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Abstract

Universities, as innovation drivers in science and technology
worldwide, should attempt to become carbon-neutral institutions
and should lead this transformation. Many universities have
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picked up the challenge and quantified their carbon footprints;
however, up-to-date quantification is limited to use-phase
emissions. So far, data on embodied impacts of university
campus infrastructure are missing, which prevents us from
evaluating their life cycle costs. In this paper, we quantify the
embodied impacts of two university campuses of very different
sizes and climate zones: the Umwelt-Campus Birkenfeld (UCB),
Germany, and the Nanyang Technological University (NTU),
Singapore. We also quantify the effects of switching to full
renewable energy supply on the carbon footprint of a university
campus based on the example of UCB. The embodied impacts
amount to 13.7 (UCB) and 26.2 (NTU) kg COze/m?y,
respectively, equivalent to 59.2% (UCB), and 29.8% (NTU),
respectively, of the building lifecycle impacts. As a
consequence, embodied impacts can be dominating; thus, they
should be quantified and reported. When adding additional use-
phase impacts caused by the universities on top of the building
lifecycle impacts (e.g., mobility impacts), both institutions
happen to exhibit very similar emissions with 124.5-126.3 kg
CO.e/m?ey despite their different sizes, structures, and locations.
Embodied impacts comprise 11.0-20.8% of the total impacts at
the two universities. In conclusion, efficient reduction in
university carbon footprints requires a holistic approach,
considering all impacts caused on and by a campus including
upstream effects.
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Carbon Footprinting; University Sustainability; University
Carbon Footprint; Embodied Emissions; Embodied Impacts;
Zero Emission University; Greenhouse Gas Emissions; Global
Warming Potential; Renewable Energy; Building Emissions;
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Abbreviations

CF(s)- Carbon Footprint(s); CO2e- CO2-Equivalent Emissions
Quantifying a Global Climate Change Impact (here: carbon
impact); GFA- Gross Floor Area; GHG- Greenhouse Gases;
GWP- Global Warming Potential; kWh- Kilowatt Hour; Mt-
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Metric Tons; NTU- Nanyang Technological University; RE-=
Renewable Energy = Green Energy; UCB- Umwelt-Campus
Birkenfeld

Introduction

The recent IPCC report [1] highlights the critical situation the
world has arrived in with respect to climate change. Assuming a
continuing growth of CO; emission, the worldwide carbon
budget, projected to arrive at an upper level of 1.5 °C of global
warming, will be spent within 8 years, whereas the emission
budget to stay below 2 °C will be consumed within 25 years,
respectively [2]. To tackle this situation, a careful balancing of
climate-relevant emissions in all areas of life is needed (see, e.g.,
Lannelongue et al. [3]). Buildings and constructions are
responsible for 36% of the final energy use and for 39% of the
energy-related CO.-emissions globally, including upstream
power generation and manufacturing of materials for building
construction [4], which makes these impacts essential to cover.

Universities, as institutions educating all kind of experts, should
be leading the transformation towards a carbon-neutral society
(e.g., [5]). They should reach out both in sustainability teaching
[6,7] as well as in becoming ecologically exemplarily working
institutions, as a motivation and a model for society and the
young professionals they are educating. At last, universities
make up a considerable percentage of a country’s economic
activities. For example, around 6% of the U.S. population is
enrolled at universities [8].

Many universities worldwide, although still only a minority,
have picked up the sustainability challenge. Most of them are
located in the USA, England, and Australia; some are from
European or other Asian countries. Interestingly, as a
bibliographic analysis revealed, the number of publications on
carbon footprint balancing at universities has been growing since
2010 [9]. Recently, in parallel to the 26th UN Climate Change
Conference of the Parties [10], held 2021 in Glasgow, 1050
universities from 68 countries made commitments to reach net-
zero carbon emissions by 2050 [11], indicating this is on the way
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to becoming a global political movement. However, so far,
universities engaged in carbon footprint balancing have only
guantified use-phase emissions.

In the first part of our study [8], we presented an overview of
studies worldwide on carbon footprint balancing at universities.
We concluded that the performance of each university can be
measured by three carbon footprint (CF) factors: CO.e emissions
per constructed area (m?), per capita (students plus staff), and per
expenditures. However, the university CF data published so far
are only comparable to a limited extent, since the impacts that
have been included in the CF calculations vary across the
different studies. In the first part of our study, we therefore
added impacts missing in the reports published so far (impacts
mostly mobility related), leading to a standardized calculation of
the impacts that makes university CFs more comparable.

When assessing the CFs of organizations, usually, only the use
phase is considered [12], which goes back to the GHG Protocol
Corporate Accounting and Reporting Standard [13] and its
original limitation to in-house emissions and purchased energy
(scopes 1 and 2), while the consideration of upstream emissions
(scope 3) was optional [14]. The second internationally
established method for calculating the CFs of organizations, the
ISO 14064 standard, recommends interpreting “indirect GHG
emissions from goods purchased by an organization” as
“extraction ... manufacturing and processing of raw materials”
[15]. Life cycle assessment (LCA) generates even more holistic
results for environmental impact assessment. According to the
methodical classification by Pandey et al. [16], “the concept of
carbon footprinting has been in use since several decades but
known differently as lifecycle impact category global warming
potential” (GWP). The biggest advantage of LCA is that it also
quantifies services and product impacts outside the use phase
[17], which are often hidden. Neglecting hidden environmental
impacts of services and goods can lead to misdirected
consumption habits, political action, or investment decisions,
particularly with respect to tackling climate change [18].
Therefore, in the first part of our study, we considered upstream
effects even when modelling the use-phase activities of
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universities [8]. We compiled lifecycle impact data in this study,
but we did not perform an LCA according to its standardization
[19]. In an LCA, there is a defined system boundary including all
system components, and all materials, energy, and emission
fluxes inside the boundary are compiled, representing the
inventory. A process model is developed, assigning the materials
certain ways to take. The model is subsequently connected to a
database, adding impacts to inventory entries, which are then
summarized to overall impacts of a product or service. For use-
phase carbon footprinting, we also quantified energy
consumption and emissions whose impacts are then quantified
including upstream costs reported in databases [8]. For our
embodied impacts, we recorded material quantities and then
converted these to lifecycle carbon footprints based on factors
reported in databases (see the Appendix A), which were
subsequently summarized. These databases report LCA data.
Concluding, both LCA and embodied impacts quantification
consider impacts from raw materials extraction, transportation,
materials manufacture, and end-of-life treatment and will thus
provide comparable results.

