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Abstract: Cultural value and heritage have been identified as necessary for a sustainable living envi-
ronment, alongside environmental concern and energy efficiency. In this study, multiple methods, i.e.,
life cycle assessment, payback, and questionnaires and interviews with tenants, and empirical data
from a recent energy renovation of a multi-residential pre-war building with wooden construction
were used to analyse the impact of the renovation on cultural and aesthetic values, environmental
impact, financial payback time, and user satisfaction. In the energy renovation, the facade, which had
been disfigured in an earlier renovation, was recreated to resemble the original architecture. The main
questions are: What impact has the recreation of the facade on the environmental payback time in
comparison to a more conventional renovation? What are the consequences for the user satisfaction
and financial return on investment? The results show that the recreated fagade has improved the
building’s aesthetics without compromising the environmental benefits. It also resulted in better
thermal comfort, which is highly valued by the tenants. The improved aesthetics are also appreciated
by the tenants, but to a lesser extent. Financially, the renovation is estimated to be not viable. Results
of this study can be applied in the decision-making of similar renovation projects.

Keywords: historic buildings; Life Cycle Assessment (LCA); energy retrofit; payback time; heritage
value; recreating architectural value

1. Introduction

The building and construction sector is responsible for 40% of the energy consumption
and 36% of the greenhouse gas (GHG) emissions of the European Union [1]. The heating
and cooling of residential buildings represent 11% of the GHG emissions in Europe [2].
With the ambition of reducing Sweden’s environmental footprint, the Swedish government
set the objective of a 50% energy consumption reduction for its building stock by 2050
compared to 1995 [3]. This energy efficiency goal is combined with the overall aim to reach
zero net GHG emissions by 2045. Therefore, the national recommendation and regulations
are strengthened to ensure a high energy efficiency of new buildings. As the replacement
rate of the existing stock is slow, emphasis has been placed on developing and applying
efficient strategies for energy renovation [4].

Current building regulations limit the maximum energy use of a building during
its operational phase. As considerable improvements have been reached in terms of
thermal efficiency of contemporary buildings, the impact of the material production and
construction phase becomes more significant in the cumulative environmental impact
over the life span of a building [5,6]. Moreover, raising concerns for the environmental
and carbon impact of human activities have led European governments to push for the
inclusion of carbon impact analysis in the planning of new constructions [7]. In Sweden, a
new Climate Act came into force in 2018. Swedish law requires climate declarations for new
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constructions starting from 1 January 2021 [8]. Regulations for renovation works are also
anticipated; hence, there is a need to develop methods and tools to support environmental
declarations for renovations. In parallel with governmental climate initiatives, the Swedish
construction sector has signed an action plan towards a fossil free future in which the sector
requests strong governmental leadership and encourages clients, consultants, and builders
to develop knowledge in the field [9].

This paper takes the perspective of historic residential buildings in Sweden and
discusses aesthetic and cultural value and environmental impact of the building process
in decisions for renovation. In Sweden, 20% of all dwellings are found in buildings
constructed before 1945 and 28% in buildings constructed before 1950 [10]. Very few of
these historic buildings are formally protected and classified as monuments. According to
the Swedish Planning and Building Act (PBL, Plan- och bygglagen) [11], any alteration to a
building, new or old, protected or not, should be made with respect to its original character
and architecture. For buildings with a high cultural and historic value, often designated in
local historic environment programmes, PBL advocates a prohibition against disfigurement.
It is up to the building owner and to the local authorities that survey planning and building
permits to ensure that the requirements from PBL are followed [12].

The process of finding a suitable renovation strategy is a decision-process for housing
owners framed by multiple influencing factors. In order to find sustainable renovation
solutions for existing housing, political ambitions for energy savings and climate protection
must be balanced with technical needs, social concerns for residents, and the specific
economic conditions for each location, owner and building [13]. Multiple factors influence
housing renovation with the result that few renovations are actually carried out with the
energy efficiency investments that are needed to reach political energy objectives [14].
Furthermore, ambitions for energy savings intersects with objectives for cultural and
heritage values of the built environment. The United Nations Sustainable Development
Goals (SDGs) and the Agenda 2030 identify culture as an important driver for sustainable
development [15]. In Sweden, on the national level, a new architectural policy specifies
that the cultural, historical and architectural value of buildings should be preserved and
developed to benefit sustainable transitions [16]. In addition, the Swedish National Board
of Housing, Building and Planning has emphasised the importance of respecting heritage
value and the scarcity of pre-war housing when developing plans for energy renovation
of buildings [17].

While the relationship between energy efficiency and the preservation of historic
buildings has been well researched [18], life cycle approaches and the use of Life Cycle
Assessment (LCA) as a guidance for environmental and sustainable solutions of historic
buildings is still rather unexplored [19]. The importance of including a life-cycle perspective
in decision-making is stressed by the European Committee for Standardization (CEN), in
the European standard for energy efficiency in historic buildings “Guidelines for Improving
the Energy Performance of Historic Buildings” [20]. Furthermore, existing buildings
represent an embodied environmental impact [21,22]. Consequently, besides the large
societal and cultural value of historic buildings, their preservation also has benefits with
respect to environmental impact compared to new constructions [23]. In this respect,
existing buildings hold a key role in the current transition towards resource-efficiency and
the circular economy [24].

A review of studies exploring LCA as a decision-making tool for renovations concludes
that energy renovation measures are beneficial from both energetic and environmental
perspectives [22]. This review stresses that results from study to study are hardly compa-
rable due to a great variability in the scope and methodological choices. A review with
a specific focus on cultural heritage buildings and environmental impact confirms the
great variety of assessment methods, including LCA, as well as the variation of chosen
environmental indicators [23]. Earlier studies are mainly based on theoretical renovation
scenarios, and only a few consider empirical studies with real data and monitored impact
of energy retrofit measures, such as the one from Ardente et al. [25]
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Previous LCA studies on renovations also often focus on post-war housing [22], and
only a handful on pre-war housing. Ardente et al. [25] studied the renovation of six old
public buildings, some of them from the 19th century, and concluded with energy and
carbon payback times lower than three years. When studying the thermal improvements of
a Victorian terraced house from the 19th century, Mohammadpourkarbasi and Sharples [26]
found that the payback in terms of CO, emissions is lower than seven years. Other LCA
studies of building renovation compare the refurbishment of historic buildings with new
energy-efficient ones as a means to cast light on the benefit of reuse of buildings [27,28]. A
study published by the American National Trust for the Historic Preservation concludes
that building reuse typically offers greater environmental savings than demolition and
new construction [28]. Berg and Fuglseth [27] compared the careful renovation of a historic
Norwegian villa, with respect to preserving its original characteristics, with a scenario of
replacing the old villa with a new one. The study shows that replacing with a new construc-
tion would take more than 50 years to pay back in term of greenhouse gas emissions, but
also underlines the critical influence of user behaviour estimation on energy performance
modelling. The authors argue for a modified user energy consumption profile, with a
lower energy use, that reflects the actual behaviour of residents in historic buildings. From
the perspective of sustainability, these previous LCA studies have been limited to environ-
mental aspects without considering the perspective from residents, the financial side of the
renovation, or the potential impact on the buildings’ cultural and aesthetic values.

