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A B S T R A C T   

Construction and operation of buildings are a major contributor to environmental impacts. Assessments of 
environmental impacts of buildings often focus on new buildings, while studies on the existing building stock 
often focus on energy efficiency renovation. However, historical and traditional buildings are of cultural and 
visual importance, which should be kept. Hence, a key question is if maintaining original aesthetic via restoration 
is at the expense of the environment or if it is possible maintain the original appearance of the building while 
keeping environmental impacts comparable to that of energy renovation. To investigate this, we conducted a 
Life-Cycle Assessment (LCA) of two options: a restoration and a renovation of an old building from 1887 located 
on Bornholm, Denmark. The restoration scenario focuses on the use of traditional materials and maintaining the 
original appearance of the house. The renovation scenario focuses on the use of modern materials and complying 
with energy requirements for renovated buildings. The results show that, while the impacts of the two scenarios 
are of similar magnitude, the restoration scenario performs slightly better in the majority of the impact categories 
in the default LCA-model. A Monte Carlo simulation showed that the restoration scenario performs better in, at 
least, 90% of the simulations for 8 of the 15 impact categories. This study indicates that restoration is a 
potentially viable alternative to renovation as a means for maintaining the original appearance of historical 
buildings to keep cultural heritage while also keeping environmental impacts at levels similar to renovation.   

1. Introduction 

Environmental pressure on, e.g., climate and biodiversity are 
increasing at alarming rates [1–3] and measures must be taken to reduce 
the pressure level. The building sector is a major contributor to envi-
ronmental impacts. For instance, about 30% of global energy related 
CO2 emissions in 2019 can be attributed to the direct and indirect 
emissions from electricity and commercial heat use in buildings [4]. 
Here, energy efficiency improvements of the existing building stock are 
considered crucial for reducing climate related impacts, with particular 
focus on the existing building stock, which has the largest energy savings 
potential [5,6]. 

However, it is important to not only focus on optimizing energy 
savings, but also consider other types of value that existing buildings 
might provide to society. Indeed, historical buildings possess heritage 
values and are of cultural and visual importance, which should be kept 
[7]. Restoration of the historical buildings, where one repairs existing 
building parts using materials and techniques that are representative of 

those used for construction of the building in the first place, is a way to 
maintain this cultural and visual importance. However, the energy ef-
ficiency improvements from restoration are likely to be inferior to the 
improvements achieved when contemporary materials, generally 
preferred to meet the requirements of building regulations, are used. 
Hence, a trade-off between the maintenance of cultural and visual 
importance and reduction in environmental pressures is likely to be 
introduced. On the other hand, the reparation and use of existing 
building components and materials as well as the larger reliance on 
biogenic materials (such as timber and straw) in restoration of historical 
buildings is likely to be more environmentally friendly compared to the 
use of contemporary inorganic materials used in renovation. Thus, the 
impacts embodied in the materials used as part of restoration are likely 
to be lower than those used in a renovation. 

Life-cycle assessment (LCA) is a standardized [8] method for quan-
tifying the potential environmental impacts of different solution alter-
natives. The primary strength of LCA is that it takes into account the full 
life cycle of the alternatives, from raw material production, through 
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production and manufacture, over use, until final disposal and waste 
treatment. LCA includes all potentially relevant stages of the alterna-
tive’s life cycle. In addition, LCA considers a range of environmental 
impact categories. By accounting for all life-cycle stages and a range of 
impact categories, LCA can avoid overlooking of potentially relevant 
life-cycle stages or environmental impacts and, thus, provide a complete 
and comprehensive indication of the alternatives’ environmental impact 
[9]. Hereby, LCA can be used to support decisions, by identifying the 
alternative with the lowest potential environmental impact [10]. LCA is 
often used to quantify the environmental impact of buildings or building 
components, e.g., as part of building certification schemes. While LCA is 
mainly applied to new buildings, it is also necessary to apply it to 
existing buildings for evaluating the impacts of, e.g., restoration or 
renovation. Performing LCA on historical buildings can indeed be used 
to identify the most environmentally friendly options for transforming 
the existing building stock. Moreover, re-use of the existing building 
stock usually allows for avoiding production of impact-intensive virgin 
materials, such as concrete, mineral wool and steel, that would other-
wise be needed for construction of new buildings [11]. Here, LCA can 
also be used to quantify the potential savings from transforming his-
torical buildings due to the avoided production of virgin materials. 

However, only few LCAs have been performed on historical buildings 
[12–15]. A number of these studies only studied impacts on climate 
change [15] or a limited amount of other impact categories [13]. Thus, 
potentially important trade-offs with non-considered environmental 
impact categories might have been overlooked. The study by Bortolin 
et al. (2015) [12] evaluated the embodied impact of different insulation 
materials to support decisions on the environmentally friendly use of 
insulation materials in restoration of the San Vito alla Rivera church. 
Thus, the study does not provide a full LCA of the restoration across the 
entire building life cycle. Karoglou et al. (2019) [16] conducted an LCA 
on the renovation of a historical apartment building in Athens. However, 
studies on the impacts of renovation of historical detached houses have 
not been carried out. Finally, neither of the previous studies performed 
an evaluation of the impacts for a restoration compared to a renovation 
and evaluated the potential trade-offs between embodied impacts and 
impacts during building operation. 