Quantifying the impact of buildings over their entire lifecycle is
also imperative, because buildings require large financial
investments, while causing long-term CO-e emissions in the use
phase; in this study, we considered a lifetime of 40-50 years.
Not surprisingly, lifecycle impacts of buildings have broadly
been investigated scientifically (see, e.g., Sharma et al. [20]),
leading to worldwide activities initiated by practitioners (see,
e.g., AIA 2021 [21]), authorities (e.g., Gervasio and Dimova
[22]), and databases (see, e.g., Trigaux et al. [23]). It is seen as
an essential task, for example, to quantify the efficiency of
buildings insulating measures with respect to lifecycle COqe
emissions, considering both the embodied material impact and
use-phase energy consumption [24,25]. This is among the
measures to make buildings “greener”, i.e., enhance their energy
saving. The definition of “green”, however, (e.g., better
insulated) remains broad [26]. Wu et al. [27] compared a
selection of 29 green and non-green commercial and residential
buildings located in different climate zones in China and
reported up to around 30% lifecycle COe emission reduction by

6 www.videleaf.com



Prime Archives in Sustainability: 4" Edition

green buildings, whereas the use-phases still dominated in terms
of the lifecycle COe impact. The authors, however, benchmark
the use phase energy consumption with the high carbon footprint
of the coal dominated energy generation in China.

Additionally, the relation of embodied versus operational CO2e
emissions changes, of course, once passive energy buildings are
modelled (reviewed by Holdschick [28]). First, the lifecycle
GWP of such buildings exhibits very low numbers, down to 10
kg CO.e/m?sy as demonstrated for a residential positive energy
house in France [29]. Despite a green (renewable) energy supply,
still around 30% of the lifecycle CO.e emissions were attributed
to the use phase of the building, mainly caused by wood
combustion, electricity, and domestic water consumption [29].

Translating the concept of lifecycle environmental impacts
evaluation to universities means considering their impacts
enclosed in buildings and infrastructure, in addition to the use
phase. Chang et al. [30] have assessed the lifecycle energy
consumption of 22 university buildings, revealing that use-phase
energy consumption dominates with between 63-95% within the
lifecycle. Generally, lifecycle energy analysis (LCEA) has been
popular in buildings efficiency evaluation (e.g., Cabeza et al.
[31], D’Agostino et al. [32]), while this is changing along with
the global transition towards renewable energies.

At present, comprehensive data on the impact of embodied
carbon at university buildings are missing. In individual cases,
only COimpacts due to annual construction activities on
campuses are taken into account (e.g., King’s College [33]). This
situation may be comparable with assessing the emissions of an
electric car while neglecting the battery, the glider, and the
drivetrain production, which would no longer be accepted in
science and politics [34]. As shown in Figure 1, the complete CF
of a university consists of three parts. So far, university carbon
footprinting comprises the use-phase elements A and B only
(Figure 1). However, there are deviations in the literature even
when reporting these use-phase impacts. For instance, some
reports quantify mobility impacts based on direct fuel
consumption only (e.g., Li et al. [35]); others consider impacts of
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the fuel provision chain and report impacts from LCA modelling
(e.9., KU [36]). To depict a complete comprehension and
comparison, we generally recommend including upstream costs

[8].

standard use phase university carbon footprinting (A+B)

B

building
energy
consumption

non-
building
related
(mobility, use-

phase materials) (use phase)

embodied
- construction,
infrastructure and IMR
of buildings -

Figure 1: Composition of elements that make up the overall carbon footprint of
a university. IMR = inspection, maintenance, repair.

The third element, the embodied carbon of construction and
infrastructure of buildings (part C in Figure 1), has not been
reported in addition to use phase elements A and B (Figure 1) so
far. Accordingly, the size of this wedge in comparison to the
total impact (A + B + C inFigure 1) is unknown so far at
university campuses. Lifecycle impacts of single buildings (B +
C in Figure 1), however, have intensively been studied outside
universities, also called full lifecycle impacts [23].

The part of embodied impacts (C, Figure 1) includes all impacts
caused by building materials, all technology permanently
installed in the buildings (power lines, air condition) or needed
to guarantee the functioning of the buildings (lamps, district
heating system), and the onsite construction impact. Embodied
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impacts (C) include IMR (inspection, maintenance, repair),
where useful (see Table Al). A rainwater collection unit at
Umwelt-Campus Birkenfeld (UCB) represents a borderline case,
because it could be added to part C, but we grouped it in part A,
because it delivers water which belongs to the use phase
consumption materials of part A (Figure 1; for more details, see
Helmers et al. [8]). Part A, finally, collects impacts that are not
directly caused by the buildings, but by the institution operating
in the buildings. This, however, interacts with the infrastructure
available in part C (e.g., infrastructure allowing to charge electric
vehicles, see below).

Some universities were identified that are successfully
minimizing their use phase emissions by opting for renewable
energy (specified in Helmers et al. [8]). In parallel, the
production of renewable energy is being boosted in, e.g., Europe
[37]. However, this is not yet a globally uniform development.
Today, already 60% of Chinese electricity is generated by coal-
fired power plants [38]. In the existing globalized economy, at
the same time, China has the highest global manufacturing
output, with 28.7% in 2019 [39]. Consequently, goods produced
in China are often connected to high CO; emissions and are
consumed across the globe. Particularly, high-CF construction
materials produced in China are utilized on construction sites
worldwide. Therefore, institutions such as universities must, in
the future, take into account the CO; emissions associated with
the construction materials in their buildings.

Materials, Methods, and Purpose
General Purpose

This investigation is the first campus-wide quantification of
embodied CF at universities. The main purpose is to evaluate the
relevance of embodied (Part C, Figure 1) impacts relative to total
institutional emissions (A + B + C, Figure 1): will it be essential
to consider embodied impacts in the future when it comes to
university CFs, or may they be (further) neglected? The two
campuses analysed here, Umwelt-Campus Birkenfeld and
Nanyang Technological University (NTU), could also reveal
possible implications of different campus sizes, different climate
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zones, and the availability of green energy. The Umwelt-Campus
Birkenfeld is a particular interesting case in point, representing a
campus environment consisting of well-insulated new buildings,
renewable energy provision both for electricity and heating, and
operating a long-distance heating system with so far unknown
embodied impacts.

Modelling Approaches

Architectural drawings were available for the majority of the
academic buildings at Umwelt-Campus Birkenfeld. This is not
the case for the NTU campus, for which we based the material
balancing on measurements taken from the outside and inside the
buildings. The enormous complexity of the NTU campus with a
population of 40,750 students and staff prevents a precise
manual coverage of building materials. As a result, we had to
utilize mostly standardized material concentrations for the NTU
campus, whereas we had to rely less on those for the UCB
campus (see below).

Overall, we applied local emission factors, if available, for
modelling the embodied impacts. The German national building
materials database “Ockobaudat” [40] is offering CO, emissions
factors for almost all materials we quantified. This database
specifies 50 years as the national building lifecycle period. On
the contrary, the typical lifetime for Singapore is 40 years [30].
There is no specific building materials database for Singapore.
However, we located some Singapore-specific data, and we also
applied global and Asia/China-specific impacts (e.g., specific
transportation impacts for Singapore); we refer to Appendix
A for details.

We did not consider separate building demolition impacts for the
following reasons. First, university buildings may not be
removed after having reached the end of their lifetime but may
be renovated or repurposed. For example, UCB mainly consists
of converted buildings originating from the 1950s. Second, we
considered general on-site construction impacts based on
national construction industry emissions. These data do not
allow us to distinguish between emissions during the
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construction and the demolition of buildings. Accordingly, parts
of the demolition impacts are included in the on-site construction
impact. Additionally, as much as possible, we considered EOL
(end of life) impacts reported by the databases when compiling
material CO-e factors (see the Appendix A).

