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Abstract: Due to the large volume and mass of materials used, the construction industry is one of
the sectors with the highest environmental impact. However, to provide good quality, affordable,
and low-energy housing, the business case must be maintained. Accordingly, we aimed to develop
and test a calculator to measure the ecological footprint of the embodied carbon in materials used
in construction projects in a standardized way, without the need for environmental or even civil
engineering expertise, and thus in a way that is accessible to SMEs. The novelty of our research is
that although there are calculators for measuring the environmental impact (e.g., carbon footprint)
of the construction industry, and there is a methodology for calculating the ecological footprint of
construction, there is no free, easy-to-use, online calculator for calculating the ecological footprint of
embodied carbon in materials available to all enterprises. In other words, this approach extends our
previously developed corporate ecological footprint calculator with the environmental impacts of
material usage. The study summarises the baseline research for an ecological footprint calculator,
tested on two new condominium buildings and the energy renovation of five condominium buildings,
built with a prefabricated technology typical in Hungary and other post-socialist countries. Based
on our results and in accordance with former literature sources, most of the ecological footprint
of new construction projects is determined by materials with high mass and volume, in particular,
concrete, steel, and masonry; so it is not necessary to take into account all construction materials in a
calculator in a detailed way. We also conclude that renovation and ongoing maintenance, as well as
preservation, are recommended for structurally sound buildings, as embodied carbon in materials in
the case of an energy upgrade of an existing condominium building has an environmental impact of
0.3-0.8 global hectares per dwelling, depending on the technical content, while in the construction of
a new building, this value is between 10.49-14.22 global hectares. Our results can help investors and
clients in their decisions, and policymakers in determining urban development directions.

Keywords: ecological footprint; dwellings; construction; methodology

1. Introduction

The impact of mankind on planet Earth is becoming increasingly significant, as shown
by the fact that research suggests that anthropogenic mass reached living biomass by
2020 [1]. Accordingly, since 2000 [2], researchers have been proposing the introduction of
a new geological epoch, the Anthropocene which, according to various criteria, began in
1610 or 1964 [3].
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Current climate and energy crises show that action on sustainability is inevitable.
The IPCC [4] has developed 50 scenarios to limit global warming to 1.5 °C above pre-
industrial levels. However, experts warn that these scenarios rely too much on measures
such as carbon dioxide removal (CDR), and their analysis suggests that only half of the
IPCC scenarios are likely to be sufficient to curb global warming; in other words, “deep
societal and economic transformations are needed that are aligned with the UN Sustainable
Development Goals” [5].

The role of the construction industry in achieving the SDGs is multi-layered. On the
one hand, the objective is to provide decent and affordable housing for people in buildings
with the highest possible energy efficiency. On the other hand, with the use of cement and
concrete, the latter being considered particularly harmful in terms of CO, emissions, the
environmental impact of the construction industry is significant (e.g., [6-8]). At the same
time, the construction industry is a major employer in all countries, so reducing the volume
of development would have negative economic effects, especially on blue-collar jobs. This
is proven by the fact that small- and medium-sized enterprises (SMEs), which account for
the vast majority of enterprises in the 27 member states of the European Union (EU27),
employ two-thirds of the workforce [9], and are the third most common SME activity in
the EU27, with more than 3.5 million SMEs in the construction sector [10]. In our previous
research [11-14], we developed a general ecological footprint calculator to determine the
ecological footprint of SMEs. The research presented here is a continuation of that, dealing
with the specific ecological footprint calculation issues of a material-intensive industry.

2. Theoretical Framework

In this chapter, we first briefly introduce the concept of ecological footprint, and then
review the main characteristics of the Hungarian housing stock, with a special focus on
the socio-economic significance of the energy upgrade projects we have studied. The
chapter concludes with a summary of the literature on the environmental impacts of the
construction industry.

