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Abstract: The aim of this study is to assess how different renovation scenarios affect the environmental
and economic impacts of a multi-dwelling building in a Nordic climate, how these aspects are correlated
and how different energy carriers affect different environmental impact categories. In order to reduce
greenhouse gas emissions, the European Union has set an agenda in order to reduce energy use in
buildings. New buildings on the European market have a low replacement rate, which makes building
renovation an important factor for achieving the European Union goals. In this study, eight renovation
strategies were analyzed following the European Committee for Standardization standards for life
cycle assessment and life cycle costs of buildings. This study covers all life cycle steps from cradle
to grave. The renovation scenarios include combinations of photovoltaics, geothermal heat pumps,
heat recovery ventilation and improved building envelopes. Results show that, depending on the
energy carrier, reductions in global warming potential can be achieved at the expense of an increased
nuclear waste disposal. It also shows that for the investigated renovation strategies in Sweden
there is no correlation between the economic and the environmental performance of the building.
Changing energy carriers in Sweden in order to reduce greenhouse gas emissions can be a good
alternative, but it makes the system more dependent on nuclear power.

Keywords: life cycle assessment; life cycle costs; electricity production; greenhouse gasses;
building renovation; nuclear waste

1. Introduction

In 2015, members of the United Nations adopted a resolution to the 2030 agenda for sustainable
development [1]. By fulfilling the goals, a separation of economic growth from climate change,
poverty and inequality will be reached. The World Green Building Council [2] has identified nine
of these goals as relevant for buildings, including affordable and clean energy, responsible use and
production and climate action. Related to this, in order to tackle climate action, the European Union
launched a plan to reduce energy use in buildings by 30% and greenhouse gas emissions (GHG) by 40%
by 2030, compared with 1990 levels [3]. It is estimated that 80% of the total building stock will remain
in use in 2050 [4], having a low replacement rate of about 1 to 3% [5]. In order to reduce emissions to
conform to the EU aspirations, there is a need for energy efficient renovation of existing buildings.
According to Moschetti et al. [6], there are three main renovation categories that are often analyzed in
life cycle assessment (LCA): Renovation of the building envelope, improvement of technical systems
and implementation of renewable energies. These measures are often analyzed separately and the
total environmental and economic impacts of the renovations are rarely evaluated [7], leading to
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the need for a more lifecycle-thinking approach [8]. Nemry et al. [9] states that there is a potential
for economic and environmental savings in single and two-family buildings. Ostermeyer et al. [10]
have proposed a methodology to assess renovation measures in a multidimensional perspective,
taking into consideration life cycle assessment (LCA), life cycle costing (LCC) and social life cycle
assessment (S-LCA). Cetiner and Edis [11] have performed studies in detached family buildings in
Turkey. Pombo et al. [12] have used the same approach for a case study in Spain. However, there is a
lack of comprehensive LCA/LCC studies for building renovation projects in multifamily buildings [13].
Moschetti et al. [6] presented a methodological approach for such renovations in Norway.

The aim of this paper is to assess the environmental impact and economic performance of different
renovation strategies for a multi-dwelling building in a Nordic climate. Further aims are to identify
and discuss the implications of different energy carriers regarding the environmental impact of the
building, and also possible correlations between environmental impacts and the economic performance
of renovation strategies. This is facilitated by using a multicriteria evaluation integrating life cycle
assessment (LCA) and life cycle costing (LCC), and investigating different environmental indicators.
Both LCA and LCC are applied in accordance with the EN standards 15978 and 16627 [14,15].

2. Methodology

The case study object and the selected renovation scenarios were simulated in the software
IDA-ICE [16] to establish the energy demand of the building for the different renovation strategies.
This was followed by an LCA in line with EN standard 15978 for life cycle assessments for buildings [14].
Then, an LCC analysis based on EN standard 16627 for life cycle cost for buildings [15] was performed.
Finally, a sensitivity analysis was made based on the results of the LCA.