We did not consider materials in foundation structures, because
they are not included in the available architectural layout maps.
Parts of the infrastructure impacts are, however, considered
already within the use phase, because upstream effects were
integrated into use-phase CO,e emissions wherever possible. For
example, the construction impact of a rainwater collection unit at
UCB has been integrated in the freshwater consumption impact
(see Helmers et al. [8]).

Concrete, bricks, plasterboard, steel, lamps, floor tiles, glass, and
aluminium were quantified at both campuses, whereas the
district heating system, wood, paint, insulation, and roof tiles
were quantified at UCB only (Table 1and Table 2). Their
building structures are very different, although both campuses
are relatively young (Table 1). Due to the sheer size of the NTU
campus (Table 1, Figure 2), we only analysed 22 buildings and
extrapolated the results based on the gross floor area (GFA).
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Umwelt-Campus
Birkenfeld

7/ 4 Nanyang
¥ Technological
University

Figure 2: Maps of the two campuses. Top: Umwelt-Campus Birkenfeld
(UCB), Germany. Below: Nanyang Technological University (NTU),
Singapore. NTU map by courtesy of Fraunhofer Singapore; adapted, the colour
markings were added. Yellow: student housing; orange/brown: academic mixed
use (lecture rooms, offices, labs), red: administration, blue: dedicated university
service buildings (library, open space labs, auditorium), green: sports, purple:
conference centre, grey: external companies (not considered at both campuses).
GB = glass building; lab = large-capacity labs with walls made of glass and
steel (UCB, top).
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Table 1: General information on the two campuses (year of analysis: 2017).
For further details, see Helmers et al. (2021) and [8]. GFA = Gross floor area.

Umwelt-Campus Birkenfeld (UCB),
Germany

Nanyang Technological
University (NTU), Singapore

2450 students, 281 staff, GFA 24,268
m?. One of four campuses of Trier
University of Applied Sciences,
Rhineland-Palatinate, Germany

31,827 students, 8923 staff, GFA
1,382,388 m2. Main technological
University of Singapore

Campus founded in 1998, based on a
former military hospital.

Between 1996 and now, the former
hospital buildings from the 1950s have
been converted to academic buildings
with labs, offices, and classrooms
(marked in orange in Figure 2). In this
way, existing walls and windows have
been kept, but the interior and building
infrastructure have been replaced.
Special purpose buildings and student
houses have been newly built and
added to the campus. Overall, 20 of 26
buildings are built in classic local brick
construction with wooden, gabled
roofs, and covered by red tiles; 5
buildings have walls made of glass and
steel (displayed in light and dark blue
in Figure 2), while 3 buildings are
based on a concrete construction.

The campus has a rural location, is
100% provided by renewable energy,
and marketed as Zero emission campus
[41].

Founded in 1955, renamed in 1991.
NTU campus consists of academic,
residential, and commercial
buildings. Most building structures
are made of concrete, with the
exception of the School of Art,
Design and Media, with mainly
glass walls, and also the Wave
Sports Hall. Residential buildings
have constructions made of concrete
and bricks.

In 2017, NTU produced 3% of its
electricity consumed by means of
photovoltaic installations.

The Modelling Strategy

Embodied impacts of buildings are ideally quantified by
registering the building materials and components ordered for or
delivered to a construction site [42]. We had to compile the
building materials, however, many years after completing the
building phase. As a consequence, materials can only be
quantified by inspecting the existing buildings from the outside
and inside, and, as far as available, based on architectural layout

13
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maps (Table 2). As a result, it is impossible to measure lengths
and diameters of installations hidden behind walls, for example,
tubings. We have, therefore, quantified impacts of such
installations (e.g., air condition, power lines) based on data in the
literature (see Table 2 and the Appendix A). We did not consider
waterpipe installations (tap and wastewater), because the
material selection behind the walls is unknown. However, the
choice of materials can significantly influence the carbon
footprint of these installations [43]. The construction
components of the water supply and sewage made up 3.8% of
the total embodied impacts in a Finnish residential development
project [42].

From our literature research, it became clear that different and
sometimes very few materials and impacts have been quantified
for assessing the embodied impacts of buildings, ranging from
only bricks, concrete, wood, plus the heating system [44] to up to
20 different materials covered by Zhang and Zheng [45]. Mostly,
only a handful materials make up the complete inventory being
modelled so far (reviewed by Cabeza et al. [31]). In our analysis,
we include material impacts from aluminium, concrete, bricks,
steel, insulation, glass, tiles, wood, plasterboard, and paint; this
inventory is aligned with the approach that is followed in the
scientific literature (e.g., Wang et al. [46]). In addition to the
bulk materials, we considered impacts from installations such as
air conditioning, power lines, lamps, and the district heating
system at UCB campus.

In addition, we included general on-site construction impacts,
often neglected in the literature. Pacheco-Torres et al. [47]
reported 359 kg CO.e/m?for on-site construction impacts,
considering emissions from 9 different building work units. By
contrast, Poyry et al. [48] indicated 470 kg CO,e/m? for on-site
construction impacts of single buildings. As an alternative
approach, we divided the total national CO.e emissions of the
building industry by the country-wide GFA constructed in the
particular year. This resulted in very similar numbers, compared
to the above two sources, both for Germany (312 kg CO.e/m?)
and Singapore (421 kg CO2e/m?), respectively (for details, see
the Appendix A). When divided by 50 years of building lifetime
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for Germany, or by 40 years in case of Singapore, respectively,
this results in 6.2-10.5 kg CO2e/m?ey.

Analysis of UCB Campus

The walls of the converted buildings (buildings 12-27 and
30, Figure 2), constructed in the typical local bakestone design,
were kept during renovation. Additionally, the windows
remained, and they received new glass. These structures already
completed one full lifecycle of 50 years, so their materials have
not been included into the embodied building impacts
compilation. The converted houses, however, received many
new walls made of bricks, concrete, or plasterboard inside,
which were specified in architecture drawings, meaning the
materials were easily quantified. Insulation was newly added to
the converted buildings from the outside; therefore, we
considered it as well (Table 2).

Most student houses have been added to the campus after 1998
in the same brick stone style. They make up 9981 m?, which is
41% of the total GFA (Figure 2). The classic brick houses have
been complemented by buildings consisting of glassy walls,
stabilized by iron bindings and columns, establishing a “house in
a house” architecture. Such open structures can be easily
surveyed and quantified for their materials. Only three buildings
are made in modern standard reinforced concrete construction
(Figure 2, blue colour). We assessed their materials based on
architecture drawings. Most buildings of UCB are connected by
a continuous closed, long vestibule, the materials of which were
also quantified and assigned to the buildings according to their
share of the total area (Figure 2).

