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ABSTRACT 

Historic buildings, buildings built before 1945, represent a third of the total building stock in Sweden. 

While implementing energy efficiency measures (EEMs) on historic buildings it is important to consider 

heritage values. This thesis aims to investigate impacts on primary energy use and CO2 emissions while 

using life cycle cost (LCC) optimization on historic buildings in three studied cases: reference case with 

no implemented EEMs (case 1), lowest possible LCC (case 2) and a decrease by 50% in energy use  

(case 3). As a case study 920 historic buildings divided into twelve typical buildings (6 wood buildings, 

1w-6w, and 6 stone buildings, 1s-6s) in the downtown area of Visby, Sweden, are used. Within the scope 

of the thesis, how to achieve the most profitable EEMs and how the profitability of energy renovation 

varies between the typical buildings in the studied cases will be analyzed also.  

An interdisciplinary method is applied in the thesis that considers both heritage values and energy 

savings. However, the keystone of the thesis is the use of the program Optimal Energy Retrofit  

Advisory-Mixed Integer Linear Programming (OPERA-MILP), which is a part of the interdisciplinary 

method. With the use of OPERA-MILP, the cost-optimal energy renovation strategy is obtained for a 

building. The program takes into account all energy-related investment costs, as well as the investment 

and operation costs for the heating system, during a set time period.  

The results show unique packages of EEMs for each of the twelve typical buildings with a potential to 

lower the total LCC by between 4-11% in the building stock and simultaneously decrease the energy use 

by more than 50%. The thesis also shows a possible decrease in primary energy use from 24%-57%. The 

CO2 emissions vary significantly depending on what assumptions are made related to electricity 

production and biomass use; the results show increases up to 224% in CO2 emissions but also decreases 

up to 85%. All typical buildings are economically viable to energy renovate. The LCC savings are between 

1.4-11.8 SEK with a life cycle set to 50 years for every annually saved kWh, except for case 3 where cost 

is incurred for every annually saved kWh, 10.0-17.2 SEK, for a number of the typical buildings. 
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SAMMANFATTNING 

Historiska byggnader, byggnader uppförda före 1945, utgör en tredjedel av det totala 

byggnadsbeståndet i Sverige. Historiska byggnader har ofta kulturhistoriska värden som måste beaktas 

vid energieffektiviseringar. Detta examensarbete syftar till att undersöka påverkan på 

primärenergianvändning och CO2-utsläpp genom optimering av livscykelkostnaderna (LCC) för historiska 

byggnader. Som fallstudie används 920 historiska byggnader i Visbys innerstad, indelade i tolv olika 

typbyggnader (6 träbyggnader, 1w-6w, och 6 stenbyggnader, 1s-6s). Tre fall undersöks: referensfall utan 

implementerade energieffektiviseringsåtgärder (fall 1), lägsta möjliga LCC (fall 2) och en minskning av 

energianvändningen med 50 % (fall 3). Inom examensarbetets kommer även de mest lönsamma 

energieffektiviseringsåtgärderna tas fram. Examensarbetet kommer också att visa hur lönsamheten för 

energirenovering varierar mellan de olika typbyggnaderna. 

Vid utförandet av examensarbetet tillämpas en tvärvetenskaplig metod som beaktar både 

kulturhistoriska värden och energibesparing. Tyngdpunkten ligger dock på användningen av 

programmet Optimal Energy Retrofit Advisory-Mixed Integer Linear Programming (OPERA-MILP), som är 

en del av den tvärvetenskapliga metoden. Med användningen av OPERA-MILP erhålls den 

kostnadsoptimala energieffektiviseringsstrategin för en byggnad. Programmet beaktar alla 

energirelaterade investeringskostnader, samt investering- och driftkostnader för värmetillförselsystem, 

under en bestämd tidsperiod. 

Resultaten visar unika energieffektiviseringspaket för de olika typbyggnaderna med en potential att 

sänka totala LCC för byggnadsbeståndet med 4-11 % och samtidigt minska energianvändningen med 

mer än 50 %. Examensarbetet visar också en möjlig minskning i primärenergianvändning med 24-57 %.  

CO2-utsläppen varierar mycket beroende på vilka antaganden görs relaterat till elektricitetsproduktion 

och användning av biomassa; resultaten visar ökningar upp till 224 % i CO2-utsläpp men också 

minskningar ned till 85 %. Samtliga typbyggnader är ekonomiskt lönsamma att energirenovera med LCC-

besparingar på 1,4-11,8 SEK med en livscykel satt till 50 år för varje årligen sparad kWh, förutom i fall 3 

då kostnader uppstår för varje årligen sparad kWh med 10,0-17,2 SEK, för ett antal av typbyggnaderna. 
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1 INTRODUCTION 

This chapter first describes the topic of the thesis in general. After which the purpose and aim are 

introduced, together with the delimitations, limitations and assumptions. Following this, the disposition of 

the thesis is presented and finally the software tools used during the thesis are described briefly.  

1.1 BACKGROUND 
The 2010 Energy Performance of Buildings Directive [1] mentions that overall targets are set for the 

European Union (EU) regarding energy use and CO2 emissions. Both the energy use and CO2 emissions 

are to be decreased by 20% by 2020 compared to 1990. As the building sector accounts for 40% of total 

energy use and 36% of the CO2 emissions today [1], it is important to decrease its energy use and CO2 

emissions in order to reach the set targets. The same source [1] also states that energy certification1 is 

an important instrument in this process. The certification enables a comparison between buildings 

depending on energy use. Sweden has also set goals for the building sector where the energy use is to 

be decreased by 20% and 50% by the year 2020 and 2050 respectively, compared to 1995 [2]. It is 

approximated that about one-third of the buildings in Sweden are built before 1945 [3]. The energy use 

from this segment is probably even higher because of poorer energy performance in these buildings 

compared to the rest of the building stock. Many of the buildings built before 1945, however, possess 

heritage values that must be considered during energy renovations.  

Buildings possessing heritage values have been exempted from demands on energy efficiency due to 

difficulties that arise in the installation of energy efficiency measures (EEMs) when heritage values need 

to be taken into account [4]. However, with the set targets for EU and Sweden these buildings will most 

likely be affected as well when renovated. For buildings with heritage values undergoing renovations 

there is a need to find a balance between preservation of heritage values, indoor climate and energy 

performance. If major renovation is done to a building in Sweden the energy performance is required to 

be at the same level as in new construction, according to Swedish legislation [5]. The energy 

requirements are presented in Appendix I. 

“Spara och Bevara” (“Save and Preserve”) is a research program established by the Swedish Energy 

Agency, where the energy efficiency potential is studied in the historically valuable building stock. The 

research has an interdisciplinary approach between building preservation and technology. The objective 

is to develop energy efficiency solutions that preserve heritage values. 

This thesis is a part of the Swedish research project “Potential and Policies for Energy Efficiency in 

Swedish Buildings built before 1945 – Stage II” (a subproject to Spara och Bevara) where the long term 

objective is to provide support for developing new policies and guidelines for EEMs in historic buildings. 

The project is a collaboration between Linköping University and Uppsala University. The universities 

possess different competences, in the areas of energy systems and heritage values.  

 

 

                                                           
1 Declaration of a building’s energy performance [1]. 
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1.2 PREVIOUS WORK 
A number of studies have been and are being executed at the time of writing within the field of energy 

efficiency in historic buildings. In the following section some of the projects are described briefly. 

In the SECHURBA study, a decision-support method was developed with the objective of showing how 

historic building stocks can be modified to reduce their CO2 emissions and enhance their energy 

performance [6]. The project focused on conservation of heritage values, energy efficiency, 

environmental impact and economic viability. Results from the study show a potential decrease in 

energy use of 46% in average. Energy efficiency interventions in the form of weatherstripping, 

renovation of windows, behavioral change, insulation, integration of solar panels as well as integration 

of a heat pump or a biomass boiler were obtained as the most suitable retrofits. The project “Efficient 

Energy for EU Cultural Heritage” presented practical possibilities of EEMs in historic buildings resulting in 

a possible decrease from 25-90% in energy demand depending on building and heritage values [7]. This 

was demonstrated by eight case studies representing different building types that are possible to apply 

to the majority of urban built heritage in Europe. The results of the study state that each building needs 

to be studied separately. However, a number of energy-saving interventions are suggested as well as 

guidance to obtain the optimal retrofits for the studied building. Examples of retrofits are heat recovery 

of exhaust air, monitoring and control of heating and ventilation system, insulation, weatherstripping 

and renovation of windows. In the ongoing project “Energy Efficiency for EU Historic Districts” an 

approach is under development for decision-support regarding EEMs in historic urban areas [8]. The 

study also aims to develop suitable and specified retrofits for historic buildings, and lastly to spread the 

results of the study through e.g. education. 

1.3 CASE VISBY 
Within the framework of Spara och Bevara the project “Potential and Policies for Energy Efficiency in 

Swedish Buildings Built Before 1945 (Stage I) – Energy Systems Analysis” (from now on referred to as 

“Stage I”) was executed from 2011 to 2014 using the historic building stock in Visby, municipality of 

Gotland, as case study. More than 200 buildings in Visby date back to medieval times making it a 

historically valuable area along with the approximately 500 preserved building from the 18th century [9]. 

Because of its heritage value Visby has been protected by UNESCO since 1995 [10]. 

The research project in Stage I was a collaboration between Linköping University, Uppsala University and 

SP Sveriges Tekniska Forskningsinstitut (SP Technical Research Institute of Sweden). The objective here 

was to develop a method that evaluates both technical and economical aspects in historic building 

stocks together with impacts on heritage values and building physics during energy renovations. A 

method was developed which combines techno-economic optimization and assessments regarding 

heritage values and building physical risks [11]. Consequences in the form of techno-economic factors 

are weighted against impacts on heritage values. The optimization tool Optimal Energy Retrofit 

Advisory-Mixed Integer Linear Program (OPERA-MILP) is used to obtain the optimal energy retrofit 

strategy. The method, thoroughly explained in section 4.1, is applied in this thesis to some extent. 

However, the key point in this thesis is the use of OPERA-MILP. The reader is referred to section 4.2 for a 

description of the optimization program. 

At the time of writing a post study is being executed in Stage I, which is in close collaboration with this 

thesis, where the impact of different energy prices is investigated in the implementation of heating 
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systems and EEMs. Twelve typical buildings are studied, based on the historic building stock in Visby. 

The twelve typical buildings, which are used in this thesis as well, are acquired from a previous study 

connected to Stage I where the historic building stock (built before 1945) of Visby was categorized. Read 

more about the categorization in section 5.1.  

1.4 PURPOSE & AIM 
The general purpose of the thesis is to study the energy efficiency potential in the historic building stock 

of Visby by using life cycle cost (LCC) optimization. Additionally, environmental implications (in the form 

of primary energy use and CO2 emissions) of the energy renovations are to be investigated. Differences 

between considering heritage values in the buildings or not shall also be examined. Three different cases 

are to be investigated: 

 Case 1 - Reference case. No EEMs are allowed during the life cycle. Only the cost-optimal 

heating system is implemented. 

 Case 2 - Optimal LCC, i.e., lowest LCC, is to be obtained by the implementation of EEMs.  

 Case 3 - Decrease by 50% in energy use in accordance with the national set targets [2].  

While investigating case 2 and 3 it will be studied if the Swedish energy requirements are achieved for 

buildings which have undergone major renovation, see Appendix I. For each typical building the 

cost-optimal heating system and EEMs are to be obtained. In the thesis what the effects are of an 

extension with one story of the buildings will also be analyzed. 

1.4.1 Research Questions 

The scope of the thesis can be summarized in the following research questions: 

1. What are the most profitable EEMs to implement in the typical buildings? In combination with 

which heating system? 

2. How is the LCC, primary energy use and CO2 emissions for the historic building stock affected by 

the three investigated cases? 

3. How does the profitability to energy renovate vary between the typical buildings? 

1.5 DELIMITATIONS AND LIMITATIONS 
This thesis is conducted during a specified time frame. Along with the use of OPERA-MILP, which is not 

fully developed in the sense of possibilities in variation of heating systems, EEMs and because of 

simplifications regarding the energy calculations in the program, the thesis is limited and delimited 

within some areas. The limitations that occur with the use of OPERA-MILP are: 

 The heating systems are limited to district heating, groundwater heat pump (from now on 

referred to as heat pump) and wood boiler. 

 The EEMs are limited to change of windows, weatherstripping, floor insulation, attic floor 

insulation and external wall insulation on inside and outside of the wall. 

 The energy calculations for a building are divided into twelve time periods during a year.  

The following delimitations are made to reduce the extent of the thesis: 

 The use of the studied buildings is delimited to use as housing, i.e., residences. 
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 Building physical risks, such as condensation, are not taken into account.  

 The impact on rental income and energy use is not considered if inside insulation of the external 

wall is implemented. 

 Comfort cooling is not taken into account, i.e. the heat demand is only considered.   

1.6 ASSUMPTIONS 
In order to enable the execution of the thesis assumptions are made about the heating systems and 

EEMs. The assumed efficiencies of the heating systems and their life lengths can be seen in Table 1. The 

life length for the pipe network for all heating systems is set to 50 years [12]. As estimated by Adalberth 

and Wahlström [13] the life length is set to 50 years for all insulation measures and 30 years for 

windows. The life length for weatherstripping is set to 10 years [14]. 

 

Table 1: The assumed efficiencies of the heating systems and their life lengths. 

Heating system Efficiency [-] Life length in years 

District heating 0.95 [15] 25 [16] 

Heat pump 3 [15] 25 [17] 

Wood boiler 0.85 [15] 15 [18] 

 

The other assumptions are as follows: 

 The LCC optimization time is set to 50 years. 

 The discount rate is set to 5% because it is commercially utilized in real projects [19]. 

1.7 DISPOSITION 
The thesis is divided into three main parts. Thereby, the structure of the report is configured according 

to the three following parts:  

1. The first part begins with an introduction to basic calculation principles for cost optimization 

using OPERA-MILP, see chapter 2, which later on is implemented in the method. In chapter 3 the 

building as an energy system is presented with emphasis on the building’s energy balance and 

EEMs. 

2. The next part consists of a description of the method used during the thesis, see chapter 4. 

Further on, the method is implemented on the studied case in Visby which is described in 

chapter 5.  

3. Finally, the results are presented and discussed at the end of the thesis along with conclusions 

connected to the research questions from section 1.4.1. 
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1.8 SOFTWARE TOOLS 
In the execution of this thesis two different software tools are used besides OPERA-MILP. The following 

is a short overview of the tools and their respective area of application.  

