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Abstract

Purpose An estimation of the environmental impact of buildings by means of a life cycle assessment (LCA) raises uncer-
tainty related to the parameters that are subject to major changes over longer time spans. The main aim of the present study
is to evaluate the influence of modifications in the electricity mix and the production efficiency in the chosen reference year
on the embodied impacts (i.e., greenhouse gas (GHG) emissions) of building materials and components and the possible
impact of this on future refurbishment measures.

Methods A new LCA methodological approach was developed and implemented that can have a significant impact on the
way in which existing buildings are assessed at the end of their service lives. The electricity mixes of different reference years
were collected and assessed, and the main datasets and sub-datasets were modified according to the predefined substitution
criteria. The influence of the electricity-mix modification and production efficiency were illustrated on a selected existing
reference building, built in 1970. The relative contribution of the electricity mix to the embodied impact of the production
phase was calculated for four different electricity mixes, with this comprising the electricity mix from 1970, the current elec-
tricity mix and two possible future electricity-mix scenarios for 2050. The residual value of the building was also estimated.
Results and discussion In the case presented, the relative share of the electricity mix GHG emission towards the total value
was as high as 20% for separate building components. If this electricity mix is replaced with an electricity mix having greater
environmental emissions, the relative contribution of the electricity mix to the total emissions can be even higher. When,
by contrast, the modified electricity mix is almost decarbonized, the relative contribution to the total emissions may well be
reduced to a point where it becomes negligible. The modification of the electricity mix can also influence the residual value
of a building. In the observed case, the differences due to different electricity mixes were in the range of 10%.

Conclusions It was found that those parameters that are subject to a major change during the reference service period of the
building should be treated dynamically in order to obtain reliable results. Future research is foreseen to provide additional
knowledge concerning the influence of dynamic parameters on both the use phase and the end-of-life phase of buildings,
and these findings will also be important when planning future refurbishment measures.

Keywords Global warming potential (GWP) - Production phase - Electricity mix - Production efficiency - Residual value -
Refurbishment - Building components - Life cycle assessment (LCA)

1 Introduction

Construction has been identified as one of the most impor-
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tant target sectors to be tackled in order to reduce climate
change and its effects. This has been highlighted in the
reports published by the UN Environment (UN Environment
Programme 2018; UNEP 2020), the International Energy
Agency (IEA and UNEP 2019), and the International Panel
on Climate Change (IPCC 2018), among others (Wu et al.
2017). These reports have also indicated that buildings have
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significant potential for reducing their impacts on the envi-
ronment when they are made fossil-free and with near-zero
energy consumption within a short period of time (Rock
et al. 2019). The regulations for new buildings are thus
becoming ever stricter, but on the other hand, the major-
ity of emissions are caused by buildings that are already
in existence. Research has indicated that 80% of all build-
ings that will be occupied in 2050 already exist and must
therefore be renovated as a priority in order to reduce their
environmental impacts and mitigate climate change (Vilches
et al. 2017). Refurbishment of the existing building stock has
been recognized as one of the key future tasks for reducing
the environmental impacts associated with buildings (Anand
and Amor 2017; EC 2020).

Much research has been done recently on how to reduce
the environmental impacts of the existing building stock with
refurbishment measures (Hikkinen 2012; Ballarini et al. 2014;
Assiego de Larriva et al. 2014; Oregi et al. 2015, 2017; Corrado
and Ballarini 2016; Agostino et al. 2017). These studies mainly
focus on investigating different refurbishment approaches and
their influence on the environmental impacts of the buildings
(Stazi et al. 2012; Pomponi et al. 2015; Ortiz et al. 2016;
Passer et al. 2016; Ruud et al. 2016; Rodrigues et al. 2018).
For the calculation of the environmental impacts the life cycle
asessment (LCA) methodology is often applied. Assessing the
environmental impacts of building refurbishment, however, has
proved to be a challenging task. Vilches et al. (2017) identified
one of the biggest problems are the different interpretations of
EN 15978 and the different scopes of the studies. In his study,
he emphasized that the environmental impacts of materials and
components prior to the refurbishment should also be analysed
if we are assessing the environmental impacts of the entire
building (and not just the impacts of building-refurbishment
measures) in order to avoid the information gap for the end-of-
life (EoL) processes. Including the information about the
processes and materials before the refurbishment also helps