Analysis of NTU Campus

The NTU campus (Figure 2) mostly consists of modern
reinforced concrete buildings at the time of analysis (2017)
(see Table 1). Of course, it is impossible to evaluate such a large
campus with 57x the GFA of UCB (Table 1). Accordingly, the
NTU campus has been largely analysed based on standardized
material distribution as per m? of GFA (Table 2). During this
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analysis, the NTU campus was divided into three areas: the first
area contained 21 building complexes and covered 407,864
m? of GFA on the academic campus; we analysed each of those
complexes individually for the distribution of concrete, steel,
glass, plasterboard, and aluminium (Table 2) by determining the
specifications of the buildings. We then extrapolated those
findings to the remaining 478,489 m? of the academic campus
(Table 2). We evaluated another third of the campus, the housing
area (496,035 m?), by applying standardized material
concentrations, as they have been published for housing areas in
Singapore (Table 2).

We calculated the number of floor tiles from standardized data
(Table 2). We counted the number of lamps in a major academic
area of the campus, and we next extrapolated this number to the
rest of the campus (see Appendix A).

16 www.videleaf.com



Prime Archives in Sustainability: 4" Edition

Table 2: Quantification methods for the respective embodied impacts at the two campuses. For the COze factors applied and for more details, please see the Appendix A. NTU = Nanyang
Technological University Singapore. UCB = Umwelt-Campus Birkenfeld.

LTt NTU (Nanyang Technological
Embodied Impact Calculated for UCB (Umwelt-Campus Birkenfeld), Germany UniverZit ;3 Sinaa org
UCB/NTU (Years) y), >Ingap
on-5|teir(;opnascttruct|on 50/40 Calculated per m? GFA from national building activities and emissions of the building industry
air conditioning system 50/40
Standardised technical system impacts taken from literature and applied as per GFA. Individual area air conditioned per building considered
power lines 50/40
district heating system 50/- Lengths and diameters of the tubing system taken from technical campus No heating, because of tropical location
layout design maps
Academic buildings: calculation based on a CUI (Concrete
concrete 50/40 Usage Index) of 0.45; tgtal cpncrete _volume.: CUlI X
constructed floor area. Residential housing area: calculation
based on Arora et al. [49] with a CUI of 0.5.
Quantified based on architect’s drawings available for the academic
bricks 50/40 buildings (8 cm outside isolation, 1 building isolated with coconut fibre, 8 53 kg/m? [50]
buildings isolated with mineral wool, 12 with polystyrene). Extrapolated to
insulation 50/40 further buildings based on their structural information. | N/A
roof tiles 50/- | N/A
plasterboard 50/40 12.5 kg/m? [51]
-0, i iti i i
steel 50/40 4.8 mass-% f_rom concrete, in a_ddltlonal Iengths/_thlckngss o,f steel glrders 110 kg of steel in 1 m3 of concrete [30]
measured in the glassy buildings, re-checked in architect’s drawings
measured for publicly accessible areas of all buildings, impact/GFA Lamps quantified in an area of 29,579 m? of GFA at the
lamps 10/10 .
calculated, extrapolated academic campus, and extrapolated
floor tiles 50/40 Standardized Oekobaudat [40] data taken
. . Window are based on window to wall ratio of 0.25 [52]
glass 40/40 Numbers and sizes of windows measured throughout the campus Wall weight is 25.5% of total concrete weight. [53]
. a2 . .
wood 50/- Typical amount as per m*in a r_oof construction considered. Wooden doors N/A
inside the buildings measured and counted.
paint 50/- Surface m? of building walls quantlf_led, standardized application of paint N/A
considered
aluminium 20/40 Al considered as a material for lighting housings 9.72 kg of Al per m? [50] and for windows frames [30]
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Results and Discussion
Single Impacts

The on-site construction impact represents the biggest single
embodied carbon emission source at both campuses (Figure 3).
Poyry et al. [48] came to the conclusion that on-site construction
impacts contribute to 9% of all embodied GHG emissions,
whereas we instead arrived at 45% for UCB and 40% for the
NTU campus (Figure 3). We attribute this deviation to the fact
our embodied impacts compilation is not complete. For example,
we were not able to consider foundation structure materials.
Pacheco-Torres et al. [47] reported 39% CO.e emissions caused
by buildings’ foundation construction alone, relative to all on-
site construction impacts.
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Figure 3: Overview of averaged yearly building-related impacts, contrasting
embodied (green) and use phase impacts (orange), and comprising parts B + C
impacts (Figure 1). Top: Umwelt-Campus Birkenfeld (UCB, Germany),
bottom: Nanyang Technological University (NTU) Singapore. UCB is fully
supplied by renewably energy (RE) sources, which is contrasted to a projected
non-RE case based on standard 2017 German electricity mix and heating based
on natural gas (upper graph, grey columns). For the projected non-RE case, the
district heating system was removed (UCB).

At both campuses, GHG emissions from reinforced concrete
walls represent the second largest share of embodied impacts
with 2.1-7.1 kg COze/m?sy (Figure 3), or 8-9% over building
lifecycle (Figure 4), respectively. All steel used at NTU and part
of the steel at UCB (0.6-1.8 kg CO.e/m?ey) comes on top of the
impact caused by reinforced concrete constructions. Various
literature sources identified concrete as adding the highest single
embodied CF within the lifecycle of a building (e.g., Gebler et
al. [54]: in an automobile factory; Huang et al. [55]: among
university dormitories in China, Mahler et al. [56]: Housing
concepts in Germany). Decarbonizing the cement industry
[57,58] and largely replacing cement by wood in buildings [59]
is seen as one of the most important future tasks.
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Figure 4: Percentage-wise contributions of yearly building lifecycle impacts
from Umwelt-Campus Birkenfeld (UCB, Germany) and Nanyang
Technological University (NTU, Singapore), comprising parts B + C impacts
(Figure 1). Measured UCB impacts contrasted to a projected non-RE
(renewable energy) case based on standard 2017 German electricity mix and
heating with natural gas (middle column). Absolute values shown in Figure 3.

At UCB, bricks contain an impact of 1.8 kg CO.e/m?sy, which is
almost as high as that of concrete, while bricks add only 0.3 kg
COze/m?y to the embodied impact of NTU campus (Figure 3).
At UCB, most new buildings are brick constructions, different
from NTU. Production of bricks has carbon factors similar to
those of concrete (Table Al).

Furthermore, light installations generated a relevant carbon
impact of 0.4-1.1 kg CO,e/m?sy at both campuses (Figure 3).
This infrastructure requires much maintenance: light tubes
needed full replacement within 10 years, thus not reaching the
lifetime manufacturers guarantee. Additionally, within the first
20 years of building lifetime, many fluorescent tube units have
been completely replaced by LED systems at UCB.

Air condition infrastructure has a medium impact of 0.2-1.5 kg
COze/m?sy. As expected, the tropical NTU campus has a much
higher impact compared to UCB (Figure 2) due to cooled air
provision: all academic and 59% of the housing area is air
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conditioned at NTU. By contrast, only 11% of UCB academic
buildings (lecture halls, server rooms, special purpose labs) and
none of the student houses are operating air conditioning.

All other single impacts that we quantified, i.e., plasterboard,
paint, wood, powerlines, floor, and roof tiles, are causing
embodied CO.e emissions below 0.4 kg CO.e/m? (Figure 3).

