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Abstract 
In pursuit of energy efficiency and sustainable development, goals have been set by the EU and Sweden to 
improve the energy performance of buildings and reduce their environmental impact. Renovating the existing 
building stock is a path to achieving the energy and climate goals. This study investigates and analyses various 
retrofitting options for multifamily residential buildings in Skåne, Sweden, concerning energy performance, life 
cycle cost, life cycle assessment, and thermal comfort.  
 
Two multifamily buildings in Skåne with the lowest energy performance were chosen from the Swedish 
National Board of Housing, Building and Planning´s database. Information about the buildings was gathered 
from relevant literature, respective building owners, and city planning offices to create an energy model for both 
buildings, suited for simulation. A detailed parametric analysis was conducted, creating 560 cases for each of 
the buildings, and included measures such as insulating the façade and roof, new windows, implementation of 
mechanical ventilation, and heat pump system. The results from the parametric analysis were used to evaluate 
the retrofitting options in different categories, namely, operational energy, profitability (life cycle cost), 
environmental impact (life cycle assessment), and thermal comfort (overheating hours). The energy model was 
created in Rhinoceros 3D and the parametric simulations were done with Grasshopper plug-in. Data for costs 
were collected from Wikell´s database and manufacturers, while the input data for environmental impact 
calculations were collected from relevant EPDs and the climate database of the Swedish National Board of 
Housing, Building, and Planning.  
 
The results indicate that the best-retrofitted cases are different, depending on what factors are being analyzed 
and given priority. The best energy performance was achieved when all the measures were combined. Similarly, 
the retrofitting options with the lowest environmental impact consisted of all measures that reduce the 
operational energy and its impacts. Moreover, the combination with roof and façade insulation proved to be the 
most profitable option, due to the low investment cost relative to the energy savings. While other measures were 
less desirable when economic efficiency was the main aim. The implementation of mechanical ventilation with 
heat recovery was also a less desirable option from an environmental standpoint, due to its high embodied 
impact. On the contrary, heat pump systems and mechanical ventilation systems with heat recovery are preferred 
when prioritizing energy savings. The best thermal comfort can be achieved by using a mechanical ventilation 
system in combination with window replacement or roof insulation for building A and building B respectively. 
Consequently, the insulation of the roof proved to be a common measure in winning cases across all categories, 
while other measures varied across analysis categories.   
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1 Introduction 

1.1 Background 

As the living standard in countries continues to grow, energy demand worldwide increases as well. In the latest 
report by the International Energy Agency, the total energy usage of buildings reached a level of 37 TWh during 
the year 2022, a level which has been increasing on average by 1 % the last decade, and accounts for 
approximately 30 % of the total (123 TWh) energy use when compared with industry, buildings, transport, and 
other end-users in total (International Energy Agency, 2023). The building sector in Europe and Sweden is also 
responsible for approximately 40 % and 34 % of the total energy use respectively (European Commission, 
2024). In Sweden the building sector´s energy use has grown in the past decades, leading to a higher 
environmental impact due to increased energy use. The building sector in Europe stands for approximately 36 
% of greenhouse gas emissions which stem from the construction, operation, maintenance, and demolition of 
the buildings (European Commission, 2020; Naturvårdsverket, 2023).  
 
To combat the negative climate changes caused by the environmental impact of the building sector and promote 
sustainable development, climate goals have been introduced by the EU. The European union has a long-term 
goal of reaching climate neutrality by the year 2050 and another goal to reduce the net emissions by the year 
2030, by at least 55 % compared to the year 1990 (European Commission, 2024). The European countries are 
obliged to introduce legislation to help achieve these goals and since the building sector is responsible for a big 
part of the emissions, improvements need to be made to reduce the environmental impact. In the quest for 
sustainable development, building retrofitting is a crucial strategy, offering a pathway towards mitigating the 
environmental impact, improving energy efficiency, and enhancing the overall performance of existing 
buildings. Since 75 % of European buildings have very poor energy performance, renovating the building stock 
is, therefore, the key to energy efficiency and sustainable development (European Commission, 2020). 
Traditionally, the assessment of retrofitting measures has mainly focused on energy efficiency to reduce 
operational costs (Santamouris et al., 2000). However, as buildings become more airtight, they retain the heat 
in the building, increasing the risk of thermal discomfort due to higher indoor temperatures (Zou et al., 2023). 
Consequently, the need for the integration of thermal comfort in the decision-making process is growing. 
Therefore, it is important to consider broader perspectives when assessing various retrofitting measures.  
 
The growing interest and effort in improving energy efficiency and reducing the climate impact of the building 
industry have led to many questions regarding the types of retrofitting, and how they affect the building. This 
study strives to contribute to the growing knowledge surrounding retrofitting buildings in pursuit of sustainable 
development, by comparing them within categories.   

1.2 Aim  

This study aims to analyze potential retrofitting options for buildings with the lowest energy performance and 
similar characteristics in Skåne, Sweden, selected from a database consisting of energy declarations.  

1.2.1 Objectives 

To achieve the aim of this study the following objectives were used to analyze the retrofitting options.   
 

• Identifying retrofitting options with the lowest energy use. 
• Identifying the most profitable retrofitting options in terms of NPV. 
• Identifying retrofitting options with the lowest environmental impact in terms of LCA. 
• Identifying retrofitting options with the best thermal comfort, in terms of overheating hours. 
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1.3 Limitations 

The database used for selecting the base cases included only buildings with an energy declaration performed 
between 2019 and 2022, which is fairly limited in number. It was deduced that some buildings had an incorrectly 
declared performance, resulting in lower energy performance.  

Daylighting was not included in the study, and it should be advised that adding insulation to the façade will 
negatively impact the amount of daylight, resulting in effects not considered in this study. Furthermore, the 
design of the ventilation ducting did not consider the reduced living area. Even though the installation of vertical 
ducts was focused on the stair area and the wardrobes in the apartments, some ducting had to be installed in 
other spaces of the apartments. This could likely have a negative effect on the profitability of this measure but 
was not considered.  
 
Additionally, software used to design heating systems such as IDA ICE and HoneyBee usually uses a DDY file 
to consider hours of peak load. This study did not utilize this type of file format, which could lead to an 
undersized peak load. Furthermore, an HP is usually combined with an additional heat source such as an electric 
cartridge to cover the peak demand during peak hours, since it is not economically feasible to cover the whole 
demand only with an HP. However, similar to photovoltaic panels, this was not included in the study. The 
inclusion of photovoltaic panels could have provided more options for these buildings, thereby improving the 
decision-making process for selecting suitable options, but was not selected due to the lack of time.   
 
Due to the lack of information regarding the repair and maintenance of the base case, only costs and 
environmental impact of operational energy were included for LCC and LCA assessment of the base case. If 
repair and maintenance had been included, one could expect higher costs and carbon impact. Thus, resulting in 
different recommendations than currently stated. Furthermore, in the calculations regarding environmental 
impact, stages A1- A5 (production, transport, and installation), B2 (maintenance), and B4 (replacement) are 
included. Stage B4 is represented by the environmental impact of product replacements. During this stage, the 
used products are replaced with new ones, meaning that environmental impact from stages A1-A5 is used to 
account for the impact of the new product. However, stages C1-C4 (end of life) representing the disposal and 
waste processing of the old product, are not included in the study. This is due to a lack of information about the 
environmental impact of stages C1-C4 for some products. Thus, including the impact of only some of the 
products will not create grounds for a fair comparison. Therefore, it is decided to only include impacts from 
stages A1-A5 in the B4 stage.  
 
Additionally, there was no inclusion of electric components in either of the heating- or ventilation systems. This 
was mainly due to the lack of knowledge of which components to include, but also due to the lack of EPDs in 
the current market for electronics. Nonetheless, an inclusion could have increased the accuracy of the results 
and increased the impacts of these systems.  
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2 Literature review 
This chapter aims to illustrate which EEMs previous studies have researched and what to consider when 
retrofitting existing buildings.  

2.1 Earlier retrofitting options – in Sweden 

In the literature review published by Abdul Hamid et al. (2018) 234 references were analyzed regarding 
retrofitting measures and retrofitting strategies. The most researched topic was energy, and the most 
implemented retrofitting involved envelope, airtightness, ventilation-, and heating systems. 
 
When retrofitting a building into an energy-efficient building it is important to implement a holistic approach 
to illustrate which retrofitting might be the most efficient, by analyzing peak loads and energy demand. Factors 
that can and should be considered when creating an energy-efficient building are window size, energy-efficient 
frames- and glazing, thick insulation, favorable orientation relative to irradiation, low thermal bridges, 
airtightness, MVHR, solar control, an efficient heating system, and cool colors (Bastian et al., 2022; Janson, 
2008). However, the implementation of such measures will not be as effective in existing buildings, mainly due 
to ineffective compact building shape, orientation, and thermal bridges (Ekström & Blomsterberg, 2016).  
 
In the extensive publication made by Bournas et al. (2016), a holistic approach was used to improve the energy 
demand of a building named Maria Park, located in Sweden, into an office building using building performance 
simulations. The method of the study consisted of first reducing peak and energy demand, by decreasing the 
heat loss from the envelope by installing new energy-efficient windows and improving the facades by adding 
insulation on the inside with account to its heritage value. The roof and façade were also improved by the 
addition of insulation, which was analyzed concerning moisture safety using WUFI. The floor plan was 
optimized with regards to the type of room and required daylighting, shading was implemented to reduce the 
amount of overheating, and night-time natural ventilation was used to cool down the building during summer. 
Furthermore, daylighting was analyzed to reduce the use of lighting equipment and decrease the risk of glare. 
Two HVAC systems were analyzed and evaluated in terms of operational energy, the first was an all-air system 
that provided hygienic fresh air and heating from a heating coil in the AHU. The second was a combination of 
an air system providing hygienic fresh air and a hydronic system with heating supplied by radiators. Both 
systems utilized a heat exchanger with DH. The energy required for heating was decreased by approximately 
80 % when using either all-air or the hydronic system, and the previously mentioned measures.  
 
In the conclusions made by Bolliger et al. (2015), it is stated that there is a great synergy between renovating 
the envelope before replacing the heating system since it reduces the peak load and thereby improves the 
conditions of a heating system. Another article related to HVAC and peak load is the article published by Q. 
Wang et al. (2016), in which an HVAC system with ventilation heat recovery jointed heating was evaluated 
regarding energy performance, environmental impact, and indoor air quality (IAQ), in a multi-family building, 
located in Sweden, using the software IDA ICE. Three types of radiators, conventional radiators, ventilation 
radiators, and baseboard radiators, with the same surface area, were investigated in combination with an MVHR-
system. It was concluded that the reduction of the heating peak load is a crucial part of installing an effective 
low-temperature heating system since it reduces the energy demand and, thus the required supply temperature, 
which in turn improves the COP of the HP. Compared with conventional radiators, it was possible to increase 
the COP of the air-to-water HP between 12 % and 18 %, for ventilation radiators and baseboard radiators 
respectively, using the same surface area.  
 
In the article published by Ekström & Blomsterberg (2016) four single-family houses built during the Million 
programs, located in Sweden, were analyzed using IDA ICE. The study involved a step-by-step implementation 
starting with the envelope and ending with the heating system, a method which is appropriate when reducing 
the energy demand effectively. The measures included adding insulation to the façade, roof, and foundation, 
new windows and doors, improved airtightness, ventilation with heat recovery, and new and improved 
circulation pumps. Energy-efficient controllers for heating were also installed, which reduced indoor 
temperature from 21 degrees to 18 degrees when tenants were not at home and asleep, which proved to have a 
large impact on the energy demand. Similar findings were deduced in a study made by Avelin et al. (2017). The 
results indicated a potential to decrease the heating demand by approximately 75 % to 80 %. A similar reduction 
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was achieved in the article published by Bastian et al. (2022), where a high-rise building in Gothenburg, Sweden, 
built during the Million program, was renovated using Passive house concepts. The measures involved, 
replacing the windows with new and more energy-efficient windows, installing a thick layer of insulation on 
the façade, blowing 500 mm of cellulose on the attic floor which had a low environmental impact, and utilizing 
the already existing ducts to install a MVHR-system. Since the drainage around the building was going to be 
replaced, the existing ground material was replaced with foam glass gravel, which was chosen due to its drainage 
and insulation capabilities. The final energy demand was approximated to decrease by 75 %.  

2.2 Environmental impact 

In the comprehensive literature review published by Bahramian & Yetilmezsoy (2020), more than 230 articles 
between the period of 1997 to 2018 were identified and analyzed to summarize two decades' worth of research 
to describe the current state of the subject. The authors concluded that low-rise buildings (1-5 floors) were 
significantly more often researched than high-rise buildings (≥5 floors), with approximately two times the 
number of articles. Furthermore, when analyzing low-rise buildings, residential was the most common, and 
when analyzing high-rise buildings commercial buildings gained more attention. The most frequent indicator 
used was GWP. The most frequently analyzed stages were the use and construction phases, with a census in the 
industry that the use phase had the largest impact on the life cycle stage, followed by the construction phase. 
Lastly, it was stated that the definition of the functional unit varied from article to article, while most articles 
used “m²” as a functional unit (60 %), some used “whole building” (20 %). This led the authors to conclude that 
the definition of the functional unit lacks a standardized definition.  
 
In the publication made by Jaemoon et al. (2023), the authors stated that the impact from the operational stage 
has the largest impact considering a life cycle perspective, but that many options are being implemented country-
wide to install renewable energy as well as improve the energy performance of buildings. However, there are 
still improvements to be made in the material production stage, due to it being the second largest impact during 
a building's life cycle. The study focused on evaluating 29 school facilities from the earliest stages (production) 
to the end of the building's life (cradle-to-grave), in South Korea, using a self-developed life cycle evaluation 
tool. The authors started by setting up each case and implementing environmental product declarations (EPDs) 
on five materials with high environmental impact. The results indicated a relevant reduction on each impact: 
GWP, ODP, ADP, AP, EP, and POCP, illustrating the importance of choosing environmentally friendly 
materials early in the construction phase.  
 
In the article published by Ramírez-Villegas et al. (2019), the authors focused on analyzing four refurbishment-
packages on a residential multi-family building located in Borlänge, Sweden, using primarily EPDs as an 
impact-factor. The analysis was performed using the indicators: GWP, AP, ADP, and EP, on all stages of the 
building's life cycle (cradle-to-grave). The packages consisted of installing HR in the existing MV-system, 
adding insulation to the façade and the unheated attic, and replacing the windows. The operational stage, 
including construction and installation, proved to have the largest environmental impact on all scenarios. The 
results could be explained by the cold climate and low irradiation during the cold months, which allowed for a 
large amount of saved operational energy, which in turn led to a large reduction of the environmental impact, 
relative to the base case. Additionally, the authors noted a significant impact from the material and construction 
stages, excluding transportation.    
 
According to Decorte et al. (2024), many studies simplify the process when calculating the LCA of a technical 
system, such as ventilation and heating systems, mainly due to the high number of components, and if the 
construction is in at an early design phase and lacks a bill of materials. The article analyzed the difference 
between such simplified calculations compared to more detailed ones. A total of six heating and four ventilation 
scenarios were carried out. The reference building was a newly built, three-story residential building, and was 
located in Flanders, Belgium. The functional unit was defined as a “single-family dwelling with a gross floor 
area of 154 m²”, analyzing the effects of GWP, for 60 years, in the stages of production (A1-A3), construction 
(A4-A5), operation energy use (B6), replacement (B4), and end of life (C1-C4). The results indicate that 
simplifications can decrease the accuracy of the LCA up to 12 % of the embodied impact, and it should be 
considered simultaneously that a technical system could contribute between 5 % to 20 % of the entire life cycle 
impact and that the contribution increases with more energy-efficient systems. A large amount of the embodied 
impact was due to production and replacements. Furthermore, emphasis was put on not neglecting materials 
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with low weight relative to the total building, since the impact per kg could be higher and thus relevant for the 
assessment.  

2.3 Profitability 

In the article published by Ban & Bungâu (2022), three different HPs were analyzed, air, ground, and water, 
with a COP set to 4, 4.6, and 4.7 respectively, assuming it would be possible to implement both water and 
ground source HP. The analysis was based on the profitability using LCC, of the three options, with a fixed 
electricity price equal to approximately 2.7 SEK/kWh (exchange rate based on currency of 2024), and a lifespan 
of 20 years for the HPs, and a calculation period of equal time. The systems were analyzed on an energy-efficient 
two-story single-family building, located in Romania. The results illustrated that the air-source HP was the most 
profitable 10 years into the calculation period, after which the ground source HP became more profitable. 
Looking at the perspective of 20 years the ground source should be prioritized, followed by the water source, 
and lastly, the air source. The analysis included a sensitivity analysis using different levels of both electricity 
price and interest rate separately and partially confirmed the results of the LCC.   
 
Potential HVAC and envelope solutions were analyzed for two detached houses in Norway by Heide et al. 
(2022). The authors provided a comprehensive analysis consisting of nine HVAC combinations, including HPs 
(exhaust, ground, air-to-air, air-to-water), solar collectors, electric boilers, and balanced- and extract ventilation. 
All heating systems had an auxiliary electric resistance heater for the peak load, reducing the risk of oversizing. 
The article concluded that most investments with large investments cost-effectively reduced the operational 
energy but drastically increased the cost beyond the lifespan of the installation and that the investment of certain 
HPs can be effective if no hydronic distribution is required. Additionally, it was concluded that there were no 
optimal solutions for both reducing energy use and LCC.    
 
The aim of the article published by La Fleur et al. (2019) was to identify cost-optimal EEMs using LCC for a 
commonly built multi-family building located in Linköping, Sweden. Several measures were implemented and 
analyzed including adding insulation to the façade, roof, and attic, replacing the windows, and installing a 
MVHR and a ground source HP. The study concluded that the saved operational energy represents a small part 
of the LCC for the specific building and that the assumed energy price directly affects the profitability, 
additionally that the capital required to retrofit is too large relative to the savings. However, there is a great 
potential in retrofitting the façade due to the large area, but since the initial U-value of the facades was relatively 
low, the results were poor. For buildings in need of retrofitting and having a higher U-value the profitability 
should increase. The MVHR system was not preferred when aiming for the lowest LCC, and the ground source 
HP had a lower LCC compared to district heating. Additionally, the capital costs will vary depending on the 
building type, contractor, and the building location. The article highlights that the results could be used for 
similar buildings in similar climates, but that building types differ and that a comprehensive analysis is required 
to determine which EEMs are the most optimal for a specific building.  
 
In the comprehensive article published by Milić et al. (2019), the authors evaluated the LCC for refurbishment 
strategies for 12 historic buildings that represent the historical building stock in Visby, Sweden. The EEMs 
included three types of new windows, weatherstripping, and insulation on the façade, roof, and floor. The 
heating systems included a wood boiler, district heating, a groundwater HP, and electric radiators. The results 
indicated that it is profitable in most cases to decrease the energy use by 50 %, but that the profitability of the 
EEMs depends on the transmission losses before the retrofitting. The results indicated that the most cost-
effective EEMs are weatherstripping and added insulation in the roof and floor. Furthermore, the article 
concluded that the building characteristics will affect the choice of a cost-optimal heating system, specifically 
its construction properties and running costs. In general, district heating was more suitable for single-family 
housing, and wood boilers in apartment buildings.  
 
In the article published by Niemelä et al. (2017), a Finnish brick-building, typical to most brick buildings built 
in Finland during the first half of the 1960s, was used as a reference case to analyze cost-effective HVAC 
systems and refurbishments to the envelope. Four heating systems were analyzed including ground source HP, 
exhaust air HP, air-to-water HP, and DH. With a scenario where the current radiator system was renovated to 
fit a new low-temperature heating system. The ventilation system was also retrofitted to an MVHR. The 
measures applied to the envelope were additional insulation on the walls, in the roof, and new windows. The 
authors concluded that the installation of an MVHR is not economically feasible even though the building has 
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a current exhaust system. This is mainly due to the large initial cost of the system, and the outcome did not 
change even if the saved energy would increase. It was, however, noted that thermal comfort typically improves 
when refurbishing a ventilation system into an MVHR and that this cannot directly be measured using economic 
calculations. Additionally, it was stated that adding insulation to the roof and/or replacing the windows were 
economically feasible while adding insulation to the facades was not. Lastly, it was stated that the HPs delivered 
the best results in terms of energy efficiency and cost-effectiveness and that from these the ground source HP 
performed the best, followed by air-to-water and exhaust air HP.  

2.4 Thermal comfort 

As previously mentioned in the article published by Bournas et al. (2016), the authors presented a holistic 
approach to retrofitting an office building using software to suggest an energy-efficient retrofitting. The authors 
used GH to evaluate the risk of overheating in the building and were able to reduce the overheating substantially 
by analyzing optimal shading while still maintaining a good amount of daylight. Furthermore, natural ventilation 
was also analyzed to further reduce overheating and the demand for active cooling. It was concluded that the 
combination of these measures reduced the overheating by approximately 20 % to 50 %, depending on the type 
of room.  
 