Fig.1 Residual value of a
building (shaded grey) (Potr¢
Obrecht et al. 2019)
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to determine the residual value of a building or a component
correctly. Its correct determination supports the evaluation of
the refurbishment in comparison with the alternative scenario
“demolition and new construction.” According to Severin (2018)
and Guida et al. (2015), the residual value is the sum of the
not-amortized environmental impacts embodied in building
materials observed at a specific point in time. When observ-
ing a building at a specific point of time during its life cycle,
some materials are already amortized and some still have a large
residual impact, because either they have a long reference ser-
vice life (RSL) or they were recently exchanged (Grant and Ries
2013; Grant et al. 2014; Rauf and Crawford 2015; Potr¢ Obrecht
et al. 2019), as illustrated in Fig. 1. With the “residual-value”
approach, we can obtain an insight into whether the materials
have fulfilled their function (e.g., building component 2) or if
their lifespan ended prematurely (e.g., building components
1 and 3). This information is important for planning future
refurbishment measures and so it must be calculated correctly.
Nevertheless, there is a lack of scientific literature dealing with
the residual environmental impact of buildings and its effect on
refurbishment decisions.

To calculate the residual embodied impacts (the residual
value) of existing buildings, we need data for the construc-
tion materials that were manufactured in the past. However,
at that time, no data about the environmental impacts for the
production of individual building materials was collected.
The first official life cycle inventory (LCI) databases started
in the late 1990s, and no data is available before this period
(Martinez-Rocamora et al. 2016). Although some processes
might have changed over time, it is assumed that the general
principles for the production of the building materials stayed
the same for several decades, with the result that the current
datasets can also be remodelled to obtain an approxima-
tion of the embodied environmental impacts of the materi-
als produced at an earlier date. For a more accurate model-
ling of environmental emissions in the past, including the
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production change, accurate data is needed. However, this
is often difficult to obtain.

In this study, we have shown the influence of the dynamic
development of production on environmental impacts by
using the example of the timely accurate electricity mix and
assuming an increase in production efficiency over time.
Following some principles of a dynamic LCA, which is an
approach that includes dynamic process modelling in the
context of temporal and spatial variations in the surrounding
industrial and environmental systems (Collinge et al. 2013;
Su et al. 2017), we can re-model the electricity mix in the
already-existing LCA datasets (e.g., in databases like Ecoin-
vent) to correspond with the electricity mix used at the time
of the production of the selected materials. The electricity
mix is a combination of different sources and technologies
of electricity generation that are constantly developing over
time (Barros et al. 2020). The study of Kono et al. (2017)
suggested that in some cases, it is even makes sense to use
hourly greenhouse gas (GHG) emission factors to quantify
the global warming potential (GWP) accurately. Studies have
shown that the energy or electricity mix chosen in an LCA
study usually has a strong influence on the LCA results, and
due to the long lifespan of the building, the parameter is
subjected to changes during this period (Roux et al. 2016;
Barros et al. 2020). Therefore, the re-modelling of the data-
sets contributes to a more realistic determination of the envi-
ronmental impacts produced in the past and thereby also to
a more reliable determination of the residual value of the
buildings. To the best of our knowledge, however, this issue
has never been investigated in any previous research work
and is a novel approach in this field.

The objective of the paper is to compare the environ-
mental impacts of selected building materials and compo-
nents that were modelled with the electricity mix and the
assumed efficiency for the past. In addition, we also assessed
the predicted future electricity mixes to test whether the rel-
evance of using the accurate electricity mix will increase
or decrease in the future. The LCI datasets were adapted in
such a way that they give an approximation of the produc-
tion procedure using the electricity mixes that were used at
a specific time in the past. A case-study building located
in central Europe (Slovenia) was selected to illustrate the

Fig.2 New, three-phase
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approach. A temporal differentiation is introduced, which is
not normally applied in a traditional LCA. The scenarios for
the electricity mix and the production efficiency were based
on the collected data and the assumptions.

Additionally, the extent to which the modification of the
electricity mix and the production efficiency influence the
residual value of the building was tested. The calculation
of the residual value for the building is often used to deter-
mine the refurbishment measures and to observe which ele-
ments are discarded prematurely during the refurbishment
process. The aim is to find out whether the modification of
the electricity mix has a strong impact on the residual value
of the building and its components and can therefore have
an influence on decisions about the refurbishment measures.