Campus-Specific Impacts

The district heating system is installed at UCB specifically for
the needs of the university, and its COze construction impact
needs to be evaluated with respect to its possible COze savings.
Therefore, as a benchmark, we also consider an alternative UCB
campus that bases its heating system on natural gas, which is the
standard heating source in Germany. This would increase the
CO.e emissions due to heating from 8.4 to 325 kg
COze/m? every year (Figure 3). Taking that into account, the
construction impact of the district heating system (37.5 kg
COe/m?) was paid back via use-phase COqe savings after two
years.

We quantified the insulation at UCB only and obtained a
relatively small impact of 0.34 kg CO,e/m?sy (Figure 3). Most
UCB buildings only have 8 cm of exterior insulation, which was
common during the time of converting the buildings, while
today, up to twice this isolation layer thickness is used [60]. The
degree of insulation in the NTU buildings is much lower than at
the UCB; therefore, we neglected it in our calculations.

Aluminium is another major embodied impact at the NTU
campus, whereas this material is far less used at UCB. With 4.1
kg CO.e/m?sy, aluminium adds 4.6% to building lifecycle
impacts at NTU, or 15.4% to the total embodied impacts (Figure
3and Figure 4). Aluminium is not viewed favourably as
alternative future building material because of its very high
CO; factor (the highest in Table Al) and weak thermal
performance [61,62]. At the NTU campus, aluminium is being
used as a fagade material and for windows frames [30].
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Building GWP Performance of the Two Campuses

Total embodied building impacts vary drastically in the scientific
literature due to the reasons reported in the introduction. The
most complete overview has been provided by Trigaux et al.
[23], evaluating 257 data points. From this overview, the authors
derived embodied GWP benchmark values between 1-17 kg
CO.e/m?ey, with a median at 7 kg CO,e/m?ey [23]. Trigaux et al.
also presented total lifecycle reference values in the range of 7—
64 (median: 25) kg CO,e/m?sy [23]. The NTU campus with its
embodied impacts of 26.3 kg CO.e/m?sy and total lifecycle
impacts of 88.1 kg CO,e/m?y seems to be placed above these
benchmarks, whereas UCB’s embodied CF is placed within the
expected magnitude. Konig and De Cristofaro [44] reported on
average 8.5 kg COze/m?sy for residential buildings in Germany,
compiled from bricks, concrete, wood, and the heating system
only. This correlates with the embodied 13.7 kg CO.e/m?sy we
found for the German UCB campus (Figure 3), given the 1.4
times higher impact of non-residential over residential buildings
(calculated from Trigaux et al. [23]). On the other hand, UCB
represents a campus at which half of the buildings have been
converted from original buildings from the 1950s, keeping walls
and windows. If these walls had been newly installed composed
of reinforced concrete, it would have added another 2.31 kg
CO.e/m?y to the embodied impacts of the UCB (modelling
based on the volumes of existing stone walls). Accordingly,
roughly half of the impacts caused by the construction of walls
has been saved by converting existing houses at UCB.

Renewable Energy Provision as a “Game Changer” at
Umwelt-Campus Birkenfeld (UCB)

The 100% renewable energy supply to UCB creates a particular
situation. At this campus, most building-related lifecycle impacts
are embodied impacts; the CO.e emissions due to heating and
electricity consumption amount to 40.8% of the building
lifecycle impacts only (Figure 4). Accordingly, neglecting
embodied building impacts could lead to a fundamentally
incorrect evaluation of a campus with access to renewable
energy. To further illustrate this fact, we modelled a potential
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non-RE supply for UCB. A conventional heating would be based
on natural gas emitting 251 g CO2e/kWh including upstream
impacts [63], whereas conventional electricity purchase would
deliver an emission factor of 486 g COx/kWh (German electricity
mix in 2017, Icha [64]). Together, this would result in a heating
impact of 32.5 kg CO.e/m?ey, and another 26.5 kg COze/m?sy
due to electricity consumption, respectively (Figure 3), which, in
total, would cause 6.3x more COe emissions when compared to
the actual 100% RE case at UCB. Despite the sophisticated
energy-saving building technology installed [41], this non-RE
consumption would have elevated UCB’s total building lifecycle
impacts up to 71.9 kg CO.e/m?ey (Figure 3). This is just 18%
less compared to the lifecycle impacts of NTU (Figure 3), the
latter operating a much bigger campus located in the tropics and
a more complex infrastructure with, for example, a swimming
and sports arena. This similarity in CF of the two very different
campuses based on a comparable energy supply might come as a
surprise. The electricity grid factor in Singapore was similar to
the one in Germany in the year 2017, i.e., 420 g CO./kWh [65].
In conclusion, the access to renewable energy is the most
important factor to save COe emissions.

Adding Other Use Phase Impacts

As the next step, we add use-phase impacts that are not directly
caused by the buildings themselves but by the activities inside in
the buildings. There are small additional consumption impacts of
the order 0.9-2.5 kg CO.e/ m?ey (office supplies, chemicals, and
water consumption, Figure 5). The biggest additional impacts
(for UCB, even the biggest single impact), however, are related
to mobility, and within mobility, mainly from student
commuting [8]. It is crucial to include student commuting in
university carbon footprinting, not only because of its magnitude
(up to 90% of all impacts), but because universities can easily
reduce such impacts, as has been demonstrated during the
COVID-19 pandemic. Indeed, teaching and even examinations
can, at least partially, be conducted via online tools. For
example, the carbon footprint of the University of Bournemouth
in the UK during the COVID-19 lockdown decreased by 29%
due to switching to online-teaching, mainly caused by mobility
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emission savings [66]. Improving mobility management, or
avoiding redundant mobility, may become among the most
important measures to reduce university CFs in the future,
particularly by offering online lecturing.
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Figure 5: Supplementing yearly building-related impacts (parts B + C, Figure
1) with further use-phase impacts (mobility, use-phase materials, parts A
in Figure 1) at the campuses of UCB (Umwelt-Campus Birkenfeld) and NTU
(Nanyang Technological University).

There is another link connecting use-phase mobility impacts with
building impacts: Universities can reduce commuting emissions
by offering charging infrastructure for electric cars and bicycles.
For instance, UCB today operates solar carports connected to
charging stations (Figure 2), which were added after 2017, the
base year of this investigation. In this way, institutions can
encourage their staff to switch from a combustion engine to
electric cars, thereby reducing the CO2e emission per passenger
km by up to 2/3 [67]. Moreover, universities can operate
infrastructure (e.g., protected storerooms with electrical plugs) to
motivate staff and students to travel by electric bicycle, again
saving emissions. Such infrastructure would be considered
among the embodied impacts, while reducing the campus use-
phase emissions.

The particular high-mobility impact of UCB is caused by the

very rural location of the campus, whereas many universities are
connected to big cities partly offering excellent public

24 www.videleaf.com



Prime Archives in Sustainability: 4" Edition

transportation services [8]. Other local factors can also heavily
influence the CF of a campus. In Singapore, for example, up to
56% of energy consumed by buildings is due to air conditioning
activity [68]. Improved technology alone could save 20% of this
energy [68].