2.1. Concept of Ecological Footprint

In addition to financial metrics, analysts and decision-makers can also use physical
metrics to monitor the performance of an organization [15]. One of the most common
indicators is the ecological footprint (EF) [16]. The Global Footprint Network (GEN) con-
ceptualizes the EF indicator as comprising five land use categories: (1) cropland, (2) grazing
land, (3) forest land (forest land provides for two services: the forest product footprint
and carbon footprint), (4) fishing grounds, and (5) built-up land. Total consumption is
measured by land use and then expressed in global hectares (gha) using equivalence factors
(EQFs)—globally comparable, standardized hectares with world average productivity. This
conversion figure is used as a tool to compare, for example, pasture and arable land. For
a country, the comparison should be made using the yield factors (YF) by measuring the
differences between different crop areas. This can be used to compare the productivity
of arable land among countries [17]. There are two basic methodological approaches to
calculating the ecological footprint. The top-down (or composite) approach is based on
national footprint accounts broken down into smaller geographical areas provided by the
GFN. The bottom-up (or component-based) approach uses individual, local data for a
community to quantify consumption [18]. In addition to global and individual applications,
ecological footprint calculations have focused on country-level assessments [17,19]. Later,
approaches were developed to calculate EF at the regional [20] or even organizational
level. The principles of corporate EF calculations were developed by Chambers et al. in
2000 [21]. Wackernagel and Beyers have further developed a methodology for calculating
the ecological footprint of enterprises [22]. Their results show that significant progress can
be made towards eco-efficiency. Among the corporate applications of ecological footprint
calculation, general [12] and sectoral [23-25] approaches are also found. The ecological
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footprint indicator can also be used to inform policy decisions, including in key areas such
as Housing Sector Policy [26].

2.2. Housing in Hungary

According to the latest data from 2016, 66.32% of the housing stock in Hungary was
built between 1946 and 1990, during the socialist era [27]. While at the first post-World War
II census 2.5 million housing units were registered in Hungary, the number of dwellings
increased by 10% every 10 years between 1960 and the late 1980s [28]. This is caused by
three factors: (1) fewer dwellings were built in the 1930s and 1940s than before; (2) a large
part of the housing stock was damaged or destroyed during the Second World War; and
(3) the economic restructuring led to a large increase in the urban population and thus in
the demand for urban housing [29].

The large-scale housing shortage in the socialist countries of Central and Eastern
Europe was solved by large-scale housing estates [30]. Following the central, Soviet trend,
countries of the Eastern Bloc first adopted the more ornate, so-called socialist realistic
architecture built with traditional technology, and after 1954, with the cheaper, indus-
trialized prefabricated technology [31]. In the 1950s, housing estates were built using
mechanized, typically block and cast technology, the first of which was delivered in the
capital in 1954 [32]. Due to capacity constraints in the technology, the decision was made
to adopt the technology of the Soviet housing factories, and by that, a significant amount
of housing was built in the late 1960s and early 1970s using newly acquired prefabricated
technology [29].

It is important to point out that the schematic size of housing estates, often beyond
human scale in the case of prefabricated housing technology, has been solved by architects
and builders by landscaping the surrounding area and using open-air architecture [33]. As
a legacy of the socialist era, 14% of the housing stock in 2016 was prefabricated housing,
but this proportion is significantly higher in the capital and rural industrial cities [34]. But
if we take only resided dwellings into consideration, 745 thousand of the 3854 thousand
dwellings were built with prefabricated technology (19.32%). All of them were built
between 1961 and 2000, but approximately 40% of resided dwellings built in 1971 and 1990
used these technologies (see Figure 1).
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Figure 1. The number of resided dwellings based on their building technology and year of building.

Block construction technology allowed for faster and more economical construction of
buildings up to five stories high, compared with the use of traditional small masonry units.
The size of the blocks can vary; we can distinguish small block, medium block, and large
block constructions. A characteristic feature of prefabricated blocks is that the vertical and
horizontal load bearing and space-confining structures of the building are made of large
prefabricated, sheet-like panel elements, which allows both the production and assembly
to be mechanized. The solution reduces the proportion of monolithic structures used
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on-site, thus minimizing on-site formwork, concreting, and scaffolding. The efficiency
of the technology was enhanced by the simplification of logistics for typically greenfield
projects, while the building of public utilities increased the cost of the projects.

Since the 1990s, however, the era of prefabricated housing technology in Hungary
has come to an end [29]. Although no housing estates have been demolished and very
few new housings have been built since using the above technology [35], a significant
proportion of the population still lives there, and the general attractiveness of housing
estates is declining—the proportion of people living in housing estates as a proportion
of the total population fell from 20% to 17% [29] between 1996 and 2016 [27]. However,
it is important to note that this is not a typical Hungarian phenomenon. Central and
Eastern European (CEE) cities generally have a short tradition of urban regeneration. After
the collapse of the centrally planned land management model, urban land began to be
treated as a scarce and valuable resource that needed to be efficiently (re)allocated [36].
However, there are significant differences between housing estates—the aging, low-skilled
population of 1950s estates were replaced by younger, more educated residents after the
1989 regime change, while 1980s estates have maintained some of their original higher
prestige since then [37].

The doors and windows as well as building services of prefabricated buildings were
typically designed for a 30-year lifespan, which justifies their upgrade [32]. Major upgrade
projects started in 2000, under various financing structures; and by 2017, almost half of
the housing stock in residential buildings was involved. However, these upgrades have
been limited to improve the quality of the housing, mainly aesthetically and energetically,
and not to renew the environment or institutions [35]. Industry experts suggest that
these renovations can lead to significant savings in heating costs of between 50 and 85%,
depending on the scale of the upgrade [38,39]. This could even lead to an increase in
demand for these apartments if the high energy prices predictedat the time of writing
persist in the longer term.