This paper aims at contributing to the field of sustainable renovation of historic
buildings by calculating the payback time for primary energy and carbon emissions of
a renovation in relation to the financial investment payback and to discuss the influence
of renovations on the building’s cultural and aesthetic value, and user satisfaction. A
recent energy retrofit of a pre-war multi-residential building in Sweden was selected as a
case, with good data availability and which is representative of a local pre-war building
typology. In the case building, a wooden facade, which had been replaced by asbestos
boards in an earlier renovation, was recreated to reinstall the building’s architectural and
cultural value. The case is interesting as the energy renovation becomes a means for
improving the cultural value of a historic building. The questions of our study are: How
long is the payback time of the chosen renovation solution in terms of energy, carbon
emissions, and financial investments? How different are the environmental payback times
compared to a conventional renovation without the ambitions to recreate cultural values?
What is the impact of the renovation on the building’s physical appearance and the user
satisfaction? The study has no intention of advancing LCA methodology, but instead
uses easily accessible tools and methods on a case, providing empirical data from a recent
energy retrofit.

2. Materials and Methods

Energy renovation has been studied from three different perspectives: (1) the environ-
mental impact, estimated with an LCA, (2) the economic aspect, based on an estimation of
the economic payback time of the renovation, and (3) the tenants’ perspective of the results
and the cultural value of the renovation, based on a questionnaire study followed up with
complementary in-depth interviews with six tenants. Together with a description of the
motivation and the decision behind the energy retrofit, these perspectives provide material
to discuss the benefit of the renovation from an environmental, financial, as well as a social
and cultural perspective.

General information on the case study is retrieved from several data sources: the build-
ing permit archive (for drawings and related documents), the local Historic Environment
programme [29] for descriptions of the local history and the cultural historical value of the
studied building, documents provided by the property owner and the building contractor
with energy and material use data, a questionnaire and in-depth interviews with tenants
in the area. In order to understand the motivation and the decisions taken in the energy
renovation, semi-structured interviews were made with: a representative (project leader)
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from the property owner, the architect for the energy retrofit, the CEO of the contractor
that carried out the renovation, and the municipal servant responsible for the building
permit for the energy retrofit. Some additional information has been retrieved in follow-up
correspondence with these actors. All interviews were recorded and transcribed.

2.1. Case Study Selection

The selected case represents a contemporary energy renovation of a historic residential
building that was already renovated, which is the case with older residential buildings. An
earlier study estimates that 71% of the Swedish housing stock built between 1931 and 1945
has already been renovated one or several times [30]. The case also represents a renovation
where a fagade, which was disfigured and covered with fibre cement boards in an earlier
renovation, has been recreated in order to reinstall the building’s original architectural
value. Consequently, the case provides a base for discussing the cultural value in energy
renovation in comparison with a conventional renovation where the heritage value is
not considered.

The case building is a “Landshévdingehus”, a typical local working-class housing
typology in Gothenburg commonly built between the 1860s and the 1940s. The building
typology is found in only a few other cities in Sweden. “Landshévdingehus” are charac-
terised by a first level built with bricks and two levels with a timber construction, a measure
to circumvent the fire regulations, which prohibited timber constructions with more than
two levels at that time. In Gothenburg, 60% of all the remaining pre-war multi-residential
buildings belong to this typology.

There is no general protection of this typology, and no more than a handful are
classified as monuments. A majority of the remaining “Landshévdingehus” are described
in the local Historic Environment programmes [24], more often as part of a valuable
neighbourhood rather than as individual buildings. Generally, the Historic Environment
programmes are a source of knowledge about the history and heritage value of the local
built environment. Even if the programmes do not provide any formal protection, these
are consulted when a building permit is handled.

Swedish energy saving programmes (1974-1983), launched in the wake of the first
oil crises, resulted in a first wave of energy renovations of housing [31]. Advantageous
loans were offered to housing owners who implemented measures to upgrade the heating
systems, replace oil heating, and reduce the operational energy demand through additional
exterior insulation and more energy efficient windows. The loans mainly targeted building
housing from the pre-war and war periods, as those buildings had the highest energy use.
The energy loans were introduced without the consideration of potential negative visual
impacts and influences on aesthetics and heritage values [32]. The applied exterior energy
measures, such as additional insulation, new fagade materials, and the replacement of
windows, have been criticized for their lack of consistency with the buildings’ original
architecture that resulted in a disfigurement of older housing stocks [33]. Wooden facades
of the “Landshovdingehus” were often replaced by what the property owners expected to
be low maintenance steel panels or composite boards [34].

Now, 40 to 50 years after the first energy renovations, these buildings are again in need
of renovation and modernisation. Consequently, energy improvements are carried out
among these previously renovated and often disfigured “Landshovdingehus”. The new
renovations offer the possibility to recreate architectural and cultural values that have been
lost in earlier renovations, an opportunity to improve the aesthetics. An increasing number
of such recreations have been observed, and this gives the indication that recreation of lost
architecture is attractive for some property owners [35].

The selected case is representative in the sense that other types of timber construc-
tions, including detached and semi-detached villas, as well as smaller multi-residential
buildings all over Sweden, have been renovated in similar ways during the energy saving
programmes in the 1970s and 80s [36]. Similar situations are also found in other locations,
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for example in Estonia where older wooden multi-residential buildings were clad with
chip boards and plaster during the second half of the 20th century [37].

2.2. Description of the Case Building and the Energy Retrofit

The case building (Figure 1) is located in the Eastern part of Gothenburg. It was built
in 1937 as a “barnrikehus”, which was a type of social housing targeted for families with
many children. The area provided, for the time being, modern facilities, such as central
heating and a bathroom. The building is currently owned and managed by a municipally
owned housing company that owns and manages more than 26,000 rental apartments
in the city. The building has 36 rental apartments with a heated floor area of 2674 m?
according to its energy performance certificate (EPC) realised in 2016. In 1979, the original
wooden cladding on the upper two levels was covered by cement fibreboards reinforced
with asbestos, probably in a bid to protect against rain and to lower the maintenance costs
due to a recurrent need to re-paint the wooden fagade. For unknown reasons, no insulation
was added to the facade at that time. The fibre-cement boards had a negative impact on the
visual experience and historic value of the building, and the energy efficiency remained
poor. The building is mentioned in the local Historic Environment programme, which
suggests that the recreation of the wooden fagade is possible [29].

f:

7
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WIRE 0T e BORASY (0K 7 OALAG.

