
energies

Article

Environmental Payback of Renovation Strategies in
a Northern Climate—the Impact of Nuclear Power
and Fossil Fuels in the Electricity Supply

Ricardo Ramírez-Villegas 1,2,* , Ola Eriksson 2 and Thomas Olofsson 3

1 School of Technology and Business Studies, Dalarna University, 791 88 Falun, Sweden
2 Faculty of Engineering and Sustainable Development, University of Gävle, 801 76 Gävle, Sweden;

ola.eriksson@hig.se
3 Department of Applied Physics and Electronics, Umeå University, 901 87 Umeå, Sweden;

Thom-as.olofsson@umu.se
* Correspondence: rrv@du.se; Tel.: +46-76-100-1745

Received: 27 November 2019; Accepted: 20 December 2019; Published: 23 December 2019 ����������
�������

Abstract: The aim of this study is to assess how the use of fossil and nuclear power in different
renovation scenarios affects the environmental impacts of a multi-family dwelling in Sweden, and how
changes in the electricity production with different energy carriers affect the environmental impact.
In line with the Paris Agreement, the European Union has set an agenda to reduce greenhouse gas
emissions by means of energy efficiency in buildings. It is estimated that by the year 2050, 80% of
Europe’s population will be living in buildings that already exist. This means it is important for the
European Union to renovate buildings to improve energy efficiency. In this study, eight renovation
scenarios, using six different Northern European electricity mixes, were analyzed using the standard
of the European Committee for Standardization for life cycle assessment 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 improvement of the building
envelope. The results show that while in some electricity mixes a reduction in the global warming
potential can be achieved, it can be at the expense of an increase in radioactive waste production,
and, in mixes with a high share of fossil fuels, the global warming potential of the scenarios increases
with time, compared with that of the original building. It also shows that in most electricity mixes,
scenarios that reduce the active heat demand of the building end up in reducing both the global
warming potential and radioactive waste, making them less sensitive to changes in the energy system.

Keywords: life cycle assessment; electricity production; greenhouse gasses; building renovation;
radioactive waste; district heating

1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC) [1] the global mean
temperature has increased within a probable range of 0.8 to 1.2 ◦C from pre-industrial levels, and will
reach 1.5 ◦C between 2030 and 2052, if it continues to increase at the current rate. Climate change
has been becoming more serious than shown in previous reports, and there is a need to decrease
greenhouse gas (GHG) emissions drastically in order to meet the 1.5 ◦C target. Within the European
Union, (EU) the energy industries represent 26% of the total GHG emissions [2]. The European Union
(EU) has set goals to reduce GHG emissions by 40% by the year 2030 compared with 1990 levels [3].
Buildings represent 40% of the energy use and 36% of GHG emissions within the EU [4].

By the year 2050, around 80% of the buildings that exist today will remain in use [5], being in
need of energy efficient renovation. This is based on the current replacement rate of 1% to 3% [2]

Energies 2020, 13, 80; doi:10.3390/en13010080 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-2868-6481
https://orcid.org/0000-0002-5661-2917
https://orcid.org/0000-0002-8704-8538
http://www.mdpi.com/1996-1073/13/1/80?type=check_update&version=1
http://dx.doi.org/10.3390/en13010080
http://www.mdpi.com/journal/energies


Energies 2020, 13, 80 2 of 13

Therefore energy efficiency measures in existing buildings are of greater importance than designing
new buildings with a low energy demand.

In renovation for improved energy efficiency, the aim is to decrease energy use and greenhouse gas
(GHG) emissions, while also improving the indoor air quality and architectural qualities [6]. There are
different approaches to achieve these goals, and the most widespread solutions are changes in the
building envelope, changes in the architectural properties of the building, or retrofitting building
services. Life cycle assessment (LCA) is a strategy that has been used to analyze these types of
renovation strategies [7,8], where different renovation strategies are mainly analyzed one by one and
not combined.

Sweden has an unusually large share of electrical heating compared with other EU countries [9]
and the current requirements for nearly zero energy building in Sweden favor heat pumps (HP) [10].
According to Swing Gustafsson et al. [11] the Swedish electricity consumption is dependent on the
weather due to a large share of electrical space heating. Thus, they argue that strategies that focus
on changing energy carriers for space heating in a building using district heating (DH) increase the
electricity demand.