IDA Indoor Climate and Energy (IDA ICE) is a dynamic simulation program where the energy balance of a 

building and its thermal indoor climate are studied. In IDA ICE it is possible to consider specific data 

about a building, such as climate data and what type of building it is. More information about the 

software can be seen in IDA Indoor Climate and Energy [20].  

CES EduPack is a software tool within material science and engineering. Extensive data about different 

materials is provided in the program which can be used in a number of different fields, such as energy 

and sustainability. The reader is referred to CES EduPack [21] for more information about the tool. 
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2 CALCULATION PRINCIPLES FOR COST OPTIMIZATION 

The following chapter presents calculation principles that are applied later in section 4.2, thereby giving 

a basic description of the fundamentals of the method used in the thesis. First, the mathematical 

principles are introduced followed by a description of the economic calculation principles with emphasis 

on a building’s energy costs during its life cycle.  

2.1 OPTIMIZATION 
Holmberg [22] states that optimization is a technique where the optimal solution is generated to a 

mathematical problem. An optimization problem is described by the defined variables, formulation of 

the objective function and the constraints of the model. The model is built on variables that can take on 

different values which in turn are optimized. The objective function states different solutions by 

accepting different values on the variables. It is either maximized or minimized depending on the 

purpose of the function. The constraints limit the function by only allowing certain values on the 

variables. An optimization problem with the purpose of maximizing the objective function by the value z 

can be seen in Equation 1 where x is a vector of variables, f(x) is the objective function and ai(x)≥bi are 

the constraints.  

 

 

 

Equation 1: Example of an optimization problem where the objective function value, z, is to be maximized. 

 

The use of optimization when solving problems is sometimes referred to as operations research. The 

operations research consists of six stages [22].  

1. Definition of the problem and its limitations.  

2. Formulation of variables, constraints and objective function. 

3. Collection of data in order to provide all coefficients with numerical values. 

4. Selection of an applicable optimization method and thereby solving the problem. 

5. Validation of the results. If the results do not seem realistic changes are required in either stage 

1 or 2. 

6. Implementation of the results. 

Optimization is applicable within multiple disciplines and is possible to divide in different subcategories. 

The subcategory applied in this thesis is Mixed Integer Linear Programming (MILP) which is presented in 

the following section. 

  

 

  1,..,m, i bxawhen      

xf max z
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2.2 MILP 
The following section is presented with basis in Holmberg [22]. MILP is a type of optimization technique 
originating from Linear Programming (LP) where the objective function and all constraints are linear. The 
difference between MILP and LP is that some of the variables in MILP are restricted to take on values of 
integers. Compared to Equation 1 the variables in a MILP-model are set as integers e.g. by the 
implementation of X, see Equation 2. 
 

 

 

 

lueinteger vaX

Xxa

1,..,m, ibxwhen a

x fmax z 

i

ii









 

 
Equation 2: MILP-model with all variables defined as integers. 

 

At the set-up of an LP model all mathematical relations must be linear. The simplex method is the most 

common approach while solving LP-problems. Allowed areas that are set from constraints form a convex 

amount for the variables. The method examines different solutions by moving from adjacent extreme 

points, either a maximum or minimum point, thereby improving the value of the objective function. 

Only solutions that improve the objective function are adopted in the iteration. The extreme points 

equal the corner points in a convex amount and are described as base solutions. Base solutions are 

obtained by choosing a number of base variables and solving them with the use of an equation system, 

see Equation 3. The other variables are set as zero. The solution is allowed if all base variables are 

positive or equal to zero. 

 

 
Equation 3: Equation system used for the solution of base variables. 

 

An optimal solution is always located in a corner point of an LP problem. If a more optimal point is not 

found throughout the iteration, the current point is the optimal because of the condition of convexity. 

Binary variables can be used for solving integer problems. All variables adopt either a value of 1 or 0 

depending on the selection and rejection of variables for the optimal solution. If only one variable is 

chosen it is set as 1 while others are set as 0. With the introduction of binary variables, the integer 

problem can be solved with the branch and bound method. The method recursively decreases the 

optimal objective function region and subsequently finds the optimal solution. The reduction of possible 

solutions is made by a breakdown of the main problem to sub-problems where all solutions are 

different, i.e., disjoint. Each sub-problem is located in a specific part of the allowed area of the optimal 

solution including different constraints.  

bAx 
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2.3 LCC 
According to Gustafsson [23], the LCC of a building’s energy costs can be determined by the investment 

cost of the heating system and EEMs, operation costs, maintenance costs and the residual value of the 

heating system and EEMs. The costs that occur in the future create difficulties because of the changing 

value of money with time. These costs can be managed using the Net Present Value (NPV) method. The 

method is applicable while considering the value of money at different times by discounting the costs to 

a base year. The NPV method is described by Equation 4 and Equation 5, differentiating non-recurring 

costs and annual recurring costs respectively. The largest uncertainty using the method is the choice of a 

compatible discount rate. A high rate makes the investment less profitable and a low rate makes it more 

profitable.  
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Equation 4: Calculation procedure for the net present value of a future investment that is not recurring. 
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Equation 5: Calculation procedure for the net present value for annual recurring costs. 

 

Gustafsson [23] also states that the total LCC for an EEM can be described by the energy cost connected 

to the measure and its investment cost, see Figure 1. Higher investment costs lead to lower energy costs 

during the life cycle. At the dimensioning of EEMs, for example the thickness of floor insulation, it is 

important to obtain the lowest cost during the life cycle by considering the mentioned costs. 
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Figure 1: Total LCC for an EEM expressed by energy and investment costs. 
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3 BUILDING PHYSICS AND ENERGY CONSERVATION 

Overall, the focus of this chapter is to describe the building as an energy system. It is important to note 

that the energy calculations executed in OPERA-MILP follow for the most part the calculations described 

in the first section of this chapter. For differences between the energy calculations presented here and in 

OPERA-MILP the reader is referred to the end of section 4.2. Different heating systems together with 

common EEMs are described at the end of this chapter.  

3.1 THE BUILDING AS AN ENERGY SYSTEM 
This section of the report is based on Dahlblom and Warfvinge [24]. The heat demand of a building is 

determined by the heat energy needed from a supply system to make up for heat losses from 

transmission, infiltration and ventilation. The supply system heats the building and supplies it with hot 

water. Some of the losses are compensated by solar gains and heat from internal sources, such as heat 

from electrical appliances and building occupants. The energy balance of a building can be described as 

in Figure 2.  

 

 

Figure 2: Energy balance for a building. The heat contributions to the building are marked in blue, and the heat losses in red. 

 

Heat losses that occur due to transmission depend on the heat transfer coefficient of the studied 

building component and its area, see Equation 6.  
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Equation 6: Calculation procedure for heat losses via transmission. 

 

The calculation of the heat transfer coefficient, U, depends on a number of factors and can differ 

depending on the surroundings of the studied building component, e.g. if the component is in contact 

with air or not. The following is an overview of the calculation procedures of the heat transfer 

coefficient that are important to this thesis. Further reading about the topic can be found in  

Petersson [25]. First, the heat transfer coefficient is defined by the inverse of the total heat resistance, 

RT, see Equation 7. 

 

 °C/Wme  resistanctotal heatR
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1
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2
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Equation 7: Calculation procedure for the heat transfer coefficient, U. 

 

For building components that are in contact with air on both the inside and outside, the total heat 

resistance consists of resistance within materials and resistance that appears at the surfaces (this is 

because of heat exchange from convection and radiation). For practical reasons the heat resistance on 

the inside of the building component, Rsi, is assumed to be 0.13 m2°C/W and on the outside, Rse,  

0.04 m2°C/W according to the Swedish Standard SS-EN ISO 6946 [26]. Thus, the total heat resistance of a 

component can be described according to Equation 8. The reason for the lower heat resistance on the 

outside of the building component compared to the inside is mainly because of forced convection from 

wind. How the temperature varies through a wall consisting of three layers, where the heat resistances 

from Equation 8 are taken into account, because of differences in temperatures between indoors, Tindoor, 

and outdoors, Toutdoor, is illustrated in Figure 3. 
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Equation 8: Calculation procedure for the total heat resistance for building components in contact with air on the inside and 
outside. 

 

 

Figure 3: Temperature differences through a wall because of different indoor and outdoor temperatures. 

 

The heat resistance that occurs within materials, defined as Ri in the previous equation, is obtained by 

the thickness of the material divided by its heat conductivity, see Equation 9. 

 

 

 

 

Equation 9: Calculation procedure for heat resistance within materials. 

 

All building components are often not in contact with air on both the inside and outside. Often a 

building’s bottom floor is in contact with soil and consideration needs to be taken for this in calculations. 

The following is a description of the calculation principle for obtaining the heat transfer coefficient while 

considering the bottom floor in contact with the underlying soil [25]. 
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First, the heat transfer coefficient depends on the conductance, K, and the area of the building 

component, as described by Equation 10. 

 

 W/°Ce conductancK

AUK





 

Equation 10: Calculation procedure for conductance for a plate against soil. 

 

To consider the three-dimensional heat flux in soil, characteristic quantities are used for the studied 

building component: dimension and thickness. See Equation 11 and Equation 12 respectively. 
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Equation 11: Calculation procedure for characteristic dimension, B, of the building component. 
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Equation 12: Calculation procedure for characteristic thickness, dT, of the building component. 

 

Depending on whether dT<B or dT>B, the conductance in Equation 10 is calculated in two different ways. 

If dT<B, corresponding to a low heat insulation, the conductance is calculated according to Equation 13. 
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Equation 13: Calculation procedure for conductivity if dT<B. 

 

If dT>B, corresponding to a high heat insulation, the conductance is calculated following to Equation 14. 
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Equation 14: Calculation procedure for conductivity if dT>B. 

 

With Equation 7-Equation 14 the heat transfer coefficient is possible to calculate for building 

components in contact with either air or soil on the outside. From this point forward this section of the 

thesis returns to the description of the building’s energy balance as illustrated in Figure 2. 

Infiltration losses that occur via leakage from the building envelope are calculated according to Equation 

15. The losses are determined by the thermal characteristics of air and the infiltration flow.  
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Equation 15: Calculation procedure for heat losses due to leakage through the building envelope. 

 

The infiltration flow is often hard to estimate. However, it is possible to measure it by pressurizing a 

building to 50 Pa. Hence the infiltration flow can be calculated as in Equation 16 according to Awbi [27]. 
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Equation 16: Calculation procedure for infiltration flow by pressurizing a building to 50 Pa [27]. 
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Heat losses by ventilation are calculated following to Equation 17. Notice that the ventilation losses are 

decreased by heat recovery in a heat exchanger with a certain efficiency, η, in the equation. These types 

of ventilation systems are often referred to as FTX systems2. 
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Equation 17: Calculation procedure for heat losses by ventilation. 

 

The heat demand is determined by the total heat losses, Qtot, and the number of degree hours3. 

Thereby, the heat demand is calculated according to Equation 18. 
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Equation 18: Calculation procedure for heat demand. 
 

 

The number of degree hours are obtained from Appendix II by using the average annual temperature of 

the location and the balance temperature4. For calculations of the balance temperature, see 

Equation 19.  

 

 

 

 

                                                           
2 Systems with an exhaust air fan, a supply air fan and a heat exchanger.   
3 The sum of the temperature difference between indoors and outdoors for each hour during a year when heat 
needs to be supplied to a building [24]. 
4 The temperature a building is heated to which is lower than the indoor temperature because of free heat gains in 
the building from e.g. building occupants. 
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Equation 19: Calculation procedure for balance temperature. 

 

See Figure 4 for a duration diagram of degree hours and balance temperature illustrated together with 

outdoor temperature. The blue marked area corresponds to the degree hours during the time when the 

building needs to be provided with heat. For calculations of the degree hours dependent by the balance 

temperature and outdoor temperature, see Equation 20 . 

 

  

Figure 4: Duration diagram with the balance temperature, Tbalance, and the degree hours in the blue marked area. 

 

 

 

 

Equation 20: Calculation procedure for degree hours. 
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In the analysis of a building’s energy heating system it is important to distinguish the heat power 

demand and the heat energy demand. The power demand corresponds to the maximum heat flux that 

occurs during the coldest days of a year. Thus, the supply system is dimensioned with regards to the 

power demand. The dimensioning power demand depends on factors such as outdoor climate, indoor 

temperature and building envelope area. It is worth mentioning that the free heat gains are taken into 

account when calculating the energy demand of the building, but not while dimensioning the power 

demand. In the dimensioning of the heating system it is essential to take the dimensioning winter 

outdoor temperature, DVUT5, into account in order to install a heating system with an optimal heat 

power output to the building. DVUT considers the time constant6, τ, of the building which is given in 

hours. The time constant is calculated according to Equation 21.  
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Equation 21: Calculation procedure for the time constant of a building. 

 

Consequently, the heat power demand is calculated according to Equation 22. 
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Equation 22: Calculation procedure for the dimensioning heat power demand. 

 

 

 

 

 

                                                           
5 Based on the fact that the daily mean outdoor temperature is not lower than DVUT more than 30 times during 30 
years [40].  
6 Time for a building’s indoor temperature to correspond to a change in the outdoor temperature. This is 
dependent on the building’s thermal inertia and its heat insulation [25]. 
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3.2 HEATING SYSTEMS AND ENERGY EFFICIENCY MEASURES 
When deciding what kind of heating system to implement in a building it is important to consider the 

location of the building, the building type, environmental aspects and the financial factor [28]. Heat 

supply to a building can be divided in the following heat source categories [28]:  

 Combustion in a heating unit inside the building: Different fuels are combusted in a boiler. 

Common fuels used are wood pellets, wood chips, natural gas and oil. It is also possible to 

connect the boiler to a source of electricity. 

 Conversion of electricity to heat inside the building: Three subcategories exist: direct heat from 

an electric radiator, indirect heat from electric boilers and heat from work processes, e.g. heat 

pumps.  

 External heat produced from a central heating plant: The production is often integrated with the 

production of electricity simultaneously. The fuel sources range from biofuels to fossil fuels. 

Waste heat from industries can also be used in the system. 

 Solar panels: In most cases only used as a supplement to the three previous categories. 

While implementing EEMs in a building two different kinds of risk exist [4]. The building can be affected 

by problems regarding building physics and heritage values can be lost. The following section is an 

overview of common EEMs and consequences in the form of building physics and impact on heritage 

values. As mentioned in section 1.5 the thesis is delimited from impacts on building physics. However, 

building physics are an important factor in the research on historic buildings and are therefore 

considered in the following section. 

