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HIGHLIGHTS

o Glass options should be ranked on LCA instead of just operational energy.

e Paper presents life-cycle carbon for seven glass options across all major climates.
o Viability of advanced glass options is affected by their high embodied carbon.

o Glass option ranking depends on length of representative study period (RSP).

o Glass Viability Index is created, which ranks carbon impact independently of RSP.

ARTICLE INFO ABSTRACT
Keywords: The construction sector is responsible for around 39% of global greenhouse gas emissions, with building enve-
Life-cycle assessment lopes playing a significant role in this carbon footprint. This is particularly relevant for building facades with

Carbon payback period

) large window-to-wall ratios (WWR), because higher proportions of glass increase both operational and embodied
Energy efficiency

Embodied carbon carbon. In light of the contemporary demand for such glazed envelopes, there is an emerging legislative trend
Glass viability index that measures not only operational carbon, but also embodied via utilizing life-cycle assessment tools (LCA). To
GVI this effect, there is a great demand for techniques that can effectively lower the former carbon without increasing
WFG the latter. To contribute to this effort, this paper presents a whole LCA across seven cities for standard and
advanced glazing solutions, including Water-Filled Glass (WFG). WFG is a novel technology that utilizes water in
the cavity of insulated glass units (IGU), to improve thermal comfort, energy and acoustic performance of
buildings. The paper utilizes energy simulation modelling through TRNSYS, and provides a comparative analysis
of different glazing techniques. The significance of this paper is that a comprehensive cradle-to-grave LCA
analysis of standard and advanced glass techniques is presented here for the first time, across all major Koppen-
Geiger climates. The results show that WFG presents considerable carbon savings against all other options e.g.,
31-53% compared to double glass, underlining the possibility of reducing operational and embodied carbon
simultaneously. A second novel outcome of the paper is introducing the Glass Viability Index (GVI) for the first
time, which presents the ‘carbon payback’ period required to offset an embodied carbon increase with opera-
tional savings. This is because the short lifespan of glass makes embodied carbon a large driver in LCA, and as
such the prioritisation of operational carbon when selecting a technique can lead to a unsustainable practice.

1. Introduction decrease of emissions during the COVID-19 pandemic, global trends
indicate a quick rebound is taking place, with an increasing proportion

The construction sector is responsible for a major part of greenhouse of energy used for cooling of buildings, even in colder climates such as
gas (GHG) emissions, with 39% globally [1], 39.35% in European Union the UK [4]. The increasing demand for cooling is further driven by
[2] and 41.4% in the United Kingdom [3]. Whilst there was an overall multiple historical heat records being surpassed globally in recent years
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[5].

Glass plays a great role in the energy consumption of buildings:
glazed areas are responsible for a major share of energy loss from the
building envelope, culminating to 47% total heat loss in a typical resi-
dential building [6] and for 20-40% wasted energy in buildings in
general [7]. This impact is further increased by the nature of the
manufacturing process of glass, which is holistically energy intensive:
the glass industry worldwide is reported to be responsible for 86 Mt. of
COqe emissions, and produces 150 Mt. of glass a year - 42% of this is
float glass used in construction industry (36.12 Mt) [8]. Whilst these
values may appear modest when compared to the steel or concrete in-
dustries, the emissions are rapidly increasing due to contemporary
advanced glazing products that have a higher embodied carbon output
and steadily expanding market share, e.g., electrochromic glazing (6
times expected increase of market share between 2016 and 26 [9]) and
photochromic (about 5 times between 2016 and 26) [10]. The embodied
carbon increase of such products is significant in magnitude, as tech-
niques such as electrochromic are suggested to have up to 28 times
higher embodied carbon than float glass (sheet-by-sheet basis) [11].
This increasing proportion of advanced glazing and their high embodied
carbons present two issues: firstly, there is a substantially increasing
carbon impact of the glazing industry overall, and secondly, the viability
of advanced glazing is challenged, especially considering the increased
embodied carbon they require to achieve higher operational savings
compared to standard glass units.

Considering the GHG impact of glass in building envelopes, there is
an emerging global dialogue on curtailing glass use in buildings [12,13],
culminated in proposals such as the ‘glass building ban’ by the Mayor of
New York City [14]. The idea was later translated into legislative action
in form of Local Law 97 [15], which introduces taxation on carbon
emission of buildings. The law itself does not explicitly name glass, but
targets buildings with high window-to-wall ratios (WWR), as their en-
ergy consumption is considerably higher [16]. Similar legislation has
been approved by the European Union under the EU Emissions Trading
System (ETS), that, albeit excluding buildings in its first implementa-
tion, will now directly tax carbon impact of buildings and transportation
from 2025 [17,18], and is expected to become a driver of carbon savings
in built environment. Additionally, there are novel legislative ap-
proaches in Europe for building codes, that consider life-cycle assess-
ments (LCA): the Netherlands, Denmark and France have already
introduced such measures for most of their newbuilds, with Finland and
Sweden currently planning to do so, and others such as the UK, Germany
and Switzerland having LCA limits for public buildings [19]. There are
additional national regulations, including carbon limits on newbuild
homes in the UK, which mandates a 30% lower carbon limit as part of
national efforts towards net zero [20]. These measures target glazing
both in terms of high embodied and operational carbon, which again
limits the viability of advanced glazing. Here, this suggests that in order
to meet ambitious national and global carbon targets, there is a great
demand for innovation in glass, especially solutions that can signifi-
cantly lower operational energy consumption without increase in
embodied carbon. This underlines the importance of LCA as a tool to
evaluate both.

Life-cycle assessments (LCA) have been implemented to both
monitor and assess the environmental impact of products or services,
enabling comparative evaluation in order to favour one alternative over
another. This concept was initially explored in product design [21] and
later in other fields, including construction [22]. Considering the latter,
LCA has the advantage of evaluating a construction project through
multiple stages (material production, construction, use, end of life),
which offers a comprehensive view on the carbon impact of a building
and avoids undocumented environmental loads passed between
different phases of the building life-cycle, or from one construction
project to another [23]. There are currently several guidance frame-
works for LCA calculations, with the fundamental standard being ISO
14025 for LCA calculation, and 140040 for Environmental Product
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Declarations or EPDs [24]. A similar standard has been implemented in
the European Union as EN 15804 [25]. Additional national guidelines
have been issued to support country/region specific calculations, e.g.,
the one issued by Royal Institution of Chartered Surveyors (RICS) [26].
In each case, a ‘cradle to grave’ LCA calculation includes multiple
assessment stages from manufacturing until end of life. The majority of
the impact is related to the use of materials (materials production stage)
and to operational energy consumption (use stage) due to carbon
intensive processes of the former and the long reference study period for
the latter (RSP, typically 50-70 years) [27]. Until recently, most policies
focused on the reduction of operational energy consumption, which was
also justified with LCA results showing operational carbon as the major
driver of environmental impact (typically 80-85%) [28]. However, the
impact of stricter policies saw a constant decrease in operational carbon,
which in turn highlighted the previously disregarded equal importance
of embodied carbon, particularly within the product manufacturing
stage [29]. This concept can be appreciated in certain net-zero energy
buildings (NZEB), where the investment in passive and active measures
led to a decrease in operational energy, but an increase in embodied
carbon, leading to a higher overall LCA, even when compared to low
energy buildings (a concept that NZEB aimed to usurp and develop)
[30]. Here, this strongly suggests that the use of energy-saving measures
should always be carefully considered, and their embodied energy
consequence taken into account.

Such an ethos regarding sustainable design also applies to glass, as
advanced glass options are subject to a similar predicament; whilst they
may offer operational savings, these must justify and offset the consid-
erable embodied carbon of these techniques. Despite that, the current
focus on glass option evaluation mainly focuses on metrics that simul-
taneously assess the operational energy, along with other aspects of the
building performance related to user comfort. Apart from the impacts of
the transparent element on the overall energy consumption of the
building, the parameters used to optimize the glazing design also belong
to the visual comfort domain: (Daylight Autonomy (DA), Useful
Daylight Illuminance (UDI), Daylight Factor (DF), unified glare ratio
(UGR), mean workstation horizontal illuminance (HI)), and also thermal
comfort (Predicted Mean Vote (PMV), Predicted Percentage Dissatisfied
(PPD) Mean Radiant Temperature (MRT), Weighted Discomfort Time
(WDT)) [31]. Other trends deal with the possible use of short term
metrics (assessed in certain time and position), long term spatial analysis
(considering the evolution of such metrics in time and space) [32], or
effects of high levels of transmitted sunlight in the internal environment
[33]. The above suggests that while energy consumption reduction is
considered, the assessment of the resulting increasing or decreasing
levels of embodied carbon are usually missed in certain phases of the
evaluation [34].