When all institutional impacts at the two universities quantified
in this project (see Figure 5) are summarized, the two different
universities end up having similar impacts: 124.5 kg CO.e/m?ey
at UCB, and 126.3 kg CO,e/m?sy at NTU, respectively (Figure
6).
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Figure 6: Complete university CF results per year related to constructed area
(green), per capita (red), and expenditures (blue), combining use phase impacts
(light colours, taken from Helmers et al. 2021, equivalent to parts A + B
in Figure 1) and embodied impacts (dark colours, this paper; part C in Figure
1). CF = carbon footprint. UCB = Umwelt-Campus Birkenfeld. NTU =
Nanyang Technological University. Data in terms of per kg CO2e/1000USD
related to expenditures were corrected for purchasing power parity (PPP); for

details, see Helmers et al. [8].

At last, we added the embodied impacts to the other two CF
performance factors, by applying the same emission budget
(embodied vs. all other impacts) each to university population
and financial expenses (Figure 6). It turns out that among the
three carbon performance parameters, embodied impacts make

25 www.videleaf.com



Prime Archives in Sustainability: 4" Edition

up 11.0% at UCB and 20.8% at NTU, respectively, from the
total impacts. Thus, embodied impacts should not be neglected.

In order to aggregate the three university CF performance factors
(Figure 6), we additionally introduced a normalized CF
performance index [8]. The best CF value in each of the three
categories is set to 1.0, and the factors are calculated relative to
the best CF value [8]. Applying this approach to the results
shown in Figure 6 (embodied plus use-phase impacts) results in
an overall normalized CF performance of 3.36 for UCB and 5.84
for NTU, respectively. This is relatively close, as the normalized
CF performances, based on use phase impacts only, covering 20
universities worldwide range from 3.53 to 21.44 [8].

Limitations of This Study

e We contrasted embodied building lifecycle impacts of NTU
and UCB with the worldwide building benchmarks collected
by Trigaux et al. [23], placing the large NTU campus slightly
above the norm. However, such building impact benchmarks
may be overinterpreted due to the substantial variabilities in
the data across the globe. This is illustrated by the elevated
mobility impact found at UCB, which compensates the
higher embodied buildings impact of NTU in the comparison
of the two campuses (Figure 6, green columns). Such
findings at the two university campuses cannot be
generalized because of the possible dominance of local
factors.

e We found no fundamental difference in the total impacts of
the two campuses (despite per capita), although being
located in very different climate zones. Climate effects,
however, may play an essential role elsewhere. For example,
Uva Wellassa University [69] in Badulla, Sri Lanka, is
located in the tropics as NTU, but the mountain site leads to
convenient temperatures throughout the year, making air
conditioning mostly unnecessary.

e Some bigger countries operate national building and
construction materials databases, delivering impact
information due to LCA (such as Oekobaudat in Germany,
[40]); some smaller countries (such as Singapore)
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understandably do not offer such a complete documentation
(see Appendix A for details). Consequently, we had to resort
to partly international, partly Chinese, and partly German
data when modelling the materials at NTU Singapore.

e We took several years to collect the use-phase data and as
much embodied data as possible at the two campuses, all
related to the year 2017. Since the data are related to a single
year, we did not explore temporal variations. Whereas we
spent much time in methodology development, modelling
strategies in the future should be more standardized and
accelerated. In this way, the analysis can be continuously
repeated, and consequently, temporal fluctuations can be
investigated.

e It turned out to be almost impossible to quantify all
individual building specifications on the large campus of
NTU. The data compiled from a minority of campus
buildings had to be extrapolated. We interpret our results
accordingly not as precise measurements, but as benchmarks
instead specifying the relevance of the embodied versus use
phase impacts.

Conclusions

Neglecting embodied COe impacts could jeopardize climate
protection, because use-phase impacts could be shifted into the
supply chain and infrastructure, where emissions are often
invisible for the public and practitioners. The electric car is an
excellent example for such an impact shift. While delivering use-
phase CO; emission reduction, its embodied impacts are higher
than those of combustion engine cars; accordingly, both use
phase and embodied impacts need to be quantified, compared,
and analysed for possible trade-offs [67].

This can be translated to carbon emissions at university
campuses. As an example, it could be confirmed here that the
CO.e impact due to installing a long-distance heating system at
UCB was compensated by heating CO.e emission savings after
two years only. The example of UCB also confirms the emission
benefits when existing structures are renovated instead of being
replaced. In particular, keeping windows and walls saved 2.3 kg
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COze/m?ey. The necessity to upscale renovation activities is
globally acknowledged [70].

This study revealed that once university campuses have switched
to 100% RE consumption, embodied CFs need to be considered
to correctly assess institutional COze emissions. Embodied
impacts at UCB turned out to be larger than energy related
emissions of the buildings. Accordingly, today’s picture of CFs
associated with universities [8] is incomplete, and maybe
misdirecting. This is highlighted by the case of the Leuphana
University in Lineburg, Germany, the only university that
successfully seems to have reached use-phase zero carbon
emissions without buying CO- certificates [8]. Leuphana
University is reaching use-phase climate neutrality by operating
a very complex energy infrastructure, but so far, the related
infrastructure provision impacts remain unknown (see Helmers
et al. [8] for more details).

Furthermore, this investigation came to a surprising conclusion:
two very different university campuses—the small, fully RE
based UCB campus located in the climatically temperate
Germany and the 57-times larger tropical NTU campus with 15
times the UCB population—turned out to yield relatively similar
CFs in terms of per kg COze/m?y, when all factors are
considered. Without access to 100% renewable energy, the
building lifecycle impact of the UCB would look relatively
similar to the NTU campus, which only has very limited access
to RE.

When it comes to the overall institutional emissions, the
performance of a campus depends on local conditions rather than
on the climate zone or university size. At UCB, for example,
over 90% of the campus CF is due to mobility impacts.

We can conclude from this investigation that universities can
reach beneficial CF performances (thus operating at low carbon
emissions) everywhere, independent of climate zone and size.
However, we also expect that small institutions with simple
infrastructure at locations with a stable, moderately warm

28 www.videleaf.com



Prime Archives in Sustainability: 4" Edition

climate will have a comparably easy way to become climate
champions.

As an outlook, we believe that the establishment of a worldwide
database and the development of a standardized modelling
approach would strongly foster university carbon footprinting,
optimisation, and comparability.

Our research generates important lessons for future political
measures: universities need additional funding to become
climate-neutral; they need to quantify their emissions, develop
reduction plans (e.g., Osorio et al. [71]), and acquire options to
minimize consumptions and impacts, and essentially exploit RE
sources. Universities are not merely a relevant factor when it
comes to country-wide CO2e emissions, because they educate
future experts for all societal fields. Therefore, universities are in
a unique position to be proactive in reducing emissions to save
the planet.
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Appendix A

CO, Material & Activity Factor Differentiation & Specification,
and Related Data Sources

Appendix A.1. General Remarks and Main Emission Factors
As far as possible, materials were quantified based on
architecture drawings. Materials were quantified based on the
specific materials weights reported in Table Al). Next, COe
factors (Table Al) allowed quantification of the carbon footprint
(CF) associated with specific materials.