In this study, we therefore perform a full LCA on a historical Danish 
building from 1887 using two scenarios (see Fig. 1). In Scenario 1, the 
transformation and energy improvement are considered to be applied to 
a listed building, i.e., as if the house could obtain a permit for it. Under 
this assumption, the building has to be restored to resemble its original 
appearance with use of appropriate materials, and all changes need to be 
approved by the Danish Agency for Culture and Palaces [17]. Thus, as 
many original building parts as possible are preserved, while traditional 
building materials, i.e., similar to those used at the time the building was 
originally built, are preferred. When possible, reparation of 
already-existing materials is chosen upon the input of new materials. As 
the present building is not actually listed, the agency has not been 
consulted to approve the transformations considered in this study. It is 
however the authors’ belief that the changes of the building that are 
described are within what one can get permission for. In Scenario 2, the 
building is being renovated using contemporary materials with focus on 
achieving energy efficiency levels that fulfill current Danish building 
legislation [18]. In this scenario, modern conventional materials are 
therefore used. The goal is eventually to investigate whether the envi-
ronmental impacts of a restoration (Scenario 1) are comparable to a 
renovation (Scenario 2). If this is the case, then restoration can be a 
relevant alternative to renovation in order to maintain the original 
appearance of the building and the cultural heritage while having 
similar impacts to the environment. 

2. Materials and methods 

2.1. Building description 

The object of the LCA is a traditional Danish farmer house from 1887 
located in Sandkås, in the island of Bornholm, Denmark [19]. The 
building is owned by Dansk Håndværk (“Danish Craftsmanship”), a 
Danish employer association for small and medium-sized enterprises in 
construction, crafts and woodworking industry, which purchased the 
house with the purpose of transforming it to an “Apprentices’ House” for 
the training of young artisans. This house is composed of two floors, with 
a total floor area of 204 m2. Pictures and drawings of the house can be 
found in Supplementary Material (SM) 1 (Figs. S1–S7). The house has 
undergone extensions around 1895 and 1920 and renovations in the 
1960s and 1970s. The original partitions made from unburnt bricks were 
destroyed around 1970 as a result of frost damage to water pipes and 
replaced by light plaster walls on wooden frames with mineral wool 
fillings. Other parts of the original materials have been removed, while 
new materials have been added, such as gypsum, bricks, and concrete. 
The house is now in a poor state with apparent holes in walls and roofs 
and needs a restoration or renovation before it can be used for dwelling. 
This building is a good example of many other similar old buildings that 
are today not inhabitable but that could be turned into a dwelling after 
transformation. 

Fig. 1. Illustration of the house in the transformation scenarios corresponding 
to a restoration, or Scenario 1 (Fig. 1a) and renovation, or Scenario 2 (Fig. 1b). 
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2.2. Goal and scope 

The scope of the LCA was defined as cradle-to-grave and the results 
were meant to be provided for 16 different impact categories based on 
the ILCD life-cycle impact assessment (LCIA) methodology, as recom-
mended by the European Commission [20]. For one of those 16 impact 
categories however, “Ionizing radiation E”, the results, shown as 
interim, were considered not mature enough to be used and therefore 
left out. For the remaining categories, characterized, as well as inter-
nally normalized results are provided. 

The house is intended to be used as a dwelling and, therefore, the 
functional unit was defined as “use of the building as dwelling for 50 
years in Bornholm, Denmark”. The results of this study are intended to 
be used as a proxy for future transformation of similar historical build-
ings (through restoration or renovation), based on the environmental 
performance of those scenarios. The decision will however not influence 
the background system because the LCA only involves decisions about 
specific buildings that are in a situation that is similar to that of the 
studied object here. Therefore, we defined the decision context as micro- 
scale decision support, i.e., Situation A [10]. We consequently modelled 
the life-cycle inventory (LCI) using an attributional approach and use 
the cut-off methodology [21] for modelling recycling as recommended 
in the European standard on LCA of construction [22]. 

The system boundaries for the LCA are indicated in Fig. 2 and include 
all life-cycle stages. The foreground system consists of processes that 
were directly developed in this study based on available data about the 
building. This includes the building materials removed and added dur-
ing the transformation of the house and those replaced during the life-
time of the house, as well as the energy system for heating during 
operation of the building, as described in Section 2.3. Impacts related to 
the construction of the house as it was before the present study are 
however excluded, as these are equal for the two scenarios [10]. The LCI 
was modelled in the OpenLCA 1.10.3 and background LCI-data was 
based on Ecoinvent 3.7, using the cut-off database. 

2.3. Life-cycle inventory 

For each of the two scenarios, the life-cycle inventory (LCI) was 
modelled per life-cycle stage:  

1. The transformation stage, accounting for the removal and input of 
building parts and materials during the restoration or renovation 
process;  

2. The replacement stage, standing for the replacement of materials 
which lifetime is lower than the building lifetime;  

3. The energy consumption, occurring during the use stage;  
4. The demolition stage, representing the end-of-life treatment of all the 

house materials at the end of the building lifetime. 

The LCI for each of the aforementioned life-cycle stages has been 
further split into eleven subcategories, representing the different 
building parts of the house: (i) Beams, (ii) Ceiling, (iii) Exterior doors, 
(iv) Exterior walls, (v) Floor, (vi) Foundations, (vii) Gazebo, (viii) Inner 
elements, (ix) Interior walls, (x) Roof and (xi) Windows. 

A description of the LCI for those stages is further detailed in the next 
subsections, providing details as to which materials were included in the 
scope of this study, as well as how the quantity of energy consumed in 
the building was calculated. Regarding the modelling of processes, for 
many widely used contemporary materials (e.g., mineral wool, concrete, 
gypsum), equivalent unit processes have been directly used from the 
Ecoinvent database. For specific materials and products (e.g., specific 
insulating materials, thatch), new processes were created in order to best 
account for their composition. The full list of the processes modelled for 
the LCI is provided on an open online data repository on Zenodo [23] 
(sheet “LCI Materials” and “LCI Building”). 