2 Methodology

A new approach to the modelling was developed for
the testing the objectives. The approach involves three
phases, as presented in Fig. 2. In PHASE 1, the electricity
mix is remodelled for the selected periods. This phase is
explained in Sect. 2.1. In PHASE 2, the life cycle inven-
tory datasets are remodelled using the electricity mixes
obtained in the previous phase. At this point, cut-off cri-
teria were applied to avoid the re-modelling of the sub-
materials that do not make a significant contribution to
the end-results. The re-modelling process is presented in
Sect. 2.2. In PHASE 3, the residual value of the building
is calculated using the remodelled datasets. This phase is
further explained in Sect. 2.3.

The results are presented for the GWP impact category.
The database used in the study is Ecoinvent 3.5 (Werner
et al. 2016). The characterization factors used for the cal-
culation were CML 2001-January 2016 (Heijungs et al.
2013). The novel approach is illustrated for the case study
of an apartment building in Slovenia, built in 1970, that is
now to be renovated, and for which the residual value will
first be calculated. The case study is a reference building,
representing a typical residential building from the period
between 1971 and 1980. It was selected as part of interna-
tional project Tabula (Ballarini et al. 2014; Mastrucci et al.

PHASE 2
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and submaterials

PHASE 3

calculating the residual value
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Fig.3 Reference building, a typical residential building from the
period 1971-1980

2017). The building is presented in Fig. 3 and Table 1. The
scope of the study is focused on the embodied impact of
the production phase, i.e., phases A1-A3, covering the raw-
material supply, transport, and manufacturing according to
EN 15,978 (CEN 2011). The functional unit (FU) is defined
as the whole typical residential building, with a RSL of
60 years (Foft et al. 2018).

2.1 Electricity mix remodelling

The electricity mixes of individual countries change con-
tinuously, in general following the national strategies and
technological developments. For example, they must now
comply with the global energy and climate targets set out
in the European Green Deal strategy (EC 2020), the main
goal of which is for Europe to become the first climate-
neutral continent, following the goals of the Paris Agree-
ment (UN 2016). For this reason, the environmental emis-
sions from the electricity mixes are in a constant state of
change.

As a first step, the electricity mixes for the past were
remodelled based on the data obtained from Slovenian’s
Statistical Office (SI-STAT), while the prediction for the
future electricity mix was obtained from two sources: the

Table 1 Reference building, a

. . . o Reference building
typical residential building from

the period 1971-1980 Component Area (m?)
Foundation slab 506.5
Outer wall 1241.9
Windows 267.9
Slabs 2532.5
Inner walls 4216
Roof 646.6
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Energy Concept of Slovenia (ECS) (Slovenian Ministry of
Infrastructure 2017) and the National Energy and Climate
Plans (NECP) (European Commission 2020). The environ-
mental emissions for the average electricity mixes in every
decade between 1970 and 2050 were then calculated. The
results of these calculations are shown in Fig. 4.

As presented in Fig. 4, Slovenia’s electricity mix in
2020 is still heavily dependent on nuclear, thermal (coal-
generated), and hydro energy. Prior to 1970, the year when
the Slovenian nuclear power plant was built, the electric-
ity requirement was supplied solely by hydro and thermal
power plants. The long-term strategy, in line with interna-
tional policies, is to decrease the use of fossil fuels and to
increase the share of renewables and low-carbon energy
sources.

In this paper, we present two possible future devel-
opments for the electricity mix. The first scenario, the
ECS, makes the assumption that the nuclear power plant
will be active until 2043 and that fossil fuels will have
been abandoned by 2040. The electricity supplied by
these two sources will be replaced partly by renewable
energy sources and partly by the use of natural gas. As
shown in Fig. 4, in first period, the GHG emissions will
decrease only slowly, because of the abundance of fossil
fuels, while after 2040, emissions will increase, when the
electricity from the nuclear plant is partly substituted by
energy from natural gas, which typically has larger emis-
sions. The second scenario, that of the NECPs, proposes
a decarbonisation of the electricity mix by building a new
nuclear power plant and increasing the share of renew-
able-electricity production. The GHG emissions will
then be decreasing steadily during the observed period.
However, we must emphasize that due to the electricity
generation from nuclear power, the GHG emissions from
the electricity mix will be decreasing. The use of nuclear
power remains controversial but these problems exceed
the scope of this study (Wang et al. 2019).

