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Abstract  
 
As the requirement for specific energy usage is tightened it becomes more important to 
ensure that the most cost-efficient combinations of energy saving measures are 
presented. This master thesis have been developed based on one main research 
question and two sub-questions; How can MOBO and IDA ICE be utilized to identify cost-
efficient combinations of energy saving measures to meet tightened requirements for 
specific energy usage?; Which parameters are included in such an utilization?; and How 
can the number of interesting data points be decreased so that the most appropriate 
solution is found?. In order to answer the questions MOBO and IDA ICE have been 
utilized by varying different windows, the amount of insulation in external floors and 
roofs as well as different air handling units can be varied simultaneously. Thus the most 
cost-efficient combinations of energy saving measures can be obtained through a 
systematic approach. Furthermore a cost-efficiency analysis has been made for 
installation of waste water heat exchanger, solar PVs and a pre-heating system for 
ventilation air. The cost-efficiency analysis is made from a basis of a tightened 
requirement of specific energy usage by 30 %.  
 
The results have been obtained by utilizing MOBO in combination with IDA ICE. By a 
large number of simulations through MOBO on four case studies the most cost-efficient 
combination of energy saving measures is presented. By simulations on different case 
studies it was shown that the shape of the Pareto fronts are similar. The results show 
that it is important to set the initial conditions of a building so that it is possible to reach 
tightened requirements for specific energy usage. In case the initial conditions are poor 
it can be seen that the requirement cannot be met cost-efficient since the number of 
energy saving measures are large and the relative investment cost increases rapidly.  
 
The conclusion of the main research question is that MOBO could be used in an early 
stage of the development process so that the initial conditions can be set in such a way 
that the tightened requirements for specific energy usage can be met cost-efficient.  
Cost-efficient combinations of energy saving measures can be identified by utilizing 
MOBO in combination with IDA ICE. Furthermore, energy saving measures that result in 
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a significant energy saving to a relatively small additional investment cost can be found. 
Lastly, by utilizing MOBO new technical platforms can be developed with a systematic 
approach.  
 
The conclusion of the first sub-question is that the following parameters are included; 
three different AHUs, three different window resources with different u-values, two 
different external walls, three different amount of additional insulation in the roof and 
two different amount of insulation in the external floor. Furthermore, the results 
obtained by utilizing MOBO and IDA ICE can be combined by installations of WWHex 
and solar PVs in case it is cost-efficient. An additional analysis should be made for each 
case. 
 
The conclusion of the last sub-question is that the number of interesting data point can 
be reduced by only use the Pareto front. In addition a tightened requirement of specific 
energy usage in combination with a budget requirement results in only a few 
appropriate combinations of energy saving measures.  
 
Key-words: IDA ICE, MOBO, tightened energy requirements, cost-efficient solutions, specific 
energy usage  
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Sammanfattning 
 
I takt med att energikraven i byggnader skärps ställs det allt högre krav på att 
säkerställa att de mest kostnadseffektiva lösningarna presenteras. Denna 
mastersuppsats har baserats på en huvudfrågeställning och två delfrågeställningar; Hur 
kan MOBO och IDA ICE användas för att hitta kostnadseffektiva kombinationer av 
energibesparande åtgärder, för att uppnå skärpta krav på specifik energianvändning?; 
Vilka parametrar inkluderas i en sådan användning?; och Hur kan antalet intressanta 
datapunkter reduceras så att den mest lämpliga kombinationen av energibesparande 
åtgärder presenteras?. För att besvara dessa frågor har MOBO och IDA ICE används där 
olika fönster, mängd isolering i tak och grundplatta samt olika luftbehandlingsaggregat 
varierats samtidigt. Detta för att erhålls de mest kostnadseffektiva lösningarna på ett 
systematiskt sätt. Vidare har en kostnadseffektivitetsanalys gjorts för installation av 
avloppsvärmeväxlare, solceller samt ett förvärmningssystem för ventilationsluft. 
Kostnadseffektivitetsanalysen är utförd utifrån tesen att kravet på specifik 
energianvändning troligtvis kommer att skärpas med 30 %.  
 
De resultat som erhållits är framtagna med användning av MOBO i kombination med 
IDA ICE. Efter ett flertal simuleringar med hjälp av MOBO och IDA ICE har resultat 
erhållits där de mest kostnadseffektiva kombinationerna av energibesparande åtgärder 
för olika fallstudier kan presenteras. Efter att MOBO används på olika byggnader har det 
visats att formen på Pareto-fronterna är av samma karaktär. De resultat som erhållits 
visar att det är viktigt att säkerställa att de initiala förutsättningarna möjliggör att det 
går att uppnå skärpta energikrav. Vid mindre bra grundförutsättningar blir det inte 
kostnadseffektivt att uppnå ett skärpt energikrav eftersom antalet energibesparande 
åtgärder blir fler och därmed skenar den relativa investeringskostnaden iväg onödigt 
mycket. 
 
Slutssaten av huvudfrågeställningen är att genom att använda MOBO i ett tidigt skede av 
projekteringen kan de initiala förutsättningarna sättas på ett sådant sätt att det är 
möjligt att uppfylla skärpta energikrav kostnadseffektivit. Genom användning av MOBO 
kan kombinationer av energibesparande åtgärder utvärderas på ett systematiskt sätt. 
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Vidare kan åtgärder som har en relativt liten investeringskostnad och som samtidigt har 
en signifikant energibesparing identifieras. Dessutom kan MOBO användas för att 
utveckla de tekniska plattformarna.   
 
Slutsatsen av den första delfrågan är att följande parametrar inkluderas; tre olika 
luftbehandlingsaggregat, tre olika fönster med olika U-värden, två olika ytterväggar, tre 
olika mängder tilläggsisolering i tak samt två olika mängder isolering i grundplattan. 
Vidare kan resultaten som erhållits med hjälp av MOBO och IDA ICE fördelaktigt 
analyseras i kombination med ytterligare åtgärder såsom avloppsvärmeväxlare och 
solceller utifrån en kostnadseffektivitetsanalys. I ännu sällsynta fall kan det vara aktuellt 
med installation av ett förvärmningssystem för ventilationsluft.  
 
Slutsatsen av den andra delfrågan är att antalet intressanta mätpunkter kan reduceras 
genom att enbart studera Pareto-fronten samt att ett skärpt energikrav i kombination av 
ett budgetkrav enbart ger ett fåtal passande kombinationer av energibesparande 
åtgärder. 
 
Nyckelord: IDA ICE, MOBO, skärpta energikrav, kostnadseffektiva lösningar, specifik 
energianvändning 
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Abbreviation and Nomenclature  
 

Designation Unit Explanation 
Acir [m2] The summarized area of circumference building 

components surfaces towards heated indoor air. 
Circumference building components refers to such 
building components which limits the heated 
components against land or partly heated spaces 

          [m2] The buildings envelope area  

AHU  Air Handing Unit 
Ai [m2] The area of a building component i’s surface 

towards heated air indoor. (For windows, doors 
etc. the external frame is included)  

      [m2] Temperate indoor floor area (heated above 10 °C) 

BBR  Boverket’s Building Regulations 
BFS  Boverket’s regulatory code 
Boverket  National Board of Housing, Building and Planning 
         Budget requirement  

   [kJ/kg*K] Specific heat capacity of air  

      Budget requirement for a reference case  

CP  Crossover Probability 
DHW   Domestic Hot Water  
Energiavtal 12   Sectorial agreement of energy performance 

deviations  
EU  European Union  
GA  Genetic Algorithm  
HVAC  Heat Ventilation and Air Conditioning 
IDA ICE  IDA Indoor Climate and Energy 
KTHB  The library of the Royal Institute of Technology 
lk [m] The length towards heated indoor air of the linear 

thermal bridge k 
MOBO  Multi-Objective Building Optimization 
MOO  Multi-Objective Optimization 
MP    Mutation Probability  
n1  The number of possible values of the first discrete 

variable 
nc  The number of continuous variables 
nx  The number of possible values of the last discrete 

variable 
Polysun  Simulation tool for solar PVs 
PV  Photovoltaic 
QBBR [kWh/m2 

Atemp and 
year] 

The specific energy usage requirement set by 
Boverket  

 ̇         [kWh] The total required energy for a building 

 ̇     [kWh/m2 

Atemp and 
Building specific energy use  
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year] 