2.3.1. Transformation 
This category accounts for the disposal of the materials present in the 

house before the restoration or renovation process that are not kept in 
the house, as well as the new input of materials during this process. The 

Fig. 2. System boundaries of the LCA for Scenarios 1 and 2. The construction of the house and the materials used for the original construction of the house are not 
included in this LCA, which only assesses the transformation and use of the transformed building. 
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bill of materials for the building was derived based on the analysis and 
drawings of the building from on-site measurements. From those 
drawings, material geometries were determined (see SM1, Figs. S2–S7), 
and an inventory of the different building materials present in the house 
before restoration/renovation was made. 

The materials meant to be kept or removed under the two different 
scenarios were then determined. In both scenarios, as many brick and 
timber structures as possible are kept for the exterior walls. This is also 
the case for most of the oak and pine beams, the wooden roof structure, 
the stairs, and the concrete and natural stones of the foundations of the 
house. All modern materials introduced in the late 1960s are however 
removed (e.g., gypsum, mineral wool, fiber cement). For both scenarios, 
it was assumed that 30% of the kept timber needs to be replaced, as well 
as 5% of the masonry. Regarding the new materials entering the house, 

the fiber cement roof was considered to be replaced with a thatched roof 
for around 75% of the roof’s surface in the restoration scenario, the rest 
being covered with roof tiles. For the renovation scenario, the fiber 
cement is entirely replaced with roof tiles. While exterior doors and 
windows are preserved in Scenario 1, 5% of the wood composing them is 
replaced. They were also considered to be extended by an extension 
frame with one layer of energy glass, to improve their insulation prop-
erties. In Scenario 2, the existing exterior doors and windows are 
replaced by new ones made up of aluminum and wood, with 2-layer 
energy pane windows. In both scenarios, the chimney is rebuilt with 
burnt bricks, and the plan of the interior walls of the ground floor is 
redrawn (see SM1, Figs. S8–S10). In Scenario 1, the new interior walls 
are generally rebuilt with unburnt bricks and covered in clay mortar, 
whereas gypsum and mineral wool are preferred in Scenario 2. Finally, 

Table 1 
Main materials kept, removed and added during the rehabilitation phase for Scenarios 1 and 2. More details on the calculation of quantities can be found in the online 
repository [23] (sheet “Bill of materials”).   