 Change of heating system: A building and its heating system are integrated and a change in one 

of them affects the other one. The installation of a new heating system can also affect the visual 

appearance to a certain extent, thus it is important to take this aspect into account during 

installation. 

 Change of windows: With better energy performance in a building’s windows it is possible to 

decrease the energy use considerably. Less heat loss through the windows also leads to less 

draft and smaller risk of condensation on the inside of the window. However, this retrofit might 

not be appropriate due to the difference in appearance. On the other hand, it is possible to 

modify the original window by e.g. a new window frame and thereby obtain a better energy 

performance. 

 Weatherstripping: Air leaking from a building causes not only thermal losses, but also a worse 

thermal climate. Moisture damage can occur in the construction with the condensation of 

warm air. Noise and smell is another effect because of leaks in the building envelope. The 

historic values are often intact after air sealing on a building.  

 Change of ventilation system: Natural ventilation systems are common in older buildings. The 

ventilation rate varies significantly during the year because of temperature changes. In winter 

the high rate of air flow can cause cracks in wood details and during summer moisture is a 

normal problem due to an insufficient transport of air. An exhaust air fan can increase the 

ventilation from the building and thereby solve many of the issues. From an historic 

preservation point of view, it is important to use the current holes in the building for the 

implementation of a new ventilation system. The change in the construction must also be 
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reversible so the building can be adjusted for another type of use and modernization in the 

future.  

 Insulation: With the inadequate insulation in many older buildings additional insulation can 

decrease the energy use substantially. Insulation can be performed on bottom floor, external 

walls, roof and attic floor. The following is a summary of the mentioned insulation measures 

and their characteristics. 

 Inside insulation of bottom floor: Often not acceptable because of the big 

impact on the appearance and the higher risk of moisture compared to external 

insulation. 

 Outside insulation of bottom floor: Often acceptable with regards to the 

impacts on the heritage values. There is a certain risk of moisture in the 

construction however. 

 Inside insulation of external walls: A higher risk of moisture damages and 

reinforcement of thermal bridges. Possible solution if the appearance on the 

inner walls does not change. 

 Outside insulation of external walls: A warmer and drier construction, especially 

compared to the alternative above. On the other hand, a significant change on 

aesthetics of the facade. 

 Outside insulation of the roof: Better thermal comfort on the attic and smaller 

risk of moisture damage. However, there are some changes in the appearance 

of the building. 

 Insulation of the attic floor: A lower temperature on the attic combined with a 

larger risk of moisture damage. The retrofit has a minimal effect on the heritage 

values of the building. 

 Control and regulation of temperature and ventilation: The measure does not have a significant 

impact on the heritage values or on the building physics if performed well. 

 Implementation of solar energy: Leads to a change in the appearance of the building. The 

solidity of the building needs to be acceptable due to the extra weight. 
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4 METHOD 

This chapter describes the method that is to be applied during the thesis. In Stage I of this research 

project a method that combines techno-economic optimization and assessments regarding heritage 

values and building physical risks was developed, as mentioned earlier in section 1.3, which is described 

first. The segment with OPERA-MILP in the method is of more importance to the thesis and is thus 

explained in more detail.  

4.1 OVERVIEW 
While renovating historic buildings a systematic and interdisciplinary approach needs to be applied. The 

method from Broström et al. [11] is applicable for assessing consequences on heritage values and 

energy savings when different targets are set. It can be used within different areas: nationally, regionally 

and on individual buildings. See Figure 5 where the steps of the method are presented.  

 

 

Figure 5: Illustration of the proposed method [11]. 

 

1. Categorization of the building stock: The stock is reduced to a number of categories defined as 

typical buildings. This enables a generalization of the studied location where the typical 

buildings represent the building stock. Thereby, conclusions for a building stock are possible to 

make with a limited number of typical buildings. 

2. Identifying targets: The targets should be specified in aspects such as cost, energy use, CO2 

emissions and heritage values. Observe that targets can be set for individual buildings or for 
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larger areas such as on regional and national levels as mentioned earlier. Due to the 

introduction of targets an assessment is enabled of the measures, see the next step. 

3. Evaluation of measures in relation to the building and its values: Common EEMs are listed. An 

assessment, conducted preferably by an interdisciplinary team, is made on risks and benefits 

from the EEMs. Risks and benefits are studied within energy use, building preservation, indoor 

climate, and also the economic point of view. The objective is to eliminate inappropriate 

measures.  

4. Techno-economic life cycle optimization: The most profitable measures are identified in an LCC 

optimization. Energy demand and CO2 emissions are possible to obtain here as well. The 

optimization is made in e.g. OPERA-MILP which is used in this thesis.  

5. Assessment of heritage values, indoor climate and moisture: The selected interventions from 

the previous step are studied as to whether they will have an impact on the building physics and 

heritage values. Compared to step 2, the assessment is more specific here. 

6. Analysis and iteration: The results are evaluated and if they are not satisfactory, e.g. some 

measures are considered not appropriate for the building, an iteration of the process is 

executed without the inappropriate measures.  

It is important to note here that in this thesis the EEMs are limited to the ones in section 1.5. While 

implementing the method on the historically valuable building stock in Visby two of the possible 

retrofits are considered as inappropriate by our collaboration partners from Uppsala University due to 

impact on heritage values. These measures are outside insulation of the external wall and change of 

windows that significantly affect the appearance, i.e. replacement of windows is limited to 2-pane and 

3-pane windows. Consequently, steps 3 and 5 from the method are excluded from the thesis. As 

mentioned in section 1.3 a categorization of the historic building stock in Visby was made in connection 

with Stage I leading to a completed step 1 of the method as well. However, the categorization is 

described thoroughly in section 5.1. 
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4.2 OPERA-MILP 
To obtain the optimal combination of renovation interventions OPERA-MILP is used. OPERA-MILP is the 

result of a further development of the program Optimal Energy Retrofit Advisory (OPERA) [23]. The 

optimizer CPLEX is used while solving the MILP-problem. See Figure 6 for a schematic of the original 

OPERA procedure.  

 

Figure 6: Schematic of the OPERA process [23]. 

 

The optimization model is based on the life cycle of the building, and its objective is to find the lowest 

LCC. The constraints on the building determine the energy performance required to keep the indoor 

temperature at a fixed level. Costs in term of building maintenance, EEMs and energy supply during the 

life span are taken into account. The residual value at the end of the life cycle is subtracted from the 

total LCC. OPERA-MILP distinguishes inevitable costs and expenses due to implemented EEMs. An 

inevitable cost can be renovation of the attic floor in case it is rotted. The NPV method is used for the 

dilemma when costs emerge at different times. The costs through the life cycle can be divided into three 

different types: 

 Investment costs. 

 Recurrent costs that occur periodically. 

 Recurrent costs that occur annually. The cost can either be identical per year, or changing 

constantly during the studied time. 
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With the three different cost types, it is possible to formulate cost expressions which in turn enables 

calculation of the expenditures. As seen in section 1.5, the following EEMs and heating systems are 

possible to manage and calculate in OPERA-MILP: 

 Attic floor insulation. 

 Floor insulation. 

 External wall insulation on inside and outside of the wall. 

 Change of windows. 

 Weatherstripping. 

 Heating systems - district heating, heat pump and wood boiler. 

The insulation measures are calculated according to Equation 23. Observe that this expression is 

applicable for all types of insulations, i.e., attic floor, floor and external wall insulation on inside and 

outside of the wall. It is also important to note here that minimal insulation thickness is set to 2 cm, and 

the maximum to 42 cm with a step difference of 2 cm between each step.  
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Equation 23: Expression for calculation of costs for insulation. 

 

The replacement cost for windows is calculated as in Equation 24. 

 

 
 SEKement dow replacost of winconstant cC

SEKacement indow replcost for wC

CC

4

win.

4win.







 

Equation 24: Expression for calculation of cost for window replacement. 

 

The cost of weatherstripping a window is determined by Equation 25. 
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Equation 25: Expression for calculation of cost for weatherstripping. 

 

The cost for installing a new heating system is calculated according to Equation 26. 
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Equation 26: Expression for calculation of costs for a heating system. 

 

OPERA-MILP calculates a building’s energy balance depending on the number of degree hours and the 

total heat losses as in Equation 18 during twelve time periods during a year, as mentioned in section 1.5. 

The degree hours are determined from a fixed desired value on the indoor temperature and an average 

outdoor temperature, see Equation 27, compared to the calculations described in section 3.1, where the 

balance temperature is considered. The balance temperature is lower than the indoor temperature due 

to the contribution of free heat sources as can be seen in Equation 19. However, with OPERA-MILP the 

free heat sources are taken into account in the calculation of the building’s energy balance and 

subtracted from the total heat losses.   
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Equation 27: Expression for calculations of degree hours according to OPERA-MILP.  
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4.2.1 Applications of OPERA-MILP 

Three different solutions are possible to obtain with the use of OPERA-MILP, see Figure 7. 

 

 

Figure 7: Illustration of the possible solutions to obtain using OPERA-MILP. 

 

1. Optimization of the LCC where the lowest LCC is obtained by a minimization of the objective 

function. A number of EEMs are obtained and also a new heating system. If the measures are 

considered inappropriate due to the impact on the building, the solution is iterated without the 

inappropriate measures, leading to a new LCC, LCCmin, with a new set of EEMs and a new heating 

system. A new energy use, E1, is also obtained for the building.  

2. The procedure for the second solution is the same with the exception that the allowed energy 

use is set to a lower value than in the first case leading to an optimization of the LCC with an 

energy use equal to or lower than the set value. Thereby, a new LCC, LCC2, is obtained and its 

corresponding energy use, E2. The solution is iterated, as in the previous case, if the measures 

are considered inappropriate. 

3. The third solution is based on the idea that the energy use, E3, is set to a specific value which is 

higher compared to the first case. The EEMs are removed depending on cost, with the most 

expensive measure removed first, etc., until the desired energy use is obtained and a new LCC, 

LCC3, is calculated. 
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5 CASE STUDY 

This chapter presents the method from the previous chapter applied to the studied case. First, the 

method and the results of the categorization of the historic building stock in Visby are described briefly, 

followed by the use of OPERA-MILP which is the keystone of this thesis.  

5.1 CATEGORIZATION 
In connection with Stage I a research project was conducted with the objective to categorize the historic 

building stock built before 1945 in Visby [29]. By using the research project as a foundation an after 

study was executed by our collaboration partner, Uppsala University, where twelve typical buildings 

were obtained representing the historic building stock in Visby. The following section is an overview of 

the research project and after study. 

The physical categorization of the building stock took the four following building characteristics into 

account: 

1. Stories. 

2. Adjoining walls. 

3. Floor area.  

4. Volume. 

The stock was initially divided into buildings with either 1 or ≥ 2 stories, immediately corresponding to 

two separate categories. The attic space was excluded here, i.e., not regarded as a story by itself. 

Further on, the stock was divided depending on adjoining walls: detached, semi-detached or terraced 

buildings. Now the two categories were expanded to six. In the third step the floor area was calculated, 

which does not affect the number of categories. However, the floor area enables an estimation of the 

gross volume of the building. Each category was then represented in terms of average volume.  

With the physical categorization executed, a weighting of the categories was performed. The number of 

buildings and the average building volume affected the weight of the specific category. Finally, atypical 

buildings were excluded from the study. The buildings decreased in number from first consisting of 

1,048 buildings to 920 after the delimitation, but still representing 88% of the buildings and 70% of the 

built volume. Within each category there is a representation of both wood and stone buildings, hence 

resulting in twelve categories: 1w-6s (categories including “w” referring to wood building and “s” 

referring to stone building). Each category is represented by a typical building; for representative 

illustrations of the typical buildings see Figure 8 where the differences in adjoining walls and number of 

stories are clearly differentiated. See Table 2 for an overview of the number of buildings in each 

category. 
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Figure 8: Representative illustrations of the twelve typical buildings (made by our collaboration partner, Uppsala University). 

 

Table 2: The number of buildings in the twelve categories. 

Building Construction type 
Number of 
buildings 

Percentage of total 
buildings in the 
categorization 

[%] 

1w wood 309 33.6 

1s stone 55 6.0 

2w wood 166 18.0 

2s stone 46 5.0 

3w wood 25 2.7 

3s stone 16 1.7 

4w wood 33 3.6 

4s stone 75 8.2 

5w wood 30 3.3 

5s stone 83 9.0 

6w wood 18 2.0 

6s stone 64 7.0 

 

 

Specific data for each building was developed regarding geometry. See Table 3 for data about area and 

height properties for the different typical buildings. Every story in the buildings is calculated to a height 

of 2.7 m, and 1.7 m for the attic, which however is not considered a story by itself, as mentioned earlier. 

Note that if the attic is heated it is included in the total heated area of the building, which is the case for 

all the studied buildings. It is also important to note that buildings 1w-3s are used as single-family 

houses, while buildings 4w-6s are used as apartment buildings. Beneath buildings 1w-3s there is a crawl 

space, and beneath buildings 4w-6s an unheated basement.  
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Table 3: Different areas for the typical buildings and respective inner wall height. 

Building 
Heated area 

[m2] 
Area floor 

[m2] 
Area roof 

[m2] 

Wall area 
excluding 

windows [m2] 

Windows 
area [m2] 

Inner 
wall 

height 
[m] 

1w 100.0 50.0 78 66.0 12.4 4.4 

1s 89.0 44.5 78 66.0 12.4 4.4 

2w 102.0 51.0 86 49.0 10.1 4.4 

2s 90.0 45.0 86 49.0 10.1 4.4 

3w 118.0 59.0 100 44.0 11.0 4.4 

3s 106.0 53.0 100 44.0 11.0 4.4 

4w 402.0 134.0 180 218.0 43.2 7.1 

4s 375.0 125.0 180 226.0 43.2 7.1 

5w 377.0 126.0 169 156.0 39.6 7.1 

5s 349.0 116.0 169 156.0 39.6 7.1 

6w 390.0 130.0 169 125.5 21.9 7.1 

6s 363.0 121.0 169 125.5 21.9 7.1 

 

The material compositions for roof, floor and walls can be seen in Appendix III. Specific data about the 

windows regarding placement and number can be seen in Appendix IV. All windows are of 2-pane type 

with a heat transfer coefficient of 2.5 W/m°C.  
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5.2 LCC OPTIMIZATION 
The following section describes the optimization process while using OPERA-MILP. First, obtaining input 

data for OPERA-MILP is described to the reader followed by a description of the approach using the 

program in order to answer the research questions in the thesis. 