2.2 Remodelling of the datasets

In the second phase, some of the existing life cycle inventory
(LCI) datasets of building materials were remodelled. The most
common databases use the unit process (u-so) or the aggre-
gated (agg) approach for modelling their datasets (Espinoza
et al. 2000). The first of these make it possible to trace the
processes down to the raw-material extraction and gives a
very accurate insight into which processes contribute the
most to the final environmental emissions. The downside of
this is that the models are very large and difficult to man-
age. The agg databases, on the other hand, are small and
very easy to use, but they do not provide a detailed insight
into the upstream processes. Furthermore, they are unable to
provide the option of being changed at any point, as most of
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the data are accessible only to the database operators. Since
the task of this phase is to remodel the datasets, the u-so
dataset had to be used. Therefore, the Ecoinvent database 3.5
(Ecoinvent integrated in Gabi) was used in this study (Wer-
ner et al. 2016). Its database contains the u-so datasets that
make possible the remodelling (Saade et al. 2019). The remod-
elling and calculating of the results were performed in Gabi.

The remodelling process is illustrated in Fig. 5. In STEP
1 the electricity mix of the original process dataset alone
was replaced with the electricity mix of the period when
the component/material was produced. We assumed that the
country’s electricity mix is representative, although we have
to point out that in practice the component could be produced
with a regional mix that is different, or that the component
could be produced in other countries. However, this is beyond
the scope of the study. In STEP 2, the electricity mix of the
original processes dataset is further subdivided into sub-
processes, and in each of the processes and sub-processes the
electricity mix was replaced with the electricity mix of the
period in which the component/material was produced. The
third step (STEP 3) follows the principle of the previous two,
but in addition, the production efficiency is modified. A 0.5%
production efficiency increase in electricity consumption per

Fig.5 Stepwise remodelling of - - - == =~ N
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year is assumed (as in Van De Moortel (2019)) since no actual
data about the efficiency increase of individual production
processes were found for the observed region. This means that
the production process is assumed to have been less efficient
in the past and thus required a higher electricity input. On the
other hand, production in the future is expected to be even
more efficient than at present and less energy will be needed.
For the calculation of the efficiency increase, the interest rate
methodology was applied using the equation:

Gn = GO + n-(GO-p)/10

where G, are the initial impacts calculated for the current condi-
tions, p is the interest rates, and » is the time horizon in years.
The cut-off criteria were applied to remodel the existing data-
sets. The electricity mix was modified in those sub-materials
that make up more than 1% of the entire mass of the initial
material and that include the electricity mix as one of the inputs.

2.3 Residual value calculation

The residual value is the sum of the not-yet-amortized,
embodied energy/environmental impacts evaluated in a
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specific moment in the production phase, whereas the
embodied energy/emissions includes the production phases
(module A1-A5), maintenance (B4), and the end-of-life
(EoL) phases (module C1-C4) according to EN 15804
(CEN 2012). The building materials and components are
amortized within their reference service life (RSL), and the
building should be amortized within the observed reference
service period (RSP). The definitions of the building ref-
erence service period (RSP) and the reference service life
(RSL) of the components are thus of great importance for
defining the residual value of a building. These values can
vary depending on the database of their source (Rauf and
Crawford 2015). They are influenced by different parame-
ters, e.g., the indoor and outdoor environments, the predicted
maintenance, and the design of the product (Grant and Ries
2013; Grant et al. 2014; Dixit 2019).

In the presented case study, the residual-value calculation
is simplified, because the aim of the study was to evaluate
how the electricity-mix modification can influence the resid-
ual value of the building and to see if the differences can
influence the decisions made about the future refurbishment
measures. Only the production phases (A1l to A3 according
to EN 15978) were used for the calculation of the residual
value. The RSP of the building is 60 years. For the determi-
nation of the RSL of the individual components, the German
BNB database was used. According to this database, none of
the major components need to be replaced within the RSP
of the building since their RSL is higher than 50 years, and
therefore it was assumed that their amortization time is the
same as the RSP (Bbsr 2011). The regular repainting of the
walls has a negligible impact on the GHG emissions and was
therefore not included in the residual value calculation of
the whole building.

3 Results

This section presents the results of the GHG emissions
and residual values for our case study, i.e., the apartment
building dating from 1970. The first subsection shows the

IN ouT

00 02020303030503030;
R RRRRRRRRRK,
Fig.6 Cross-section of the external wall
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remodelling approach for the individual components, and
this is illustrated using the external wall as an example.
This approach was also performed on all the other compo-
nents of the building. The results for the other components
are available in the Appendix. The purpose is to illustrate
how the environmental impacts change when the electricity
mixes from the production time of the existing materials
are used for the calculation. Furthermore, datasets are also
remodelled with future energy mixes, with the aim of inves-
tigating how the influence of the electricity mix will behave
over time. In the next step, the difference in the results is
shown for all the remaining components of the building.
Finally, based on the previous results, the residual value of
the building before refurbishment was calculated using dif-
ferent electricity mixes and the difference in the results was
then analyzed.