Material Scenario 1: Restoration Scenario 2: Renovation Unit 

Kept Removed Added Kept Removed Added 

Beams Oak wood 1.11 0.48 0.53 1.11 0.48 0.53 m3 

Pine wood 0.63 0.82 0.71 1.02 0.44 0.44 m3 

Ceiling Gypsum  0.35   0.35 1.25 m3 

Mineral wool  0.49   0.49 44.85 m3 

Timber 4.64  1.05 3.78   m3 

Lime mortar 2.17 0.11 0.94 0.67 1.61 0.02 m3 

Wood insulation   44.63    m3 

Exterior doors Glass (new glazing)      0.02 m3 

Glass (old glazing) 0.01  0.01  0.01  m3 

Pine wood 0.51 0.03 0.03  0.54  m3 

Wood-alu door frame      14.41 m2 

Plywood       m3 

Wood fiber insulation       m3 

Linseed oil   6.51    kg 
Exterior walls Gypsum  0.22   0.22 1.20 m3 

Lime mortar  0.13 1.50  0.13  m3 

Brick 15.82 0.83 0.83 15.82 0.83 0.83 m3 

Timber 0.42 0.11 0.11 0.42 0.11 0.11 m3 

Hempcrete   9.18    m3 

Windproof insulation   0.24    m3 

Mineral wool      29.98 m3 

Floor Concrete  6.65   6.65  m3 

Timber 2.44  1.53 2.44  1.53 m3 

Wood insulation   39.71    m3 

Aerated concrete   13.24    m3 

Mineral wool      26.47 m3 

Foundations Concrete 3.08   3.08   m3 

Natural stones 7.58   7.58   m3 

Gazebo Brick 1.98 0.10 2.01 1.98 0.10 2.01 m3 

Bitumen sheet   10.12   10.12 m2 

Pine wood   0.87   0.87 m3 

Inner elements Pine wood 2.58 0.05 0.05 2.52 0.05 0.05 m3 

Glass (old glazing) 0.00   0.00   m3 

Interior walls Concrete  0.95   0.95  m3 

Gypsum  3.32   3.32 1.32 m3 

Brick 6.63 3.39 1.40 6.63 3.39 1.40 m3 

Unburn brick  1.15 6.81  1.15  m3 

Mineral wool  5.92   5.92 8.26 m3 

Lime mortar 0.08  1.78  0.08  m3 

Clay mortar   1.65    m3 

Roof Bitumen sheet   52.36   195.86 m2 

Pine wood 5.20   5.20   m3 

Fibre Cement  1.63   1.63  m2 

Thatched roof   171.50    m2 

Tiles   2.06   7.72 tonnes 
Windows Glass (new glazing)      0.15 m3 

Glass (old glazing) 0.06  0.04  0.06  m3 

Pine wood 1.09 0.06 0.29  1.15  m3 

Wood-alu window frame      13.85 m2 

Linseed oil   25.11    kg  
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for Scenario 1, the building envelope is insulated as thick as possible 
without compromising the original appearance of the surfaces 
(maximum 75 mm internal insulation on exterior walls), as probably 
permitted in a listed house. This allows the proportions of the room to 
remain almost identical, with only little valuable living space lost. 
Insulation materials are chosen so they are comparable to the originally 
used materials and avoid moisture and potential mold development, 
such as hempcrete [24], wood fiber [25] and windproof insulation [26]. 
The floor is constructed and insulated using wood fiber insulation and 
aerated concrete [27]. In Scenario 2, the building envelope is insulated 
with 300 mm of mineral wool. This requires an additional 50 mm air gap 
between the insulation and the existing wall to avoid moisture, therefore 
significantly reducing the effective living space. The inside part of the 
exterior walls was modelled as covered with lime mortar in Scenario 1, 
and gypsum in Scenario 2. The full list of material quantities kept, 
removed, and added to the building during this first phase is provided in 
Table 1. More details on the calculations of the different quantities can 
be found in the online repository [23] (sheet “Bill of materials”). 

2.3.2. Replacement 
When the assessment period exceeds the lifetimes of materials, they 

are considered to be taken down from the building and replaced by the 
same material input. In this study, this occurs for the windows in Sce-
nario 2, where the 2-layer energy panes are modelled as being replaced 
every 20 years [28]. In Scenario 1, the windows are considered to be 
coated with 10% of the mass of linseed oil initially applied during the 
restoration every 20 years. 

2.3.3. Energy consumption 
To determine the energy consumption due to heating, an assessment 

of the insulating performance of the building envelope and the doors/ 
windows under both scenarios was carried out. The assessment was 
based on the recommendations of the Danish Standard 418:2011 +
Till.1:2020 [29]. It includes the calculation of heat loss through all the 
surfaces of the house in contact with the outside during an average year 
in Bornholm, Denmark. Heat transfer was also calculated at the junction 
between those surfaces, in particular between the foundation and the 
walls and for the doors and windows. A description of the precise 
methodology used to calculate the yearly heat loss is provided in SM1 
and specific calculations are shown in the online repository [23] (sheets 
“Heat loss, S1” and “Heat loss, S2”). Table 2 shows the estimated annual 
heat use for the building in Scenario 1 and Scenario 2. 

The heat supply is modelled as provided by a heat pump, which 
would replace the current oil boiler. The electricity input for the heat 
pump is based on a dynamic electricity grid mix based on the projections 
of Bornholm’s regional municipality [30] to take into account future 
developments in the electricity grid mix during the assessment period 
(see SM2, Table S2 for details on the grid mix considered). The energy 
strategy for Bornholm presents a vision for being fossil free by 2032 
where the majority of electricity will come from offshore wind turbines 
[30]. In our study, an electricity grid mix for 2020 was based on 
communication with the utility company on Bornholm, which manages 
the electricity supply. From here a linear extrapolation was used to 
model the transition towards carbon free electricity where we selected 
2035 as the final year of implementation. The electricity, being pri-
marily based on offshore wind, was kept from 2035 and onwards. 

2.3.4. Demolition 
At the end of the assessment period, corresponding here to the 

building lifetime, the building is considered to be demolished. The de-
molition phase therefore comprises all the end-of-life processes of the 
materials making up the different building parts of the house. 

2.4. Sensitivity and uncertainty analysis 

To identify the influence of the variation of certain input parameters 
and modelling choices to the output results, two types of sensitivity 
analyses were performed, i.e., for continuous input parameters and 
discrete modelling choices. 

A perturbation analysis was performed for continuous input pa-
rameters. Thus, for a given continuous parameter k, a perturbation of the 
input value was introduced, and normalized sensitivity coefficients Si,k 

were calculated for each continuous parameter k for each impact cate-
gory i as shown in Eq. 1 

Si,k =
ΔISi/ISi

Δak/ak
(1)  

where ak is the default value of parameter k, Δak is the perturbation of 
parameter k. ISi is the default impact score for impact category i, ΔISi is 
the change in impact score as a result of the perturbation of input 
parameter k [31,32]. The results of the perturbation analyses are given 
in SM2 Table S3. A parameter was considered important if the average | 
Si,k| ≥ 0.3, or if the maximum |Si,k| across all impact categories ≥ 0.5, 
corresponding to a medium and large sensitivity, respectively [33]. 

Sensitivity of discrete modelling choices was tested by selecting 
alternative choices to evaluate if the alternatives might lead to a change 
in the overall conclusions made on the basis of the original set of 
modelling choices. For the assessment period, an alternative value of 
100 years (instead of 50 years) was applied to evaluate the importance 
of the choice of assessment period. A 100-year assessment period is also 
commonly used in building LCA. We expect that this will increase the 
relative importance of the use phase in terms of heat use and material 
replacement. We also tested the sensitivity of the choice of heat supply 
source. As default, a heat pump using the electricity mix of Bornholm 
was used as heat source. To evaluate this choice, we tested the following 
heat sources: central oil boiler and decentralized heat from burning of 
wood chips. Both alternative heat sources are also currently being used 
on Bornholm. Finally, In Scenario 2, the heat losses through the exterior 
walls and roof were initially calculated without a ventilated cavity in the 
default modelling for simplification purposes. We additionally tested the 
potential effect of having a ventilated cavity, which could help reduce 
moisture content in the wall and thus improve functional lifetime of the 
materials and reduce energy consumption. 