As mentioned in section 1.4 the impact of the extension with one story on the buildings is to be 

investigated in this thesis. This is dealt with by increasing buildings 4w-6s by one story corresponding to 

a new set of typical buildings: 7w-9s. Information about area and height properties for buildings 7w-9s is 

presented in Table 4.  

 

Table 4: Different areas for typical building 7w-9s and their inner wall height. 

Building 
Construction 

type 
Heated 

area[m2] 
Area 

floor[m2] 
Area attic 
floor[m2] 

Wall area 
excluding 

windows [m2] 

Windows 
area [m2] 

Inner 
wall 

height 
[m] 

7w wood 536.0 134.0 180.0 327.0 64.8 9.8 

7s stone 500.0 125.0 180.0 339.0 64.8 9.8 

8w wood 504.0 126.0 169.0 234.0 60.4 9.8 

8s stone 464.0 116.0 169.0 234.0 60.4 9.8 

9w wood 520.0 130.0 169.0 188.3 32.8 9.8 

9s stone 484.0 121.0 169.0 188.3 32.8 9.8 

5.2.1 Input data 

The heat transfer coefficients for the different building materials are calculated from data in Appendix III 

according to Equation 7-Equation 14. The heat conductivity coefficients used can be seen in Table 5. 

Petersson [25] and CES EDUPACK are used as reference for the material data. Notice that mineral wool 

is used as insulation material. 

 

Table 5: Heat conductivity coefficients. 

Materials Wood Mineral wool Plaster Brick Stone Limestone Chipboard Solid bedrock* 

Heat 
conductivity 

[W/m°C] 
0.14 0.037 1 0.6 1.7 1.3 0.14 3.5 

*The soil in the downtown area of Visby is solid bedrock. Its heat conductivity is needed for the calculation of dT in 

 Equation 12. 

 

Thermal bridges are assumed to increase the heat transfer coefficient on the facades by 15% as this is 

approximately the same factor IDA Indoor Climate and Energy (IDA ICE) increases a building’s heat 

transfer coefficient for buildings with poor thermal bridges (as the buildings are historic it is assumed 

the thermal bridges are poor). In the calculations for typical buildings 4w-6s it is assumed the bottom 

floor is in direct connection with the ground since there is no specific information about the basement 

dimensions. Notice that in typical buildings 1w-3s there is a crawl space beneath the buildings resulting 

in the same calculation procedure for the bottom floor as for the walls and roof since these building 

components are in direct contact with air on both sides. See Table 6 for a summary of the calculated 

heat transfer coefficients for the typical buildings. 
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Table 6: Calculated heat transfer coefficients for the building components. 

Building 
Roof  

[W/m2°C] 
Floor 

[W/m2°C] 

Walls, without 
thermal bridges 

[W/m2°C] 

Walls, with  
thermal bridges 

 [W/m2°C] 

1w 0.17 1.35 0.57 0.65 

1s 0.17 1.35 1.56 1.80 

2w 0.17 1.35 0.57 0.65 

2s 0.17 1.35 1.56 1.80 

3w 0.17 1.35 0.57 0.65 

3s 0.17 1.35 1.56 1.80 

4w 0.25 0.23 0.59 0.67 

4s 0.25 0.23 1.71 1.97 

5w 0.25 0.23 0.59 0.67 

5s 0.25 0.23 1.71 1.97 

6w 0.25 0.23 0.59 0.67 

6s 0.25 0.23 1.71 1.97 

7w 0.25 0.23 0.59 0.67 

7s 0.25 0.23 1.71 1.97 

8w 0.25 0.23 0.59 0.67 

8s 0.25 0.23 1.71 1.97 

9w 0.25 0.23 0.59 0.67 

9s 0.25 0.23 1.71 1.97 

 

OPERA-MILP calculates LCC depending on cost functions of EEMs and heating systems according to 

Equation 23-Equation 26. Therefore, cost functions are developed for the EEMs and heating systems. The 

Swedish database Wikells [30] is used for estimation of the insulation costs and weatherstripping. Values 

for C1, C2 and C3 are presented for the insulation measures in Table 7. A cost of 326 SEK per window is 

obtained for weatherstripping. 

 

Table 7: Cost functions for the insulation measures for both the stone and wood buildings. 

Building component C1 [SEK/m2] C2 [SEK/m2] C3 [SEK/m2/m] 

Attic floorwood/ Attic floorstone 0/0 298/298 679/679 

Floorwood/ Floorstone 303/303 213/213 799/799 

Inside of external wallwood/ 
Inside of external wallstone 

515/146 655/1 322 1 432/1 432 

Outside of external wallwood/ 
Outside of external wallstone 

823/636 2 003/1 840 1 267/1 267 

 

The constant, C4, for the replacement of windows with respective heat transfer coefficient can be seen 

in Table 8 [31].  
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Table 8: Costs for replacement of windows and respective heat transfer coefficient. 

Window type C4 [SEK/m2] 
Heat transfer coefficient 

[W/m2°C] 

2-panes 6 961 2.5 

3-panes 10 221 1.2 

3-panes + low emission glass 12 328 1.1 

3-panes + low emission glass + gas 13 393 0.9 

 

The constants C6, C7 and C8 for the heating systems are presented in Table 9 using the Swedish 

database Wikells [30] and Adalberth and Wahlström [13]. In the case with district heating the constants 

in Table 9 are obtained assuming the building is connected to the district heating network, i.e., there is 

no connection fee due to installation of pipes to the building from the street, only costs connected to 

the heat exchanger. Regarding the case when district heating is not connected to the building, the 

connection fee from Linköping is used in this thesis (which is added to the costs from Table 9),  

45 000 SEK including VAT [32], as the cost in Visby is classified.  

 

Table 9: Costs for installment of new heating systems. 

Heating system C6 [SEK] C7 [SEK/kW] C8 [SEK/kW] 

District heating 22 611 415 255 

Heat pump 70 746 3 886 35 050 

Wood boiler 67 994 1 153 160 

 

Local costs for electricity and district heating can be seen in Table 10 together with the price of wood 

pellets. Observe that all costs include VAT. An annual fee of 315 SEK is added to the price for district 

heating [33]. The annual cost for fuse of heat pumps varies depending on size: 2,910 SEK and 4,050 SEK 

with size 16 ampere and 20 ampere respectively [34]. 

 

Table 10: Costs for electricity, district heating and pellet. 

Fuel Price [SEK/MWh] 

Electricity 1 144 [34] 

District heating 959 [33] 

Wood pellets 540 [35] 

 

Within the framework of the thesis, environmental impacts in the form of primary energy use and CO2 

emissions are to be investigated as mentioned in section 1.4. Standard values are set for the primary 

energy factors7 of electricity and wood pellets, 2.5 and 1.5 [36]. 0.24 is set as the primary energy factor 

for district heating as this is the local value for Visby [37]. In comparison with the primary energy factors, 

different values are used for the CO2 emissions based on different assumptions regarding electricity 

production and biomass use, resulting in four scenarios, see Table 11. 

 

                                                           
7 The ratio between primary energy use and the final use of energy [36]. 
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Table 11: CO2 emissions from different energy sources. 

Energy source 
CO2 emissions 

[kg/MWh] 
Scenario 1 Scenario 2 Scenario 3 Scenario 4 

District heating in Visby [37] 52 x x x x 

Swedish average electricity production 
[38] 

11 x x   

Nordic marginal electricity production - 
condensing coal power plant [38] 

933   x x 

Wood pellets [38] 4 x  x  

Wood pellets* [38] 336  x  x 
* Condensing coal power plants are assumed to be the marginal user of biomass. 

 

Sveby [39] estimates hot water use, house hold electricity and person heat for single-family houses and 

apartment buildings. The hot water use is distinguished depending on if the residence is a single-family 

house or an apartment building. For single-family houses the hot water use is estimated at 20 

kWh/m2/year and 25 kWh/m2/year for apartment buildings. The household electricity is estimated at 30 

kWh/m2/year for all buildings. 70% of the household electricity can be used as internal heat in the 

building, respectively 20% of the hot water. The person heat is estimated to 8.76 kWh/m2/year for all 

buildings. See Appendix V for a summary of the internal heat gains and hot water use for the typical 

buildings. 

For the calculation of solar gains IDA ICE is used. See Appendix VI where the solar gains are presented. 

Observe that the climate and geographical data of Visby (based on data from American Society of 

Heating, Refrigerating, and Air-Conditioning Engineers) are considered here. The monthly mean 

temperatures in Visby can be seen in Table 12. The indoor temperature in the buildings is set to 21 °C as 

recommended by Public Health Agency of Sweden [40]. 

 

Table 12: Monthly mean temperatures in Visby . 

Month Mean temperature [°C] 

January 0.5 

February - 0.9 

March 2.1 

April 5.3 

May 10.9 

June 14.5 

July 17.2 

August 16.6 

September 12.1 

October 8.2 

November 4.7 

December 0.9 
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The time constant, previously described in section 3.1, for each typical building is given by Equation 21 

from where the corresponding dimensioning winter outdoor temperature is obtained from Boverket, 

Swedish National Board of Housing, Building and Planning [41]. See Table 13 where the dimensioning 

winter outdoor temperature is given by the time constant for the location of Visby. 

 

Table 13: The dimensioning winter outdoor temperature, DVUT, for Visby depending on the time constant of a building [41]. 

Time constant [h] 24 48 72 96 

DVUT [°C] -10.5 -9.9 -9.7 -9.3 

 

Consequently, the dimensioning winter outdoor temperature is calculated for each typical building. Data 

for the materials which are needed in Equation 21 are obtained with the software CES EDUPACK, see 

Table 14. 

 

Table 14: Material data needed for calculations of the time constant. 

Material Cp [J/kg°C] ρ [kg/m3] 

Wood 2 200 800 

Brick 900 1 800 

Limestone 840 2 500 

 

The dimensioning winter outdoor temperature for all typical buildings is presented in Appendix VII along 

with respective time constant. 

The ventilation and infiltration flow for the different buildings are calculated according to Equation 15-

Equation 17. In the thesis, the air flow after weatherstripping equals the ventilation flow from where the 

infiltration is subtracted, which is presented in Appendix VIII for all typical buildings. 

 

5.2.2 Implementation 

The following section describes the execution of the optimization using OPERA-MILP in the thesis.  

First, all of the typical buildings, 1w-9s, are optimized with the objective of finding the lowest LCC in case 

1 and 2. The difference is that in case 2 implementation of EEMs is allowed, and not just implementation 

of heating system. Following the first set of optimizations, all typical buildings are optimized as well with 

the constraint that the energy use is decreased by 50% compared to the original case. If the LCC in case 

2 corresponds to an energy use with a higher decrease than 50%, the EEMs are removed with the most 

expensive EEM removed first, etc., see Figure 7 in section 4.2.1. If EEMs are implemented that affect the 

heritage values of the building a new LCC optimization is made where only the measures that do not 

have an impact on the heritage values can be implemented. The basic principle while considering and 

not considering heritage values in the optimizations is illustrated in Figure 9. 
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Figure 9: Schematic of the basic principle of the LCC optimization while considering and not considering heritage values. 

 

Within the framework of the thesis, how the profitability to energy renovate varies in case 2 and 3 

compared to the reference case (case 1) for the typical buildings is studied. This is executed by 

calculating the specific LCC savings according to Equation 28. It is worth to note that the energy use 

taken into account in the equation is the annual energy use.  

 

 savedsavedngsspec. savi

ngsspec. savi

case 2/3case 1

case 2/3case 1

/WhSEKs LCC saving Specific LCC

LCC
EE

LCCLCC








 

Equation 28: Expression for calculation of specific LCC savings. The difference in LCC between case 1 and case 2 or 3 is divided 
with the difference in annual energy use between case 1 and case 2 or 3. 
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6 RESULTS & ANALYSIS 

The following chapter presents the results of the thesis with the basis in the research questions from 

section 1.4.1. Along with the results, an associated analysis is provided for the reader. 

6.1 RESEARCH QUESTION 1 
This section presents implemented EEMs and heating systems for the studied cases. It is worth to note 

when heat pump is implemented as the heating system, the power is given as electrical.  

Simultaneously, a compilation is provided for the reader of the specific energy use enabling a 

comparison with the Swedish energy requirements, and LCC. The results are first presented for buildings 

1w-3s in Table 15 when district heating is connected to the building and no consideration is taken for 

heritage values, i.e., all EEMs are allowed in the typical buildings for case 2 and 3.  

 

Table 15: Specific energy use, LCC, EEMs and heating system with power for buildings 1w-3s, while district heating is connected 
to the building and no consideration is taken for heritage values. 

District heating connected to the building and no consideration taken for heritage values 

Building - case 

Current 

energy use 

[kWh/m2/year] 

Energy use 

after EEMs 

[kWh/m2/year] 

Decrease in 

energy use 

[%] 

LCC  

[kSEK] 
EEMs 

Heating 

system 

and its 

power 

[kW] 

1w - case 1 190.4 190.4 0.0 565 - WB: 7.65 

1w - case 2 190.4 112.7 40.8 483 FI 28 cm, WS DH: 4.43 

1w - case 3 190.4 95.5 49.8 498 FI 28 cm, EWII 4 cm, WS 

EWII: 4 cm 

W 

DH: 3.42 

1s - case 1 295.1 295.1 0.0 610 - HP: 2.82 

1s - case 2 295.1 86.3 70.8 481 FI 28 cm, EWII 20 cm, WS DH: 3.23 

1s - case 3 295.1 147.5 50.0 562 FI 18 cm, EWII 2 cm, WS DH: 4.98 

2w - case 1 175.7 175.7 0.0 509 - WB: 7.17 

2w - case 2 175.7 98.6 43.9 417 FI 28 cm, WS DH: 3.97 

2w - case 3 175.7 87.7 50.1 429 FI 22 cm, EWII 4 cm, WS DH: 3.61 

2s - case 1 253.8 253.8 0.0 539 - HP: 2.47 

2s - case 2 253.8 81.1 68.0 412 FI 28 cm, EWII 20 cm, WS 

EWOI: 22 cm 

W 

DH: 3.02 

2s - case 3 253.8 126.8 50.0 473 FI 18 cm. EWII 2 cm, WS DH: 4.35 

3w - case 1 168.3 168.3 0.0 536 - WB: 7.92 

3w - case 2 168.3 92.2 45.2 439 FI 28 cm, WS DH: 4.28 

3w - case 3 168.3 84.3 49.9 451 FI 22 cm, EWII 4 cm, WS DH: 3.97 

3s - case 1 227.0 227.0 0.0 560 - HP: 2.62 

3s - case 2 227.0 78.5 65.4 433 FI 28 cm, EWII 20 cm, WS DH: 3.40 

3s - case 3 227.0 113.8 49.9 488 FI 18 cm, EWII 2 cm, WS DH: 4.62 

WS = weatherstripping, FI = floor insulation, EWII = external wall inside insulation, HP = heat pump, DH = district heating and 

WB = wood boiler. 