Li et al. (2024) concluded that passive cooling techniques such as natural ventilation, exterior shading, thermal 
mass, and cool roofs could improve the indoor thermal environment effectively, while simultaneously reducing 
the cooling demand. It was further concluded that the mean air temperature was reduced by 2.8 °C for the 
specific building when using natural ventilation, external shading, and cool roofs. The study was conducted 
using a building with two identical rooms, referred to as chambers, in Tongling a cooling-dominated region of 
China. The measures were implemented in one of the chambers while the other chamber was used as a reference 
and was set as free-floating with no measures applied to it, thus allowing for a comparison between the two 
rooms. The study aimed to analyze the short- and long-term performance of the measures, both individually and 
in combination.  
 
In the article published by Liu et al. (2015), the study aimed to evaluate both the indoor environment and energy 
use of a multi-family building from the 1970s located in Linköping, Sweden. The building had previously 
undergone retrofits and was used in comparison to a similar building that did not have the same installations, 
thus allowing for a comparison of the effects before and after retrofitting. The building went from an exhaust 
air system to an MVHR-system and had EPS added to the exterior part of the façade, including an air barrier to 
reduce infiltration and moisture. The existing windows were replaced from double-glazed to triple-glazed, 
reducing the U-value from 2.9 W/(m²·K) to 1.2 W/(m²·K), additionally, the roof had 50 cm insulation added to 
it. Furthermore, the article investigated the placement of different blinds to accommodate a better indoor 
environment during summer. The study included factors such as indoor air quality, air temperature, PPD, and 
PMV, using both measurements, questionnaires, and simulations using IDA ICE. It was concluded that the 
energy demand could be decreased by approximately 39 % and that the indoor environment could be further 
improved by adding blinds, with interior blinds reducing overheating by approximately 4 % and exterior blinds 
by 10 %.  

2.5 Conclusion 

From the literature review, it can be stated that among the most commonly researched topics energy is at the 
lead, and usually involves EEMs such as improving the envelope with better windows and added insulation, 
improving the airtightness, and installing MVHR-, and heating systems, usually involving the use of HP or the 
use of existing DH. Other common topics include environmental impact, profitability, and thermal comfort; 
however, these topics are rarely studied together. Additionally, the researched literature usually focused on 
typical buildings, or buildings which can represent a somewhat larger amount of the building stock, thereby 
enabling the application of the results in a broader context. Reference buildings are also used to illustrate the 
effect of retrofitting methods, in which the building does not necessarily represent a part of the building stock.  
 
This study, similar to the reviewed literature, will include the previously mentioned EEMs. However, these 
measures will be investigated in different categories and the results will be presented separately in terms of 
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energy use, profitability, environmental impact, and thermal comfort, while considering moisture-safe 
constructions, thus separating this study from most articles.  
 
A large quantity of the analyzed research has included the previously mentioned EEMs, with a resulting 
reduction of heating demand by up to 80 %, indicating a large potential when aiming for a lower operational 
energy use. This usually affects the environmental impact positively when analyzing the environmental impact 
from the life cycle of the building, due to the operational stage having an important part in the impact of the 
building. A common approach for retrofitting is to reduce the peak loads first to avoid oversizing the heating 
system, however, in this study, the heating systems were designed for the case with the highest peak load, since 
the measures are not implemented in a specific order. Parametric analysis has been implemented in many studies 
to analyze the best combination of the chosen EEMs. However, the information is limited on how the 
airtightness is calculated when implementing one measure relative to several, and in this study the authors 
implemented an airtightness that will depend on the specific combination of EEMs since it was assumed that 
the reduction of airtightness should not be equal for all applied measures. 
 
The researched literature highlights the need to address thermal comfort and reduce overheating during summer, 
and that it can be reduced by using passive cooling techniques such as night-time natural ventilation, natural 
ventilation, solar shading, lower g-value, and cool roofs. It is stated that a combination of two or more of these 
measures can effectively improve thermal comfort by reducing overheating, with some cases reducing 
overheating as much up to 50 %, with a higher reduction of overheating using external blinds compared with 
internal. 
 
While many studies have researched similar retrofitting measures presented in this study, this study aims to 
present comprehensive results with aspects relevant to energy efficiency, environmental impact, profitability, 
and thermal comfort, while still considering the moisture safety of any proposed retrofitting. These results can 
be used to retrofit similar buildings and thus, increase the energy efficiency of the building stock.  
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3 Theoretical framework 
This chapter provides a theoretical overview of relevant building parts, systems, costs, environmental impacts, 
and thermal comfort, related to this study. Understanding these aspects will help the reader understand why the 
specific subjects were included in the study.   

3.1  Building & systems 

3.1.1 Envelope & moisture safety 

The building envelope is usually a significant source of heat losses. These losses are defined as transmission 
losses and include thermal bridges. It is imperative to consider the potential of making it as energy-efficient as 
possible since it will decrease the operational energy and the peak power demand (Björklund & Ohlsson, 2018; 
Hagentoft & Sandin, 2017; Warfvinge & Dahlblom, 2010).  
 
If a building does not fulfill the requirements set on the primary energy number after retrofitting, the 
constructions should have the following heat loss coefficients presented in Table 1,  (Boverket, 2021a). 
 

Table 1. Maximum U-value for envelope construction, according to BBR29. 

Envelope constructions U-value / (W/(m2·K)) 
Windows 1.2 

Facade 0.18 
Roof 0.13 

Windows, façade, and roof 
When retrofitting the envelope of a building, windows can have a significant impact on both the indoor 
environment and the technical installations (Poirazis et al., 2008). Compared to the surrounding walls, windows 
usually have a higher U-value due to the frame. The g-value of the glazing affects the solar gains and thus, the 
degree of overheating (Dubois et al., 2019; Hagentoft & Sandin, 2017). By installing new and more airtight 
windows, while also addressing the potential cracks around the installation module, the airtightness can be 
improved drastically and thus, improve thermal comfort by reducing the risk of draft. By reducing the air 
leakage, both operational energy and peak power demand will decrease, and also improve the heat recovery of 
a potentially installed ventilation system (Hagentoft & Sandin, 2017; Rønneseth et al., 2019). Modern windows 
are usually more energy-effective compared to traditional windows, which use two panes glazing, no inert gas, 
and low-E coating (Grynning et al., 2013; Jelle et al., 2012). Energy-efficient modern windows are usually 
constructed with three panes glazing, an inert gas between them, and a low-E coating to reduce the rate of heat 
loss (Hagentoft & Sandin, 2017). Similar to windows, the exterior wall configuration plays an important role in 
improving thermal comfort and minimizing heat losses, especially since the façade-area can be quite extensive. 
With a low U-value, benefits can be gained both in operative temperature and operational energy (Gustafsson 
et al., 2016; La Fleur et al., 2019; Terés-Zubiaga et al., 2015). By reducing cracks and other defects on the 
façade, the airtightness can be further improved, reducing the operational energy and peak power demand of 
heating, while also improving the thermal comfort (Hagentoft & Sandin, 2017; Warfvinge & Dahlblom, 2010).  
 
Retrofitting the attic or the roof can significantly decrease operational energy usage, but the savings will vary 
depending on the area and the U-value (Gustafsson et al., 2016; Jradi et al., 2017; Terés-Zubiaga et al., 2015). 
By reducing cracks, and potential damage on membranes, the airtightness can be improved and thus, leading to 
a further reduction in operational energy (Hagentoft & Sandin, 2017; Warfvinge & Dahlblom, 2010)).  

Moisture safety 
When renovating a building it is important to consider the hygrothermal conditions of the constructions of 
interest, because a faulty renovated construction may create more problems than it started with. Conducting a 
thorough moisture safety analysis before retrofitting could prevent the wrong constructions from being built, 
consequently reducing the risks directly associated with mold (Arfvidsson et al., 2017; Hagentoft & Sandin, 
2017).  
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Physical or chemical changes in a product caused by moisture are called moisture-related damages. Moisture-
related damages can be in different forms, such as mold (microbiological growth), biodegradation (rot), fogging 
and staining, and frost damage. Moisture damage can lead to esthetical changes, physical, chemical, and 
biological degradation, as well as odors and health risks (Arfvidsson et al., 2017). Organic materials such as 
pine and spruce are sensitive to high levels of moisture and, hence, require a higher level of attention during an 
analysis. While inorganic materials are less susceptible to moisture-related damage, they still require attention 
(Arfvidsson et al., 2017).  
 
One of the moisture damages that is dangerous for building materials and human health is mold growth. At a 
temperature above 0 °C and relative humidity above 75 % mold could start to grow in materials such as spruce 
and pine (Hukka & Viitanen, 1999), which in turn can lead to issues such as tiredness, headache, coughing, dry 
skin, and deterioration of the material. The relative humidity at which mold starts to grow is called critical 
relative humidity. The high water content of inorganic materials can also lead to moisture damage. The water 
content can increase to a level that negatively affects the properties of the material, and creates potential risks 
including frost damage, and increased thermal conductivity (Arfvidsson et al., 2017). Mold growth on wooden 
materials can be calculated using a mathematical model, developed by Hukka & Viitanen (1999). This model 
describes how mold growth happens as a function of temperature, relative humidity, and time. The amount of 
mold growth in the model is based on the mold index, which is a standard index based on the visual appearance 
of the studied surface, it scales from 0 to 6 and each scale is described further in Table 2.  
 
Table 2. Mold index, developed by Hukka & Viitanen (1999). 

Index Growth rate Description 
0 No growth Mold spores not activated 
1 Some growth detectable only with a microscope Initial stages of mold growth 
2 < 10 % mold coverage of the surface Detectable with microscope 
3 Some mold growth on the surface Detected visually 
4 > 10 % mold coverage on the surface Detected visually, moderate growth 
5 > 50 % mold coverage on the surface Detected visually, plenty of growth 
6 Mold coverage around 100 % Very heavy and tight growth 

3.1.2 Ventilation 

Ventilation is a crucial part of a building, providing fresh air and thereby mitigating the accumulation of CO₂ 
and moisture, thus, resulting in a more favorable environment to interact continuously in. The peak power 
demand is also a factor related to the ventilation, because of the losses from the ventilation and the heat recovery. 
It has the potential to affect the required capacity of the heating system due to the size of the losses and is thus 
an important part of the amount of operational energy required of a building (Björklund & Ohlsson, 2018; 
Warfvinge & Dahlblom, 2010). 

Passive stack ventilation 
Passive stack ventilation is driven by the difference in air density between the indoors and outdoors, but also 
the wind which can force air into the building. Typically, the air enters the building through supply air valves 
positioned on the façade, and usually located in the bedrooms and living areas, while the air exits the building 
through valves commonly placed on the chimney, located in the kitchen, bathroom, and laundry rooms. This 
ventilation method has benefits such as low maintenance requirements, long lifespan, and no operational cost. 
However, the drawbacks include a lack of control over air distribution, insufficient air change during summer 
due to low-temperature differentials, and a risk of excessive air changes during the colder months which leads 
to unnecessarily large heat loss. Passive stack ventilation was the most common type in residential buildings 
before 1970 and is still very common in older buildings to this day (Awbi, 2003; Björklund & Ohlsson, 2018; 
Hagentoft & Sandin, 2017; Warfvinge & Dahlblom, 2010).  

Mechanical ventilation with heat recovery 
MV is a system that utilizes fans to regulate the airflows, with separate fans for the supply and extraction of air. 
The air is supplied and extracted to and from the zones through diffusers connected to the ducting, following a 
similar principle for placement as passive stack ventilation. The ducting is connected to an AHU, usually 
consisting of filters, coils, fans, and heat recovery. Filters clean the air, both improving the air quality and 
protecting the heat recovery unit, while coils are powered by electricity or liquid and can be used to either heat 
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or cool the supply air depending on user requirements. The fans are used to supply and extract the air from the 
zones, while the heat exchanger is used to recover the heating energy, from the air leaving the building. Unlike 
passive stack ventilation, mechanical ventilation systems require balancing to correctly distribute the airflow, 
otherwise, it might not perform as intended (Awbi, 2003; Warfvinge & Dahlblom, 2010). 
 
Mechanical ventilation systems, such as MVHR systems can be designed as a CAV or a VAV system. A 
constant airflow is used in a CAV system with the possibility to adjust the air temperature, often requiring fewer 
controls and less space for ducting, making it more cost-effective. In contrast, the VAV system initially is more 
expensive but has a lower operational cost due to adjustable air flows, while demanding more controls and larger 
space for ducting and AHU due to higher air flows. MVHR is the most common type in today’s newly built 
buildings. The advantages of this system are the possibility to use heat which otherwise would be lost, control 
over airflow and its temperature, and cleaner air. However, the drawbacks include a higher operational cost, 
more maintenance, and that it requires space for both ducts and the fan room (Björklund & Ohlsson, 2018; 
Warfvinge & Dahlblom, 2010). 

Designing an MVHR system 
The minimum supplied airflow requirement for residential buildings is set to 0.35 l/(s·m²), with an additional 7 
l/(s·person) for office spaces. However, it is a common practice in some cases to allocate a supply airflow of 4 
(l/s) per bedroom and bed space, and a return airflow of 10 l/s per bathroom, this practice should however be 
neglected if the airflow falls below 0.35 l/(s·m²) (Awbi, 2003; Boverket, 2021a; Warfvinge & Dahlblom, 2010). 
 
The AHU is an important part of a mechanical ventilation system and can be designed using software such as 
Acon. Input data for the design includes critical paths of all ducting systems and the required air flows. Ideally, 
the fan room should be centrally placed on the roof or in an attic, creating better conditions for the supply and 
extraction of air, which also allows for a more symmetrical system and thus, reducing the pressure drop. 
Moreover, the fans create noise and therefore it should be considered when installing a ventilation system (Awbi, 
2003; Warfvinge & Dahlblom, 2010). Furthermore, when placing diffusers, it is important to consider how the 
air will be distributed, with the number of diffusers depending on the airflow. Good air distribution will ensure 
that the air is not crashing and creating drafts, promoting better indoor quality through adequate air change rates. 
Furthermore, to improve comfort, the air velocity is usually designed at a level below 0.15 m/s during winter 
and 0.25 m/s during summer (Boverket, 2021a; Warfvinge & Dahlblom, 2010).  
 
During the design stage, it is important to design the ducting with minimal bends and a symmetrical layout to 
minimize the pressure drop and simplify balancing. A balanced system ensures a correct airflow from each 
diffuser and is usually performed by locating the critical path and then adjusting the airflow in the remaining 
diffusers. The distance between two bends should be designed approximately with a minimum distance equal 
to 6·D, D being the diameter of the duct, to avoid unnecessary pressure drops and noise. The extracted air from 
polluted sources like kitchens should be separated. Furthermore, the ducting should be planned, to facilitate 
proper workspace for the installer (Boverket, 2021a; Warfvinge & Dahlblom, 2010).  
 
The supply air temperature should be designed with consideration for thermal comfort, ensuring that it should 
be within a reasonable range to avoid discomfort. A coil is usually installed to regulate the temperature and can 
be powered by either a liquid or electricity. The size of the coil is dependent on factors such as airflow, specific 
heat capacity, density, and temperature. In cases where a heat exchanger is not installed or is malfunctioning, 
the DVUT can be used to ensure that the air is heated to a comfortable level (Awbi, 2003; Björklund & Ohlsson, 
2018; Warfvinge & Dahlblom, 2010).  
 
When selecting ducts, designers need to consider both space constraints and airflow requirements. While 
rectangular ducting may be necessary for a shortage of space, circular ducts utilize their area more efficiently 
compared to rectangular due to their corners, the products are also thinner since the geometry makes them stiffer, 
resulting in a cheaper, lighter, and more airtight product compared to the rectangular alternatives (Awbi, 2003; 
Warfvinge & Dahlblom, 2010). A common method for sizing the duct system is called equal friction, where the 
objective is to maintain an equal pressure drop across each part of the ducting. A pressure drop of 1 Pa/m is 
usually used, though variations may occur depending on the strategy. A friction chart or pressure drop diagram 
is used to determine the size of the ducts relative to the airflow, while still considering the velocity and the type 
of duct, see Table 3 (Awbi, 2003; Warfvinge & Dahlblom, 2010). 
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Table 3. Air velocities for different duct types, according to Warfvinge & Dahlblom (2010). 

Duct-type Air velocity /(m/s) 
Main duct 6 – 9 
Stem duct 4 – 6 

Branch duct 2 – 4 
Connecting duct 2 

 
The choice of heat exchanger varies depending on the situation, with two typical heat exchangers being rotary- 
and plate heat exchangers. Rotary heat exchangers use a wheel that transfers the energy from the extracted air 
to the supply air. While they usually have a larger temperature efficiency, there is a risk of unintentionally 
transferring gas, particles, and moisture between airflows. On the contrary, the plate heat exchanger usually has 
a lower temperature efficiency but separates the supply air from the extract air, eliminating the risk of 
transferring unintentional gases, particles, and moisture between the airflows (Svensk Ventilation, 2024; 
Warfvinge & Dahlblom, 2010). 
 
The efficiency of the fan is also crucial for the energy efficiency of the whole system. The SFP quantifies the 
efficiency of the fan system and depends on factors such as pressure drop reduction, the size of airflows, the 
efficiency of the ducting design, and efficient components. When installing a new ventilation system, or 
renovating an existing one, the SFP should be below 1.5 kW/(m³·s) (Boverket, 2021a; Warfvinge & Dahlblom, 
2010).  

3.1.3 Heating 

Heating plays a crucial role in improving the performance of the building, affecting factors such as comfort, 
moisture safety, and energy use, where a poorly designed system can lead to an increase in energy use 
(Siegenthaler, 2023; Warfvinge & Dahlblom, 2010). Understanding the different types of heating systems is 
essential to choosing and designing the correct system for a building. 

District heating 
The DH system consists of three parts; 1) a plant producing heat from various sources, 2) a distribution net 
transferring the heat, and 3) a heating center in the building responsible for exchanging the heat from the plant 
into the building's distribution system. These systems generally keep a relatively high temperature compared to 
other systems, between 70 °C and 120 °C, using a very high pressure to reduce the risk of boiling (Björklund & 
Ohlsson, 2018; Warfvinge & Dahlblom, 2010). The user pays for the heating energy it uses from the distribution 
net, using a fixed energy price which can be altered one time each year by the owners of the district heating net 
(Energimarknadsbyrån, 2023). A DH system cannot utilize heat the same way as an HP, its COP can be said to 
equal 1 in the best cases (Warfvinge & Dahlblom, 2010). The disadvantages of this system include a relatively 
low COP and low flexibility in terms of choosing the energy supplier since each district can only buy from a 
specific supplier. The advantages include the possibility of a high supply temperature to the user and a steady 
energy price which can only be changed once every year.  

Heat pump 
An HP uses the concept of converting energy from a relatively low-temperature source to energy from a higher-
temperature source. Depending on the type of HP, different energy sources can be used, such as air, water, or 
soil. An HP usually consists of four main components, an evaporator in which the temperature of the circulating 
liquid is lower than the energy source´s, causing heat to be transferred into the circulating liquid as it evaporates. 
The second component is a compressor which compresses the vaporized liquid, creating a larger pressure and 
increasing the temperature even further. The third component is a condenser, in which the temperature of the 
circulating vaporized liquid releases heat and condensates to a highly pressurized liquid, the liquid then flows 
to a thermal expansion valve which reduces the pressure and thus the temperature before beginning its path in 
the evaporator again. The heat gained from the evaporator and compressor determines the COP, and the smaller 
the temperature difference is between the evaporator and condenser, the less heat will be added by the 
compressor, resulting in a higher COP. Compared to a DH system, an HP supplies a much lower temperature 
(Siegenthaler, 2023; Warfvinge & Dahlblom, 2010). Advantages of the system include a relatively high COP 
which can decrease the purchased operational energy substantially, and their ability to provide both heating and 
cooling. However, the drawbacks include low performance during peak demand periods and the requirement 
for larger and/or more radiators due to the relatively low supply temperature.   
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Designing a heat pump system 
The required peak power is determined by calculating the transmission, leakage, and ventilation losses for each 
space of the building while considering thermal bridges, no internal load, and no solar gains, using the DVUT 
for the specific building (Warfvinge & Dahlblom, 2010). The peak power demand will determine the capacity 
of the HP, and its placement can depend on many factors, such as incoming cold water, access to the connection 
point of the heating net, and noise levels. It is usually located in the basement of residential buildings 
(Siegenthaler, 2023).  
 