2.3. Using the EF Concept in the Construction Industry

The construction industry is one of the largest consumers of natural resources and is
responsible for significant CO, emissions on the planet [40]. One of the tools to combat
climate change is to reduce carbon emissions from the construction industry. These efforts
include the green building concept itself, various certification schemes, and sustainable
building materials [41]. Although the direct footprint of the construction industry is rela-
tively small. Results show that the share of operational energy in the life-cycle energy use
of buildings is significant (80-90%), followed by the share of installed energy (10-20%) [42].
These figures increase significantly when the carbon embodied in materials, operations,
and asset use is taken into account, with over half of the country’s carbon footprint directly
or indirectly related to the construction and use of infrastructure assets, according to a
UK study [43]. Although the drive to reduce carbon emissions from buildings is well-
known and widely accepted, it is proving difficult to achieve. Opportunities to reduce the
carbon footprint are being explored in a variety of ways, for example, using innovative
materials [44-46].

Another way to achieve a more sustainable construction industry is to better measure
the impact of existing technologies. Several tools have been developed to facilitate this. For
example, the use of building information modeling (BIM) creates opportunities to optimize
projects [47-49] and reduce carbon emissions [50-53]. There have been several initiatives to
measure carbon dioxide or carbon dioxide equivalents in the construction industry. Carbon
calculators can be divided into two methodological groups. In one approach, users prepare
their assessment by manually entering each item or material used into a spreadsheet, and
the tool then assigns a carbon emission factor to that item. The second approach takes
an existing data set, which can be in the form of a quantity inventory or BIM data, and
automatically assigns an emission to each item [43]. Many construction companies disclose
mainly those carbon emissions over which they have full control and information, which
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means that the chance of further reductions in emissions could be threatened [41]. While
some tools are sector-specific and as such require specific datasets, others, such as the
Atkins Carbon Critical Knowledgebase, can be used across all sectors. Most tools use the
Inventory of Carbon and Energy (ICE) database, which is a freely available embodied
carbon and energy database for construction materials [54]. The database was updated in
2019, meaning that it is likely to be the ‘go-to” database for the construction industry for
many years to come. There are tools that allow users to select the national database that
best suits their needs [43]. Some surveys show that current digital tools have achieved the
automation of carbon footprint (CF) computation, but the level of development is still far
from “smart” or “intelligent”. The tools cannot be easily adapted and transferred to other
digital approaches [55]. In our view, it may be useful to separate calculators according
to their target audience and purpose of use. Specific, detailed, and specialized solutions
such as Simapro or Ecoinvent are primarily intended for professional purposes, while free,
less sophisticated solutions, usually based on ICE, are less accurate but are available to
a wider audience.

Environmental impact estimates can go beyond CF calculations, with various research
groups calculating them [56,57]. Environmental performance is assessed using global
warming potential (GWP), fossil resource scarcity (FRS), mineral resource scarcity (MRS),
and water footprint (WF) (blue water consumption); cumulative energy demand (CED)
using energy performance [58], material, energy and climate footprint [45]. Pulselli et al.
developed the Emergy Investment Ratio (EIR) as a synthetic indicator of sustainability
for construction applications [59]. As an early application of EF in construction, Li et al.
developed a model to assess the ecological efficiency of urban residential buildings [60].
A detailed computational model of the ecological footprint of residential buildings under
construction in Spain was developed by Solis-Guzman et al. [61]. Both methods only
considered the ecological footprint during construction. Bastianoni et al. use the EF
indicator to calculate the environmental impact of building construction by studying and
comparing two building types in Italy. In the calculations for some residential buildings,
the EF excludes indirectly occupied land, construction, and demolition waste landfills, and
demolition energy [62]. As a result, the calculated total EF may contain some inaccuracy.
Ruiz-Pérez et al. analyzed a computer tool that allows the assessment of the ecological
footprint of the rehabilitation of residential buildings in Andalusia. To correctly evaluate
the ecological footprint generated by the renovation of buildings, 50 residential typologies
were analyzed. They carried out a study of five types of buildings, comparing their impact
in terms of EF according to whether these typologies were renovated or maintained without
any intervention [63]. The life cycle ecological footprint (LCEF) is a further development of
this method to assess the environmental impacts of construction materials [40]. The use of
an ecological footprint indicator is considered a good solution because it also sets an upper
limit to growth, unlike other calculators [64].