Wood boiler is implemented as the cost-optimal heating system for all wood buildings in case 1 and heat 

pump for the stone buildings. However, in case 2 and 3 district heating is the cost-optimal heating 

system for all the buildings. Concerning EEMs: weatherstripping and floor insulation are implemented 

for all buildings in case 2 and 3. These EEMs are implemented because of relatively low investment costs 

and high U-value of the floor, 1.35, and the significant decrease in air flow, see Appendix VIII. The 
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implementation of district heating in case 2 and 3 is the result of a rather low investment cost for district 

heating compared to wood boiler and heat pump. The variable cost for district heating is higher than for 

wood pellets and electricity but with the low energy use district heating is the cost-optimal alternative. 

Thereby, it is cost optimal to invest in relatively cheap EEMs together with a low investment cost for the 

heating system even though the variable cost is higher.  

The decrease in energy use for the wood buildings in case 2 varies from 40.8%-45.2% compared to case 

1. The corresponding decrease in energy use is between 65.4-70.8% for the stone buildings in case 2. 

The higher decrease in energy use is explained by the implementation of inside insulation of the external 

wall. This EEM is realized because of the high U-value of the stone walls, 1.8. In case 3, inside insulation 

of the external wall is also implemented in the wood buildings in order to reach the target of a decrease 

by 50% in energy use.  

Regarding how the Swedish energy requirement are fulfilled, which here are 90 kWh/m2/year (see 

Appendix I), all stone buildings in case 2 fulfill the requirements. Wood buildings 2w and 3w also fulfill 

the requirements in case 3. 

The corresponding results (for the same buildings: 1w-3s) when district heating is not connected to the 

building are presented in Table 16. 

 

Table 16: Specific energy use, LCC, EEMs and heating system with power for buildings 1w-3s, while district heating is not 
connected to the building and no consideration is taken for heritage values. 

District heating not connected to the building and no consideration taken for heritage values 

Building - case 

Current 

energy use 

[kWh/m2/year] 

Energy use 

after EEMs 

[kWh/m2/year] 

Decrease in 

energy use 

[%] 

LCC  

[kSEK] 
EEMs 

Heating 

system and 

its power 

[kW] 

1w - case 1 190.4 190.4 0.0 565 - WB - 7.65 

1w - case 2 190.4 114.3 40.0 498 FI 22 cm, WS WB - 5.01 

1w - case 3 190.4 95.3 49.9 521 FI 16 cm, EWII 6 cm, WS WB - 4.33 

1s - case 1 295.1 295.1 0.0 610 - HP - 2.82 

1s - case 2 295.1 90.7 69.3 518 FI 22 cm, EWII 16 cm, WS WB - 3.76 

1s - case 3 295.1 147.5 50.0 566 FI 18 cm, EWII 2 cm, WS WB - 5.57 

2w - case 1 175.7 175.7 0.0 509 - WB - 7.17 

2w - case 2 175.7 100.2 43.0 439 FI 22 cm, WS WB - 4.50 

2w - case 3 175.7 87.7 50.1 458 FI 22 cm, EWII 4 cm, WS WB - 4.03 

2s - case 1 253.8 253.8 0.0 539 - HP - 2.47 

2s - case 2 253.8 84.7 66.6 452 FI 22 cm, EWII 16 cm, WS WB – 3.50 

2s - case 3 253.8 126.8 50.0 487 FI 18 cm, EWII 2 cm, WS WB - 4.86 

3w - case 1 168.3 168.3 0.0 536 - WB - 7.92 

3w - case 2 168.3 93.8 44.3 457 FI 22 cm, WS WB - 4.85 

3w - case 3 168.3 84.3 49.9 474 FI 22 cm, EWII 4 cm, WS WB - 4.43 

3s - case 1 227.0 227.0 0.0 560 - HP - 2.62 

3s - case 2 227.0 81.6 64.1 466 FI 22 cm, EWII 16 cm, WS WB – 3.92 

3s - case 3 227.0 113.8 49.9 498 FI 18 cm, EWII 2 cm, WS WB - 5.16 

WS = weatherstripping, FI = floor insulation, EWII = external wall inside insulation, HP = heat pump and WB = wood boiler. 
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Compared to when district heating is connected to the building, here wood boiler is the cost-optimal 

heating system for all buildings in case 2 and 3. Thereby, when the connection fee for district heating is 

considered the wood boiler is more cost beneficial than district heating from an LCC point of view. As 

seen in case 2 for the buildings, the insulation measures are thinner compared to when district heating 

is connected to the building. Thereby, it is more cost effective to invest in a heating system with a higher 

power output and lower variable cost (wood boiler compared to district heating) than in thicker 

insulation.  

The national energy requirements are fulfilled for wood buildings 2w and 3w in case 3 and for stone 

buildings 2s and 3s in case 2. Generally, the decrease in energy use is higher in case 2 when district 

heating is connected to the building because of the thicker insulation measures. For this reason, stone 

building 1s in case 2 with a specific annual energy use of 90.7 kWh/m2, does not fulfill the requirements.  

The corresponding results for buildings 4w-6s can be seen in Table 17 when district heating is connected 

to the building and no consideration is taken for heritage values. Observe that district heating is not the 

cost-optimal heating system in any of the cases and therefore it is not investigated when district heating 

is not connected to the building with its higher costs. Here it is also important to note that in case 3 for 

wood building 6w, an inappropriate measure (impact on heritage values) is implemented, 3 P-W-3. 

Therefore, an iteration of the case is executed without the inappropriate measure according to Figure 9, 

see Table 18. 
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Table 17: Specific energy use, LCC, EEMs and implemented heating system with power for buildings 4w-6s, while district heating 
is connected to the building and no consideration is taken for heritage values. 

District heating connected to the building and no consideration taken for heritage values 

Building - case 

Current 

energy use 

[kWh/m2/year] 

Energy use 

after EEMs 

[kWh/m2/year] 

Decrease in 

energy use 

[%] 

LCC  

[kSEK] 
EEMs 

Heating 

system and 

its power 

[kW] 

4w - case 1 117.1 117.1 0.0 1 388 - HP: 5.52 

4w - case 2 117.1 108.1 7.7 1 366 WS HP: 5.16 

4w - case 3 117.1 58.7 49.9 1 623 

FI 26 cm, AFI 28 cm, 

EWII 24 cm, 3 P-W-1 

in E+W, WS 

 

 

EWI 

Vindiso. 28 cm 

EWII: 24 cm 

3 glas väst. 3 glas öst 

W 

WB: 10.60 

4s - case 1 207.2 207.2 0.0 1 603 - HP: 8.50 

4s - case 2 207.2 86.7 58.2 1 473 EWII 16 cm, WS WB: 14.22 

4s - case 3 207.2 103.0 50.3 1 546 EWII 6 cm, WS HP: 4.68 

5w - case 1 109.6 109.6 0.0 1 203 - HP: 4.80 

5w - case 2 109.6 101.4 7.5 1 186 WS HP: 4.50 

5w - case 3 109.6 54.9 49.9 1 439 
FI 30 cm, AFI 32 cm, 

EWII 28 cm, 3 P-W-1 

in E+W+N, WS 

WB: 9.09 

5s - case 1 175.6 175.6 0.0 1 331 - HP: 6.77 

5s - case 2 175.6 85.4 51.3 1 241 EWII 16 cm, WS WB: 12,76 

5s - case 3 175.6 86.7 50.6 1 241 EWII 14 cm, WS WB: 12.92 

6w - case 1 96.1 96.1 0.0 964 - HP: 4.18 

6w - case 2 96.1 88.7 7.7 945 WS HP: 3.89 

6w - case 3 96.1 48.5 49.5 1 257 

FI 42 cm, AFI 42 cm, 

EWII 42 cm, 3 P-W-3 

in E+W, WS 

 

WB: 7.82 

6s - case 1 147.0 147.0 0.0 1 064 - HP: 5.72 

6s - case 2 147.0 75.3 48.8 987 EWII 16 cm, WS WB: 11.16 

6s - case 3 147.0 73.4 50.1 989 EWII 22 cm, WS WB: 10.91 

WS = weatherstripping, FI = floor insulation, AFI = attic floor insulation, EWII = external wall inside insulation,  

3 P-W-1 = 3-pane window, 3 P-W-3 = 3-pane window + low emission glass + gas, HP = heat pump, WB = wood boiler, E = east,  

W = west and N = north. 

Table 18: Specific energy use, LCC, EEMs and heating system with power for building 6w in case 3, where consideration is taken 
for heritage values. 

Consideration taken for heritage values 

Building - case 

Current 

energy use 

[kWh/m2/year] 

Energy use 

after EEMs 

[kWh/m2/year] 

Decrease in 

energy use 

[%] 

LCC  

[kSEK] 
EEMs 

Heating 

system and its 

power 

[kW] 

6w - case 3 96.1 50.1 47.9 1 181 

FI 42 cm, AFI 42 cm, 

EWII 42 cm, 3 P-W-1 

in E+W, WS 

WB: 8.06 

WS = weatherstripping, FI = floor insulation, AFI = attic floor insulation, EWII = external wall inside insulation,  

3 P-W-1 = 3-pane window, WB = wood boiler, E = east and W = west. 

 

In case 1 for buildings 4w-6s, the cost-optimal heating systems is heat pump. However, in case 2 heat 

pump and wood boiler are the optimal heating systems for the wood buildings and stone buildings, 

respectively. Another difference between the two types of buildings in case 2 is the implementation of 
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inside insulation of the external wall in the stone buildings leading to a decrease in energy use between 

48.8-58.2% compared to a decrease from 7.5-7.7% for the wood buildings.   

In case 3 all EEMs are implemented in the wood buildings. This is needed in order for the building to 

reach a decrease by 50% in energy use. In case 3 for wood building 6w, the decrease in energy use is 

only 49.5%, despite implementation of the highest allowed number of insulation steps and the windows 

with lowest U-values. It is worth noting about the wood buildings in case 3 the LCC is considerably 

higher compared to case 1 which is explained by the rather low U-values in the reference case. For this 

reason, it is not profitable to reach a decrease in energy use by 50%. The cost-optimal choice is to invest 

in a heat pump together with weatherstripping according to case 2.   

It is important to point out the difference in case 3 for wood building 6w, when consideration is not 

taken for heritage values and when consideration is taken for heritage values. When consideration is 

taken for heritage values, 3 P-W-3 are replaced with 3 P-W-1 resulting in a higher energy use, 1.6% 

(compared to case 1). However, the LCC is decreased from 1,257 MSEK to 1,181 MSEK because of the 

cheaper windows in 3 P-W-1.  

The Swedish energy requirements for Visby, 50 kWh/m2/year, for electrically heated apartment 

buildings, and 80 kWh/m2/year for non-electrically heated apartment buildings, are never achieved 

when heat pump is implemented. However, when wood boiler is implemented the requirements are 

achieved for all wood buildings in case 3 and for stone building 6s in case 2 and 3.   

The corresponding results for buildings 7w-9s can be seen in Table 19 when district heating is connected 

to the building and no consideration is taken for heritage values. Observe here that district heating is 

not the cost-optimal heating system in any of the cases as for buildings 4w-6s, and therefore it is not 

investigated when district heating is not connected to the building with its higher costs. An 

inappropriate measure (impact on heritage values) is implemented, 3 P-W-3, in case 3 for wood building 

9w. The results without the inappropriate measure can be seen in Table 20. 
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Table 19: Specific energy use, LCC, EEMs and heating system with power for buildings 7w-9s, while district heating is connected 
to the building and no consideration is taken for heritage values. 

District heating connected to the building and no consideration taken for heritage values 

Building - case 

Current 

energy use 

[kWh/m2/year] 

Energy use 

after EEMs 

[kWh/m2/year] 

Decrease in 

energy use 

[%] 

LCC  

[kSEK] 
EEMs 

Heating 

system and 

its power 

[kW] 

7w - case 1 117.0 117.0 0.0 1 903 - HP: 7.50 

7w - case 2 117.0 108.6 7.2 1 881 WS HP: 7.05 

7w - case 3 117.0 58.4 50.1 2 222 

AFI 28 cm, EWII 22 

cm, 3 P-W-1 in 

E+W+N+S, WS 

WB: 14.42 

7s - case 1 217.7 217.7 0.0 2 273 - HP: 12.00 

7s - case 2 217.7 85.8 60.6 2 059 

 
EWII, 16 cm, WS HP: 5.42 

7s - case 3 217.7 103.6 52.4 2 110 EWII 6 cm, WS 

W 
HP: 6.35 

8w - case 1 108.8 108.8 0.0 1 643 - HP: 6.48 

8w - case 2 108.8 101.5 6.7 1 627 WS HP: 6.10 

8w - case 3 108.8 54.4 50.0 1 966 

FI 28 cm, AFI 32 cm, 

EWII 26 cm, 3 P-W-1 

in E+W+N, WS 

WB: 12.29 

8s - case 1 182.4 182.4 0.0 1 837 - HP: 9.45 

8s - case 2 182.4 84.0 53.9 1 721 EWII 16 cm, WS WB: 17,06 

8s - case 3 182.4 89.4 51.0 1 729 EWII 10 cm, WS HP: 5.10 

9w - case 1 92.8 92.8 0.0 1 266 - HP: 5.47 

9w - case 2 92.8 86.9 6.4 1 251 WS HP: 5.16 

9w - case 3 92.8 47.3 49.0 1 673 

FI 42 cm, AFI 42 cm, 

EWII 42 cm, 3 P-W-3 

in E+W, WS 

WB: 10.31 

9s - case 1 150.2 150.2 0.0 1 425 - HP: 7.86 

9s - case 2 150.2 72.1 52.0 1 321 EWII 16 cm, WS HP: 4.11 

9s - case 3 150.2 75.0 50.1 1 325 EWII 12 cm, WS HP: 4.23 

WS = weatherstripping, FI = floor insulation, AFI = attic floor insulation, EWII = external wall inside insulation,  

3 P-W-1 = 3-pane window, 3 P-W-3 = 3-pane window + low emission glass + gas, HP = heat pump, WB = wood boiler, E = east,  

W = west, N = north and S = south. 

 
Table 20: Specific energy use, LCC, EEMs and heating system with power for building 9w in case 3, where consideration is taken 

for heritage values. 