Figure 1. Case building, to the right, in the 1940s. Photo courtesy of Gothenburg City Museum.

In 2016, a new renovation was initiated by the housing company with the aim to
improve the building’s energy efficiency and thermal comfort. The energy renovation
was a pilot project to test a technical solution to be implemented in other buildings in
the area, as well as in the rest of the pre-war housing stock of the housing company. An
external consultant estimated potential energy savings for both individual energy saving
measures and a package of measures in order to support the decision for renovation. The
embodied environmental impact of the renovation work and the production of materials
were not evaluated at that time, as this is usually only done when specifically required;
for example, when aiming for certain eco-labels. Several energy retrofit measures were
selected to improve the building envelope:

e addition of thermal insulation on the roof with 100 mm of phenolic foam, with
new roof framing elements and the replacement of all roof tiles, including security
equipment (snow fences and walkways);

e addition of exterior thermal insulation on the fagade and the replacement of cladding
materials: 70 mm of mineral wool and wooden panels to replace asbestos board on
the upper part of the fagade, and expanded polystyrene covered by plaster on the
lower part;
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e replacement of the original 2-pane windows with 3-pane windows with better
thermal properties;
e replacement of the external doors.

The heating and ventilation system was not changed, leaving the building with a
natural ventilation system and a connection to the district heating system in Gothenburg
for heating and hot water.

The original idea from the owner was to replace the old asbestos fibre-cement boards
on the fagade with new fibre-cement boards. This is currently a popular facade material
in Sweden, both in new construction and renovation due to its low maintenance. In
the process of obtaining the building permit for the renovation, the City Planning office
planted the idea of a re-creation of the wooden fagade, with a reference to the local Historic
Environment programme. The City planning office, however, has no legal rights to request
the recreation of a previously lost appearance. In line with PBL, the present physical
appearance of the building should be respected and not disfigured, which would then be
the 1970s board facade.

The idea of recreating the wooden fagade was considered by the property owner who
decided to choose that option. An architect was consulted to plan for the recreation. It
is not a restoration, as the recreated facade differs from the original. The original facade
was plain, without any cover lists and a light chrome oxide green. The characteristics of
the original facade were not known during the design and planning of the renovation
and were only revealed once the fibre-cement boards were removed. The architect took
inspiration from buildings in the surroundings and decided for a light-yellow wooden
fagade with cover lists (a solution which was easier to build and thus preferred according
to the constructor) and a grey plaster on the ground level.

When adding the insulation and the new facade, the new windows were moved
outwards, onto the level of the insulation, to be aligned with the new outer fagade. The
outer alignment of windows in the facade is typical of older timber constructions in Sweden,
and the measure was made to create a more authentic look of the old facade. Moving the
windows involved challenges with cold bridges and the fagade had to be remediated by
the contractor [34]. At the ground level, the exterior walls were insulated on the outside,
and a new plaster facade was added, without moving the windows.

The architect had prescribed similar side-hinged wooden windows to the original,
which opens outwards. The building company, on a design and build (turnkey) con-
tract, chose instead to use pivot-hinged windows with a false centric mullion, which
severely compromised the aesthetical appearance and authentic historic reference of the
building (Figure 2).
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(@) (b)
Figure 2. (a) The fibre-cement board facade with the original side-hinged windows on an adjacent—

and still not renovated—building block in the same street. Photon K. Mork, 2017. (b) The recreated
wooden fagade with the pivot hinged windows and false centric mullions. Photo L. Thuvander, 2017.

2.3. Goal and Scope of the LCA

LCA for buildings was developed to analyse the environmental impact of a building
from its construction to its end-of-life. The European standard EN15978 details its proce-
dure, which is divided into four main steps: the goal and scope definition, the life cycle
inventory, the assessment of the selected environmental indicators and the interpretation of
the results. To calculate the environmental impact of building renovations, the standardised
methodology, tailored for new constructions, must be adjusted. Renovation moves from
being only a life cycle stage of the building to the central element of the study.

Various tools are developed to support the use of LCA as a decision tool for renova-
tions. In the literature, LCA is integrated in some decision support tools for renovations [38],
but the exact methodology and processes accounted for in the assessment are often not
easily accessible, such as the one developed by Mjornell et al. [39]. Another tool, developed
by the Swedish environmental institute [40], only aims to estimate the embodied impact of
new construction materials for the renovation, which makes the comparison of different
renovation scenarios, leading to different energy performances over the lifetime of the
building difficult. For this study, it was then decided to use an Excel tool developed to
perform the calculations detailed in Section 2.4.

In this study, the environmental LCA aims to assess the net energy and carbon savings
generated by the second renovation of the building presented above over a service life
of 50 years, and to compare the impact of choosing a wooden facade, for cultural value
recreation, instead of fibre-cement boards. Two attributional LCAs are conducted. One
focuses on the real renovation, with a wooden fagade, implemented on the building,
hereafter referred to as ‘real renovation’. The second one is used to assess an alternative
scenario with 10 mm fibre-cement boards as a fagade cladding material, instead of wooden
panels, indicated as the ‘alternative renovation’. The other elements in the renovation
(i.e., the addition of exterior insulation, the replacement of windows and doors, and the
renovation of the roof) are assumed to be kept in the “alternative renovation’ scenario, with
the same material quantities as for the real renovation. It is assumed that the building
would have the same thermal performances in the two cases. The functional unit in the
two studies is to provide a multi-family housing with a heated floor area of 2674 m? for
50 years. A service life period to last as long as possible is anticipated. However, the
building is expected to face its next major renovation after 50 years of use; therefore,
we have set the service life to be 50 years. Two impact categories are considered in the
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assessment: the cumulated primary energy consumption, including renewable and non-
renewable sources of energy, expressed in MWHh, and global warming potential over a
100-year time-horizon (GWP), expressed relative to CO,. The following life-cycle stages
were taken into account, based on the recommendations from Vilches et al. [22]:

e  the production of the new components for the refurbishment, including the extraction
of raw materials, their transportation and manufacturing;

e the transport of the new components to the construction site and their installation
(renovation work);
the end-of-life of the wastes generated by the renovation;
the energy use of the whole building after the renovation, with the assumption that
the yearly energy use is constant during the 50 years of building use;

e possible further replacements (end-of-life treatment and production of materials
for the replacement) of the new materials added during the renovation work if their
intended lifespan is shorter than 50 years. However, the maintenance of new materials,
such as the re-painting of the facade for example, is not included in this study.

A simplified flowchart of the processes included in the assessment is presented
in Figure 3.

Energy

Raw material Construction Renovation of the
" » " " * G > Use
extraction material production building
Necessary material
replacements
\—h End-of-life
| treatment (waste

management)

Figure 3. Simplified flowchart of the processes included in the life cycle assessment.

