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Abstract: The construction sector is one of the most energy-intensive in the industrialized countries.
In order to limit climate change emissions throughout the entire life cycle of a building, in addition to
reducing energy consumption in the operational phase, attention should also be paid to the embodied
energy and CO2 emissions of the building itself. The purpose of this work is to review data on
embodied energy and GWP derived from EPDs of different types of windows, to identify the LCA
phases, the most impacting materials and processes from an environmental point of view and to
perform a critical analysis of the outcomes. The results show a strong dependence on the typology of
the frame, with wooden windows having competitive performances: lower average primary energy
non-renewable (1123 MJ/FU), higher average primary energy renewable (respectively 817 MJ/FU)
and lower global warming potential (54 kgCO2eq/FU). More transparency and standardization in the
information conveyed by the program operators is, however, desirable for a better comparability of
windows performances. In particular, the inclusion of the operational impact in the EPD is sporadic,
but strongly important, since it can be the most impactful phase.

Keywords: Environmental Product Declarations (EPD); windows; life cycle assessment (LCA);
environmental impact

1. Introduction

Windows are important components of a building’s envelope: they play both a
functional/technical and an aesthetical role. Regarding the technical aspect, windows
are requested to separate the inner space from the outdoor environment controlling the
sunlight entering the rooms, the daylighting, guaranteeing an adequate level of thermal
insulation and, if they are openable, also ventilation.

On the other hand, transparent surfaces allow contact with the landscape and are
often used by architects as framing for views.

The architecture of the 19th century started giving transparent surfaces an increasing
importance in building design, especially for non-residential constructions. The increment
of the window to wall ratio is often linked to an increase of the energy consumptions of the
building, particularly in hot climates where the excessive solar gain brings to an increase in
cooling energy requirements. Considering the heating period, instead, the drawback of
large transparent surfaces is linked to the fact that windows are usually the weakest part of
the envelope for their higher thermal transmittance, for the presence of thermal bridges at
their borders and for the potential of air infiltration.

The recent sensibility to energy efficiency and climate change issues brought to a
higher attention to the selection of window typologies and to the role that they can play in
reducing the environmental impact of a building [1,2]. The design of windows can in fact
influence the visual, thermal and acoustical comfort in buildings. Thermal aspects are surely
very important when the operational energy use in buildings, and related environmental
impacts, has to be reduced. The reduction of operational energy is, in fact, a key strategy
to also cut the life cycle environmental impacts of constructions [3], and it is strongly
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boosted by European legislation [4]. The energy saving potential achievable trough the
substitution of old windows with new high performance ones was investigated by different
authors: Kaklauskas et al. [5] showed that, even if the intervention is slowly repaid and not
very effective in comparison with other energy retrofit measures, a multicriteria decision
method should be adopted considering also the functional and aesthetic obsolescence of
existing windows. Noise problems, air infiltrations and glare are also aspects that should
also be taken into consideration when managing some substitution interventions. Low-
emissivity coatings can significantly improve the thermal properties of windows allowing
high-frequency radiation to permeate and trapping lower frequency radiant heat. On the
other hand, new buildings should be equipped with high performance windows to meet
the more and more stringent standards on energy efficiency.

Inevitably, the substitution of old windows with new ones with higher performances
increases the embodied impacts of transparent components.

Thus, the aim of this work is to review data about embodied energy and embodied
Global Warming Potential (GWP) derived from Environmental Product Declarations (EPD):
this kind of data analysis was already proposed by different literature studies [6,7] for the
comparison of the environmental impacts of building insulation materials, and this study
tries to extend the analysis to other building components such as windows. For insulation
materials the variation of the thickness permits to define a functional unit (FU equal to 1 m2

with a thermal resistance of 1 m2K/W and a design life span of 50 years) able to describe
a quite uniform operational performance; this is not the case of windows for which the
definition of a functional unit able to normalize both embodied and operational perfor-
mances is very difficult. However, comparisons among homogenous types of windows
were performed.

The paper is structured as follows: Section 2 gives a state of the art about window
typologies and related environmental burdens; Section 3 introduces the methodology
adopted to review EPD data; Section 4 shows the results obtained and the limitations of
the analysis; Section 5 draws the conclusions.

2. State of the Art

Several studies have dealt in recent years with the energy and environmental perfor-
mance of windows, with particular regard to innovative windows.