For Germany, CO.¢e cradle-to-cradle factors were taken from the
German LCA database ockobaudat.de ([40]; remark: “total”
Global warming potentials (GWP) were selected generally). For
Singapore, international or Asia-specific factors were taken from
ICE (2019) [72]; these data are mostly from cradle-to-gate only.
In case Asia-specific or global EOL factors were not available in
ICE (2019) [72], material impacts were also taken from German
database Oekobaudat [40]; see also Table A3 for specific EOL
factors applied for Singapore. For Singapore, transportation
impacts are individually calculated applying the factors in Table
A2.

Recycling factors were considered when specified in databases.
From the database Oekobaudat [40], reporting material impacts
for Germany, we included waste processing and standardized
transportation impacts.
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Table Al: COze factors directory. If not stated otherwise, the specific material weight factors and the COze factors were taken from the same data sources. Replacement and IMR (=Inspection,
Maintenance, and Repair), factors adapted to local circumstances documented at the two campuses.

. COge Factor e . IMR Considered,
MaAtstrilvailtsieaSnd (kg CO2e/kg); S\/Q/Z?f;& l\A/Iat?iggl Usually 1.1%/year
and Data Source g pp [56]
14.67
aluminium Aluminium, Singapore (China), including recycling, including 0.07 for transportation; 2500 kg/m? no
ICE (2019) [72]
2400 kg/m?
. - . . . (4.8% to be subtracted from volumes
concrete Germany 0.121 including recycling potential and transportation; Oekobaudat [73] measured (this percentage is made of no
concrete steel))
concrete Singapore 0.166 + 0.024 kg for transport + O.(E;lg](EOL) =0.236 in total; ICE (2019) 2400 kg/m? no
steel Germany steel prod. (including production, waste + recycling) 0.7134 + 60 km steel
(=4.8 mass-% from con- transport 0.21275 kg CO2e/1000 kg-km (truck, UK, 2021 [74]) = 0.732; 7850 kg/m? no
crete). Oekobaudat [75]
steel
| 1.2 (including recycling) + 0.12 for transportation; ICE (2019) [72] 7700 kg/m? no
steel (rebar), Singapore
| Steel used in Singapore comes from South Korea, China, and Japan
1.23 including EOL, transp. + recycling potential; Oekobaudat [76] 30.15 kg/m? repla:g r;:grtsafter
glass, Germany: triple glazed
Window glass has not been exchanged at UCB for 25 years. However, due to fast advances in window isolation technology, the windows will
probably not remain unchanged for 50 years
glass
1.22 due to Oekobaudat.de, but without transportation. 0.03 added due to 2
h 30.15 kg/m no
. . transportation.
glass, Singapore: double
glazed Oekobaudat.de [40] data taken as well for Singapore, because ICE (2019) [72] database does not include EOL impacts.
bricks pumice, Germany 0.097; Oekobaudat [77] 900 kg/m3 no
0.136
bricks sand-lime, Germany (no recycling impact data available; Oekobaudat, [78]) 1800 kg/m?3 no
bricks
bricks, Singapore 0.213
’clayg p (no recycling impact data available) + 0.02 transport; ICE (2019) [72] 1800 kg/m? no
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Materials and
Activities

COg Factor
(kg CO2e/kg);
and Data Source

Specific Material
Weight Applied

IMR Considered,
Usually 1.1%/year

[56]
insulation polysty rene, 4.18; 20 kg/m? no
Germany Oekobaudat [79] IVH (2015) [80]
. . insulation coconut fibre, . . . 65 kg/m3;
insulation Germany 25.5 [81] + 0.15 container ship transport from Colombia [82] Manohar et al. [83] no
. 0.29; 3
Mineral wool, Germany Oekobaudat [84] 155 kg/m no
lasterboard. German 0.179; 8.47 kg/m? for 1 cm of thickness (own no
P ' y Oekobaudat [85] measurement)
plasterboard 0.48 including EOL
plasterboard Singapore + 0.03 for transport; 12.5 kg/m? no
Gyproc [86]
0.67; 2
Oekobaudat [87] 22.5 kg/m no
wood, roof, Germany
weight of a wooden roof structure (Germany): Digdach [88]
wood
0.67;
woodeg doors, UCB, Oekobaudat [87] 25.76 kg/m? no
ermany
high density polyethylene for 417,
PE g ISity polyethy Oekobaudat [89] 950 kg/m?3 Yes, 1.1% per year
pipes, Germany
0.71 (incl. maintenance); maintenance
ceramic floor tiles, Germany Oekobaudat [90] 18.65 kg/m? included
tiles roof tiles, UCB, Germany e 45 kg/m?; Oekobaudat [92] no
' ' Oekobaudat [91] ’
0.71 (incl. maintenance), + 0.02 for transport; maintenance
ceramic floor tiles, Singapore Oekobaudat [90] 18.65 kg/m? included
2.11;
paint paint, UCB, Germany Oekobaudat [93] 0.17 kg/m? Yes, 1.1% per year
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Materials and

COg Factor

(kg CO2e/kg); Specific Material

IMR Considered,
Usually 1.1%/year

Activities and Data Source Weight Applied [56]
Impacts adjusted to the GFA of buildings
air Kiamili et al. [94]: 46 kg CO2¢/m? on average; Garcia-Sanz-Calcedo et UCB Germany: just 2751 m? of 24,668 m? (GFA) air conditioned, NTU Yes, 1.1% of
sanalai al. [95] 48.95 kg CO2e/m?; the average of both is 47.475 kg Singapore: all academic indoor GFA air conditioned, NTU housing area: 5— lifetime impact per
9 CO2e/m? (applied both for Germany & Singapore) over lifetime 80% of GFA air conditioned, impact individually considered year
lamps (UCB, Germany);
2
1.09 kg CO2e/m? GFA (see below) replacement every
lamps . 10 years
lamps (Singapore);
0.35 kg CO2e/m? GFA (see below)
Germany: 312 kg CO2e/m?
Calculation was performed for Germany based on the year 2014. 33,052,000 m? of new floor space was added due to construction of new buildings [96]. N/A
At the same year, 10.3 million metric tons of COze have been emitted due to direct “emissions from the construction industry/share of building
on-site construction”, reported by BBSR [97].
construction
impact Singapore: 421 kg CO2e/m?.
CEIC [98] reports the number of residential units (14,116) completed in 2018. No. of units was multiplied with the average GFA of a residential unit N/A

which is reported to be 70 m? (due to SCMP [99]) and resulting in the total GFA built in 2018. This number is then related it to the 0.416 Mio Mt CO2e
emitted by Singapore’s building industry in 2018 due to NCCS [100].

district heating system (Germany):
materials production impacts, installation impact and IMR considered and adjusted to individual buildings GFA (see below)

Yes (see below)

power lines (Germany + Singapore):
WeiRenberger [101]: 2.9 m/m?, Oekobaudat [102]: 0.464 kg COze/m (cable 3-wire, incl. Recycling + transport).

no
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Table A2: COz factors for transportation from production sites to NTU campus Singapore (taken from [74]). Mt = metric tons.

