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Photovoltaic/Thermal

(BIPVT)

technology

offers

multiple

SC

ABSTRACT
Building-Integrated

RI

*corresponding author: lamnatou@macs.udl.cat

advantages; however, these types of installations include materials such as Photovoltaic

NU

(PV) cells and metals which considerably influence BIPVT environmental impact.
Therefore, there is a need to evaluate BIPVT environmental profile, for instance by

MA

means of Life Cycle Assessment (LCA). In light of the issues mentioned above, the
present article is an LCA study that assesses the environmental performance of a BIPVT

PT
E

D

prototype that has been developed and patented at the Ulster University (Belfast, UK).
The investigation places emphasis on material manufacturing, based on Cumulative
Energy Demand (CED), Global Warming Potential (GWP), ReCiPe, Ecological

CE

footprint and USEtox. The results show that according to all the adopted

AC

methods/environmental indicators and based on primary materials, the PV cells and the
two vessels (steel) are the components with the three highest impacts. Scenarios which
include recycling of steel, plastics and brass (landfill for the other materials has been
assumed), based on CED, GWP 100a and ReCiPe endpoint, have been examined. It was
found that steel recycling offers a considerable impact reduction, ranging from 47% to
85%. Furthermore, the impact of the proposed BIPVT module per m 2 of thermal
absorber has been calculated. The results, based on primary materials, show 4.92
GJprim/m2

and

0.34

t

CO2.eq/m2

(GWP

100a).

In

addition,

according

to
1
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USEtox/ecotoxicity, USEtox/human toxicity-non-cancer (scenario based on primary
materials), the PV cells present the highest contributions to the total impact of the
module: 55% in terms of ecotoxicity and 86% concerning human toxicity/non-cancer. A
comparison with the literature is provided. Moreover, a separate section of the article is
about factors which influence BIPVT environmental profile, discussing parameters such

PT

as the storage materials and the end-of-life management.

RI

Keywords: Life Cycle Assessment (LCA); Building-Integrated Photovoltaic/Thermal
(BIPVT); Greenhouse-Gas (GHG) emissions; Cumulative Energy Demand (CED);
Human health, Ecosystems, Resources; Human toxicity, Ecotoxicity

SC

1

1. INTRODUCTION

NU

Photovoltaic/Thermal (PVT) modules (also known as hybrid PVT) convert solar
radiation into electricity and heat, by combining Photovoltaic (PV) cells (for production

MA

of electricity) with solar thermal collectors (for production of thermal energy). The
production of thermal energy is based on the following principle: There is utilisation (by

D

means of a solar thermal unit) of the part of the absorbed solar radiation that is not

PT
E

converted into electricity by the PV cells. High temperatures reduce PV-cell efficiency
whereas cooler PV cells produce higher electrical output. PVT modules can be designed

CE

to carry heat away from the PV cells and, therefore, an improvement in PV-cell
efficiency can be achieved. Cooling can be done by means of different ways, for

AC

example by using water or air heat extraction. By taking into account the thermal

1

ABBREVIATIONS: ABS: Acrylonitrile Butadiene Styrene; BA: Building-Added; BA PVT: Building-Added
Photovoltaic/Thermal; BI: Building-Integrated; BICPVT: Building-Integrated Concentrating Photovoltaic/Thermal; BIPV:
Building-Integrated Photovoltaic; BIPVT: Building-Integrated Photovoltaic/Thermal; CED: Cumulative Energy Demand; CO2.eq:
CO2.equivalent; CTUe: Comparative Toxic Unit for ecosystems; CTUh: Comparative Toxic Unit for humans; DALY: DisabilityAdjusted Life Years; EF: Ecological Footprint; EPBT: Energy Payback Time; ETFE: Ethylene Tetrafluoroethylene; Greenhouse-gas
PBT: Payback time based on greenhouse-gas emissions; GWP 100a: Global warming potential with a time horizon of 100 years;
GWP 20a: Global warming potential with a time horizon of 20 years; GWP 500a: Global warming potential with a time horizon of
500 years; GWP: Global Warming Potential; HDPE: High Density Polyethylene; ICS: Integrated Collector Storage; IPCC:
Intergovernmental Panel on Climate Change; LCA: Life Cycle Assessment; MJprim: MJprimary; PBT: Payback Time; PCM: Phase
Change Material; PETG: Polyethylene Terephthalate Glycol; Pts: Points; PV: Photovoltaic; PVC: Polyvinyl Chloride; PVT:
Photovoltaic/Thermal; ReCiPe PBT: Payback time based on ReCiPe method; ReCiPe: ReCiPe method; (species.yr): The loss of
species over a certain area (during a certain time); USEtox: USEtox method
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properties of water and air, it can be said that water heat extraction is more effective
(Tripanagnostopoulos et al., 2005).
Given the fact that PVT systems are particularly useful in the building sector,
during the last years different PVT configurations appropriate for building applications
have been developed. By having as a basis the type of building integration of a PVT

PT

module, in the literature two basic PVT categories can be found:

RI

1) Building-Added PVT (BA PVT): The PVT modules are added to the building and

SC

they do not replace a construction component. In this case, the PVT modules are not
incorporated into building architecture but are added as an additional Building-Added

NU

(BA) component.

2) Building-Integrated PVT (BIPVT): The PVT modules are part of the building

MA

structure and replace certain building elements (roof, cladding, façade, etc.) by means of
an aesthetically pleasing way. In the literature different BIPVT configurations have

D

been presented: Façade-integrated Fresnel-transmission PVT concentrator (Chemisana

PT
E

et al., 2016); BIPVT systems based on solar-cell tiles (Rajoria et al., 2016); Curtain-wall
PVT collectors (Nemati et al., 2016), etc., verifying the usefulness of PVT in the frame

CE

of Building-Integrated (BI) applications.
Regarding environmental issues, PVT systems displace the use of conventional

AC

energy and, therefore, during the phase of usage, they provide energy savings, reduction
in CO2 emissions and other environmental benefits (Tripanagnostopoulos et al., 2005;
2006). However, the manufacturing of the components of a PVT system includes
environmental impacts which depend upon the type of the materials used. For this
reason, Life Cycle Assessment (LCA) studies about PVT provide useful information,
highlighting how these environmental impacts can be diminished (Lamnatou and
Chemisana, 2017).

3
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In light of the issues mentioned above, in the literature, studies about PVT
environmental profile by means of LCA have been presented. In the following
paragraphs, certain references are cited.
Agrawal and Tiwari (2015) investigated glazed PVT/air collectors which can be
integrated into a building (for space heating) or into a dryer (for crop drying). An

PT

Energy Payback Time (EPBT) of 1.8 years was found. Crawford et al. (2006) noted that

RI

the use of heat recovery in combination with a traditional BIPV configuration reduces

SC

the EPBT of the system. Kamthania and Tiwari (2014) studied a semi-transparent
hybrid PVT double-pass façade based on silicon and non-silicon PV cells.