Hee et al. [8] proposed a distinction between static windows, that have constant
thermal and optical properties, and dynamic ones. Dynamic properties can be activated
by electrical currents (electrochromic glazing) or by heat (thermotropic windows). Elec-
trochromic glazing is the most popular solution for dynamic windows and guarantees a
wide dimming of optical properties that can reach the ones of a quite completely opaque
layer: Oh et al. [9] reported a Solar Heat Gain Coefficient (total fraction of transmitted
solar energy across all solar wavelengths) SHGC = 0.107 and a visible transmittance (to-
tal fraction of transmitted solar energy across the visible spectrum) Tvis = 0.085 while
Sbar et al. [10] showed a SHGC = 0.09 and a Tvis ≤ 2% in the fully tinted state.

Emerging glazing technologies are spreading in the market. These include aerogel
glazing, phase change materials glazing, prismatic glazing, and vacuum glazing.

The application of aerogel can be, for example, considered in order to reduce the
thermal transmittance of the frames: Paulos and Berardi [11] showed that the filling of
frame cavities with the aerogel can create window frames with a thermal transmittance
lower than 0.5 W/m2K, a value that is very close to the one of walls and roofs. Photovoltaic
glazing can also play an important role, since it permits balancing electricity generation
and daylight penetration.

Currently, the increase of transparent surfaces in modern architecture and at the same
time of the thermal insulation of buildings’ envelope has raised some overheating issues,
even in cold climates [12]: the most reasonable solution is the reduction of the transparent
surface, the installation of shading systems or, even better from a cost-effectiveness perspec-
tive, the use of glazing with solar control. Generally speaking, windows with a low SHGC
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should be preferred in hot climates, while a higher attention should be given to the thermal
transmittance in cold areas [13]. Baldinelli et al. [14] showed that, in temperate climates,
the proper control of the solar radiation through solar treatments (such as low emissive
glass or films) is one of the most promising solutions to optimize the windows from both
the economic and the LCA points of view. In this context, a complete LCA represents a
useful strategy to guide designers in the selection of windows with high energy efficiency
and low environmental impact.

The different types of windows can be defined on the basis of the material that
constitutes the frame (wood, PVC, aluminum), the presence or absence of the thermal break
and the type of insulating glass used (double or triple). Souviron et al. [15] proposed a
comprehensive review of the environmental issues related to windows, glazing and frames.
Their embodied environmental properties depend on:

• Dimensions;
• Life span assumptions;
• Typology and number of glasses employed (float, float with low-e treatment, lami-

nated, tempered);
• Typology of the frame (wood, PVC, aluminum with thermal cut, aluminum without

thermal cut);
• Thermal resistance of the window.

In order to eliminate the dependence due to dimensions, the FU that is often adopted
for the LCA is the gross surface of the window that includes the external frame. This
kind of normalization may be more favorable for large windows since the impact of the
frame, which is sometimes higher than the one of the glass parts, are spread over a large
surface. Therefore, the use the square meter as FU is consolidated and recommended
also by Product Category rules (PCR). Table 1 reports the FU used in the literature works
analyzed in the present section.

Wooden frames generally have low levels of embodied energy and carbon dioxide
emissions related to production processes, and some better thermal characteristics; the
production of aluminum is on the contrary among the most energy-intensive, followed by
that of PVC, which is also responsible for high emissions of hydrocarbons, dioxins, vinyl
chloride, phthalates and heavy metals.

Several researchers have compared the environmental impacts related to the use of the
three aforementioned frames—made of aluminum, PVC and wood—on typical residential
windows, characterized by the same geometry and double-glazed system, highlighting
that aluminum has the greatest environmental impact. This is due to the energy-intensive
production processes and the pollutants deriving from the processes, while those in wood
have obtained the best environmental performance as both the processing and production
of wooden frames is not energy-intensive like other materials [16]. According to [17], the
quantities of incorporated energy needed to produce a standard window of 1.2 m × 1.2 m
are equal to: 2980 MJ for PVC windows, 6000 MJ for aluminum windows, 995 MJ for
wooden windows and 1460 MJ for aluminum-wooden windows.