2.5. Uncertainty analysis 

The LCA results for the scenarios are subject to uncertainty due to the 
uncertainty of the inputs parameters used in the LCI. Uncertainty of 

Table 2 
Heat loss through surfaces and lines of the building envelope. A description of 
the precise methodology used to calculate the yearly heat loss is provided in SM1 
and specific calculations are shown in the online repository [23] (sheets “Heat 
loss, S1” and “Heat loss, S2”).  

Building 
part 

Scenario 1: Restoration Scenario 2: Renovation S2 relative 
to S1 

E lost [MJ/ 
year] 

% of 
total 

E lost [MJ/ 
year] 

% of 
total 

Ceiling 10,584 18% 9,261 23% -13% 
Doors 9,301 16% 5,705 14% -39% 
Exterior 

walls 
22,547 38% 6,875 17% -70% 

Floor 7,569 13% 8,880 22% 17% 
Windows 8,847 15% 9,329 23% 5% 

Total 58,848 100% 40,050 100% -32%  
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input parameters in the foreground LCI are presented in the online re-
pository (sheet “Parameters”). Each input parameter is modelled as 
being normally distributed with a defined standard deviation. The only 
exception being the building measurements, which were done on site 
and considered certain. Moreover, potential uncertainty in the building 
measurement would be equal for both scenarios and, thus, not affect the 
comparison. Uncertainty related to the background Ecoinvent LCI pro-
cesses was also included. For the uncertainty analysis, the difference 
between Scenario 1 and Scenario 2 was tested by running both scenarios 
simultaneously to take into account any covariate input parameters (e. 
g., the electricity grid mix for heating). A Monte Carlo simulation for the 
comparison was done with 1000 simulations where the uncertainty 
parameters were randomly selected based on their defined probability 
distribution. The results of the Monte Carlo simulation comparison are 
given in Fig. 4. 

3. Results 

3.1. Comparison of transformation options 

Fig. 3 shows internally normalized deterministic results for Scenario 
1 and Scenario 2 where impact scores are normalized relative to the 
characterized impacts scores for Scenario 1. For each scenario and 
impact category, the impacts are split into two categories. The first one 
includes the contribution of the materials, i.e., the impacts of the stages 
“Transformation”, “Replacement” and “Demolition”, as mentioned in 
Section 2.3. The second one includes that of energy consumption to 
balance the heat loss through the building envelope. The characterized 
impacts scores for both scenarios are provided in SM2 Table S4. Fig. 3 
shows that Scenario 1 has the lowest environmental impact in 10 out of 
15 impact categories. However, the results for the two scenarios are 

Fig. 3. Internally normalized results showing the comparison between Scenario 1 (S1) and Scenario 2 (S2). Details on the contribution of the energy consumption 
due to heat loss (“Energy”) and that of the life cycle of the materials (“Materials”) are additionally provided. Data pertaining to this graph can be found in SM2. 

Table 3 
Comparison of impact scores of each building part for Scenario 1 (S1) and Scenario 2 (S2) for 15 impact cat-
egories (the building parts experiencing the same transformation in Scenarios 1 and 2, i.e., “Foundations”, 
“Gazebo” and “Inner elements”, are however not shown). Values in table are estimated as Scenario 2 divided by 
Scenario 1. The color scheme goes from green to red, with green indicating relatively low values (i.e., Scenario 1 
performing better than Scenario 2) and red indicating relatively large values, with Scenario 2 performing better 
than Scenario 1. 
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generally of similar magnitude with difference between Scenario 1 and 
Scenario 2 being less than a factor 2 across all impact categories. The 
higher heat loss in Scenario 1 (as reported in Table 2) logically results in 
higher impacts attributed to energy consumption in all impact cate-
gories compared to Scenario 2. For 7 out of 15 impact categories, the 
energy consumption accounts for more than 60% of the total impact in 
this scenario. The contrary occurs regarding the impacts of material, 
which are always higher in Scenario 2 than in Scenario 1, except for the 
category “Land use”. For 11 out of 15 impacts, the materials account for 
more than 60% of the total impact in Scenario 2. This highlights a first 
apparent trade-off: reducing the heat loss goes along with the use of 
more impactful insulating materials, which here seems to offset the 
benefits of the energy savings. 

The comparison of impact scores for each building part is provided in 
Table 3 (the building parts experiencing similar transformation in Sce-
narios 1 and 2, i.e., “Foundations”, “Gazebo” and “Inner elements”, are 
however not shown). For the building parts forming the building en-
velope (i.e., “Ceiling”, “Exterior doors”, “Exterior walls”, “Floor” and 
“Windows”), the impacts include those related to the energy consump-
tion due to heat losses through their respective surfaces. This compari-
son allows to spot where the results are substantially better for a given 
scenario and for a given building part. The results show that the resto-
ration scenario performs substantially better in all impact categories for 
“Windows”. However, for the building “Interior walls” and “Exterior 
walls”, the renovation scenario performs better in most impact 
categories. 

3.2. Sensitivity and uncertainty analysis 

The continuous parameter sensitivity analysis found that the final 

results were particularly sensitive to 10 parameters, as shown in Table 4. 
The results are generally most sensitive to parameters related to heat use 
and the production of the heat, which is relevant for both scenarios. 
Moreover, lifetime of different building materials was found to be 
important. This is mainly relevant where the perturbation reduces ma-
terial lifetime and, thus, requires additional replacements during the 
assessment period. Detailed results of the sensitivity analysis are pro-
vided in SM2 Table S3. The results of the sensitivity analyses of discrete 
modelling choices are finally provided and commented in SM1, Section 
S3. 