Determining the type of system depends on the available capital and desired efficiency, the most common are 
the one- and two-pipe systems, three-pipe systems also occur but are usually not considered since they require 
more capital. In a one-pipe system the radiators are connected to the supply piping with both the supply- and 
return, resulting in less needed piping but requiring larger radiators, and since both supply and return are 
connected to the same supply piping the temperature in the piping will decrease after each radiator, and thus 
affecting the possible size of the system. In a two-pipe system the supply and return are separated, creating a 
larger cost for piping but requiring a small cost for radiators. It is also possible to supply each radiator with the 
same supply temperature, which in turn makes the system easier to size. Typical materials used for piping are 
steel, copper, and plastic (Siegenthaler, 2023; Warfvinge & Dahlblom, 2010). 
 
In residential buildings, there are usually section- or panel radiators connected to the hydronic heating system 
and are usually placed below the windows to reduce the cold draft. The radiators are usually sized with a width 
200 mm smaller than the window width, with an adequate height that enables good air circulation, usually with 
a free space of 100 mm below and above the radiator. The size of radiators depends on factors like peak power, 
supply/return temperature, and the temperature setpoint of the space. During operation, solar irradiation and 
internal loads will affect the temperature of the zone, and thus, a thermostat connected to the radiators can be 
used to detect the temperature and adjust the power delivered to the radiator by decreasing/increasing the water 
flow (Warfvinge & Dahlblom, 2010). 
 
When determining the size of the pipes, the velocity and pressure drop should be constantly considered. A larger 
pipe diameter results in a low pressure drop and a low velocity but on the other hand, requires more capital 
investment. The optimal velocity for small and medium-sized systems ranges between 0.5 m/s and 0.7 m/s to 
reduce the risk of noise and allow air bubbles to be released from the system thus reducing the risk of corrosion. 
A constant friction approach with the pressure drop set between 100 Pa/m and 400 Pa/m, can be used when 
sizing the pipes, while most systems use 250 Pa/m (Siegenthaler, 2023; Warfvinge & Dahlblom, 2010). 
 
To facilitate the water circulation in the system a circulation pump is required. The choice of a circulation pump 
depends on the mass flow rate of the water and the maximum pressure drop in the system, which can be 
calculated. The path from the heating system to a radiator with the highest pressure drop is called the critical 
path, which provides information for the required mass flow rate and the maximum pressure drop in the system. 
The design and actual installation of a circulation pump can differ, therefore a safety factor of 10 % can be used 
to consider the differences between design and installation, accounting for additional fittings, valves, or pipes. 
The number of circulation pumps depends on the system, but in most cases, it will consist of two pumps in the 
heating loop. Installing two pumps parallel will work as a safety factor; if one pump fails the remaining will 
take its place. Additionally, there are also pumps with two in-built wheels, increasing cost- and energy efficiency 
compared with purchasing two separate pumps (Siegenthaler, 2023; Warfvinge & Dahlblom, 2010). Hydronic 
heating systems usually contain components such as expansion vessels, control systems, and a variety of valves 
like safety valves, check valves, and regulation valves (Siegenthaler, 2023).   
 
Due to the risk of legionella, it is important to prevent the freshwater in the system from becoming too cold and 
stagnant. The supplied freshwater to the tenants needs to be accommodated at a minimum temperature of 50 °C. 
In a potential accumulator tank, the required minimum temperature is 60 °C, allowing for potential mixing with 
cold water before supplying it to the tenants. The temperature of cold water supplied to a building varies in the 
South of Sweden and typically ranges between 4 °C and 15 °C (Boverket, 2016, 2021a; Warfvinge & Dahlblom, 
2010). 
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3.2  Life cycle cost 

The profitability of an investment is an important factor in the decision-making process regarding the choice of 
investment measures. Therefore, a life cycle cost calculation can be conducted to help with the decision-making, 
while focusing on economic efficiency. The life cycle cost analysis serves as a tool to evaluate the total cost of 
a product or investment throughout its entire lifespan, including initial investment cost, maintenance cost, and 
operational costs (Flodin et al., 2021; Kansal & Kadambari, 2010). 
 
One of the methods used to calculate the LCC of an investment is the Net Present Value (NPV) method 
(Menassa, 2011). Using this method, all costs are presented as a present value, factoring in the time value of 
money, meaning that all future cash flows are discounted and presented as a present value together with the 
initial investment costs (Park, 2018). 
 
Depending on the type of cost different formulas are used to calculate the NPV. When dealing with a single 
future cash flow, the value for the future payment is calculated first and then discounted to a present value using 
Equation 3.1.  
 
𝑁𝑁𝑁𝑁𝑁𝑁1 = 𝑁𝑁(1 + 𝑔𝑔)𝑁𝑁(1 + 𝑖𝑖)𝑁𝑁                                                                                                              [SEK] (Equation 3.1) 

 
Where NPV1 is the net present value of the payment, P is the current value for the payment, i is the interest rate, 
g is the price change rate of the investment, and N is the number of years in the future when the payment is 
done.  
 
If a series of cash flows is increasing or decreasing by a fixed percentage at regular intervals, the geometric 
gradient formula shown in Equation 3.2 can be used to calculate the net present value, with the condition that 
the interest rate and price change rate are not equal. If the interest rate is equal to the price change rate, then 
Equation 3.3 is used instead.  
 

𝑁𝑁𝑁𝑁𝑁𝑁2 = 𝐴𝐴1 �
1−(1+𝑔𝑔)𝑁𝑁 (1+𝑖𝑖)−𝑁𝑁

𝑖𝑖−𝑔𝑔
�                                                                                                      [SEK] (Equation 3.2) 

𝑁𝑁𝑁𝑁𝑁𝑁2 = 𝐴𝐴1 �
𝑁𝑁
1+𝑖𝑖
�                                                                                       [SEK] (Equation 3.3) 

A₁ is the future value of the initial cost at year one and is calculated using Equation 3.4.   
 
𝐴𝐴1 = 𝐴𝐴0(1 + 𝑔𝑔)1                                  [SEK] (Equation 3. 4) 

 
Where NPV2 is the net present value of a series of payments, A1 is the cost at year one in a series of years, g is 
the price change rate, i is the interest rate, N is the calculation period, and A0 is the initial cost at the beginning 
(year zero). 
 
Factors that affect the total life cycle cost for retrofitting and need to be considered are the calculation period, 
product lifespan, and replacement costs (Lavy & Shohet, 2007). One of the main elements of an LCC analysis 
is the interest rate, it is a percentage that is applied periodically to a sum of money, representing the amount of 
interest added to that sum (Park, 2018). Interest rates are divided into real and nominal interest rates. The real 
interest rate is the real growth of money, excluding the effects of inflation which is the decrease in the purchasing 
power of money. While the nominal interest rate considers the effects of inflation and the real growth of money 
(ECB, 2024). Another significant element in the LCC calculations for construction is the price growth rate, 
meaning that the cash flow increases or decreases over time by a certain percentage, such as price changes due 
to inflation (Park, 2018). The impact of these input variables on the total cost can be investigated by performing 
a sensitivity analysis. This allows uncertainty and risks during the long-term operation stage of the building to 
be included in the calculations (N. Wang et al., 2012). 
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3.3  Life cycle assessment 

To better understand the environmental impact of a product throughout its life cycle, a life cycle assessment can 
be conducted. This approach helps the decision-making process and mitigating the environmental impacts 
(Swedish Standard Institute, 2006). An LCA study can be divided into four phases: 
 

1. The goal and scope definition phase: In this phase, the aim of the study is established. Depending on 
the use of the study, the functional unit and system boundaries are defined. The calculation period, 
lifespan of the products, life cycle stages, and environmental impact categories included in the study 
are also defined here. 

2. The life cycle inventory analysis (LCI) phase: Here the data necessary to calculate and meet the goals 
of the defined study are collected. It involves gathering information on inputs and outputs related to a 
product´s life cycle.  

3. The life cycle impact assessment (LCIA) phase: Additional information is provided in this phase to help 
with the assessment of the environmental impact of a product and understanding of the LCI results. This 
information aids in evaluating the significance of different environmental impacts.  

4. The interpretation phase: In this phase, the results of the study are interpreted, and the results from LCI 
and LCIA are analyzed to conclude the goal and scope of the study.  

These steps can be applied to evaluate the environmental impact of construction projects. The life cycle of 
construction projects is divided into four stages, each containing several information modules describing the 
entire product system of any construction project. The LCA results of a construction product are presented in 
an EPD, organized according to the life cycle stages and their information modules, which are presented in 
Figure 1. To develop an EPD a company must follow the standards set by SS-EN 15804:2012 + A2:2019 
(Swedish standard) or/and the equivalent international standard EN 21930:2017, thus ensuring that the product 
has been independently verified (Swedish Institute for Standards, 2021).   
 
 

 
Figure 1. An illustration of the life cycle stages, what each stage contains, and supplementary information  

(Swedish Standard Institute, 2020). 

An EPD The environmental impact of a product is presented in different categories in an EPD. These categories 
are determined depending on the type of emissions associated with the product. The mandatory impact 
categories to be included in an EPD are as follows (Swedish Standard Institute, 2020): 
 

• Global warming potential (GWP): This category is a measure of greenhouse gas emissions released into 
the atmosphere, including gases such as carbon monoxide (CO), carbon dioxide (CO2), methane (CO₄), 
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nitrous oxide (N₂O), methyl bromide (CH₃Br), chlorofluorocarbons (CFCs), and hydrofluorocarbons 
(HCFCs), and is measured using kg CO₂ eq. per functional unit (IPCC, 2007). These gases contribute 
to the greenhouse effect, absorbing thermal radiation and trapping heat within the atmosphere, leading 
to climate change (Circular Ecology, 2024).  

• Ozone depletion potential (ODP): This impact describes the effect of various substances on the 
depletion of the ozone layer in the stratosphere and is measured using kg CFC-11-eq. per functional 
unit (Baumann & Tillman, 2004).  

• Eutrophication potential (EP): This category describes the effect of added nutrients in soil or water, 
which can cause an overgrowth of certain species such as algae and plants, leading to less oxygen 
production and death of aquatic animals. This category is measured using kg P eq. per functional unit 
(Farinha et al., 2021).  

• Acidification potential (AP): Represents pollutants that transform into acids, leading to acidification of 
ground and water, and damaging or corrosion of building materials. The effect is measured using a mole 
of H+ eq. per functional unit (Farinha et al., 2021).  

• Photochemical oxidant creation potential (POCP): This is an environmental impact produced due to 
photochemical oxidation of gases, creating ground-level ozone which is toxic and can affect human 
health. This impact is measured using kg Ethene eq. per functional unit (Farinha et al., 2021). 

The integration of regulations and certifications with LCA promotes sustainable building practices. For instance, 
the Swedish National Board of Housing, Building, and Planning has introduced requirements for climate 
declaration of new buildings, effective from January 2022, with a focus on minimizing the environmental impact 
of the constructions. A climate declaration should include an assessment of the environmental impact from the 
construction phase, covering information modules A1-A5, during a calculation period of 50 years. Moreover, 
GWP-GHG should be used to measure the environmental impact on a building, the absorption and emission of 
biogenic carbon dioxide should not be included due to the lack of evidence on how to correctly present the data 
(Boverket, 2021b). Furthermore, certification systems such as Miljöbyggnad, BREEAM, and Noll-CO₂ also 
dedicate a part to LCA, ensuring more sustainable buildings. Adhering to Boverket´s rules regarding climate 
declaration, the calculation period for the assessment in certification systems is 50 years and the assessed impact 
category is GWP-GHG.  

3.4  Thermal comfort 

Thermal comfort is defined as the state where a human being is satisfied with the experienced temperature of a 
space and does not desire any hotter or colder environment. The effects of poor thermal comfort can include, 
trouble concentrating due to high concentrations of CO₂, development of bacteria, and fungus, as well as asthma 
because of too high/low relative humidity. Additionally, discomfort can be a result of overheating and large 
temperature differences between the floor and ceiling (Warfvinge & Dahlblom, 2010).  
 
When designing or retrofitting a residential building, attention should be paid to the risk of overheating, 
especially from April to September when the risk of overheating is at its highest. Excessive overheating can 
lead to discomfort among the occupants and may also have other adverse effects. According to Feby18 
guidelines, the degree of overheating should remain below 10 % from April to September (FEBY18, 2024). 
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4 Method 

4.1  Investigation & selection of buildings 

In this chapter, the method of locating two buildings with the lowest energy performance is described. The 
located buildings would later be used as a base case when analyzing and proposing retrofitting measures.  

4.1.1 Data 
Approximately 5 500 buildings with the lowest energy performance were examined using Excel, to identify the 
most common group of buildings. These buildings exhibit an energy class of G, according to the Swedish 
National Boards of Housing, Building, and Planning. The dataset consisted of all buildings in Skåne that had 
performed an energy declaration between the years of 2019 to 2022 and had a low energy performance. The 
analysis involved the categorization of buildings across different parameters: type code, building type, No. of 
stories, Atemp, ventilation type, heating type, and built year. This analysis aimed to identify the most common 
building types among those with the lowest energy performance, to determine the most typical retrofitting 
measures that would be appropriate for most of the buildings.  
 
The building type code was determined by the tax office and was based on the building´s designated use. 
Building type refers to whether the building´s structure was detached, semi-detached, or intermediate (connected 
from both sides). No. of stories was the number of floors above ground excluding the attic. Atemp referred to 
heated floor area, while ventilation type included either natural, MEV-system, MV-system, or MVHR-system. 
The year built refers to the year the construction was finished (Skatteverket, 2029).  
 
The selection process for these buildings involved analyzing and filtering data to determine the most common 
types and systems within each category. The categories and resulting characteristics of the buildings are 
illustrated in Figure 2. 

 

 
Figure 2. An illustration of the included categories and the characteristics of the resulting buildings. 
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4.1.2 Two buildings 
After filtering the data 15 buildings were left of the initial 5 500 buildings, with the resulting characteristics 
illustrated in Figure 2. Each building was investigated to determine if there were any drawings available on the 
respective municipality website, and if a building had any drawings the building was favored as a better option 
compared to a building without. Finally, two buildings with the best available drawings were chosen and 
modeled in both Rhino and Revit. After this, contact was established with the property owners to determine if 
it was possible to inspect the buildings and collect any necessary information. The chosen buildings were named 
building A and building B and are described further in chapter 4.2. 

4.2  Base cases 

This chapter presents an overview of the two buildings, containing illustrations of the actual buildings, their 
floor layout, constructions, and systems. The information was used as a basis to determine which retrofitting 
should be performed. 

4.2.1 Building A 
The first building was situated on Rasmusgatan 24, in Malmö. It was built in 1937 and is currently owned by a 
housing cooperative named Sofielund. It is a three-story building with a heated floor area of 529 m².   
 
Site visit 
The site visit was used to verify the accuracy of the drawings from the City Planning Office by measuring the 
floor area and performing an ocular inspection of the building constructions.  
 
All spaces were investigated during the site visit, including four apartments, in which information was gathered 
regarding heating, ventilation, and windows, which is described further in Constructions & systems. Below is 
an illustration of the building today, see Figure 3. 
 

 
Figure 3. An illustration of Building A, from three perspectives. 
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Floor layout  
The building consisted of three stories, excluding a basement and a cold attic which currently was not in use. 
The three intermediate levels each accommodated four residential units, and two staircases enabling access from 
the basement level to the attic. Figure 4 illustrates the floor layout of the building, except the layout for the attic 
which was an empty space. 
 

 
Figure 4. Floor plans of building A. 

Constructions & systems 
Most construction details were verified by using the collected drawings for each building part during the site 
visit. Constructions that were lacking details or which were not possible to inspect were determined using 
relevant literature (Björk et al., 2021). The U-value and area of each building part are illustrated in Table 4.  
 
Table 4. Area and U-values of each building part of Building A. 

Name Area /m² U-value //(W/(m²·K)) 
Roof 270 1.8 

Façade 250 1.4 
Basement walls 48 2.5 

Ground slab 230 2.9 
Slab 230 0.4 

Windows X1 18 2.5 
Windows Y2 66 1.2 

Window office 4 3.5 
1 Window in the basement, and staircase. 
2 Windows in the apartments. 

BR       BEDROOM 

K          KITCHEN 

LR        LIVINGROOM 

BA       BATHROOM  

O         OFFICE 

L          LAUNDRY ROOM 

MR      MACHINE ROOM         

Basement 
 

First floor 
 

Second and third floor 
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The roof was uninsulated and consisted of wooden beams carrying the load of the roof, with spruce installed on 
top, upon which the external layer was installed. The roof tilted towards north and south with different external 
layers, one with roof felt and one with roof tiles. The roof construction is illustrated in Figure 5.  

 
Figure 5. Roof construction of building A. 

 
The facade consists mainly of bricks covered with lime plaster both internally and externally. The basement 
walls consisted of concrete with a layer of lime plaster applied externally. The wall constructions are illustrated 
in Figure 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The ground slab was assumed to consist of gravel and concrete, while the intermediate slabs were of lightweight 
construction, consisting of load-bearing steel beams supporting wooden beams arranged between them, along 
with filling made of ash. Both slab constructions are illustrated in Figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 7. Ground slab and intermediate slab constructions of building A. 

Figure 6. Illustration of basement walls and façade constructions of building A. 
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The apartment windows named “Y” had already been replaced a couple of years ago with triple-glazed windows, 
and their U-value was approximated, see Table 4. The highlighted windows named “X”, in Figure 8 had not yet 
been replaced and were deemed well past its lifespan. The office window was not a standard window, but a 
window frame with an installed “plexi-glazing”, its U-value was also approximated, see Table 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
The building was naturally ventilated with supply air valves on the façade and extract air valves on the chimney. 
The property´s heating was delivered through district heating. The heat from district heating (primary side) was 
transferred with a heat exchanger to both the building´s space heating system and domestic hot water system 
(secondary side), the heating was further distributed to radiators. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Office window  

 

Figure 8. Façade-view of Building A, the highlighted windows illustrate window “X” in need of replacement, the unmarked 
windows are referred to “Y”. 
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4.2.2  Building B 
The second building was located on Timmermansgatan 33, in Landskrona. It was built in 1942, consisted of 
three stories with a heated floor area of 436 m², and is currently owned and managed by HSB.  
 
Site visit 
The site visit was used to gather additional information about the building which was missing from the drawings. 
Contrary to Building A this building lacked accurate and detailed drawings, thus the models for this building 
were based more on the ocular inspection, measurements, data provided by HSB, and relevant literature. 
 
All the spaces were not investigated during the site visit, only the staircase, basement, and one apartment were 
available for inspection. Below is an illustration of the building, see Figure 9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Floor layout  
The building consisted of five floors, including a non-heated basement, three floors with apartments, one 
staircase, and a recently renovated attic converted into one apartment. There was a total of seven apartments in 
the building, with two apartments on each of the three intermediate floors and one in the attic. The floor plans 
for each level are presented in Figure 10. 
 

Figure 9. An illustration of building B, from three perspectives. 
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Constructions & systems 
Most of the building envelope constructions were decided during the site visit, where it was observed that all 
constructions resembled those of building A, except for the windows, façade, and roof. This conclusion was 
based on a closer inspection and measurements of the building constructions. The U-value and area of each 
building part are presented in Table 5. 
 
Table 5. Area and U-values of each building part, for building B. 

Name Area /m² U-value //(W/(m²·K)) 
Roof 153 1.9 

Façade 185 1.5 
Ground-walls 46 2.5 
Ground-slab 149 2.9 

Slab 149 0.4 
Windows 54 2.5 

Windows top floor 7 1.2 
 

Basement First floor 

Second and third floor Attic 

Figure 10. Floor plans of building B. 
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The load-bearing structure of the façade and roof was similar for both buildings. However, building B had a 
brick façade with no additional plaster on the exterior and the wooden beams in the roof had a larger dimension 
compared to the beams in building A, and the whole roof was covered with brick tiles externally. The roof and 
external wall constructions are illustrated in Figure 11. 
 

 
Figure 11. Roof and façade construction, for building B. 

According to the maintenance plan received by HSB, none of the windows in building B had been changed 
since 1981, except for those in the attic which recently had been refurbished into an apartment. The highlighted 
windows in Figure 12 illustrate the windows that need to be changed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3  Energy use & thermal comfort 

This chapter describes the setup of the energy model in CS, how the energy use and thermal comfort were 
simulated, and illustrations of the zones.   

4.3.1 Input values 
An EPW file was incorporated into CS for both locations, representing a typical meteorological year (TMYx), 
covering the years 2007 to 2021 (ClimateOneBuilding, 2024). Building A was assigned an EPW file based on 
Malmö while building B was assigned to Helsingborg due to the lack of specific EPW files for Landskrona, and 
Helsingborg was the closest city.   
 