Therefore, as regards the frame, some authors [18,19] attributed to wooden frames
a lower embodied energy in comparison with other materials such as aluminum and
PVC, but also a lower service life (about 40 years). Moreover, wooden materials have
carbon sequestration capacities that can be considered as a carbon credit if the origin forests
are managed in a sustainable way; the emissions linked to the landfill or incineration of
wooden frames during the end-of-life stage should, however, be taken into account too.
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Table 1. Assumptions made by the analyzed literature studies.

Reference Functional Unit Life Span Maintenance

Asif et al. [20] 1.2 × 1.2 m2

window

Aluminum: 43.6 years Aluminum: 20 years,

Wood + aluminum: 46.7 years

Wood: 5 years painting and 3 years
staining (externally), 10 years
painting and 5 years staining

(internally).

Wood: 39.6 years PVC: 6 months cycles of cleaning
with solvents.

PVC: 24.1 years

Baldinelli et al. [14] 1.23 × 1.48 m2

window
30 years n.c.

Fernandes et al. [21] - Aluminum: 37.6 years, Wood:
27.3 years n.c.

Saadatian et al. [13] 1.23 × 1.48 m2

window
30 years n.c.

Salazar et al. [22] 0.6 × 1.2 m2

window

75 years for windows

n.c.
18 years for PVC frames

25 years for wood, fiberglass
and aluminum frames

Syrrakou et al. [23] 0.4 × 0.4 m2 electrochromic
system

n.c. n.c.

Souviron et al. [15] 1 m2

20–30 years for glazing

Wood frames are the most
demanding in terms of

maintenance.

PVC: 18–30 years

Wood: 25–65 years

Wood + aluminum: 25–83 years

Aluminum: 25–80 years

Moreover, comparing a PVC window with a wooden one, we find a consumption of
coal and oil, which is three times higher in the production phase of raw materials, and a
production of CO2, which is seven times higher [22].

Saadatian et al. [13] found out that the wooden frame leads to a 14–24% reduction
of the embodied impacts of windows within all impact categories; on the contrary, the
aluminum frame leads to a 29–49% increase in all the embodied burdens. Moreover, the
typology of frame seems to have a very low influence on operational impacts of windows,
demonstrating the strong importance of the control of embodied impacts [24]. Salazar
et al. [22,25] noted a similar amount of cradle-to-gate emission for all the most diffused
residential frame systems in North America: PVC, fiberglass, and wood covered with an
aluminum cladding. The aluminum cladding reduces the maintenance requirements of a
wooden frame, but worsens its environmental performance: the only factors concurring in
the determination of the competitiveness of different frames remain to be a longer service
life and a lower replacement frequency. The inclusion of the use stage awards the solutions
able to minimize the energy demand of the buildings where the window is installed and
underlines the quite insignificant contribution of the embodied components [26]. This
furthermore supports the increment of embodied burdens to reduce operational ones.

For a correct estimate of the environmental impact of windows, it is therefore necessary
to evaluate the entire life cycle (see LCA phases in Table 2) in order to include the durability
characteristics of the materials and the maintenance processes required to maintain the
performance over time. In fact, materials such as aluminum and steel guarantee greater
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durability and less maintenance over time [27], while less durable materials such as wood
and PVC fail to meet high and controllable durability requirements.

The determination of the service life of a window is, however, very complex since it is
linked to different variables that include materials and finishes typologies, maintenance
frequencies, but also external climatic stressing conditions [21]. Wooden material, in
particular, is very sensitive to wet conditions, and a continuous exposure to moisture can
threaten its structural integrity or cause biological colonization. Moreover, frequently, the
climatic stress causes the detachment of the protective coating applied on wood. PVC
is subjected to thermal degradation, that manifests itself in form of scratches, localized
corrosion or erosion, and to ultraviolet induced discoloration [28]. Aluminum and steel are
both subjected to corrosion.

The durability of the frame affects the environmental sustainability of the window
frame, in general the different studies agree on values between 30 and 50 years, in relation
to the type of material and the quality of the maintenance carried out [29,30].

Table 2. Complete phases of the LCA analysis [31].

LCA Phases

A1–A3 A4–A5 B1–B7 C1–C4 D

Product Stage Construction
Stage Use End of Life

Benefits and Loads
beyond the System

Boundary

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 B6 B7 C1 C2 C3 C4 D
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Limited literature was found about the environmental performance of dynamic win-
dows and innovative glazing systems. Syrrakou et al. [23] calculated the embodied impacts
for the production of a electrochromic glazing window of dimensions equal to 40 cm per
40 cm. The scale of the experiment is not very representative of a real situation, but very
low energy and economic payback times are estimated: respectively, 2 and 3.2 years.