Consideration taken for heritage values 

Case 

Current 

energy use 

[kWh/m2/year] 

Energy use 

after EEMs 

[kWh/m2/year] 

Decrease in 

energy use 

[%] 

LCC  

[kSEK] 
EEMs 

Heating 

system and 

its power 

[kW] 

9w - case 3 92.8 49.0 47.2 1 559 

FI 42 cm, AFI 42 cm, 

EWII 42 cm, 3 P-W-1 

in E+W, WS 

WB: 10.68 

WS = weatherstripping, FI = floor insulation, AFI = attic floor insulation, EWII = external wall inside insulation,  

3 P-W-1 = 3-pane window, WB = wood boiler, E = east and W = west. 

 

As mentioned earlier, buildings 7w-9s correspond to buildings 4w-6s, but with the extension of one 

story. The same tendencies can be seen between the buildings concerning the implementation of EEMs. 
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However, heat pump is more frequently implemented as heating system. This is the reason of lower 

variable cost for heat pump compared to wood boiler and higher energy use. Upon closer comparison 

between the energy use per m2 and year, it can be seen that the energy use is increased for the stone 

buildings with the extension of one story, compared to the original ones in buildings 4s-6s. This is 

explained by the high heat transfer coefficient of the wall, 1.97 W/m2°C, and the fact that the heated 

area is increased by a factor of 0.33 while the wall area is increased by a factor of 0.5. With a more equal 

increase between wall area and heated area the results would not be the same.  

Concerning fulfillment of the Swedish energy requirements, wood buildings 7w-9w, in case 3 are the 

only buildings fulfilling the requirements. In the original set of buildings 4w-6s, stone building 6s fulfilled 

the requirements as well in case 2 and 3. But with the implementation of heat pump instead of wood 

boiler in corresponding stone building 9s, the annual energy requirement of 50 kWh/m2 is not fulfilled.  

As in case 3 in wood building 6w, the corresponding case and building here, 9w, does not fulfill the set 

target of a 50% decrease in energy use even though all EEMs are implemented with the highest number 

of insulation steps and windows with the lowest U-value. While heritage values are considered here the 

LCC is decreased but the energy use increased as in case 3 for wood building 6w.  
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6.2 RESEARCH QUESTION 2 
This section presents LCC, primary energy use and CO2 emissions for the studied cases and buildings. 

First, the LCC per m2 is presented in Table 21 and Table 22 for the wood and stone buildings 

respectively.  

 

Table 21: LCC per m2 for all wood buildings.  

[SEK/m2] 
1w: 
DHC 

2w: 
DHC 

3w:  
DHC 

1w:  
DHNC 

2w: 
DHNC 

3w: 
DHNC 

4w: 
DHC 

5w: 
DHC 

6w: 
DHC 

7w: 
DHC 

8w: 
DHC 

9w: 
DHC 

Case 1 5649 4992 4544 5649 4992 4544 3452 3192 2471 3550 3260 2435 

Case 2 4830 4085 3723 4980 4306 3870 3399 3145 2422 3509 3228 2405 

Case 3 4976 4209 3818 5210 4494 4018 4036 3816 3223/3028* 4146 3900 3217/2977* 

DHC=district heating connected to the building. DHNC=district heating not connected to the building. 
*Consideration taken for heritage values. 

 

For wood buildings 1w-3w, both case 2 and 3 have a lower LCC/m2 compared to case 1. However, wood 

buildings 4w-9w, have a higher LCC in case 3 compared to case 1, meaning that it is not economically 

beneficial to decrease the energy use by 50%. The difference between case 1 and 2 for buildings 4w-9w 

is that weatherstripping is implemented in case 2 leading to a slightly lower LCC. 

 

Table 22: LCC per m2 for all stone buildings. 

[SEK/m2] 
1s: 

DHC 
2s: 

DHC 
3s:  

DHC 
1s:  

DHNC 
2s: 

DHNC 
3s: 

DHNC 
4s: 

DHC 
5s: 

DHC 
6s: 

DHC 
7s: 

DHC 
8s: 

DHC 
9s: 

DHC 

Case 1 6849 5990 5279 6849 5990 5279 4274 3815 2930 4545 3958 2944 

Case 2 5407 4581 4088 5822 5017 4398 3929 3555 2718 4119 3709 2730 

Case 3 6320 5255 4601 6361 5413 4698 4124 3557 2725 4221 3727 2738 

DHC=district heating connected to the building. DHNC=district heating not connected to the building. 

 

In comparison with the wood buildings all stone buildings are profitable to energy renovate compared 

to case 1 where no EEMs are allowed.  

With the basis in the calculations of the LCC/m2 for the buildings the total LCC for the building stock is 

calculated, see Figure 10. The annual energy use from the building stock is shown as well in the figure, 

marked in black triangles with corresponding energy use to the right. Note that the energy use is given 

in direct energy use and not based on primary energy. The red marked numbers stand for the 

percentage change compared to case 1, regarding both LCC and annual energy use.  
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Figure 10: LCC and annual energy use for the studied cases. The building categories are shown to the right with corresponding 
share of LCC illustrated in the figure. The percentages marked in red show the decrease in LCC and annual energy use compared 

to case 1. 
DHC=district heating connected to the building. DHNC=district heating not connected to the building. 

*Consideration taken for heritage values. 

 

As Figure 10 illustrates the LCC for the buildings in category 1w is the highest compared to other 
building categories, which is the result of the high number of buildings in this category. The LCC does not 
vary much between the studied cases; the total decrease in LCC is between 3.52-11.11% compared to 
case 1. However, the decrease in energy use is between 45.71-50.15% compared to case 1.  
 

The difference between when district heating is connected to the buildings or not, is a lower LCC while it 

is connected. The reason for this is that district heating is implemented in buildings 1w-3s in case 2 and 

3, see Table 15, which has a lower LCC than in the case when district heating is not connected to the 

building where wood boiler is implemented. In case 2 the decrease in energy use is higher for district 

heating connected to the building because of the implementation of thicker insulation measures in case 

2 for buildings 1w-3s compared to when district heating is not connected to the building. 

It is important again to point out the difference between when consideration is taken for heritage values 

and not in case 3. The LCC is 1 MSEK higher when consideration is not taken for heritage values 

compared to when consideration is taken for heritage values. The reason for this is that windows  

3 P-W-3 are replaced with cheaper windows in 3 P-W-1 in building category 6w. However, the annual 

energy use is increased by 0.04% compared to case 1 because of the change to windows with higher 

heat transfer coefficients. 
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In Table 23, the annual primary energy use per m2 for wood buildings 1w-9w is presented. 

 

Table 23: Annual primary energy use per m2 for all wood buildings. 

[kWh/m2] 
1w: 
DHC 

2w: 
DHC 

3w:  
DHC 

1w:  
DHNC 

2w: 
DHNC 

3w: 
DHNC 

4w: 
DHC 

5w: 
DH 

6w: 
DHC 

7w: 
DHC 

8w: 
DHC 

9w: 
DHC 

Case 1 336 310 297 336 310 297 98 91 80 97 91 77 

Case 2 28 25 23 202 177 166 90 84 74 91 85 72 

Case 3 24 22 21 168 155 149 103 97 86/88* 103 96 83/86* 

                              DHC=district heating connected to the building. DHNC=district heating not connected to the building. 

 *Consideration taken for heritage values. 

 

The primary energy use for case 1 is significantly higher for buildings 1w-3w due to the fact that the 

specific energy use is also the highest for these buildings. Another reason is that wood boiler is 

implemented as the heating system (primary energy factor for wood pellets that is set to 1.5 and the 

efficiency of the wood boiler, 0.85, which results in even more primary energy being used compared to 

the energy used in the building). For buildings 4w-9w, heat pump is implemented as the heating system. 

The energy used in the building is divided by 3 because of the efficiency of the heat pump and finally 

multiplied by 2.5, the primary energy factor for electricity. This, together with lower specific energy use, 

gives a rather low primary energy use compared to buildings 1w-3w. 

In case 2, the same behavior is seen between the wood boiler and heat pump as in case 1 regarding 

lower primary energy use when heat pump is implemented because of the primary energy factors used. 

However, district heating is implemented as the heating system when it is connected to the building in 

buildings 1w-3w. Because of its low primary energy factor, 0.24, the primary energy use is significantly 

lower in these buildings. 

In case 3, the pattern between district heating and wood boiler (heat pump is never implemented in 

case 3) is the same with a significantly lower primary energy use when district heating is implemented. It 

is worth mentioning that for buildings 6w and 9w, when consideration is taken for heritage values the 

primary energy use is slightly higher than when heritage values are not considered. This is explained by 

the higher energy use when heritage values are considered.  

The corresponding results for stone buildings 1s-9s are presented in Table 24. 

  

Table 24: Annual primary energy use per m2 for all stone buildings. 

[kWh/m2] 
1s: 

DHC 
2s: 

DHC 
3s:  

DHC 
1s:  

DHNC 
2s: 

DHNC 
3s: 

DHNC 
4s: 

DHC 
5s: 

DHC 
6s: 

DHC 
7s: 

DHC 
8s: 

DHC 
9s: 

DHC 

Case 1  246 212 189  246 212 189 173 146 122 181 152  125     

Case 2 22  20 20 160 150 144 153 151 133 71 148 60     

Case 3 37 32 29 260 224 201 86 153 130 86  75 63 

DHC=district heating connected to the building. DHNC=district heating not connected to the building. 

 

Throughout the buildings in case 1, heat pump is implemented as the heating system. As can be seen for 

the wood buildings as well, the primary energy use is significantly lower when district heating is 
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implemented as the heating system in case 2 and 3 for stone buildings 1s-3s. It is worth noting that for 

buildings 1s-3s, when district heating is not connected to the building the primary energy use is higher in 

case 3 compared to case 1 even though the energy use is decreased by 50%. This is because of the 

change of heating system between the cases, from heat pump in case 1 to wood boiler in case 3. The 

same impact on primary energy use can be seen in buildings 4s-9s, when heat pump is replaced by wood 

boiler in the studied cases. 

With the primary energy use per m2 and year obtained for all categories, the annual primary energy use 

is calculated for the studied building stock, see Figure 11. 

 

 

Figure 11: The annual primary energy use for the studied cases. The building categories are shown to the right with 
corresponding share illustrated in the figure. The percentages marked in red show the decrease compared to case 1. 

DHC=district heating connected to the building. DHNC=district heating not connected to the building. 
*Consideration taken for heritage values. 

 

As Figure 11 shows, the primary energy use is substantially higher when district heating is not connected 

to the building in both case 2 and 3. This is explained by the high number of buildings especially in 

categories 1w and 2w together with the fact that district heating (which has the lowest primary energy 

factor, 0.24, see 5.2.1) is implemented as the heating system for these buildings when it is connected to 

the building. While district heating is connected to the building the decrease in primary energy use is 

higher compared to the decrease in energy use, see Figure 10. The opposite behavior can be seen when 
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district heating is not connected to the building, a higher decrease in energy use compared to the 

decrease in primary energy use.  

The annual CO2 emissions per m2 for the four scenarios from Table 11 are presented in Table 25 for the 

wood buildings and in Table 26 for the stone buildings. 

 

Table 25: Annual CO2 emissions per m2 for the studied cases and scenarios for all wood buildings. S1=scenario 1, etc. 

[kg CO2/ 
m2] 

1w: 
DHC 

2w: 
DHC 

3w:  
DHC 

1w:  
DHNC 

2w: 
DHNC 

3w: 
DHNC 

4w: 
DHC 

5w: 
DH 

6w: 
DHC 

7w: 
DHC 

8w: 
DHC 

9w: 
DHC 

Case 1 - S1 0.90 0.83 0.79 0.90 0.83 0.79 0.43 0.40 0.35 0.43 0.40 0.34 

Case 2 - S1 6.17 5.39 5.05 0.54 0.47 0.44 0.40 0.37 0.33 0.40 0.37 0.32 

Case 3 - S1 5.23 4.80 4.62 0.45 0.41 0.40 0.28 0.26 0.23/0.24* 0.28 0.26 0.22/0.23* 

Case 1 - S2 75.25 69.46 66.53 75.25 69.46 66.53 0.43 0.40 0.35 0.43 0.40 0.34 

Case 2 - S2 6.17 5.39 5.05 45.19 39.61 37.08 0.40 0.37 0.33 0.40 0.37 0.32 

Case 3 - S2 5.23 4.80 4.62 37.68 34.67 33.34 23.16 21.69 19.19/19.80* 23.13 21.52 18.69/19.37* 

Case 1 - S3 0.90 0.83 0.79 0.90 0.83 0.79 36.43 34.10 29.89 36.37 33.84 28.87 

Case 2 - S3 6.17 5.39 5.05 0.54 0.47 0.44 33.61 31.53 27.58 33.85 31.63 27.01 

Case 3 - S3 5.23 4.80 4.62 0.45 0.41 0.40 0.28 0.26 0.23/0.24* 0.28 0.26 0.22/0.23* 

Case 1 - S4 75.25 69.46 66.53 75.25 69.46 66.53 36.43 34.10 29.89 36.37 33.84 28.87 

Case 2 - S4 6.17 5.39 5.05 45.19 39.61 37.08 33.61 31.53 27.58 33.85 31.63 27.01 

Case 3 - S4 5.23 4.80 4.62 37.68 34.67 33.34 23.16 21.69 19.19/19.80* 23.13 21.52 18.69/19.37* 

 DHC=district heating is connected to the building. DHNC=district heating is not connected to the building.                                   
* Consideration taken for heritage values. 

 

Table 26: Annual CO2 emissions per m2 for the studied cases and scenarios for all stone buildings. S1=scenario 1, etc. 