Material

Country of Origin

Distances (km)

kg CO2e/Mt km
(Diesel Truck;
* = Sea Tanker)

from factory to port 20 0.131
‘ cement (for concrete) ‘ Japan 5908 0.01896 *
‘ ‘ to local mixing plant 20 0.131
‘ ‘ from factory to port 20 0.131
‘ ‘ from Indonesia to Singapore 83 0.131
‘ eogregate (for concrete) ‘ to local mixing plant 20 0.131
‘ ‘ to construction site 15 0.131
‘ ‘ from factory to port 20 0.131
‘ ‘ from Indonesia to Singapore 83 0.131
‘ sand (for concrete) ‘ to local mixing plant 20 0.131
‘ ‘ to construction site 15 0.131
‘ ‘ from factory to port 20 0.131
‘ steel ‘ South Korea to Singapore 6065 0.01896 *
‘ ‘ to construction site 20 0.131
‘ ‘ from factory to port 20 0.131
‘ ‘ from Malaysia to Singapore 80 0.131
‘ plasterboard/Tiles/Bricks ‘ ‘o local mixing plant " 0101
‘ ‘ to construction site 20 0.131
‘ ‘ from factory to port 20 0.131
‘ aluminium/Light bulb/Cable ‘ China to Singapore 3443 0.01896 *
‘ ‘ to construction site 20 0.131
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kg CO2e/Mt km
Material Country of Origin Distances (km) (Diesel Truck;
* = Sea Tanker)
from factory to port 20 0.131
‘ glass Vietnam to Singapore 1196 0.01896 *
‘ to construction site 20 0.131

Table A3: EOL factors applied for Singapore materials (added to impact factors collected in Table Al).

. kg COze/kg
b el (Unless Specified) B
concrete 0.0046 Oekobaudat [73]
- Only recovery rate (recycling)
i considered
steel —0.79 kg CO2¢e/kg considered as for

recycling due to ICE (2019) [72]

0.03 kg CO2e per m? at

plasterboard 12.5 kg material/m? Gyproc [86]
glass Oekobaudat [76]
ceramic tiles Oekobaudat [90]
power lines Oekobaudat [102]
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Appendix A.2. Special Impacts
Appendix A.2.1. Long Distance Heating System at UCB
Campus, Germany

There are 4078 m of tubes transporting heated water from a
regional combined heat and power plant based on waste wood
combustion with 29 MW thermal and 8.5 MW electric capacity
[8]. The tubing system contains 10 types of tubes with different
width from 3.2 to 20 cm inner diameter. The inner tube is made
from iron, surrounded by a high-density (HD) polyethylene (PE)
sheath with 3-4.9 mm of thickness. The outer layer is made of
31-43 mm polystyrene for insulation. The whole system
comprises 12.55 metric tonnes of HD-PE, 65.16 metric tonnes of
iron, and 6.62 metric tonnes of polystyrene. As parts of the
system already needed repair within the first 25 years of the
campus, 1.1% of the material impact was added as for yearly
inspection, maintenance, and repair (IMR). 113 kg CO; per
meter [43] were added as for pipe laying effort.

Appendix A.2.2. Lighting
Umwelt-Campus Birkenfeld (UCB)

At UCB, there are fluorescent lamps (Philips TLD 58 W), and,
since a couple of years, they are replaced by LED lamps (Valuco
D 2014, 2 x 14 W). The lengths of these lamps were measured in
all accessible building areas and extrapolated, resulting in 490 m
of LED tubes and 11,373 m of fluorescent tubes (1 unit = 1 m of
length). A literature search led to the lifecycle carbon footprints
depicted in Table A4. We averaged the impacts given by
Casamayor et al. [103] and Scholand et al. [104] and
extrapolated them to a power of 14 W matching the power of the
LED tubes as applied at UCB, resulting in an average impact of
16.71 kg CO2e/LED unit (Table A4). The production impact for
a fluorescent lamp, as found in the literature, has been doubled to
match the 40,000 h of lifetime given for LED bulbs (Table A4).
An activated lamp over 8 h/day in every workday would result in
2000 h/year which would results in 10-20 years in total. We
observed higher replacement numbers at the campuses and
decided to relate the overall impact to only 10 years
(replacement every 10 years).
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Because of the higher efficiency, we assigned the 59.5 cm LED
tube the same light flux as a 1 m fluorescent tube and paired the
16.71 kg COze/unit (1 m) of LED to the 11.06 kg COe/unit (1
m) of fluorescent tube.

Multiplying 490 m of LED tubes (=490 units) and 11,373 m of
fluorescent tubes (1 unit = 1 m of length) with the calculated
impacts (Table A4), related to the GFA of UCB campus (24,264
m?), and diving it by 10 years of working, results in 0.55 kg
COze/mz-y.

We add 3 kg of aluminium for the housing of each of the two
tubes (14.67 kg COqe/kg, Table Al), which probably will be
exchanged every 20 years with new lighting technology,
resulting in 5931 housing boxes (3 kg of Al each). With the
campus GFA of 24,264 m?, this results in 0.54 kg CO,e/m?ey.
The same COe factor for aluminium at the NTU campus is used
here, because it is assumed that Chinese products are purchased
(Table 1). Altogether a lifecycle impact of 1.09 kg CO.e/m?sy is
resulting for lighting technology at Umwelt-Campus Birkenfeld.

Nanyang Technological University (NTU)

Different from the UCB campus, the number of lamp units was
quantified in an area of the academic campus with 29,579 m? of
GFA (Table A4). The length of tubes was not considered here.
The power output of the four types of lamps found was as well
documented and allowed to quantify a manufacturing impact
relative to the literature data (Table A4).

We added 3 kg of aluminium for the housing of each of the two
tubes in the 554 ceiling units (14.67 kg CO.e/kg, Table Al).
Assuming a lifetime of 20 years, this results in an additional
impact 0.02 kg CO.e/m?ey.

Based on a lifetime of 10 years for the bulbs, this amounts to an
overall average impact of 0.35 kg CO,/m?y (including the
aluminium housing material) which was extra-polated to the
whole campus.
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Table A4: Light bulb lifecycle carbon footprints found in the literature and products used at the two campuses (without use phase).

Type of Lamp Source/Product (Campus) Light Flux (Im/W) F\X/v)ver Lifetime (h) I;&gﬁﬁgﬂ:tmg + Transport + EOL)
literature sources
LED bulb Casamayor et al. [103] 55 17.2 40,000 18.64—15.2 (14 W) ‘
average: 16.71

LED bulb Scholand and Dillon [104] 65 125 (25,000-) 40,000 16.27—18.2 (14 W)
fluorescent tube Welz et al. [105] 58 20,000 h 5.53—11.06 (40,000 h)
lamps found at Umwelt-Campus (UCB)
LED tube light || 1 hx Valueo D 214 (58.8) 14 40,000 h 16.71
fluorescent tbe || 1S TLD 58 % 58 20,000 h 11.06
lamps found at Nanyang Technological University (NTU)
type of lamp Units - Power kgCOze/unit_ **

(per 1000 m?) (W) (manufacturing + transport + EOL)
ceiling LED Module 442 47 56.1
LED 300 10 11.9
direct LED 87 18 215
fluorescent light Philips TLD 112 30 214

* number rounded from inventory taken from 29,579 m2. ** recalculated with respect to power to production impact relation specified by Casamayor et al.,
Scholand and Dillon, and Welz et al. [103,104,105].
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