3. Materials and Methods

The analysis is based on a review of data of the environmental impacts of same types
of windows (double or triple glazing and different frame materials) derived from EPD in
compliance with the standard EN 15804:2012 [32] or its updates.

As far as impact categories, the indicators are related to the core impact categories
defined in the European standards EN 15804:2012. In particular, the main indicators that
were considered are:

• Total non-renewable primary energy (PENRT), which represents the sum of non-
renewable energy sources both used as raw materials and energy fluxes. In order to
distinguish the renewable from the non-renewable part or the materials or energy
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sources characterizing the fabrication process of a product, the life cycle single issues
indicator cumulative energy demand (CED) is usually employed [33].

• Total renewable primary energy (PER), that sums the renewable energy sources input
in the production processes considered as raw materials or energy fluxes.

• Global warming potential (GWP), that quantifies the greenhouse gas emissions spread
in the atmosphere. The adopted unit is the kgCO2eq/FU, and the evaluation time
horizon is 100 years. The GWP, calculated following the methodology suggested by
the standard EN 15804, includes biogenic carbon as a negative contribution to the
greenhouse effect.

The limitation to the embodied stages is also linked to the fact that the EPD that
were found adopt a cradle to gate approach avoiding reporting information about the
operational impacts attributable to windows. Only in few cases, end-of-life impacts are
calculated, but the few available data do not permit to derive significant results.

The adopted FU is equal to 1 m2 of window that includes the frame. In case the FU
adopted by the EPD is different (e.g., a window of representative dimensions 1.23 × 1.48 m2),
the resulting values of environmental impact were normalized by its gross surface. The
representative dimensions of a window are introduced by the ISO 10077 [34].

Origin of the Data and Description of the Dataset

A total number of 80 EPDs were collected, and this allowed to create a dataset charac-
terized by 116 values for all the covered impact categories (PERN, PER and GWP).

The materials of the frame of the sample are 42% aluminum, 20% wood, 17% PVC,
12% wood and aluminum and finally 9% n steel (Figure 1).
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Figure 1. Percentage distribution of the materials of the frame of the sample.

To guarantee an adequate level of temporal and geographical representativeness,
all the EPDs gathered were not expired and referred to windows products sold in the
European market.

An extended and detailed data collection was performed; the following EPD databases
developed by European program operators were consulted:

• Baubook (Bau) [35]: it is an EPD database developed within the tool Ecosoft and
promoted by the Austrian government. All the environmental impact indicators are
elaborated using SimaPro software and are based on CML2 Baseline 2001;

• EPD Denmark (Den) [36]: it is a database for construction products managed by a
Denmark organization, which works for a consistent level of quality and content of
EPDs in Europe, offering its services for small- and medium-sized enterprises;
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• Ecoinvent (EcI) [37]: it is one of the LCA leader databases all over the world. In this
work, only data referring to the European area were selected;

• Environdec (Env) [38]: it is a collection of EPDs of a wide range of products from all
over the world managed by The International EPD System, a Sweden settled company;

• EPD Italy (Ita) [39]: it is the Italian database born in 2016 and collecting EPD of
different kinds of construction products;

• EPD Norge (Nor) [40]: it is an EPD database managed by a Norwegian program operator;
• European Aluminium database (Ead) [41]: it is an international non-profit association

representing different members of the aluminum industry and settled in Brussels.
Since 2006, European Aluminium has promoted a program for the development of
EPDs of aluminum products (aluminum windows, doors, curtain walls, compos-
ite panels, cladding or roofing); own-developed PCRs and EPDs are compiled in
compliance with EN 15804:2019;

• GBCe (Gbc) [42]: it is a Spanish platform for EPD managed by the Green Building
Council of Spain;

• IBU [43]: it is a German program operator that manages an online database of EPDs;
• EPD Ireland (Irl) [44]: it is a platform to source products with EPDs managed by the

Irish Green Building Council;
• INIES (Ini) [45]: it is a French collection of LCA information provided voluntarily by

manufacturers and trade associations;
• Kawneer (Kaw) [46]: it is a manufacturer of aluminum systems and products that has

certified some of its products;
• Ökobaudat (Öko) [47]: it is a German database containing a lot of EPDs realized in

compliance with the DIN EN 15,804 standard. The database includes both generic
data and product specific ones and only the latter were considered for this study;

• Ift Rosenheim (Ros) [48]: it is a scientific service provider for manufacturers of win-
dows and facades based in Rosenheim, Germany. The institute creates EPDs for
windows and for all buildings envelope products.