Fig. 4 shows the comparison of Scenario 1 and Scenario 2 as a his-
togram based on 1000 Monte Carlo simulations. The figure also shows 
the 95% confidence interval of the comparison and the percentage of the 
1000 Monte Carlo simulations that Scenario 1 performed better than 
Scenario 2. Scenario 1 is likely to perform better than Scenario 2 with, at 
least, 90% probability for 8 out of 15 impact categories. We consider 
probability at or above 90% to be strongly indicative that Scenario 1 will 
perform better than Scenario 2. For "Human toxicity, cancer" and "Ma-
rine eutrophication", Scenario 1 has about 64% probability of being 
better than Scenario 2. Hence, Scenario 1 is likely to be better, but the 
probability is not strong. For "Human toxicity, non-cancer", the proba-
bility of Scenario 1 or Scenario 2 performing best is almost equal. For the 
remaining impact scores, we see that Scenario 2 is more likely to 
perform better than Scenario 1 with probability that Scenario 2 is better 
ranging from 57.4% to 66.2%. Thus, while it is more probable that 
Scenario 2 performs better, the probability cannot be considered very 
strong. 

Table 4 
Overview of the 10 parameters to which the LCA results are most sensitive.  

Parameter Scenario 
affected 

Maximum |Si,k| (not shown as absolute 
values to indicate positive or negative 
effect of perturbation) 

Average | 
Si,k| 

Most relevant impact categories (i.e. with |Si,k| ≥ 0.5) 

Density of pine wood S1 0.50 0.04 Climate change 
General uncertainty factor 

for energy use estimates 
S1 and S2 0.94 0.43 Ozone depletion; Human toxicity, non-cancer effects; Freshwater 

ecotoxicity; Mineral, fossil & ren resource depletion; Freshwater 
eutrophication; Human toxicity, cancer effects; Water resource 
depletion; Ionizing radiation HH 

Share of heat use being 
based on 2035 electricity 
grid mix 

S1 and S2 − 1.66 0.31 Water resource depletion; Ionizing radiation HH 

Share of heat use being 
based on 2050 electricity 
grid mix 

S1 and S2 − 2.80 0.52 Climate change; Water resource depletion; Terrestrial eutrophication; 
Ionizing radiation HH 

Lifetime of bitumen sheets S1 and S2 − 3.30 0.17 Photochemical ozone formation; Ozone depletion; Climate change 
Lifetime of gypsum plaster 

boards 
S2 − 1.55 0.09 Marine eutrophication; Particulate matter; Acidification 

Lifetime of hempcrete 
material 

S1 − 0.61 0.07 Land use; Marine eutrophication 

Lifetime of thatch S1 − 2.36 0.24 Ozone depletion; Human toxicity, non-cancer effects; Climate change; 
Marine eutrophication; Particulate matter; Photochemical ozone 
formation; Terrestrial eutrophication; Freshwater eutrophication; 
Acidification; Human toxicity, cancer effects 

Lifetime of modern doors S2 − 2.94 0.18 Human toxicity, non-cancer effects; Land use; Mineral, fossil & ren 
resource depletion; Marine eutrophication; Particulate matter; 
Terrestrial eutrophication; Freshwater eutrophication; Acidification; 
Human toxicity, cancer effects 

Lifetime of modern 
windows 

S2 − 3.79 0.43 Ozone depletion; Human toxicity, non-cancer effects; Land use; 
Freshwater ecotoxicity; Mineral, fossil & ren resource depletion; Marine 
eutrophication; Particulate matter; Water resource depletion; 
Photochemical ozone formation; Terrestrial eutrophication; Freshwater 
eutrophication; Acidification; Ionizing radiation HH; Human toxicity, 
cancer effects  
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Fig. 4. Comparison between Scenario 1 (S1) and Scenario 2 (S2) based on 1000 Monte Carlo simulations. Values > 0 indicate S1 has the largest impact, values <
0 indicate S1 has lower impact. Red vertical lines indicate the median value, yellow vertical lines indicate the 95% confidence interval for the comparison. Blue 
vertical lines indicate 0 on x-axis, to illustrate the percentage of Monte Carlo simulations where S1 or S2 performs best for the specific impact category. Data 
pertaining to this graph can be found in SM2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.3. Contribution analysis of building parts 

As each scenario implies the use of different materials and a different 
heat loss through the building parts, an analysis of the contribution of 
each building part to the total impact scores has been carried out to 
pinpoint potential hotspots in each scenario (see Fig. 5). 

In both scenarios, most of the impacts lie in the 5 building parts 
composing the building envelope (Ceiling, Exterior doors, Exterior 
walls, Floor, Windows), since this is where the energy loss occurs. On 
average, they represent 72% of the impacts among the categories for 
Scenario 1 (from 48% for “Photochemical ozone formation” to 95% for 
“Freshwater ecotoxicity”) and 80% for Scenario 2 (from 52% for 
“Photochemical ozone formation” to 97% for “Mineral, fossil & ren 
resource depletion”). This indicates that during the transformation 
processes, a particular attention should be given to those building parts. 
In the restoration scenario, the contribution of "Roof" to the total im-
pacts for some impact categories may look surprisingly high (embodying 
more than a fourth of “Climate change”, “Human toxicity, cancer ef-
fects”, “Human toxicity, non-cancer effects” and “Photochemical ozone 
formation” impacts). This is however explained by the fact that the roof 
stands for the only building part that is completely replaced during the 
restoration scenario. Therefore, no avoided impact due to the reuse of 
materials applies here. In the renovation scenario, the contribution of 
“Windows” is substantial (between 13% for “Climate change” to 50% for 
“Human toxicity, cancer effects”. Indeed, contrary to Scenario 1, the 
windows are completely replaced, which requires a significant amount 
of new materials, while not reducing the heat loss (as shown un Table 2). 
Finally, in both scenarios, the “Foundations” and “Inner elements” of the 
house, which are not subject to any transformation, show a small 
contribution of less than 0.5% for 14 out of 15 impact categories. 