 

Figure 12. Façade-view of building B, highlighting the windows in need of replacement. 
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Envelope  
The envelope of the building was based on the constructions previously mentioned in chapters 4.3.1 and 4.3.2, 
thermal bridges were accounted for by adding 30 % to the UA (SGBC, 2022). The U-values used in CS are 
illustrated in Table 6.  
 
Table 6. Input values used to simulate the base case in CS for both buildings. 

Name Building A 
U-value /(W/(m²·K)) 

Building B 
U-value /(W/(m²·K)) 

Facade1 1.8 1.9 
Ground wall 2.5 2.5 

Roof 2.4 2.5 
Foundation 2.9 2.9 

Intermediate slabs 0.4 0.4 
   

Windows X2 2.5 (-) 
Windows Y2 1.2 (-) 

Office window2 3.5 (-) 
   

Windows3 (-) 2.5 
Windows attic3 (-) 1.2 

1 The exterior walls connected to the surrounding buildings were set as adiabatic. 
2 See Figure 8 for illustration.  
3 See Figure 12 for illustration. 
 
Heating 
To create an energy model that can represent the actual building, the annual and monthly heating bill was 
collected from the property owners. These were later normalized using normalization factors obtained from 
SMHI to represent the energy demand for a typical year. The resulting values were used as a reference when 
creating the energy model for the base case. To further increase the resemblance between the model and the 
actual building, the inefficiency of the current heating system was considered. Any potential heat loss from 
piping and the heating system was accounted for by manually adding 5 % to the annual heating use and is based 
on experience from practice in the field of energy simulations. 
 
The software uses an ideal air load system that supplies energy based on the requirements of the zone, supplying 
energy until the requirements are met. The heating was constantly on, with a setpoint of 21 °C in the apartments, 
and 18 °C in the staircase. The rest of the zones did not have any heating (Sveby, 2012).  
 
Ventilation 
The ventilation was set to constantly on, with an assumed airflow of 0.35 l/(s·m²), based on the requirement set 
by BBR29 (Boverket, 2021a). While natural ventilation was accounted for by adding 4 kWh/m²𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 on the 
annual heating use, due to the uncertainty of tenants’ use of natural ventilation (Sveby, 2012). 
 
People, equipment, and lighting 
The people load (PL) was calculated using Equation 4.1, and the equipment load (EL) using Equation 4.2, both 
were implemented as a sum: total load (TL) into CS as equipment.  
 

𝑁𝑁𝑃𝑃 = 𝑡𝑡 ∙ 𝐿𝐿
𝐴𝐴

                                                                                                                                           [W/m²] (Equation 4.1) 

 
p is the number of people based on the number of rooms according to BEN 2, L is the heat load of an average 
person 80 W/m², and A is the area of the apartment which varies from apartment to apartment (Boverket, 2017).  
 
 
𝐸𝐸𝑃𝑃 = 𝑓𝑓 · 𝐸𝐸𝑞𝑞∙ 1 000

8760
                                        [W/m²] (Equation 4.2) 
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f is the fraction of useable heat emitted from a person 0.7, 𝐸𝐸𝑞𝑞  is the annual household electricity set to 30 
kWh/m², set to be on 14 hours/day (Sveby, 2012). The lighting load was assumed and used the same schedule 
as the equipment.  
 
The total load (TL) of Basement High Eq. was assumed since it had a large heating system creating a large 
amount of internal heat, but also due to the laundry room. The laundry room for building B was in the adjacent 
building, and the heating central was much smaller compared to that of building A, thus the TL in the Basement 
was assumed to equal 50 %. The internal loads are illustrated below in Table 7. 
 
Table 7. Loads used for simulating both buildings in CS. 

Building A Building B 
Zone type TL /(W/m²) Lighting load /(W/m²) Zone Type TL /(W/m²) Lighting load /(W/m²) 

Apartments 1 ROK 7.6 4 Apartments 2 ROK 4.5 4 
Apartments 2 ROK 5.9 4 Basement 2.4 0 

Basement 0 0 Corridor 1 4 
Basements High 

Eq. 
4.8 4    

Local 7.6 4    
Corridor 1 4    

 
Infiltration 
It was assumed that the heat loss from the ventilation should be larger relative to the infiltration. Thus, the 
ventilation was set last to ensure that the infiltration did not reach unrealistically high levels. The infiltration 
was calculated using an easy-to-use Excel sheet constructed by Agnieszka Czachura, which converts infiltration 
rates from 50 Pa to 4 Pa. The infiltration was set to 0.194 ACH, and 0.161 at 4 Pa, for building A and building 
B respectively. 

4.3.2 Thermal comfort 
Each apartment including the kitchen, bedroom, and living rooms was modeled into one zone. The shading of 
surrounding buildings was included, due to its effect on thermal comfort by heat load. But were downsized into 
vertices to reduce the simulation (Dubois et al., 2019).  
 
The highest located apartment with a South orientation was chosen as the study object for thermal comfort. In 
both buildings, the living room faced the South and was thus chosen as the zone of interest (FEBY18, 2024). 
The degree of overheating would decrease if the entire apartment were simulated as one zone, thus, the 
apartments were divided into four zones, living room, bathroom, kitchen, and bedroom, with an air wall between 
the rooms which had an opening instead of a door. The separated zones used the same settings as Apartment 2 
ROK, illustrated in Table 7. The models are illustrated in Figure 13 and Figure 14. Furthermore, the thermal 
comfort was analyzed only with regards to overheating from April to September, if the operative temperature 
reached 26 °C more than 10 % of the duration, the zone would be deemed uncomfortable (FEBY18, 2024).  
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Figure 13. An illustration of the zones in building A. 

Kitchen 

Bathroom Bedroom Roof 

Staircas
 

Livingroom Basemen
 

Apartment
 

Figure 14. An illustration of the zones in building B. 

Kitchen 

Bathroom Baseme

Staircas

Livingroo
 

Bedroom 

Apartment
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4.4  Retrofitting 

In this chapter, the applied retrofitting measures, the parametric analysis, and the calculation of the total energy 
use were described. Figure 15 illustrates the included measures for both buildings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.4.1 Envelope & air infiltration 

Facade 
It was decided that the insulation material would be applied directly on the exterior part of the façade since it is 
a well-tested installation with good results from previous objects, and the fact that the façade was not heritage-
protected. By mounting the insulation on the exterior, the temperature of the wall should increase and thus 
improve the hygrothermal conditions of the wall (Arfvidsson et al., 2017).  
 
Both rockwool and EPS were used with varying thicknesses of 50 mm, 80 mm, and 100 mm. The constructions 
were analyzed with 100 mm insulation regarding their water content. Settings are illustrated in Appendix A. 
The principle of the constructions is illustrated in Figure 16.  
 

 
Figure 16. Principle construction when adding insulation and plaster. 

Façade insulation 

 EPS 

 Rockwool 

 50 mm, 80 mm, 

and 100 mm 

Roof insulation 
 Cellulose 
 Glass wool 
 Rockwool 
 Fixed thickness 

for all three 

Heating 

 DH 
 HP, piping, pumps, 

and radiators 

Ventilation 

 Natural 
 MVHR 

Windows 

 Painted  
 Alu cladding 
 Two different U-values 

Figure 15. Illustration of which measures were included in the parametric analysis for both buildings. 
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Roof 
It was decided that insulation should be installed between the wooden beams on the roof. Three types of 
insulations were simulated, rockwool, mineral wool, and cellulose, which mated the thickness of the wooden 
beams, followed by a PE-membrane and a gypsum board, see Figure 17. Both constructions were analyzed 
concerning the risk of mold, using the mold index as an indicator. Settings are illustrated in Appendix A. 
  

 
Figure 17. Roof construction when adding insulation, PE membrane, and gypsum board. 

Windows 
In building A, only a small amount of the existing windows was assumed to create a relevant improvement in 
terms of saved energy, namely the windows in the staircase and basement, the rest of the existing windows had 
recently been changed and were thus not replaced. In contrast to building A, building B had all windows replaced 
except in the attic, where the windows had been replaced during the retrofit from the attic to an apartment.  
 
Both operable and fixed windows were included since it was assumed that the windows in the basement did not 
need to be openable since they were too small to act as a fire escape. All windows were made from wood with 
the same solar heat gain (0.50) and visual transmittance (0.60), and each type of window had two different U-
values. The windows are described further in Table 8. 
 
Table 8. Description of the windows implemented in retrofitting both buildings. 

Name Average total  
U-value /(W/(m²·K)) 

Frame U-value 
/(W/(m²·K)) 

Frame width  
/mm 

Exterior finish 

 
Windows used in the Apartments/Staircases 

VRIDFÖNSTER TRÄ  
3-GLAS RUND PROFIL 

 
0.91/1.2 

 
1.43 

 
97   

 
Paint 

VRIDFÖNSTER TRÄ  
3-GLAS RUND PROFIL ALU 

 
0.91/1.2 

 
1.43 

 
97 

 
Aluminium 

 
Windows used in the Basement 

3-GLAS FÖNSTER FAST 
KARM TRÄ 

 
0.91/1.2 

 
1.43 

 
97   

 
Paint 

3-GLAS FÖNSTER FAST 
KARM TRÄ/ALU 

 
0.91/1.2 

 
1.43 

 
97 

 
Aluminium 

Air infiltration  
The maximum reduction of air leakage was set to 33 % and was based on research of a similar retrofitting, the 
building of interest had its air leakage reduced up to 50 % for a standard retrofitting, this was deemed too 
optimistic for the chosen buildings in this report since the buildings would reach passive house standard. The 
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second type of retrofitting reduced the air leakage by approximately 33 % when improving the entire envelope 
and was deemed more fitting to the buildings in this study (Rønneseth et al., 2019).  
 
Each measure, both respectively and in combination, reduced the infiltration depending on whether the specific 
zone was affected by the retrofitting. Each measure, and combination, is illustrated below in Table 9. 
 
Table 9. Specified reduction of air leakage, for both buildings. 

Measure Reduction of air leakage /% 
Windows 17 

Façade 8 
Roof 8 

Windows + Façade + Roof 33 
Windows + Façade 25 

Façade + Roof 16 
Roof + Windows 25 

4.4.2 Ventilation system 
The ventilation was simulated using two different types, the first was the passive stack effect, which was 
simulated using a constant ventilation of 0.35 l/(s·m²) for both buildings. The second type of ventilation was an 
MVHR system using CAV, the design is described further below.  
 
The airflow was calculated using BBR29's earlier requirements of 4 l/s supply air per bed space, and 10 l/s 
exhaust air per bathroom and kitchen, this sufficed a supply air flow higher than the required flow of 0.35 
l/(s·m²) (Boverket, 2021a), with an assumed supply/return airflow ratio of 1/1. 
 
The duct layout was based on designing the ducts as symmetrical as possible, using circular ducts, and that the 
space between two fittings should be six times the duct diameter. The stairs and hallways were utilized as much 
as possible, and the ducts were installed to minimize crossings to ensure a smoother installation. According to 
recommendations from BBR29 it is not recommended to include the air from the kitchen hoods in the ventilation 
system. Therefore, the kitchen hoods were not connected to the MVHR system, instead, the existing extract 
diffusers on the chimney were used to extract the air while cooking. The duct-sizing was performed using equal 
friction, set to a constant of 1 Pa/m. The minimum and maximum pressure drop for the selected diffusers was 
inserted into the software, after which the software used this information to throttle the diffusers until a correct 
airflow. The placement of the diffuser was based on distributing the air without reaching noise levels of 35 dB, 
and a maximum air speed of 0.15 m/s during winter, and 0.25 m/s during summer.  
 
The AHU was placed in the attic of building A to minimize the disturbance to the tenants, and to keep the 
branches as symmetrical as possible. However, in building B, the AHU was placed in the basement since the 
attic had been refurbished into an apartment, and thus, it was the only available space for the installation. The 
AHU consisted of a plate heat exchanger, heating coil, filters, damper, and fans. The plate heat exchanger was 
chosen to ensure that the return and supply air were not mixed, to ensure that smell and particles from the 
bathrooms did not mix with the supply air. The heating coil was assumed to be powered by electricity. 
Furthermore, the distance between the outlet and the inlet was decided by considering the risk of mixing exhaust 
air with supply air (ASHRAE, 2021; Boverket, 2021a; Warfvinge & Dahlblom, 2010).  

4.4.3 Heating system 
Two types of heating systems were simulated, the first was DH which was initially installed in both buildings, 
and the second used air-to-water HP described further below and conceptually illustrated in Figure 18. 
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Figure 18. Illustration of the new HP-system. 

It is common practice not to include solar radiation and internal loads when sizing the heating system, and only 
consider losses by transmission, ventilation, and leakage, thus, during the heating peak load simulation the 
internal loads were turned off, and the global radiation was removed from the weather file using Elements. To 
simulate the heating peak load the DVUT was set to – 10 °C and – 8 °C for Malmö and Landskrona respectively 
(Sveby, 2022).  The results of the simulation were used to size the HPs using 70 % of the load, and an additional 
load for the DHW set to 0.5 kW per apartment. An accumulator tank was added to cover the hot water volume 
required during peak hours (Boverket, 2016; Warfvinge & Dahlblom, 2010).  
 
The tank was chosen by its calculated water volume size (𝑚𝑚𝑡𝑡𝑝𝑝), see Equation 4.3.   
 
𝑚𝑚𝑡𝑡𝑝𝑝 =  (𝑇𝑇𝑆𝑆−𝑇𝑇𝐶𝐶𝐶𝐶)

(𝑇𝑇𝑇𝑇−𝑇𝑇𝐶𝐶𝐶𝐶)
· 𝑚𝑚 ·̇ 𝑛𝑛𝑡𝑡𝑡𝑡𝑝𝑝𝑡𝑡𝑝𝑝𝑡𝑡                                                                                                        [m³] (Equation 4. 3) 

 
Where 𝑇𝑇𝑆𝑆 is the supplied water temperature to the tenant set to 50 °C, 𝑇𝑇𝐶𝐶𝐶𝐶 is the temperature of the incoming 
cold water assumed to be 8 °C, 𝑇𝑇𝑇𝑇 is the temperature of the water in the tank set to 60 °C, �̇�𝑚 was the product of 
the assumed hot water use of 60 liters per person, 𝑛𝑛people was the number of people residing in the building 
based on BEN 2, and was set to 20 people for building A, and 11 people for building B (Boverket, 2017). 
 
Since an HP cannot supply an equally high supply temperature to the radiators compared to the existing DH 
system, it was assumed that the existing radiators and piping had to be replaced when installing an HP. This is 
due to the new heating system performing low-temperature heating and the supply of water with lower 
temperature required bigger radiators to provide sufficient heat to the rooms. The sizing of radiators was 
determined in MagiCAD by considering the peak load in combination with the specified supply/return 
temperature of 49/43 °C. The radiators were mainly placed below the windows, to reduce the risk of draught. 
Additional radiators were also placed in the hallways in cases with high peak loads to cover the building's 
heating demand. Thermostats were included, with a minimum limit set to 3 Pa, during the balancing process. 
Copper pipes were chosen due to the material’s long lifespan and high conductivity, the pipe-sizing was done 
using the equal friction method, with a constant pressure drop of 250 Pa/m (Warfvinge & Dahlblom, 2010). The 
piping was also renewed, due to changes in water flow resulting from the installation of new radiators, which 
would have caused incorrect pipe sizes and higher pump pressure, making the system inefficient. Thus, renewal 
of the system was necessary concerning its efficiency and old age.  
 
After calculating the critical path in MagiCAD, it was used as an input value together with the mass flow rate 
of the system, in the web-based software Grundfos. The software presented specific pumps matching the heating 
systems’ requirements. Subsequently, two pumps were selected for the heating system.    
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4.4.4 Parametric analysis 
In the GH environment, Colibri was used to iterate through all possible combinations of the retrofitting 
measures. A total of 560 iterations were simulated for each building and the input parameters are presented in 
Table 10. 
 
Table 10. Each type of measure for each respective building part and system. 

Façade insulation Roof insulation type Window type – 
/(W/(m²·K)) 

Ventilation 
type 

Heating type 

No insulation 
(existing) 

No insulation (existing) Existing Passive stack ventilation 
(existing) 

District heating (existing) 

50 mm – EPS Mineral wool Painted – 1.2 MVHR Hydronic system with HP 
80 mm – EPS Rockwool Alu-clad – 1.2   
100 mm – EPS Cellulose Painted – 0.91   

50 mm – Rockwool  Alu-clad – 0.91   
80 mm – Rockwool     

100 mm – Rockwool     
 
Several IF functions were used in the script, and the infiltration varied depending on which measure was in use 
and if it was running in combination with another measure, furthermore, the airflow rate created by the 
ventilation also changed if the specific case had an MVHR-system or not.  

4.4.5 Energy 
The total operational energy (𝐸𝐸𝑝𝑝𝑡𝑡) for each simulation was calculated using Equation 4.4. 
 
𝐸𝐸𝑝𝑝𝑡𝑡 = (∑ (𝐸𝐸𝑘𝑘,ℎ𝑒𝑒𝑒𝑒𝑒𝑒·𝐸𝐸𝑘𝑘,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙+𝐸𝐸𝑘𝑘,𝑁𝑁𝑁𝑁

𝑆𝑆𝐶𝐶𝑆𝑆𝑆𝑆
8 760
𝑘𝑘=1 )) + 𝐸𝐸𝑣𝑣𝑡𝑡𝑣𝑣𝑡𝑡 + 𝐸𝐸𝐷𝐷𝐷𝐷𝐶𝐶

𝑆𝑆𝐶𝐶𝑆𝑆𝑆𝑆
                                    [kWh/(m²𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡·y)] (Equation 4. 4)                    

 
Where k represents each hour of the year, 𝐸𝐸𝑘𝑘,ℎ𝑡𝑡𝑒𝑒𝑡𝑡 is the simulated hourly energy required to heat the building, 
𝐸𝐸𝑘𝑘,𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙 is the assumed heat losses from the piping and heating system set to 1.05, 𝐸𝐸𝑘𝑘,𝑁𝑁𝑁𝑁 is the heat loss from 
natural ventilation set to 4

8 760
  kWh/(m²·h), 𝐸𝐸𝑣𝑣𝑡𝑡𝑣𝑣𝑡𝑡 is the ventilation energy per m² (𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) gathered from ACON 

and consisting of fans and a heating coil, SCOP is the seasonal coefficient of performance of the heating system 
set to 1 for the existing DH and 3.8 for the HP, 𝐸𝐸𝐷𝐷𝐷𝐷𝐶𝐶  is the annual assumed domestic hot water of 25 
kWh/(m²·y). 

4.5  LCC 

This chapter describes the method of calculating the LCC, the data was processed and finalized using Excel. 

4.5.1 Net present value 
Equation 4.5 was used to calculate the total net present value (𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡𝑝𝑝𝑡𝑡𝑒𝑒𝑝𝑝) for each of the 560 cases.  
 
 
𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡𝑝𝑝𝑡𝑡𝑒𝑒𝑝𝑝 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆𝐶𝐶 − 𝑁𝑁𝑁𝑁𝑁𝑁𝐼𝐼                                                            [SEK/m²𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] (Equation 4. 5) 

 
Where NPVSOC is the present value of the saved operational cost calculated using Equation 4.8 and is described 
further in chapter 4.6.2. NPVI is the NPV of the total investment costs calculated using Equation 4.10 and is 
described further in chapter 4.6.3.  

4.5.2 Saved Operational Cost 
SOC is defined as the saved operational cost of a case relative to the base case. The calculation is described 
below. 
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DH and electricity were used as energy sources in the two investigated heating systems, DH-central and HPs 
respectively. The price of electricity was based on the year 2022 and consisted of an hourly spot price with an 
added VAT of 25 %, energy tax of 45 Öre/kWh, and a transmission fee of 17.15 Öre/kWh (BjäreKraMV, 2022; 
Konsumenternas Energimarknadsbyrå, 2024; Vattenfall, 2024). The DH had a fixed annual price of 0.94 
SEK/kWh (EnergiFöretagen, 2023), and the energy needed for the ventilation system was always delivered at a 
fixed annual electricity price of 2.6 SEK/kWh based on the year 2022.   
 
Equations 4.6 and 4.7 describe the annual operational cost per m² (𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) if an HP or a DH-central was used 
respectively.   
 