Figure 2 shows the share of every program operator in the total amount of analyzed
data. INIES (23%), EPD Norge (19%) and European Aluminium (18%) database represent
the most important sources of data and all together they account for the 60% of the sample.
If the contribution of Baubook (10%), Denmark (5%), Environdec (4%) and GBCe (4%)
is also added, these seven databases arrive to cover the 84% of the sample; a residual
contribution is finally given by the remaining databases and program operators.
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Table 3 lists the number of PENR, PER or GWP values obtained reporting, for every
window typology, the reference database from which data were gathered.

Table 3. Complete phases of the LCA analysis.

Window Typology Values for Each Impact Indicator (Source) Total n.

Double glass–steel framed 4 Ini; 2 Oko 6
Triple glass–steel framed 1 Bau; 1 Ini; 1 Oko; 1 Ros 4

Double glass–PVC framed 1 Env; 1 Irl; 1 Gbc; 1 IBU; 7 Ini 11
Triple glass–PVC framed 2 Bau;1 Irl;1 Nor; 1 Gbc; 2 IBU; 2 Ini 9

Double glass–wooden framed 1 EcI; 1 Nor; 5 Ini 7
Triple glass–wooden framed 2 Bau; 1 Env; 13 Nor 16

Double glass–aluminum framed 1 Den; 2 Env; 1 Ita; 11 Ead; 1 IBU; 6 Ini; 1 Ros 23
Triple glass–aluminum framed 8 Den; 2 Ita; 10 Ead; 3 Gbc; 1 Ini; 1 Kaw; 1 Ros 26

Double glass–wood + aluminum framed 1 Ini; 1 Ros 2
Triple glass–wood + aluminum framed 4 Bau; 7 Nor; 1 Ini 12

All types of windows All 116

It is important to underline that no EPD was found for innovative and dynamic
windows. This can be explained by the current limited market distribution of these kinds
of windows, but also by the scarceness of literature studies developing LCA about them.

4. Results

The thermo-physical, acoustic and durability properties are reported in Table 4 for
every window typology considered. Not all the environmental certifications analyzed
reported all the parameters shown in Table 4.

Table 4. Maximum and minimum value of the parameters characterizing the different
window typologies.

Window Typology
Uw-Value 1 Rw Durability

[W/m2k] [dB] [Years]

Aluminum–double 0.8–3.7 28–47 30–50
Aluminum–triple 0.7–1.5 28–51 30–60

PVC–double 1.0–1.6 29–44 30–60
PVC–triple 0.3–1.2 27–44 30–60

Steel–double 1.3–1.6 28–32 30–50
Steel–triple 0.5–1.14 37.5 30–50

Wood–double 0.6–1.4 27–40 25–60
Wood–triple 0.2–1.2 30–46 30–60

1 Uw-value: thermal transmittance of the entire window, Rw: Sound Reduction Index.

While all of them report the thermal transmittance of the entire window, 74% of them
contains acoustic properties and 86% have information about the durability of the certified
product. Moreover, scarce information was also found about the typology of the glass
employed (e.g., float, tempered, laminated), that is supposed to be float for all cases, and
about the thickness of panes.

Table 5 shows the number of EPDs and their percentage value with respect to the
entire sample of data in relation to each LCA phase. The life cycle phases considered are
the production stage (A1–A3, see Table 2) in all cases with more limited EPDs reporting
impacts linked to the end-of-life (43% of the total as shown in Table 5).
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Table 5. Number of EPDs and their percentage value with respect to the entire sample of data in
relation to each LCA phase.

Phases LCA n. EPD EPD (%)

A1–A3 116 100%
A1–A4 70 60%
A1–A5 50 43%

B1 42 36%
B2 52 45%
B3 41 35%
B4 43 37%

B1–B7 36 31%
C1–C4 50 43%

C1 50 43%
C2 66 57%
C3 61 53%
C4 92 79%
D 92 79%

The use phase is the most neglected one (considered only by 31% of the sample) along
with the related impacts concerning the maintenance requirements (taken into account by
45% of EPDs consulted), that, as already shown in Section 2, can represent a relevant phase
able to influence the overall environmental performance of the window. The exclusion
of the operational stage is an important limitation since it is the most impacting stage, as
already pointed out by the literature analyzed in Section 2. Finally, 79% of the sample
considers phases C4 and D.