NU

Environmental issues such as carbon credits and CO2 mitigation were examined.
Rajoria et al. (2016) investigated the environmental profile of PVT tiles, evaluating

MA

issues such as EPBT and CO2 mitigation. Chow and Ji (2012) conducted a work about
PVT LCA: the studied BA PVT and BIPVT configurations showed EPBTs 2.8 and 3.8

PT
E

system, was discussed.

D

years, respectively. The issue of building-material replacement, by means of a BI solar

According to the review article by Lamnatou and Chemisana (2017):

CE

1) BIPVT systems present multiple interesting characteristics with benefits from an
energetic as well as from an environmental point of view.

AC

2) In the building sector, there is a growing interest in BIPVT applications.
3) In the literature, there are few investigations about BIPVT environmental profile and
most of these present findings about CO2 emissions and EPBT.
By taking into account the issues mentioned above (points 1-3) and, in general, the
importance of PV systems and renewable energy sources in the frame of climate change
mitigation (Owusu and Asumadu-Sarkodie, 2016), it can be seen that there is a need for

4
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more LCA studies about BIPVT, especially based on multiple life-cycle impact
assessment methods, including indicators about human toxicity and ecotoxicity.
The present article examines the environmental performance of a patented
BIPVT prototype that has been developed at the Ulster University (Belfast, UK).
Emphasis has been placed on material manufacturing. Different methods and

PT

environmental indicators have been used (Cumulative Energy Demand (CED), Global

RI

Warming Potential (GWP), ReCiPe, Ecological Footprint (EF) and USEtox) in order to

SC

provide a complete picture about the profile of these types of modules, according to
multiple environmental indicators, including human toxicity and ecotoxicity.

NU

Comparisons with the literature are also provided. A separate section with a critical
discussion about factors that influence BIPVT environmental profile has been included.

MA

The goals of the present article are the following:

1) Presentation of multiple parameters that affect the environmental performance of

PT
E

the storage materials.

D

different types of BIPVT modules, discussing key factors such as the working fluid and

2) Investigation of the environmental performance of a patented BIPVT module based

CE

on multiple environmental indicators and life-cycle impact assessment methods.
The structure of the present paper is the following:

AC

- Part A: Critical factors about BIPVT environmental profile
Presentation of different factors and discussion
- Part B: LCA in terms of material manufacturing of the proposed BIPVT prototype
Materials and methods – Results - Discussion – Comparisons with the literature
- Future prospects

5
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By taking into account the fact that the studied PVT prototype includes materials
that are commonly adopted in the frame of BIPVT (or BA PVT) applications, the
findings of the present work can be useful for a wide range of PVT configurations.

2. CRITICAL FACTORS ABOUT BIPVT ENVIRONMENTAL PROFILE:
REPRESENTATIVE LITERATURE STUDIES AND DISCUSSION

PT

2.1. Presentation of different factors and key parameters that influence BIPVT
environmental performance

RI

BIPVT systems consist of different materials and certain of these materials can

SC

considerably influence the environmental profile of the whole system. The present
subsection highlights, based on literature references, critical issues that affect BIPVT

NU

environmental performance. In Table 1, key parameters are presented.
Table 1. Key parameters related to BIPVT environmental profile.
Information - Description

Krauter et al.
(1999)

Thermal insulating PV façade with a
cooling system which includes a
propylene mat and a water pump

Chow et al.
(2003)

Façade-integrated PVT for a 30-storey
building

D

PT
E

CE

Wall-integrated PVT system; Materials:
Aluminium alloy, glass fibre, bricks, etc.

AC

Chow et al.
(2008)

MA

Reference and
year of the study

How these issues are related to
BIPVT environmental
performance
These components influence the
environmental performance of
the system as well as the
interaction of the system with
building interior space
Large-scale application;
Materials of the external façade:
Cement screed, concrete,
gypsum plaster
The materials of the whole
system influence BIPVT
environmental profile

Nayak and Tiwari
(2008)

PVT integrated into a greenhouse

Energy savings in the frame of
greenhouses

Anderson et al.
(2009)

Roof-integrated PVT

BIPVT that is integrated into a
roof above an enclosed air-filled
attic: In this case, the air space
plays the role of passive
insulation

Chen et al. (2010)

BIPVT combined with a ventilated
concrete slab

Low-energy solar house

Corbin and Zhai
(2010)

Roof-integrated PVT

Potential for improved electrical
efficiency (in comparison to
façade-integrated PVT systems)

6
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BIPVT as an outer layer in order to
create a double-layer building envelope

The double-layer influences the
thermal characteristics of the
building and building energy
loads

Yin et al. (2013)

Roof-integrated PVT for energy-efficient
buildings; The PV panels are embedded
between a transparent protective layer
and a functionally-graded-material layer
(materials: aluminium; High Density
Polyethylene (HDPE))

BIPVT: Production of energy
and, at the same time, reduction
in building energy consumption

Ibrahim et al.
(2014)

Primary-energy savings by means of a
water-based BIPVT

Reduction of the primaryenergy consumption in the
building sector

Hu et al. (2014)

Combination of BIPVT with Ethylene
Tetrafluoroethylene (ETFE) cushions

The feasibility of the system in
terms of its electricity
production and its potential
regarding solar-energy
utilisation were verified

Li et al. (2014)

BIPVT systems with unglazed transpired
solar collectors

Energy savings

Buker et al.
(2014)

Polyethylene heat-exchanger loop
underneath the PV panels: Roof element

The adopted materials influence
the environmental performance
of the whole BIPVT system

Roeleveld et al.
(2015)

Numerical model: PV layer, air channel,
insulation, plywood layer

The materials that are used for
the wall/roof, influence the
environmental profile of the
whole BIPVT system

Vuong et al.
(2015)

Thermal-fluidic relations

Thermal-fluidic relations affect
BIPVT performance

Li et al. (2015)

PVT systems combined with corrugated
transpired solar collectors

BIPVT wall: Energy savings

BIPVT in combination with Phase
Change Material (PCM) in order to
reduce PV temperature and store heat

The material of the PCM
(hydrates salt) influences the
environmental performance of
the whole BIPVT system

Hailu et al.
(2015)

BIPVT combined with heat pump

Energy-efficient system
for heating/cooling and hotwater production

Oliveira (2016)

Compact building envelope:
Combination of PV panels with solar air
collectors and thermoelectric heat pumps

Energy savings; Polygeneration
in buildings

Rounis et al.
(2016)

Multiple-inlet BIPVT system

Increase in electrical and
thermal efficiency

Wang et al.
(2016)

Heat-pipe BIPVT system

Low-carbon technology which
offers energy savings

CE

AC

Xiang and Gan
(2015)

PT
E

D

MA

NU

SC

RI

PT

Kim and Kim
(2012)

7
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BIPVT for energy-efficient homes

Energy savings

Jouhara et al.
(2016)

Heat-pipe BIPVT as building envelope

PVT collector as an energyactive building material

Luo et al. (2016)

BIPVT-wall system

The BIPVT system replaces the
materials of a wall

Chen and Yin
(2016)

BIPVT panel as a multi-functional
roofing system

Replacement of the materials of
a roof

Saadon et al.
(2016)

BIPVT in a net-zero energy office
building

Decrease in building cooling
needs

Lin et al. (2016)