The increasing embodied carbon of advanced glass technologies
points to the need for a proper evaluation of such. Whilst using LCA
methodology to choose the best glass option for any project provides
some merits, it can produce a misleading evaluation if used by itself.
This is because it does not directly consider the embodied carbon dif-
ference between the glass options. This can create an equivocal evalu-
ation and result. Here, the lifespan of a glass facade is relatively short
(30-35 years), and hence in a traditional LCA the overall carbon result is
driven by the selected representative study period (RSP), which varies
between 50 and 120 years, depending on user calculations since no
universal RSP standard is available. This means that the actual ranking
of glass facade options in any climate greatly depends on the selected
RSP, because depending on the length the glazing could be replaced
multiple times. For example, advanced glazing has a higher embodied
carbon than most, and with a longer RSP they become an increasing
liability for the overall evaluation. Hence, it is crucial that a mathe-
matical method is presented that offers an objective and comprehensive
tool that can supplement an LCA, which eliminates the associated lia-
bilities of the RSP.

For these reasons, the authors of this paper introduce the ‘Glass
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Viability Index’ (GVI), which highlights the relationship between the
increase of embodied carbon in a glass unit, and the resultant opera-
tional carbon saving. The GVI is calculated by using the embodied car-
bon increase of the glass unit, divided by its annual carbon savings and
compared to a base case, producing a ‘carbon payback’ period. Practi-
cally, GVI shows how many years of operational carbon savings are
required to balance the increased embodied carbon. The GVI can be used
for 1) comparison of different glass unit options, 2) to identify the best
climate scenario(s) for any glass option, and 3) ascertaining the viability
of any glass technique for a climate. The third point is particularly
relevant, because it is something that conventional LCA techniques do
not show: if the GVI value is close or higher than the lifespan of a typical
glass facade, then it is likely that another glass unit option should be
pursued instead. GVI is useful to recognise whether a glass option is
viable at all, meaning whether the invested embodied carbon of the
advanced glass can actually be justified by the offered OC savings
throughout its lifespan of 30-35 years. Again, this is something that a
traditional LCA does not necessarily show, since the RSP here is
dependent on the user. GVI is useful for the second point as well: as the
results will show below, in the case of LCA the ranking of glass options in
any particular location depends on the RSP, which is not the case for
GVI. Hence, the ranking for LCA and GVI may not be the same.

To assess the impact of GVI, the paper evaluates seven different case
study options, including widely used technologies (standard + advanced
glazing) and innovative options such as water-filled glass (WFG) and
smart water-filled glass (SWFG). By conducting the study in such a
manner, the options for this paper cover the four main approaches to-
wards energy management that are currently present within the glass
industry. The first approach focuses on improving insulation or U-value,
typically through additional layers of glass [35]. The second option can
be categorised as a radiation control measure that improves the SHGC,
typically by utilizing a coating that can be permanent (e.g., Low-E [36]),
dynamic (e.g., electrochromic or EC [37], suspended particle device
window or SPD [38], or polymer dispersed liquid crystal or PDLC [39]).
Thirdly, techniques focus on combining glazing with solar control e.g.,
fixed or automated shading [40]. Finally, the fourth category relies on a
fluid medium within the window, typically air (ventilated inside [41] or

Fig. 1. Water-filled Glass (WFG).
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outside [42]) or water [43].

In particular, Water-filled glass or WFG (shown in Fig. 1) was
introduced first in 2007 [44], then in 2009, [45] and patented [46,47]
by the author Matyas Gutai. The technique consists of an innovative IGU
that utilizes an external argon layer and an internal water layer in the
glass, that is connected to external mechanical system to improve
thermal comfort, acoustic and energy performance in buildings,
particularly ones with high WWR. The technology is being researched by
various institutions, including research groups in Madrid [48,49], and in
China [50]. Two real world case prototypes have been built by the
author [44,51], and provide validation for the energy models on energy
consumption [52] and construction aspects of WFG, including concerns
of leakage, transparency, and other risks [53]. The existing research
gives a good overview on the energy performance of water-filled glass
technology. However, there is limited information on global life-cycle
assessment of water-filled glazing, especially in an operational setting.
This presents a significant gap in research, especially when considering
the 1) existing challenges in CO, emission cuts, 2) legislation in LCA, and
3) need for advanced glazing that lowers operational carbon without
increase in embodied carbon. Accordingly, it can be concluded that
there is a great demand on more understanding of life-cycle assessment
of glazing in general and of WFG.

The significance of this paper is that the global viability of glass
solutions are evaluated, considering how the increase of embodied
carbon of any glass option is translated into a ‘carbon payback period’,
when using the annual equivalent operational savings of the same glass.
As mentioned earlier, the increasing embodied carbon and short lifespan
of advanced glass technologies points to the need for such evaluation,
especially in light of different operational savings for the same glass unit
in various climates. It should be noted that whilst the paper evaluates
embodied carbon here, the focus is primarily on energy consumption.
Firstly, the embodied carbon of glass is driven by energy consumption,
as the manufacturing process requires high temperatures and controlled
environments. Secondly, whilst evaluating embodied carbon payback,
the goal is to highlight the possible unconscious bias towards opera-
tional energy, which is the main aim of the paper.

Novelty is also introduced via the paper offering a global compara-
tive analysis of the life-cycle assessment for Water-filled glass (WFG) in
an operational setting (office building), compared against other stan-
dard and advanced glazing scenarios (presented here for the first time).
Finally, as a third novel aspect, the research presents a global evaluation
of glazing options from cradle-to-grave, and strongly highlights the
importance of the embodied component.

2. Methodology

The paper follows the standard methodology approach for Life-cycle
assessments, in line with ISO 14025 and EN15804. The embodied car-
bon is calculated using the Inventory of Carbon and Energy (ICE), and
guidance from the Royal Institute of Chartered Surveyors (RICS, [26]).
The operational carbon calculation is based on the dataset from a pre-
vious publication, where energy consumption was simulated for the
same glass options [54]. Once this and the present datasets are com-
bined into an overall LCA, the research evaluates the results by calcu-
lating the Glass Viability Index (GVI), which is the increase of embodied
carbon divided by the annual operational carbon savings, compared to
the baseline of a standard double glass window. The GVI is then pre-
sented to reflect on both environmental impact and viability of each
glass option in seven cities.

The Methodology chapter is divided into two main parts. The first
part introduces the considerations for energy simulation including
simulation model, selected cities, climates and glass cases. The second
part presents the considerations for the LCA calculation, e.g., assump-
tions for product calculation, transportation, construction, use and end
of life stages.
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2.1. Considerations for energy simulation

2.1.1. Office setting (annual dynamic simulation setup)

The simulation method for this paper followed the same model and
framework as in previous publications on WFG. Here, TRNSYS dynamic
simulation software was used to determine the operational energy
consumption for each scenario [52,55]. A prototype of WFG panels and
an experimental building titled Water House 2.0 was used for validation
of the model, which is presented in earlier publications [52]. Addi-
tionally, the full dataset of the first simulations and for this article is
available with Open Access, referenced in the Appendix below. As
shown in Fig. 2, an office room of 17.5 m? gross area with 3 m height was
used for the simulation, with one of the external walls being part of the
glass facade of the building; the rest of the surfaces (interior walls,
ceiling, floor) were considered adiabatic. The orientation of this facade
was assumed to be equatorial (South-facing in Northern hemisphere, for
all seven cities). The size of the room was 3.5 m by 5.5 m, and the glass
facade was 3.3 m by 2.8 m (9.24 m? area). The properties of internal
walls, floor and ceiling are shown in Fig. 2, with simulated U-values of
0.3, 0.6 and 0.6 W/m?K respectively. The U-values and SHGC for the
glass facade are also shown in Table 2 below (Chapter 2.1.3.).

The room was designed to be a functional office environment for one
employee. Internal heat gains were set for working hours (Mon-Fri:
8:00-18:00) as 130 W/m? for a person, 140 W/m? for a computer and 5
W/m? for artificial lighting (controlled by available daylight lighting
setpoint of 300-500 Ix). Infiltration was assumed as n = 0.25 ACH, with
an increase to n = 1.45 ACH during working hours. Optional night
ventilation was assumed as an efficient cooling alternative during
summer, as outdoor temperature fell below room temperature.

In terms of the mechanical system, it was assumed to have a setpoint
temperature of 25 °C for cooling, and 21 °C for heating; these periods
were limited to operational hours. Outside of the operational period, the
room was permitted to have higher range for indoor temperature (29 °C
for cooling, and 15 °C for heating). In case of Water-filled Glass (WFG)
and Smart Water-filled Glass (SWFG), the TRNSYS model also factored
in the energy required for heating-cooling the water, which was assisted
with ground heating-cooling. Accordingly, the model also includes
ground temperature in each location to adjust changes in temperature
over the year.

2.1.2. Considerations for climate and cities

The cities for the simulation were selected based on climatic con-
siderations and urban context.

In case of the former, it was important that the research identifies
and includes a city from each major inhabited Koppen-Geiger climate
region. Previous research identified that WFG is not viable in the Cold

w
o
” |
"
= >
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climate region (Koppen-Geiger E) [54], and therefore was not included
in the study. The remaining areas were covered, as shown below in
Table 1 and Fig. 3.

In the case of urban context, the cities within each climate region
were chosen based on their existing building stock characteristics:
preference was given to locations where high-rise buildings with high
WWR is a likely scenario (and therefore would be a good representation
of the study). Among the seven selected cities, there was one exception
to this context: Budapest was a preferred option to represent the conti-
nental climate category, as the city is close to a WFG factory. However,
due to a lack of accessible weather data, another Hungarian city
(Debrecen) was used instead. Table 1 shows data of the selected cities
with the end column ‘Climate’ providing the relevant Koppen-Geiger
classification for the chosen cities.