2.4. Data Inventory and Calculations for the LCA

The raw material extraction, production, installation, and end-of-life of construction
materials were modelled based on manufacturer’s product data and from environmental
product declarations (EPD). When no EPD was available, the inventory was completed by
generic data from license-free European environmental databases for construction materials
Okobaudat [41] and Okobilanzdaten [42]. For more information on the selected datasets,
see the Supplementary material, Section S.1.1.

To model the renovation of the building, the quantity and relevant characteristics
of added and removed construction materials were collected from bills provided by the
contractor. The weight and composition of waste removed during the renovation was
retrieved from information sent to the contractor by the waste treatment plants. The
quantities and the product names of the new construction materials and components were
gathered from purchase order forms and technical documents. An estimation of their
transportation from the production place to the renovation site was made based on the
information of the location of the production sites. More information of the modelling of
transport is available in the Supplementary material, Section S.1.2.

The energy use of the building during its use after the renovation was estimated with
two methods for each case: (1) a thermal simulation of the building prior to the renovation
work, and (2) a projection of the energy use based on real consumption data after the
renovation. For both methods, a yearly consumption was estimated and assumed to be
constant over the lifespan of the building after renovation. The modelling of an energy
consumption evolving with time would have given a more accurate estimation of the
future impacts of the building, but, as the main aim of the study is the comparison of two
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choices for the renovation, this type of modelling was deemed to be out of the scope of this
study. The thermal simulation of the building was performed by a consultancy company
during the preparation of the renovation to support the property owner in the decision
process. An estimation of energy savings generated by each energy saving measure and by
the renovation as a whole was retrieved. For the projection based on real data, the housing
owner provided detailed energy use information, with the amount of energy for heating
and electricity on its bills for the years 2017 and 2018. The provided values are normalised
values according to a ‘normal year’ (without extreme climatic situations). The average
energy use over the years 2017 and 2018 was used in the calculation. The building energy
use after the renovation from the two methods are compared to the average energy use
between 2005 and 2015 and were reported on the housing owner’s bills to estimate the
energy savings achieved with the renovation.

Data for the efficiency of the energy production and the GWP for the production of
district heating and electricity were retrieved from the report from Liljenstrom et al. [5]
(see Supplementary material, Section S.1.3).

To estimate the impact of the construction material over the use phase of the building,
their replacement rate was taken into account. It was assumed that their maintenance, such
as repainting or cleaning, would represent a negligible environmental impact over their life
cycle, and that a need for repair would lead to the replacement of the material. To model
the replacement of materials, it was assumed that they would be fully replaced at the end
of their lifespan. Specific instructions for Swedish owners about maintenance were used to
estimate the lifespan of the different materials [43,44] (Table 1).

Table 1. Estimation of the lifespan of products used for the Life Cycle study [43,44].

Element Lifespan (Years)
Roof tiles, roofing felt and roof security equipment 30
Roof insulation and new roof framing elements 50
Facade insulation 50
Wooden panels 40
Plaster 30
Windows 40
Doors 35

Calculations were performed in Excel. The global impact of the renovation was
estimated based on the following formula:

Global impaCt = LS'((Hé‘ + Wﬁ‘)'fheat + Elec'fel) +El+ Imaterials,use + Imaterials,EoL

with LS the lifespan of the renovation, estimated to 50 years, H, the space heating en-
ergy after the renovation (kWh/year), W, the hot tap water energy after the renovation
(kWh/year), Elec the electricity consumption after the renovation (kWh/year), f;..; and f
the corresponding conversion factor between delivered energy and the indicator (unit of the
indicator/kWh), EI the embodied impact of the renovation, and I;,teriais uses Imaterials EoL
the impact due to the use and end-of-life treatment respectively of substituted and new
materials (unit of the indicator):

El'= <Z Q]" (Ij,prod + Ij,cons)) + Lwastes,EoL
j

Imuterials,use = Z Qj' (Ij,prod + I',cons + Ij,EoL)
]
-floor (LS;/LS)

Imaterials,EoL = ZQ]"I]}EOL
j
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with Q; the quantity of material j (kg), I prod, Ijcons and I o the energy impact of the
material j generated during its production, construction and end-of-life phase respectively
(unit of the impact/kg), LS; the lifespan of material j (years), and Iygstes Eor the impact due
to the end-of-life treatment of construction wastes during the renovation work.

The payback time (PBT) was calculated as follows:

PBT = EI/ ImpaCtsaved/year

with Impactsgpeq/yeqr being the estimated yearly savings thanks to the retrofit (unit of
the indicator/year).

2.5. Economic Payback Time

The owner provided the investment cost for the renovation work and the revenue in
the form of a rent increase. As those data were available only for the real renovation, no
estimation for the economic payback time has been made for the alternative renovation
scenario in this study. No range of rents has been used in the calculation, as this was not
considered justified or probable. In Sweden, rent increase for rental housing is the result of a
negotiation between the Swedish Housing Association and the property owner and is based
on what is called “utilisation value” [45]. Costs for “normal maintenance” (for example
external renovation) and energy efficiency cannot be transferred to the tenants (except
partly for example for new windows, which is considered a standard improvement as this
will lead to better indoor climate for the tenants), only costs for standard improvements
(e.g., new improved kitchen, wooden flooring, improved security through new doors and
security systems). In the specific case of renovation, which is discussed in the paper, the
tenants opposed to a more comprehensive renovation that was initially planned and that
included internal renovation and consequently standard improvements—this delayed the
whole renovation process for almost two years.

Information to estimate the annual main expense for the owner with respect to the
building energy use, electricity and district heating prices and their expected increase rate
for the next 50 years was retrieved from Brown et al. [46] (Table 2) A simple evaluation of
the economic payback time (PBT) of the renovation was then estimated as the results of the
following equation:

1-(1 PBT+1
RC = PBT x Brent — %Pel (Cel,before - Cel,after)

Tel
PBT+1
_ 1- (1+7hmt)
Theat

DPheat (Cheat,before - Cheat,after)

with RC the renovation cost, Bye; the economic benefit generated yearly by the increase of
the rent, r,; and ry,,; the rate of yearly price increase for electricity and heat, P,; and Py,
the current price for electricity and heat, Coj pefore/after a0 Cheatpefore/after the electricity
and heat consumption before/after the renovation.

Table 2. Parameters for the economic assessment.