PCM-enhanced building in combination
with a roof-integrated PVT and
ventilation

Combination of a roofintegrated PVT system with
other building components

Gholampour and
Ameri (2016)

Wall-integrated PVT modules with
transpired collectors

Khaki et al.
(2017)

Glazed and un-glazed BIPVT
configurations

Tripathy et al.
(2017)

The influence of shadow effect on
BIPVT performance

Gautam and
Andresen (2017)

BIPVT vs. solar thermal and BuildingIntegrated Photovoltaic (BIPV)
technologies: Investment price ratios;
Utility rates; Weather conditions

In cold climates, BIPVT
technology can be competitive
(in comparison to traditional
technologies) but only in certain
cases (e.g. favourable electricity
to heat price ratio)

Tiwari and
Tiwari (2017)

BIPVT for heating of slurry for a biogas
plant: Greenhouse-integrated
configuration

BIPVT: Energy-savings in the
frame of agricultural
applications

Semi-transparent BIPVT for roofintegrated applications

The influence of BIPVT on the
room temperature affects the
energy consumption of the
building e.g. in terms of airconditioning

Buonomano et al.
(2017)

Combination of adsorption chiller with
BIPVT

Primary-energy savings and
reduction in CO2 emissions

Gupta et al.
(2017)

Semi-transparent BIPVT: Daylight
strategies

Daylight savings

Asaee et al.
(2017)

BIPVT with heat pump

Reduction in greenhouse-gas
emissions and energy savings

Abdolzadeh et al.
(2017)

Combination of BIPVT with ETFE
cushions

Sunlight for building spaces
(along with the production of

RI

SC

Transpired plate and air-channel
casing material: Steel
Use of a glass cover over the PV
modules means: 1) use of an
additional component/material,
2) increase in PVT thermal
performance, 3) decrease in
PVT electrical performance

NU

MA

D

PT
E

CE

AC

Deo et al. (2017)

PT

Delisle and
Kummert (2016)

EPBT increases due to the
shadow effect

8
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electricity)
BIPVT for fenestration applications

Generation of thermal energy
and electricity, along with light
transmission and shading
control

Bigaila and
Athienitis (2017)

Combination of BIPVT with heat pump
and PCM

Reduction in power demand

Assoa et al.
(2017)

BIPVT for a drying system (drying of
fodder)

Energy savings in agriculture

Piratheepan and
Anderson (2017)

Building-Integrated Concentrating
Photovoltaic/Thermal (BICPVT) for
façade-integrated applications

BICPVT systems offer benefits
in the frame of net zero energy
buildings

Wang et al.
(2017)

The effect of frame shadow on BIPVT
performance

Frame shadow reduces PV
efficiency

Debbarma et al.
(2017)

Weatherproofing; Insulation

Moreno et al.
(2018)

BICPVT based on concentrators of
cylindrical shape

Gupta and Tiwari
(2018)

Heat capacity and water flow
(evaporative cooling) over semitransparent BIPVT modules

SC

RI

PT

Chialastri and
Isaacson (2017)

NU

MA

D
PT
E

CE

Modelled system: Partial
covering of thermal/electrical
needs by using a radiant floor
and a heat pump for space
heating/cooling; An electrical
circuit that offers both direct
consumption and battery storage
was considered
The water that flows over the
PV modules offers an increase
in PV cell efficiency; This
means higher power output over
system lifespan and
improvement of certain
environmental indicators

Façade-integrated PVT with Integrated
Collector Storage (ICS)

ICS offers collection of thermal
energy that can be directly used
in the building, and, at the same
time, it offers considerable
thermal insulation

Agathokleous et
al. (2018)

BIPVT with natural ventilation

By adopting natural ventilation
there is no need for energy
inputs in order to power
mechanically driven fans

Ulloa et al.
(2018)

Lightweight BIPVT modules for shelter
hangars

Energy savings

Shahsavar and
Rajabi (2018)

Energy and enviro-economic analysis of
BIPVT configurations

Reduction in CO2 emissions and
energy savings

AC

Smyth et al.
(2018)

BIPVT replaces the materials
e.g. of a façade but, at the same
time, new materials (in order to
achieve weatherproofing and
insulation) are used

9
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Cappelletti et al.
(2018)

BICPVT: 1) production of energy, 2)
shading device

Control of the sunlight which
enters into the building; Shading
control

2.2. Discussion about the factors presented in 2.1
In the present subsection, a discussion based on Table 1 (including additional
literature references) is presented.

PT

Certain materials that are used as part of the total BIPVT system (materials for

RI

façades, walls, roofs, storage system, etc.) can considerably influence the environmental

SC

performance of the whole system, depending on the type of the material, its lifespan and
the end-of-life management (use of primary and/or secondary materials, recycling, etc.)

NU

(Lamnatou and Chemisana, 2017).

There are some works which examine the effect of the PV-cell material, taking

MA

into account that, in certain cases, PV-cell production includes hazardous materials,
depending on the type of the PV cell (Lamnatou and Chemisana, 2017).

D

The working fluid plays an important role. For instance, the literature shows that

PT
E

EPBT values (as well as Payback Times (PBTs) in terms of cost and CO2 emissions) are
higher in the case of air-based PVT systems (in comparison to equivalent water-based

CE

PVT systems) because of the lower thermal efficiency of the air heat extraction

AC

(Tripanagnostopoulos et al., 2006).
The type of building integration (façade, roof, etc.) is another factor because it is
associated with the efficiency of a solar system. A reduction in the amount of solar
radiation that is received by the thermal absorber (and/or by the solar cells in the case of
BI solar systems which include PV cells) negatively influences the output of the solar
system and, therefore, its environmental profile. Moreover, tilt angles, orientations and
latitude play an important role (Lamnatou and Chemisana, 2017).

10
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The adoption of natural ventilation, if this is possible in the frame of a certain
design, simplifies the system and, at the same time, there is no need for mechanically
driven fans (and, therefore, there is reduction in energy consumption for fans)
(Agathokleous et al., 2018).
There are works that highlight the fact that BIPVT systems offer reduction in

PT

building energy consumption, decrease in CO2 emissions and they are useful towards

RI

net-zero energy buildings (Saadon et al., 2016).

SC

Certain studies place emphasis on the shadow effect and how this phenomenon
influences PV performance (Tripathy et al., 2017). Moreover, other works examine

NU

ways to increase PV efficiency: For instance, adoption of multiple inlets (Rounis et al.,
2016).

MA

Some investigations analyse BIPVT systems in the frame of multi-storey
buildings. An example is the study by Chow et al. (2003) in which a large-scale BIPVT

D

system was evaluated (260 m2 PV wall; 30-storey hotel building).

PT
E

In certain cases, the materials of the storage system can remarkably influence the
environmental profile of the whole BIPVT system. If a PV (or PVT) system includes

CE

batteries for electricity storage, the environmental impact of the batteries, depending on
battery materials, influences the environmental profile of the whole system (Üçtuğ and

AC

Azapagic, 2018; Bazán et al., 2018). On the other hand, if the storage device includes
large amounts of metals (Smyth et al., 2018) and there is use of primary materials
(instead of secondary and recycled ones), this means a considerable environmental
impact.
Given the fact that some solar systems include big quantities of metals, there are
studies which propose the adoption of alternative materials. For instance, polymeric
materials for PVT modules have been investigated by Cristofari et al. (2009).