2.1.3. Consideration for glass options

The study investigates two sub-options for water-filled glass (WFG):
in addition to the transparent version known simply as WFG (which has
the same appearance as any clear window), another version is also
considered with a specific water infill that can incrementally change its
colour to black, to provide shading and respond to change in daylight
conditions. This technology is coined smart water-filled glass (SWFG),
and has been introduced in a previous publication [52]. Here, SWFG can
change its colour from clear (0%) to semi-dark (20%) and dark (40%)
opacity. The two water-filled glass options are compared with five base
cases. The first is a standard double glass option with Low-E coating,
assumed to represent industrial standard for newbuild projects in each
city of this study. The next base case is the same window in terms of
composition but features an automated shading system with a 75%
shading fraction (Fc = 0.25); this follows German Industry Norm or DIN
as standard (DIN 4108-2, where solar irradiation (IT) is higher than 200
W/m?). This base case is unique compared to the other options because
the glass is combined with a shading device and the performance of the
facade is influenced twofold. Whilst this difference was acknowledged
by the authors, the inclusion of this case was still deemed beneficial as it
offers a valuable control reference to the other options with inbuilt
shading functions (e.g., EC or SWFG). The third option is a standard
triple glass facade, the final standard glass option of this study. In terms
of the advanced glass options, two are included in the study: The SHGC
option is a solar protective glass with a selective coating (SHGC = 0.2),
that aims to control the solar gain experienced by the facade, to mini-
mise the need for corrective temperature control. This option differs
from other glasses in sense that it is a dark mirror glass and is not as
transparent as the others. The fifth glass option of this study is an
electrochromic glass with Low-E coating and 4-step illuminance-based
control. The seven glass options also cover the four energy

Compdhent i Material Thickness (m)
i External wall Expanded polystyrene 0.15
i Reinforced concrete 025
T CGypsum 0.0125
i Dry wall | Steel structure 0.1

Reinforced concrete 0.25
| Gypsum 0.0125
T paint (double coat) -
Door ! Veneered Door -
(0.9x2.4m?)
Window See options in Table 2

Fig. 2. Simulation Model (shoebox cube).
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Table 1

Selected cities and climates.
City Country Latitude Longitude Altitude (m) Avg. ground temperature (C) Climate
Singapore Singapore 1.37 103.98 16 27.5 Af
Dubai United Arab Emirates 25.2 55.27 44.2 27.2 Bwh
Madrid Spain 40.42 -3.7 807 14.1 Csa
New York United States 40.78 —73.97 40 12.2 Cfa
Milan Italy 45.46 9.19 321.5 11.4 Cfb
Beijing China 39.8 116.47 32 12.5 Dwa
Debrecen Hungary 47.48 21.63 112 10 Dfb

f

~

Humid Equatorial Climate - No Dry Season
Humid Equatorial Climate - Short Dry Season
Humid Equatorial Climate - Long Dry Season
Dry Climate - Semi Arid
Dry Climate - Arid

B Humid Temperate Climate - No Dry Season

Dry Winter
Dry Summer
Humid Cold Climate - No Dry Season
Humid Cold Climate - Dry Winter

B Cold Polar Climate - Tundra and Ice
Unclassified Highlands

Fig. 3. Selected cities and climate regions (world map).

management strategies for glass: Insulation (modifying the U-value),
Shading (internal/external devices preventing solar incident radiation),
Incorporated Radiation Control (controlling solar gains), and Fluid Flow
(integrating a dynamic layer into the fixed unit). The options with their
parameters and energy management category are listed below in
Table 2.

2.2. Considerations of LCA calculations

The location of the project drives not only the operational carbon
output (through climate conditions), but also embodied, due to the
carbon impact of local manufacturing processes, and the transportation
of materials (product stage) and products (construction stage). Here, this

applies especially to products with higher weight and manufacturing
requirements, as significant increases in carbon may result in these
cases. For each city and glass option, the calculations followed the
current recognised practice of each respective local construction in-
dustry (as far as is practicable). Calculations were quantified through
each major stage of the cradle-to-grave LCA calculation (Modules A, B
and C, see Fig. 4).

In each city, the LCA calculation has been performed for seven
different scenarios. These scenarios share the same construction ele-
ments specified in Fig. 2, while varying in regard to the seven glass
options displayed in Table 2.
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Table 2
Glass options.
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Case Window Type Glazing System Settings Shading / Switchable Window Ug SHGC Tsol Tyis Energy Management
Name Control [%] [%] [%] Category
Insulating double § .
DG glazing iz‘:}: Gap filled with argon, No shading, always transparent 1.4 62% 43% 62% Insulation
(SHGC >0.4)
Automatic 2-step radiation-
Insulating double . . based control,
DG+AS glazing igvf,“;“ Gap filled with argon, o 01T 2200 W/m2 = Clear, 1.4 62% 43%  62%  Insulation + Shading
(SHGC >0.4) When IT >200 W/m2 = Shaded
(Fc = 0.25)
TG Triple Glazing 15 mm Gap filled with air No shading, always transparent 1.2 50% 33% 51% Insulation
Solar protection double § . -
SHGC_0.2 glazing :;::mrg;zt?;:fd with argon, No shading, always transparent ~ 2.16  20% 15% 20% I;:irrg;) rated radiation
(SHGC >0.2) P
Automatic 4-step illuminance-
based control,
When E < 600 Ix = Clear,
Electrochromic Double glazing system 16 mm When 600 Ix < E < 800 Ix = Incorporated radiation
E 1. % 29% %
C Window Gap filled with argon, Low-E Low-tinted 3 43% 9% 4% control
When 800 Ix < E < 1000 Ix =
Mid-tinted
When E > 1000 Ix = Full-tinted
WFG Water Filled Glazing ‘1;:::1 Gap filled with clear Always clear, 0% dyed 2.9 55% 27% 44% Fluid Flow
Always clear, 0-40% dyed
SWEG Smal"t Water Filled 15 mm Gap filled with dyed Automatic 3-step illuminance- 29 54% 29% 35% Fluid Flow
Glazing water based control
0% (Clear), 20%, and 40%
1
BEYOND THE LIFE
LIFE CYCLE INFORMATION
I CYCLE
|
" PRODUCT TION E END OF LIFE BENEFITS AND LOADS
S obuC CONSTRUCTIO us o (e
PROCESS R
Module: A A2 A3 Ad ! D
|
= |
=3 |
o
3
(2] §. |
<
5| & ‘
© o I
= =
= |
& '

CRADLE
PRACTICAL
COMPLETION

----------- B e 7
11} w
i S e
L
5 S —
o
-
w

Fig. 4. Stages and Modules of Life-Cycle Assessment (LCA). Source: Institute of Structural Engineers.

2.2.1. Embodied carbon calculation (product, construction and use stages):
Considerations and assumptions (LCA stages A1-A3, A4-A5, B1-B5)

Within the Product stage (A1-A3), the ‘Inventory of Carbon and
Energy’ or ICE carbon data is utilized to calculate the embodied carbon
for the building materials used in each scenario, where possible. This
applies to generic elements in the model that are widely available (e.g.,
plaster walls and ceiling, door, floor, and slab).

For the glass facade in the Product Stage, EPDs were used as a basis
for the calculation where appropriate, for standard glass options
(shading [56], double [57-60] and triple glass [61]), advanced glass
options (solar protective glass [62], EC [11,63,64]), and the curtain wall

framing (Schiico [65]). With this, the recycled content for these products
is assumed as what is provided within the EPDs. All calculations
completed in this stage use the 100:0 method, to assume recycled po-
tential during the product stage as 100%, which creates a twofold
benefit. Firstly, it avoids an erroneous duplicate calculation of ac-
counting for recycling potential ‘twice’ (e.g., discounting carbon impact
of recycling steel both during End of Life (EoL) stage and during Product
stage in the next project). Secondly, this approach also helps provide
complete and correct data, as this aligns with the EPDs used, which
considered recycled content during Product stage. In the case of WFG
and SWFG, EPDs are not available since these are existing but relatively
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new products. Therefore, to calculate the environmental impact, a
collaborative effort was undertaken directly with the manufacturer. The
calculation recognises that WFG and SWFG comes with additional
components compared to a triple glass unit (e.g., unique spacers, pipes,
heat exchanger etc), which are included in the calculation. This creates a
higher embodied carbon for WFG and SWFG, compared to standard
glass options. These technologies are patented, which limits the amount
of information that can be revealed at this stage. Additional technical
information about these technologies are available in previous publi-
cations [52,53]. We also published our calculations in detail on
Loughborough University Research Repository with open access [66],
which provides details on our calculations, including WFG and SWFG.

For the Construction stage (A4-A5), the calculations had to assume
distances for transportation of the finished product to the final con-
struction site (A4). Generic materials and standard IGUs have been
considered as nationally supplied, with the distance calculated as an
average across the seven cities. In case of specific products such as EC
glazing the calculations considered international shipping due to the
specificity of manufacturer location (in this case Sage located in Fair-
bault, US).