Parameter Value
Renovation cost RC 10.5 M SEK
Yearly benefit from rent increase Bt 108 kSEK
Yearly price increase for electricity r,; [46] 2.5%
Yearly price increase for heat ry,,,; [46] 1.4%
Current price for electricity P,; [46] 0.96 SEK/kWh
Current price for heat Py, ; [46] 0.64 SEK/kWh

This estimation does not account for the predicted maintenance costs and is therefore
a first approximation of the minimum economic payback time of the renovation for the
owner of the building.
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2.6. The Tenants’ Perspective

A questionnaire was sent out to the tenants in the case building as well as to a few
adjacent building blocks in the same area. The questionnaire survey was conducted in
2017, after the renovation of the case building but prior to the renovation of other building
blocks in the same area. That means that the questionnaire captured the tenants” experience
of the renovation process and its result in the case building, and the tenants” expectations
on the renovation in the adjacent buildings. A printed version of the questionnaire was
placed in the tenants’ letter box together with a prepaid franked return envelope. In
total, 156 tenants in the area received the questionnaire of which 73 responded (response
rate 47%). Of the 36 apartments in the case building, respondents from 17 household filled
in the questionnaire.

The questionnaire had three parts (A-C); part A with questions about the household
and its demographics; part B with general questions of the appreciation of the housing
area and of the tenant’s own dwelling, why the tenant decided to move to the area, and
their appreciation of the building’s history and its cultural value; and part C with questions
about the renovation process and its results, if they appreciated the recreated facade and if
they experienced a better indoor comfort. In part C, a question was posed on the tenants’
willingness to pay for heritage values in comparison to their willingness to pay for other
values that could be attributed the renovation: the improved environmental profile of
their home, the improved indoor comfort and improved sound insulation as a result of the
new windows.

The average age of the respondents of the questionnaire is high and few have children
under 18 living at home. Most of the respondents are female. The demographics of the
respondents are typical for the area, with older housing and rather small apartments of
mainly 2 rooms, a kitchen and a small bathroom. Characteristic for the respondents is that
they have lived in the area for a longer time, in average 15 years. Nine of the tenants have
lived in the area more than 40 years, which is far beyond the national average, which is
living seven years at one location [47]. However, 31 of the total 73 respondents have lived
less than eight years in their apartment.

In the questionnaire, all respondents were asked about their willingness to participate
in a follow-up face-to-face interview. The aim of the interviews was to get qualitative and
explanatory insights that complemented the quantitative data from the questionnaire and
the questions posed during the interviews resembled those posed in the questionnaire.
The purpose was to deepen the understanding of how the tenants in this case area value
heritage values of the building they live in and their apartment, how they perceive the
value of the recreated wooden fagade, as well as their general experiences of the renovation
process and its result.

Of the 73 tenants that sent in a filled in questionnaire, eleven indicated that they
were available for a follow-up interview. The research group then made a selection of
tenants that represented different household categories (singles, couples and families with
children), genders and age groups. Eventually, six of these tenants were available for an
interview, which were all conducted during a few days in the early 2018 in the tenants’
home. One of these six lived in the renovated case building and the other five in the
surrounding blocks, which at the time were not yet renovated. Unfortunately, no couples
or families were available during the days the interviews were carried out. The tenant
living in the case building was between 80-90 years and had lived in the area since the
construction in 1937. Four of the other interviewees were between 60 and 80 years and had
lived in the area between 20 and 50 years. Only one interviewee was between 20 and 30
and had lived in the area for six years at the time for the interview. Two of the interviewees
were male and four were female. The questionnaire and the interviews were part of a
larger study including also other pre-war housing areas which have recently undergone
renovation. An interim report from the study has been published in Swedish [48] and an
international publication which will present statistical analysis of this larger material and
is planned for later publication.
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3. Results
3.1. Results from the Environmental and the Financial Assessment

The results from the environmental and financial assessment are structured in five
sub-sections. They present the results of the inventory for the LCA, the LCA results related
to construction materials for the implemented renovation, a comparison of environmental
and economic payback times estimated with different energy consumption data, the com-
parison of the two cases of renovation, and, finally, an uncertainty analysis with respect to
environmental data of the energy production and specifically of district heating production.

3.1.1. Life Cycle Inventory

The inventory for the LCA resulted in the amount of construction materials added
and removed during the renovation and maintenance (Table 3), the amount of energy
required during the use of the building (Table 4), and the environmental impacts resulting
from the processing outside the building site (i.e., energy production, construction material
production and waste treatment).

Table 3. Construction material quantities required for the renovation work and maintenance of the building. Materials and

amounts are similar in the two renovation cases, except for the components in italic.

Component Material Amount for the Renovation Amount for Maintenance
Removed material
Roof Clay 38,600 kg -2
Facade Asbestos 14,100 kg -a
Windows Miscellaneous 11,100 kg -a
Others Miscellaneous 4900 kg -2
Roof
Tiles Clay 35,640 kg 35,640 kg
Insulation Phenolic foam 4800 kg -b
Roofing felt Polypropylene film 210 kg 210 kg
New framing elements Pine wood 13,280 kg -b
Walkway and snow fences Steel 1730 kg 1730 kg
Facade
Insulation, 1st floor Expanded polystyrene 2700 kg -b
Cladding material, 1st floor Plaster 22,500 kg 22,500 kg
Insulation, other floors Glass wool 4400 kg -b
. . Pine wood * 18,560 kg * 18,560 kg *
Cladding material, other floors Fibre-cement boards ** 34,380 kg * 34,380 k;gg *
Windows and doors
Windows Wooden and aluminium 12,090 kg 12,090 kg
framed 3-pane windows ’ ’
Entrance door Pine wood and 3-pane glazing 600 kg 600 kg
Basement door Oak and aluminium 100 kg 100 kg

* Real renovation, with wooden facade. ** Alternative renovation, with fibre-cement boards. 2 Not applicable. ® No replacement

during maintenance.

The data in Table 4 show a significant difference between the energy consumption
calculated by the external consultant using numerical energy simulations and the measured
value over 2 years after renovation. The expected energy reduction falls from 34% of
reduction compared to pre-renovation level, according to the simulation, to only 12% based
on real consumptions.
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Table 4. Estimated energy use of the building.

Before the After the After the Renovation—
. Renovation—Thermal
Renovation . . Measured
Simulation
Heating (H, + W,) 412 MWh/year 274 MWh/year 361 MWh/year
Electricity (Elec) 4 MWh/year 2 MWh/year 7 MWh/year

3.1.2. Environmental Impact Related to Construction Materials of the Renovation

Figure 4 summarises the results from the LCA of the renovation, except for the impact
from the building’s energy use, expressed in total required primary energy and the GWP of
each stage of the life cycle of the products. For both the real renovation and the alternative
renovation, the total impact due to the addition and replacement of materials is almost
equally divided into the three major retrofit measures (roof/facade/windows and doors)
and is mainly related to the production of materials for the renovation and the maintenance
of the building. The end-of-life treatment of the materials added for the renovation is
also significant for the GWP impact related to construction materials, mainly because of
insulation materials” end-of life treatment. The construction waste during renovation is

almost negligible.
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Figure 4. GWP impact and required primary energy related to construction materials over the life

cycle of the building in the case of the real renovation (top) and the alternative renovation (bottom).
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3.1.3. Economic and Environmental Payback Times

Payback times and embodied impacts for the different renovation measures, separately
and combined, are presented in Table 5. With the estimation based on the calculated energy
savings, the renovation gives satisfying results, with a primary energy payback time of
6.5 years and a carbon payback time of 7 years. When each energy saving measure is
considered separately, the replacement of windows and the insulation of the roof are
estimated as having shorter payback times than the facade insulation (24.2 and 22 years for
primary energy and carbon respectively).