11
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At this point it should be noted that there are few studies which examine the
specific case of BICPVT systems. In general, BICPVT technology is promising from an
environmental perspective since sunlight concentration allows the use of less PV-cell
material. In addition, these systems (providing that there is cooling of the PV cells)
offer higher PV output in comparison to simple PV configurations without sunlight

PT

concentration (Lamnatou and Chemisana, 2017).

RI

BIPVT systems can be combined with ETFE material, for example with ETFE

SC

cushions. ETFE can be used as a lightweight cladding for buildings, offering flexible
constructions, modern building designs and around 95% light transmission. The

NU

combination of ETFE with BIPVT has been discussed, for example, in the review
article by Lamnatou et al. (2018a).

MA

Within the concept of utilising transparent materials, some authors propose the
use of semi-transparent PV modules for the development of BIPVT systems which offer

D

daylight savings (Gupta et al., 2017).

PT
E

Another parameter is the weight of the PV panels for BI applications. Some
authors propose the adoption of lightweight materials in order to reduce the total weight

CE

of a BI solar system (Martins et al., 2018).
Furthermore, there are studies which evaluate the combination of BIPVT with

AC

PCM components. This combination offers, for instance, reduction in PV-cell
temperature and heat storage (Xiang and Gan, 2015). In the literature, BI solar thermal
systems with fatty-acid PCM have been investigated (Motte et al., 2017; Lamnatou et
al., 2018b, 2018c). The results showed that, in certain cases, PCM considerably
influences the environmental profile of the whole BI solar system, depending on the
environmental indicator. In the investigation by Lamnatou et al. (2018c) about LCA of a
BI solar thermal system with fatty-acid PCM, it was found that according to USEtox

12
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human toxicity/cancer, USEtox ecotoxicity and ReCiPe endpoint with characterisation
(species.yr), the fatty-acid PCM presents an impact remarkably higher in comparison to
the other materials of the studied BI solar thermal system (Lamnatou et al., 2018c).
With respect to the electricity generation mix of a country, there are certain
environmental indicators which show a high sensitivity to the composition of the

PT

electricity mix (Lamnatou et al., 2017).

RI

Finally, it should be noted that some authors place emphasis on agricultural

SC

applications and propose the adoption of BIPVT systems, for instance, in the frame of
greenhouses (Nayak and Tiwari, 2008).

NU

In light of the issues mentioned above, the factors that influence the
environmental performance of a BIPVT system can be classified into certain categories:

AC

CE

PT
E

D

MA

Figure 1.

Figure 1. Factors that influence BIPVT environmental profile.
At this point it should be noted that given the fact that a BIPVT is a part of a
building, its environmental performance affects the environmental profile of the whole
building. This influence can be direct (e.g. the impact due to material manufacturing) or
13
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indirect (interaction of the BIPVT system with building interior space). For instance,
daylight savings by means of a semi-transparent BIPVT configuration influence
building energy consumption (Deo et al., 2017; Gupta et al., 2017).
3. LCA: MATERIAL MANUFACTURING OF A BIPVT PROTOTYPE
3.1. Materials and methods of the present LCA study

PT

According to ISO 14040:2006 and ISO 14044:2006, goal and scope definition, life-

RI

cycle inventory, life-cycle impact assessment and interpretation, have been adopted.
3.1.1. Type of life-cycle inventory modelling

SC

With respect to the type of the life-cycle inventory modelling:
i) The attributional modelling shows the potential environmental impacts that can be

NU

attributed to a system over its life cycle: upstream, downstream, end-of-life. Fact-based,

MA

measureable data of known (or knowable) uncertainty, including all the processes that
have a significant contribution to the studied system are utilised. The system is

D

modelled as it is or was (or is forecasted to be) (ILCD, 2010).

PT
E

ii) The consequential modelling identifies the consequences that a decision in the
foreground system has for other processes and systems of the economy and models the
analysed system around these consequences. The consequential model does not

CE

represent the actual (or forecasted) specific or average supply-chain, but a hypothetic

AC

generic supply-chain which is prognostizised (ILCD, 2010).
In the light of the issues mentioned above, the present study is based on attributional
modelling.

3.1.2. Functional units and boundaries considered
The present LCA is based on one PVT module (electricity production: 112 W;
thermal production: 400 W; surface of the PV cells: 0.56 m2; surface of the thermal
absorber: 1 m2). For the calculations of the impact, material manufacturing has been
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considered, taking into account all the materials of one PVT module. Moreover, certain
results are presented per m2 of thermal absorber.
In the frame of the present LCA study, only the stages of material manufacturing
(components/materials of one PVT module) and disposal have been taken into account.
The stage of transportation of the PVT module from the factory to the building and from

PT

the building to the disposal site has not been considered since the present LCA

RI

evaluates only one PVT module and, therefore, the impact related to its transportation is

SC

expected to be very low.
3.1.3. Technical characteristics of the studied PVT

NU

The studied PVT module (Figure 2) has been developed at the Ulster University,
in the UK, and it has been patented by Smyth (2013). Figure 2 illustrates the prototype

MA

unit that is based on a patented thermal diode ICS vessel (elliptical profile; dimensions:
1m × 1m and 150 mm deep). The vessel was made from a stainless-steel outer vessel

D

(there is support by an exo-skeleton). The inner vessel serves as thermal storage and it

PT
E

has a similar elliptical profile. Its volume is 35.1 litres under no vacuum and 35.65 litres
under vacuum. There is also a weathertight enclosure. Acrylonitrile Butadiene Styrene

CE

(ABS) material has been used for the sides and back. Moreover, there is insulating layer
(outer casing). Clear (UV treated) Polyethylene Terephthalate Glycol (PETG) has been

AC

utilised for the aperture front. The proposed PVT module is appropriate for façadeintegrated applications. More analytically, it offers: 1) Decrease in the heat loss in the
case of cool climate conditions and decrease in terms of the cooling loads in the case of
warm climate conditions (by acting as an additional insulating element of the building),
2) Energy savings, 3) Reduction in carbon footprint. It should be noted that the
proposed module can be adopted in the frame of a wide range of building structure
typologies (new-build domestic, commercial buildings, etc.).

15
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Figure 2. The BIPVT module that has been patented by Smyth (2013).