3.1 Remodelling of the external wall

The external wall of our building (Fig. 6) is composed of
the structural part, which is built from concrete blocks
with adhesive mortar in the joints and a finishing layer (see
Table 2). Base plaster is used on the inside, with a water-
based paint, and there is a cover coat on the outside.

Each individual dataset used in the external wall of
the case study was remodelled according to the described
methodology. When observing the results (see Table 3 and
Fig. 7) after step 1 for the actual electricity mix (2020), it
would appear that the contribution of the electricity mix
to the total GHG emissions is relatively small in the case
of some materials. For the concrete block, paint and the
adhesive mortar, this value is between 0.7 and 1.1%. The
GHG emissions of the electricity mix are higher in the
cases of the base plaster and the cover coat, at 5.2 and
12.9%, respectively. In step 1, however, the electricity
mixes are modified only in the main process and not in all
the sub-processes that are included in the main process.
Although this approach is often applied in practice, it does
not give realistic results, since it neglects the contribution
of the electricity mix in the subprocesses that can sub-
stantially contribute to the final result. In step 2, after the

Table 2 Exterior wall composition and basic data of the components

Exterior wall 1 m?

Thickness (cm) Volume (m?) Mass (kg)
Cover coat 0.015 0.029 28
Concrete brick 0.29 0.275 440
Adhesive mortar / 0.015 30.45
Base plaster 0.015 0.015 24
Alkyd paint / / 0.28
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Table 3 Relative contribution of the electricity mix towards the total GHG emission of materials calculated with electricity mixes for different

periods and corresponding production efficiencies

1970 2020 2050 ECS 2050 NECP

Stepl Step 2 Step3 Step 1 Step 2 Step3 Step 1 Step 2 Step3 Step 1 Step 2 Step 3
Concrete block 1.1% 102% 12.4% 0.7% 6.5% 6.5% 0.6% 5.5% 47%  0.1% 0.6% 0.5%
Adhesive mortar 1.7% 15.1% 18.2% 1.0% 9.8% 9.8% 0.9% 8.5% 73% 0.1% 1.0% 0.8%
Base plaster 82% 14.5% 17.5% 52% 9.4% 9.4% 4.4% 8.1% 7.0%  0.5% 0.9% 0.8%
Cover coat 195%  31.4% 36.4%  12.8% 21.5% 21.5% 11.1% 19.0% 16.7%  1.3% 2.4% 2.1%
Paint 1.7% 7.5% 9.2% 1.1% 4.7% 4.7% 0.9% 3.9% 33%  0.1% 0.4% 0.4%

sub-datasets have been remodelled according to the substi-
tution criterion, the relative contribution of the electricity
mix increases, as illustrated in Fig. 7, since now also the
GHG emissions of the electricity mix of the sub-databases
were isolated and exchanged with the reference-year elec-
tricity mix. The relative contribution of the electricity to
the total GHG emissions is 67.3 and 80.9% higher for the
cover coat and base plaster, respectively. For the paint,
adhesive mortar and concrete block, these contributions
are even 4.4 to 9.4 times higher than in step 1. They con-
tribute from 4.8 to 21.5% to the total GHG emissions.
The objective of the study was to see if the remod-
elling of the datasets with the electricity mixes used in

the past can influence the result. After the substitution
of the current electricity mix with the 1970 electricity
mix, the relative contribution of the electricity mix to the
total GHG emission increases. The relative contribution
after step 2 is between 7.5 and 31.4%, which is on average
54.0% more than in 2020. If the production efficiency is
also considered (step 3), the relative contribution of the
electricity mix is between 9.1 and 36.4%. The total emis-
sions increase by between 3.2 and 14.1% after step 2 and
between 5.1 and 23.1% after step 3, as illustrated in Fig. 7.
The increase in the total emissions is higher if the electric-
ity mix of a single material contributes a lot to the total
emissions. Therefore, the increase of the total emission is
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Fig.7 Calculated GHG emissions of 1 m? of outer wall from materials according to the new remodelling approach
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the lowest in the case of paint and the highest in the case
of the cover coat.