The environmental payback time increases notably when using the measured energy
data, rising from 6.5 to 24.5 years for primary energy, and from 7.0 to 24.7 years for
GWP (Table 5). Those values are still lower than 50 years—the expected lifespan of the
renovated building.

Table 5. Payback times for the renovation work.

Energy
Type of Renovation Saving EE PBTenergy EC PBT.abon  PBTeconomic
Energy Data Scenario (MWh (MWh pe) (Years) (ton CO5-eq) (Years) (Years)
pe/Year)
Real renovation 131 857 6.5 112 7.0 41
’ - Insulation of 65.6 300 45 36.7 45 -
Energy savings the roof
estimated with - Insulation of 12.5 303 24.0 33.7 22.0 _
a thermal the fagade
simulation - Replacement
of windows 51.4 255 5.0 41.7 6.6 -
and doors
Energy savings Real renovation 35.0 857 24.5* 112 24.7 * 67
estimated with Alternative
energy bills renovation 35.0 829 23.7 % 132 29.2 ** -

EE: embodied energy, EC: embodied carbon, pe: primary energy, PBTenergy, PBTcarbon, PBTeconomic: payback time for the cumulated
primary energy consumption, GWP and economic investments respectively. Due to the replacement of some materials for maintenance 30
and 40 years after the renovation, * the cumulated impact of the renovation exceeds the one of the building without any refurbishment
work, but this difference is offset within 4 years; ** the cumulated impact of the renovation exceeds the one of the building without any
refurbishment work and is not offset within the building lifespan of 50 years considered in this study.

Regarding economic investment, using the measured energy consumption data in-
creases the payback of the renovation from 41 to 67 years (Table 5), which means that there
is no payback for the investment before a new renovation is required.

3.1.4. Difference in the LCA Results between the Real and Alternative Renovation

Fibre-cement boards were the initial preferred fagade choice for the property owners
with less expected maintenance. According to recommendations addressed to Swedish
property owners [43], if wooden panels are repainted every ten years, the lifetime of
the fagade is 40 years, compared to the expected average lifetime of 30 years for fibre-
cement boards.

The embodied primary energy for the fibre-cement boards necessary to cover a given
facade area is 27% lower than for the wooden panels necessary to cover the same facade
area, but the embodied carbon is as much as 290% higher. This leads to a decrease
(respectively increase) in the required primary energy (respectively GWP impact) related to
the production of the material required for the alternative renovation and its maintenance
(Figure 4), which explains the lower embodied energy, but the higher embodied carbon for
the two different facade scenarios (Table 5).

If the same energy savings could be expected as in the actual renovation, the choice of
fibre-cement board would have led to a slightly lower energy payback time of 23.7 years,
but an increased carbon payback time of 29.2 years (Table 5). The increase in GWP related
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to the production of fibre-cement boards compared to wooden panels is enough to provide
a resulting cumulated impact after 50 years of use slightly higher (2042 tons CO;-eq, +0.4%)
than the building without any refurbishment or maintenance involving new construction
material (2033 tons CO;-eq).

3.1.5. Uncertainty Analysis

The operational energy use of the building represents 92% of the cumulated primary
energy and 89% of the GWP impact. The environmental impact of delivered energy, and
especially delivered district heating, has thus had a great influence on the results. In order
to estimate the potential impact from uncertainties in the energy environmental data on the
results, an estimation of payback times was made using different sources of environmental
data for distributed energy.

No value for the efficiency of Swedish energy and heat production were found other
than the one provided by Liljenstrom et al. [5]. For district heating of the city of Gothenburg,
the supplier reported a yearly estimation of the GWP for their provided district heat of
between 0.059 and 0.079 kg CO;-eq/kWh, with 0.073 kg CO,-eq/kWh in 2018 [49]. With
respect to the Swedish national average, district heating has been evaluated as generating
between 0.097 kg CO,-eq/kWh by Liljenstrom et al. [5] and 0.14 kg CO,-eq/kWh by Bengt
Dahlgren AB [50].

Figure 5 shows the estimated carbon payback time for the renovation calculated with
values for the district heating between 0.059 and 0.14 kg CO;-eq/kWh. The results show
that the carbon payback time of the renovation then varies from 17 years using the Swedish
national average estimation [50], to 43 years using the lowest environmental data achieved
from Goteborg Energi [49].
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Figure 5. Evolution of the carbon payback time of the renovation with the GWP of district heating
provided to the studied building.

3.2. Results from the Questionnaire and Interviews with the Tenants

Results from the questionnaire show that the tenants in the area are generally satisfied
with their home. The closeness to nature and recreational areas, together with a calm and
safe living environment, and the low rents, have attracted them to the area. Among the
negative characteristics, respondents living in the not-yet renovated buildings mention
“old buildings” and deficient ventilation. What the tenants expect from the up-coming reno-
vation is: better indoor temperature and less draught (17% respective 15% of the responses),
followed by a better sound environment (12%), an improved outdoor environment (12%)
and improved aesthetics of the buildings (12%).

A question was posed about the cultural historical value that the tenants attribute to
their building. The tenants living in the case building with the recreated wooden fagade
attributed to their building a mean value of 3.53 on a scale from zero to five, where five
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indicated the highest value. Tenants living in the not-yet renovated buildings, still with
the fibre-cement boards from the 1970s, attributed to their building the mean value 3.0 on
the same scale. The respondents were then asked which materials and characteristics, in a
predefined list of building parts, they attributed the highest cultural historical value on
the exterior to the building (Figure 6, left) and inside their apartment (Figure 6, right). The
respondents could select several options. With respect to exterior values, windows, facades
and the building’s situation in the urban landscape were among the highest valued parts.
To be noted, 25 of the respondents ticked “no opinion” and five respondents ticked “other”.
Of these five who answered “other”, two respondents wrote “barnrikehus”, indicating
that they highly value the social history of the building, and two made general comments
on the need for renovation. Regarding interior values, interior doors, flooring, windows
and radiators scored highly, but so did “no opinion”. Seven respondents ticked “other”
and, out of these, three mentioned the well-designed and functional built-in closets, two
respondents mentioned the internal floor and windows, which already were pre-defined
options, and one mentioned the high ceiling height as an appreciated value.
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Figure 6. Building parts, materials and characteristics that the respondents of the questionnaire attribute the highest cultural

historical value, on the exterior of the building (left) and inside the apartment (right).