In order to meet future electricity demands there is a need to change the energy conversion to meet
environmental needs [12]. However, energy supply transitions are complex, uncertain and difficult to
evaluate [13]. Additionally, there is a necessity to consider energy system models as emergent energy
technologies appear. To address the complexity of the question it is possible to illustrate consequences
of changes in the electricity production by applying different electricity mixes.

One of the possible scenarios that the IPCC have proposed to the meet the 1.5 ◦C target is to
increase the share of nuclear power [1]. Even if uranium is a non-renewable resource, it is not a fossil
fuel and has very low GHG emissions from a life-cycle perspective. However, nuclear power is
a problematic topic. Problems include risks for nuclear accidents, mining problems [14] and ionization
of nuclear waste [15]. Additionally, according to Eriksson [16] the production of nuclear power is not
resource efficient. However, the calculated risk for nuclear radiation damage to human beings and
other living organisms is quite low [17].

It has been discussed that some of the IPCC scenarios, in line with the 1.5 ◦C targets, with the
increase of nuclear power can lead to shifting the burden in life cycle environmental impacts [18] with
additional problems related to nuclear waste and access to fresh water. The authors argue that these
scenarios, because of GHG emission reductions in the short run, will end up with policies that are
more astringent. The aim of this study is to:

(1) Assess the life cycle environmental impacts of the use of fossil power and nuclear power in
different renovation strategies for multi-dwelling buildings in a Nordic climate.

(2) Identify and discuss the implications of how changes in the electricity production mix affect the
environmental impacts when changing energy carriers for building space heating and domestic
hot water use.

2. Methodology

2.1. Case Study Building

The case study building is a three-story multi-family dwelling located in the municipality of
Borlänge, Sweden, 250 km north of Stockholm. The building was built between the years 1969–1971
and is a typical representative of the Million Programme where a million homes were to be built during
a ten-year period to provide homes at a reasonable price. The gross building area is 2822 m2. All the
different renovation scenarios are applied to the same building. This study is based on an estimated
lifespan of 50 years.

For this building, eight renovation scenarios were assessed (already defined in [19]). Different
combinations of renovation measures were assessed, such as added insulation, energy efficient
windows, and heat recovery ventilation (HRV). Different combinations of District heating (DH),
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geothermal heat pumps (GHP) and photovoltaics (PV) were also taken into consideration for heating
and electricity for utilities. The different combinations are found in Table 1.

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
Triple glazed, argon-filled, low-e windows - - - - - X X X X

2.2. Building Energy Simulation

The building was simulated using the software IDA-ICE V.4.7.1 (EQUA AB, Stockholm,
Sweden) [20]. It is a software that simulates indoor climate and energy use in buildings. According
to the software producers it is possible to simulate any particular installations configuration.
The energy demand considered in this study was the active heating demand, domestic hot water,
and facility electricity consumption. More data can be found in the Supplementary Materials. The PV
electricity production was calculated using Photovoltaic geographical information system (PVGIS) [21].
The energy demand estimated for this study complies with the Swedish building code [22] regarding
space heating, domestic hot water, and electricity to facilities.

2.3. Life Cycle Assessment

The life cycle assessment of the different renovation alternatives was carried out in accordance
with the EN Standard for LCA of buildings [23]. The goal of the LCA is to investigate how different
renovation strategies affect the global warming potential (GWP) and the production of radioactive
waste (RW) with respect to electricity generation. The functional unit is the entire case study building
in use over a period of 50 years, thereafter the building is considered to be suitable for renovation
or demolition.

This study is a cradle to grave study excluding the benefit and loads beyond the system boundaries.
As this study complies with the EN 15978 standard this means an attributional LCA. This study assesses
eight renovation scenarios using six different electricity mixes. In order to simplify the study, it is
considered that the building would keep the same DH energy mix. The scenarios reflected here are either
more or less material intense. Different energy carriers are investigated, replacing DH with geothermal
heat pumps (GHP). Information about the scenarios is presented in the Supplementary Materials.

2.4. Life Cycle Inventory

The proposed measures have previously been studied by Ramirez-Villegas et al. [19], who consider
the electricity mix in Sweden, whereas in this study the electricity mix for different countries has been
considered. In Table 2 all used material data is compiled. The datasets adopted in this study are
product-specific environmental product declarations (EPD). When more than one EPD was possible to
be used, the one with the more relevant geographic data was adopted. For materials with no EPD
available, generic data from Ecoinvent and GaBi were used. To reflect the potential environmental
impact for material production, the datasets were compensated according to the CEN/TR 15941 method.
All the material used was provided by a local building construction company. All distances were
based on average data from the Nordic countries (60 km, trailer combination 40 tonnes, 100% fill rate).
All upstream data are from Ecoinvent and GaBi databases.
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Table 2. Material datasets.