In addition, we also remodelled the datasets with future
electricity mixes (scenario ECS and NECPs) to compare
how they contribute to changes in the total emissions in
the future. The scenario ECS foresees an electricity mix
that is similar to the current electricity mix. The relative
share of the electricity mix in the total emissions is, on
average, 15% lower for individual materials after step
2 and 25.0% lower if the production efficiency is also
included (step 3). The total emissions decrease by between
0.8 and 2.9% for step 2 and between 1.4 and 5.7% for step
3. In the case of the scenario 2050 NECP, which foresees
an almost completely decarbonized electricity mix in the
future, the contribution of the electricity mix to the total
emissions decreases substantially. The relative share of
the electricity mix towards the total emissions is, on aver-
age, 90.0% lower for individual materials (between 0.4 and
2.4%) after step 2 and 91.5% lower (between 0.4 and 2.1%)
if the production efficiency is also included (step 3). The
total emissions decrease by between 4.0 and 19.5% for step
2 and 4.1 and 19.8 for step 3.

3.2 Construction components

The calculation procedure according to the new method-
ology was subsequently performed for other construction
components of the building. The results after step 1 for
the actual electricity mix (2020) show (see Table 4) that
the contribution of the electricity mix to the total GHG
emissions is between 0.7% in the case of the foundation
up to 9.8% in the case of the roof. After further modifica-
tion of the electricity mix of all the relevant sub-dataset
that applies, according to the declared substitution rules
(step 2), the contribution of the electricity mix to the total
emissions grows from 8.0 to 13.9%.

Furthermore, if we are substituting the electricity
mix with the energy mix of 1970, the relative contribu-
tion of the electricity mix increases by 50% on average.
In the first step (step 1), the relative share of the GHG
emissions caused by the electricity mix is in the range

between 1.1 and 2.9% for the foundation, outer walls,
and inner walls. In the case of the windows and roof,
the contribution of the electricity mix to the total GHG
emissions is higher, i.e., 8.6 and 15.2%. With the engage-
ment of the procedure in step 2, the relative contribution
of the electricity mix to the total emissions rises from
12.75 to 20.83%. In addition, with the introduction of
the production efficiency (step 3), the relative contribu-
tion of the electricity mix rises to values between 15.1
and 24.8%. As illustrated in Fig. 8, the total emissions
in step 2 increase between 5.0 and 9.0%. If an additional
decrease of the production efficiency is considered (step
3), the total emissions increase to between 8.3 and 14.7.
Again, the increase of the total emissions is higher if the
electricity mix contributes in a greater amount to the
total emissions. The changes in the total GHG emission
are not significant, but they should not be neglected in
the case they are used for calculating the residual value
of a material or a component.

The relative contribution of the electricity mix to the total
emissions is reduced when the modified electricity mix has
a lower environmental impact compared to the current elec-
tricity mix. This is the case for the two presented future sce-
narios. In the 2050 ECP scenario, the relative contribution
of the electricity mix to the total GHG emissions is similar
to the case of the current electricity mix. In step 2, the rela-
tive share in the total emissions is on average 14% lower
(between 12.5 and 20.8%). If an additional increase of the
production efficiency is considered, the relative contribution
decreases by 25.7% (the relative share is between 15.1 and
24.8%). The decrease of the total GHG emissions is between
1.2 and 2.2 for step 2. If the increase of the production effi-
ciency is considered, the total emissions decrease between
2.3 and 3.9%. For the 2050 NECPs scenario, the decrease
of the environmental emissions associated with the electrify
mix is considerably higher.

In step 2, the relative share of the total emissions is
between 0.8 and 2.1%. If a further increase of the produc-
tion efficiency is considered, the relative contribution is even
lower, between 0.7 and 1.8% to the total GHG emissions.
In this case, the electricity mix is almost decarbonized;

Table 4 Relative contribution of the electricity mix to the total GWP emission of components calculated with electricity mixes for different peri-

ods and corresponding production efficiencies

1970 2020 2050 ECS 2050 NECP

Stepl Step 2 Step3 Step 1 Step2 Step3 Step 1 Step2 Step3 Step 1 Step 2 Step 3
Outer wall 23%  12.7% 15.4% 1.4% 8.2% 82% 1.2% 7.0% 6.0% 0.1% 0.8% 0.7%
Foundation/Slab 1.1% 16.2% 19.4% 0.7% 10.5% 10.5%  0.6% 9.1% 78%  0.1% 1.1% 0.9%
Inner wall 29%  12.5% 15.1% 1.8% 8.0% 8.0% 1.5% 6.9% 59% 0.2% 0.8% 0.7%
Window 8.6%  20.8% 24.8% 5.4% 13.9% 13.9%  4.6% 12.0% 104%  0.7% 21% 1.8%
Roof 152%  20.2% 24.1% 9.8% 13.4% 13.4%  8.5% 11.6% 10.0% 1.0% 1.4% 1.2%
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Fig.8 GHG emissions for 1 m? of all construction components of the building

therefore, it also does not contribute a lot to the total emis-
sions. The decrease in GHG emission lies between 7.8 and
12.5% for step 2 and between 8.0 and 12.7% for step 3.