 ̇        [kWh] Energy for cooling purposes  

 ̇    [kWh] Energy for domestic hot water  

 ̇   [kWh] Energy for electricity  

 ̇              [kWh] Heat surpluses from electrical appliances  

 ̇        [kWh] The total required net heat load  

 ̇    [kWh] Internal heat gains  

 ̇             [kWh] Infiltration heat losses 

 ̇       [kWh] Heat dissipation from people  

     [kWh/m2 

Atemp and 
year] 

Specific Energy Usage of the reference case  

     [kWh/m2 

Atemp and 
year] 

Specific Energy Usage of the Requirement 

 ̇       [kWh] Solar radiation surpluses  

 ̇             [kWh] Transmission heat losses 

 ̇            [kWh] Ventilation heat losses 

RoK  Rooms and Kitchen 
SF  Shape Factor 
SFP  Specific Fan Power  
Sveby  Standardisation and verification of energy 

performance for buildings 
THU  Technique and Sustainable Development  
tice [°C] Temperature for ice formation in the AHU 
        [°C] Indoor temperature 
         [°C] Outdoor temperature  
          

 [°C] Temperature of air supplied to an AHU 

Um [W/m2*K] The average heat transfer coefficient for building 
components and thermal bridges  

Ui [W/m2*K] Heat transfer coefficient for an individual building 
components 

 ̇ [m3/s] Volumetric ventilation air flow  

WWC  Warm Water Circulation  
WWHex  Waste Water Heat Exchange  
     - Heat exchange effectiveness  
  [kg/m3] Density of air  
   [h] The i:th hour 
    [h] Operation time  

      [h] Number of hours of one year  

χj [W/K] Heat transfer coefficient for a point shaped 
thermal bridge j  

Ψk [W/m*K] Heat transfer coefficient for a linear thermal 
bridge k 
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1. Introduction  
 
The energy usage in buildings and the corresponding impact on the environment is a 
contributing factor to climate changes (European Commission , 2016). A large share of 
the energy usage in buildings is used for heating, electricity and domestic hot water in 
order to obtain a good thermal indoor climate. To reduce the environmental impact 
from buildings, new buildings should be nearly zero-energy buildings no later than 
December 31th 2020 according to a directive from the European Union (EU). This 
directive aims to reduce the energy usage in EU’s buildings (European Commission , 
2016). As Sweden is a member of EU the directive must be fulfilled. The Swedish Energy 
Agency, in co-operation with Boverket, has developed a program which forms a basis for 
how the building regulations regarding rational use of energy can be set against the 
requirements set by the EU. Another purpose is to raise awareness for how to construct 
buildings with a low energy usage (Eriksson, Linton, & Pettersson, 2015). In order to 
satisfy the international requirements and national goals for energy usage, Boverket has 
set minimum requirements for the level of energy usages that must be met. These 
requirements are the Swedish interpretation of the EU requirements (Boverket , 2009). 
Currently the requirement for specific energy usage of a multi-family building is 80 
kWh/m2 and year in climate zone three with a non-electric heating system. The 
requirements for the specific energy usage are probably going to be even tighter within 
four years. Boverket proposes a reduction in specific energy usage by 30 % which would 
means a requirement for a specific energy usage of 55 kWh/m2 and year for new multi-
family buildings (Boverket, 2015a).  
 
It has been shown that the number of technical systems is reduced during the 
development process of buildings by analysing the causes of and consequences for 
problems in completed buildings. A possible motive might be that the building owner 
not has been totally sure about what is needed in order to meet the requirements. 
Another reason could be that the architect did not realize early enough the impact of the 
building shape on the technical systems and possibilities to meet the building owner’s 
requirements. The development group probably realized late into the process that the 
chosen shape factor of the building caused impossibilities to address the demands. This 
can result in a building with a worse energy performance than expected compared to a 
case where the function requirements, the design of technical systems and installation 
solutions have been coordinated throughout the process (Abel & Elmroth, 2006). 
 
The possibility to affect the building’s shape and technical systems is dependent on how 
far the project has come. The longer the development process has come, the more it 
costs to make changes. In the best case, the changes are made within the stage 
Formulation of requirements, when the relative cost for each change is small compared 
to the cost for the same measure later on in the process. The cumulative cost from the 
formulation of requirements to a completed building in operation can be seen in Figure 
1 (Abel & Elmroth, 2006). 
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Figure 1: The cumulative cost for a building process (Abel & Elmroth, 2006) 

 
In traditional construction processes there is no owner for the function as a whole and 
usually it is the lowest cost that directs the design of the building. The possibility for 
analysis and an evaluation of technical construction solutions from an energy point of 
view is usually small before a decision of the configuration is taken (Kvist & Nordström, 
2008). As the requirements for specific energy usage is tightened by Boverket, it 
becomes important to ensure that the most cost-efficient energy measures are taken in 
order to meet the requirements in terms of energy usage during the development of new 
buildings. Along with the requirements for specific energy usage there are two criteria 
for energy efficiency that needs to be fulfilled both at once (Abel & Elmroth, 2006): 
 

- Technical solutions or measures in order to reduce the energy usage cannot 
decrease the function of the building, thermal indoor climate or technical quality.  

- The resource use for the technical solutions or measures that reduces the energy 
demand must be balanced to the total energy saved.   

 

1.1 A Practical Future Problem 
 
In order to develop energy simulations at NCC there are three central parts to obtain 
good results today; a well-defined work process, reliable software and high competence 
of the employees. NCC has developed routines for the energy simulation process where 
the idea is that the routines will be the same regardless of who performs them. However, 
the work processes for residences, offices and facilities deviate somewhat. It is due to 
the fact that different input data for the user of the building is different and have to be 
treated thereafter. Sveby’s input data for offices and residents is used provided that no 
other reliable input data for the user is available. In the initial step of the process 
standard template values are of greater use and are refined later in the process.  
 
Technical platforms are a way to standardize and simplify the development of new 
multi-family houses at NCC. The idea is to be able to use the platforms in a wide range of 
projects. Each platform includes a detailed description of how different building 
components should be built. For example there are platforms for different external walls 
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but there is no restriction for the geometry of the building. Most often there are 
restrictions in the detailed development plan given by the municipality. Therefore a 
technical platform including the geometry will be limited to a small range of projects 
and is therefore excluded.  
 
According to three employees at NCC, the general procedure when starting up a new 
project of a multi-family building starts with initial meetings. Depending on specific 
requirements of the project, the participants at the meeting might vary. Examples of 
participants are a project manager, architects and specialists within the areas heat, 
ventilation and air conditioning (HVAC), domestic hot water (DHW) and sanitary, 
construction and electricity as well as energy. However, an energy specialist is not 
always present. Notes are taken during the initial meetings so that other involved in the 
project can be informed.  
 
In case the requirements for specific energy usage are met, no auxiliary actions are 
taken. Therefore, most often the energy simulations are not optimized from an energy 
perspective. If the requirements for specific energy usage are not met sufficiently, the 
energy specialist usually proposes measures to decrease the specific energy usage and 
the expected energy saving. Currently additional costs needed in order to meet the 
energy requirements are allocated from the project budget.  
 
In order to make sure the energy and budget requirements are met simultaneously the 
ultimate responsibility is on the project manager. However, the process is experienced 
as complex and might not always be as clear at a first sight. The property developer is 
responsible to make sure that the requirements of the specific energy usage set by 
Boverket are met. In tandem NCC is responsible to achieve the budget goals as well as 
the energy requirements set during the development process. At the point when the 
building is taken into service an energy usage monitoring is made. The results can 
deviate from the theoretical values obtained from the energy simulations. This does not 
necessarily imply that the estimated energy usage is wrong. Since the operator of the 
building has a large impact on the energy usage, this might be one reason to explain the 
difference between theoretical and real energy usages. In order to make good 
theoretical estimations of the energy usages, the follow-up process is important in order 
to learn more about the operators.  
 
Energiavtal 12 (Sveby, 2012a) is a sectorial agreement to deal with deviations in energy 
performance between the theoretically estimated and the measured energy usage. This 
agreement needs to be attached to the initial construction documents in order to be 
valid. There is still no precedent of an agreement where the stipulated requirements 
have not been met, however there are a few cases up for hearing in court in which have 
not been officially published yet (Sveby, 2016). Thus there is a risk of an increasing 
number of conflicts as the requirements for specific energy usage is sharpened.  
 