Whilst this is justified, new glass innovations require bespoke
manufacturing processes and factories, which limits the supply chain
scope considerably; this results in an increase of embodied carbon. This
concept highlights an important aspect of glass innovation, as limited
supply points lower the viability of such technologies. This does not
apply for WFG and SWFG, which have been developed with a
manufacturing process that can be adopted by any glass factory with
existing IGU manufacturing processes, and hence was assumed to be
produced locally in every city.

The construction process (A5) has been calculated based on the
recommendation of RICS [26] for each case. While it is recognised that
the actual carbon impact may differ in each city, it has been also
assumed that these values are close in reality because we are considering
the same modern construction technology for all sites, while the
weighting of the value itself is relatively low in percentage. This
approach also gives fair comparison across cities.

The calculation of embodied carbon during Use Stage (B1-B5) was
divided into two parts: the first part is carbon for use (B1), maintenance
(B2), repair (B3) and refurbishment (B5), the second part is carbon for
replacement (B4). Following guidance of RICS and Institution of Struc-
tural Engineers (ISE), the calculation focuses on the second part. The
first part is assumed as a small percentage of embodied carbon because:
i) B1 is “generally insignificant” for structural materials, B2 and B3 is
assumed to be minimal, and B5 is assumed not to take place during the
studied period. The percentage assumed for this part is set to 3% of the
Product stage, which correlates with results from RICS [26] and other
studies [67].

2.2.2. Operational carbon calculation: Considerations and assumptions
(B6, B7)

The operational carbon calculation has been set for each city with
respective data on carbon coefficient for the local energy supply [68].
The study assumes an energy-efficient heating-cooling system that uti-
lizes heat pump and electricity consumption for the building. The same
system was assumed for the hot water supply. While heat pumps are not
considered to be the standard solution in any of these cities, it is a
competitive energy-efficient option in all of these locations, hence it was
an ideal option for a fair comparison across countries.

Operational water consumption has been assumed based on data on
water use for office buildings [69]. Additional water consumption has
been calculated for WFG and SWFG in stage A1-A3. It should be noted
that these systems are closed loops, so their water demand is minimal
(the system needs to be filled up only once during its lifetime).
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3. Results

The following section will be categorised into four components, in
accordance with guidance provided by the Royal Institute of Chartered
Surveyors (RICS) [26]. By using such a framework, potential improve-
ments and existing shortcomings can be easily identified for each LCA
stage; this promotes the efficient implementation of resources for each
stage of the supply chain.

3.1. Product stage (A1-A3)

Fig. 5 shows the calculated carbon contributions from the Product
Stages A1-A3. The carbon coefficients were taken from Schiico and
Uponor Environmental Product Declarations (EPDs). Detailed calcula-
tion results are available in Loughborough University Research Re-
pository with open access [66]. It is worth underlining that this
component of LCA is location-independent according to data from ICE.

As shown in Fig. 5, the glazing technique with the largest emission
output here is Electrochromic (EC) and Double Glazing with Automatic
Shading (DG + AS), with 9744 and 6221 kgCOg. respectively. The
lowest contributors in this stage are DG and SHGC 0.2 (5123 and 5173
kgCOq). It is noteworthy that depending on the glazing technique
chosen, 22-58% of the embodied carbon at this stage is accredited to the
glazing (the rest is associated with the remaining elements of the room).

3.2. Construction stage (A4 — A5)

The carbon impact of transportation (A4) considered distances for
each component as an average distance of the construction site from the
manufacturer among the different cities (as located in the geolocation of
each analysed city given by Google Maps). The only exception to this is
represented by EC: for this specific product, the distance from the spe-
cific manufacturer location and the construction site has been calculated
individually, resulting in slightly different results for this technology
depending on location (location-dependent difference is marked in light-
green in Fig. 6). Details of the calculation are available in the tables
updated to the Loughborough University Repository with open access
[66]. These have been made available, as this study promotes the ethos
that innovations in embodied carbon especially for glazing technologies
should be flexible globally, and accessible by all manufacturers. This is
because the estimated current contribution of the building sector to
global anthropogenic GHG is around 40%; pooling of resources and
knowledge must become a common practice, if we are to achieve the
collective goals around climate change. In terms of the contributions
from the common fixing elements, the calculation utilized a disaggre-
gate breakdown as shown in tables of the Research Repository [66]. For
Stage A5, a construction cost of £2900/m? and a carbon coefficient of
1400 kg/£100 k was simulated following recommendations of RICS,
resulting in a carbon emission of 710.5 kgCOy, for each location. Fig. 6
shows the overall results of modules A4-A5.

3.3. Use stage, embodied carbon (B1-B5)

Within this stage, refurbishment (B5) was assumed not to occur at
any point within the Representative Study Period (RSP). The RSP was
determined to be 60 years, in line with recommendations of RICS. As
mentioned earlier, B1-B3 was assumed to be a low value, in line with
RICS and Institute of Structural Engineers; the calculation here assumes
this to be 3% of the Product stage as shown in Fig. 7. For EC, these values
are location dependent only in the stage B4 (Replacement), explained
previously in Section 3.2.

3.4. Use stage, operational carbon (B6-B7)

Operational energy consumption (shown in Fig. 8) followed the same
approach as undertaken in the previous publication. The carbon
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Fig. 5. A1-A3 Stages of LCA (‘Cradle to Gate’): Al(Material extraction and Supply), A2 (Transport to plant), A3 (Manufacture and fabrication).
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DG =DGFAS ®TG w»SHGC02 wEC =WFG ®SWFG

Fig. 7. Use stage, embodied carbon for specific structural elements (B1-B4 Stages: B1(Use), B2(Maintenance), B3 (Repair), and B4 (Replacement)).

emission factor for the electricity supply was different for each city, and mechanical system for each location. In Table 3 the CO2 conversion
was determined using the local data. The Site-to-Source conversion factors (fe) for electricity production is displayed. Details of the simu-
factor for electricity and COP was assumed to be the same, as well as the lation as well as results are uploaded to the Research Repository of
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Fig. 8. Operational carbon (B6 and B7) for seven cities and glass scenarios.

Table 3

CO,, conversion factors (fg)) for electricity from the national grid.
Location Singapore Dubai Madrid New York Milan Beijing Debrecen
fo (kgcozeq/KWh) 0.4188 0.4258 0.22026 0.18991 0.33854 0.555 0.25298

Loughborough University with open access [70]. Apart from being
determined by the specific energy consumption in each location, the
high values of operational carbon are also greatly influenced by the
conversion factors of each location's electricity grid.

B7 (Operational water use) was calculated as 170.29 kgCOye, when a

water consumption value of 1.55 1/m? and a carbon coefficient of
0.000344 kgCOyz/1 were simulated. Fig. 9 shows the carbon impact
between modules A1-B7 (Product, Construction and Use stage); note
that this only includes operational emissions for a singular year, not over
the entire life cycle.
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Fig. 9. (‘Cradle to End of Life): Operational and embodied carbon (A1-B7) for seven cities and glass scenarios.
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3.5. End of life stage C1-C4

Within C3, the ‘100:0° approach by RICS was assumed, meaning that
no recycling measures were simulated for End-of-Life stage. This is to
provide a conservative estimate for emissions, by assuming all compo-
nents end up in landfill or otherwise. This was also justified by the use of
the EPDs, which were calculated with recycled content in the Product
stage.

C1 (Demolition) was calculated using RICS method and was assumed
to be the same for each city. Fig. 10 shows the C1-C4 LCA stages for
glazing: C2 (Transportation of waste), C3 (Recycling), and C4 (Landfill
Disposal). Distances for transportation to waste management facilities
were determined for each city (two closest facilities to each city centre
was selected, and the average across all the locations was used for the
calculation). Details of this calculation are available on the Lough-
borough University Research Repository with open access [66]. It is
noteworthy that for C1-C4, these are quite similar for each technique
studied.

4. Discussion

The results of the calculation are shown below in Fig. 11 for each
glass option and each city. The results highlight the following
observations:

In every single location, WFG and SWFG provide the lowest carbon
impact. This can be expected since 1) the technology offers operational
energy savings with a minimal increase in embodied carbon, 2) is
available locally in any glass factory (which lowers carbon in shipping)
and 3) its unique additional components (pipes, water, spacer) are not
energy intensive. It should be noted that the energy consumption of
WEFG and SWFG is calculated as a conservative scenario, which means an
operation mode where the heat captured by the water (Quseful) is not
utilized in any manner. As such, the consumption could be even lower
than the data presents.

Regarding the second-most carbon advantageous technique, this is
the automated shading one for Debrecen and Madrid, which is not
surprising because of the high solar radiation experienced in these re-
gions. However, this shading option performs worse than standard
double glass in Beijing and New York, which is a result of its high carbon
and loss in solar gain that would normally lower overall heating demand
of the building.

Solar protective glass comes second in Singapore, Dubai, Beijing,
which matches initial expectations as radiation management is critical
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in these climates. In the case of regions like Beijing, solar control glass
would lower the solar gain in winter, but to a lesser degree compared to
automated shading.