The novelty of our research is that although there are calculators for measuring the
environmental impact (carbon footprint) of the construction industry, and there is a method-
ology for calculating the ecological footprint of construction, there is not yet a free online
construction footprint calculator available to any enterprise. This is particularly important
for SMEs, where there are often not enough resources to carry out specific calculations.

To validate the results, a literature review was carried out of academic work on EF
in residential buildings. In our experience, relatively few comprehensive calculations
have been published on the topic; published studies tend to focus on larger spatial units,
and the number of individual building-level analyses is low. However, this field is a
strong focus of the research group of Universidad de Sevilla, which has published several
individual building EF calculations in the 2010s, both independently and in collaboration
with researchers from other countries. The main results of these papers are summarised in
Table 1. However, comparability is reduced by the fact that the Hungarian climate requires
a higher degree of building insulation due to the heating demand in the colder winters.
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Table 1. Literature on EF in new residential construction.

Location Size of Building Methodology Specific EF Source
new construction:
. . Py . 2
Seville (Andalusia, Spain) 50 dwellings (5 detailed ~ holistic approach (EF and  0.260-0.291 gha/m~ floor area [63]

renovation:
0.009-0.022 gha/m? floor area

case studies) financial cost)

n/a (Huelva, Spain)

107 dwellings, with
parking spaces,
storerooms, and shops in
2 purpose-built blocks (4
floors above ground level

total annual EF (inclusive
machinery, materials,
manpower, and
indirect costs)
urbanization taken into

0.385 gha/year/m? floor area [61]

and 2 below ground
each) 5444.91 + 4798.78
m? floor area

consideration

107 multi-family
dwellings, parking lots,

total EF (inclusive
machinery, materials,

La Palma del Condado storerooms, and manpower, and 5
(Huelva, Spain) commercial premises indirect costs) 0.228 gha/m* floor area [65]
8510.70 + 7504.22 m? urbanization is taken into
floor area consideration
total EF (inclusive
. . . single-family dwelling machinery, materials, 5
Seville (Andalusia, Spain) 143 m2 total floor area manpower, and 0.17 gha/m~ floor area [66]
indirect costs)
total EF (inclusive
Temuco (Chilean single-family dwelling machinery, materials, 5
Araucania, Chile) 52 m? total floor area manpower, and 0.19 gha/m* floor area [66]
indirect costs)
1 floor—10.811 gha/person
2 projects with 1,2,3,4, 0T IS ore 4191 thay berson
Spain 5, and 10 floors above Y ’ ’ gha/p [67]

ground level

manpower, and
indirect costs)

4 floors—4.132 gha/person
5 floors—4.196 gha/person

10 floors—4.236 gha/person

3. Methodology

The aim of our former research (see [12,14]) was to develop an easy-to-use EF calculator
for SMEs that could reliably measure corporate environmental impacts. Experiences of
non-standardized calculations showed, however, that a standardized approach (see Table 2)
could take only common elements of environmental impact into consideration. In other
words, while the EF of meals, fossil fuels, electricity, etc. fitted to an easy-to-use, free, and
online calculator, the EF of material usage would significantly reduce usability, thus the
EF of material usage was excluded. This can be verified by the fact that the magnitude
of material usage in total EF is relevant only in some sectors, for example in the case of
agriculture or construction. To take into consideration the EF of material usage, we propose
to use so-called satellite calculators [68], which could comprehend the developed core
calculator. In this article, we propose an easy-to-use methodology for the calculation of the
EF of material usage in the case of construction, which could be used for the development
of an easy-to-use, free, and online satellite calculator.
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Table 2. Element of ecological footprint (EF) calculated by the core calculator of Szennay et al. [12],
their short description, and calculation method.

Element of EF

Description Literature

EFmeals

Food consumption during work time, calculated on the basis of

. . Mo 69
Hungarian national average values ozner [69]

EFwater consumption

Water consumed by employees during work time. Industrial water

consumption is excluded Chambers et al. [21]

EFpuilt-up area Total area of non-water absorbent surfaces Lin et al. [16]
EFo ) Electricity consumption from electricity grid, including heating and IEA [70]
electricity consumption boiling with electric devices DEFRA 2018 [71]
EFheating and boiling Heating and boiling with fossil fuels, e.g., natural gas, coal, or wood. DEFRA 2018 [71]
All transportation related EFs, including commuting (both public
EFransportation transport and vehicles owned by employees or the enterprise); DEFRA 2018 [71]