The interviews with six tenants show that the buildings” age and history is important
for all of them. They find it important that the buildings have a social history as “barn-
rikehus” for families with many children, and they experience that the buildings have a
soul. Appreciated details of the buildings are the windows, the wooden floors and the
imperfectness, the crooked and winding walls and floors that brings life into the home.

As seen in Figure 6, the results to the questionnaire show that windows are perceived
as an important element for the cultural value of a building. Seven of the respondents of
the questionnaire comment on their dissatisfaction with the new chosen widows in the
case building, with the false mullion. A “ridiculous stick”, as one respondent calls it. The
interviews confirm this dissatisfaction with the chosen windows found in the questionnaire.
The interviewees think that the newly recreated wooden fagade on the case building results
in an aesthetic improvement of the area, but they dislike the chosen windows. Two of the
tenants living in a not-yet renovated building block have very strong reactions against
the new windows and would prefer to keep the old ones, even though this means less
indoor comfort and more draught. They value the history and the aesthetics of the old
windows more than comfort, and they argue that they prefer keeping the old windows
and having a lower perceived indoor temperature, rather than getting new windows and a
higher perceived indoor temperature. One of the two tenants declares that she would move
out if she would get the same new windows as in the case building. The only younger
interviewee expresses a different view. She thinks that even though she appreciates the
aesthetics and history of the older windows, she would compromise this in favour of a
better indoor climate and less draught. She is the only one of the six interviewees that finds
it reasonable to replace the windows to save the environment.
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The results from the questionnaire and the interviews must be interpreted with some
caution. The response rate for the questionnaire can be considered in a normal range, in a
time of decreasing interest to take part in surveys [51], but the representativeness of the
expressed views could be biased. The persons that were able to meet us for an interview
were in large majority retired persons, and only one younger tenant on a longer sick leave.
It could be that the over-representation of older respondents does not represent all residents
in the studied buildings.

4. Discussion

In this paper, several different assessments have been performed to discuss the envi-
ronmental, economic, social and cultural value of an energy renovation in which a wooden
facade of a previously renovated and disfigured pre-war multi-residential building was
recreated. The energy, carbon and financial payback times have been estimated. The
motives and decisions behind the renovation, as well as the tenants’ experience of the
renovation and recreation, have been studied. A comparison of the environmental payback
times between the wooden fagade and an alternative and more conventional renovation,
with low maintenance fibre-cement boards, was carried out to discuss the environmental
consequences of the recreated facade. The difficulties of retrieving environmental data
from openly accessible sources were also discussed, supported by an uncertainty analysis
of environmental data for district heating production.

4.1. Benefits from the Real Renovation in Terms of Energy and Carbon Savings

The calculated energy savings from the retrofit measures were estimated to a 37%
reduction. Using the real monitored energy use shows that only a 12% reduction was
factually achieved. This result aligns with an earlier study which estimates the general
potential of energy reduction in Swedish housing from upgraded windows and U-values
to be around 14% [52]. However, 12% of energy reduction does not correspond to the
high-level Swedish national goals for energy efficiency through renovation.

The performance gap between expected and monitored energy performance from
renovation has been discussed in previous studies [53]. The difference can be explained by
an inaccurate prediction of engineering system performance and by users’ behaviour [54].
To reach higher levels of energy efficiency in renovation, the improvement of the building
envelope alone is not sufficient and needs to be combined with other measures, such as
the heat recovery from air ventilation [55]. The property owner has logged the indoor
temperature in several of its buildings and found in general higher temperatures in the
renovated building than in the unrenovated adjacent buildings. In some apartments, the
temperature was found to be above 20 to 23 degrees Celsius, which is recommended by
the Public Health Agency of Sweden [56] and the 21 degrees Celsius used for energy
calculations according to Swedish Building Regulations [57]. As shown by Mata et al. [52],
the limitation of indoor temperature to 20 °C is a measure with great potential to impact the
energy and carbon impact reduction for the Swedish residential building stock. Accordingly,
the addition of heat control sensors could be a measure to consider.

The results from the LCA study show a favourable environmental return on invest-
ment in terms of cumulated primary energy use and GWD, lower than the intended life
span of the renovation. When using the calculated savings for operational energy use, the
resulting payback times for the renovation align with previous studies of renovation of
post-war dwellings both in terms of primary energy (below 4 years according to Dodoo
et al. [58]), and in term of GWP (below 7 or 8 years according to Mohammadpourkarbasi
and Sharples [26] and Erlandsson and Levin [59] respectively). However, the expected
environmental payback times in this study are multiplied by 3.5 due to the difference
between the calculated energy savings and the monitored energy use.

Payback times for the renovation are estimated without consideration of the possible
additional impact generated by the maintenance with replacement of the construction
materials. When considering this replacement of materials, the cumulated environmental
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impact of the renovated building over its 50-year lifetime exceeds the impact that would
have been generated by leaving the building in its state before the renovation (Figure 7).
The renovation is estimated to be paid back 41 years after the renovation for what concerns
cumulated primary energy and 44 years for GWP. Those payback periods are much higher
than what is referred to in previous studies, i.e., a payback time lower than 8-10 years for a
complete renovation [22,25,58,60-62], and is in fact closer to the estimated payback times for
individual measures on the building envelope from Asdrubali et al. [60] (energy payback
time of 31 years) and from Beccali et al. [61] (energy payback time between 21 and 43 years
and carbon payback time between 27 and 35 years depending on the renovation measure).
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Figure 7. Cumulative impact of the real renovation over time (a) for primary energy and (b) for GWP with calculated and

measured energy savings.
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From a financial perspective, the renovation has a long pay back (41 years based on
the calculated energy use and 67 years for the measured), and is therefore expected to be
unprofitable for the owner. The payback will be even longer when including costs for
maintenance, which will be necessary further on, such as the painting of the fagade.

4.2. Environmental Impact Related to Architecture, Heritage and Thermal Comfort

Besides environmental and economic aspects, there are other benefits from the ren-
ovation. First, the thermal comfort has been improved for the tenants, and this has been
achieved with only a low rent increase. Second, the recreated fagade has improved the
aesthetics of the building, and the appreciation of this among the tenants has been captured
in our questionnaire and interviews, and has been confirmed by the property owner in
their contact with the tenants. The aesthetic and cultural improvement of the building
from the recreated facade has unfortunately been compromised by the choice of windows.
This mistake with the windows seems to have been recognised by the property owner. In a
new phase of renovations, finalised in 2018 in the same housing area, the facade has been
recreated in the same way as the case study building, but instead of pivot-hinged windows,
side-hinged windows of the same typology as the original have been used (Figure 8).
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Figure 8. Side-hinged windows in a new phase of renovations in the area, which to a higher degree
resemble the original windows and fagades. Photo P. Femenias 2018.