 

𝐶𝐶𝐷𝐷𝑆𝑆 =
(∑ (

𝐸𝐸𝑘𝑘,ℎ𝑒𝑒𝑒𝑒𝑒𝑒+𝐸𝐸𝑘𝑘,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙+𝐸𝐸𝑘𝑘,𝑁𝑁𝑁𝑁
𝑆𝑆𝐶𝐶𝑆𝑆𝑁𝑁

8 760
𝑘𝑘=1 )·𝐸𝐸𝑆𝑆𝑘𝑘,𝑒𝑒𝑙𝑙)+(𝐸𝐸𝑣𝑣𝑒𝑒𝑣𝑣𝑒𝑒+

𝐸𝐸𝐷𝐷𝐷𝐷𝐶𝐶
𝑆𝑆𝐶𝐶𝑆𝑆𝑆𝑆 )·𝐸𝐸𝑆𝑆𝑒𝑒𝑙𝑙

𝐴𝐴𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡
                           [SEK/(m² 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡·y)] (Equation 4. 6) 

 
Where CHP is the annual operational cost of a case using HP, k represents each hour of the year, 𝐸𝐸𝑘𝑘,ℎ𝑡𝑡𝑒𝑒𝑡𝑡 is the 
simulated hourly energy required to heat the building, 𝐸𝐸𝑘𝑘,𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙 is heat losses from the piping and heating system 
set to 5 %, 𝐸𝐸𝑘𝑘,𝑁𝑁𝑁𝑁 is the hourly heat loss from natural ventilation set to  4

8 760
  kWh/(m²·h), SCOP is the seasonal 

coefficient of performance of the HP, 𝐸𝐸𝑁𝑁𝑘𝑘,𝑡𝑡𝑝𝑝 is the hourly electricity spot price of 2022 including VAT, energy 
tax, and transmission fees. 𝐸𝐸𝑣𝑣𝑡𝑡𝑣𝑣𝑡𝑡 is the used annual energy by the ventilation system, 𝐸𝐸𝐷𝐷𝐷𝐷𝐶𝐶 is the assumed 
energy use for domestic hot water of 25 kWh/(m²·y), Atemp is the heated floor area of the respective building, 
and 𝐸𝐸𝑁𝑁𝑡𝑡𝑝𝑝 was set to 2.6 SEK/kWh and is a fixed annual average annual electricity price based on the year 2022.  
 

𝐶𝐶𝐷𝐷𝐷𝐷 = (∑ (𝐸𝐸𝑘𝑘,ℎ𝑒𝑒𝑒𝑒𝑒𝑒·𝐸𝐸𝑘𝑘,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙+𝐸𝐸𝑘𝑘,𝑁𝑁𝑁𝑁
8 760
𝑘𝑘=1 )·𝐸𝐸𝑆𝑆𝐷𝐷𝐷𝐷)+𝐸𝐸𝐷𝐷𝐷𝐷𝐶𝐶·𝐸𝐸𝑆𝑆𝐷𝐷𝐷𝐷+𝐸𝐸𝑣𝑣𝑒𝑒𝑣𝑣𝑒𝑒·𝐸𝐸𝑆𝑆𝑒𝑒𝑙𝑙

𝐴𝐴𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡
     [SEK/(m² 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡·y)] (Equation 4. 7) 

Where k represents each hour of the year, 𝐸𝐸𝑘𝑘,ℎ𝑡𝑡𝑒𝑒𝑡𝑡 is the simulated hourly energy required to heat the building, 
𝐸𝐸𝑘𝑘,𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙 set to 5 %, 𝐸𝐸𝑘𝑘,𝑁𝑁𝑁𝑁 set to 4

8 760
  kWh/(m²·h), 𝐸𝐸𝐷𝐷𝐷𝐷𝐶𝐶 set to 25 kWh/(m²·y), 𝐸𝐸𝑁𝑁𝐷𝐷𝐷𝐷 is a fixed energy price for 

DH set to 0.94 SEK/kWh, 𝐸𝐸𝑣𝑣𝑡𝑡𝑣𝑣𝑡𝑡 is the used annual energy by the ventilation, 𝐸𝐸𝑁𝑁𝑡𝑡𝑝𝑝 was set to 2.6 SEK/kWh and 
𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the heated floor area of the respective building.  
 
Following the geometrical gradient formula in Equation 3.2, Equation 4.8 was developed and used to calculate 
the net present value of saved operational cost per m² (𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡), abbreviated NPVSOC.  
 

𝑁𝑁𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆𝐶𝐶 =
��𝐶𝐶𝑙𝑙𝑡𝑡𝑜𝑜𝐶𝐶−𝐶𝐶𝑙𝑙𝑡𝑡�·(1+𝑔𝑔)�·�1−(1+𝑔𝑔)𝑁𝑁·(1+𝑖𝑖𝑣𝑣)−𝑁𝑁

𝑖𝑖−𝑔𝑔 �

𝐴𝐴𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡
                                       [SEK/m² 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] (Equation 4. 8) 

 
Where NPVSOC is the present value of the saved operational cost, 𝐶𝐶𝑝𝑝𝑡𝑡𝑜𝑜𝐶𝐶 is the annual operational cost of the 
base case, which was calculated using Equation 4.7, 𝐶𝐶𝑝𝑝𝑡𝑡  is the annual operational cost for a retrofitting, 
calculated using Equation 4.6 or 4.7 depending on the case, g is the price change rate set to 2 %, N is the 
calculation period set to 50 years, 𝑖𝑖𝑣𝑣 is the nominal interest rate set to 4 %, and 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the heated floor area 
of the respective building. 

4.5.3 Investment and maintenance costs 
The NPV of the maintenance costs was calculated using Equation 4.9 and is abbreviated NPVM.  
 
𝑁𝑁𝑁𝑁𝑁𝑁𝑀𝑀 = 𝑚𝑚0 · (1 + 𝑔𝑔)𝑣𝑣 · (1 + 𝑖𝑖𝑣𝑣)−𝑣𝑣                [SEK/m² 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] (Equation 4. 9) 

 
Where 𝑚𝑚0 is the maintenance cost per m² 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 at year zero, and g is the nominal price change rate set to 2 %, 
n is the number of years in the future when the maintenance was done, and 𝑖𝑖𝑣𝑣 is the nominal interest rate set to 
4 %.  
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The NPV for the total investment costs was calculated with Equation 4.10. 
 
𝑁𝑁𝑁𝑁𝑁𝑁𝐼𝐼 = 𝑖𝑖0 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑀𝑀               [SEK/m² 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] (Equation 4. 10) 

 
Where NPVI is the NPV of total investment costs per m² 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 for a retrofitting. 𝑖𝑖0 is the initial investment cost 
per m² 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 at year zero, and NPVM is the NPV of maintenance calculated for the specific year the product 
was replaced/refurbished.  

4.5.4 Sensitivity analysis 
A sensitivity analysis was performed using Excel to analyze the performance of all 560 cases, with different 
interest rates and electricity prices. This analysis is conducted to check the sensitivity of the results, based on 
different input parameters. Thus, an interest rate of 1 % and 7 % were investigated, in addition to the base 
scenario of 4 %. Two different energy prices were also chosen, where the prices were predicted to increase by 
50 % and decrease by 50 % compared to the energy prices for the base scenario from the year 2022. The nominal 
price change rate of 2 % was always the same in these scenarios and when one parameter was changed all the 
other variables were held constant. This resulted in a total of five scenarios, including the base scenario with a 
nominal interest rate of 4 % and energy prices for the year 2022.  

4.6  LCA 

A LCA was conducted to assess the environmental impact of each retrofitting option, the calculations were 
performed using Excel. The method is described below. 

4.6.1 Goal, scope, and system boundaries 
The objective was to assess the environmental impact of the retrofitting measures by calculating their carbon 
emissions, focusing on total GWP-GHG. The functional unit was determined as m²Atemp. Consequently, all 
functional units and impacts from the respective EPDs and impacts from the operational energy of all cases 
were converted to a chosen functional unit. The LCA results which contained the embodied and operational 
energy impacts, were presented as kg CO2 eq./m²Atemp. 
 
The life cycle stages considered were A1-A5 (production and installation), B2 (maintenance), B4 (replacement), 
and B6 (operational energy), and a calculation period set to 50 years, ensuring a comprehensive evaluation of 
the environmental impact caused by the retrofitting.  

4.6.2 Embodied impact 
The embodied impact involving lifecycle stages A1-A5 primarily concerned the production phase. Relevant 
EPDs were used to obtain the impact of GWP-GHG for most products in this report. For products lacking 
specific EPDs, the environmental impact data of general products were used from Boverket´s climate database. 
But, in cases where the data regarding the impact of GWP-GHG of a specific product was unavailable, the 
impact was estimated by calculating the weight of the raw materials that the product consisted of and multiplying 
it with the respective impact from obtained Boverket´s generic database.  
 
A product and its impact source selection were done while giving priority to products that had an EPD and were 
produced locally to get a more accurate value for the impact from the A4 stage and mitigate its impact due to 
transportation. Figure 19 demonstrates the product and impact source selection and their prioritization.    
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Figure 19. Product and impact source selection and their prioritization. 

4.6.3 Operational impact 
The operational impact in this study is represented by life cycle stages B2, B4, and B6. Appendix B provides 
an overview of all involved products, their lifespans, corresponding life cycle stages, and input values for the 
calculations from different sources.  
 
Stage B2 represented the environmental impact caused by maintaining a measure or a product. Maintenance 
was done on wooden windows and the MVHR-system. The wooden windows required repainting after a period 
of 25 years which was considered as maintenance within stage B2, including the environmental impact of the 
paint. The MVHR-system underwent maintenance, where the filters in the AHU were renewed every year, thus 
included in stage B2. The impact for stage B2 was calculated by using information from stages A1-A5 and 
Equation 4.11. 
 
𝐵𝐵2 = 𝐴𝐴1−5 · 𝑎𝑎                                                                                                         [kg CO2 eq./m² 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] (Equation 4. 11) 

 
Where A1-5 is the impact for Stages A1- A5 and a is the number of maintenances during a period of 50 years.  
 
The environmental impact of the replacement of a product (B4) is due to its shorter reference lifespan, compared 
to the 50-year calculation period. To determine the lifespan of different products, information was gathered 
from multiple sources. Primarily, the reference lifespan of different products was collected from EPDs. 
However, in cases where the lifespan was not stated in the EPDs, alternative methods were used such as field 
experience from professionals, estimates from manufacturers, and typical minimum service life for building 
parts according to EU: levels (European Commission, 2021). 
 
The measures in need of future replacements included the new heating and ventilation system. Within the new 
heating system, products requiring replacements were circulator pumps, thermostats, HPs, and tanks, each with 
respective life spans of 10 years, 10 years, 25 years, and 25 years. The environmental impact for stage B4 was 
calculated by adding the impacts from stages A1-A5 and multiplying by the number of times the replacements 
were needed. See Equation 4.12. 
 
𝐵𝐵4 = 𝐴𝐴1−5 · 𝑛𝑛                               [kg CO2 eq./m²𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] (Equation 4. 12) 
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Where A1-5 is the impact for Stages A1- A5 and n is the number of replacements during a period of 50 years.  
 
Stage B6 involved the environmental impact of each case resulting from operational energy use. The impact of 
the relevant energy source was taken from Boverket’s climate database. The base cases of both buildings were 
heated using DH. However, upon implementing the measure of installing HPs, the heat source was changed to 
electricity. Representative average impacts for the Swedish DH and Swedish electricity mix were 0.056 kg CO2 

eq./kWh and 0.037 kg CO2 eq./kWh respectively (Boverket, 2024). The following Equations 4.13 and 4.14 were 
used to calculate the environmental impact for stage B6 when the heat sources were DH and electricity 
respectively.  
 
𝐵𝐵6 = (𝐸𝐸ℎ𝑡𝑡𝑒𝑒𝑡𝑡 + 𝐸𝐸𝐷𝐷𝐷𝐷𝐶𝐶) · 𝐼𝐼𝐷𝐷𝐷𝐷 + 𝐸𝐸𝑁𝑁𝑡𝑡𝑣𝑣𝑡𝑡 · 𝐼𝐼𝐸𝐸𝑝𝑝                                 [kg CO2 eq./m²𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] (Equation 4. 13) 

 
Where Eheat is the heating energy needed for a case, EDWH is the energy needed for domestic hot water, EVent is 
the energy needed for the ventilation system, IDH is the impact for 1 kWh of energy by district heating, and IEl 
is the impact for 1 kWh of energy by electricity.   
 
𝐵𝐵6 = (𝐸𝐸ℎ𝑡𝑡𝑒𝑒𝑡𝑡 + 𝐸𝐸𝐷𝐷𝐷𝐷𝐶𝐶 + 𝐸𝐸𝑁𝑁𝑡𝑡𝑣𝑣𝑡𝑡) · 𝐼𝐼𝐸𝐸𝑝𝑝                               [kg CO2  eq./m²𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] (Equation 4. 14) 

 
Where Eheat is the heating energy needed for a case, EDWH is the energy needed for domestic hot water, EVent is 
the energy needed for the ventilation system, and IEl is the impact of 1 kWh of energy by electricity.   
 
The total environmental impact of a case is calculated by utilizing Equation 4.15.  
 
𝑃𝑃𝐶𝐶𝐴𝐴𝑡𝑡𝑝𝑝𝑡𝑡𝑒𝑒𝑝𝑝 = 𝐴𝐴1−5 + 𝐵𝐵2 + 𝐵𝐵4 + 𝐵𝐵6                               [kg CO2  eq./m²𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] (Equation 4. 15) 

 
Where A1-5 is the impact from stages A1- A5, B2 is the impact from stage B2, B4 is the impact during stage B4, 
and B6 is the impact during stage B6.   
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5 Results & discussion 

5.1  Building A 

5.1.1 Base case - simulation  
The results of Brf. Sofielund showed that the heating use was relatively high compared to other buildings, 
Further analysis revealed that the heating, as stated in the energy declaration, included additional domestic hot 
water when in reality the performance of the building was better than initially assumed. This conclusion was 
drawn by using separate energy bills for heating and DHW and calculating the building's energy use.   

The annual heating was simulated to 132 kWh/m²Atemp and differed approximately 7 % from the actual 
normalized heating demand of 142 kWh/m²Atemp. Figure 20 illustrates a comparison of the monthly heating 
demand. May is the only month with a large deviation between the simulated and normalized heating, while the 
rest of the year only differed by approximately 1 kWh/m2. This minor deviation validated the accuracy of the 
energy model, and thus, it was assumed that the model could be used as a representation of the actual building. 

 

Figure 20. Monthly heating of the simulated model and the actual building A. 

The distribution of energy losses in the simulated base case is illustrated in Figure 21. The results show that the 
heat losses occur mostly through the building envelope and ventilation system. This indicates that improving 
the envelope constructions and ventilation system holds the highest potential for achieving the most reduction 
in energy losses.  

 

Figure 21. Distribution of heat losses from building A. 
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Moisture safety of current construction 
The external wall of the building consists of inorganic materials such as bricks and plaster, meaning these 
materials are not vulnerable to mold. Figure 22 illustrates the water content of the façade, along with the 
temperature and relative humidity of the exterior surface. The amount of water increased initially over four 
years, after which it reached a state of equilibrium. The increase indicated that the facade does not dry out., As 
observed in Figure 22, there is a risk of frost damage to the external parts of the wall, leading to increased costs 
due to potential repairs. 

 

Figure 22. Water content, temperature, and relative humidity of the base case façade construction, building A. 

The roof construction consisting of wooden beams is susceptible to mold growth and therefore a mold index 
analysis is done. Specifically, the external part of the wooden beam layer was chosen to be analyzed, due to its 
role as a load-bearing structure and any mold growth can lead to several problems, such as degradation of 
material and even health risk. The result of the mold index analysis is illustrated in Figure 23. Initially, the mold 
index reached a level of one and reduced over time. After approximately three years the index reached safe 
levels with an index of zero, indicating no mold on the surface.  

 

Figure 23. Mold index of the base case roof construction in building A. 
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5.1.2 Envelope & systems  

Envelope - moisture safety 
To enhance the energy performance of the wall construction, the façade was insulated externally with the 
inorganic insulation materials rockwool and EPS. Therefore, the risk of mold growth is significantly decreased. 
Analysis of the total water content within the constructions, shown in Figure 24, reveals that the construction is 
drying out over time, and the risk of moisture-related damage decreases. Initially, the water content decreases 
in both constructions but eventually stabilizes to a level that renders the wall drier compared to the base case. 
Notably, adding rockwool insulation to the facade resulted in a more rapid reduction in moisture content, 
compared to EPS insulation. Moreover, the external insulation also increases the temperature in the bricks, 
minimizing its vulnerability to frost-related damage. The result from WUFI simulations shows that the brick's 
exterior surface temperature stays within a safe range of 12 °C to 22 °C throughout the year, thus eliminating 
concerns of frost damage.  
 

 
Figure 24. The total water content of facade constructions with added EPS or rockwool insulation, building A. 

The three improvement options for the roof construction were analyzed regarding moisture safety, focusing on 
the wooden beam´s sensitivity to mold. Figure 25 shows the mold index for the wooden beam layer throughout 
the analysis period. It is evident from the results that these constructions are moisture safe. It shows some small 
amounts of mold in the beginning with a mold index below 1, meaning that mold is only detectable with a 
microscope. However, the mold index decreases gradually over time which minimizes the risk of mold 
formation in the long term. Furthermore, the relative humidity in the layer is mostly below the critical relative 
humidity threshold across all options, further ensuring the moisture safety of the construction, see Appendix C. 
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Figure 25. Mold index of the proposed roof constructions, building A. 

Ventilation  
Figure 26 shows the duct layout of the MVHR-system designed for building A, where the supply and return air 
ducts are represented by the colors blue and red respectively. The design of the system was done with both 
economic- and energy efficiency in mind. The total required airflow for the building was calculated to be 260 
l/s, which equals 0.51 (l(/s·m²)). The supply to exhaust air system was designed using a ratio of 1:1. 
Strategically, the AHU was centrally placed in the attic floor to optimize access to fresh outdoor air, and easier 
design of the duct system for air distribution. The supply air system consists of 22 wall-mounted diffusers of 
the same size throughout the building. Wall-mounted diffusers were chosen, to reduce the amount of visible 
ductwork, making the system more aesthetically pleasing. Additionally, this design results in less ductwork and 
fewer holes in the walls or floors of the building, compared to if ceiling diffusers were utilized. Notably, the 
critical path for this system is located on floor 1, which is farthest away from the AHU, highlighted in Figure 
26. Similar to the supply air system, the exhaust air system is comprised of 24 wall-mounted diffusers of 
identical size, with the critical path also located on floor 1, shown in Figure 26. An overview of the supply and 
exhaust system sizing and balancing is provided in Appendix D. 
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Figure 26. Plan view of the proposed ventilation system, building A. 

The air inlet and outlet from the building are placed at a distance from each other to avoid the intake of polluted 
exhaust air. The pressure drop in exhaust and supply ducts was calculated to be 40 Pa and 71 Pa respectively, 
and the pressure drop in the critical paths of the supply and extract systems was measured at 73 Pa and 48 Pa 
respectively. Using this information and the total airflow, an AHU was designed utilizing the ACON designer 
tool. The AHU consists of different components such as a heating coil with a power output of 5 kW, a plate heat 
exchanger with an 85 % counterflow heat recovery efficiency, and fans with an SFP of 1.05 kW/(m³·s). 
Introducing the MVHR-system leads to additional energy use due to the operation of fans and the heating coil. 
The annual energy use of the ventilation system amounts to 4 000 kWh, where all the energy is supplied by 
electricity. 

Heating system 
The new heating system was designed to cover 70 % of the highest peak load scenario, which is the base case, 
requiring a heating peak load of 21 kW and an additional 6.5 kW for DHW. The corresponding peak volume of 
domestic hot water was calculated to be 950 liters when considering hot water usage for all tenants during the 
peak hours. This new system contained new radiators and pipe systems, circulators, air-to-water HPs, and an 
accumulator tank. Two circulation pumps were chosen to circulate the water (Grundfos Magna3 25-60), 
followed by three HPs (NIBE S2125) consisting of one with a size of 12 kW and two at 8 kW each, collectively 
satisfying the building´s peak power demand of 28 kW. Each HP was connected to an indoor combi tank (NIBE 
VVM S325) with a volume capacity of 172 liters. Additionally, a storage tank (CTC 2 500L) was used to fulfill 
the remaining hot water needs. 
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When simulating all cases involving an HP, a COP of 3.8 was assumed for heating, which is an average SCOP 
for HPs in typical cold climates according to manufacturers. The heat distribution to the rooms was done through 
copper pipes connected to radiators which were strategically placed under the windows in rooms requiring 
heating, to mitigate cold draught. The new heating system was designed to reduce energy use by effectively 
performing low-temperature heating with a supply water temperature of 49° C and a return mean water 
temperature of 43° C. The size of the radiators was selected based on the simulated heating demand of each 
room. The radiator and piping layout adhered to the same layout and design as the existing DH system. Detailed 
information regarding radiator piping and balancing can be seen in Appendix E.  