With the information above in mind, at least one question remains. Is it possible to find 
cost-efficient solutions to meet the requirements for specific energy usage within multi-
family buildings in a more systematic way?   
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1.2 Aim and Goal  
 
The aim of this master thesis is to investigate how tightened requirements for specific 
energy usage can be met cost-efficient and in a systematic way. The goal of the thesis is 
to utilize the software “IDA Indoor Climate and Energy” (IDA ICE) and “Multi-Objective 
Building Optimization” (MOBO) so that the aim can be fulfilled.  

1.3 Problem Formulation  
 
In order to meet the aim and goal this master thesis is developed from a basis of one 
main research question and two sub-questions. 
 
 The main research question is:  
 

 How can MOBO and IDA ICE be utilized to identify cost-efficient combinations of 
energy saving measures, to meet tightened requirements for specific energy 
usage?  

 
The sub-questions are: 
 

 Which parameters are included in such an utilization? 
 How can the number of interesting data points be decreased so that the most 

appropriate solution is found?  

1.4 Delimitations  
 
The focus is directed towards multi-family buildings located in “climate zone III” 
according to the definition by Boverket.  The system boundary for a typical multi-family 
building can be seen in Figure 2 (Boverket , 2009).  
 

 
Figure 2: The system boundary for a building. 
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This is the system boundary that will be used throughout the thesis for the multi-family 
buildings. Furthermore, a few case studies have been investigated. As NCC is the 
constituent of the project, the thesis is delimited to multi-family buildings built by NCC. 
All case studies are a few years old which mean they were developed with other market 
aspect. This could for example be increased cost for windows etc. The choices of case 
studies are delimited to houses including an air handling unit system with heat recovery. 
The optimization tool MOBO is connectable to multiple energy simulation programs. 
However, this master thesis is delimited to the energy simulation program IDA ICE.  
 
All energy usage measures are reliable. The data used for different energy saving 
measures have been anchored to reality as there is no point of having an optimal 
combination of energy saving measure where the technical solutions are not on the 
market.  
 
The total cost of measures to meet the requirement for specific energy usage is 
significant for the life cycle cost of a typical multi-family building. However, this point of 
view is not included in this thesis wherefore it is disregarded. The analysis will be 
focusing on the specific energy usage and the corresponding relative investment cost. 
Due to company secrets, the specific cost for each energy measure will be excluded.  
 
The investment costs for different energy saving measure are dependent on the building 
method. The investment cost for pre-fabricated building components are most often 
more expensive than site built components. Simultaneously the installation cost is lower 
for the pre-fabricated building components and higher for site built once. As this thesis 
is based on the relative investment cost, only the site built components have been 
studied. This is in order to have comparable relative investment costs.  
 
It is assumed that the building can be expanded in all direction wherefore the local plan 
is neglected as well as other regulations according to deviations from the original 
building permit. No considerations have been taken to the possibility that certain 
measures could have an impact on living area and gross floor area.    
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2. Methodology   
 
This chapter aim to describe the overall method for this thesis. Initially the method used 
for interviews with NCC employees is presented. This is followed by the approach used 
to find relevant theory for this thesis. Further on, a brief description of how the cost for 
different building components and technical systems were obtained is presented. 
Moreover, the method used to utilize MOBO and IDA ICE to find cost-efficient 
combinations of energy saving measures is presented. Lastly the method used for a 
sensitivity analysis will be presented.   

2.1 Interviews  
 
In order to briefly map how NCC works with energy simulations today, three interviews 
have been made with three employees at the division of Technique and Sustainable 
Development (THU). In order to trace similarities and differences within the work 
process at the division of THU in Stockholm, Gothenburg and Malmö, one person per 
office location was interviewed. The three persons have a similar background within 
NCC, wherefore their answers can be compared.  
 
The interviews were made according to a qualitative method which aimed to give a 
broader view of how NCC works with energy simulations and questions regarding costs 
currently. The questions were of an open character in order to let the interviewed 
persons describe the approach with their own words. Furthermore, all three 
participants answered the same questions. The questions for the interviews can be seen 
in Appendix A.   

2.2  Literature Study  
 
The literature study was made by searching for books and reports mostly in the data 
bases provided by the library of the Royal Institute of Technology (KTHB). The theory 
about energy usage in buildings was collected from the textbooks used within the 
master’s program Sustainable Energy Technology. Furthermore, books provided by 
Boverket were of interest as well as published reports at BeBo which is The Swedish 
Energy Agency constituent group for ration use of energy in multi-family buildings. In 
addition to that Boverket’s building regulations have been used to find definitions of 
important terms and expressions.  
 
The theory about the Pareto principle and Pareto optimality was found by the databases 
of KTHB. When using the following search terms “Pareto optimality”, “Pareto principle”, 
“multi-objective optimization” it resulted in a list of research articles where the principle 
and optimization method was applied. By investigating the references used within 
research articles it was possible to find a source for the Pareto Principle and the Pareto 
Optimality. By using the search term “multi-objective building optimization” the number 
of reports and articles were less than when using “multi-objective optimization”.  

2.3  Cost Investigation 
 
In order to investigate desirable cost parameters for different energy saving measures, 
an evaluation of possible energy saving measures during the design process was 
developed. It was made by reading old energy simulation reports as well as NCC’s 
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technical platforms. It gave a hint of cost parameters of interest. Furthermore, an initial 
investigation of MOBO clarified possibilities to insert cost parameters and hence 
resulted in an indication of proposed units for the desirable costs.  Receiving desirable 
cost parameters was preceded by a large number of e-mails to employees at NCC’s 
department of purchase.  

2.4  Utilization of MOBO  
 
The utilization of MOBO in combination with IDA ICE was started by connecting the 
software by using a manual. The user need to connect the software as MOBO is 
connectable to multiple energy simulation programs. This was followed by testing an 
simple imaginary building. Initially the window size was changed and the optimum size 
of the window was optimized in relation to the energy usage. Furthermore, other 
envelope related parameter was tested in order to learn how MOBO and IDA ICE 
worked. The aim of this development process was to determine the possibilities of IDA 
ICE and MOBO, how different parameters of interest could be inserted in MOBO for 
optimization and how results were presented. The method used to learn about different 
parameters was one-factor-at-a-time (Saltelli, 2002).  The starting point was the 
envelope of the building with a focus on u-values of different building components. 
Therefore, four objectives were of significance; windows, external walls, roof and 
external floor.   
 
The next step of the development process was to try the method used for an imaginary 
building on four real buildings. These four buildings have been used as reference cases 
as each case has different initial conditions. The number of iterations has been carefully 
chosen between a good statistical basis and calculation time. According to probability 
theory the sample collection should be random and the number of observations should 
at least exceed thirty data point. However, increasing number of data points will 
consequently result in a larger statistical basis. Hence, the conclusions drawn from a 
statistical analysis will be more accurate (JCGM, 2008). Therefore, at least eighty data 
point per simulations have been made for the reference models. An evaluation of the 
data points have been made to investigate if any patterns can be seen. Thereafter 
conclusions were drawn and an attempt to explain patterns was presented. 
 
Even if sufficient numbers of simulations have been made, it can be seen that some 
possible data points have been left out. In the ideal world the number of simulations 
should be as large as possible in order to find all possible combinations of the input data. 
However, the limitation in time makes it impossible. Therefore, this has been kept in 
mind when the results were analysed. 

2.5 Sensitivity Analysis 
 
The sensitivity analysis was made by a cost sensitivity analysis based on the two most 
influencing parameters of the Pareto fronts. The analysis was based on the cost as the 
uncertainty of the cost was larger compared by the uncertainty of the specific energy 
usage. The results were analyzed in relation to the reference Pareto front of each case 
study. This was made in order to see if the optimal combination of parameter was 
changed due to the uncertainty in costs.   
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3. Theory 
 
This section aims to handle important aspects within buildings that affect the energy 
usages as well as factors that contribute to heat losses. It is followed by a brief 
introduction to Swedish authorities as well as significant concepts and requirements 
that are of interest for this thesis. The last part includes theory about optimization of 
costs and energy simultaneously as well as theory about accuracy in energy simulations.  

3.1  Energy Usage in Buildings  
 
The energy usage in buildings is a result of maintaining a desirable and comfortable 
thermal indoor climate for the residents. This energy is mostly used for heating, 
ventilation, domestic hot water and electricity. In order to quantify the demand for 
energy Boverket (Boverket, 2015b) defines the building’s energy usage as the energy 
supplied to a building during a normal year under the premise that the building is used 
under normal conditions. Usually energy is referred to as purchased energy. The 
building’s energy use can be determined by Equation 1. 
 
