waste in OpenLCA since it is the closest
available flow. Figure 3.3 illustrates the relative indicator
results for the various end-of-life scenarios. For each
indicator, the maximum result is set to 100%, and the
results of the other variants are displayed in relation to
this result. While sanitary landfills might appear
favourable in the short term, recycling provides a more
sustainable and environmentally responsible solution by
minimising the need for new raw materials and reducing
the overall ecological footprint.
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Figure 3.3 Relative impact of 4 different end-of-life scenarios

3.4 EPBT for V1 PVT-SP

The total non-renewable CED for Scenario 1 (60%
water/40% glycol) was calculated as 451.18 MJ-Eq.
Similarly, for Scenario 2 (100% water) it was calculated
as 263.05 MJ-Eq. The difference between the two CED
values is mainly due to the introduction of glycol into the
system. Glycol adds a value of 188.18 MJ-eq.

EPBT analysis for the V1 PVT-SP system reveals
important differences between the two heat transfer
fluid scenarios. For systems using a 40% glycol-water
mixture, the EPBT ranges from 1.38 years for single-
family homes to 1.44 years for apartment buildings. The
pure water configuration shows noticeably faster energy
recovery, with EPBT values of 1.04 and 1.09 vyears,
respectively. The 0.44- and 0.36-year differences
between scenarios directly correspond to the 188.18 MJ-



eq additional burden introduced by glycol in the system's
life cycle inventory.

PVT-SP (EPBT: 1.04-1.44 years) is highly competitive
compared to existing PVT technologies. It performs on
par with the Flat plate collectors (2 years EPBT) in Turkey
[11]. The findings suggest that in frost-free environments
where pure water operation is feasible, the PVT-SP
achieves exceptionally fast energy recovery, while cold
climate installations using glycol mixtures still maintain
competitive performance within the broader PVT
technology landscape. These results support the
system's environmental credentials while highlighting
the importance of proper configuration selection based
on regional climate conditions.

3.5 EPBT for V1 PVT-MG

For the calculation of EPBT for V1 PVT-MG, CED
Values were also obtained from the Ecoinvent database
using the Impact method as 'Ecoinvent - CED'. Two
scenarios based on the composition of heat transfer fluid
were analyzed. The total non-renewable CED for
scenario 1 (40% glycol) was found to be 2660.5 MJ-
Eg/m?. Similarly, for scenario 2 (100% water), the
calculation yielded 2646 MJ-Eq/m?2. Since both values are
relatively close, the average value of 2653.6 MJ-Eq/m?
wias used for analysis.

Adjusted annual thermal energy output (7Mcarnot
applied) used in this study was 612.0 MJ/m?x 0.119 =
72.:8 MJ/m? Which gives as an annual energy output of
418:4, MJ/m?. The EPBT analysis for the V1 PVT-MG
system reveals an estimated recovery period of 6.34
years based on average CED values. The system's
substantial CED of approximately 2,653.6 MJ-eq/m?
shows limited variation between the two heat transfer
fluid scenarios (2,660.5 MJ-eq/m? for glycol mixture vs
2,646.75 MJ-eq/m? for water), indicating that material
choices rather than operational fluids dominate the
energy footprint.

The PVT-MG system's environmental impact and
EPBT (6.34 years) is primarily driven by PV cell
production (60.37% of CED, 55.80% of GWP) and
aluminum alloy components (24.86% of CED, 25.87% of
GWP, including bar production). Material selection and
process optimization should target these areas to reduce
embodied energy and carbon footprint. Potential
strategies may include N-type silicon cell implementation
offers improved efficiency at 24% while needing reduced
silicon wafers per watt production due to material usage
and processing requirements decrease [24].

PV cell recycling when incorporated with silicon
wafer regeneration from solar module end-of-life,
reduces emissions by 30% [25].

4. CONCLUSIONS

The comparative assessment of the V1 PVT-SP and
V1 PVT-MG systems highlights complementary strategies
for reducing environmental impacts while supporting
efficient energy generation. The polymer-based V1 PVT-
SP demonstrates a lower carbon footprint (16.51-18.49
kg CO-eq) and a short energy payback time (1.04-1.44
years), but its reliance on ethylene glycol, responsible for
31% of its GWP, presents a clear target for improvement.
Transitioning to antifreeze-free designs or alternative
fluids like propylene glycol could enhance both
environmental and energy performance.

In contrast, the glass—aluminum V1 PVT-MG
collector, with higher energy output (96 kWh electricity
+ 170 kWh heat/m? annually), also carries greater
emissions (539.6 kg CO,-eq) and a longer EPBT (6.34
years). Its GWP is dominated by PV cell manufacturing
(55.8%) and aluminum use, making cleaner energy
sourcing for PV cells and increasing aluminum recycling
rates crucial. Logistics improvements—such as shifting to
rail transport and optimizing packaging—could further
cut transport emissions by 30-50%.

Overall, targeted design and supply chain
interventions across both systems could reduce lifecycle
emissions by 15-25% without compromising output.
These findings support the PVT4EU project's goal of
developing efficient, low-impact hybrid solar
technologies for scalable use in Europe's energy
transition. Future work should assess the economic
viability of these environmental enhancements to ensure
their feasibility in real-world deployment.
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