transportation of goods, use of corporate cars, flying, etc.; petrol, gasoline,

and gas consumption of equipment (e.g., generators) are included

The purpose of using the ecological footprint indicator in our research is not to obtain a
result broken down into land use categories, but to provide a conservative estimate of how
much building exceeds carrying capacity. Based on our previous research, the ecological
footprint indicator can be used to distinguish between good and bad growth [64]. Ecological
footprint (EF) calculations were based on the construction breakdown system (CBS) gener-
ally accepted in Hungarian practice. This means that the list—in principle—includes all
materials and works planned to be incorporated into the building, including their volume
expressed in natural units (e.g., m?, m?, pieces, etc.) in case of self-construction. In the case
of the projects examined, the works carried out by the external contractor usually covered
mechanical engineering, whereas, in the absence of a quantitative statement, the calculation
of the ecological footprint was not carried out. Accordingly, calculations reported in this
study refer only to buildings without mechanical works but already structurally complete,
which is one of the limitations of the results.

The calculation was carried out (see Equation (1) in Table 3) in four steps. First, we
performed a transformation of the CBS, i.e., identifying the material of the items indicated
in it (see Appendix B) and converted them to the unit of measurement preferred in the
calculation (e.g., m2, m?, pcs, etc.). The same unit of measurement allows us to aggregate
the materials used in different packaging (e.g., 10, 15, or 30 cm thickness) in the calculation.

In the second step, the identified material types, converted to a common unit of
measurement, were aggregated for the whole building. The reason for this is that the
logic of the CBS reflects the workflow of the construction, which means that a material
type may not only occur in several different presentations but also in several workflows
or several batches.

For some materials, an additional unit conversion is required, as the EF database may
contain a specific value expressed in a unit other than the preferred unit. It is important to
underline that the preferred unit of measurement is used to aggregate the CBS items and
thus primarily reflects the architectural perspective. While this corresponds to the unit of
measurement in the EF database in most cases, some smaller items (e.g., PVC expansion
profiles, etc.), and windows and doors require additional calculations.

The actual EF calculation, i.e., the evaluation of the identified and aggregated material
species by their specific EF values, was performed in the fourth step. Specific values were
determined using the ICE version 1.6a [72]. It is important to note that version 3.0 of
ICE is also available [73] but using version 1.6a has two benefits: (1) it contains data on a
more extensive scope of construction materials (e.g., plastics, insulation, windows, etc.),
(2) the difference between specific values of 1.6a and 3.0 is rather small; in our two case
studies it is approx. 3 and 11%, respectively. Although other databases, such as Simapro or
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Ecoinvent, contain more accurate values, the sophistication of their methodology and the
cost of the databases were not suitable for the development of a free, easy-to-use calculator
that could be recommended to SMEs. This may reduce the reliability of the results, but the
resulting calculations, which are correct in terms of magnitude, will be available to a much
wider audience.

Table 3. Ecological Footprint calculation equations.

Equation No.

EF naterial = ecological footprint of materials (gha)

EFmaterial = Vi x CFi x AxCF1 X Ei X DFi x FloC

V;: aggregated volume of the i-th material in the CBS expressed in its own preferred unit of measurement (e.g., m? of wall)

CFi: conversion factor of the i-th material (e.g., 220.8 kg/m? in case of a wall built with 30 cm masonry blocks, assuming

that 16 bricks are needed for each m2 of wall and each brick weighs 13.8 kg) (1)
ACFi: additional conversion factor of the i-th material (optional, only in cases of special items, e.g., PVC profiles)

E;: emission factor of i-th material (e.g., 0.21 kgCO, /kg for 1 kg of brick) [73]

DF;: diversion factor, when E; is expressed in an interval (default value = 1)

FIoC: footprint intensity of carbon (0.338 global hectare/kg of CO, in Hungary) [17]

EFyindows = ecological footprint of windows and glazed doors (gha)

EFyindows = Ni X [(w; x h;) x (Eglazing + Eloading) +2 % (wi X hj) X Egae)] x FloC

Nj: number of the i-th type of window(s) or glazed door(s)

i: width of the frame of the i-th type of window or glazed door

h;: height of the frame of the i-th type of window or glazed door )
Eglazing: emission factor of double or triple glazing (e.g., 17.2 kgCO, /kg for 1 m? of glass surface) [73]

Eloading: emission factor of loading (e.g., in case of argon, 0 kgCO, /kg for 1 m? of glass surface) [73]
Eframe: emission factor of the frame (e.g., 1.625 kgCO, /kg for 1 m of timber frame) [73]
FIoC: footprint intensity of carbon (0.338 global hectare/kg of CO, in Hungary) [17]

The material types used and items in the inventory were not necessarily compatible,
so several new items were added to the inventory (e.g., masonry elements). Similarly, in
cases where the specific value of the inventory covers a relatively wide range for technical
reasons, the inclusion of new elements has been applied. In such cases, we selected the
value that best corresponds to the material type actually used by including data on real
products. A good example of this is the case of crotch and facade insulation materials,
where the specific densities, and hence the mass and CO; content of the two types, can
differ significantly. Considering that most specific values were available in kgCO, /kg,
it is necessary to determine the mass of the material types under consideration. For this
purpose, professional guides (e.g., [72,74]) and, where appropriate, product data sheets
were used.