5.1.3 Energy 
The retrofitting measures were implemented both separately and in combination with each other, the individual 
effect on purchased annual energy and peak load of each measure is presented in Figure 27. An analysis of the 
results indicates that the largest reduction in purchased energy while implementing an individual measure is 
achieved by installing an HP. The installation of a new heating system did not affect the losses or the total 
energy use of the building at all, however, it had the largest reduction of purchased energy which is a result of 
the COP of the HPs. On the other hand, the smallest reduction in energy use was achieved by installing new 
windows which reduced the peak load marginally. The reduced peak load when installing MVHR-system was 
a result of reduced ventilation losses and heat recovery. The largest impact on peak load was by adding 
insulation on the façade, which could be explained by the combining surface area and reduced U-value. The 
least reduction was achieved by installing windows, this could be explained by the fact that only some of the 
windows need to be changed, which leads to a small reduction in transmission losses.  
 

 
 

Figure 27. Purchased annual energy and peak load of each measure individually, for building A. 

Figure 28 illustrates the annual energy use and peak load for all 560 cases. A clear pattern can be seen in the 
results, primarily due to the type of heating system and the type of ventilation system. Implementation of the 
HP-system decreases a case´s purchased energy, yet the building´s heating peak load remains unchanged. 
However, in cases where an MVHR system is integrated, both the heating peak load and annual energy use of 
the building are reduced. Similar conclusions can be drawn for other measures. Moreover, the effect of an 
improvement measure is much more visible if the DH-system was in use, while if the HP-system was used, then 
the impact of other improvement measures was less visible, in comparison to the effect of the HP-system itself 
on the purchased annual energy. The three cases with the lowest annual purchased energy are highlighted with 
the colors green, yellow, and orange, representing their performance as first, second, and third best, the base 
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case is also presented with the color red.  These cases are further described in Table 11, in which the “-“ refers 
to no alteration being made. 
 

 
Figure 28. Purchased annual energy use and peak power for all 560 cases in building A. 

Table 11. The three best combinations for building A, regarding energy use. 

Rank Façade 
insulation 

Roof 
insulation 

U-value 
window  

Heating 
type 

Ventilation type Energy use  
/(kWh/(m²Atemp·y)) 

Best 100 mm EPS Mineral wool 0.91 HP-system - 25.7 
2nd Best 100 mm EPS Rockwool 0.91 HP-system - 25.8 
3rd Best 100 mm EPS Mineral wool 1.2 HP-system - 25.9 

Base case - - - - - 157 
 
The results highlight that the most effective approach for reducing purchased energy is a combination of roof 
insulation, 100 mm EPS facade insulation, new windows, and an HP-system. On the contrary, implementing an 
MVHR-system alongside an HP-system is not an optimal choice, due to the additional operating energy of the 
MVHR-system. However, implementing an MVHR-system together with the current DH-system can prove to 
reduce the annual purchased heating by approximately 19 %.   

5.1.4 LCC 
The cost of each measure is illustrated in Figure 29 below. However, certain measures have to be maintained 
during the calculation period, including refurbishment of the painted windows, change of AHU and balancing 
of the ventilation, and new circulation pumps and thermostats for the heating system.  
 
Appendix F illustrates the costs in more detail, including its source. Based on the results, insulating the roof had 
the lowest cost, while installing a new heating system with HP had the highest cost, followed by the installation 
of a new MVHR-system. The high cost associated with a new heating system stems from the necessity to renew 
all system components for the HP installation. Additionally, the design of the new heating system is based on a 
worst-case scenario, having the highest heating peak load, resulting in an oversized heating system in most cases 
with a lower peak load.  
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Figure 29. Cost for both initial and initial + maintenance for each measure individually. 

Figure 30 presents the total NPV of all 560 combinations relative to their total investment costs. The NPV varies 
from -3 200 SEK/m²Atemp to 495 SEK/m²Atemp. The findings indicate that a higher investment cost does not 
necessarily increase the profitability of a measure within a 50-year calculation period. Among these 
combinations, a total of 63 cases show profitability, displaying a positive NPV. Interestingly, none of these 
combinations include MVHR-system or HP installations, while the majority of the profitable cases had 
additional façade and roof insulation. The three most profitable cases are highlighted in Figure 30 and described 
further in Table 12. 
 

 
Figure 30. NPV and total investment cost for all 560 cases in building A. 
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Table 12. The three best combinations for building A, regarding NPV. 

Rank Façade 
insulation 

Roof  
insulation 

U-value 
window  

Heat. 
type 

Vent.  
type 

Invest. cost 
/(SEK/m²Atemp) 

NPV 
/(SEK/m²Atemp) 

Best 100 mm EPS Mineral wool - - - 1 160 495 
2nd Best 80 mm EPS Mineral wool - - - 1 120 486 
3rd Best 100 mm EPS Cellulose - - - 1 160 477 

 
As shown in Table 12 the best-performing cases from a LCC perspective have a combination of different 
insulation types on the roof and different thicknesses of EPS insulation on the façade. The profitability of these 
combinations is the result of the high amount of saved energy at a low cost. Despite the high energy savings 
from installing HPs, their high investment cost does not make it a feasible option within the 50-year calculation 
period under the base scenario inputs.  

Sensitivity analysis – Interest rate  
Scenarios 2 and 3 describe the 1 120 cases created, based on the condition of having a fixed nominal price 
change rate of 2 %, electricity price of the year 2022, but different interest rates of 1 % and 7 %. The results of 
the sensitivity analysis with different interest rates are shown in Figure 31 and Figure 32, where the NPVtotal of 
these scenarios is presented with its investment cost. The best-performing cases from these scenarios are selected 
and marked with colors corresponding to Table 13. 
 

 

Figure 31. Scenario 2 - Sensitivity analysis with interest rates of 1 % and 4 %. 
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Figure 32. Scenario 3 - Sensitivity analysis with interest rates of 4 % and 7 %. 

As illustrated in Figure 31 and Figure 32, the profitability of the cases increases when the nominal interest rate 
decreases and decreases when the nominal interest rate increases. The varying interest rate also affects the 
investment costs of different measures due to maintenance during its lifespan, where a rise in interest rate results 
in reduced investment costs and total NPV. The results imply that the profitability of an investment increases 
as interest rates decrease, leading to more cases being feasible.  
 
Table 13. The three best combinations for building A of the base scenario and scenarios 2 & 3, regarding NPV. 

Rank Façade 
insulation 

Roof 
insulation 

U-value 
window 

Heating 
type 

Ventilation 
type 

Invest. cost 
/(SEK/m²Atemp) 

NPV 
/(SEK/m²Atemp) 

Base scenario  
(Interest rate 4 %)  

Best 100 mm EPS Mineral wool - - - 1 160 495 
2nd Best 80 mm EPS Mineral wool - - - 1 120 486 
3rd Best 100 mm EPS Cellulose - - - 1 160 477 

 
Scenario 2  

(Interest rate 1 %)  
Best 100 mm EPS Mineral wool - - - 1 160 2 240 

2nd Best 100 mm EPS Cellulose - - - 1 160 2 200 
3rd Best 100 mm EPS Rockwool - - - 1 190 2 190 

 
Scenario 3  

(Interest rate 7 %) 
Best 80 mm EPS - - - - 771 -91 

2nd Best - Mineral wool - - - 350 -99 
3rd Best 100 mm EPS - - - - 813 -104 

 
Despite fluctuations in interest rates impacting investment costs and total NPV, the absence of HP-system, 
MVHR-system, and new windows in the best-performing cases remains consistent. In scenario 3, when the 
interest rate is 7 %, none of the cases are profitable over the 50 years. This is primarily because of high interest 
rates, making the NPV of the energy savings insufficient to cover the investment cost for the implemented 
measures.  
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Sensitivity analysis – energy prices  
Scenarios 4 and 5 define the 1 120 cases formed, based on the condition of having a constant nominal price 
change rate of 2 %, and nominal interest rate of 4 %, but different prices for the energy compared to the year 
2022 with a 30 % decrease and increase respectively. The results of the sensitivity analysis with different energy 
prices are shown in Figure 33 and Figure 34, where all cases in scenarios 4 and 5 are shown in comparison to 
the base scenario.  
 
In the scenarios with higher energy prices, cases with higher energy savings will be more profitable, resulting 
in a higher NPV, while lower energy prices lead to a lower total NPV. The three cases with the highest 
profitability are highlighted in Figure 33 and Figure 34 and described further in Table 14.  
 

  
Figure 33. Scenario 4 - Sensitivity analysis with electricity price for 2022 and 30 % reduced prices. 
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Figure 34. Scenario 5 - Sensitivity analysis with electricity price for 2022 and 30 % increased prices. 

Table 14. The three best combinations for building A in the base scenario and scenarios 3 & 4, regarding NPV. 

Rank Façade 
insulation 

Roof 
insulation 

U-value 
window 

Heating 
type 

Ventilation 
type 

Invest. cost 
/(SEK/m²) 

NPV 
/(SEK/m²) 

Base scenario  
(energy prices 2022)  

Best 100 mm EPS Mineral wool - - - 1 160 495 
2nd Best 80 mm EPS Mineral wool - - - 1 120 486 
3rd Best 100 mm EPS Cellulose - - - 1 160 477 

Scenario 4  
(30% reduced energy prices)  

Best 80 mm EPS - - - - 771 43 
2nd Best 100 mm EPS - - - - 813 36 
3rd Best 80 mm EPS Mineral wool - - - 1 120 4 

Scenario 5  
(30% increased energy prices) 

Best 100 mm EPS Mineral wool - - - 1 160 993 
2nd Best 80 mm EPS Mineral wool - - - 1 120 969 
3rd Best 100 mm EPS Cellulose - - - 1 340 969 

 
These variations in energy prices do not affect the investment costs, therefore, the cases maintain the same 
investment costs across these scenarios. The best cases evaluated based on total NPV remain unchanged between 
scenario 5 and the base scenario. These involve combinations of different EPS insulation thicknesses for the 
façade paired with different roof insulation types, without incorporating other measures. However, in scenario 
4, where the energy prices decrease, only three cases were profitable. This leads to the conclusion that only 
façade insulation using rockwool with thicknesses of 80 mm and 100 mm is a feasible measure.  

5.1.5 LCA 
The embodied GWP-GHG of all the investigated measures when implemented separately are presented in 
Figure 35. The HP-system demonstrates the highest individual impact, followed by the ventilation system. 
However, it is worth noting that the size of the HP-system is overestimated in most cases since the system is 
designed to cover the demand of the case with the highest peak load. This results in an overestimated 
environmental impact in most cases. Furthermore, changing windows, and adding cellulose insulation on the 
roof had the lowest individual impact. The low impact of cellulose can be explained by its high degree 



 

49 
 

composition of recycled waste material. Thus, drastically reducing the extraction of new raw materials leading 
to less embodied impact. Furthermore, replacing the windows also had a low environmental impact, mainly due 
to the few number of windows being replaced in building A. Among the insulation options categories, rockwool 
insulation registered the highest individual impact for both façade and roof construction. This could be explained 
by its large impact per functional unit, relative to mineral wool and cellulose.  
 

 
Figure 35. Embodied impact of each separate measure, building A. 

 
Figure 36 shows all the analyzed combinations on building A and their corresponding environmental impacts 
relative to their purchased operational energy. The cases with the highest environmental impact also require a 
lot of purchased energy. The high total impact from these cases is explained by the high operational impacts 
from the operation phase. This means that measures or combinations of measures that reduce the operational 
energy the most also yield the greatest reduction in total environmental impact because the total environmental 
impact is mostly dominated by the operational impact of a case. Consequently, all the retrofitting options lead 
to a lower environmental impact compared to the base case, since the base case demonstrates the highest energy 
use.  
 
Figure 36 also indicates that even though the embodied impact is increased by the implementation of measures 
such as the heating system, the total impact from the whole life cycle decreases due to reductions in the 
operational energy impacts. The cases with the lowest environmental impact can effectively reduce the 
operational energy to a greater extent than the size of its embodied impact. Cases with the lowest environmental 
impact are highlighted in Figure 36 and described further in Table 15. These low-impact cases also demonstrate 
the highest reduction in operational energy.  
 
It is worth noting that the impact data used for the LCA-calculations are primarily sourced from Boverket’s 
climate database, which could have a higher impact value compared to some EPDs. Consequently, better results 
could be achieved by using EPDs with more favorable impact data. The environmental impact of all cases could 
also be reduced by using more environmentally friendly materials. However, in this building, the material 
choices were limited to those compatible with the already existing structure. 
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Figure 36. Total environmental impact and annual purchased operational energy of different cases in building A. 

 
Table 15. The base case & the three best combinations for building A, regarding environmental impact. 

Rank Façade 
insulation 

Roof  
insulation 

U-value 
window  

Heating 
type 

Ventilation 
type 

LCA-impact  
/ (kg CO2 eq. /m²Atemp) 

Best 100 mm EPS Cellulose - HP-system - 81.04 
2nd Best 80 mm EPS Cellulose - HP-system - 81.06 
3rd Best 100 mm EPS Cellulose 0.91 HP-system - 81.34 

Base case - - - - - 440 
 
Analyzing the results, a trend can be seen where all the cases consisting of a combination of measures such as 
EPS insulation on the façade with cellulose insulation on the roof and an HP-system have a lower environmental 
impact than other cases. These cases consist of combinations, where the reduction in the operational energy 
impacts outweighs the embodied energy impact. Consequently, reducing the total environmental impact of the 
cases.  

5.1.6 Thermal comfort 
Each measure generates an overheating below the limit of 10 % and is illustrated in Figure 37, where the base 
case is illustrated as a red line for easier comparison. This can be explained by the implementation of natural 
ventilation and interior blinds in all cases. While the MVHR-system illustrated the most significant decrease in 
overheating of the analyzed measures, likely due to its increased airflow rate, which effectively extracted more 
hot air from the zone compared to before. On the contrary, insulating the façade illustrated the worst 
performance regarding overheating, which could be due to the insulation preventing heat transfer to the outdoor. 
When comparing the two insulation materials, EPS had the largest effect, possibly due to its smaller thermal 
conductivity. The HP-system had no impact on this metric, as it only affects the purchased energy, not the 
energy usage. Additionally, the effect from windows illustrated a small increase in overheating, similar to the 
façade insulation. This measure also reduces the transmission losses, thus less heat transferring from the zone. 
Similar to the façade insulation and replacing windows, the added roof insulation reduces the transmission 
losses. However, this measure also decreases overheating which could be due to the insulation preventing excess 
heating into the building.  
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Figure 37. Overheating percentage of cases when a measure is applied individually compared to the base case. 

 
Figure 38 illustrates the impact of all measures individually and in combination on the thermal comfort relative 
to the heat loss of the building in all 560 cases. The base case is illustrated as a line of reference considering the 
overheating. All cases exceeding the base case overheating consist of added façade insulation. This measure 
negatively affects the performance rendering the zone much hotter. However, the cases that only include an 
MVHR system and/or added roof insulation perform the best. Additionally, the results illustrate the possibility 
of decreasing heat loss in the building while still improving thermal comfort simultaneously. The three cases 
with the lowest overheating are highlighted in Figure 38, these cases are described further in Table 16. 
 

 
Figure 38. The overheating percentages of all cases in building A. 
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Table 16. The three best combinations of building A, regarding thermal comfort. 

Rank Façade 
insulation 

Roof  
insulation 

U-value 
window  

Heating 
type 

Ventilation 
type 

Heat loss 
/(kWh/m²)  

Overheating 
/% 

Best - - - - MVHR 189 0.64 
2nd Best - - 1.2 - MVHR 187 0.64 
3rd Best - - 0.91 - MVHR 186 0.64 

5.1.7 Summary  
The best-performing cases across all analysis categories are presented in  
Table 17 to be further analyzed. Notably, the best-performing cases vary across categories, due to prioritization 
of different factors being analyzed in the categories. While analyzing LCA and operational energy, optimal 
cases emerged with the combination of cellulose insulation in the roof and 100 mm EPS insulation on the wall 
in addition to the utilization of HPs as a heat source. Moreover, cases with the highest energy reduction are the 
best performing cases within the analyzed category of LCA and operational energy. The roof insulation has 
proved to be very effective in all analysis categories since the best-performing cases in all categories have some 
type of roof insulation. Another measure proving to be effective in many categories is façade insulation where 
EPS is the preferred insulation type, due to its low environmental impact and cost. However, insulating the 
façade is not the best measure when thermal comfort is the main focus, the overheating in those cases is 
approximately 4 %, which is still below the requirement of 10 %, but higher than the base case, due to more 
heat getting trapped inside the building. Moreover, the MVHR system is a very good retrofitting option 
regarding thermal comfort, but it is not preferred in other categories, due to its high environmental impact and 
costs. An HP-system is also very beneficial due to its ability to reduce the purchased operational energy. Thus 
being a good option for energy efficiency and LCA, but when other factors are considered, it is not an optimal 
choice, due to high initial costs. 
 

Table 17. Results summary for building A. 

Rank Façade 
insulation 

Roof 
insulation 

U-value 
window 

Heat 
type 

Vent 
type 

Energy 
/(kWh/m²) 

NPV 
/(SEK/m²) 

LCA 
/(kg 
CO2 

eq./m²) 

Overheating/ 
% 

Annual purchased energy 
Best 100 mm 

EPS 
Mineral 

wool 
0.91 HP-syst - 25.7 -1 280 82.6 

 
5.5 

2nd Best 100 mm 
EPS 

Rockwool 0.91 HP-syst - 25.8 -1 310 88.4 5.5 

3rd Best 100 mm 
EPS 

Mineral 
wool 

1.2 HP-syst - 25.9 -1 280 82.9 5.2 

 
LCC 

Best 100 mm 
EPS 

Mineral 
wool 

- - - 102 495 293 4.1 

2nd Best 80 mm 
EPS 

Mineral 
wool 

- - - 103 486 297 3.5 

3rd Best 100 mm 
EPS 

Cellulose - - - 102 477 294 4 

 
LCA 

Best 100 mm 
EPS 

Cellulose - HP-
system 

- 26.9 -885 81.04 4  

2nd Best 80 mm 
EPS 

Cellulose - HP-
system 

- 27.3 -877 81.06 3.4  

3rd Best 100 mm 
EPS 

Cellulose 0.91 HP-
system 

- 25.9 -1 290 81.34 5.4 

 
Overheating 

Best - - - - MVHR 121 -1 394 391 0.64 
2nd Best - - 1.2 - MVHR 122 -1 430 384 0.65 
3rd Best - - 0.91 - MVHR 122 -1 410 383 0.66 
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5.2  Building B 

5.2.1 Base case - simulation 
Similar to building A, the heating for this building was relatively high in energy declaration. Further analysis of 
the energy bills revealed that the heating in the energy declaration included additional domestic hot water, and 
thus, that the performance of the building was better than stated in the declaration. Thus, separate energy bills 
were used for heating and DHW, when calculating the buildings’ energy use.  

The annual heating demand was simulated to 142 kWh/m²Atemp which differentiated 13 % from the normalized 
annual heating demand of 164 kWh/m²Atemp. The comparison of monthly demand is illustrated in Figure 39, 
where December was the month with the highest difference between the simulated and actual normalized values, 
varying with approximately 5 kWh/m², in general the rest of the months varied in a range of one to four kWh/m².   
 

 
Figure 39. Monthly heating for the simulated model and the actual building B. 

The breakdown of energy losses from the model of building B is illustrated in Figure 40. While the distribution 
resembles that of building A, the losses related to the building envelope were greater mainly due to the attic 
being heated with no insulation in the roof. Additionally, the window losses were also larger, because a higher 
proportion of building B´s windows are old windows, which have not been replaced in the last 50 years. 
 

 
Figure 40. Distribution of heat losses from building B. 
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Moisture safety of current construction 
The external walls of this building are also constructed with bricks, which is a material resistant to mold. The 
water content of the facade is illustrated in Figure 41, showing an initial increase until it reaches equilibrium 
after approximately four years. The increase indicates that the facade does not dry out, and in cases where the 
temperature in the facade drops below freezing point, there is a risk of frost damage, leading to increased costs 
due to potential repairs.   
 

 

Figure 41. The water content of the base case façade construction, building B. 

The roof construction consisting of wooden beams is susceptible to mold and to investigate its moisture safety 
a mold index analysis is done. The external part of the wooden beam layer was chosen for analysis, due to it 
being colder and any damage to it can lead to several problems, such as affecting its load-bearing capacity, and 
health risks. The mold index analysis results of that layer are illustrated in Figure 42. The result indicates that 
the construction is at risk of mold growth in the long-term.  