[kg CO2/ 
m2] 

1s: 
DHC 

2s: 
DHC 

3s:  
DHC 

1s:  
DHNC 

2s: 
DHNC 

3s: 
DHNC 

4s: 
DHC 

5s: 
DHC 

6s: 
DHC 

7s: 
DHC 

8s: 
DHC 

9s: 
DHC 

Case 1 - S1 1.08 0.93 0.83 1.08 0.93 0.83 0.76 0.64 0.54 0.80 0.67 0.55 

Case 2 - S1 4.72 4.44 4.30 0.43 0.40 0.38 0.41 0.40 0.35 0.31 0.40 0.26 

Case 3 - S1 8.07 6.94 6.23 0.69 0.60 0.54 0.38 0.41 0.35 0.38 0.33 0.28 

Case 1 - S2 1.08 0.93 0.83 1.08 0.93 0.83 0.76 0.64 0.54 0.80 0.67 0.55 

Case 2 - S2 4.72 4.44 4.30 35.83 33.49 32.26 34.27 33.78 29.76 0.31 33.20 0.26 

Case 3 - S2 8.07 6.94 6.23 58.30 50.12 44.98 0.38 34.25 29.02 0.38 0.33 0.28 

Case 1 - S3 91.78 78.94 70.60 91.78 78.94 70.60 64.43 54.60 45.70 67.69 56.73 
 

46.71 

Case 2 - S3 4.72 4.44 4.30 0.43 0.40 0.38 0.41 0.40 0.35 26.28 0.40 22.42 

Case 3 - S3 8.07 6.94 6.23 0.69 0.60 0.54 32.03 0.41 0.35 32.23 27.81 23.33 

Case 1 - S4 91.78 78.94 70.60 91.78 78.94 70.60 64.43 54.60 45.70 67.69 56.73 
 

46.71 

Case 2 - S4 4.72 4.44 4.30 35.83 33.49 32.26 34.27 33.78 29.76 26.28 33.20 22.42 

Case 3 - S4 8.07 6.94 6.23 58.30 50.12 44.98 32.03 34.25 29.02 32.23 27.81 23.33 

DHC=district heating is connected to the building. DHNC=district heating is not connected to the building. 

 

The CO2 emissions for scenario 1 are ≤ 1.08 kg CO2/m2 for all buildings except for buildings 1w-3s, when 

district heating is connected to the building in case 2 and 3. Here the CO2 emissions vary between 4.30-

8.07 kg CO2/m2. The reason for the higher emissions in these cases is the higher CO2 emission from 

district heating, 52 kg/MWh, compared to the Swedish average electricity production, 11 kg/MWh, and 

wood pellets, 4 kg/MWh. 
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In scenario 2, the CO2 emissions from wood pellets are changed to 336 kg/MWh. This leads to 84 times 

higher CO2 emission for all cases where wood boiler is implemented as the heating system. In scenario 3 

the CO2 emissions for wood pellets are the same as in scenario 1, but the CO2 emissions from electricity 

is Nordic marginal production, 933 kg/MWh. The results from this change is that for the cases when 

heat pump is implemented, the CO2 emissions are almost 85 times higher compared to the previous 

ones. In scenario 4, the CO2 emissions for wood pellets are changed to 336 kg/MWh. Thereby, in 

scenario 4 the average CO2 emissions are the highest compared to other scenarios.  

The annual CO2 emissions from the studied building stock are presented in Figure 10 for scenario 1.  

 

 

Figure 12: The annual CO2 emissions for the different cases for scenario 1. The building categories are shown to the right with 
corresponding share illustrated in the figure. The percentages marked in red equal the change compared to case 1.                                                                                                                                                   

 DHC=district heating connected to the building. DHNC=district heating not connected to the building. 
*Consideration taken for heritage values. 

 

Large differences in the results occur between when district heating is connected to the building or not. 

The increase in CO2 emissions varies from 211.67%-224.17% compared to case 1 when district heating is 

connected to the building. However, the corresponding percentage is a decrease between  

39.17-44.17% when district heating is not connected to the building. The differences occur because of 

the large CO2 emissions in buildings 1w-3s when district heating is implemented as the heating system in 

case 2 and 3 when district heating is connected to the building.  
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The corresponding results for scenario 2 are presented in Figure 13. 

 

 

Figure 13: The annual CO2 emissions for the different cases for scenario 2. The building categories are shown to the right with 
corresponding share illustrated in the figure. The percentages marked in red equal the change compared to case 1.                                                                                                                                                     

DHC=district heating connected to the building. DHNC=district heating not connected to the building. 
*Consideration taken for heritage values. 

 

With CO2 emissions of 336 kg/MWh for wood pellets the impact from the cases with wood boiler as 

heating system is noticeable, especially for buildings 1w and 2w in case 1 which together account for 

51.6% of the number of buildings in the building stock, see Table 2. Compared to scenario 1, the change 

of CO2 emissions on wood pellets lead to emissions larger when district heating is not connected to the 

building in case 2 and 3 in comparison with case 1. For district heating connected to the building, the 

CO2 emissions in case 2 and 3 are smaller in comparison with case 1.  

The corresponding results for scenario 3 are presented in Figure 14. 
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Figure 14: The annual CO2 emissions for the different cases for scenario 3. The building categories are shown to the right with 
corresponding share illustrated in the figure. The percentages marked in red equal the decrease compared to case 1.                                                                                                                                                     

DHC=district heating connected to the building. DHNC=district heating not connected to the building. 
*Consideration taken for heritage values. 

 

The decrease in CO2 emissions for all cases varies between 78.79-85.20% compared to case 1. The CO2 

emission factor for wood pellets is the same as in scenario 1, but the CO2 emissions for electricity are 

933 kg/MWh. In case 1 for all stone categories and for wood categories 4w-6w, heat pump is 

implemented as the heating system, hence the large CO2 emissions in case 1. The large CO2 emissions 

from building category 4s in case 3 are worth noting. This is because heat pump is only implemented in 

building 4s in case 3.  

The corresponding results for scenario 4 are presented in Figure 15.  
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Figure 15: The annual CO2 emissions for the different cases for scenario 4. The building categories are shown to the right with 
corresponding share illustrated in the figure. The percentages marked in red equal the decrease compared to case 1.                                                                                                                                                   

DHC=district heating connected to the building. DHNC=district heating not connected to the building. 
*Consideration taken for heritage values. 

 

The CO2 emissions decrease is between 39.03-64.55% in case 2 and 3 compared to case 1. In general, 

the CO2 emissions are the largest in this scenario because electricity is assumed to be Nordic marginal 

production and condensing coal power plants are assumed to be the marginal user of biomass. A 

noticeable difference is seen between when district heating is connected to the building or not, because 

in case 2 and 3 for buildings 1w-3s, district heating is replaced by the wood boiler, which has higher CO2 

emissions in this scenario. 
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6.3 RESEARCH QUESTION 3 
This section presents the profitability to energy renovate by calculating the specific LCC savings for case 

2 and 3 compared to the reference case (case 1). Figure 16 presents the specific LCC savings for case 2 

compared to case 1 when district heating is connected to the building. 

 

 

Figure 16: Specific LCC savings for case 2 compared to case 1 when district heating is connected to the building. The buildings 
with the highest specific LCC savings to the left in descending order. 

 

As the figure shows, buildings 1w-3w are the most cost beneficial in which to implement EEMs in. The 

cost savings for every saved kWh varies between 10.5-11.8 SEK for these buildings. The high cost savings 

are explained mainly by the choice of EEMs: weatherstripping and floor insulation. Both EEMs are 

relatively cheap in comparison to other EEMs. This in combination with the considerable decrease in 

losses from infiltration, see Appendix VIII, because of weatherstripping and high U-value of the floor, 

1.35, cause high cost savings for every kWh saved. The least profitable buildings are 4s-9s, with cost 

savings between 2.5-3.2 SEKsaved/kWhsaved. The reason for the low cost savings is the implementation of 

inside insulation of the external wall, see Table 17 and Table 19, which is rather expensive to implement, 

see Table 7. Nonetheless, the cost for every kWh saved in these buildings is decreased as well. The rest 

of the buildings (stone buildings 1s-3s, and wood buildings 4w-9w) have specific LCC savings between 

4.4-8.2 SEKsaved/kWhsaved. The main reason buildings 1s-3s have higher specific LCC savings than 4s-9s is 

because floor insulation is also implemented, which is significantly cheaper than inside insulation of the 

external wall. 

The corresponding results when district heating is not connected to the building are presented in Figure 

17. 
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Figure 17: Specific LCC savings for case 2 compared to case 1 when district heating is not connected to the building. The 
buildings with the highest specific LCC savings to the left in descending order. 

 

The same tendencies are seen between which buildings are cost optimal to implement EEMs when 

district heating is not connected to the building. Buildings 1w-3w have the highest specific LCC savings, 

8.8-9.1 SEKsaved/kWhsaved, followed by stone buildings 1s-3s and wood buildings 4w-9w, with cost savings 

between 4.4-6.7 SEKsaved/kWhsaved. The specific LCC savings for buildings 4s-9s are obviously the same as 

when district heating is connected to the building, 2.5-3.2 SEKsaved/kWhsaved. 

Figure 18 presents the corresponding results for case 3 compared to case 1 when district heating is 

connected to the building. 
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Figure 18: Specific LCC savings for case 3 compared to case 1 when district heating is connected to the building. The buildings 
with the highest specific LCC savings to the left in descending order. 

*Consideration taken for heritage values. 

 

The same behavior is seen for the buildings with the highest specific LCC saving for case 3 compared to 

case 1 as for case 2 compared to case 1; buildings 1w-3w have the highest cost savings varying between 

7.1-8.9 SEKsaved/kWhsaved. Building 1s-9s have specific LCC savings between 1.4-6.0 SEKsaved/kWhsaved. As 

the figure shows, a cost occurs for every saved kWh for buildings 4w-9w, which varies between  

10.0-17.2 SEKsaved/kWhsaved. This is the reason for rather low U-values in case 1 leading to the fact that all 

EEMs are implemented, see Table 17-Table 20, in order to decrease the energy use by 50%, which in an 

economic point of view is not profitable. Worth to note is that buildings 6w and 9w have higher specific 

LCC losses when consideration is not taken for heritage values. This is reasonable because of the small 

decrease in energy use, 1.6% for building 6w and 1.8% for building 9w, but the considerable increase in 

LCC, 76kSEK for building 6w and 114 kSEK for building 9w, when no consideration is taken for heritage 

values compared to when consideration is taken for heritage values, see Table 17-Table 20. 

The corresponding results when district heating is not connected to the building are presented in Figure 

19.  
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Figure 19: Specific LCC savings for case 3 compared to case 1 when district heating is not connected to the building. The 
buildings with the highest specific LCC savings to the left in descending order. 

*Consideration taken for heritage values. 

 

Throughout the buildings, the same buildings have specific LCC savings or losses as when district heating 

is connected to the building. Buildings 1w-3w and buildings 1s-9s have specific LCC savings between 1.4-

6.3 SEKsaved/kWhsaved, and buildings 4w-9w have negative specific LCC savings between 10.0-17.2 

SEKsaved/kWhsaved. 
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7  DISCUSSION 

This chapter discuss the use of OPERA-MILP in the thesis followed by a discussion of the results with basis 

in the impact from input data and the three research questions from section 1.4.1. 

7.1 METHOD 
With the use of OPERA-MILP during the thesis a number of limitations emerge, as mentioned in section 

1.5. The EEMs that are applicable in OPERA-MILP affect the possibility for decrease of energy use in the 

buildings, but also the LCC. For example, implementation of an FTX system can lead to energy savings 

between 50-60% compared to a system without an FTX system [42]. Depending on its cost function the 

end result from a FTX-system in OPERA-MILP is possibly affected significantly.  

Another limitation using OPERA-MILP is that the cost for weatherstripping and window replacement is 

constant and not dependent on size. This means that longer lengths for weatherstripping and bigger 

windows are benefited because the true cost for these are probably higher than the ones used in the 

thesis. A solution to overcome this problem is to develop separate costs for each building, but this was 

not considered feasible within the time frame of the thesis.  

Concerning the energy calculations in OPERA-MILP, the calculations are executed on monthly mean 

temperatures. Hence, no consideration is taken for the daily variations in temperatures which in turn 

affect the heat demand of the building. Neither is the heat storage capacity of the building taken into 

account. These simplifications evidently affect the heat demand of the building but the energy 

calculations still give an approximate value of the heat demand.   

7.2 RESULTS 
In general, a factor that obviously has a significant impact on all results of the thesis is the input data. 

This applies for the assumed efficiencies of the heating systems, the assumed life lengths, cost functions, 

as well as input data for the energy calculations: building component properties and indoor and outdoor 

temperatures. The mentioned input data are in many cases estimated for general cases, e.g. the cost 

function of the heating systems. Realistically, the implementation of a heating system in a building and 

its costs are unique for a specific building.  

Also worth mentioning regarding the input data is the connection fee for district heating. In this thesis 

the connection fee from Linköping is used because the fee from Visby is classified. The actual connection 

fee from Visby is probably higher than the one used because of the heritage values in Visby leading to 

higher expenses for e.g. earthmoving. The results show that district heating is not profitable for any of 

the buildings when it is not connected to the building. Thereby, it is necessary to decrease either the 

connection fee or the variable cost if district heating is to be economical in comparison with wood boiler 

and heat pump.  

Concerning the studied cases in the thesis it is important to point out that for each case the lowest LCC 

is obtained. Throughout the thesis case 2 and 3 are compared to case 1. Case 1 is implemented with the 

cost-optimal heating system without any EEMs. Realistically, buildings are often not implemented with 

the cost-optimal heating system, i.e. the profitability to energy renovate is probably higher than what 

the results from this thesis shows.  



 

56 
 

In view of research question 1 it is important to mention that for the buildings that achieve the Swedish 

energy requirements, OPERA-MILP does not include property energy and cooling which are included in 

the requirements, see Appendix I. With the property energy and cooling included in the cases that 

barely meet the requirements, the energy use might exceed the requirements. It is also worth to note 

for the cases where only weatherstripping is implemented that the Swedish requirements consider 

buildings which have undergone major renovation, which is not the case when only weatherstripping is 

implemented. The implementation of heating system in research question 1 does not only depend on 

the cost functions, efficiencies and life lengths of the heating systems. Cost for the fuels is another 

important factor, but also the cost functions and life lengths of the EEMs. District heating is 

implemented in case 2 and 3 for buildings 1w-3s when it is connected to the building even though its 

variable cost is the highest. This is the reason for its low investment costs and the implementation of a 

number of cost-effective EEMs that decrease the energy use. In case 1, heat pump is implemented in all 

buildings except for buildings 1w-3w, where wood boiler is implemented. This indicates that heat pumps 

are cost optimal for buildings with high energy use and where EEMs are not implemented because of its 

low variable cost compared to the other heating systems. The reason for the implementation of wood 

boiler in buildings 1w-3w is because of its lower investment costs compared to heat pump and the lower 

energy use in the wood buildings, which in turn is explained by the lower U-values on the walls of the 

wood buildings. However, in case 2 and 3, as mentioned earlier it is not possible to determine the 

heating system based on energy use and cost functions and life lengths from the heating systems. The 

fuel cost together with the cost functions and life lengths of the EEMs affect the end result as well. 