The calculation of the EF of the embodied carbon of windows and doors was made in
a separate calculation (see Equation (2) in Table 3) based on the values given [72]. For the
calculations, we took into account (1) the material of the window (wood, aluminum, PVC),
(2) glazing (double or triple glazing), and (3) the filler between the glass layers (argon,
krypton, xenon). As the CBSs obtained did not contain information on the latter, based on
industry sources, we assumed the use of argon filler. Since this gas has the lowest EF, our
results are either in agreement with or a lower estimate of the real facts. It is important to
emphasize that while other solutions may give more accurate estimates of the materials
incorporated, for the reasons explained earlier, these have also been calculated using ICE
1.6a. The calculator part is very user-friendly and can be used for other complex structures
by modifying the structure used.

The sample included in the study includes 2 new condominium projects and the energy
upgrade projects (i.e., insulation, replacement of windows and doors, and modernization
of the heating system) of 5 existing condominiums. The main details of these projects
are presented in Table 4, while detailed technical data are shown in the Appendix A. It is
important to underline that for the new construction projects, we have taken the as-built
condition as a basis, while mechanical (e.g., electricity, heating, water, heating, cooling,
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etc.), fencing, and all items not included in the CBS were excluded. Two factors combined
explain the disregard for mechanical equipment. On the one hand, the CBS usually did
not contain detailed information on it, so only very rough estimates would have been
possible. On the other hand, the technology used (e.g., heating with gas, geothermal, heat
pumps, etc.) or the use of specific items (e.g., centralized cooling) would have reduced
the comparability of the results. The omission of the fencing was also necessary to ensure
comparability since only one of the studied apartment buildings had a fence, and its exact
technical specifications are not known.

Table 4. Key data from the projects examined.

Project

Main Attributes Apartment Characteristics Other Facts

new build condominium 1

28 storage rooms
31 units
paved parking, fence

three separate two-story buildings 28 apartments, average floor
(ground floor, first floor) area 59.5 m? + covered terrace

new build condominium 2

41 storage rooms
56 above-ground +
73 underground parking spaces

a five-story building (ground floor + 123 apartments, average floor
4 floors) with underground parking area 51.7 m? + terrace

energetic upgrade: prefabricated

five-story apartment building

type A (large block)—1 with a basement 40 apartments + a basement N/A
ener%}e,;iz Zpg;igee:b}l)sgf(é;ljizcated five-stzﬁﬁﬁpaabr;r:eﬁzﬁrilding 40 apartments + basement N/A
crrgt apgade prricaed e dony srmetbling s /A
crrgt apgade priaed e don srmenbuling s /A
energetic upgrade: prefabricated ten-story apartment building 60 apartments N/A

type B (panel)—3

(no information on the basement)

The online calculator was available in a test phase, exclusively in Hungarian at the time
of submission of the manuscript. The English version will be developed after preliminary
industry testing.

4. Results

The EF of the embodied carbon of materials installed in the analyzed new condomini-
ums is 398.24 and 1290.50 gha, which translates into an average of 14.22 and 10.49 gha per
dwelling, respectively (see Table 5). This result suggests that larger projects, despite the
additional material requirements of the underground parking, also have more favorable
environmental impact characteristics, mainly due to the number of floors (1 and 4, respec-
tively) and to a lesser extent to the smaller average floor area of the apartments (59.5 and
51.7 m?, respectively). For the new-build condominium 1, a list of the apartments by the
number of rooms was also available, which allowed us to estimate the expected number
of occupants. The average number of occupants was assumed to be two-and-a-half for
two-room flats, three for three-room flats, and three-and-a-half for four-room flats, giving
an EF per occupant of 5.04 gha, which is 1.94 times higher than the per capita biocapacity
of Hungary (2.6 gha/person) [75].

Two materials, structural concrete and reinforcing steel, account for the largest share of
the environmental burden—71.6% and 75.3%, respectively, of the total EF considered. This
is due to the combined effect of two factors, (1) the installed volume (2083 and 5851 m3,
respectively) and (2) the high specific weight of structural concrete (2500 tonnes/ m3). This
result is consistent with the findings of other researchers [66,67].
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Table 5. The ecological footprint of materials built-in for new construction projects.