4. Discussion 

4.1. Comparison of transformation options 

Overall, the restoration and renovation show similar level of impacts 
with the variation in deterministic impacts scores being less than a factor 
2 across all impact categories. However, as indicated in Fig. 4, Scenario 
1 performs better in, at least, 90% of the Monte Carlo simulations for 8 
out of 15 impact categories, including "Climate change". Scenario 2 
generally performs better in most other impact categories, although the 
probability of occurrence is lower. Based on this, we cannot conclude if 
one scenario is generally preferable to the other. Yet, the results indicate 
that Scenario 1 is more likely to have the best environmental perfor-
mance in most impact categories. This is a relevant finding as it indicates 
that restoration is an environmentally viable alternative to conventional 
renovation. Thus, it is possible to maintain cultural heritage and keep 
similar environmental impacts to renovation with use of building 
restoration. 

The contribution analysis (see Fig. 2) showed that the energy use for 
heating during building operation had a high contribution to impacts. In 
particular for Scenario 1, where the building was less insulated and 
where the need for more sustainable energy sources in building heating 
systems was highlighted. This analysis also underlines the interlinkage 
between different building parts and the energy use. As detailed in 
Section 2.3.4, the thermal properties of doors, windows and the insu-
lating materials used for the exterior walls indeed define the quantity of 
heat lost through the building envelope and, thus, the yearly energy use. 
Here, trade-offs can be observed among the impacts related to materials 
(embodied in their production and end-of-life stages) and the impacts of 
heat consumption during the use stage. For example, in all impact 

Fig. 5. Contribution of building parts to impact scores for Scenario 1 (top) and Scenario 2 (bottom). Data pertaining to this graph can be found in SM2.  
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categories, the impact related to the materials of doors is substantially 
lower in Scenario 1. However, the insulating properties of the doors in 
Scenario 2 are better as less energy (39%) is lost through their surface. 
Similarly, the energy losses through windows are similar in both Sce-
narios (see Table 2), while the impacts of windows are significantly 
higher in Scenario 2 compared to Scenario 1 when the contribution of 
materials is also taken into account (see Table 3). Hence, during material 
selection, it is important to account for both the embodied impacts and 
the indirect effects on heat consumption to choose the materials with 
overall lowest environmental impact. The first is indeed often over-
looked in the current building regulations, as illustrated by a recent 
proposal of the European Commission, which primarily focuses on the 
energy performance of buildings [34]. 

It is also important to note that the large difference in heat loss on the 
ground floor in the two scenarios is primarily due to the difference in 
insulation thickness. In Scenario 1, only 75 mm insulation was added, 
partly because it would probably not be possible to obtain permission for 
larger internal insulation if the building was listed, and partly due to the 
proportions of the rooms and space considerations. In Scenario 2, 300 
mm insulation were added to meet the requirements of the building 
regulations, thus, the effective living area would be smaller and the 
proportions of the rooms would change. Incidentally, such increase in 
insulation thickness would even mean that some doors and windows 
could not be opened anymore and would require further adaptation of 
the building. 

The sensitivity analysis related to the heat loss and choice of heating 
system further highlights the importance of heating for the overall 
environmental performance. The estimated normalized sensitivity co-
efficients for heat use and the production of heat showed that the results 
are sensitive to these parameters. Thus, impact scores were estimated for 
alternative heating systems such as oil boilers or wood chips furnaces for 
both scenarios (see SM1 Table S1). We see that the change to a different 
heat source that is primarily based on burning fossil or biogenic fuels 
significantly changes the environmental performance of both scenarios, 
and make Scenario 2 perform best for the majority of impact categories. 
This is primarily due to the emissions of substances and pollutants 
during combustion of the fuels, where Scenario 2 has a lower opera-
tional heat use. Thus, the prediction of the heat loss and the selection of 
heat source is crucial for the overall performance of the building and can 
affect conclusions about which scenario has the best environmental 
performance. Because the heat loss and production during a 50-year 
period will inherently be uncertain, it is recommended to apply uncer-
tainty analysis and evaluate how different heat sources might affect the 
environmental performance, as done in this study. While it increases the 
complexity of the results, it provides a more robust basis for decision- 
making by taking into account potential future scenarios. 

If the assessment period (or the lifetime of the building) is extended, 
then the energy consumption, as well as the number of materials re-
placements, increase. Conversely, the impacts related to the restoration/ 
renovation process and the demolition phase remain constant regardless 
of the assessment period chosen. This influences the impact score of the 
entire lifecycle for both scenarios, and potentially the conclusions as to 
which of the restoration or the renovation process is to be preferred. An 
alternative assessment period of 100 years was therefore chosen to 
evaluate if increased lifetime of the building would lead to a change in 
conclusions. The results of the sensitivity analysis (SM1 Table S1) 
showed that the choice of assessment period did not substantially 
change results and only in few cases created a switch in the best per-
forming scenario. Thus, the selection of the assessment period duration 
is not likely to affect the conclusions that can be drawn from this study. 