D

3.1.4. Scenarios

PT
E

In certain cases, recycling of steel, plastics and brass has been included whereas,
in other cases, the calculations are based on primary materials. The scenario «with

CE

recycling» has been examined because the proposed BIPVT module, and in general
many types of PVT modules, consist of large amounts of metals. This means that these

AC

types of modules show high recycling potential. The scenario «without recycling» has
been investigated so as to compare two extreme cases, with/without recycling, and
verify the environmental advantages of recycling in the case of these types of modules.
The two scenarios about recycling are related to the stage of disposal.
In terms of GWP time horizon, three scenarios have been evaluated: GWP 20a
(based on a time horizon of 20 years), GWP 100a (based on a time horizon of 100
years), GWP 500a (based on a time horizon of 500 years). These different time horizons
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have been adopted in order to present a broad picture about GWP by taking into account
that certain substances (associated with GWP) show a gradual decomposition and
become inactive on a long-term basis. It should be noted that GWP 100a is the most
commonly used (PRé, 2014). The three scenarios about GWP time horizons are related

PT

to the stage of material manufacturing.
3.1.5. Sources of data and life-cycle inventory

RI

In Table 2, details about the components/materials of one PVT module are

SC

presented. The sources for the impact of the materials are SimaPro 8 and ecoinvent 3. In
subsection 3.1.6, more information about the sources mentioned above is given.

PV cells (mono-crystalline)
Outer vessel (steel)

Casing (ABS)

D

Inner vessel (steel)

MA

COMPONENTS/MATERIALS

NU

Table 2. Life-cycle inventory: One PVT module.

PT
E

Aperture casing (PETG)

MASS
(kg per module)
1.70
21.09
12.64
4.94
3.05
2.12

Brackets (steel)

1.41

Pipework (HDPE)

0.52

Pipework (steel)

0.36

Fittings (steel)

0.25

Cables (Polyvinyl Chloride (PVC) and copper)

0.10

AC

CE

Insulation (polystyrene)

Bonding paste (polymer)

0.10

Gaskets (silicone)

0.10

Bolts (steel)

0.05

Screws (brass)

0.02

3.1.6. Life-cycle impact assessment methods and environmental indicators
The evaluation of the environmental profile of the proposed PVT module
(Sources: SimaPro; ecoinvent) has been based on:
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1) Cumulative Energy Demand V1.08 / Cumulative energy demand
2) IPCC 2013 GWP 20a V1.00; IPCC 2013 GWP 100a V1.00; IPCC 2013 GWP 500a
V1.00
3) ReCiPe Endpoint (H) V1.10 / Europe ReCiPe H/A (single-score)
4) ReCiPe Endpoint (H) V1.10 / Europe ReCiPe H/A (with characterisation)
5) ReCiPe Midpoint (H) V1.10 / Europe Recipe H (with characterisation)

PT

6) Ecological footprint V1.01 / Ecological footprint (single-score)

RI

7) USEtox (default) V1.03 / Europe 2004 (with characterisation)

SC

In terms of the above mentioned methods, CED includes characterisation factors
for the energy resources. IPCC 2013 lists the climate change factors of

NU

Intergovernmental Panel on Climate Change (IPCC) according to a timeframe of 20,
100 and 500 years. ReCiPe includes midpoint and endpoint impact categories. EF is the

MA

sum of time integrated (direct and indirect) land occupation, in relation to nuclear
energy use and CO2 emissions from the use of fossil energy. USEtox includes

D

characterisation of human and eco-toxicological impacts (PRé, 2014).

PT
E

Information about the sources mentioned above (SimaPro; ecoinvent), the lifecycle inventory (Table 2) and the impact of the materials is following presented:

CE

- SimaPro is a software that contains several impact assessment methods that can be
adopted in order to find impact-assessment results (PRé, 2014).

AC

- Ecoinvent is a comprehensive and transparent database with multiple life-cycle
inventory datasets (Source: ecoinvent).
- The final scores of the materials have been calculated by considering the impact of
each material from SimaPro 8 and by using the database ecoinvent 3. For the
calculations, the impacts per kg of material (or per m2 in the case of the PV cells) have
been utilised.
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- With respect to the geographic locations of the materials, for the PV cells, the steelbased components, the polymer bonding paste, the ABS casing, the PETG aperture
casing, the polystyrene insulation, the silicon gaskets and the HDPE pipework, {RER}
(Europe) option has been used. For the steel pipework, the steel brackets and the cables,
{GLO} option has been adopted. GLO means global and includes activities that are

PT

valid for all countries in the world. For brass screws, {RoW} has been utilised. RoW

RI

represents the Rest-of-the-World (Source: Methodology of ecoinvent 3).

SC

Based on the explanations presented above, in Figure 3, a schematic is

AC

CE

PT
E

D

MA

NU

illustrated.

Figure 3. A schematic about the present LCA study.
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3.2. Results and interpretation of the findings of the present LCA study
3.2.1. Phase of material manufacturing: One PVT module (primary materials)
It should be clarified that subsection 3.2.1 presents results based on primary
materials whereas in subsection 3.2.2 the effect of recycling is examined.
Results based on CED

PT

In Table 3, CED values for each component/material of one PVT module are
presented. From Table 3 it can be seen that the PV cells and the two vessels are the

RI

components with the highest CED, showing values ranging from 676.17 to 1985.69

SC

MJprim. Regarding the casing (ABS), the aperture casing (PETG) and the insulation
(polystyrene), these three components present values ranging from 224.43 to 486.67

NU

MJprim. All the other components show values less than 86 MJprim (each

MA

component/material). In addition, it can be noted that: 1) PV-cell CED is almost double
in comparison to the outer-vessel CED, 2) Outer-vessel CED is almost double in
comparison to the inner-vessel CED.

D

Table 3. CED: One PVT module.

MJprim

PV cells (mono-crystalline)

1985.69

Outer vessel (steel)

1128.20

Inner vessel (steel)

676.17

CE

PT
E

COMPONENTS/MATERIALS

486.67

Aperture casing (PETG)

231.47

Insulation (polystyrene)

224.43

Brackets (steel)

85.45

Pipework (HDPE)

39.73

Pipework (steel)

21.82

Fittings (steel)

13.37

Cables (PVC and copper)

8.46

Bonding paste (polymer)

6.74

Gaskets (silicone)

5.42

Bolts (steel)

2.67

Screws (brass)

1.45

AC

Casing (ABS)
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Results based on GWP
Figure 4 illustrates the contribution of each component/material to the total
GWP (according to 20a, 100a and 500a) of one PVT module. From Figure 4 it can be
seen that the PV cells and the two vessels present the highest GWP values, ranging from
52.33 to 145.97 kg CO2.eq (according to GWP 100a). From Figure 4, the effect of time

PT

horizon is also observed. The results based on the three time horizons show differences
which range from 0.01 to 32.06 kg CO2.eq, depending on the scenario. Moreover, as was

PT
E

D

MA

NU

SC

RI

expected, the lower the time horizon the higher the GWP value.

CE

Figure 4. GWP: One PVT module. Results according to the time horizons 20a, 100a
and 500a.

AC

Results based on ReCiPe endpoint single-score
In Figure 5, the findings according to ReCiPe endpoint single-score are
illustrated. By including all the endpoint categories (Human health, Ecosystems and
Resources) (Figure 5), it can be noted that the PV cells and the two vessels present the
highest values, ranging from 14 to 23 Points (Pts), whereas all the other components
show scores less than 2.3 Pts (each component/material). Moreover, from Figure 5 it
can be seen that, in general, the categories of Human health and Resources show
considerably higher scores in comparison the category of Ecosystems. In the case of the
21
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PV cells and the two vessels, the differences between the categories of Human health
and Resources and the category of Ecosystems are pronounced. Furthermore, it can be
seen that the impact of the outer vessel in terms of the category of Resources is 3 times

MA

NU

SC

RI

PT

the impact of the PV cells in terms of this category.