Equation 1: The buildings energy usage 

 ̇          ̇         ̇         ̇     ̇    ̇     ̇       

 
Since cooling is uncommon in multi-family buildings in Sweden it can usually be 
neglected. If floor heating, towel heater or other devices for heating is installed their 
energy demand should be counted for in the energy usage.  
 
A more common way to express the energy demand for a multi-family building is the 
building’s specific energy usage. It is defined as the building’s energy usage distributed 
on the temperate area (Boverket, 2015b). The household energy is not accounted for. 
Neither should the building’s specific energy usage include the auxiliary energy used for 
more than heating, ventilation and DHW that are required to achieve the indoor quality 
requirements. In addition to heating the building requires property electricity. It is for 
lighting and service of stairwells, elevators, garage and outdoor lighting. Furthermore, 
some electricity is used for operation purpose like fans in air handling units (AHU) and 
apartment aggregates as well as circulation pumps. The buildings specific energy usage 
can be determined by Equation 2.  
 
Equation 2: The buildings specific energy usage 

 ̇     
 ̇        

     
 

 
When new buildings are in the design and development phase the specific energy usage 
is usually estimated. As the requirements for specific energy usage becomes tightened, it 
becomes more important to make an investigation of the expected requirement of 
energy at an early stage of the process. The requirement for energy usage is correlated 
to the building permit. Wherefore the limit for specific energy usage is set at a very early 
stage of the process. Furthermore, it means that actions to meet the specific energy 
usage at a later phase of the project can possibly be expensive. According to BBR 22 
(Boverket, 2015b) the restrictions for of the buildings specific energy use in climate 
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zone III are set as can be seen in Table 1. The restriction constitutes that the building is 
not heated by electric heating. Note that there are many versions of the BBR. As BBR 22 
is the latest version this was used for requirements, terms and definitions.  
 

Table 1: Requirements for multi-family houses regarding energy in climate zone III (not electric heated 
buildings) 

Building The buildings 
specific energy 
use [kWh/m2 Atemp 
and year] 

Average heat 
transfer coefficient 
Um [W/m2K] 

The envelopes 
average 
infiltration at 50 
Pa pressure 
difference  
[l/s m2] 

Multi-family house 
80 0.40 

According to 
section 9:25(III) 

Multi-family house 
where Atemp is 50 m2 
or larger. 
Furthermore, the 
predominant part 
(>50 % Atemp) 
contains flats with a 
living area of 
maximum 35 m2 

each 

90 0.40 
According to 

section 9:25(III) 

 
(III) Section 9:25 in BBR 22 refers to the buildings envelope airtightness. The restriction in BBR 22 is defined 
as “The building’s envelope should be designed so that the requirements for the buildings specific energy 
usages and installed effect for heating is obtained”. 

3.1.1 The Building Envelope  
 
The building envelope aims to separate the outdoor climate from the indoor climate. 
Different building components have different thermal resistances derived from 
convection, radiation and conduction. Therefore, the total heat transfer through 
different building components is different. A thermal bridge arises between building 
components with poor insulation. This can for example be the case with balcony fixings. 
Heat transmissions trough the building envelope is undesirable but non excludable. 
They appear due to a temperature difference between indoor and outdoor design 
temperatures. Furthermore, infiltration losses are a result of air leakages through the 
envelope of a building. The infiltration occurs due to pressure differences between 
outdoors and indoors. New buildings should have an envelope air tightness around 0.3 
litres per second and square metre so that infiltration will have a small impact on the 
total heat losses. The envelope air tightness may have a significant impact on the 
ventilation system and hence the total energy demand of the building if it is above 0.5 
litres per second and square metre (Havtun, Bohdanowicz, E, & G, 2014).  
 
The infiltration heat losses can be divided into two groups; sensible and latent heat 
losses. The sensible heat is required energy to raise the air leakages from outdoor 
temperature to the desired indoor temperature. Furthermore, the latent heat is the 
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required energy for evaporation of moisture. The total infiltration heat losses can be 
determined by Equation 3 (Havtun, Bohdanowicz, E, & G, 2014).  
 
Equation 3: Infiltration heat losses 

 ̇               ̇       (                )        

 
Another aspect of the building is the shape factor. It is defined as the ratio between its 
temperate area and its enclosing area. Reduced surface area reduces the heat losses 
through the envelope and vice versa, wherefore the shape factor should be kept low 
when designing a new building due to energy purposes (Danielski, Fröling, & Joelsson). 
The shape factor of a building is defined as the enclosing area over the temperate area; 
see Equation 4 (FEBY, 2012). 
 
Equation 4: Shape factor 

   
    
     

 

3.1.2 Thermal Comfort and Indoor Climate  
 
A central aspect of buildings is to ensure a healthy and comfortable indoor climate since 
humans are spending a large portion of their time indoors. There are four groups of 
aspects that should be considered. The first one is chemicals, including airborne 
chemicals like mists, fumes and solids. The second group is biological including bacteria, 
viruses and fungi. The third group handles physical aspects like noise, vibrations, 
temperature and forces. The last group includes ergonomic aspects for the user (Havtun, 
Bohdanowicz, E, & G, 2014). 
 
The Swedish Public Health Agency sets the general council for indoor operative 
temperature and average air velocity in multi-family building (Carlson, 2014). The 
minimum and recommended values for the operative temperature and the average air 
velocity are shown in Table 2. The desirable indoor temperature might vary due to age 
and health but also on different location of the occupant zone.  
 
Table 2: General council for indoor temperature and average air velocity 

 Minimum value Recommended value  

Operative temperature 18 °C 20-23 °C (I) 

Average air velocity   Not above 0.15 m/s (II) 

(I) For sensitive groups the recommended operative temperature is 22-24 °C. 
(II) If the operative temperature is above 24 °C, higher average air velocities are 

acceptable.  

3.1.3 Ventilation  
 
A ventilation system is needed in order to deal with the four aspects of thermal comfort 
and indoor climate. Ventilation implies that exhaust air is replaced by fresh air. 
According to the Swedish Public Health Authority the minimum required ventilation for 
residents is 0.35 litres per second and square meter or 4 litre per second and person. 
The minimum required air changes per hour are 0.5 (Carlson, 2014).  In Sweden it is not 
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legally acceptable to recirculate the ventilation air. Therefore, heat losses occur when 
warm ventilation air is exchanged by fresh cold outdoor air. The ventilation losses can 
be determined by Equation 5 (Havtun, Bohdanowicz, E, & G, 2014).  
 
Equation 5: Ventilation heat losses 

 ̇                 ̇          
(                )  (      )      

 
During winter it happens that the temperature drops. Simultaneously the indoor 
temperature should be close to constant in order to have a comfortable indoor climate. 
It means that a temperature difference between the outdoor temperature and the 
indoor design temperature increases when the outdoor temperature drops. Higher 
temperature differences contribute to larger heat losses. Therefore the heating demand 
increases. In order to reduce the heat losses the heat recovery efficiency becomes 
essential so that the total additional heat is reduced as much as possible.  
 
In newer multi-family buildings it is common that an air handling unit is installed. In the 
unit a heat exchanger for heat recovery between warm indoor air and cold outdoor air 
reduces the total heating demand. The heat recovery efficiency can be up to 90 %. In 
case the outdoor temperature is low the risk of ice formation on the surface of the heat 
exchanger increases. Ice formation on the surface of the heat exchanger happens due to 
the temperature drop of the warm indoor air. When the temperature of the indoor air 
reaches the dew point, the humidity of the air condenses on the surface of the heat 
exchanger. Simultaneously cold outdoor air on the other side of the heat exchanger cools 
the surface of the heat exchange plates. Therefore, the condensed water freezes. This 
results in a decrease of the heat recovery efficiency when the demand is at its maximum. 
In order to deal with this phenomenon, auxiliary heat is added to the heat exchanger to 
defrost the surface. Therefore acceptance of a lower temperature for ice formation, tice, 
results in higher total heating demand. A higher heating demand results in less 
defrosting which means that the heat recovery can be utilized more. When the heat 
exchanger is defrosting it is not in operation. Therefore, the time for defrost should be 
minimized so that the heat recovery can be used as much as possible. It will result in less 
heat losses and hence less energy usage for heating (BeBo, 2015).   