 
Figure 42. Mold index of the base case roof construction in building B. 
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5.2.2 Envelope & systems 
To enhance the energy performance of the building envelope, the external walls in building B are improved 
using the same technique as building A. Given that buildings were located in similar climates it is reasonable to 
conclude that the enhanced external wall constructions are safe to use in building B as well, thus there were no 
analysis performed for this construction to building B. However, the roof in building B is insulated with 20 mm 
extra insulation, due to thicker wooden beams compared to building A. The improved roof constructions are 
analyzed regarding mold growth with the results presented in Figure 43. The results indicate that all the 
improvement options are moisture safe, as the maximum mold index observed across the options is 0.3, meaning 
minimal microscopic growth. Furthermore, this level of mold index is only present initially and decreases over 
time. Based on the results, the constructions could be described as moisture safe.  
 

 
Figure 43. Mold index of the proposed roof constructions, building B. 

Ventilation  
The duct layout of the MVHR-system designed for building B is illustrated in Figure 44. The supply and return 
air ducts are represented by the colors blue and red respectively. The design of the system was done with both 
economic- and energy efficiency in mind. The air for building B was calculated to be 160 l/s, which equals 0.38 
(l/(s·m²)). The supply-to-exhaust air ratio was calculated using a value of 1:1. Strategically, the AHU should 
have been placed at the same location as the AHU in building A, but since the attic area had been retrofitted 
into an apartment, the only available area left was the basement. The supply air system consists of 14 wall-
mounted diffusers of the same size throughout the building, and while the exhaust air system also consists of 14 
diffusers, half is wall mounted and the other half is mounted to the ceiling. Similar to the previous building the 
critical path for both supply and return systems is located on floor 1, highlighted in Figure 44. An overview of 
the supply and exhaust system sizing and balancing is provided in Appendix G.  
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Figure 44. Plan view of the proposed ventilation system, building B. 

To avoid intake of polluted exhaust air, the inlet and outlet were placed at a safe distance from each other, and 
the pressure drop between these two ducting systems and the AHU were calculated to 50 Pa and 62 Pa, for 
supply and exhaust respectively. The critical paths of the supply and extract systems were calculated to be 74 
Pa and 32 Pa respectively. Using this information and the total airflow, an AHU was designed utilizing the 
ACON designer tool. The AHU consists of different components such as a heating coil with a power output of 
3 kW, a plate heat exchanger with an 89 % counterflow heat recovery efficiency, and fans with an SFP of 0.85 
kW/(m³·s). Introducing the MVHR-system leads to additional energy use due to the operation of fans and the 
heating coil. The annual energy use of the ventilation system amounts to 2 200 kWh, where all the energy is 
supplied by electricity. 

Heating system 
The new heating system was designed to cover 70 % of the highest peak load scenario, which is the base case, 
requiring a heating peak load of 21.5 kW and an additional 3.5 kW for DHW. This new system contained new 
radiators and pipe systems, air-to-water HPs, and circulation pumps, but not an accumulator tank. Three HPs 
(NIBE S2125) were selected, consisting of one with a size of 12 kW and two at 8 kW each, collectively 
satisfying the building´s peak power demand of 25 kW. Each HP was connected to an indoor combi tank (NIBE 

Basement Floor 1 
 

Floor 2 and 3 
 

Attic/top floor 
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VVM S325) each with a volume capacity of 172 liters, sufficing the calculated peak volume of 500 liters. The 
critical path was calculated and together with the calculated mass flow rate was used when choosing the 
circulation pumps. Similar to Building A, two circulation pumps were chosen to circulate the water (Grundfos 
Magna3 40-120 F).  
 
Similar to building B, the simulated cases with the proposed heating system used a COP of 3.8 for heating and 
DHW. The COP was based on data gathered from the manufacturer, based on the climate in which the buildings 
were located. The heat distribution to the rooms was done through copper pipes connected to radiators which 
were strategically placed under the windows in rooms requiring heating, to mitigate cold draught. The new 
heating system was designed to reduce energy use by effectively performing low-temperature heating with a 
supply water temperature of 49° C and a return mean water temperature of 43° C. The size of the radiators was 
selected based on the simulated heating demand of each room. The radiator and piping layout adhered to the 
same layout and design as the existing DH system. Detailed information regarding radiator piping and balancing 
can be seen in Figure 61 in Appendix H. 

5.2.3 Energy 
The retrofitting measures were implemented both individually and in combination with each other. Figure 45 
illustrates the individual effects of each measure on purchased annual energy and peak load. An analysis of the 
results reveals that the most significant reduction in purchased energy is achieved by implementing an HP-
system. However, this did not affect the losses or the total energy use of the building, keeping the peak load 
unchanged. On the contrary, installing new windows led to the smallest reduction in purchased energy, also 
reducing peak load marginally. The reduced peak load when installing MVHR-system was a result of reduced 
ventilation losses and heat recovery. The largest reduction of peak load was achieved by adding insulation on 
the roof, which could be explained by the combining surface area and reduced U-value.  
 

 
Figure 45. Purchased annual energy and peak load of each measure individually, for building B. 

 
Figure 46 illustrates the purchased annual energy use and peak load for all 560 cases. A clear trend is visible in 
the results, primarily due to the type of heating system. Implementation of the HP-system decreases the 
purchased energy for a case, but the building´s heating peak load remains unchanged. However, integrating an 
MVHR system decreases the heating peak load and annual energy use of the building. Similar conclusions can 
be drawn for other measures. Moreover, the effect of an improvement is much more visible if the DH system is 
in use than if the HP-system is used. Because the effects of other measures are quite low in comparison to the 
effect of the HP-system itself on the purchased annual energy. The three cases with the lowest annual purchased 
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energy are highlighted with corresponding colors in Table 18, note that the “-“ refers to no alteration being 
made. 
 

 
 

 
Figure 46. Purchased annual energy use and peak power for all 560 cases in building B. 

Table 18. The three best combinations for building B, regarding energy use. 

Rank Façade 
insulation 

Roof insulation U-value 
window 

Heating 
type 

Ventilation type Energy use  
/(kWh/(m²Atemp·y)) 

Best 100 mm RW Mineral wool 0.91 HP-syst MVHR 18.1 
2nd Best 100 mm RW Mineral wool 0.91- Alu HP-syst MVHR 18.1 
3rd Best 100 mm EPS Mineral wool 0.91 HP-syst - 18.2 

Base case - - - - - 189 
 
The results highlight that the most effective approach for reducing purchased energy is to implement all the 
measures together, forming a combination of mineral wool as roof insulation, 100 mm of different facade 
insulations, new windows with a U-value of 0.91 (W/(m²·K)), HP-system, and an MVHR system. The results 
indicate that using an HP-system together with an MVHR-system decreases both the energy use and peak load 
of the cases, which makes them a good choice when energy efficiency is the focus.  

5.2.4 LCC 
Figure 47 illustrates the initial cost of each measure in addition to the net present value of the investment, 
containing initial costs and maintenance-related costs. A more detailed cost breakdown, including their sources, 
is provided in Appendix I.  
 
According to the results, insulating the roof had the lowest cost, while installing a new heating system with HP 
had the highest cost, followed by the installation of a new MVHR-system. While designing the new heating 
system, all system components were renewed, which is costly. Additionally, the design of the new heating 
system is based on a worst-case scenario, having the highest heating peak load, resulting in an oversized heating 
system for cases with a lower peak load.  
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Figure 47. Cost for both initial and initial + maintenance for each measure individually. 

 
The total NPV of all 560 combinations is presented in Figure 48 with their total investment costs. The NPV 
varies from -4 000 SEK/m²Atemp to 1 900 SEK/m²Atemp with most cases being negative. Interestingly, the cases 
that include MVHR-system or HP-system display a negative NPV, due to high investment costs in these cases, 
making the saving from operational energy not sufficient. The three most profitable cases are highlighted in 
Figure 48 and described further in Table 19. 
 
The best performing cases from an LCC perspective have a combination of EPS façade insulation with different 
thicknesses, and different roof insulation, with no additional measure. The positive results in this case indicate 
that the saved operational costs outweigh the costs.  
 

 
Figure 48. NPV and total investment cost for all 560 cases in building B. 
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Table 19.The three best combinations for building B, regarding NPV. 

Rank Façade 
insulation 

Roof  
insulation 

U-value 
window  

Heating 
type 

Ventilation 
type 

Invest. cost 
/(SEK/m²Atemp) 

NPV 
/(SEK/m²Atemp) 

Best 100 mm EPS Mineral wool - - - 962 1 890 
2nd Best 80 mm EPS Mineral wool - - - 925 1 870 
3rd Best 100 mm EPS Cellulose - - - 961 1 860 

 

Sensitivity analysis- Interest rates  
The same scenarios used in building A were used to conduct the sensitivity analysis for the life cycle costs of 
retrofitting for building B. The effect of varying interest rates of 1 % and 7 % are investigated in scenarios 2 
and 3 respectively, with the condition of maintaining a constant nominal price change rate of 2 % and electricity 
prices for the year 2022. The results of this sensitivity analysis are presented in Figure 49 and Figure 50, and 
the best-performing cases in these scenarios are described in Table 20. 

 

 

Figure 49. Scenario 2 and base scenario- Sensitivity analysis with interest rates of 1 % and 4 %. 
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Figure 50. Scenario 3 and base scenario- Sensitivity analysis with interest rates of 1 % and 7 %. 

As shown in Figure 49 and Figure 50, both the profitability and investment costs of a case increase with lower 
interest rates and decrease when the interest rates are increasing, meaning that when the interest rate is 1 %, the 
majority of cases are profitable. However, with a 7 % interest rate only a few cases are profitable.    
 
Table 20. The three best combinations for building B of the base scenario and scenarios 2 & 3, regarding NPV. 

Rank Façade 
insulation 

Roof 
insulation 

U-value 
window 

Heating 
type 

Ventilation 
type 

Invest. cost 
/(SEK/m²Atemp) 

NPV 
/(SEK/m²Atemp) 

Base scenario  
(Interest rate 4 %)  

Best 100 mm EPS Mineral wool - - - 962 1 890 
2nd Best 80 mm EPS Mineral wool - - - 925 1 870 
3rd Best 100 mm EPS Cellulose - - - 961 1 860 

 
Scenario 2  

(Interest rate 1 %)  
Best 100 mm EPS Mineral wool - - - 962 4 890 

2nd Best 100 mm EPS Rockwool - - - 979 4 820 
3rd Best 100 mm EPS Cellulose - - - 961 4 810 

 
Scenario 3  

(Interest rate 7 %) 
Best - Mineral wool - - - 246 712 

2nd Best 80 mm EPS Mineral wool - - - 925 710 
3rd Best 100 mm EPS Mineral wool - - - 962 708 

 
A common factor of the results in scenarios 2 and 3 is the combinations of façade and roof insulations. The roof 
insulation that is mostly used in the best cases is mineral wool, while the best insulation option for the façade is 
different thicknesses of EPS insulation. Moreover, the results indicate that the high investment cost of new 
windows, the HP-system and MVHR-system prevents them from being a viable alternative. 
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Sensitivity analysis - Energy prices 
Scenarios 4 and 5 define the 1 120 cases formed, based on the condition of having a constant nominal price 
change rate of 2 % and, a nominal interest rate of 4 %, but the different price for the energy compared to the 
year 2022 with a 30 % decrease and increase respectively. The results of the sensitivity analysis with different 
energy prices are shown in Figure 51 and Figure 52, where all cases in scenarios 4 and 5 are shown in 
comparison to the base scenario.  
 
In the scenarios with higher energy prices, cases with higher energy savings will be more profitable, resulting 
in a higher NPV, while lower energy prices lead to a lower total NPV. The three cases with the highest 
profitability are highlighted in Figure 51 and Figure 52 and described further in Table 21. 

 
 

 
Figure 51. Scenario 4 and base scenario - Sensitivity analysis with electricity price for 2022 and 30 % reduced prices. 

 

 
Figure 52. Scenario 5 and base scenario - Sensitivity analysis with electricity price for 2022 and 30 % increased prices. 
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Table 21. The three best combinations for building B of the base scenario and scenarios 4 & 5, regarding NPV. 

Rank Façade 
insulation 

Roof 
insulation 

U-value 
window 

Heating 
type 

Ventilation 
type 

Invest. cost 
/(SEK/m²Atemp) 

NPV 
/(SEK/m²Atemp) 

Base scenario  
(energy price 2022) 

Best 100 mm EPS Mineral wool - - - 962 1 890 
2nd Best 80 mm EPS Mineral wool - - - 925 1 870 
3rd Best 100 mm EPS Cellulose - - - 961 1 860 

 
Scenario 4  

(30% reduced energy price) 
Best 100 mm EPS Mineral wool - - - 962 1 040 

2nd Best 80 mm EPS Mineral wool - - - 925 1 030 
3rd Best 100 mm EPS Cellulose - - - 961 1 010 

 
Scenario 5  

(30% increased energy price) 
Best 100 mm EPS Mineral wool - - - 962 2 750 

2nd Best 80 mm EPS Mineral wool - - - 925 2 710 
3rd Best 100 mm EPS Cellulose - - - 961 2 700 

 
As illustrated in Table 21, the variations in energy prices do not affect the investment costs, therefore, the cases 
maintain the same investment costs across these scenarios. Notably, the best cases evaluated based on total NPV 
remain unchanged across scenarios 4, 5, and the base scenario. These involve combinations of different EPS 
insulation thicknesses for the façade paired with different roof insulation types, without incorporating other 
measures. This leads to the conclusion that façade insulation using EPS with thicknesses of 80 mm and 100 mm 
and roof insulation of mineral wool or cellulose are the most viable options across all scenarios.   

5.2.5 LCA 
The embodied GWP-GHG of all the investigated measures when implemented separately are presented in 
Figure 53. The results indicate that the HP-system demonstrates the highest individual impact, followed by the 
ventilation system, while adding cellulose insulation on the roof had the lowest individual impact. The reason 
could be that cellulose is mostly made of recycled waste materials, preventing extraction of new raw materials, 
and leading to less embodied impact for the measure. Among the insulation options categories, rockwool 
insulation registers the highest individual impact both in façade and roof construction. It is worth noting that the 
environmental impact of the HP-system is overestimated in most cases since the system is designed to cover the 
demand of the case with the highest peak load. A smaller system could have been designed for the cases with a 
smaller peak load, resulting in a lower embodied energy impact.   
 

 
Figure 53. Embodied impact of different individual measures, building B. 
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Figure 54 depicts all the combinations and their environmental impact with the amount of annual purchased 
operational energy. The base case is presented by the case with the highest environmental impact. The total 
impact from the base case consists only of operational energy impacts since there are no additional materials 
used in the base case, thus no embodied impacts are included, meaning this is an underestimation of the impact 
from the base case. As shown in Figure 54, all cases lead to a reduction of environmental impacts in comparison 
to the base case which is due to the reduced operational energy impacts as a result of energy-reducing 
improvements. The three cases with the lowest environmental impact are highlighted in Figure 54, these cases 
are described further in Table 22. 

 

 
Figure 54. Total environmental impact and purchased operational energy of different cases in building B. 

 
Table 22. The three best combinations for building B, regarding environmental impact. 

Rank Façade 
insulation 

Roof  
insulation 

U-value 
window 

Heating 
type 

Ventilation 
type 

LCA-impact 
/(kg CO2 eq. /m²Atemp) 

Best 100 mm EPS Cellulose - HP-system - 81.4 
2nd Best 80 mm EPS Cellulose - HP-system - 81.6 
3rd Best 100 mm EPS Mineral wool - HP-system - 82.0 

Base case - - - - - 530 
 
Analyzing the results, a pattern emerges indicating that cases involving roof insulation, especially the cellulose 
insulation and EPS insulation on the façade with HPs as a heat source, have a lower environmental impact than 
other cases. These cases consist of combinations where the reduction in the operational energy impact surpasses 
the embodied energy impact. Likewise, similar to the results for building A, the cases in building B also exhibit 
a generally higher environmental impact when a mechanical ventilation system is used in combination with 
HPs, primarily due to the high embodied impact associated with the MVHR system, which is less than the 
impact reductions from the saved energy. Consequently, installing a mechanical ventilation system is a less 
desirable measure from an environmental standpoint.    

5.2.6 Thermal comfort 
Unlike the thermal comfort of building A, this building illustrates a base case above the overheating threshold 
of 10 %, which is illustrated as a red line in Figure 55. A vast difference between the analyzed zone in this 
building and the zone in Building A is the locations relative to the floors. While this zone is located on the top 
floor with exterior air surrounding it, the zone in Building A had a cold attic above it. Similar to the results in 
Building A, the MVHR-system illustrated the most significant decrease in overheating, likely due to its 
increased airflow rate, whilst insulating the façade illustrated the worst performance regarding overheating. 
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Comparing rockwool and EPS, the latter had the largest effect, possibly due to its smaller thermal conductivity. 
The HP-system had no impact on this metric, as it only affects the purchased energy, not the energy usage. 
Additionally, the effect from windows illustrated a small increase in overheating, like the façade insulation this 
measure also reduces the transmission losses. Similar to the roof insulation in Building A, this building also 
experiences a reduction of overheating when implementing roof insulation, which could be explained by the 
prevention of heat transfer into the building. 
 

 
Figure 55. Overheating percentage of cases when a measure is applied individually compared to the base case. 

In Figure 56 the base case is illustrated as a line of reference regarding overheating, and each measure both 
individually and in combination is illustrated regarding its impact on thermal comfort for each of the 560 cases. 
As illustrated, none of the cases is below the threshold of 10 % overheating. A total of 23 cases are performing 
better compared to the base case, all of which consist of MVHR. Some cases also consist of new windows and/or 
added roof insulation. Additionally, the results illustrate the possibility of decreasing heat loss in the building 
while still improving thermal comfort simultaneously. The three cases with the lowest overheating are 
highlighted in Figure 56, these cases are described further in Table 23.  
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Figure 56. The overheating percentages of all cases, building B. 

 
Table 23.The three best combinations for building B, regarding thermal comfort. 

Rank Façade 
insulation 

Roof  
insulation 

U-value 
window  

Heating 
type 

Ventilation 
type 

Heat loss 
/(kWh/m²)  

Overheating 
/% 

Best - Mineral wool - - MVHR 167 11.54 
2nd Best - Rockwool - - MVHR 168 11.57 
3rd Best - Cellulose - - MVHR 169 11.57 

5.2.7 Summary 
The best-performing cases across all analyzed categories are presented in Table 24 to be further analyzed. 
Similar to Building A, the best cases in building B are different across the categories, dependent on different 
factors being analyzed. While analyzing operational energy and LCA, the optimal cases consisted of 
combinations that significantly reduced the operational energy, leading to a reduction in operational energy 
impacts as well. The roof insulation proved to be very effective in all analysis categories since the best-
performing cases in all categories have some type of roof insulation. Another measure proving to be effective 
in many categories is façade insulation, where EPS is the preferred insulation type due to its low environmental 
impact and initial cost. However, insulating the façade is not the best measure if the main focus is thermal 
comfort.  
 
In contrast to building A, none of the measures in this building have an overheating below 10% and the best-
performing cases in other analysis categories have an overheating of 19 % to 30 %, which could be explained 
by the cold attic above the analyzed zone in building A, while the analyzed zone in building B had outdoor air 
above it, which means it got more solar gains during the summer. Moreover, the MVHR-system and roof 
insulation are a very good retrofitting option regarding thermal comfort. With mineral wool insulation on the 
roof and an MVHR system, a positive NPV can also be achieved, however, the environmental impact of these 
measures is quite high, making them less desirable from an environmental perspective. The measure of installing 
a new HP-system is effective for reducing the purchased energy and environmental impact, however, it is not 
part of the best cases if economic efficiency is considered. 
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Table 24. Results summary for building B. 

Rank Façade 
insulati

on 

Roof 
insulation 

U-value 
window 

Heat. 
type 

Vent. 
type 

Energy 
/(kWh/m²) 

NPV 
/(SEK/m²) 

LCA 
/(kgCO
2eq. /m² 

Overheating 
/% 

 
Annual purchased energy 

Best 100 mm 
RW 

Mineral 
wool 

0.91-Alu HP-
syst 

MVHR 18.1 - 3 120 109 19.6 

2nd Best 100 mm 
RW 

Mineral 
wool 

0.91 HP-
syst 

MVHR 18.1 - 3 100 108 19.6 

3rd Best 100 mm 
EPS 

Mineral 
wool 

0.91 HP-
syst 

MVHR 18.2 - 2 940 106 20.5 

 
LCC 

Best 100 mm 
EPS 

Mineral 
wool 

- - - 94 1 890 271 29.8 

2nd Best 80 mm 
EPS 

Mineral 
wool 

- - - 96 1 870 276 29 

3rd Best 100 mm 
EPS 

Cellulose - - - 95 1 860 273 29.6 

LCA 
 

Best 100 mm 
EPS 

Cellulose - HP-
syst 

- 25.0 -52 81.6 29.6 

2nd Best 80 mm 
EPS 

Cellulose - HP-
syst 

- 25.6 -56 81.6 28.8 

3rd Best 100 mm 
EPS 

Mineral 
wool 

- HP-
syst 

- 24.7 -28 82.0 29.8 

 
Overheating 

Best - Mineral 
wool 

- - MVHR 104 12 116 11.54 

2nd Best - Rockwool - - MVHR 105 - 29 121 11.56 
3rd Best - Cellulose - - MVHR 106 - 23 115 11.57 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

68 
 

6 Conclusions 
Given the need for retrofitting a portion of the building stock, it is important to analyze the retrofitting options 
carefully concerning costs, environmental implications, energy efficiency, and thermal comfort. After an 
analysis of the database, two similar buildings of the most common building type were chosen for further 
analysis. Following the aim of the study, parametric analysis was used to produce comprehensive results, which 
were utilized for comparison of the retrofitting options in the analyzed categories. This facilitates a 
comprehensive assessment that considers multiple factors at an early stage, to help with the identification of 
effective retrofitting early in the process and ensure the alignment of proposed retrofitting with regulations set 
by relevant agencies.  
 