Solar protective glass, automated shading, and WFG exhibit similar
results in Madrid, which again highlights the importance of solar gain.
However, to ensure a fair and representative comparison, it should be
noted that WFG does not have either shading nor coating in this study
and adding those to WFG would improve its performance even further,
which begins to display in SWFG to a certain extent. In addition to WFG,
solar protective glass also performs well overall, with a limited increase/
trade-off of embodied carbon.

Triple glass presents the third best option, in Madrid, New York,
Milan, and Debrecen. In the cases of Singapore and Beijing, its perfor-
mance is very close to EC. For climates such as Dubai, triple glass un-
surprisingly performs the worst, as the improved insulation offers
significantly limited benefits in cooling dominated climate.

In regard to the holistic performance of EC, it presents as the 4th-7th
most favourable option across all climates: its best performance is in
Singapore (4th), Dubai (4th) and Beijing (4th), followed by Madrid
(6th), New York (6th), Debrecen (6th) and Milan (7th). Here, this is
because of three factors: 1) the high embodied carbon of EC compared to
other glass products, 2) the limited energy savings of EC during heating
periods, 3) the high carbon impact of shipping EC (due to the specific
location of its manufacturer). The combination of these lead to a
considerably higher environmental impact, which makes EC less
competitive and viable.

4.1. Importance of embodied carbon

Fig. 11 presents the proportion of embodied carbon for each glass
scenario (represented by the respective darker section on each bar). The
results show that embodied emissions play a less dominant role in hot
climates (Singapore and Dubai), whereby the operational energy de-
mand is higher. This is theoretically sound, considering that the facade
in this study is almost completely glazed and south facing. However,
embodied carbon emissions become more dominant in other regions;
this is shown in the percentage of embodied carbon for each city and
scenario, presented in Table 4. The results also reinforce the significance
of the increasing embodied carbon for current advanced glazing tech-
niques, such as EC.

Fig. 11 highlights the overall life-cycle impact of each glass scenario
and offers a comparison for overall environmental impact. This graph
strongly indicates the need for more attention on embodied carbon, and

SHGC 0.2 EC WEG SWFG

Glazing Technique

Fig. 10. End of Life stages for glass scenarios (C1 (Demolishment), C2 (Transportation), C3 (Recycling), and C4 (Landfill Disposal)).
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Fig. 11. Life-Cycle comparison of seven glass options in seven cities.

Table 4
Life-cycle assessment of seven glass options in seven cities *(DG)% refers to the emissions with respect to Double Glazing*.
’ . Total Emissions OPERATIONAL (OC EMBODIED (EC OC compared EC compared TOTAL compared A
city Technique (kac020) (ka(CO2e) ©c) (kg(COZe() )| oc% | Ecw Do (L*Z) o DG"(%) DG ("Z) Glass Viability Index (GVI)

Singapore DG 78358.1 64534.5 13823.7 82.4% | 17.64%
DG+AS 77959.0 60850.2 17108.8 78.1% | 21.95% -5.7%}23.8% Il -0.5% ] 18.24
76 65995.0 51554.0 14441.0 78.1% | 21.88% 120.1%|4.5%  k -15.8%) ] 1.45
SHGC 54295.5 40415.6 13879.9 74.4% | 25.56% B7.4%|0.4% | 230.7%] | 0.07
EC 67390.7 433715 24019.2 64.4% | 35.64% =32.8%| ISR -14.0%] j] 14.67|
WFG 48995.6 33861.0 15134.5 69.1% | 30.89% U75%9.5% B =37.5%| 1 1.32
swrG 49124.1 33989.6 15134.5 69.2% | 30.81% ar3%9.5% K =37.3% i 1.29

.. |

Dubai DG 117457.6 103634.0 13823.7 88.2% | 11.77%
DG+AS 83700.9 66592.1 17108.8 79.6% | 20.44% =35.7%23.8% I 228.7%] i 1.81
i 96859.7 82418.7 14441.0 85.1% | 14.91% 20.5%|4.5% I -17.5% ] 0.89
SHGC 70840.3 56960.4 13879.9 80.4% | 19.59% @5l0%0.4% | 239.7%) ) 0.04
EC 79151.2 55178.3 23972.9 69.7% | 30.29% 46157 | ISHEE =32.6%| | 6.38|
WwrG 65815.2 50680.7 15134.5 77.0% | 23.00% B11%9.5% K =44.0%) ] 0.77
swre 65815.2 45716.3 15134.5 69.5% | 23.00% 559%]9.5% B 44.0%) { 0.68

. |

Madrid DG 36218.0 22394.3 13823.7 61.8% | 38.17%
DG+AS 23098.8 5990.0 17108.8 25.9% | 74.07% 7313%23.8% I 236.2% o 4.10)
76 30252.3 15811.3 14441.0 52.3% | 47.74% 29.4%[4.5% |k -16.5% a 2.85)
SHGC 23146.1 9266.2 13879.9 40.0% | 59.97% 586%|0.4% | 236.1%) | 0.13]
£C 35419.3 11295.9 24123.4 31.9% | 68.11% 4976 | I -2.2%] — 28.26
WFG 23029.4 7894.9 15134.5 34.3% | 65.72% 647%|9.5% K 236.4% ] 2.80)
swrG 23065.1 7930.6 15134.5 34.4% | 65.62% 646%|9.5% K 236.3% 2.73]

. |

New York DG 36001.8 22178.1 13823.7 61.6% | 38.40%
DG+AS 43340.3 262315 17108.8 60.5% | 39.48% 18.3% MR 23.8% 20.4% M ] -16.57]
i 30728.3 16287.3 14441.0 53.0% | 47.00% 26.6%|4.5% | -14.6% a 3.19
SHGC 26762.4 12882.5 13879.9 48.1% | 51.86% 41.9%0.4% | £25.7% | 0.18]
EC 374184 13603.1 23815.4 36.4% | 63.65% =38.79% | I 3.9% I 35.50
WFG 22918.8 7784.3 15134.5 34.0% | 66.04% 649%[9.5% B 236.3% 1 2.82]
swrG 23387.2 8252.6 15134.5 35.3% | 64.71% 62:8%95% K 235.0%] ] 2.83)

. |

Milan DG 442504 30426.8 13823.7 68.8% | 31.24%
DG+AS 34018.9 16910.2 17108.8 49.7% | 50.29% 4414%|23.8% M -23.1%) m 4.97|
i 38623.2 24182.2 14441.0 62.6% | 37.39% 205%4.5% |k -12.7%) a 3.01
SHGC 41859.9 27980.0 13879.9 66.8% | 33.16% 8.0%[0.4% | -5.4% ] 0.70
EC 49188.9 25229.9 23959.0 51.3% | 48.71% L17.19% | ISHSE, 112% B 5940
wre 30900.5 15766.0 15134.5 51.0% | 48.98% a482%|9.5% K {1260.2%) a 2.77]
SWFG 31284.7 16150.1 15134.5 51.6% | 48.38% 46:9%)9.5% & {111229.3%) 2.76

. |

Beijing DG 87776.1 73952.5 13823.7 84.3% | 15.75%
DG+AS 1021774 85068.6 17108.8 83.3% | 16.74% 15.0% B 23.8% 16.4% I ] -6.04]
76 69885.4 55444.4 14441.0 79.3% | 20.66% 25.0%|4.5% [ -20.4% i 1.01
SHGC 58716.1 44836.1 13879.9 76.4% | 23.64% 39.4%[04% | £33.1%] | 0.06
EC 70032.3 45908.3 24124.1 65.6% | 34.45% 237,99 | IS -20.2% | 11.18
wrG 42816.9 27682.3 15134.5 64.7% | 35.35% 626%|9.5% B 512%) i 0.88
swre 441147 28980.2 15134.5 65.7% | 34.31% 60:8%|9.5% K 4917%) 0.88

. |

Debrecen DG 51664.2 37840.6 13823.7 732% | 26.76%
DG+AS 31354.1 142453 17108.8 45.4% | 54.57% 262:4%|23.8% I 239.3% a 2.85|
76 414325 26991.5 14441.0 65.1% | 34.85% 28.7%|4.5% | -19.8% ] 1.73
SHGC 35563.4 21683.5 13879.9 61.0% | 39.03% @27%0.4% | =31.2% ] 0.11
EC 45859.5 21498.2 24361.4 46.9% | 53.12% 432% 1 -11.2% [ 19.63
WrG 29816.5 14681.9 15134.5 49.2% | 50.76% 61.2%|9.5% K 42.3% 1 1.75
swre 29927.7 14793.1 15134.5 49.4% | 50.57% 6019%|9.5% K 42.1%) ] 1.71

—
—
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subsequently the consideration of carbon savings over time within
glazing.

Naturally, each glass option investigated within this paper saves
operational energy compared to the baseline (double glass). However,
they mostly achieve this at a cost of increase in embodied carbon.
Compared to double glass, the operational savings and embodied trade-
off are not directly correlated, i.e., some options achieve more opera-
tional savings with less embodied carbon. This difference in embodied
carbon is important, because of multiple reasons, such as 1) the short
lifespan of glass (35 years) and 2) the short deadlines in carbon savings:
embodied carbon is emitted at the beginning of a project while opera-
tional carbon is spread over the RSP, e.g. 60-year lifespan. This means
that the viability of a glass option may not correlate with the comparable
position of LCA savings (shown in Fig. 11 and Table 4), because of longer
time required to compensate the initial increase in embodied carbon
through operational carbon savings, which makes the option less
desirable.