Name Unit of Measurement New Build Condominium 1 New Build Condominium 2
GHG emission tonnes of CO, 1178.23 3818.03
ecological footprint global hectares (gha) 398.24 1290.50
ecological footprint per dwelling gha per apartment 14.22 10.49
foot(})) fr tlstelf)sf ;gl;izézeter gha per square meters 0.17 0.20
footprint per capita gha per capita 5.04 N/A

The energetic upgrade projects only included changes to the building structures, so
only the external thermal insulation works on the structures and effects of the possible
replacement of windows and doors were quantified. Our results show that the environ-
mental impact of these projects is significantly lower than for new buildings, ranging from
0.3 to 0.8 gha per dwelling, depending on the replacement of windows and doors (see
Table 6). This is due to the fact that high mass and high environmental impact elements, in
particular, the structure and masonry exist. Our results also show that in these cases, being
relatively complex and heavy products, nearly half of the environmental impact is caused
by the replacement of windows and doors.

Table 6. The ecological footprint of materials used in energy upgrade projects.

Prefabricated Prefabricated

y Unit of Type A (Large  Type A (Large Prefabricated Prefabricated Prefabricated
easurement Block) 1 Block) 2 Type B (Panel) 1  Type B (Panel) 2  Type B (Panel) 3
m? 1356.5 1468.9 1690.0 1690.0 2437.6
built-in materials m? 3329 3522 1017 1017 500.3
windows and doors Piece 0 0 142 142 228
number of apartments Piece 40 40 40 40 60
total surface area (facade) m? 1152.9 1265.3 1484 1484 2064.9
total surface area (end slab) m? 345 345 560 560 462.5
CO, tonnes 36.0 38.6 80.2 78.7 138.8
per dwelling tonnes/dwelling 0.9 1.0 2.0 2.0 2.3
ecological footprint gha 12.2 13.0 27.1 26.6 46.9
per dwelling gha/dwelling 0.3 0.3 0.7 0.7 0.8

5. Conclusions and Discussion

The most important practical implication of our results is that the environmental
impact of the materials used in new condominium buildings in Hungary is determined
by a small number of items, mainly concrete, which are typically heavy and often have a
high environmental impact. For both projects studied, concrete and associated reinforcing
steel together accounted for at least 70% of the EF, while the items with the 10 highest
environmental impacts together are responsible for more than 90% of the EF of the total
residential building (see Supplementary Materials). The generalisability of the results
is enhanced by the fact that in our previous research, we found similar values for new
single-family houses [68].

A further implication is that the process can be standardized quickly and cheaply, as
hundreds of items are needed to be individually assessed to obtain results with sufficient
accuracy since it is sufficient to assess the critical elements, concrete, and associated rein-
forcing steel, and larger mass items (e.g., masonry, plaster, windows, etc.), while remaining
elements can be added at a flat rate determined by expert estimation.
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Policy implication: since the EF is mainly determined by the structural elements and
masonry, it is environmentally highly efficient to upgrade existing buildings that are in a
structurally sound condition. The latter has a significantly lower environmental impact
per dwelling compared with new construction (0.7-0.8 vs. 10.49-14.22). When considering
the associated labor, energy used, and transportation, the difference is expected to increase
further. Given many prefabricated housing units in the housing stock of the former socialist
states of Central and Eastern Europe, and the limited number of housing types, our results
can also contribute to the basis for the renewal of such urban areas. Moreover, as the energy
savings of these buildings are also predictable, the extent of energy savings at the national
level can be identified as a further research direction. The analysis is currently based on
data from Hungary but could be adapted to other countries depending on the building
technology, so the research could be extended in this direction, as well.

6. Limitations of Our Research

A limitation of our results is the size of the sample, i.e., the fact that we analyzed
only two new-build condominiums and three, plus two, projects of former residential
construction technologies. Although our experience shows that the projects analyzed,
particularly energy upgrade projects, are a good representation of the improvements
made, a larger sample would presumably increase the robustness of the results. A further
limitation is that for the new construction projects, items not included in the CBS and not
detailed, in particular, doors, mechanical engineering, and fencing, were not included in
the analysis. However, these items are significantly smaller in volume and mass than the
structure and masonry, and their environmental impact is therefore considered to be low.
The main limitation of our research is that it does not answer the question of whether
new construction or energy upgrade has a smaller ecological footprint since we must take
into account the energy demand (and its source) and projected lifetime of the building,
as well. At the same time, the calculation clearly shows the difference between the EFs
of new construction and renovation and makes it clear that, if the new building is not
significantly more energy efficient than the renovated one, the new construction is unlikely
to be environmentally viable, which can help investors, clients and policymakers to make a
case for a specific building or urban development direction.