Regarding research question 2, the CO2 emissions are calculated according to four different scenarios 

with different assumptions regarding electricity production and biomass use, see Table 11. The results 

show that the CO2 emissions in the different scenarios strongly depend on the assumptions made about 

electricity production and biomass use. When the marginal electricity approach is applied (scenario 3 

and 4), the electricity use is strongly connected to the large CO2 emissions. Since the electricity use is 

decreased significantly in case 2 and 3 compared to case 1, the CO2 emissions are also decreased 

significantly which is not the case in scenario 1 and 2 where Swedish average electricity production is 

used. It is also worth to note the emission factor used for district heating, which is set to the local value 

for Visby. 81% of the fuel input for district heating in Visby originates from biomass [37]. With CO2 

emissions of 52 kg/MWh for district heating it is not likely that condensing coal power plants are 

assumed to be the marginal user of the biomass used for district heating. Changing to marginal 

approach on the biomass for district heating, the CO2 emission factor is to be increased significantly. 

In view of research question 3, it is crucial to point out the calculations of the profitability to energy 

renovate, see Equation 28. The LCC and annual energy use in case 2 and 3 are compared to case 1. By 

this, specific LCC savings are obtained for every annual saved kWh. By an alternate calculation approach 

the profitability to energy renovate might be affected. However, with the calculation approach used the 

profitability to energy renovate is considered to be reflected in a relevant way by the differentiation in 

LCC and annual energy use between the studied cases.  
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8 CONCLUSIONS 

The thesis shows that weatherstripping is profitable for all buildings in case 2 (optimal LCC) and 3 

(decrease by 50% in energy use). It is also the case for floor insulation in buildings 1w-3s, and inside 

insulation of the external wall for all stone buildings. The cost-optimal heating system is heat pump for 

all buildings in case 1 (reference case), except for wood buildings 1w-3w, where wood boiler is cost 

optimal. In case 2 and 3, district heating is cost optimal in buildings 1w-3s, when district heating is 

connected to the building. In the other buildings in case 2 and 3, either the wood boiler or heat pump is 

the cost-optimal alternative. The reader is referred to Table 15-Table 20 for a compilation of the 

implemented EEMs and heating system for respective case and building.  

The thesis also shows that it is economically viable to implement EEMs in the studied building stock. In 

case 2 and 3, compared to case 1, the LCC is lowered by between 3.5-11.1%. The primary energy use is 

decreased as well compared to the reference case with a decrease of 23.6-57.1%. Corresponding results 

for CO2 emission vary depending on what scenario (based on different assumptions related to electricity 

production and biomass use) is studied. In scenario 1, the emissions are increased by 212-224% 

compared to the reference case and lowered by 39-44% when district heating is connected to the 

building or not. Corresponding percentages in scenario 2 are decreases of 21-28% and increases of 27-

38%, in scenario 3 decreases of 79-80% and 84-85%, and in scenario 4 decreases of 61-65% and 39-44%. 

Within the thesis it is also shown that the profitability to energy renovate in buildings 1w-3w is the 

highest in case 2 compared to case 1 with specific LCC savings between 8.8-11.8 SEKsaved/kWhsaved. Stone 

building 4s-9s have the lowest savings of 2.5-3.2 SEKsaved/kWhsaved. The savings for the rest of the 

buildings in case 2 are 4.4-8.2 SEKsaved/kWhsaved. In case 3 a cost occurs for every annual kWh saved in 

buildings 4w-9w, varying between 10.0-17.2 SEKsaved/kWhsaved. The specific LCC savings for the rest of the 

buildings are 1.4-8.9 SEKsaved/kWhsaved.  
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APPENDIX I  

For newly built buildings and for buildings where a major renovation has been made the energy 

requirement levels in Sweden differ depending on the location of the building and type of building [5]. 

Four different climate zones are established leading to an adaption of the requirement levels of energy 

use for each zone. It is worth to mention that Visby is located in zone 3. 

The buildings are separated into three categories: single-family houses, apartment building and facilities. 

Observe that buildings 1w-3s are studied as single-family houses and buildings 4w-9s as apartment 

buildings in this thesis. A differentiation is also made between electrically heated buildings, e.g. heat 

pump, and non-electrically heated buildings. See Chart I for a presentation of the requirement levels of 

the different climate zones. It shall be emphasized that the requirement levels consider heating, cooling, 

hot water and property energy (energy connected to the energy demand of the building, such as 

lighting). Notice as well that the area considered in Chart I is the heated area in a building.  

 

Chart I: Requirement levels for energy use for the three different types of buildings in the climate zones [5]. 

 
Climate zones 

Electrically heated buildings 
[kWh/m2/year] 

Non-electrically heated building 
[kWh/m2/year] 

Single-family 
houses 

Apartment 
buildings 

Facilities 
Single-family 

houses 
Apartment 
buildings 

Facilities 

Climate zone 1 95 85 85 130 115 105 

Climate zone 2 75 65 65 110 100 90 

Climate zone 3 55 50 50 90 80 70 

Climate zone 4 50 45 45 80 75 65 
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APPENDIX II 

 

Chart II: The number of degree hours obtained from an average annual temperature, Taverage,, and the balance temperature, 
Tbalance. The chart is from Dahlblom and Warfvinge [24]. 
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APPENDIX III 

 

Chart III: Material compositions for the roof, floor and walls of the buildings.  

Materials in the different building components [m]  

Building Roof Floor Walls 

1w 
wood boards: 0.02, 

insulation: 0.2 

stone: 0.02, 
brick: 0.12,  

wood boards: 0.05 

plaster: 0.02, 
timber: 0.2, 

chipboard: 0.02 

1s 
wood boards: 0.02, 

insulation: 0.2 

stone: 0.02, 
brick: 0.12,  

wood boards: 0.05 

plaster: 0.02, 
limestone: 0.4, 
chipboard: 0.02 

2w 
wood boards: 0.02, 

insulation: 0.2 

stone: 0.02, 
brick: 0.12,  

wood boards: 0.05 

plaster: 0.02, 
timber: 0.2, 

chipboard: 0.02 

2s 
wood boards: 0.02, 

insulation: 0.2 

stone: 0.02, 
brick: 0.12,  

wood boards: 0.05 

plaster: 0.02, 
limestone: 0.4, 
chipboard: 0.02 

3w 
wood boards: 0.02, 

insulation: 0.2 

stone: 0.02, 
brick: 0.12,  

wood boards: 0.05 

plaster: 0.02, 
timber: 0.2, 

chipboard: 0.02 

3s 
wood boards: 0.02, 

insulation: 0.2 

stone: 0.02, 
brick: 0.12,  

wood boards: 0.05 

plaster: 0.02, 
limestone: 0.4, 
chipboard: 0.02 

4w 
wood boards: 0.038, 

insulation: 0.125, 
wood boards: 0.025 

wood boards: 0.038, 
insulation: 0.1, 

wood boards: 0.04 

wood boards: 0.2, 
chip board: 0.012, 

plaster: 0.02 

4s 
wood boards: 0.038, 

insulation: 0.125, 
wood boards: 0.025 

wood boards: 0.038, 
insulation: 0.1, 

wood boards: 0.04 

plaster: 0.02, 
limestone: 0.4, 

chipboard: 0.012 

5w 
wood boards: 0.038, 

insulation: 0.125, 
wood boards: 0.025 

wood boards: 0.038, 
insulation: 0.1, 

wood boards: 0.04 

wood boards: 0.2, 
chip board: 0.012, 

plaster: 0.02 

5s 
wood boards: 0.038, 

insulation: 0.125, 
wood boards: 0.025 

wood boards: 0.038, 
insulation: 0.1, 

wood boards: 0.04 

plaster: 0.02, 
limestone: 0.4, 

chipboard: 0.012 

6w 
wood boards: 0.038, 

insulation: 0.125, 
wood boards: 0.025 

wood boards: 0.038, 
insulation: 0.1, 

wood boards: 0.04 

wood boards: 0.2, 
chip board: 0.012, 

plaster: 0.02 

6s 
wood boards: 0.038, 

insulation: 0.125, 
wood boards: 0.025 

wood boards: 0.038, 
insulation: 0.1, 

wood boards: 0.04 

plaster: 0.02, 
limestone: 0.4, 

chipboard: 0.012 
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APPENDIX IV 

 

Chart IV: Number of windows with respective placement and the size of each window for buildings 1w-6s.  

Specific information about the windows 

Building Placement and quantity Size/window [m2] 

1w 
North: 2, East: 3, 
South: 2, West: 3 

North: 0.94,East: 1.44, 
South: 0.94,West: 1.44 

1s 
North: 2, East: 3, 
South: 2, West: 3 

North: 0.94, East: 1.44, 
South: 0.94, West: 1.44 

2w 
North: 0, East: 3, 
South: 2, West: 2 

North: 0, East: 1.7, 
South: 0.8, West: 1.7 

2s 
North: 0, East: 3, 
South: 2, West: 2 

North: 0, East: 1.7, 
South: 0.8, West: 1.7 

3w 
North: 0, East: 4, 
South: 0, West: 4 

North: 0, East: 1.37, 
South: 0, West: 1.37 

3s 
North: 0, East: 4, 
South: 0, West: 4 

North: 0, East: 1.37, 
South: 0, West: 1.37 

4w 
North: 4, East: 8, 
South: 4, West: 8 

North: 1.2, East: 2.1, 
South: 1.2, West: 2.1 

4s 
North: 4, East: 8, 
South: 4, West: 8 

North: 1.2, East: 2.1, 
South: 1.2, West: 2.1 

5w 
North: 6, East: 7, 
South: 0, West: 8 

North: 1.6, East: 2, 
South: 0, West: 2 

5s 
North: 6, East: 7, 
South: 0, West: 8 

North: 1.6, East: 2, 
South: 0, West: 2 

6w 
North: 0, East: 8, 
South: 0, West: 8 

North: 0, East: 1.37, 
South: 0, West: 1.37 

6s 
North: 0, East: 8, 
South: 0, West: 8 

North: 0, East: 1.37, 
South: 0, West: 1.37 
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Chart V: Number of windows with respective placement and the size of each window for buildings 7w-9s.  

Building Quantity Size/window [m2] 

7w 
North: 6, East: 12, 
South: 6, West: 12 

North: 1.2, East: 2.1, 
South: 1.2, West: 2.1 

7s 
North: 6, East: 12, 
South: 6, West: 12 

North: 1.2, East: 2.1, 
South: 1.2, West: 2.1 

8w 
North: 9, East: 11, 
South: 0, West: 12 

North: 1.6, East: 2, 
South: 0, West: 2 

8s 
North: 9, East: 11, 
South: 0, West: 12 

North: 1.6, East: 2, 
South: 0, West: 2 

9w 
North: 0, East: 12, 
South: 0, West: 12 

North: 0, East: 1.37, 
South: 0, West: 1.37 

9s 
North: 0, East: 12, 
South: 0, West: 12 

North: 0, East: 1.37, 
South: 0, West: 1.37 
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APPENDIX V 

 

Chart VI: Summary of internal heat gains and hot water use for the typical buildings. The total internal heat gains(shown to the 
left in the chart) consist of person heat, heat from electrial appliances and heat gain from hot water. For buildings 7w-9s, the 

heated area is increased by a factor of 0.33 compared to corresponding buildings 4w-6s. Therefore, the total internal heat gains 
and hot water use are added with the same factor for buildings 7w-9s.    

Building 

Total 
internal heat 

gains 
[kWh/month] 

Person heat per 
month 

[kWh/month] 

Internal heat  
from electrical  

appliances 
[kWh/month] 

Internal heat gain 
from hot water 
[kWh/month] 

Hot water use 
[kWh/month] 

1w 281 73 175 33 167 

1s 251 65 156 30 149 

2w 287 75 179 34 170 

2s 253 66 158 30 150 

3w 332 86 207 39 197 

3s 298 77 186 35 177 

4w 1164 293 704 168 838 

4s 1086 274 656 156 781 

5w 1092 275 660 157 785 

5s 1011 255 611 145 727 

6w 1130 285 683 163 813 

6s 1052 265 635 151 756 

7w 1552    1117 

7s 1448    1041 

8w 1456    1047 

8s 1348    969 

9w 1507    1084 

9s 1403    1008 
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APPENDIX VI 

 

Chart VII: Calculated solar gains per m2 window area in south, east, north and west using IDA ICE.  

kWh South East North West 

Jan. 14.4 3.7 1.3 5.1 

Feb 22.6 7.8 3.9 10.6 

Mar. 44.8 18.5 11.2 36.5 

Apr. 57.7 35.9 19.9 48.0 

May. 57.1 57.1 31.7 59.8 

Jun. 50.3 55.1 35.6 61.6 

Jul. 53.4 56.4 34.5 61.8 

Aug. 50.4 42.6 23.9 48.0 

Sep. 45.5 27.2 14.7 34.8 

Oct 31.1 12.6 6.6 16.6 

Nov. 18.8 4.9 1.9 7.1 

Dec. 13.8 2.5 0.4 4.3 
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APPENDIX VII 

 

Chart VIII: The calculated time constants of the typical buildings with respective dimensioning winter outdoor temperature.  

Building Time constant [h] DVUT [°C] 

1w 34 -10.3 

1s 40 -10.1 

2w 32 -10.3 

2s 39 -10.1 

3w 28 -10.4 

3s 34 -10.3 

4w 35 -10.2 

4s 37 -10.2 

5w 32 -10.3 

5s 33 -10.3 

6w 31 -10.3 

6s 31 -10.3 

7w 38 -10.2 

7s 38 -10.2 

8w 35 -10.2 

8s 34 -10.3 

9w 33 -10.3 

9s 33 -10.3 
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APPENDIX VIII 

 

Chart IX: The total air flow consisting of both ventilation and infiltration. In the thesis, after weatherstripping the air flow 

consists of only ventilation. Note that the unit is given in air renewals per hour. 

Building Ventilation and infiltration [REN/h] Decreased air flow [REN/h] Ventilation [REN/h] 

1w 0.74 0.17 0.57 

1s 0.76 0.19 0.57 

2w 0.73 0.16 0.57 

2s 0.75 0.18 0.57 

3w 0.72 0.15 0.57 

3s 0.73 0.16 0.57 

4w 0.64 0.11 0.53 

4s 0.65 0.12 0.53 

5w 0.63 0.10 0.53 

5s 0.64 0.11 0.53 

6w 0.62 0.09 0.53 

6s 0.62 0.09 0.53 

7w 0.61 0.10 0.51 

7s 0.62 0.11 0.51 

8w 0.60 0.09 0.51 

8s 0.60 0.09 0.51 

9w 0.58 0.07 0.51 

9s 0.59 0.08 0.51 

 