The choice to recreate a wooden fagade instead of using fibre-cement boards, a more
commonly used fagade material, can be justified based on the results from the environ-
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mental LCA. The wooden facade has a better environmental performance in term of GWP
(—15%, see Table 5). Regarding primary energy requirements, the wooden fagade scores
higher, but the difference is marginal (+3%), and the wooden facade remains profitable
from an environmental point of view.

The recreation of the fagade on the case study building is not a historic refurbishment.
The aesthetic differs from the original fagade and architecture of this specific building,
although the same type of facade can be found on other buildings in the neighbourhood.
The impact on the authenticity on an individual building level, and the possible large-scale
effect on the historic environment from similar non-authentic recreations, is not discussed
in this paper. However, non-authentic fagade recreations could have large consequences for
the authenticity of the local historic environment. This phenomenon should be recognised
and discussed among planners, architects, and antiquarians.

4.3. Uncertainties from Environmental Data

The environmental LCA results from the study are sensitive to the data used for the
calculations. A main challenge was to find accessible relevant environmental data, with an
estimation of the primary energy needed and the GWP for each life cycle phase of the new
construction materials. Environmental data specific to a product differ with the location of
the manufacturing place and the age of data, as the energy mix, technology for production
and need of transportation vary over time and location. EPDs provide data specific to
a product and manufacturer, but were available for only three construction materials
for this case study. Accessible average data representative of a country are gathered
in databases such as Okobaudat for Germany [41] and Okobilanzdaten im Baubereich
for Switzerland [42], but representative data for Sweden were hardly found. There is
unfortunately no information reported on the variance of environmental data in the data
sources used. As pointed out by Heijungs et al. [63], this is often the case for environmental
data due to the limited access to data and resources to develop environmental datasets.

As stated by Vilches et al. [22], LCA methodology can be implemented differently from
case to case, especially because such an assessment relies on assumptions for the future
of the building itself and the construction materials for the renovation. As an example,
an evolution of the Swedish energy mix over time was not considered. Previous studies
showed that current scenarios for the future energy mix do not have a significant impact on
the resulting payback time for a renovation, with variations of several months [60]. A con-
stant yearly energy consumption during the use of the building, based on the measured
energy use during two years after the renovation, was also assumed, disregarding the
possible evolution of energy efficiency with the age of the building. Finally, another main
assumption for this study was that the maintenance other than the replacement of added
materials during the renovation would not have a significant impact on the total cumulative
environmental impact. This corresponds with the minor repairs studied by Grant et al. [64],
which have been found to have a negligible impact compared to major replacements.

Choosing to study a longer service life of the building opens a much higher risk of
large uncertainties in the results. Besides the evolution of the energy mix or the energy
performance mentioned above, the modelling performed in this study is unable to take
into account the technology development influencing the environmental impact due to
materials for maintenance or maintenance techniques, nor unexpected events in the life of
the building.

Finally, variations in openly available data for GWP of the district heating production
highly affect the results of the study and the carbon payback times, as shown by the
uncertainty analysis. This sensitivity enhances the importance of providing accessible data
for life cycle environmental assessment. As stated by Francart et al. [7], municipalities
should provide such resources as local planning actors to facilitate such assessments or ask
national authorities to provide tools and data.
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5. Conclusions

In this study, the benefits from an energy renovation and the recreation of aesthetic
and cultural values of a wooden fagade that was lost in a previous renovation have
been investigated from three different perspectives: (1) the environmental impact of the
renovation with an LCA, (2) the financial payback time, and (3) the satisfaction among
tenants using a questionnaire and interview study. The results contribute to holistic studies
of sustainable renovation by providing a case of a pre-war housing, a part of the housing
stock which has been less studied and targeted by LCA studies on building renovations.
The study also adds a new perspective to studies of energy renovations by including an
assessment of perceived aesthetic and cultural value.

The environmental LCA results show that the renovation with the recreated facade is
beneficial for the environment, both in terms of primary energy consumption and GWP,
as the payback times are lower than the expected lifespan of the renovation, which is
estimated to be 50 years (24.5 years for cumulated primary energy and 24.7 years for GWP).
Compared to a renovation scenario with fibre-cement boards on the facade, representing a
common choice of facade material for renovation and new constructions in Sweden, the
choice of recreating a wooden facade led to a lower carbon payback time and to a marginal
increase of the energy payback time. In contrast, the direct economic benefits are limited.
A first estimation of the payback time results in a return on investment of 67 years, which
is beyond the life-expectancy of the renovation. However, there are other benefits in terms
of increased quality of life for the tenants, through a better thermal comfort and a more
aesthetic living environment. Results from the questionnaire and the interviews with the
tenants indicate that tenants do value the improved aesthetics of their living environment.

The fact that the recreation of architectural values can be made without compromising
the environmental benefit from the energy renovation can have relevance for the current
political emphasis on cultural value and heritage for sustainable development. The impor-
tance of design and cultural aspects are highlighted in national, as well as international,
policies [15,16], and was recently given a major new push when the President of the Euro-
pean Community, Ursula von der Leyen, set up the initiative ‘New European Bauhaus’ to
create sustainable, beautiful and inclusive living environments [65].

The results from the study can be used as input for decision-making among property-
owners, and authorities working with planning and building permits and with the preser-
vation of historic environments, locally and nationally. In light of the anticipated large-
scale renovations of multi-residential buildings to modernise older stocks and meet de-
mand driven by energy goals and the energy renovation wave initiated by the European
Union [63], holistic approaches to energy renovation that also include assessments of the
larger environmental benefit as well as other values, are needed. Holistic approaches refer
to the inclusion of life-cycle assessments, but also economic, social and cultural perspec-
tives. The case study in this paper represents a special situation where previously lost
values are recreated. However, there are many buildings which have been disfigured in
similar ways through earlier energy renovation and recreations and that can be anticipated
in Sweden but also abroad [33]. This study provides information that can be useful in the
decision-making of such projects, but also generally in decision-making for energy renova-
tion. The results from a comparison of the wooden facade to a fibre-cement board facade
are applicable to other types of renovation, and the results from the study of appreciation of
heritage values among tenants should be applicable in all renovations where preservation
of cultural historical values is dealt with.

Finally, the study shows that access to suitable environmental LCA data is limited and
might compromise the results of environmental assessments. The carbon payback time of
the studied case varies between 17 and 43 years depending on the data found in different
sources for the GWP associated with district heating production, showing the importance
of the choice of energy sources on the environmental life cycle performance of the building.
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