PT
E

D

Figure 5. ReCiPe endpoint single-score: One PVT module. Results according to Human
health, Ecosystems and Resources.
Results based on ReCiPe endpoint with characterisation
In Figure 6 the results based on ReCiPe endpoint with characterisation are

CE

illustrated. Figure 6a is based on Disability-Adjusted Life Years (DALY): Total impact

AC

for the categories of Climate change/human health, Ozone depletion, Human toxicity,
Photochemical oxidant formation, Particulate matter formation and Ionising radiation.
Figure 4b is based on (species.yr): Total impact for the categories of Climate
change/ecosystems, Terrestrial acidification, Freshwater eutrophication, Terrestrial
ecotoxicity, Freshwater ecotoxicity, Marine ecotoxicity, Agricultural land occupation,
Urban land occupation and Natural land transformation. Both, DALY and (species.yr),
verify that the PV cells and the two vessels show the highest impacts, ranging from
1.8E-04 to 3.5E-04 DALY and from 4.9E-07 to 1.3E-06 (species.yr). Moreover, it can
22
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be noted that the PV cells are responsible for 37% of the total DALY score and 43% of
the total (species.yr) score.

NU

SC

RI

PT

a)

AC

CE

PT
E

D

MA

b)

Figure 6. ReCiPe endpoint with characterisation: One PVT module. Results according
to: a) DALY, b) (species.yr).
Results based on ReCiPe midpoint with characterisation
In Figure 7 the results in terms of Climate change (Figure 7a) and Ozone
depletion (Figure 7b), are illustrated. It can be observed that:
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1) In both cases (Climate change; Ozone depletion) the PV cells and the two vessels
show the highest impacts. Moreover, the difference between the impact of the PV cells
and the impacts of the vessels is more pronounced for the category of Ozone depletion.
2) The category of Climate change for the PV cells and the two vessels presents values
which range from 51.98 to 145.16 kg CO2.eq.

PT

3) Regarding the category of Ozone depletion, the PV cells show an impact around 10

RI

times higher in comparison to the impact of the inner vessel and about 6 times higher in

SC

comparison to the impact of the outer vessel.

In Figure 8 the findings according to Terrestrial acidification (Figure 8a) and

NU

Freshwater/marine eutrophication (Figure 8b) are presented, verifying that in all the
cases the PV cells and the two vessels show the highest impacts. More analytically, the

MA

above mentioned three components show Terrestrial acidification values ranging from
0.32 to 0.85 kg SO2 eq, Freshwater eutrophication values ranging from 0.02 to 0.06 kg

D

P eq and Marine eutrophication values ranging from 0.01 to 0.06 kg N eq. With respect

PT
E

to Marine eutrophication, the impact of the PV cells is almost 3 times higher than the
one of the outer vessel. Concerning Freshwater eutrophication, the impact of the PV

AC

CE

cells is double than that of the outer vessel.
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SC

RI

PT

a)

AC

CE

PT
E

D

MA

NU

b)

Figure 7. ReCiPe midpoint with characterisation: One PVT module. Results according
to: a) Climate change, b) Ozone depletion.
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SC

RI

PT

a)

AC

CE

PT
E

D

MA

NU

b)

Figure 8. ReCiPe midpoint with characterisation: One PVT module. Results according
to: a) Terrestrial acidification, b) Freshwater/marine eutrophication.
In Figure 9 additional findings based on ReCiPe midpoint with characterisation
are presented. According to the category of Human toxicity (Figure 9a) as well as based
on the categories of Marine/freshwater/terrestrial ecotoxicity (Figure 9b), the PV cells
and the two vessels are the components with the three highest impacts. In addition, it
can be noted that for Marine ecotoxicity and Freshwater ecotoxicity (Figure 9b) the two
26
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vessels show remarkably higher impact in comparison to the PV cells. Furthermore, by
focusing on Figure 9b it can be observed that, in general, Marine ecotoxicity and
Freshwater ecotoxicity show considerably higher values in comparison to Terrestrial
ecotoxicity. More analytically, for Freshwater ecotoxicity the outer vessel presents a
value 5 times higher than the one of the PV cells. Regarding Marine ecotoxicity, the

PT

outer vessel shows around 4 times higher impact in comparison to the PV cells.

PT
E

D

MA

NU

SC

RI

a)

AC

CE

b)

Figure 9. ReCiPe midpoint with characterisation: One PVT module. Results according
to: a) Human toxicity, b) Marine/freshwater/terrestrial ecotoxicity.
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Based on ReCiPe midpoint with characterisation, the results for Photochemical
oxidant formation (Figure 10) reveal that the PV cells and the two vessels present the
highest impacts, ranging from 0.22 to 0.56 kg NMVOC. More analytical, in the case of
Photochemical oxidant formation, the impact of the PV cells is around 3 times higher

PT
E

D

MA

NU

SC

RI

PT

than the impact of the inner vessel.

Figure 10. ReCiPe midpoint with characterisation: One PVT module. Results according
to Photochemical oxidant formation.

CE

By taking into account all the components of one PVT module and based on
ReCiPe midpoint, in Table 4 the components with the two highest impacts in each

AC

midpoint category (PV cells; outer vessel) are indicated. It can be seen that the PV cells
present the highest impact in 12 out of the 18 categories. The differences between the
impacts of the PV cells and those of the outer vessel are especially pronounced in the
case of Ozone depletion and Terrestrial ecotoxicity where the PV cells show about 6
and 13 times higher impact (in comparison to the outer vessel), respectively. For the
impact

categories

of

Climate

change,

Terrestrial

acidification,

Freshwater

eutrophication, Marine eutrophication, Ionising radiation, Natural land transformation
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and Fossil depletion, the PV cells present around 2-3 times higher impact in comparison
to the outer vessel. On the other hand, the outer vessel presents the highest impact in 6
out of the 18 midpoint categories. More analytically, these differences are more
pronounced in the case of Freshwater ecotoxicity, Marine ecotoxicity and Metal
depletion where the outer vessel presents about 5, 4 and 24 times higher impact (in

PT

comparison to the PV cells), respectively.

kg CO2 eq

Ozone depletion

kg CFC-11
eq

kg N eq

AC

Marine
eutrophication

kg P eq

Human toxicity

Photochemical
oxidant formation

X

X

kg 1,4-DB
eq

kg NMVOC

Particulate matter
formation

kg PM10 eq

Terrestrial
ecotoxicity

kg 1,4-DB
eq

Comments

SC

X

PT
E

Freshwater
eutrophication

kg SO2 eq

CE

Terrestrial
acidification

Outer vessel

NU

Climate change

PV cells

MA

Units of
each
category

D

ReCiPe
midpoint
category

RI

Table 4. ReCiPe midpoint with characterisation: The components of one PVT module
with the highest impact in each midpoint category (indicated by X). Scenario «without
recycling».