2.1. Case Study

The analyzed building is a three-story multi-dwelling building in the city of Borlänge, Sweden.
The building is part of a large-scale settlement called Tjärna Ängar, built in 1969–1971. The building has
36 apartments and a gross building area of 2822 m2. The different renovation scenarios are based on
the same building. The entire building, heated to an indoor temperature of 21 ◦C, acts as the functional
unit of the analysis. The study is based on a life perspective of a period of 50 years including the
relevant maintenance and repairs during this time period.

In total, eight different renovation scenarios were assessed (based on the scenarios defined in [17])
scenarios 5, 6, 7 and 8 have improvements of the building envelope, by adding extra insulation and
changing to energy efficient windows. Scenarios 3, 4, 7 and 8 change the ventilation system to heat
recovery ventilation (HRV), scenarios 2, 4, 6 and 8 change district heating (DH) to geothermal heat
pumps (GHP) and scenarios 1, 4, 5 and 8 include photovoltaics (PV) (see Table 1). Notice that scenario
0 is the reference scenario, i.e., no relevant measures other than the replacement of the mechanical
ventilation fans is taken into consideration.

Table 1. Renovation packages.

Renovation Measure 0 1 2 3 4 5 6 7 8

Heat Recovery Ventilation - - - X X - - X X
Photovoltaic panels - X - - X X - - X

Geothermal Heat Pump - - X - X - X - X
480 mm outer wall insulation - - - - - X X X X

300 mm attic insulation - - - - - X X X X
3-glass argon-filled low-emissivity pane windows - - - - - X X X X

2.2. Energy Simulation

The building renovation scenarios were simulated using IDA-ICE [16] to calculate the annual
energy demand. The PV production was estimated using PVGIS [18]. More details of the energy
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simulation can be found in [17,19]. In this study, the energy demand is that stated in the Swedish building
code [20] regarding space heating, domestic hot water and facility electricity. The emission factors of
the selected energy sources are listed in Table S5 of Supplementary Materials. The selected scenarios
affect the environmental impact differently. Mainly, the scenarios reduce the active heating demand
of the building, that is, they use installations that are more efficient and change the energy carrier.
The assumption in this study is that energy use would be the same in the building during the
whole lifetime.

2.3. Life Cycle Assessment

The proposed LCA is made in line with the EN standard for LCA of buildings [14]. The goal of
the analysis was to assess the environmental impacts of the different renovation scenarios, during a
life span of 50 years. The functional unit was determined as the whole building. The system
boundary is cradle-to-grave; the study includes manufacture and construction material (A1-3),
construction processes (A4-5), use and maintenance (B1-7) and end of life (C1-4). The benefits and loads
beyond the system boundaries (D) were calculated, but not included in the total results, in accordance
with the EN standards 15978 and 16627 [14,15]. The maintenance measures taken into consideration
are the replacement of all materials and components that have a technical service life shorter than
50 years. The end of life (EoL) scenarios are in accordance with the EN standard and listed in
Table S7 of Supplementary Materials.

2.3.1. Life Cycle Inventory

The proposed measures to improve the building envelope have previously been studied in
Ramírez-Villegas et al. [19]. In this study, photovoltaic panels and a geothermal heat pump were
added to the renovation scenarios as these are considered to be cost-effective measures in Sweden [21].
Data for these are presented in Table 2 and Table S3 of Supplementary Materials.

Table 2. Installations dataset.

Resource Quantity Unit Service Life

Electric heat pump (brine-water, geothermal probe), 70 kW (Coefficient of
performance (COP):3) 1 Pcs 20

Pipework for electric heat pump (brine-water, geothermal collector), 70 kW 1 Pcs 50
Photovoltaic panel system for roofs, 300 Wp capacity 134 m2 30

2.3.2. Life Cycle Impact Assessment

According to the EN standard for LCA of buildings [14], the CML 2002 impact assessment method
is required [4]. In this study five relevant impact categories are considered: Global Warming Potential
(GWP), Acidification Potential (AP), Eutrophication Potential (EP), Abiotic Depletion Potential of
non-fossil elements (ADP) and Radioactive Waste disposal (RW). GWP indicates relevant impact
globally, AP and EP are indicators of local environmental impact, ADP is relevant when considering
the use of limited resources, and RW is relevant as nuclear power constitutes a large share of power
generation in Sweden and neighboring countries. As the LCA is based on simulations that complies
with the EN standard, the analysis is using an attributional approach.