3.1.4 Heating Demand 
 
The heating demand in buildings is essentially due to maintaining a thermal comfort and 
a good indoor climate. Typically heat in residential buildings is used for radiators, DHW 
and heating of ventilation air. The heat losses are a sum of the heat transmission trough 
the envelope; the heat losses due to ventilation and infiltration of the building. The heat 
surpluses are a sum of solar irradiation into the building, heat dissipations from the 
operators and heat dissipations from electrical appliances. Heat gains can be seen as 
free heat since it has no direct cost. In order to determine the required net heat load of a 
building, Equation 6 can be used (Havtun, Bohdanowicz, E, & G, 2014).  
 
Equation 6: Required net heat load for a building 

 ̇         ̇              ̇             ̇               ̇       ̇        ̇              
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A prerequisite to determine the net heating load is that a detailed building design 
information (such as building materials, net areas of walls and windows etc.) and 
climate data of the surrounding environment is available (Havtun, Bohdanowicz, E, & G, 
2014). In some buildings there is a requirement for cooling during a part of the year. 
However, regarding residential buildings in Sweden it is uncommon wherefore the 
cooling demand has been excluded.  
 
In addition to the required net heat load for buildings there are heat losses occurring 
due to warm water circulation (WWC). As the total energy usage in multi-family 
buildings is reduced the relative energy usage for DHW and its losses are increased 
(Lindencrona & Lindsköld, 2014).  
 
Transmission heat losses occur due to the temperature difference between indoor and 
outdoor climates. In case the temperature difference is large the losses are increased 
and vice versa. These annual losses can be determined by Equation 7 (Havtun, 
Bohdanowicz, E, & G, 2014).  
 
Equation 7: Transmission losses 

 ̇              ∑              (                   )    

    

   

 

 
In Equation 7, the average heat transfer coefficient for building components and thermal 
bridges, Um, needs to be calculated by Equation 8 in order to full fill the SS-EN ISO 
13789:2007 and SS 24230.  
 
Equation 8: The average heat transfer coefficient 

    
(∑     

 
    ∑     

 
    ∑   

 
   )

     
 

 
Many multi-family buildings are large wherefore the envelope area is large as well. 
Today low-energy walls are developed in order to decrease the transmission losses. 
Depending on the construction of external walls, a variety of u-values can be obtained. A 
typical external wall has a u-value of approximately 0.15 W/m2*K (Abel & Elmroth, 
2006).  

3.1.5 Electricity 
 
The total electricity delivered to a residential building is divided into two parts; 
property electricity and household electricity. Property electricity is used for operation 
of a building. It can for example be electricity for pumps, fans, lighting in stairwells, 
elevators and such. Household electricity is electricity used by the residents and is 
measured separately for each apartment. A demarcation list for property and household 
electricity can be seen in Appendix B. 
 
By definition (Boverket, 2015b) the property electricity is building related and needed 
to run a building. It includes stationary lighting in public and operating areas. 
Furthermore, it includes the energy used for pumps, fans, engines, control and 
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monitoring equipment etc. Externally placed devices which supply the building are 
included. Devices intended to be used for other than the building, like car heaters and 
outdoor lighting should not be accounted for.   
 
The energy usage to drive fans in AHUs is accounted for in the property electricity. This 
electricity can be measured by Specific Fan Power (SFP). It can be used as a tool to 
quantify the energy-efficiency of ventilation systems. It is dependent on the fan power as 
well as the air flow. By definition SFP can be determined by Equation 9 (Schild & Mysen, 
2009).  
 
Equation 9: Specific fan power 

     
∑ 

 ̇   
 

 
The second part is the electricity or energy of service for household purpose. It is 
defined as household energy (Boverket, 2015b). It can for example be electricity for 
dishwashers, kitchen devices, washing machines, TVs, computer or printers.  

3.2 Regulations and Requirements  
 
This section aims to clarify the regulations and requirements that need to be accounted 
for when new multi-family buildings are projected. It starts with the national board of 
housing, building and planning and their building regulations. It is followed by the 
requirements for specific energy usage in multi-family buildings and finished by the 
input data used to meet the requirements when energy simulations are going to be 
made and no real data is available.  

3.2.1 Boverket 
 

Boverket is the national board of housing, building and planning. It is a governmental 
authority subordinated the Ministry of Enterprise and Innovation.  Their mission is to 
oversee that the building regulations are being upheld, investigate and analyse concerns 
within its activity area. Besides that, Boverket is responsible for supervision of energy 
declarations and applications of the planning and building law (Boverket, 2014).  
 
Boverket provides a regulatory code (BFS) including regulations and general advice. The 
most significant chapter for this work is 9:2 in BFS (Boverket , n.d), which treats the 
aspects of rational use of energy.  

3.2.1.1 BBR 
 
Boverket’s Building Regulations (BBR) is a collection of all building regulations in a 
constitutional text. It includes nine chapters with different important concerns of 
building regulations (Boverket, 2014). The BBR is updated continuously. To receive a 
building permit one presumption is to follow the requirements and regulations by 
Boverket (Stockholms stad , 2016). In connection with the building permit a specific 
BBR is allocated for the particular building and project. It means that even though a later 
version of BBR is available should the development of the building be kept to the chosen 
BBR. However, the chosen BBR is the minimum required level.  
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3.2.2 Sveby  
 
Sveby stands for Standardisation and verification of energy performance in buildings. It is 
a co-operation between building contractors, industry associations and building owners.  
It is an industry concern to ensure that similar results are presented regardless of who 
makes the energy simulations. Therefore, the input data provided by Sveby is an 
interpretation of the requirements of rational use of energy stated in BBR and can be 
used by companies making energy simulations. Sveby’s input data is realistic and 
standardised to describe normal use of a building. It can be used for energy simulations 
of new or extended residential buildings (Sveby, 2012b).    
 
Sveby’s material with input data for residential buildings includes result tables and 
standardized values for the input data that is dependent on the residents and users of 
the building. The input data is complemented by an explanation of what the data is 
based on.  Furthermore, it is possible to calculate more specific input data if any 
information about the building is known by using a template provided by Sveby. The 
input data for the use of a building is heavily dependent on different behaviours and on 
the operation. This can result is substantially different energy usages. The input data 
used in an energy simulation should be well documented so that revisions and later 
evaluations of the models accuracy can be made (Sveby, n.d.). 

3.3  Optimization  
 
The theory about optimization used in this thesis is presented in this section. It starts 
with the Pareto principle, followed by Pareto optimality and ending with multi-objective 
optimization within building applications. 

3.3.1 Pareto  
 
The Pareto analysis is a useful tool in decision-making processes. It is a statistical 
technique where a selection of a limited number of samples can produce a meaningful 
collective effect. The analysis is based on the Pareto principle which is known as the 
80/20 rule. It is simply an idea of doing 20 % of the work and receives 80 % of the profit 
of performing the entire work (Delers, n.d). 
 
A fundamental concept within optimization is optimality. The Pareto optimality is 
obtained when the allocation of resources are in such way that no single change can be 
made so that at least one objective function can be allocated in a better way (Alfaris, 
2016). 
 
Within building applications the multi-objective optimization is optimal whenever the 
building related objective functions are optimized so that each function is either 
maximized or minimized. However, the solution process ends up with several optimal 
solutions which form a Pareto front, see Figure 3 (Aumnad, 2015).  
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Figure 3: The schematic of a Pareto front 

3.3.2 Multi-Objective Building Optimization 
 
A multi-objective optimization (MOO) is a method to either minimize or maximize 
different conflicting objectives simultaneously. Each objective can be set to be 
minimized or maximized; hence the MOO aims to find the optimum of these conflicting 
objectives. It results in a balanced design including weighted or equal treatment of cost, 
performance, manufacturability and supportability. The design tries to satisfy multiple 
objectives at once, possibly with a conflict between each other (Alfaris, 2016). By 
utilizing the MOO methodology within building applications the objective functions are 
building related, such as functions for window areas, insulation thickness and lighting.  
 
In case there is no conflict between the stated objective functions, no special 
methodology needs to be performed. It is due to the trivial case when a solution can be 
found, including all objective functions, at its optimum. Hence, a prerequisite for not 
dealing with such cases is to assume that there is at least a partial conflict with two or 
more objective functions, resulting in a solution without all objective functions at its 
optimum (Miettinen, 1998). 
 