4.2. LCA-based comparative analysis: Glass Viability Index (GVI)

The results indicate that it is crucial to consider whole life carbon,
and not just simply operational carbon: some of the options can be
attractive from an operational perspective, but perform worse in LCA.
For example, if Double Glass is considered as a baseline standard, higher
embodied carbon is particularly prevalent if the operational savings
needed to compensate this increase is longer than 8-13 years (which
would pass national emission cut deadlines of 2030 and 2035) or >35
years (lifespan of a glass facade). To complicate the choice of glazing
technique even further, each glass option offers different savings in
different climates. Finally, another issue is the LCA being dependent on
RSP: because of short service life of glass, the ranking of best glass op-
tions for each case depends on whether the RSP is set to 50 years or 70,
mainly because the glass options are replaced once or twice respectively.
To overcome these difficulties in selecting the most appropriate glazing
technique, the authors suggest the use of a new Glass Viability Index
(GVI) based on the concept of payback period, which expresses the
number of years that are required for any glass option to balance its
increase in embodied carbon by reduced operational energy consump-
tion, without any dependence on the user defined RSP. This can be
observed in eq. 1:
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AEC;_, = EC; — EG, [CO,] 2

AOPy,b,i = OPy‘b — OPy,i [COz/y] (3)

where EC, and EC; are the embodied carbon of LCA phase A1-A5 of
the baseline option (in this paper DG), and alternative i respectively,
while OP,; and OP,; are the annual operational carbon emission of
baseline and alternative i respectively.

With this, the shorter the period calculated, the more carbon viable
the glass is, expressed through the unified value contained within the
GVLI. This index value is significant for a twofold reason: it is clear to
observe whether the glass can balance 1) the increased embodied carbon
before national or international carbon goals, and 2) the carbon within a
typical lifespan of the glass facade. A negative index value suggests that
the operational carbon of option i is higher than the base case, (assuming
that the “embodied carbon investment” (EC; — EC},) will be positive for
higher performance glazing techniques).

Figs. 12-18 present the carbon interactions between the seven case
study cities and seven glass options, with DG as a baseline comparison
across a 100-year timeframe. In the graphs, the glazing is replaced every
35 years, as per RICS guidance.

The advantage to this presentation is of particular relevance, as it
highlights that due to the heterogenous definition/standard of the
length of an RSP, the total carbon emissions of a glazing technique can
drastically change. This is due to the embodied-operational split of
carbon emissions, as advanced glazing techniques usually possess higher
embodied carbons; if the RSP is longer, these techniques may become
less viable than initially presented by shorter RSPs, since more re-
placements will occur. As such, this study suggests that some RSPs may
be systematically biased to promote certain techniques; the authors
recommend using an RSP-independent metric such as GVIL.

Another advantage of presenting the results in such a manner is that
one can observe how small changes in operational efficiency can result
in large impacts over the building's lifespan, and vice versa for embodied
carbon changes. This is linked to a glazing's GVI, whereby the quicker a
technique overcomes the initial embodied carbon increase, more savings
can be achieved over a longer timeframe.

The results and figures highlight the importance of embodied carbon
as well as GVI for glass facades. The former is relevant because the high
embodied carbon of advanced glass options makes a difference in the
overall carbon impact, especially because the short lifespan of the
facade. The latter is relevant because it presents the viability of glass by
evaluating whether a glass option is feasible to use compared to DG. GVI

50 55 60 65 70 75 80 85 90 95 100
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SHGC =——EC =—WFG ——SWFG

Fig. 12. Carbon emissions for seven glass options in Singapore.



M. Gutai et al.

250000

)
3
2

150000

100000

Total Carbon Emissions (kgCO2e

50000

15 20 25 30 35 40

45

Applied Energy 367 (2024) 123281

50 55 60 65 70 80 920 95 100

Representative Study Period

—DG —DG+AS —TG

SHGC —EC —WFG —SWFG

Fig. 13. Carbon emissions for seven glass options in Dubai.
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Fig. 14. Carbon emissions for seven glass options in Madrid.

effectively makes the study period an independent variable, and can
provide rankings for any glass options in any climate.

However, as Table 4 shows, the favourable order for the glazing
techniques changes when GVI is considered. These results are quite
informative for multiple reasons. Firstly, a more accurate assessment of
viability can be made. For example, the index quantifies EC as having a
high value, suggesting that the option is less viable than initially
thought, making achieving climate goals difficult. Secondly, the
weighting between operational and embodied carbon can be evaluated
for each technique and climate, presenting a whole LCA across a typical
60-year lifespan of a building. This presents a unique advantage to de-
signers or stakeholders at the outset stage of a project, allowing the
quantification of the carbon impact of a structure, as well as providing
evidence for which glazing to choose on a multi-criteria decision-making
basis.

The results show that WFG and SWFG present effective solutions in
all climates, due to their low embodied carbon and good operational
performances. This finding is presented in the right-hand side of Table 4,
which expresses the net savings achieved by using WFG instead of any

13

other technique (green represents a net saving). In addition, GVI values
for each glazing technique with double glazing as a base case have also
been provided, for each individual climate scenario. Whilst solar pro-
tection glass presents a good performance, it should be noted that it is
practically a dark mirrored glass, and therefore it drastically compro-
mises the transparency of the glazing, when compared to other tech-
niques studied here. WFG in these results initially appears to offer a
better performance than SWFG; this is due to the non-inclusion of Q yseful
as mentioned previously.

A significant result is also found in this study; embodied carbon can
represent anywhere from 11 to 74% of the total carbon of a glazing
technique, when measured across a 60-year RSP. Embodied carbon
represents more of a share in Csa (Madrid) and Cfa (New York) climates,
where operational carbon occupies a smaller amount.

4.3. Implications of Glass Viability Index (GVI): Impact of renewable
energy on glass viability

The impact of GVI enables a more holistic analysis of relationship



M. Gutai et al.

180000

160000

140000

120000

100000

80000

60000

Total Carbon Emissions (kgCO2e

40000

Applied Energy 367 (2024) 123281

20000

10 20 30 35 40

45

50 S5 60 65 70 75 80 85 90 95 100

Representative Study Period

=—DG =——DG+AS -TG

SHGC =—EC =——WFG =——SWFG

Fig. 15. Carbon emissions for seven glass options in New York.
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Fig. 16. Carbon emissions for seven glass options in Beijing.

between properties of a glass option (i.e. embodied and operational
carbon) and other drivers of environmental impact, specifically the
impact of renewable energy use. LCA is typically performed as a pro-
jection in the future where variables of the energy supply (e.g. carbon
coefficient of an energy source) are assumed to be constant over time.
However, in reality this is not the case as renewables are playing an
increasing role in national energy production as well as energy supply of
individual buildings. For both cases, the higher proportion of renew-
ables mean that the same decrease in energy use for any window will
yield less operational carbon savings over time, which results in longer
GVI. This underlines three significant outcomes.

First, the main driver of GVI over longer periods is not actually the
performance of the window (expressed in energy savings) but the carbon
coefficient of the energy supply: as the OC impact for the same energy
demand decreases, the performance of the window becomes less rele-
vant. This is already shown in Fig. 8, where the difference between
carbon coefficients are relevant factors in the OC savings and eventually
the GVI.

The second outcome is the importance of embodied carbon. The
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decreasing OC savings over time render the importance of energy sav-
ings less relevant compared to embodied carbon, especially considering
that itremains ‘locked in the building’ during construction. This is
particularly relevant because the embodied carbon of glass products is
difficult to lower with renewables as most of it comes from materials and
heat (the latter may be electric in the future but based on the current
uptake of electric foundry in the glass industry, this is likely a long-term
goal at best). This highlights the importance of GVI as using it for the
evaluation of glass options assures that the overall embodied carbon
investment (compared to the double glazing base case) brings sufficient
carbon savings overall.

The third outcome is the result of the first two above: considering a
‘dynamic’ GVI where an increasing use of renewables is considered and
the carbon coefficient of energy supply changes over time, it can be
concluded that practically each glass alternative becomes obsolete at a
point of time in the future when the OC savings become significantly low
and the GVI exceeds the lifespan of the glass. Furthermore, at a point in
time all glass alternatives become obsolete compared to the Base Case,
which is what the authors defined as a ‘GVI Breakpoint’; improvements
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Fig. 17. Carbon emissions for seven glass options in Milan.
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Fig. 18. Carbon emissions for seven glass options in Debrecen.

or alternative glass technologies must thus be used instead. Here, the
challenge is that one should not stop using alternatives at the Breakpoint
but sooner: ideally a whole lifespan before the Breakpoint or at least a
period of full carbon payback before the Breakpoint.