2.4. Life Cycle Costs

The assessment was calculated in One Click LCA software using an automated LCC tool based
on the standard ISO 15686-5 and EN 16627. The LCC considers the same life cycle stages as the LCA.
The LCC analysis has been made for eight renovation scenarios shown in Table 1, and their impact
was calculated as an undiscounted cost, including inflation and increasing energy prices. All costs
included in the analysis are listed in Table S6 of Supplementary Materials.
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Parameters of the Analysis

All costs were calculated in Swedish Krona (1.00 SEK = 0.104 EUR). The discount rate is the
interest rate used to determine the present value of future cash flows; the regional material cost index
represents the variation in nonlabor costs for construction; the inflation rate is the rate as inflation
increases the future cost.

According to the software developers, the automated datasets for material costs are based on data
compiled by Müller [22] and Spon’s Architects’ and Builders’ Price [23] and are modified by the regional
material cost index. Labor costs are based on data from the International Labor Organization [24].
Maintenance costs are based on Lufkin et al. [25,26] and end-of-life costs are calculated based on
the capital costs [27]. The used LCC calculation parameters are presented in Table 3 and in the
Table S6 in Supplementary Materials.

Table 3. Life cycle cost (LCC) calculation parameters.

Factor Value

Calculation period (Years) 50
Discount rate (cost of capital) (%) 7
Regional material cost index (%) 1.3

Inflation rate (%) 2
End of Life (EOL) as % of Capital Expenses (%) 2.5

Hourly labor rate, worker (SEK) 306.1
Hourly labor rate, craftsman (SEK) 413.3

2.5. Combined LCA-LCC

To identify correlation between the results from the LCA and LCC analysis, results were plotted in
the same graph using the reference building as the 0 point. In order to simplify the analysis, the costs
are plotted as percentages, showing how the economic and environmental impacts are compared to
the base scenario.

LCC (%) = (LCCs − LCCo)/LCCo

where LCCs is the life cycle cost of the selected scenarios, and LCCo is the life cycle cost of the base
scenarios. The same equation has been used for the LCA.

2.6. Sensitivity Analysis

In order to check the robustness of the LCA analysis in relation to the uncertainty of the input
parameters, a sensitivity analysis was carried out based on changing the electricity mix during the whole
life span of the building. The electricity mixes used were of neighboring countries (Denmark, Estonia,
Finland, Germany and Norway) that have a similar climate. Additionally, the electricity mixes were
selected due to a shared market of electricity. The energy sources used in this analysis are listed in
Table S5 of Supplementary Materials.

3. Results

3.1. Life Cycle Assessment

The obtained energy use of the building during the operation phase are listed in Table 4.
It is important to note that scenario 0 is the original building.

Table 4. Annual energy use.

Scenario 0 1 2 3 4 5 6 7 8

District heating use (kWh/m2) 134 134 - 109 - 108 - 91 -
Electricity use (kWh/m2) 6 1.5 47 9 43 1.8 43 9 21
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Figures 1–4 show results for the renovation scenarios displayed as relative impacts compared
to as built, i.e., the environmental impact or cost for a zero alternative has been subtracted in each
renovation scenario. This typically implies that impact from the use of building materials will result in
an impact above zero, while energy savings cause environmental and cost savings. The magnitude of
the environmental savings depends on both the energy savings and excluded energy supply.