MOBO utilizes the Pareto principle, Pareto optimality and MOO all at once. It means that 
multiple building related objective functions, with an internal conflict to each other, are 
optimized with 20% work resulting in a response equal to 80% work. The result is a 
cluster of Pareto optimal solutions where the minimized or maximized solutions are 
forming a Pareto front.  

3.4  Computation Models 
 
In order to obtain valid results for a computational model, it is important to have at least 
a basic knowledge about the algorithm used in different computational tools. Therefore, 
this section aims to briefly describe the computational models used in the different 
software. 

3.4.1 IDA Indoor Climate and Energy 
 
IDA ICE is based on a large single system of differential equations. Different time steps 
are used for different parts of the model in order to obtain a acceptable total calculation 
time. This implies that large time steps are used where it is possible due to less impact 
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on the model and smaller times steps where the model needs to be more accurate 
(EQUA Simulations AB, 2013). 

3.4.2 MOBO 
 
The optimization of an IDA ICE model is made through MOBO. It is a multi-objective 
building optimization tool developed by Aalto’s University in Espoo, Finland. MOBO has 
several available algorithms. However, in this thesis the algorithm used in MOBO is 
Genetic Algorithm (GA). In order to run the optimization model four different values 
need to be inserted in MOBO. The first one is population size and the second parameter 
determines the number of generations. For each generation in MOBO, one simulation 
per population size is run. Wherefore the population size can be seen as the number of 
inner iterations and the generation as the outer iterations. Thereafter the mutation and 
crossover probabilities are determined and inserted as an input to the simulation 
process.  The mutation probability (MP) is proposed to be determined by  
Equation 10 according to developer of MOBO (Palonen & Hasan, 2014).  
 
Equation 10: Mutation probability 

     (          (    (  ))        (    (  ))) 

 
By definition the mutation probability is the ratio of the likeness that a parameter is 
changed from one generation to another (Gen, Cheng, & Lin, 2008). It is used to control 
the introduction of the original input data into the new set of data in MOBO. The 
mutation probability is a real number between zero and one.  
 
Crossover probability (CP) is a main operator of GA. It is based on parent versions and 
determines the child versions, see Figure 4. The crossover points should be set 
randomly (Gen, Cheng, & Lin, 2008). In MOBO it means that the parent version is based 
on the continuous and discrete variables which are set by the user. The crossover 
probability set in MOBO determines the combinations for the child version which will be 
used as input data for the next simulation run. By doing this several times, different 
combinations of the original input data is made and are used in the optimization 
simulations. The crossover probability is as well a real number between zero and one. 
However, the MOBO developer suggests using a value between 0.8 and 1.0 (Palonen & 
Hasan, 2014). If for example the crossover probability is 0.8, it means that 80 % of the 
child version is from one parent version and 20 % for the other parent version.  
 

 
Figure 4: The idea of crossover probability 
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MOBO allows up to 50 different objective functions (Palonen, Hamdy, & Hasan, 2013) to 
be inserted. Due to combinatorics the number of possible combinations of the objective 
functions can be large. Even though the number of possible combinations is determined 
to a large value MOBO does not account for every single combination. In reality MOBO 
determines the trend and continues the calculations in that direction. It is possible since 
MOBO is using an archive where the non-dominant solutions are rejected. By applying 
this method the total calculation time can be reduced (Hamdy, Palonen, & Hasan, 2012).   

3.4.3 Accuracy in Energy Simulations    
 
Energy simulations are always suffering from errors. Systematic errors are built in to 
the model and are impossible to exclude. It can for example be errors coming from the 
computational model like different time steps of the differential equations. It does not 
matter how many times the simulation is run, the same error will still occur.  However, 
in case valid and well-developed piece of software is used, the most common errors are 
due to wrongly estimated input data or insufficient considerations given to the 
calculation assumptions. The better and more accurate input data that is used in energy 
simulations, the less deviation from the most probable determined energy usage will 
occur.  
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4. Utilizing MOBO  
 
This chapter will explain how the software programs MOBO and IDA ICE have been used 
to find cost-efficient solutions to meet tightened requirements for specific energy usage. 
Initially the utilization of MOBO is presented. It is followed by an investigation of 
possible optimization parameters. Moreover an introduction to each case study of this 
thesis is presented. Lastly a criterion to find an appropriate combination of energy 
saving measures to meet a tightened requirement for specific energy usage is described.  

4.1 Utilizing the Software 
 
In order to learn and evaluate the opportunities in MOBO an iterative analysis was used. 
Parameters of interest for the specific energy usage were tested by using continuous and 
discrete functions in MOBO on real and imaginary buildings in IDA ICE. As some 
parameters can be changed differently in IDA ICE, different approaches was tested to 
analyse the user-friendliness of different changes. Further on a brief description of the 
analysis will be presented in order to better understand the opportunities to utilize 
MOBO. It includes significant aspects which the user needs to be familiar with in order 
to be able to use or further develop the software-based solution. 

4.1.1 The Connection between MOBO and IDA ICE 
 
MOBO is a program which opens automatically when it is called. It has a graphical user 
interface and a simple layout, see Figure 5. MOBO saves the previous set variables and 
functions, wherefore some data is left if the program is not opened for the first time.  
 

 
Figure 5: MOBO 

 
In order to run an optimization of an IDA ICE model through MOBO, the user needs to at 
least specify simulation settings, variables, functions and desired algorithm. The 
simulation tab in MOBO includes one box each for model file, input file, output file and 
command, see Figure 6. 
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Figure 6: Simulation tab in MOBO 

 
Model file refers to the script for which the IDA ICE simulation should be run. This script 
is customized by the user and is dependent on the choice of optimization objectives.   
The input file is updated continuously with the combination of variables used for each 
run. Basically it is a copy of the customized script with inserted values of the variables. 
The output file refers to the solver file from IDA ICE where the results of each run are 
collected by MOBO. Lastly the command box makes MOBO find the path to the file which 
demands IDA ICE to open.  
 
The variables are divided into two groups; continuous and discrete variables. Depending 
on the choice of optimization objectives different variables are desired. Continuous 
variables are generally used whenever the variable is not definite. For example in case 
auxiliary material should be investigated but the amount of material is not set. The user 
needs to specify a minimum and maximum value for each continuous variable. Even 
though the user is interested to have a minimum value of zero, that value needs to be set 
as close to zero as possible but not absolute zero. MOBO does not give any error 
massages in case a minimum value of zero is specified. However, IDA ICE does not count 
with a value of zero which in the end results in impossibilities to run a MOBO simulation 
since IDA ICE stops. In addition to that the user should specify the step for which MOBO 
should vary the input data. The Delimiter in MOBO refers to the variable inserted in the 
script. MOBO finds the Delimiter and inserts a new value during the simulations. A 
function for each variable can be set, but it is not mandatory. The reason for the use of 
function will be presented in the section 4.1.3.  
 
Discrete variables are preferably used whenever the user is more interested in changing 
a definite part of the building. This could for example be doors, windows or the heat 
exchange efficiency of the HVAC system. To some extent discrete variables can be 
treated similar as continuous variables. However, in order to change a resource in IDA 
ICE a discrete variable in MOBO is necessary. This is due to the fact that it is definite. The 
discrete variable is named to the same name as the delimiter. A limit in MOBO is that the 
discrete variable names cannot be deviated from the name of the Delimiter, wherefore 
they need to be named in the same way except for the percentage sign in the Delimiter. 
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As previous the values for the discrete variable is set by the user. The use of function will 
once again be presented in the section 4.1.3.  
 
The tab functions in MOBO refer to the objective functions for which the optimization 
should be made. First the user specifies a function name and the type of function. The 
type of function can be either Min, Less or equal to 0, Equal to zero or Other. In this thesis 
the optimization is made for cost and energy, wherefore the type Min and Other is used 
frequently for their total functions. Other is used for each part-function which later is 
summed to a total objective function by a formula, see Figure 7. The total objective 
function is set to the type Min. As can be seen in Figure 7, the two total objective 
functions are minimized. It means that MOBO tries to minimize these functions 
simultaneously. 
 

 
Figure 7: Functions in MOBO 

Delimiter in the function tab refers to the name of the output data according to the 
output files in IDA ICE. After MOBO has made a simulation, the results of interest (for 
example heating and electricity) are obtained from the solver files in IDA ICE. MOBO 
search for the Delimiter and saves the value connected to it. These values are then used 
in the minimization function in MOBO.  
 