Our current research does not cover other types of footprints (e.g., water footprints).
Future extension of the analysis in this direction may refine the findings of our research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /resources12010015/s1, Table S1: Project 1 (largest 10 items, 90%+ of
embodied carbon); Project 2 (largest 10 items, 90%+ of embodied carbon).

Author Contributions: Conceptualisation and methodology C.S., A.S. and Z.M.; Data collection.
A.S.; Validation and formal analysis, A.S. and Z.M.; Writing—original draft preparation C.S., A.S.
and D.R.S.; Writing—review and editing, supervision and project administration C.S. All authors
have read and agreed to the published version of the manuscript.
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Appendix A. Main Technical Parameters of Construction Methods of Analysed Buildings
Appendix A.1. New Condominium 1

The buildings include 28 apartments, 28 storage rooms, corridors, and extra spaces.
The apartments were arranged in three separate buildings, divided into two-, three- and
four-room flats. Building A consists of 12 apartments, Building B has 10 apartments and
Building C has 6 apartments. The foundations of the three buildings are strip foundations.
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The buildings are masonry structures with a monolithic reinforced concrete slab, with
attic walls and flat roof insulation on the upstairs slab. The main walls are made of 30 cm
handmade masonry; the partition walls between the apartments are made of two layers of
20 cm handmade masonry with additional sound insulation in between, and the partition
walls inside the apartments are made of 10 cm partition slabs. Roof structure: flat roof
with a load-bearing layer of gravel, with a straight pitch, rainwater insulation, protective
separation layers, and vapor proofing. Rainwater drainage is collected at points on the
flat roof through concealed PVC pipes. The facade opening structures are made of white
plastic Internorm windows with three layers of glazing and roller blinds (K = 0.7 m?/K).
The floor structure, facade behind the plaster, and roof structure are insulated with thermal
insulation in the thicknesses indicated on the sectional drawings.

Appendix A.2. New Condominium 2

During the development, they built 120 apartments in three phases. Most of the
materials for the project were supplied from the prefabrication plant of Leier Hungaria Kft.
in Gy®&r, located three kilometers away from the construction site. The investment period
for the building was 16 months. Bark walls, bark slabs, and bricks were also used in the
construction. Leier products were used extensively in the basement of the house and also
above ground. The use of prefabricated elements requires that the building structure and
fittings to be incorporated into it are designed following the technology by the designers
responsible for each branch (architects, structural engineers, mechanical engineers, and
electricians). In this way, the construction phase can be shortened considerably, and
the need for labor can be significantly reduced. The number of workers onsite can be
significantly reduced by using Leier prefabricated wall, slab, and stair elements.

Appendix A.3. Prefabricated Type A (Large Block)

Block construction allowed for much more economical and faster construction than
the small (brick) masonry units used previously. Block construction was used mainly
for multi-family housing, which could be up to five stories high. The block walls were
constructed using a 30 cm extended modular system. The average height of a story is
2.80 m. Consequently, the nominal height of the complete blocks is 2.80 m, the nominal
height of the middle blocks is 1.40 m and the nominal height of the small blocks is 0.93 m.
The nominal width of the blocks is 0.60 m, 0.90 m, and 1.20 m, respectively. Their nominal
thickness is 30 cm (actual thickness: 29 cm).

Appendix A.4. Prefabricated Type B (Panel)

The panel construction method is characterized by the fact that the vertical and hori-
zontal load-bearing and space-confining structures of the building are made of large pre-
fabricated panel-like prefabricated elements. The technological processes can be well-
mechanized, both in the prefabrication and assembly phases. The high degree of mechaniza-
tion makes it possible to produce serial production. As a result, entire districts have been
built up of buildings with identical structures and facades. Due to the prefabricated nature
of the construction method, the proportion of monolithic structures onsite has been reduced,
thus minimizing on-site formwork, concreting, and scaffolding. Some of the panels typical
of the construction method could be delivered to the site in an almost fully finished state.

Appendix B. Items Included in the Calculator

Windows: material, filling, number of layers, size

Surface preparation: dolomite, slag, gravel

Onsite and precast concrete: concrete, lightweight concrete, reinforcing steel
Masonry: masonry units 10-12-20-25-30 cm

Plastering and rendering: plaster, glass fibre

Drywall: plasterboard 10.0-12.5 mm, fibre insulation, OSB board

Cladding; tiles, glue
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Tiling: tin, PVC, aluminum

Finishing: plaster, paint (one/double coat)

Insulation: bitumen, PVC, vapor barrier board, gravel, perimeter insulation foam,
polyethylene, PIR foam, EPS (step-resistant/non-step-resistant), XPS (step-resistant/non-
step-resistant)
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