In Figure 1, scenarios 2, 4, 6 and 8 have similar total GWP savings given that the GHP reduced the
active energy demand. This is due to the use of geothermal energy using Swedish power mix with
a low-GWP factor. Scenarios 5 to 8 have total GWP potential similar to scenarios 1–4, focusing on
installations. This is during the upstream processes (A and B) as well as downstream processes (C).
It can be explained by complex renovation processes and the need for significantly more materials,
although there are larger GWP savings for the scenarios that focus just on installations. In this way,
the GWP impacts from the renovation of the building envelope counteract the GWP savings from
energy use. It is noticeable also that scenarios 1 and 5 increase the GWP of the building as compared
with the as-built scenario. In the Swedish context, this is due to the PV installations not compensating
for the negative environmental impact from material production in relation to the decrease in electricity
use with a low GWP.

The results for AP and EP are similar to those for GWP and for the same reasons described above.
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Figure 1. Global Warming Potential (CO2eq).

Figure 2 shows that the production of materials has a relatively low impact compared to energy
use, but the largest ADP savings are for the energy use of the building. In this case, it is possible to
note another two groups, the change in energy carrier (2, 4, 6 and 8) and the reliance on district heating
(3, 5 and 7). The difference in ADP is due to the scale of the system, because large energy systems are
more energy efficient (as in the case of the national electrical grid), while moderate ADP savings are
related to local energy systems (district heating).
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Figure 2. Abiotic depletion potential (ADP) of nonfossil elements (Sbeq).

Figure 3 shows a somewhat different pattern than that for previous impact categories. It is clearly
noticeable that the scenarios that rely on a different energy carrier (2 and 6) increase the RW disposed.
This due to the increase in electricity use as seen in Table 4, as Sweden generates nearly 40% of its
electricity by nuclear power. The only scenario that relies on a different energy carrier and decreases
the amount of RW disposed is scenario 8. It is due to the cut in the total heating demand.
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3.2. Life Cycle Costs

In Figure 4 the nominal LCC refers to the undiscounted costs of the renovation scenarios,
taking into consideration the inflation rate and the energy inflation rate. It is noticeable that the
two identified groups (1–4 vs 5–8) have different LCCs. For 1 to 4, the total LCC is more or less
unchanged, compared to the reference object. It is due to the simplicity of the installations that makes
it cost-efficient. Scenarios 5 to 8, however, show that the renovation costs are far higher than the cost
savings in energy use, mainly due to the need for more materials and high labor costs.
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3.3. Combined Life Cycle Assessment and Life Cycle Costs Results

As seen in Figure 5. It is however possible to distinguish two different sets of groupings; on the
left, around the base scenario, it is possible to see scenarios 1, 2, 3, and 4, with varying GWP impacts.
And on the right, with higher LCCs, scenarios 5 to 8 with improvements in the energy envelope.
When it comes to GWP, three different groups can be identified:

(1) The ones that rely on PV (1 and 5) which mainly have a negative environmental impact due to
the reduction of already carbon poor electricity;

(2) the ones that use district heating with relative improvements of GWP (3 and 7); and
(3) the ones with changed energy carriers (2, 4, 6 and 8).

In this figure, it is also noticeable that scenarios 2 and 4 are the “low-hanging fruits” when it
comes to GWP savings. The additional costs of renovation of the building envelope do not compensate
for the negative GWP of materials in the Swedish context.

When it comes to ADP, Figure 6 shows the same pattern as that for GWP. The distribution around
the y-axis also shows how the resources efficiency change from building (1 and 5), to local (3 and 7) to
national energy systems (2, 4, 6 and 8). Again, scenarios 2 and 4 are the low-hanging fruits to reduce
depletion of resources.