To achieve the aim of this study, the objectives were to find the best-performing measures within the categories 
of energy use, profitability, environmental impact, and thermal comfort, illustrating several measures that can 
be applied to similar multifamily residential buildings.  
 
The first objective was achieved by comparing the operational energy use between all cases. The three best-
performing combinations consist of thick wall insulation, mineral wool roof insulation, new windows (U-value 
of 0.91 W/(m²·K)), an air-to-water heat pump, and a mechanical ventilation system with heat recovery. These 
three cases each reduced the purchased energy to approximately 26 kWh/m2 (80 % reduction) and 18 kWh/m² 
(88 % reduction) for buildings A and B respectively. However, the resulting life cycle costs are very high due 
to investment costs, and it is worth mentioning that the heat pump system includes the installation of new 
radiators, piping, thermostats, and circulation pumps for both buildings and was designed for the highest peak 
load, which is the base case. The system is oversized due to reduced transmission, leakage, and ventilation 
losses, leading to overestimated costs and environmental impact. Matching the system with the specific case 
would yield better results. Furthermore, the roof insulation proves to be more impactful in building B compared 
to building A because the attic in building B is heated, which increases the energy savings when insulating. 
Installing new windows is however not effective in either building, even though the window area was three 
times larger (54 m²) in building B compared to building A (18 m²). This ineffectiveness is due to the large heat 
loss from the façade, which shows a greater reduction when insulated compared to installing new windows. The 
environmental impact of the three cases, approximately 83 kg CO₂ eq. /m² and 110 kg CO₂ eq. /m² for building 
A and building B respectively, was close to the best-performing cases in the analyzed environmental impact 
category, which had an impact of 81 kg CO₂ eq. /m² and 82 kg CO₂ eq. /m². Furthermore, the overheating of 
these cases increased in both buildings, with building A below the limit of 10 % overheating and building B 
above. The overheating difference in both buildings is explained by the analyzed zone in building A being 
located below the cold attic, while the zone in building B is located in the attic. In summary, aiming for the 
lowest energy reduction can achieve a low environmental impact but results in higher overheating and low 
profitability. 
 
Through a detailed life cycle cost analysis, the second objective was achieved. The three best combinations 
consisted of EPS façade insulation, and mineral wool or cellulose roof insulation. These retrofitting options 
display a profitability of approximately 500 SEK/m² and 1 900 SEK/m² for building A and building B 
respectively. The profitability is mainly due to high energy cost savings combined with a low investment cost. 
The sensitivity analysis illustrated an increased profitability for all cases, and in the number of cases, when the 
interest rate decreases and the electricity price increases. The energy use of the best-performing cases was 
reduced by approximately 24 % for both buildings to a level of 102 kWh/m² and 95 kWh/m² for buildings A 
and B respectively. While overheating reached a level below 10 % for building A, and above for building B. 
Additionally, the environmental impact reached the highest level for all best cases in the analyzed category of 
life cycle costs. To conclude, aiming for the most profitable investment one could expect a decrease in 
operational energy, an increase in overheating, and a high environmental impact. 
 
The third objective was achieved by performing a life cycle assessment. The three best combinations consist of 
EPS wall insulation, cellulose or mineral wool roof insulation, and integration of a heating system consisting of 
heat pumps, radiators, piping, thermostats, and circulation pumps. The installation of mechanical ventilation 
systems and renewal of windows were not preferred measures from an environmental standpoint, since their 
embodied impact was higher than their saved operational impact. The result showed an impact of 81 kg CO₂ 
eq./m² to 82 kg CO₂ eq./m² for both buildings, which is a significant reduction compared to the environmental 
impact of base cases, which is 440 kg CO₂ eq./m² and 530 kg CO₂ eq./m² for building A and building B 
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respectively. The main reason for the low LCA impact is the reduced purchased energy of 79 % and 82 % for 
buildings A and B respectively. The profitability was however negative in both buildings, and to a larger extent 
in building A mainly due to a larger investment cost and a difference in reduced purchased energy of 3 %. Since 
façade insulation is applied and mechanical ventilation is not present, the overheating increased in both 
buildings. Building A was below the limit of 10 % while building B was above. In summary, aiming for the 
lowest environmental impact will yield significantly less energy use, but a negative profitability and an increase 
in overheating.  
 
The fourth objective was achieved by analyzing the thermal comfort from April to September. The results 
indicate that mechanical ventilation is the most favorable option for both buildings, in combination with new 
windows for building A, and roof insulation for building B. The reduction in overheating is mainly due to the 
capability of the ventilation system to cool the indoor air through increased constant airflow. Even though it 
utilizes heat recovery it comes with significant costs and environmental impact. Even with the implementation 
of mechanical ventilation in building B, overheating remains above satisfactory levels, reaching a minimum of 
11 %, and falling short of the desired threshold of 10 %. The roof insulation was also an appropriate choice of 
measure for building B to reduce the overheating percentage since it will reduce the heat transfer from outside 
into the attic, which is the assessed zone. Overall, there was no profitability using these measures for either 
building. However, if the interest rate decreased or the electricity price increased, the profitability would 
increase to a level that would make the best cases profitable for building B. In summary, these measures do not 
only yield the least overheating degree, reduced energy use, and environmental impact but also a chance of 
profitability.  
 
A common conclusion from the analysis is that the most effective combinations of measures vary across 
categories depending on the analyzed factor and that there are not many measures that perform well in all 
categories. However, roof insulation can reduce heat transfer to and from the building to a certain extent. Its 
profitability depends on the low investment cost and relatively high amount of reduced energy, which 
additionally is favorable in terms of environmental impact. Thus, indicating that roof insulation is a prudent 
choice. In general, the results indicate that most retrofit measures decrease the environmental impact by reducing 
greenhouse gas emissions. However, absorption and emission of biogenic emissions are not included according 
to Boverket’s guidelines and were therefore excluded. The base case did not include any renovations to keep 
the building in its current state. The inclusion of biogenic emissions and renovation of the base cases could have 
altered the outcome of the results and rendered the comparison more comprehensive.  
 
Furthermore, refurbishing an attic into an apartment can yield unsatisfactory temperatures, and the 
implementation of interior blinds, natural ventilation, and mechanical ventilation will not provide enough 
thermal comfort within the limits set by FEBY18. Notably, all the measures were analyzed in different 
categories to identify the best-performing measures. However, these categories are not fully independent, since 
a choice of measure can affect all the categories, which is evident from our results.  
 

6.1  Further studies 

A Grasshopper template could be developed to perform faster simulations while still including as many relevant 
factors as possible. The template could include a manual to standardize the simulation process for all buildings 
of interest, thus, ensuring a common methodology for the users and making it more user-friendly. Additionally, 
A weighting system could be developed to assess the importance and effects of various measures on all the 
analyzed aspects, helping to identify the most appropriate measure when considering all analysis criteria.  
 
There are several factors used as metrics in certifications, thus, a script could be developed and integrated with 
the Grasshopper environment to be used to automatically collect the necessary data required to determine if a 
building reaches a certain degree in a certification system. With the potential of increasing productivity and 
generating results faster compared with manual labour.  
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Appendix 
Appendix A 
Table 25. Input data for WUFI, building A. 

Name Facade Roof 
Weather file Malmö Malmö 
Simulation duration /Years 10 10 
Inclination /° - 29 and 36.5 
Adhering rain fraction /(-) 0.7 0 
Indoor climate EN 13788 EN 13788 
Humidity class 2 2 
Indoor temperature /°C 21 21 
Orientation (critical) Southwest  North 
Long wave radiation emissivity 0.9 0.9 
Initial water content /% 80 80 

 
Table 26. Input data for WUFI, building B. 

Name Facade Roof 
Weather file Helsingborg  Helsingborg 
Simulation duration /Years 10 10 
Inclination /° - 30 
Adhering rain fraction /(-) 0.7 0 
Indoor climate EN 13788 EN 13788 
Humidity class 2 2 
Indoor temperature /°C 21 21 
Orientation (critical) Southwest North 
Long wave radiation 0.9 0.9 
Initial water content /% 80 80 
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Appendix B 
 
Table 27. Product data used in the LCA calculation. 

Type Product & EPD 
declared unit 

Lifespan 
/years 

Life cycle 
stages 

EPD Impact 
/stages 

Source 

MVHR-
system 

Ductwork 
kg CO₂ eq./m² 

50+ A1-A5 2.79 Lindab circular duct EPD 

Diffusers 
kg CO₂ eq./kg 

50+ A1-A5 3.58 Galvanized steel 
Boverket CDB 

Fittings 
kg CO₂ eq./kg 

50+ A1-A5 3.69 Lindab Fittings EPD 

AHU 
kg CO₂ eq./kg 

20 A1-A5 2 470 Swegon AHU EPD 

AHU-replacement 
kg CO2 eq./kg 

- B4 4 950 Swegon AHU EPD    A1-A5 

Filter 
kg CO2 eq./ filterbag 

1 B2 6.85 Filter EPD 

 
 
 
 
 
 
 
 
Heating 

Accumulator tank 
kg CO2 eq./kg 

25 A1-A5 3.67 Steel and Polyisocyanurate 
insulation, Boverket CDB 

Accumulator tank-
replacement 
kg CO2 eq./kg 

- B4 3.67 Steel and Polyisocyanurate 
insulation, Boverket CDB 
A1-A5 

HP Outdoor part 
kg CO2 eq./kg 

25 A1-A5 4.85 Steel, Aluminum, Copper, 
Polyisocyanurate insulation, 
Boverket CDB 

HP Outdoor part- 
replacement 
kg CO2 eq./kg 

- B4 4.85 Steel, Aluminum, Copper, 
Polyisocyanurate insulation, 
Boverket CDB 
A1-A5 

HP indoor part 
kg CO2 eq./kg 

25 A1-A5 2.69 Steel, Aluminum, Copper, 
Polyisocyanurate insulation, 
Boverket CDB 

HP indoor part - 
replacement 
kg CO2 eq./kg 

- B4 2.69 Steel, Aluminum, Copper, 
Polyisocyanurate insulation, 
Boverket CDB 
A1-A5 

Radiators 
kg CO2 eq./kW 

50 A1-A5 70.1 Purmo radiators EPD 

Thermostats 
kg CO2 eq./piece 

10 A1-A5 0.676 Danfoss Thermostat EPD 

Thermostats- 
replacement 
kg CO2 eq./piece 

- B4 2.71 Danfoss Thermostat EPD 
A1-A5 

Circulator pumps 
kg CO2 eq./piece 

10 A1-A5 53.6 Grundfos pump EPD 

Circulator pumps-
replacement 
kg CO2 eq./piece 

- B4 214 Grundfos pump EPD 
A1-A5 

Copper pipes 
kg CO2 eq./kg 

50 A1-A5 3.20 Copper pipe, Boverket CDB 

Fitting 
kg CO2 eq./kg 

50 A1-A5 3.20 Copper pipe, Boverket CDB 

 
 
Roof 

Gypsum Board 
kg CO₂ eq./kg 

50+ A1-A5 0.344 gypsum board, Boverket CDB 

Mineral wool 
kg CO₂ eq./m² 

50+ A1-A5 3.99 Knauf Insulation- Glass wool 
EPD 

Rock wool 
kg CO₂ eq./m² 

50+ A1-A5 4.81 Rockwool EPD 

Cellulose 
kg CO2 eq./kg 

50+ A1-A5 0.175 Cellulose- Boverket CDB 

Vapour Barrier 50 A1-A5 3.08 Vapour Barrier – Boverket CDB 
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kg CO₂ eq./kg 
Facade Plaster 

kg CO2 eq./kg 
50+ A1-A5 0.256 Plaster, Boverket CDB 

Rockwool 
kg CO₂ eq./m² 

50+ A1-A5 4.81 Rockwool EPD 

EPS 
kg CO₂ eq./kg 

50+ A1-A5 4.32 EPS insulation, Boverket CDB 

Window Paint 
kg CO2 eq./kg 

30 B2 3.29 Outdoor paint - Boverket CDB 

Window Openable 
kg CO₂ eq./m² 

50 A1-A5 71.9 Svenska Fönter, openable window 
EPD 

Window not openable 
kg CO₂ eq./m² 

50 A1-A5 55.8 Svenska Fönter, not openable 
Window EPD 

 
 
Appendix C 

 
Figure 57. Relative humidity of the roof constructions in building A, relative to the critical level. 
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Appendix D 
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Figure 58. Balancing and sizes of the supply ducting, with an illustration of the critical path in building A. 
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Appendix E 
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Figure 59.Balancing and sizes of the supply piping, with an illustration of the critical path in building A. 
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Appendix F 
Table 28.Detailed description of the retrofitting costs related to building A. 

Type Specification Price /SEK Note Source 

V
en

til
at

io
n 

AHU 140 000 Replaced every 20 years. Wikells 
Ducts and bends 96 000 (-) Lindab webshop 
Diffusers 25 000 (-) Lindab webshop 
Inlet & outlet 7 000 (-) Lindab webshop 
Filter 1 500 Replaced every year. Luftbutiken webshop 
Core drilling 165 000 Includes labor. GK 
Fire sealant 7 000  Includes labor. Wikells 
Adjustment of system 16 000 Performed every 20 years. GK 
Labor 100 000 All except core drilling, 

adjustment, and fire sealant. 
Wikells 

H
ea

tin
g 

HP & tank 390 000 Replaced once during the 
calculation period. 

Wikells, Velltra, 
VVSButiken 

Radiators 115 000 (-) Bygghemma 
Pipes & bends 25 000 (-) Bauhaus, 

Golvvarmebutiken 
Thermostats 7 000 Replaced every 10 years. Amazon 
Circulation pumps 35 000 Replaced every 10 years. Bygghemma 
Core drilling 26 000 Includes labor. GK 
Fire sealant 4 000 Includes labor. Wikells 
Labor 180 000 All except core drilling, and 

fire sealant. 
Wikells 

Fa
ca

de
 

Scaffolding 75 000 Included in each façade 
retrofitting. 

Wikells 

Rockwool 50 /mm  428 000 Serporoc system Wikells 
Rockwool 80 /mm 440 000 Serporoc system Wikells 
Rockwool 100 /mm 450 000 Serporoc system Wikells 
EPS 50 /mm 326 000 StoTherm Vario Wikells 
EPS 80 /mm 333 000 StoTherm Vario Wikells 
EPS 100 /mm 355 000 StoTherm Vario Wikells 
Labor (-) Is included in each set.  

R
oo

f 

Scaffolding (-) The work was performed 
from the interior. 

Wikells 

Mineral wool 63 000 (-) Wikells/Bygghemma 
Rockwool 74 000 (-) Wikells/Bygghemma 
Cellulose 63 000 (-) Wikells/Bygghemma 
PE-membrane, duct-tape 59 000 Included in each roof 

retrofitting. 
Wikells 

Gypsum board 63 000 Included in each roof 
retrofitting. 

Wikells 

Labor (-) Included in each set.  

W
in

do
w

 

Scaffolding 18 000 The windows are only being 
replaced on one façade. 

Wikells 

Demolition of existing 
windows 

7 000 Included in each retrofitting. Wikells 

Painted U-value: 1.2 136 000 Painted once during the 
calculation period. 

Beijerbygg 

Painted U-value: 0.9 143 000 Painted once during the 
calculation period. 

Beijerbygg 

Alu U-value: 1.2 158 000 No maintenance. Beijerbygg 
Alu U-value: 0.9 166 000 No maintenance. Beijerbygg 
 
Labor 

 
56 000 

A complete package for 
finishing the window 
installation. Included in each 
window retrofitting. 

 
Wikells 
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Figure 60. Balancing and sizes of the supply ducting, with an illustration of the critical path in building B. 
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Appendix H 
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Figure 61. Balancing and sizes of the supply piping, with an illustration of the critical path in building B. 
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Appendix I 
 
Table 29. Detailed description of the retrofitting costs related to building B. 

Type Specification Price /SEK Note Source 

   
   

   
   

 V
en

til
at

io
n 

AHU 100 000 Replaced every 20 years. Wikells 
Ducts and bends 150 000 (-) Lindab webshop 
Diffusers 31 000 (-) Lindab webshop 
Inlet & outlet 7 000 (-) Lindab webshop 
Filter 1 500 Replaced every year. Luftbutiken webshop 
Core drilling 162 000 Includes labor. GK 
Fire sealant  7 000 Includes labor. Wikells 
Adjustment of system 16 000 Performed every 20 years. GK 
Labor 88 000 All except core drilling, 

adjustment, and fire sealant. 
Wikells 

   
   

   
   

   
   

H
ea

tin
g 

HP & tank 373 000 Replaced once during the 
calculation period. 

Wikells, Velltra, 
VVSButiken 

Radiators 157 000 (-) Bygghemma 
Pipes & bends 36 000 (-) Bauhaus, 

Golvvarmebutiken 
Thermostats 8 000 Replaced every 10 years. Amazon 
Circulation pumps 24 000 Replaced every 10 years. Bygghemma 
Core drilling 28 000 Includes labor. GK 
Fire sealant 5 000 Includes labor. Wikells 
Labor 184 000 All except core drilling, and 

fire sealant. 
Wikells 

   
   

   
   

 F
aç

ad
e 

Scaffolding 49 000 Included in each façade 
retrofitting. 

Wikells 

Rockwool 50 /mm  317 000 Serporoc system Wikells 
Rockwool 80 /mm 326 000 Serporoc system Wikells 
Rockwool 100 /mm 333 000 Serporoc system Wikells 
EPS 50 /mm 241 000 StoTherm Vario Wikells 
EPS 80 /mm 246 000 StoTherm Vario Wikells 
EPS 100 /mm 263 000 StoTherm Vario Wikells 
Labor (-) Is included in each set.  

   
   

   
   

   
   

   
   

   
 R

oo
f 

Scaffolding (-) The work was performed 
from the interior. 

Wikells 

Mineral wool 38 000 (-) Wikells/Bygghemma 
Rockwool 46 000 (-) Wikells/Bygghemma 
Cellulose 37 000 (-) Wikells/Bygghemma 
PE-membrane, duct-tape 34 000 Included in each roof 

retrofitting. 
Wikells 

Gypsum board 35 000 Included in each roof 
retrofitting. 

Wikells 

Labor (-) Included in each set.  

   
   

   
   

   
   

   
   

   
   

W
in

do
w

 

Scaffolding 65 000 The windows are only being 
replaced on one façade. 

Wikells 

Demolition of existing 
windows 

15 000 Included in each retrofitting. Wikells 

Painted U-value: 1.2 344 00 Painted once during the 
calculation period. 

Beijerbygg 

Painted U-value: 0.9 363 000 Painted once during the 
calculation period. 

Beijerbygg 

Alu U-value: 1.2 411 000 No maintenance. Beijerbygg 
Alu U-value: 0.9 425 000 No maintenance. Beijerbygg 
 
Labor 

 
145 000 

A complete package for 
finishing a window 
installation. Included in each 
window retrofitting. 

 
Wikells 
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Appendix 

Table 30. AI and its role in this thesis. 
Questions Answer: Yes/no Details 

I used Generative AI tool (e.g. 
ChatGPT or similar) in my report. 

Yes Only ChatGPT was used. 

I used a GAI tool as language editor 
(i.e. to correct grammar mistakes, 
etc.). 

No  

I used GAI to retrieve information. No  
I used GAI to get help in writing code No  
I used GAI for translations Yes ChatGPT was used to generate 

synonyms and typical words that 
enhance the flow of the text. All 
information were cross-checked with 
literature before it was used. The tool 
were used in background and method. 

I used GAI to generate graphs/images No  
I used GAI to help structuring my 
content 

No  
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