The last setting that needs to be inserted in MOBO to connect the simulation to IDA ICE 
is the algorithm. In this thesis the algorithm Pareto archive NSGA-II is used, see Figure 8. 
In case the reader is interested in further explanation of the algorithm, see chapter 3.4.2.  
 

 
Figure 8: The algorithm in MOBO 
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This genetic algorithm is used to create different variations of the input data for the 
simulations in IDA ICE. The input data for the algorithm is significant for the 
combinations of input data used in the simulations. Depending on the combinations of 
input data, different optimal combinations of energy saving measures are identified. 
MOBO is presenting hints of proposed values for the algorithm. In case the user does not 
have a particular knowledge about genetic algorithm the developer of MOBO suggests 
the user to use the hint.  

4.1.1.1 Scripts   
 

In order to run a MOBO simulation different scripts are created in IDA ICE. The scripts 
are created by changes in the IDA ICE model and by using the built in tool diff-script. A 
more efficient way to create scripts is to use the tool lisp in IDA ICE. Hence the user 
needs to be sure about what is going to be optimized in the model, since it is the base for 
the changes and thus the formation of the script. A script is a bit of code which is called 
when MOBO is running. It means that MOBO runs the IDA ICE model based on a script. 
After a script has been created in IDA ICE the user needs to change the set values or 
resources to different unique arbitrary variables which are called Delimiter in MOBO. 
These variables are then used as an input in MOBO where the values for each variable 
can be set as continuous or discrete variables.  It is possible to create scripts more 
efficient by using lisp instead of diff-script in IDA ICE.  
 
The focus of the initial analysis of possible optimization parameters was directed 
towards the envelope of the building. Therefore, a change of glazing u-values, additional 
insulation for the external walls, the external floor and roof was changed in IDA ICE. It 
resulted in the following script, where the variables are named as window, exwa, exfl and 
roof. The variables Window and roof are obvious. However, exwa and exfl refers to the 
external walls and the external floor. The script for these changes can be seen in Figure 
9.   
 

 
Figure 9: Script 
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4.1.1.2 Batch Files  
 
MOBO demands IDA ICE to open and the batch file aims to inform IDA ICE what should 
be done when it has started. The batch file includes the allocated space for the IDA ICE- 
model of interest. Furthermore, it informs IDA ICE to run a simulation through a script. 
A typical batch file can be seen in Figure 10.  
 

 
Figure 10: Batch file 

In case another IDA ICE model is going to be optimized through MOBO, the batch files 
need to be changes so that it calls for another specific IDA ICE model.   

4.1.2 Specific Energy Usage in MOBO 
 
The energy usage determined in the IDA ICE simulation is collected by MOBO from a 
solver file in IDA ICE. In the delivery report in IDA ICE different aspects and values of the 
energy usage can be found. Those values are connected to a variable name which needs 
to be found in the solver file of IDA ICE and inserted as a Delimiter in MOBO. By stating 
the delimiter in MOBO, it can collect each part of the energy usage for each run. It is later 
used in the minimization of the total specific energy usage. For each IDA ICE model that 
should be optimized through MOBO, the delimiters in the IDA ICE solver file need to be 
determined and inserted in MOBO since they can differentiate in name.  
 
The specific energy usages are determined by using the heat and electricity demand 
from the MOBO simulation and divide it by the temperate area. To obtain the total 
specific energy usage for each case study additional posts are added after the MOBO 
simulations. This is done since not all aspect of the specific energy usage is inserted in 
the model.  

4.1.3 Costs in MOBO 
 
Costs are an essential part of the identification of cost-efficient combination of energy 
saving measure to meet tightened requirements for specific energy usage. Therefore, 
different ways to insert real costs in MOBO have been evaluated. It has been clear that 
costs needs to be treated differently depending on the choice of variables. Costs for 
continuous and discrete variables cannot be treated in a similar manner. For continuous 
variables in MOBO, it is possible to insert a function for the cost depending on the 
variable. This means that MOBO calculates the specific cost for a specific value of the 
variable and uses that relative cost in the minimization function for the total cost. 
Discrete variables cannot handle the cost as a function. Therefore, the variable values 
needs to be set as costs in MOBO.  
 
Let’s assume windows are to be treated in the optimization model. Windows are 
inserted as a discrete variable in MOBO. This is due to the fact that the change of 
windows is definite. Let’s further assume the investigation is made from a point of view 
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of different u-values of the windows. The variable can be named window. Required that 
the window cost should be used in the optimization, the values of the variable cannot be 
inserted as 0.6, 0.7 and 0.8 corresponding to different u-values of the windows.  This is 
due to a limitations in MOBO. The corresponding cost for different u-values cannot be 
handled in MOBO since there is no matrix functions in the software. In case a matrix 
could be used, a u-value could be connected to a cost by the program. At the moment it is 
impossible to use matrices wherefore the user needs to keep track of the connection 
between u-value and cost in another way. Therefore, the only way to handle different 
costs of windows in MOBO is to insert the cost for each window in the value column 
instead of the u-value, see Figure 11. The function for discrete variables allows MOBO to 
calculate the cost for each window type by a formula under the tab Function.  
 

 
Figure 11: Inserted cost for discrete variables 

In addition to the inserted values of costs in MOBO, the created resources in IDA ICE 
need to be named as the costs. The discrete variables in this thesis are treated as 
resources in IDA ICE. By making a resource in IDA ICE for different u-values and name 
the resource as a cost, it is possible to handle different u-values and costs 
simultaneously in MOBO. 
 

4.2 Investigation of Optimization Parameters 
 
The investigation of possible optimization parameters were based on current IDA ICE  
models provided by NCC. Initially the investigation was directed towards the building 
envelope. This was followed by an analysis of different AHUs as the AHU is a large 
contributor to the property electricity. Furthermore, an investigation was made for 
waste water heat exchangers and solar PVs as well as a pre-heating system for 
ventilation air. 

4.2.1 Building Envelope 
 
The investigation started from a basis of u-values for the building envelope. Initially four 
parts were of interest; external walls, external floor, windows and the roof. Different 
external wall constructions can be used and NCC has a variety of walls in their technical 
platforms. Furthermore, the external floor was investigated. In this case it was decided 
to determine the impact of the insulation of the foundation slab. Two different u-values 
for the external floor were determined for the analysis. The next component for 
investigation was the windows. Three different window resources were determined, 
where the total u-value was decreased for each resource.  Additional aspect like noise 
and day light was not considered. Lastly the roof was analysed. Once again three 
different u-values were considered based on additional insulation.  
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As the analysis has been based on u-values the building components have been analysed 
on equal basis. For example different platform walls have different façade materials. 
Therefore the façade materials have been excluded as it does not affect the u-value of 
the wall to any great extent but affects the investment cost heavily. External walls can be 
prefabricated or site-built and the investment cost for those walls are not comparable as 
the basis is unequal. Thus the analysis needs to be based on either prefabricated or site-
built external walls. The amount of insulation in the external floor was dependent on the 
activity on the floor above the basement. In case there is an apartment above the 
external floor the insulation was unchanged or increased. In case there is a garage above 
the external floor the amount of insulation was unchanged or decreased. For the roof the 
amount of insulation was only increased.  All measures for each building component can 
be seen in Table 3. 
 
Table 3: Investigated envelope components 

Building component Name  Measure  Unit  

External walls EW GBG  0.12  W/m2,K 

EW 501/601 0.156  W/m2,K 
External floor  EXFL1 Unchanged  mm  

EXFL2 ±50  mm  
Windows W1 0.67 W/m2,K 

W2 0.75 W/m2,K 
W3 0.84 W/m2,K 

 W4 (1)  0.90 W/m2,K 

Roof  Roof1 +50  mm  

Roof2 +100 mm  

Roof3 +150 mm  
(1) As Slottsträdgården has initial windows with a u-value of 1.0 W/m2,K, the three steps are 0.9, 0.84 and 
0.75 W/m2,K. All other case studies are optimized with the windows W1, W2 and W3.  

 
The investment cost for different platform walls, different insulation materials and 
window resources were given by the department of purchase at NCC. These costs were 
inserted in MOBO as a cost difference with a basis of a reference case for each resource 
and used as one of the two conflicting functions; minimum energy usage and minimum 
relative investment cost. Both conflicting functions were minimized since the analysis is 
based on finding the most cost-efficient solutions to meet a tightened energy 
requirement.  