The impact of the PV cells is 1.7
times higher in comparison to the
impact of the outer vessel
The impact of the PV cells is 6.2
times higher in comparison to the
impact of the outer vessel
The impact of the PV cells is 1.6
times higher in comparison to the
impact of the outer vessel

X

The impact of the PV cells is 2.1
times higher in comparison to the
impact of the outer vessel

X

The impact of the PV cells is 2.9
times higher in comparison to the
impact of the outer vessel

X

The impact of the PV cells is 1.2
times higher in comparison to the
impact of the outer vessel

X

The impact of the PV cells is 1.5
times higher in comparison to the
impact of the outer vessel

X

X

The impact of the outer vessel is 1.5
times higher in comparison to the
impact of the PV cells
The impact of the PV cells is 12.7
times higher in comparison to the
impact of the outer vessel
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Marine
ecotoxicity

kg 1,4-DB
eq

Ionising radiation

kBq U235
eq

Agricultural land
occupation

Urban land
occupation

m2a

X

X

The impact of the PV cells is 1.4
times higher in comparison to the
impact of the outer vessel

Fossil depletion

SC

m2

The impact of the PV cells is 1.9
times higher in comparison to the
impact of the outer vessel

NU

X

m3

MA

X

kg Fe eq

kg oil eq

Results based on EF

X

X

D

Metal depletion

The impact of the outer vessel is 1.6
times higher in comparison to the
impact of the PV cells

X

PT
E

Water depletion

X

The impact of the outer vessel is 4.2
times higher in comparison to the
impact of the PV cells
The impact of the PV cells is 2.4
times higher in comparison to the
impact of the outer vessel

m2a

Natural land
transformation

X

The impact of the outer vessel is 5.1
times higher in comparison to the
impact of the PV cells

PT

kg 1,4-DB
eq

RI

Freshwater
ecotoxicity

The impact of the outer vessel is 1.1
times higher in comparison to the
impact of the PV cells
The impact of the outer vessel is
23.5 times higher in comparison to
the impact of the PV cells
The impact of the PV cells is 1.7
times higher in comparison to the
impact of the outer vessel

CE

In Figure 11, the findings based on EF single-score are illustrated and it can be

AC

observed that the category of Carbon dioxide shows considerably higher impact in
comparison to the other two categories (Nuclear; Land occupation) for all the
components of the PVT module. More specifically, the contribution of Carbon dioxide
to the total impact (Carbon dioxide; Nuclear; Land occupation) ranges from 72% to
92%, depending on the component of the PVT module. In terms of the
components/materials with the highest EF impact (Figure 11), these are the PV cells and
the two vessels, showing values which range from 128 to 349 Pts (in the case of Carbon
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dioxide). In addition, for the category of Carbon dioxide, the impact of the PV cells is

NU

SC

RI

PT

135 Pts higher than the one of the outer vessel.

MA

Figure 11. Ecological footprint single-score: One PVT module. Results according to
Land occupation, Nuclear and Carbon dioxide.

D

Results based on USEtox

PT
E

In Figure 12 the results based on USEtox are illustrated and it can be observed
that the PV cells and the two vessels show the highest values in terms of Human
toxicity (Figure 12a) as well as in terms of Ecotoxicity (Figure 12b). More analytically,

CE

for the PV cells, Human toxicity/cancer and Human toxicity/non-cancer have close

AC

values. On the other hand, for the vessels, Human toxicity/cancer presents remarkably
higher values than Human toxicity/non-cancer. In addition, the findings based on
Ecotoxicity (Figure 12b) reveal that the PV cells have around 3-4 times higher impact
than the vessels.
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SC

RI

PT

a)

AC

CE

PT
E

D

MA

NU

b)

Figure 12. USEtox: One PVT module. Results according to: a) Human toxicity (cancer
and non-cancer) and b) Ecotoxicity.
Discussion about the contribution of each component to the total impact
In Table 5, the contribution of the PV cells and the outer vessel to the total
impact of one PVT module is given. In each case, the component with the highest
contribution is indicated by X. From Table 5, it can be seen that:
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1) In 9 out of the 11 studied cases, the PV cells present the highest percentages,
showing contributions which range from 37% to 86%. The highest percentage of 86%
has been found in the case of USEtox human toxicity/non-cancer.
2) The outer vessel has the second highest contribution, showing in two cases (ReCiPe
endpoint single-score; USEtox human toxicity/cancer) percentages of 39%.

PV cells
X (40%)
X (42%)
X (43%)
X (43%)

MA

NU

SC

Methods/environmental indicators
CED
GWP 20a
GWP 100a
GWP 500a
ReCiPe endpoint single-score (Pts)
ReCiPe endpoint with characterisation (DALY)
ReCiPe endpoint with characterisation (species.yr)
EF single-score (Pts): Carbon dioxide
USEtox, human toxicity/cancer (CTUh)
USEtox, human toxicity/non-cancer (CTUh)
USEtox, ecotoxicity (CTUe)

RI

PT

Table 5. The contributions of the PV cells and the outer vessel to the total impact of one
PVT module. In each case, the component with the highest contribution is indicated by
X.
Outer vessel

X (39%)

X (37%)
X (43%)
X (43%)
X (39%)
X (86%)
X (55%)

In light of the findings presented above, it should be noted that the impact of the

D

PV cells is mainly associated with the processes for the conversion of silicon (single

PT
E

crystal) to single-silicon wafer and PV cell. PV-cell production is based on the
Czochralski process (Sources: SimaPro; ecoinvent). Details about PV-cell production in

CE

the case of silicon-based PV cells (mining of silica, production of crystalline silicon
wafer, chemical processes, treatments in high temperatures, etc.) have been presented in

AC

the review article by Lamnatou and Chemisana (2017).
Regarding steel, the greatest part of its impact is due to the heat inputs necessary
for the production of ferronickel (Sources: SimaPro; ecoinvent). Certainly, by using less
steel (or by adopting alternative materials instead of steel) for the manufacturing of the
proposed PVT module, a reduction of the environmental impact can be achieved.
Given the fact that the findings of the present study (Table 5) reveal that the PV
cells are responsible for the highest impact in most of the studied cases, the
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environmental profile of crystalline-silicon PV modules is following discussed: In the
review article of Hsu et al. (2012) factors which influence the environmental
performance of crystalline-silicon PV cells were analysed. It was noted that the lifecycle of a crystalline-silicon PV system includes different phases. For instance, the
upstream phase begins with the acquisition of raw materials (silica sand, etc.). Energy is

PT

required to process the raw materials into e.g. crystalline silicon and steel. Energy is

RI

then necessary in order to manufacture the components of a PV module/system. A PV

SC

system also includes the balance-of-system (structural support, wiring, inverters, etc.) as
well as inputs related to transportation and installation. Hsu et al. (2012) highlighted

NU

that the main environmental impact is associated with the stages before the operational
phase. Certainly, the phase of operation includes some inputs such as replacement of

MA

inverters and substitution of any components that break but PV systems have minimal
operation and maintenance needs and, therefore, the environmental impact during this

PT
E

D

stage is low. Moreover, recycling is a critical issue (Hsu et al., 2012).