These three outcomes underline an additional significance of GVI:
the variable not only shows (and assures) if the glass option is carbon
viable today, but also the estimation of the GVI Breakpoint assures that
the option remains viable in the future too. This means that the GVI of
the glass option has to: 1) be shorter than the service life of the glass, 2)
have a sufficient carbon payback before the GVI Breakpoint, and 3) have
a sufficient carbon payback before the national and international carbon
goals. GVI can effectively present all of these considerations in a single
variable. This is demonstrated in Fig. 19 (variation of grid conversion
factor based on data from the International Energy Agency (IEA)), and
Figs. 20-24 (carbon viability changing with conversion factor) below.
The graph for SWFG has been omitted, since it is similar to WFG. For any
carbon coefficients that are above 35 years on the y-axis (denoted by the
horizontal line), means that the operational savings in that scenario will
not be enough to offset the relative embodied carbon increase, and is
carbon unviable.

15

From these results, assuming that there are no drastic changes to
glazing production or operation, it can be estimated the year at which
each technique becomes unviable, as it surpasses the ‘breakpoint’ for
that climate. The closest breakpoints are shown in Table 5 below: for
techniques reasonably far away from reaching their breakpoints, these
have been omitted, as this far an extrapolation into the future is likely to
be inaccurate and unreliable. In addition, it is unclear whether the
carbon coefficient of the energy supply will decrease low enough to
permit these scenarios (nonetheless, it is worth nothing that no local
renewable generation is considered in this study, that might render the
reaching of the GVI Breakpoint project-specific).

As shown, the main technique with challenges around future carbon
viability is electrochromic glazing, in all seven climate studied. The
suggested year in which this happens ranges from 2024 to 2042. Since
this study assumes static carbon coefficients for energy during the life-
span of the glazing (35 years), electrochromic in its current state has up
to 18 years before it becomes wholly unviable from a carbon perspec-
tive. For New York, Milan, and soon Madrid, this study proposes that EC
should not be used from a carbon perspective, as the breakpoint is
around the current date of publication.
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Fig. 20. Effect of carbon intensity on payback period for DG + AS in each location, showing GVI Breakpoint in years 2032 for Singapore, and 2035 for New York.

A similar observation is found but to a lesser extent for DG + AS, with
2032 and 2035 breakpoints for Singapore and New York respectively.
The rest of the techniques (SHGC, TG, WFG, and SWFG) are not sug-
gested to become unviable solely based on changing carbon coefficients
in the future for operational performance.

4.4. Implications of Glass Viability Index (GVI): Impact of cost and
changes in ROI

The analysis of ‘dynamic’ GVI has another significant implication on
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the future viability of glass options; the increase of renewables in energy
production does not result in decreasing energy prices. Looking at the
countries with highest electricity cost [71], the countries listed at the top
are all characterized by high renewable energy production, the top five
being Denmark (79%), Germany (40.1%), United Kingdom (40.4%),
Austria (79.9%) and Italy (41%) respectively [72]. Whilst it is
acknowledged that the pricing of electricity is subject to a variety of
factors in addition to use of renewables (e.g. private vs. public owner-
ship, taxation, etc.), based on the data it is still reasonable to assume that
the increase of renewables will not lead to a global decrease of energy
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Fig. 23. Effect of carbon intensity on payback period for each location (TG).

prices in every country. This leads to a significant concern highlighted
by ‘dynamic’ GVI which should not be underestimated: as stated above,
the GVI Breakpoint marks a point in time when glass alternatives
become unviable from a carbon standpoint, however, this does not ac-
count for economic viability. In short: savings in energy demand are
permanent in the model, which translates into decreasing OC savings
and increasing operational cost savings each year. This means that GVI
Breakpoint may refer to a point in time when replacing windows in
retrofits or investing in better ones for newbuild would result in cost
savings but would produce higher carbon and result in pollution.
Highlighting this point in time complements GVI. Table 6 below sum-
marises the annual financial energy savings, when alternative glazing
options are adopted. This is done via using the energy consumption and
cost of electricity for each technique and climate respectively. Due to a
lack of accessible information, differences in manufacturing technique
and locations etc., the cost and payback period could not be reliably
provided here, and as such has been omitted. However, for reference, it
is reasonable to assume a cost of $500-$1200/m? of window as con-
struction cost globally. (Note that the area of a window is not the same as
the m? shown below, which refers to Gross Internal Area. The typical
ratio between the two is 1:4-5 in a commercial building.)

5. Sensitivity analysis

The project uses RICS guidelines and ICE database for LCA calcula-
tions to determine carbon impact of the glass options. The mathematical
model highlights several elements that should be considered as impor-
tant factors that affects the overall results.

Transportation (A4) is a significant component that varied greatly
among the glass options. This affected results when a glass is being
supplied only from one location, which was the case for EC. Here, results
show 8.23-13.40 kgCOy, for local products, and 58.90-401.73 kgCO2,
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for EC. It shall be noted that whilst this shows a significant difference
proportionally, its impact on the overall carbon is very low (<1%
overall). Therefore, this was deemed a suitable process.

A significant element was the product stage (A1-A3) for every
product, which contributes a great proportion to the overall embodied
carbon. To avoid potential errors in calculating carbon, the carbon for
glass options relied on EPDs when possible. This specifically applied to
EC, which has a higher carbon than the other options. The calculation
includes risks in terms of using the same ICE database for all cities, when
calculating the product stage for common elements in the model (e.g.,
concrete slab and walls). As noted earlier, it was assumed that these
common materials have similar carbon impact when produced in
different countries, which made this simplification possible. Addition-
ally, since the same common elements were used in all glass scenarios, it
is not expected that it affects the comparative analysis significantly. The
same applies for carbon of construction process (A5), which was the
same for all cases. A similar assumption was taken for B1-B3 and B5; it
shall be noted that these elements are deemed to be insignificant for
most projects as also pointed out by ISE guidance on LCA.

Furthermore, the CO, emissions related to the operational energy
consumed during the life of the building is highly influenced by the
conversion factor of each country's national grid, with this factor also
determining higher differences among technologies used within the
same location. As a result, these were calculated for each location
respectively. Indeed, the energy generation is a relevant factor for the
project because the use of renewables affect both operational and
embodied carbon emissions. In case of the former, the increase of
renewable energy production, both for energy supplied by the grid and
by distributed generation, is expected to significantly lower the carbon
impact of operational energy use (B6) especially for cities where use of
renewables is currently limited. The effect of higher renewables is
considered in detail in Section 4.2 above. Considering that the
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bl It shall be noted that recycling would have a relatively small impact on
Table 5

List of glazing techniques that reach their breakpoint soonest.

Technique Location Breakpoint Year
DG + AS Singapore 2032
DG + AS New York 2035
EC Singapore 2035
EC Madrid 2026
EC New York 2024
EC Milan 2024
EC Beijing 2038
EC Debrecen 2029
EC Dubai 2042

Representative Study Period (RSP) is 60 years, it can be assumed that the
percentage of operational carbon will be significantly lower by the end
of the RSP. In case of embodied carbon of glass, it should be considered
that much of the embodied carbon of glass production is energy related,
as the manufacturing process requires high temperatures. With the
advance of renewable energy use, this may be lowered as well. It should
be noted however, that much of the process is heating related which
relies predominantly on gas and that for advanced glass options (e.g.
electrochromic glass) much of the embodied carbon is resulted by ma-
terial use and not of energy as stated in EPD [11].

Finally, recyclability of glass is another aspect that can affect the
results. In this calculation tempered glass was assumed for all glass
options, which would be the typical case for glass facades with larger
glass units. Since tempered glass is not recyclable, there was no recycling
calculated at the End-of-Life stage. This also corresponded with the
100:0 calculation approach which was implemented in the model.
However, in case of smaller glass unit size, a different calculation model
(0:100 or 50:50) would benefit more standard glass options (DG, TG, DG
+ AS) as these can be made potentially of float glass that can be recycled.
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the results and that glass recycling in the construction industry is rela-
tively low, which would further prompt towards disregarding recycling
component.

Among the parameters influencing LCA, a great impact is repre-
sented by the RSP and, consequently, the lifespan of the building ele-
ments. In particular, during the considered 60 RSP, the glazing facade is
replaced only once due to its 35 years lifespan. Considering a different
RSP would change the relative impacts of embodied carbon and oper-
ational carbon. On the one hand, with a shorter RSP for instance, the
impact of embodied carbon would be higher, while longer ones would
determine a bigger impact related to operational carbon. On the other
hand, changing the RSP from 60 to 80 years would determine the ne-
cessity to replace two times the glazing facade, resulting in poorer LCA
performance of certain technology characterized by high embodied
carbon (EC for instance). This aspect represents a limitation of compa-
rability among techniques being the result deeply influenced by the
considered RSP. The use of GVI mitigates this issue by providing a metric
that is RSP-independent.

6. Conclusion

The paper analysed the LCA results of seven glass options in seven
cities. The LCA calculation was cradle-to-grave, and considered all
stages of life cycle: Production, Construction, Use and End of Life. The
results highlighted the importance of embodied carbon in the overall
LCA: its proportion is noticeably increased in advanced glass options.
This increase in embodied carbon for the latest glass options suggests a
possible conflict in carbon savings: such options require more embodied
carbon, which is released in the environment at the beginning of the
project, to create higher operational savings. To measure this, the au-
thors suggest the use of a Glass Viability Index or GVI, to measure the



M. Gutai et al.

Table 6
Energy consumption expressed as relative cost savings per technique and
climate.