Resource Quantity Unit Service Life Country

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

Pipework for electric heat pump (brine-water, geothermal
collector), 70 kW 1 pcs 50 years

Photovoltaic panel system for roofs, 300 Wp capacity 134 m2 30 years France
Dry mortar 71,800 kg As building Norway

Ventilation exhaust unit 3 pcs 25 years France
Gypsum plasterboard 1198 m2 As building Norway

Mineral wool. Insulation 1198 m2 As building Denmark
Radon and moisture membrane 1.2 mm 1198 m2 30 years Norway

Calcium silicate block 115 mm 1198 m2 As building Germany
Min. wool insul. for pitched roof 300 mm 971 m2 As building Denmark

Triple glazed windows, wood-alum. frame 298 m2 40 years Norway
Heating system 2822 m2 As building Finland

Ventilation system 2822 m2 30 years Finland
Heat Recovery Ventilation unit 1 pcs 25 years Germany

The assumption in this study is that the energy use of the building would remain unchanged
for the next 50 years. The building is located in the municipality of Borlänge, with access to district
heating utilizing domestic waste incineration with energy recovery and industrial excess heat as the
main sources as show in Table 3. As the selected software only allows data that is verified in an EPD,
the nearest possible verified data when it comes to emissions, were used from Göteborg Energy
Partille Ale.

Table 3. Fuel use (%) for district heating 2016.

Fuel Use (%) Borlänge Energi Göteborg Energi

Recycled energy 67 70.4
Industrial Excess Heat 20 29.7
Flue Gas Condensing 1.6 11.1

Heat from Heat Pumps (Netto) 0.5 5.7
Municipal Solid Waste (MSW) Incineration 44.3 23.9

Blast Furnace Gas 0.6 0
Renewable energy 30.7 9.9

Pellets, Briquettes and powder 0 1.3
Secondary biofuels 28.6 4.3

Bio oil and tall oil pitch 0 0.2
Renewable electricity 2.1 4.2

Others 1.2 2
Hot water from other companies, renewables and recycled energy 1.2 2

Fossil energy 1.1 17.7
Oil 1.1 0.2

Natural Gas 0 17.5

2.5. Environmental Impact Assessment

The EN standard for the LCA of a building [23] requires the use of the CML 2002 impact
assessment method proposed by the Center of Environmental Science at the University of Leiden.
This methodology is restricted to quantitative modeling in order to reduce uncertainties based on
an approach where results are grouped in common midpoint categories. In this study, two relevant
impact categories are considered: global warming potential (GWP) and radioactive waste disposal
(RW). GWP indicates the relevant impact globally, where a large part is from energy use. RW is relevant
as nuclear power is largely used in electricity generation in many countries such as Sweden and it also
represents the future where nuclear power may increase.
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2.6. Environmental Payback

According to Asdubrali et al. [24] it is possible to extend economic analysis in environmental
fields. One of the indicators that can be used is the payback times using LCA: The environmental
payback (EP) can be a suitable way to present results from such a point of view.

In order to calculate the “Environmental Payback (EP)” a method described by Nydahl et al. [25]
is used. The methodology output is illustrated in Figure 1.
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Figure 1. Environmental payback.

Figure 1 illustrates that during the production stages (A1–A5) (see Figure 2) the added embodied
environmental impact (AEEI) increases due to the environmental impact that is related to construction
materials, transport, and the building process. Then, as the energy refurbishment is made the
environmental impact decreases compared with the environmental impact of the original building.
The change in the operational environmental impact (∆OEI = OEIunrefurbished – OEIrefurbished) would
compensate (or increase) the total environmental impact. The EP of a building is given as:

EP = AEEI/∆OEI

giving, finally, the environmental return of investment (eROI), based on the projected service life of the
building (SL):

eROI = SL/EP

when the eROI is above 1, it can be assumed that a refurbishment package gives a positive environmental
impact compared to the original building. Otherwise, the total renovation impact on the environment
is negative, being a non-desirable scenario.
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3. Results

The energy use of the building during the operation phase is shown in Table 4. Note that scenario
0 refers to the building in its current state.