3.2.2. Phase of material manufacturing and disposal: One PVT module (recycling of
certain materials)

CE

The disposal of the materials of one PVT module has been examined based on
two scenarios: 1) Landfill for all the materials, 2) Recycling of steel, plastics and brass

AC

(landfill for the other materials). The results show that by adopting recycling there is a
considerable environmental benefit. The data sources, for both recycling and landfill
scenarios, are SimaPro 8 and ecoinvent 3 database. In Table 6, the findings are
presented and it can be seen that steel recycling offers a remarkable impact reduction
ranging from 47% to 85%, depending on the case.
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Table 6. Percentages of impact reduction due to recycling. Disposal: One PVT module.
Materials

Impact
reduction in
terms of CED

Impact
reduction in
terms of
GWP 100a

Impact reduction in
terms of Human
health (ReCiPe
endpoint)

Impact reduction
in terms of
Ecosystems
(ReCiPe
endpoint)

Impact reduction
in terms of
Resources
(ReCiPe
endpoint)

Steel

47%

79%

85%

80%

67%

Plastics

53%

21%

15%

20%

33%

PT

In relation to the issues mentioned above, Xue et al. (2018) noted that there is an
increasing interest in recycling of metals since by means of recycling multiple

RI

environmental benefits such as resource conservation and reduction in greenhouse-gas

SC

emissions can be obtained. Regarding the use of steel and aluminium in constructions,
Meneghelli (2018) mentioned that these two materials are commonly used in buildings

NU

and CO2 emissions that are associated with the manufacturing phase of these two

MA

materials should be considered as part of the embodied carbon of the whole
building/construction. Concerning steel production, Olmez et al. (2016) investigated the
environmental impacts of iron and steel industry, based on LCA. It was mentioned that

PT
E

D

among the processes, steel making showed the highest total environmental impact,
followed by sintering. More analytically, the highest impacts were found in the
categories of Human health and Climate change. Moreover, the processes of coke

CE

production presented the highest impact in terms of the depletion of non-renewable

AC

energy sources (Olmez et al., 2016).
3.2.3. Comparisons of the results of the present LCA study with the literature
In Table 7 the findings of the present study (according to CED and GWP) are
compared with the literature (BIPVT and BA PVT configurations) and it can be seen
that, in general, there is a good agreement. In addition, from Table 7 it can be seen that
most of the cases present around 5 GJ and 0.4 t CO2.eq per m2 of PVT module (BI or
BA).
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Table 7. Comparisons of the present study with the literature.
TYPE OF PV
CELLS

WORKING
FLUID

TYPE OF
SYSTEM,
APPLICATION,
ETC.

ENVINMENTAL
ISSUES STUDIED

REFERENCE
AREA OF THE
SYSTEM

RESULTS FOR THE
PHASE OF MATERIAL
MANUFACTURING

Present study
/ BI

Monocrystalline
silicon

Water

BIPVT for
domestic
water heating

CED, GWP,
ReCiPe, EF, USEtox

1 m2 thermal
absorber

4.92 GJprim (CED)
0.34 t CO2.eq (GWP
100a)

Tripanagnost
opoulos et al.
(2005) / BA

Multicrystalline
silicon

Water

PV and PVT
systems for
roofs

Embodied energy,
CO2.eq emissions

30 m2
aperture area

Expected values for 1
m2 aperture area:
4.94 GJ LHV
0.43 t CO2.eq (GWP
100a); Studied system:
with glazing covering
and aluminium
reflectors, horizontal
roof

Battisti and
Corrado
(2005) /
Several
configuration
s

Multicrystalline
silicon

Air

PV and PVT
systems for
roofs

CED, CO2.eq
emissions

1 m2 module

Tripanagnost
opoulos et al.
(2006) / BA

Multicrystalline
silicon

Air

PV and PVT
systems for
roofs

Embodied energy,
CO2.eq emissions

Sun (2014) /
BI

Monocrystalline
silicon

Water

Residential
home
integration

SC

NU

MA

D

RI

PT

STUDY / TYPE
OF BUILDING
INTEGRATION

CED, GWP 100a,
etc.

5.15 GJ LHV
0.46 t CO2.eq

30 m2
aperture area

Expected values for 1
m2 aperture area:
4.59 GJ LHV
0.41 t CO2.eq (GWP
100a); Studied system:
with glazing covering
and aluminium
reflectors, horizontal
roof

1 m2 siliconbased solar
cell

4.60 GJ
0.43 t CO2.eq
(GWP 100a)

PT
E

3.3. Future prospects of the present LCA study
The present investigation can be extended in order to examine the full life-cycle

CE

of the proposed PVT module, by taking into account PVT output in terms of thermal
energy and electricity in the frame of a real façade-integrated application. In this case,

AC

environmental indicators such as EPBT, greenhouse-gas PBT and ReCiPe PBT could be
calculated. In addition, it would be useful to evaluate the life-cycle impact per kWh of
energy produced and compare the results with the impact of other PVT systems from
the literature. In the frame of a full life-cycle study, additional phases of the life-cycle of
a real PVT system such as installation, replacement of certain components during
system lifespan, transportation and disposal could be taken into account.
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4. CONCLUSIONS
An environmental LCA study (according to CED, GWP, ReCiPe, EF and
USEtox) about a BIPVT prototype is presented.
Based on all the adopted methods and environmental indicators and by taking
into account primary materials the results show that the PV cells, the inner vessel (steel)

PT

and the outer vessel (steel) are the components with the three highest impacts. In terms
of the contribution of each component to the total impact of one PVT module (scenario

RI

based on primary materials), the PV cells present the highest contributions in 9 out of

SC

the 11 studied cases, showing percentages ranging from 37% to 86% (the percentage of

NU

86% has been found in the case of USEtox human toxicity/non-cancer). In addition, the
outer vessel has the second highest contribution, showing in two cases (ReCiPe

MA

endpoint single-score; USEtox human toxicity/cancer) percentages of 39%.
Scenarios with recycling of steel, plastics and brass (landfill for the other

D

materials), based on CED, GWP 100a and ReCiPe endpoint, have been evaluated. The

PT
E

findings show that steel recycling offers a considerable impact reduction ranging from
47% to 85%, depending on the case.

CE

With respect to the impact of the proposed PVT module per m2 of thermal
absorber (scenario based on primary materials), the following values have been found:

AC

4.92 GJprim/m2 and 0.34 t CO2.eq/m2 (according to GWP 100a). A comparison with the
literature shows a good agreement.
A separate section with factors that influence the environmental profile of a
BIPVT system has been included, highlighting issues such as the materials of the
storage system and the use of recycled materials instead of primary ones.
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Environmental assessment of a Building-Integrated Photovoltaic/Thermal
prototype
Methods: ReCiPe, etc.; Issues: Global Warming Potential (GWP), Human
toxicity, etc.
Based on all methods: Cells, vessels show the highest impacts (primary
materials)
Impact per m2 of thermal absorber (primary materials): 4.92 GJprim, 0.34 t CO2.eq
Steel recycling offers a considerable impact reduction ranging from 47% to 85%
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