Location Technique  Energy Saving Electricity Savings
Consumption vs. DG cost (USD/
(kWh/m2.a) (kWh/ (Usb/ year)
m2.a) kWh)
Singapore DG 150.3
DG + AS 141.7 8.60 0.24 2.06
TG 120.0 30.30 0.24 7.27
SHGC 0.2 94.0 56.30 0.24 13.51
EC 100.9 49.40 0.24 11.86
WFG 86.9 63.43 0.24 15.22
SWFG 82.7 67.65 0.24 16.24
Dubai DG 2439
DG + AS 156.6 87.30 0.08 6.98
TG 193.9 50.00 0.08 4.00
SHGC 0.2 133.9 110.00 0.08 8.80
EC 129.7 114.20 0.08 9.14
WFG 138.4 105.51 0.08 8.44
SWFG 125.9 117.96 0.08 9.44
Madrid DG 123.9
DG + AS 32.5 91.35 0.37 33.80
TG 87.2 36.66 0.37 13.56
SHGC 0.2 50.8 73.10 0.37 27.05
EC 62.1 61.80 0.37 22.87
WFG 47.1 76.83 0.37 28.43
SWEG 39.7 84.23 0.37 31.16
New York DG 122.3
DG + AS 144.8 —22.50 0.18 —4.05
TG 89.6 32.70 0.18 5.89
SHGC 0.2 70.7 51.60 0.18 9.29
EC 74.7 47.60 0.18 8.57
WFG 39.6 82.72 0.18 14.89
SWFG 41.2 81.13 0.18 14.60
Milan DG 89.1
DG + AS 49.3 39.75 0.58 23.06
TG 70.7 18.36 0.58 10.65
SHGC 0.2 81.9 7.20 0.58 4.17
EC 73.8 15.28 0.58 8.86
WFG 46.3 42.77 0.58 24.81
SWFG 44.3 44.74 0.58 25.95
Beijing DG 130.8
DG + AS 150.5 —19.70 0.25 —4.93
TG 98.0 32.80 0.25 8.20
SHGC 0.2 79.2 51.60 0.25 12.90
EC 81.1 49.70 0.25 12.43
WFG 46.5 84.30 0.25 21.07
SWFG 49.6 81.22 0.25 20.31
Debrecen DG 147.3
DG + AS 55.1 92.19 0.12 11.06
TG 104.9 42.39 0.12 5.09
SHGC 0.2 84.2 63.13 0.12 7.58
EC 83.4 63.85 0.12 7.66
WEG 62.4 84.92 0.12 10.19
SWFG 51.3 95.96 0.12 11.52

necessary amount of time for any glass option to balance the increased
embodied carbon with its respective operational savings. This value is
important because if the GVI is above 6-11 years, then it compromises
carbon goals as of 2024 (goals in 2030 or 2035). If GVI is above 35 years
than the glass may not be a viable option altogether. For such cases, the
climate goals may be achieved better with another glass alternative.
Additionally, GVI recognises the possible decrease in operational carbon
impact due to increase in renewables in the electricity production.
Building on this, the authors also offer ‘dynamic’ GVI, which takes the

Appendix A. Validation of TRNSYS model
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increase of renewables into account. The ‘dynamic’ GVI presents a point
in time described as the ‘GVI Breaking Point’, whereby the renewables
lower the operational carbon to a level where the invested additional
embodied carbon compared to a Base Case cannot be balanced within
the 30-35 years lifespan of a window. From the authors perspective, GVI
should not be seen as an alternative indicator to LCA, but might be used
as a tool to better support the decision towards one solution or another.
Analogous to economic evaluation, the use of the two indicators might
provide a better understanding of the carbon investment (GVI).

Results show that WFG and SWFG results in significant LCA savings
compared to other options available. This is because WFG and SWFG
saves operational energy with limited increase in embodied carbon. The
results also show that EC has difficulty in maintaining viability: it has a
significantly higher LCA than other options, partially due to its high
embodied carbon during both manufacture and international trans-
portation, the latter due to the glass only being available in one location.
This is reinforced by the GVI for EC being poor, falling between 6 and 59
years payback depending on climate.

7. Consideration for future research

The paper highlights the importance of embodied carbon of glass and
its impact on viability, especially for advanced glass options with higher
embodied carbon. Future research would have to evaluate the Glass
Viability Index (GVI) for more glass products and settings, especially for
additional advanced glass products.

Additionally, there are some significant elements around operation
of WFG that are worthy of further investigation: the effect of the
condensation-evaporation cycle in lifetime duration of the product,
optical properties variation due to water alkalinity, specific title
description of the building typology, and investigations around ideal
operational temperature settings in respect of thermal comfort, glass
orientation and climate.
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As mentioned earlier, the simulation was conducted with TRNSYS and LBNL Window, which followed the method introduced in previous pub-
lications [52,53]. The model was validated in two stages. Please see summary from previous publication below:

Concerning optical characteristics, the Beer Lambert law enables the computation of water layer absorption and transmission based on the ab-
sorption coefficient of pure water and the layer's thickness. These variations in thickness offer a method to selectively control the transmission of solar
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and visible radiation while managing heat absorption. Previous research has demonstrated the heat collection potential of different water layer
thicknesses. For instance, a 1 cm water layer absorbs 30% of solar heat (wavelength: 300-2500 nm) while allowing 99% of visible light (380-780 nm)
to transmit, whereas a 10 cm layer absorbs 45% of solar heat and transmits 92% of visible light, assuming (ASTM E-490 AMO Standard Spectra). The
thermal properties of water, such as molecular weight, conductivity, viscosity, and specific heat coefficient, have been characterized across tem-
peratures ranging from zero to 50 °C in earlier studies. Various configurations of water-filled glass systems were established using LBNL Window
software (v. 7.6) to evaluate their thermal and optical behaviours. The optical properties of water layers, including absorption and reflectivity, were
initially defined in Optics 6 and then integrated into Window as a new shading material. The thermal conductivity of water, also defined across
different temperatures (0-50 °C), was introduced into Window's Gap library as a new gas. The table below presents the steady-state performance of
window systems with water layers under CEN environmental conditions, focusing on the centre of the pane. To facilitate annual dynamic simulations,
window properties for each configuration need to be imported into TRNSYS as BSDF (Bidirectional Scattering Distribution Function) datasets,
alongside other thermal layer and gap information, using the trnBSDF tool. The BSDF data generated by Window contains solar and visible trans-
mission and reflection values in the Klems matrix format (145 x 145). This modelling approach is considered one of the most accurate for complex
fenestration systems, enabling precise calculation of radiative heat flux through glazing systems.

Appendix Table 1
U-value and optical properties of different window types base case and water-filled glazing [52].

Type of Water Filled Glazing Case Name U-value [W/m2.K] SHGC [%] Tsol [%] Tvis [%]
Gap filled with argon, Low-E, 16 mm (base case, no shade) Base_ 0 1.4 62 43 62
Gap filled with argon, Low-E, 16 mm (base case, auto shaded, Fc = 0.25) Base_1 1.4 46 32 46
Gap filled with air, 15 mm (base case, no extra shade) WFG_0 1.2 50 33 51
Gap filled with water, 15 mm (no extra shade) WFG_1 2.9 55 27 44
Gap filled with water, 100 mm (no extra shade) WFG_2 2.9 54 24 42

The intricate window model implemented in TRNSYS enables precise calculation of absorbed solar radiation and temperature for individual layers
and gaps. Field tests and monitoring conducted on the Water House 2.0 pavilion in Taichung, Taiwan, have confirmed the cooling effect of water flow
in an optically transparent setting. During the monitoring period, the building's temperature, both indoors and on surfaces, notably decreased when
the pump was operational compared to when it was turned off. This cooling effect was solely attributed to the water flow, as no other cooling system
was in operation, and ambient temperature and solar gain remained consistent in both scenarios. Additionally, the assumptions were validated
through absorption measurements using a small prototype that can be filled with water, as illustrated in the figure below. The simulation utilized a
Klipp and Zonen SP Lite pyranometer model.

Appendix Fig. 1. Water-filled Glass prototype used for measurements [52].

The water layer thickness in the prototype matched WFG_1 in the simulation, both being 10 mm thick. Measurements were conducted outdoors to
assess natural solar gain, employing both horizontal and vertical settings. The glass was measured both with and without water infill. The observed
change in Solar Heat Gain Coefficient (SHGC) after water infill closely correlated with the estimated 5% difference from the simulation. Additionally,
the amount of changes in the visible spectrum was confirmed using an LP Standard Pro spectrometer, which indicated no difference in absorption
within the visible spectrum. This method's significance lies in its ability to evaluate the performance of water-filled glass as an integral part of the
entire building envelope and at the scale of the entire building, rather than focusing solely on a window. Furthermore, the simulation method pre-
sented here is readily available through Window and TRNSYS, unlike previous simulations that required bespoke coding. For detailed results, they are
accessible at the Loughborough University Research Repository with open access [66,70].
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