When it comes to RW, the scenarios in Figure 7 are different. Scenarios 3 and 7 rely on district
heating which has a small proportion of electricity in its production, reducing the RW disposed.
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Then, scenarios 1 and 5 also reduce the electricity demand from the grid, giving some moderate savings.
Scenario 4 has a combination of PV, HRV and GHP so that both the HRV and the GHP compensate for
the GHP’s increase in electricity use. Scenarios 2 and 6 increase the electricity use, causing the need for
nuclear power used in the mix to increase as well. Finally, even if scenario 8 relies on a HP, there is a
decrease in heating demand. This means that the total RW disposal decreases, but this is mainly due to
the energy efficiency of the building.
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Figure 7. Radioactive waste disposed against life cycle costs.

3.4. Sensitivity Analysis

In order to identify the possible impacts of changes in the electricity system, a sensitivity analysis
has been performed. It considers different northern European electricity mixes (Norway, Finland,
Denmark, Estonia and Germany). These electricity mixes were chosen because of a common electricity
market and similarities in climate and location. It is interesting to note that even if these northern
European countries are similar, the energy mixes are completely different in terms of generation.
Some countries have high shares of renewables (as Norway), while other countries rely on thermal
heat (as Estonia), see Table 5.

Table 5. Share of electricity generation by fuel on % 2018 [28].

Country Nuclear Oil Waste Hydro Solar PV Wind Biofuels Coal Gas

Sweden (SE) 40.4 0.3 2.1 39.8 0.1 9.9 6.3 0.7 0.4
Denmark (DK) 0 1.1 5.1 0.1 2.4 41.9 13.3 29 7.1
Norway (NO) 0 0 0.3 96.4 0 1.4 0 0.1 1.7
Estonia (EE) 0 2.1 1.1 0 0 4.9 7.3 83.8 0
Finland (FI) 33.9 0.3 1.4 23.1 0 4.5 16.1 15.3 5.5

Germany (DE) 13.1 0.9 2 4 5.9 12.1 7 42.2 12.7

In Figure 8, the values of GWP for the case study building in Sweden are shown in the bars.
The whiskers represent the total maximum and minimum values in terms of GWP for the different
energy mixes. The total results for the different energy mixes are shown in Figure 8. The graph
illustrates the robustness of the renovation strategies. Changing the energy carrier can result in
a marginal increase of the GWP emission, while decreasing the electricity use, and the total heat
demand of the building can have less potential to increase the GWP emissions. The graph describes
that the renovation scenarios rely heavily on the low share of fossil fuels on the Swedish electricity
mix (see Table 5). It also shows that replacing DH for GHP to increase energy efficiency can be
counterproductive in counties with a greater share of fossil fuels (as Estonia).
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4. Discussion

4.1. On the Results

When it comes to environmental impacts of the different renovation scenarios, it is interesting to
note that different approaches can give similar environmental impacts. The case of the comparison
between scenarios 4 and 8 is of particular importance. The use of GHP in buildings in the Swedish
context decreases the GWP and ADP as Sweden mainly generates fossil-free electricity. However,
when examined in detail, the scenarios that rely heavily on electricity increase the amount of RW
disposed. This poses a problem in Sweden, where the country in the long term aims for a 100%
renewable electrical system, free from both nuclear power and fossil fuels. According to the sensitivity
analysis, changing of energy carriers are susceptible to a GWP increase, if the share of thermal power
increases (e.g., coal and natural gas). When combining all possible technologies with renovation of
the building envelope, the impacts on GWP are less sensitive to variations. In addition, the share of
non-renewables has little influence on GWP, due to the reduced active heat demand.

Particular attention can also be given to the scenarios that include PV. PV is a well-used
renovation strategy in Sweden and gets substantial subsidies from the government [29]. However,
housing companies have been complaining about the consequence of different taxes. If the size of the
PV installation exceeds the government regulations, the housing company has to pay the higher tax
as an electricity producer [30]. In this study, the size of the PV installation is moderate with a small
input. Additionally, as it is well known that PV installations produce more electricity during summer
and have a negligible output during winter, some of the electricity produced ends up in the grid as
electricity export. This reduction of electricity ends up in category D (loads and benefits beyond the
system boundaries) and cannot be included in the total output of the renovation. This, combined again
with the low GWP of the Swedish electricity mix and the relative short lifecycle of the PV installations,
makes it a counterproductive installation for the investigated building.