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

Figures 3 and 4 show results for the different renovation scenarios where the environmental
payback is compared to the original building. The visualization implies that all stages A1–5 will
result in an increase in environmental impact. A decrease in energy use will result in a corresponding
decrease in environmental impact and an increase (such as increased use of electricity) will lead to
higher impact compared to the original building. The rate of the environmental savings depends on
the amount of energy used and the changes in the electricity mix.

In order to simplify the results visually, only the five scenarios with the most noticeable impacts are
shown. The results of all scenarios are found in the Supplementary Materials. The diagrams excluded
in the results section are scenarios with a significance somewhere in between the displayed scenarios.
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Figure 3 shows the selected scenarios in terms of GWP payback. It can be seen in the figure that
there are three different groups with similar GWP impacts but different energy sources. At the top of
the figure are Sweden and Norway (SE and NO) that have low carbon electricity mixes, then there are
Denmark and Finland (DK and FI) that have moderate carbon intensive electricity mixes, and at the
bottom are Estonia and Germany (EE and DE) that have carbon intensive electricity mixes.

The result for the low fossil mixes seems almost identical, as most of the selected renovation
scenarios decrease the GHG of the building. Special attention should be given to scenarios 2 and 6
(that are dependent on electricity as an energy carrier) which give EPs that have a high environmental
return of investment. Then there is scenario 8 that has the highest coefficient due to both the decrease
of energy use and the use of GHP. Finally, scenario 1 does not have an environmental payback due to
the low solar irradiation at northern latitudes.

In the moderate carbon mixes, (FI and DK) there is a more interesting development. Scenarios
2 and 6, that mainly depend on the change of the energy carrier, have a negative performance on
GWP (they increase GHG emissions), scenario 1 has an unchanged performance and scenario 7 has
a negative coefficient, but not enough to have an EROI bigger than 1. However, particular attention
should be given to scenario 8, that, even if it increases the electricity use, decreases GHG emissions
enough to give a good environmental performance, due to the reduced active heating demand and the
use of geothermal energy.

Then in high carbon mixes (EE and DE) it can be seen that results are similar, with a slight
difference in the coefficients, showing that all selected scenarios increase GHG emissions. As seen
previously, scenarios 2 and 6 are of special interest. Due to the increased use of fossil intensive electricity
production, these scenarios are the ones with the fastest increase in GHG emissions. Scenarios 7 and 8
have lower coefficients, but there is an increase in electricity consumption, due to the installations,
that leads to increased GHG emissions. Then scenario 1 has a similar performance as with low
carbon mixes.

Figure 4 shows the selected scenarios’ RW payback. It can be seen in the figure that there are two
different groups that have similar RW impacts, but different energy sources. At the top of the figure
are Sweden and Finland (SE and FI) that have high shares of nuclear power, then there are Denmark,
Norway, Estonia and Germany (EE and DE) that have low to no nuclear power.

The results for the low nuclear power mixes seem almost identical, as most of the selected
renovation scenarios decrease the RW of the building. Special attention should be paid to scenario 8
that decreases RW the most due to the decrease of the active heating demand. Scenario 8 also has the
highest (negative) coefficient due to both the decrease of energy use and the use of GHP. Scenario 1
shows a positive environmental payback regarding RW, with an environmental payback of between 20
and 30 years.

In the high nuclear power mixes, (SE and FI) there is different development. Scenarios 2 and 6, that
mainly depend on the change in the energy carrier, have a negative performance on RW (they increase
nuclear power use). Scenario 1 has an unchanged performance. In scenarios 7 and 8, RW decreases
enough to give a good environmental performance even when electricity use increases, due to the
reduced active heating demand in both cases and the use of geothermal energy in case of scenario 8.
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4. Discussion

Regarding environmental impacts of renovation strategies, it is interesting to note how these
impacts are related to the electricity mix. Scenarios 2 and 6 are of special importance in this study
because they show possible solutions for reducing GHG emissions in low carbon mixes. The use of
a GHP decreases GWP impact radically in Sweden by shifting the burden to RW. This poses a problem
in Sweden, a country that aims to have a 100% renewable energy system. It can be seen in these
scenarios that a small shift in the production of electricity gives a large increase in GWP, making
them really sensitive to the way electricity is produced. This means that, in a case like the German
Energiwende, where nuclear power was scaled down favoring coal fueled power, the GHG emission
savings can swiftly be an increase in emissions.