It could be expected that a reduction of thermal transmittance of the window would
bring an increase of the environmental impacts considered, due to the increase in the
amount of materials employed for the manufacture. Instead, no significant statistical
relationship was found. Similarly, when searching some statistical relations correlating
the environmental results considered with the parameters reported in Table 4 (Sound
Reduction Index-Rw and durability), no significant result was gathered.

This finding underlines how the environmental properties of commercialized win-
dows principally vary in function of the typology of material employed for the frames and
plates, on their recyclable content, on the energy mix that characterized the fabrication pro-
cess, and that some low embodied energy/carbon components or design precautions can
be very effective in reducing energy losses and infiltrations. In the same way, considering
durability (see column four of Table 4), the gathered data do not permit us to confirm some
literature works that assign a lower durability to wooden frames.

The end-of-life phase also plays an important role in relation to the frame material.
The recyclability of window materials has a fundamental role in reducing environmental
impacts, particularly in case of frequent substitutions. The resulting benefit depends on
the material and can be indicated separately in EPDs. Glass is destinated to landfill for
the 65%, while the remaining part is recycled for different uses (only 10% is destinated to
the production of new float glass since high quality material is necessary [49]); wood is
usually burned for energy valorization or landfilled if deeply treated superficially; PVC has
a high recyclable potential, but the process is still characterized by high costs and impacts
so that landfilling is often preferred; aluminum is recycled with a recovery rate of 95% and
without loss of quality, but only less than the half of the material of windows profiles is
recycled [50].

Another technical factor that can have an important drawback in the operation per-
formance of windows is their air tightness that depends on the precision in their man-
ufacturing and building assembly rather than on their maintenance conditions. This
kind of information requires hypotheses that are hard to be made within environmental
declarations: in fact, no data were collected from the analyzed EPDs.
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Figures 3 and 4 display the mean value, the median (the central line), the values of
first and third quartiles (the limits of the box) and the minimum and maximum values (the
whiskers) for the PENR, PER and GWP of the analyzed windows: the data are evaluated
for different frame materials and for the type of glass since literature reviewed in Section 2
already had underlined a strong dependence on these two characteristics.
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Instead, Tables 6 and 7 show the minimum, maximum and average values for PENR,
PER and GWP of the different types of windows.
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Table 6. Minimum, maximum and average values for PENR, PER and GWP of the double-glazed windows analyzed
according to the different frame materials.

Double Glass

Materials
PENR [MJ/FU] PER [MJ/FU] GWP [kgCO2eq/FU]

Min. Max. Ave. Min. Max. Ave. Min. Max. Ave.

Aluminum 993.0 2770.4 1724.2 180.6 540.0 297.6 46.5 146.0 105.0
PVC 825.8 2740.0 1542.3 45.2 334.0 133.4 38.6 113.0 68.4
Steel 1396.8 2710.4 2125.0 127.7 310.2 245.6 85.9 152.5 127.3

Wood 699.0 2550.0 1473.0 534 988.8 814.1 31.8 105.0 55.0

Table 7. Minimum, maximum and average values for PENR, PER and GWP of the triple-glazed windows analyzed
according to the different frame materials.

Triple Glass

Materials
PENR [MJ/FU] PER [MJ/FU] GWP [kgCO2eq/FU]

Min. Max. Ave. Min. Max. Ave. Min. Max. Ave.