3.3 Residual value of the building

In the continuation of the article, the results for the residual
value are presented, calculated for our case study of the
selected building using different data for the electricity
mixes. The results show that for the selected case study,
the residual value is 9.7% higher if the time-correspond-
ing datasets for the electricity mix are used instead of the
electricity mix from today. Assuming that the electricity in
1970 was more efficient (for example similar to the elec-
tricity mixes 2050 ECS and 2050 NECP), this would mean
that the residual value observed at a certain point in time
would be lower. If calculating with the 2050 ECS electricity
mix, the residual value is 2.5% lower, while in the case of
an almost-decarbonized electricity mix (2050 NECP), the
residual value would be 9.8% lower. When we are dealing
with residual value, the relative differences in impacts are
the same. The absolute differences of the impacts calculated
with different electricity mixes, however, are decreasing, the
more we are approaching the end of the RSL. Therefore, the
differences in result are greater if the residual value is high

and become less important when we are approaching the
end of the RSL of the component or the building (Fig. 9).

4 Discussion

The contribution of the electricity mix to the total GHG emis-
sions of materials and components can be falsely interpreted
as minor if just the contribution of the electricity mix of the
final process (the main datasets) is observed (Roux et al.
2016). It is important that the electricity mixes are considered
also in all the sub-processes (sub-datasets) to obtain a realis-
tic impression about the impact of the electricity mix on the
total environmental emissions. Technically, this means that
the existing datasets must be provided with a structure that
enables the modification and adjustment of certain inputs. In
this sense, the u-so way of modelling as used, for example,
in Ecoinvent, has a clear advantage over the datasets mod-
elled as aggregated (agg) datasets. Although the calculation
with aggregated datasets is faster and the files are smaller, this
method does not provide a clear insight for the inputs and thus
also for the remodelling of the datasets (Espinoza et al. 2000).

In the presented study, the contribution of the electricity
mix to the total emissions was as high as 20%. It is there-
fore a very important parameter when calculating the total

@ Springer
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Fig.9 Residual values of our 800000—,
case study, the selected build-
ing, cglf:ulatt?d with different 700000
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environmental emissions of the materials and components,
as also shown in other studies (Pomponi and Moncaster
2016; Roux et al. 2016; Kiss and Szalay 2020). This param-
eter, however, is subject to major changes over time. We
have observed that in many cases, the electricity mix for
the future is modified time-dependently, but remodelling
the data for the past, as presented in our case is an innova-
tion. The environmental impacts of electricity mixes have
generally been greater in the past than they are today. In
our study, we are assuming that the production processes
remained similar and that only the electricity mix and the
efficiency of the electricity use have changed over time, so,
consequently, the environmental impacts of the materials
and components manufactured in the past were also greater
and the relative contribution of the electricity mix on the
total GHG emissions was also higher at that time. In the
presented case, the total emissions for individual building
components were between 5.0 and 9.0% higher, if the cur-
rent electricity mix was substituted with the electricity mix
of 1970. If the production efficiency decrease was also to
be considered, the difference in total emissions is between
8.3 and 14.7%. In the presented study, we have worked with
the assumption that attempts to replicate the reality of the
situation, while at the same time introducing uncertainty
into the calculation, as also discussed by (Van De Moortel
et al. 2019).