4.2. Further research needs 

The decision-context for this LCA is micro-scale as it only relates to a 
single case study building. Thus, the results of this study cannot be used 
to make generalization on the environmental performance of restoration 

contra renovation for historical building. Other individual case studies 
might show radically different results, depending on the type and size of 
the building, but also depending on the location of the building (e.g., 
influencing the carbon intensity of the grid mix or the end-of-life), or the 
choice of the materials for both the restoration/renovation. Hence, there 
is a need for more assessment on the transformation of historical 
buildings to evaluate if the conclusions drawn in this study can be 
generalized. 

Another important limitation for this study, and building LCAs in 
general, is the uncertainty related to the future, especially in the present 
policy landscape which is rapidly evolving. This is mostly prevalent for 
the overall lifetime of the building, the heat and electricity generation 
during the building lifetime, and the lifetime of the materials used in the 
building. In this study, we sought to address these limitations with 
sensitivity and uncertainty analysis. However, more certain estimates of 
building and material lifetimes are essential for reducing the overall 
uncertainty of the results. There will always be a degree of natural 
variation in such lifetimes and this variability cannot be reduced. 
However, better understanding of the dynamics and factors that govern, 
e.g., building and material lifetimes could aid reducing the overall un-
certainty to provide more robust results. We see similar tendencies for 
heat and electricity production where the exact grid mix in a particular 
year will be subject to natural variability. However, the development of 
plans that set out and details the development of the electricity and heat 
system for the foreseeable future could help reduce the uncertainty. 
Currently, many plans exist at different scales (e.g., regional and na-
tional) at varying levels of detail. The lack of a clear and precise plan for 
the energy generation is, thus, an issue that is currently best dealt with 
via the testing of different scenarios as part of the sensitivity analysis. 
Technological development during the assessment period is not included 
in this study. Ideally, the development (and environmental improve-
ment) of energy producing technologies and material production should 
be taken into account as it is expected that the eco-efficiency of these 
technologies will be improved in the future. Hence, better predictions of 
technology development are needed and could help provide more 
certain results. An option could be to look further into studies investi-
gating technological improvement rates (as done by, e.g., Singh et al. 
[35]) and how this could be integrated as part of temporally dynamic 
LCAs. 

Traditional or less established building materials are not well 
documented and included in existing LCI databases, such as ecoinvent. 
For instance, information on traditional materials, such as unburnt clay 
bricks or thatch is lacking and must be based on other data. This reduced 
the representativeness of the material unit process data. Hence, better, 
and more representative LCI data for traditional building materials are 
needed. This is important to ensure a fair comparison in LCAs on 
building using traditional or contemporary modern building materials. 
Thus, a comprehensive building material database, which includes 
traditional materials, with similarly good representativeness should be 
developed. This could, for instance, be as an extension of the Ökobaudat 
database, but ideally with higher resolution in terms of natural and 
technological inputs and outputs for each material to allow the assess-
ment across more environmental impact categories and the evaluation 
of material production factors that contribute most to environmental 
impacts. 

Finally, while restoration can help maintain cultural heritage and 
keep environmental impacts similar to renovation, a key aspect is the 
potential increased costs involved in restoration compared to renova-
tion. There might be increased costs related to the transformation pro-
cess itself (e.g., due to increased labor hours for restoration or 
renovation) and the purchase of less conventional building materials as 
well as the maintenance of the building and materials after the trans-
formation process. An assessment of the costs related to transformation 
and operation of the building is not included in this study. However, it 
would be relevant to do a life-cycle cost assessment to evaluate the 
economic performance of restoration and renovation to identify if any of 
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the transformation options has a substantially better economic 
performance. 

5. Conclusion 

This study performed a comparative LCA of two options for trans-
formation, a restoration and a renovation, of an old historical building 
located in Denmark. The results of the LCA showed that the performance 
of the two transformation options were of similar magnitude. The 
restoration scenario performed however slightly better in the majority of 
the impact categories in the default LCA-model. A Monte Carlo simu-
lation comparing the two scenarios showed that Scenario 1 performed 
better than Scenario 2 in, at least, 90% of the simulations for 8 of 15 
impact categories. In 3 of the 7 remaining impact categories, Scenario 1 
still performed better than Scenario 2 for more than 50% of the 
simulations. 

The breakdown of the impacts shed light on the life-cycle stages and 
building parts contributing the most to the environmental burden for 
both transformation scenarios. Thus, it appeared that the materials that 
enabled to decrease the energy consumption in Scenario 2 also came 
with higher life-cycle impacts, which offset the benefits of energy sav-
ings for most impact categories. Digging into the building parts revealed 
specific hotspots for both scenarios, such as the roof and exterior walls 
for Scenario 1, or the windows for Scenario 2. A sensitivity analysis 
showed that the use of different sources for heating the building could 
lead to a change in conclusion where the renovation scenario performs 
better in most impact categories. Hence, better understanding of heat 
loss and the heat source is essential for improving robustness and cer-
tainty of the results. 

On the basis of this study, we cannot unambiguously conclude which 
transformation option is environmentally preferable, although the 
restoration tended to perform better in the default results. Moreover, the 
conclusion cannot be generalized from a single study: further studies on 
the transformation on other historical buildings are needed to evaluate if 
this is a general tendency or specific to this building case. Indeed, we 
found that the performance is likely to depend on specificities, such as 
the heat source during building operation. Nevertheless, this study in-
dicates that restoration can be a viable alternative to renovation as a 
mean for maintaining the original appearance of the historical building 
to keep cultural heritage while also keeping environmental impacts at 
levels similar to renovation. 
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