Aluminum 719.2 3910.0 1932.2 158.3 1090.0 404.9 60.2 324.1 141.9
PVC 1313.9 3938.0 1649.7 52.3 1587.5 280.4 62.9 191.8 100.5
Steel 1890.0 4445.0 2810.2 152.4 310.2 215.9 111.1 221.0 168.8

Wood 450.0 1713.0 960.1 327.0 1387.4 819.1 7.8 94.2 53.6
Wood-aluminum 955.8 2766.0 1538.9 776.2 1502.4 1154.8 30.9 99.9 67.6

Among the double-glazed windows analyzed (Table 6), those in wood have the
lowest PENR, equal to 699 MJ/FU, while those in aluminum have the highest maximum
value, equal to 2770 MJ/FU. Comparing the PENR values between the triple glazed
windows of the sample (7), it can be observed that those with the lowest value are in wood
(1313.9 MJ/FU) and those with the highest value are in steel (4445 MJ/FU). Evaluating
the PER, the highest average values are recorded for windows made of wood-aluminum
(1154.8 MJ/FU), while the lowest values are recorded for those in steel (215.9 MJ/FU).
Finally, the highest average value recorded for GWP belongs to steel (168.8 kgCO2eq/FU),
while the lowest belongs to wood (53.6 kgCO2eq/FU).

As it can be noted, it is very difficult to compare the environmental performance of
the three different frame materials: in some cases, similar values were obtained that do
not permit to derive consistent conclusions. It is possible to assert that wooden frames
have sensible higher PER and lower GWP because of the inclusion of biogenic material
and carbon in the calculations. The issue is, however, very debated since the carbon stored
in wooden materials is released in the atmosphere during the end-of life of the frame, both
if it is burned for energy purposes or landfilled. The inclusion of end-of-life stages in the
EPD would permit a better understanding of the real competitiveness of wooden frames
along with the consideration of impacts related to maintenance, painting, and staining.
Otherwise, steel results to be a very impactful material for windows frames with both
higher average PENR (2125 MJ/FU for double glasses and 2810 MJ/FU for triple glasses)
and GWP (127 and 169 kgCO2eq/FU, respectively, for double and triple glasses).

The values shown in Figure 4 for triple-glass windows are quite always higher due to
the additional material required for their production.

Figure 5 displays the share of PENR and PER in the total embodied energy of every
window. Wooden framed solutions are characterized by a higher renewable energy content
that usually surpasses the 50%: it is because wooden material has itself a low embodied
energy with a high renewable energy content. LCA studies tend to consider wood as
a renewable energy source, even if its real renewable characterization depends on the
sustainable management of forests where it comes from [19]. On the contrary for all the
other framed solutions the non-renewable part often exceeds the 80%.
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5. Conclusions

Transparent surfaces are important parts of the building envelope because they play
aesthetic, comfort and thermophysical functions. The increase of the use of transparent
surfaces in the 19th century architecture, and the current sensibility to climate change
and environmental issues, has brought about the fabrication of high energy performance
windows with low thermal transmittance and solar control systems. Dynamic windows
are also emerging as new engineered solutions to reduce operational energy requirements
in buildings. These efforts, however, brought an increase of the embodied energy and
embodied CO2 emissions of window systems.

The aim of this work was to perform a review of environmental impact data obtained
from the analysis of EPDs. The analysis permitted us to determine the range of variability
of the embodied PENR, PER and GWP of the window systems commercialized in the
European market.

The most impactful frame was shown to be the steel one with an average PENR of
2125 MJ/FU for double glasses and 2810 MJ/FU for triple glasses, and GWP 127 and
169 kgCO2eq/FU, respectively, for double and triple glasses. Aluminum and PVC frames
follow: aluminum with average PENR of 1724 MJ/FU-double panes and 1932 MJ/FU-triple
panes and GWP of 105 kgCO2eq/FU-double panes and of 142 kgCO2eq/FU-triple panes;
PVC with average PENR of 1542 MJ/FU-double panes and 1650 MJ/FU-triple panes, and
GWP of 68 kgCO2eq/FU-double panes and of 101 kgCO2eq/FU-triple panes.

Finally, wooden frames showed the lowest average PENR (1123 MJ/FU), the highest
average PER (respectively 817 MJ/FU) and the lowest GWP (54 kgCO2eq/FU).

The results, however, show a high variability range for the selected embodied impacts
and this variability does not fully permit “to enable comparisons between products fulfill-
ing the same function” as required for Type III declarations by the ISO 14025. Moreover,
since windows are complex building components fulfilling a lot of functions, the definition
of a FU able to describe a uniform performance and to guarantee an adequate basis for the
compatibility results still problematic.

An increased transparency and standardization in the information conveyed by the
Program Operators is, however, desirable since it can permit a better interpretation of the
results conveyed.

In particular, the definition of a common methodology frame for the determination of
operational impacts is very important since this stage is generally the most impacting one
in the total life cycle.
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