On the other hand, the current regulation is streaming
towards decarbonisation and minimization of the environ-
mental footprint of the electricity mix in the future (EC
2020). The environmental emissions of the future electric-
ity mixes will be reduced and will become more or less
negligible, which opens up further areas of investigation

@ Springer
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(Pomponi and Moncaster 2016; Roux et al. 2016; Kiss and
Szalay 2020). This was also observed in the presented study
for the GHG emissions. It is assumed that the future electric-
ity mixes perform better in all the environmental categories
recommended by EN 15804. The exception is the abiotic
depletion of elements that could become a major burden in
the future in the case of the increased share of photovoltaic
generated electricity (Turconi et al. 2013). This assump-
tion, however, is based on calculations with current datasets
that reflect the technological state of the art. This problem
could be resolved with greener technologies in the future.
Establishing what the meaningful differences between the
compared electricity mixes should be in order that replacing
them will be worthwhile is a research task for the future.
The differences in results can be substantial, as presented
here, and it is thus recommended that the remodelling of the
datasets is performed if we intend to use the data for the cal-
culation of the former impacts of the manufacturing of exist-
ing buildings and also plan future refurbishment measures
based on it. In the study of Kohler et al. (2010) it is indicated
that the residual value is an indicator of building aging and
can therefore be used as a criterion for building preserva-
tion or demolishment. In addition to this, the residual value
gives information about the amortization of the materials
or components and this can be used for a decision about
their preservation and reuse or their discarding. The find-
ings showed that the relative differences in the results for the
phases A1-A3 were also up to 10%. The absolute differences
in the results are dependent on the amortization time. Con-
sequently, an unprecise determination of the residual value
could lead to premature refurbishments, demolition and
discarding building materials or components to early if the
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decision would be made only based on the residual value and
if the electricity mix of the reference year of the construction
would have a higher impact than the current electricity mix.
It also makes a difference whether the product is near the end
of the depreciation period, since the absolute differences are
relatively small towards the end of the amortization period,
and therefore, the modification of the electricity mix does
not influence the results to any great extent, compared to
the beginning of the amortization period. The scope of the
study is the production phase; however, it does not include
the embodied impacts of the maintenance activities. If these
impacts were to be included, the substituted materials would
be at different levels of amortization, and therefore, the abso-
lute differences could be influenced by the electricity mix.
These aspects can also be part of future research.

5 Conclusions

The present study confirmed that the electricity mixes used
in the production of buildings can significantly influence the
calculated values for the environmental impacts of buildings
in need of refurbishment. Our results from calculations in
the case of an apartment building showed that the contribu-
tion of emissions from the electricity mixes of different time
periods could be as high as 20% in the context of individual
materials. It must be emphasized that the contribution of
the electricity mix to the total GHG emissions will need
to be evaluated along the entire chain of datasets and sub-
datasets, since the modification of the electricity mix only
in the original dataset (and not in sub-datasets) could lead
to a false estimation. It is assumed that the embodied envi-
ronmental impacts of the past are even higher because the
production was less efficient, and therefore, more electricity
was needed for the production of the materials. Individual
changes in production efficiency are usually the internal data
of the manufacturer, and this is not commonly disclosed or
is not even known or recorded; thus, only the general value
(i.e., 0.5% per year) could be used in the calculations. In the
presented case, we have shown that the total GHG emis-
sions of individual materials and components can increase
by 5.0 and 14.7% or decrease by between 1.2 and 12.7%,
depending on the emissions of the used electricity mix and
the projected change of the production efficiency.

In addition, it was established that the time-dependent
modifications in the electricity mix can also have a strong
impact on the residual value of any building. The relative
difference in the presented case was in the range of 10%,
but the absolute values decreased towards the end of the
amortization periods for individual materials and compo-
nents. Decisions about the potential refurbishment or demol-
ishing of a building, time of maintenance actions, or the
handling of individual materials and components based on

the residual value require a precise and realistic calculation
with the correct data at the point of time. The differences in
results are not neglectable and can potentially lead to pre-
mature and incorrect actions (e.g., the building being reno-
vated too early, which elements are worth preserving from
the environmental perspective, etc.).

An analysis of the results obtained in the present study
revealed that parameters which are usually subject to a major
change during the service life of the building need to be
included in life cycle calculations with the correct data at the
point of time. This means that all time-dependent data sets
related to the electricity mix and productivity efficiency are
used correctly in the assessment (for individual time peri-
ods). This was clearly illustrated in the calculation of the
residual value of the selected building before the refurbish-
ment. In doing so, however, these analyses also provide valu-
able insights that can be applied for a variety of purposes
for each product with a long life span. Ideally, the dynamic
inventory data should also be coupled with dynamic char-
acterization factors to obtain a fully dynamic LCA, but the
dynamic characterization factors for different environmental
categories are still under development and this issue should
thus be a part of future research.

The present LCA study is focused into the production
stage and not on the use and end-of-life (EoL) stages. The
specific parameters of these stages will be covered in our
future study to evaluate the environmental impacts of vari-
ous refurbishment measures.
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