In a broader perspective it can be said that, for this particular analysis, there is one renovation
scenario (scenario 3) that has moderate savings for all impact categories, while being relatively robust
in the sensitivity analysis. This scenario consists mainly of the installation of a HRV aggregate.
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Thus, it can be considered as the low-hanging fruit, neither excelling in any category, nor having a
negative performance.

As the analysis in this study shows, based on current energy prices in Sweden and with the
current electricity mix, it is difficult to justify stronger or more powerful energy efficient renovation
strategies. However, according to the sensitivity analysis, further investigation of the repercussions of
changes of the electricity mix would be interesting.

Today, special attention is paid to CO2 emissions, due to the urgency of the matter. Apart from
increasing power supply from renewables, nuclear power is a solution. However, in this case,
the environmental burden is shifted to future generations, since nuclear power is not renewable and
the formation of radioactive waste (shown in this study). It is an issue associated with high costs and
potential risks as hazardous waste has to be handled by others in the future. In fact, the nuclear waste
represents a loss of primary energy, as shown in a previous study [31].

4.2. On the Methodology

As discussed in a previous study [19], there are some uncertainties since the EN standards 15978
and 16627 [10–12] do not allow for counting the benefits and loads beyond the system boundaries in the
overall results. In this study, a factor that can have a significant effect, especially in the environmental
impact of PV, is that the exported energy cannot be counted in the total results. In addition, a big
share of potentially recycled materials would be located beyond the system boundaries of the building.
In this study, the problem has been addressed by making a sensitivity analysis using different electricity
generation mixes. By making this assumption, the importance of the electricity generation for GWP
is shown.

Still, as this study is an attributional LCA, changes in future energy sources are not taken
into consideration and the LCC is based on gradually rising energy prices without possible future
outside influence.

It is found in this study that combining environmental and economic impacts can make the results
useful for building companies and real estate owners that struggle with environmental performance.
Even if it was shown in this particular study that there is no correlation between environmental impact
and LCC, it is possible to identify the so-called “low-hanging fruits” (i.e., scenarios) in order to maximize
the environmental and economic potential, helping to address two of the three main components
of sustainability. As this study has been based on the work of Moschetti et al. [6], we include the
recommendations to use other endpoint indicators, in this case AP, EP, ADP and RW. Still, this work
does not include social indicators.

5. Conclusions

In this study, different renovation strategies were investigated for a multifamily building in
Borlänge, Sweden. The energy system in Sweden has a high share of renewables and nuclear power.
It makes the system carbon-low, but very dependent on nuclear in the end. This study focuses on LCA
for five different environmental categories: GWP, AP, EP, ADP and NW.

This study focuses on how different energy carriers can affect the environmental impacts of the
building and how the economy of renovation measures is correlated to the environmental performance
of the building. It shows that the energy carrier is of major importance when assessing environmental
impacts in Nordic countries, and that assessing different environmental impacts is relevant. No scenario
performs well in all categories, as many trade-offs from the energy carriers must be considered. When
buildings with low GWP impacts depend on nuclear power, using PV in Northern latitudes cannot
compensate for that dependence.

The case study also showed there is no correlation between environmental impacts and LCC.
Buildings that were more energy efficient have such a high LCC that there is no benefit in renovation
to that standard. A change of energy carrier seems to be a good alternative in Sweden, if the goal is to
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reduce GWP. However, a consequence is a system more dependent on nuclear power. As shown in the
sensitivity analysis, those scenarios are more susceptible to changes in the energy system.

It is important to note that the 50 years’ perspective used here does not take into consideration
that the system can change during that period. However, the sensitivity analysis shows how possible
changes (such as phasing out nuclear power) can affect the environmental performance of the building.

As it has not been possible to study future uncertainty, such as different life spans and the
perceived obsolesce of different components, a deeper sensitivity analysis could improve the results of
this study.
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