Particular attention can also be paid to scenario 1, which relies on PV as a renovation alternative.
The PV modules installed in the scenario have a low output of electricity produced, mainly because
that, even if Sweden has made great efforts to subsidize PV [26], many housing companies complain
that electricity production taxes for large installations make this kind of investment unattractive,
even if there is a great interest [27]. Also, given the particular situation of Nordic countries like
Sweden, PVs have very low electricity generation when the active heating demand of the house is
needed, during the darkest months of the year. On the contrary, during spring and summer most
of the PV electricity produced is exported to the grid, outside the system boundaries of the study,
which follows the EN standard. Also, the relative short lifetime of PV panels in comparison with both
their environmental payback and the lifetime of the building makes the installation of such a system
counterproductive. As Petrovic et al [28] noted the production stages of the PV panels contribute more
to GWP than the potential environmental benefits from them.

Scenarios 7 and 8 can be seen from an interesting perspective. For four of the six electricity mixes
(Sweden, Finland, Norway and Denmark) they result in decreases of both GWP and RW. Even in
carbon-rich mixes (Estonia and Germany) they represent the options that have the more gentle slopes
when it comes to GWP and have a decrease in RW mainly because they decrease the active heating
demand, reducing the electricity demand for the different installations. Even if these scenarios represent
high environmental impacts during the production phase, the reduction of active heating demand
compensates for the increased impact of the materials and the construction phases.

As has been discussed, there is a coupling between energy efficiency and the chosen energy carrier.
In a district heating system, such as the one in Borlänge, it is possible to reduce GHG emissions by
changing the energy carriers only when the electricity mix is almost carbon free (as in Sweden and
Norway). However, such changes make the system completely dependent on the electricity mix,
and can lead to an increase in the required effect during the coldest days of the year, which can result
in an increase of marginal electricity production that at the same time results in the use of fossil fuels.
This daily and hourly need for effect has not been considered in this study. If this effect is combined
with the proposed phase out of nuclear power in Sweden, it can give a high increase in GHG emissions
in a relative short time-span.

It is also important to consider the time perspective. This study is based on an EN standard that is
based on an attributional LCA, meaning that the energy system is in a steady state. This approach
is problematic in itself considering that optimization of the energy system takes place all the time.
An example is the migration from fossil-based to biofuels that district heating in Sweden has carried
out since the 1970s. Attributional LCA does not allow one to foresee how the electricity production can
shift during the lifetime of the building. In this study possible future scenarios have been analyzed by
using different electricity mixes from neighboring countries.

5. Conclusions

In this study, different renovation strategies were investigated for a building in Borlänge Sweden.
Different Northern European electricity mixes were used to carry out the analysis. This study focuses
on LCA for two different environmental categories: GWP and RW.
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It focuses on how different energy carriers can affect the environmental impacts of the building
and how changes in the way electricity is produced can improve or worsen these impacts.

As shown in the results, a change in energy carriers in Sweden can be seen as a good alternative in
order to reduce GWP. However, this is at the cost of increased RW. In a system with 100% renewables it
seems to be the best option, but if it is necessary to use other energy sources changing the energy carrier
can be counterproductive. In all electricity mixes (other than Norway) there is a tradeoff between
environmental impacts, when changing energy carriers.

Reducing the active heating demand of a building is the best alternative in order to reduce GWP
and RW, taking into consideration that a building that reduces the energy demand is less vulnerable to
changes in the energy system, and that the environmental gains are comparable to other scenarios,
even if the initial environmental impacts for the production stages are high.

The study also shows that PV installations cannot compensate for the environmental impacts of
their own production in Northern latitudes, due to a very limited output.

It is also important to note that the 50 years perspective of the analysis does not take into account
changes in the energy systems that can lead to both decrease or increase in the environmental impacts.
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Nomenclature

IPCC Intergovernmental Panel on Climate Change
GHG Greenhouse gas
EU European Union
LCA Life cycle assessment
HP Heat pump
DH District heating
HRV Heat recovery ventilation
GHP Geothermal heat pump
PV Photovoltaics
IDA-ICE Implicit differential algebraic equations system solver-Indoor climate and energy
RW Radioactive waste
CEN European Committee for Standardization
TR Technical report
GWP Global warming potential
EPD Environmental product declaration
COP Coefficient of performance
CML Center of environmental science of Leiden University
eROI Environmental return of investment
PVGIS Photovoltaic geographical information system
SL Service life
SE Sweden
NO Norway
FI Finland
DK Denmark

http://www.mdpi.com/1996-1073/13/1/80/s1
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DE Germany
EE Estonia
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