4.2.2 AHUs 
 
Based on technical documentation at NCC, three different AHUs were chosen to be 
analysed since they all fulfil a criteria of being cost-efficient within a longer time period 
of at least 12 years. In addition to that the AHUs meet the noise requirements and have 
good efficiency for heat recovery. The investigated parameters for the three alternatives 
of AHUs are the heat recovery efficiency, the SFP for the supply and exhaust fans as well 
as the temperature for ice formation on the units. The temperature for ice formation 
controls the amount of heat that need to be supplied to protect frosting. If the 
temperature is set to 0 °C it means that more heat is supplied to the unit compared by a 
temperature of -10 °C. The AHUs tested are summarized in Table 4.  
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Table 4: Analysed AHUs 

Unit Heat recovery efficiency [-] SFP [kW/(m3/s)] Temperature for ice 
formation, tice [°C] 

AHU1  82.3 1.28 -3 

AHU2 88.5 1.50 -5 

AHU3 83.9 1.61 -7 
     
Each AHU has a particular heat recovery efficiency, SFPs and a specific temperature for 
ice formation. The amounts of heating delivered to prevent ice formations are uneven 
for different units. Therefore the temperature for ice formation is different even though 
the freezing point should be the same for a set humidity and atmospheric pressure. 
Therefore, these values need to be varied as a whole and not separately. In order to 
make the optimization possible each AHU is created as a resource in IDA ICE. By doing 
this MOBO will change all parameter for each unit simultaneously. The drawback of this 
solution is that the AHU needs to be changed for each zone since it is impossible to 
change the AHU globally for the IDA ICE model.  
 
The investment cost for the three different units deviate. In order to make a fair 
comparison only the investment cost for the unit itself has been taken into account 
initially. However, in case the unit is installed in the building an additional relative cost 
for the floor area has been added to the investments cost. This is due to a conflict 
between sellable area and the AHU room. In case the AHU is located at the roof it is 
assumed that there is no conflict wherefore the additional cost for floor area has been 
excluded. The location of the AHU for each case study can be seen in Table 5.  
 
Table 5: Location of AHUs 

Case Study  AHU Location  Investment Cost  

Beckomberga Roof  No additions 
Stora Sjöfallet Hus 7 Basement  Addition for lost rental/sellable area 

Stora Sjöfallet Hus 8  Basement  Addition for lost rental/sellable area 

Slottsträdgården  Basement  Addition for lost rental/sellable area 
 

4.2.3 Waste Water Heat Exchanger 
 

Currently there are a few technical solutions which aim to recover heat from waste 
water in multi-family buildings. For example horizontal and vertical installed waste 
water heat exchangers (WWHex) as well as systems including a heat pump.  
 
A common installation in Sweden is a passive tube heat exchanger that pre-heats cold 
water before it enters a heater for DHW. In production of new multi-family buildings the 
most common solution is a horizontal WWHex. In this solution the WWHex replaces the 
standard sewer tube in the building before it is connected to the municipality’s pipes. 
Thus the WWHex receives waste water from all the apartments that are connected to 
the sewer. It is advantageous to install the WWHex in the ceiling, on a wall or in the 
basement so that the heat can be used with minimum losses. The installation consists of 
two separated pipe systems which ensure that waste water and DHW are not coming in 
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contact. By this installation the heat for DHW can be reduced as it can be pre-heated by 
the WWHex (BeBo, 2012).  
 
The relative investment cost for installation of a WWHex is significant wherefore an 
analysis of this measures cost-efficiency is of interest. In case a proper size of the 
WWHex is installed it is assumed a constant annual amount of energy can be credited. 
Eventual shutdowns are not accounted for. The installation is considered as cost-
efficient when the relative costs for other energy saving measures are higher than the 
installation cost for a WWHex. A summary of the possible credited energy can be seen in 
Table 6.  
 
Table 6: Possible credited heating energy by a WWHex annually 

Case Study  Credited heating energy 
[kWh]  

Credited Specific Energy 
Usage [kWh/m2,yr] 

Beckomberga 10900 5.0 
Stora Sjöfallet Hus 7 27000 5.0 

Stora Sjöfallet Hus 8 8100 5.0 

Slottsträdgården 12600 5.0 

4.2.4 Solar PVs for Property Electricity  
 
One of the ideas of having solar PVs on the roof of a multi-family building is to produce 
electricity locally and use it for property electricity. Ideally solar PVs are inserted in the 
IDA ICE-model in such way that it can be varied in MOBO with all other conflicting 
factors simultaneously. The initial idea was to vary the number of solar PV modules or 
installed effect. Currently there is no quick and easy way to handle this idea in IDA ICE. It 
might be possible in case the user has a greater experience in IDA ICE.  
 
In this thesis solar PVs are used to produce electricity for the AHU in case it is cost-
efficient. The analysis was made by matching the electricity profile for each case study 
with the possible produced electricity through the simulation software Polysun. Since 
solar PVs are not inserted in MOBO is was decided to evaluate when it is cost-efficient to 
install solar PVs. This was made by an analysis of the installation cost in relation to the 
possible credited electricity for each case study. It is cost-efficient to install solar PVs 
when the cost difference, C, for other measures is larger than the additional installation 
cost for solar PVs, Cs, for the same amount of reduction of the specific energy usage, see 
Figure 12.  
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Figure 12: Cost-efficiency evaluation of Solar PVs  

The relative investment cost of solar PVs is dependent on the installed effect. These 
results are based on the proposed installed effect from Polysun for each case study. The 
installed effect was obtained by matching the electricity demand for the AHU by the 
available electricity produced by solar PVs in Stockholm through Polysun. All output 
data for the runs in Polysun can be seen in Appendix D. The possible credited electricity 
for the AHU of each case study can be seen in Table 7. 
 
Table 7: Possible credited electricity by Solar PVs annually 

Case Study  Total electricity 
demand [kWh] 

Credited 
electricity [%] 

Credited Specific 
Energy Usage 
[kWh/m2,yr] 

Beckomberga 9000 33.1 1.7 

Stora Sjöfallet Hus 
7 

33000 32.9 2.0 

Stora Sjöfallet Hus 
8 

9700 33.0 2.0 

Slottsträdgården 13000 33.4 2.2 

4.2.5 Pre-heating of Ventilation Air 
 
By using a system where the heat in the ground is utilized to pre-heat the intake of the 
ventilation air into the AHU, the total specific energy usage can be reduced. An analysis 
of the potential credited specific energy usage for each case study was made. The 
analysis was made by using a modified climate file. The reason for making a modified 
climate file was the possibility to change the air intake temperature to the AHU, so that it 
resembles a pre-heating system. It was assumed the credited heating energy was 
obtained from the ground. For all outdoor temperature below 0 °C it is assumed the air 
is preheated by the ground. Therefore, those temperatures are changed by Equation 11, 
which is based on a report published at BeBo (BeBo, 2015).   
 
Equation 11: Modified supply temperature for an AHU 
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The results of that analysis can be seen in Table 8. 
 
Table 8: Possible credited heating energy by pre-heated ventilation air annually 

Case Study  Credited heating energy 
[kWh]  

Credited Specific Energy Usage 
[kWh/m2,yr] 

Beckomberga 3300 1.9 
Stora Sjöfallet Hus 7 18000 3.3 

Stora Sjöfallet Hus 8 6800 4.2 
Slottsträdgården 12600 6.2 

4.2.6 Summary of the Investigation 
 
Based on the investigation of optimization parameters in combination with MOBO, a 
summary of possible parameters to base the analysis on can be seen in Table 9. 
 
Table 9: Proposed parameters  

Parameter Alternative 1 Alternative 2 Alternative 3 

Window u-value, incl. 
frame  [W/m2,K] 

One step lower u-
value 

Two step lower u-
value 

Three step lower 
u-value 

AHU AHU1 AHU2 AHU3 

External wall  EW 501/601 EW GBG  

External floor, 
insulation[mm] 

±50 0  

Roof, insulation [mm] +50 +100 +150 

Pre-heat of ventilation 
air  

Added when cost-
efficient 

  

Solar PVs  Added when cost-
efficient 

  

Heat exchange of waste 
water  

Added when cost-
efficient 

  

 
Regarding the envelope of the building, it is purposed to vary different platform walls, 
windows with different u-values and lastly different amount of insulation in the external 
floor and the roof. When considering the technical systems indoor is it recommended to 
vary the AHU with the three most appropriate units based on an internal technical 
report, see Table 4 for details. In order to include the technical system to pre-heat the 
ventilation air into the AHU it is proposed to use the modified climate file to estimate the 
possible energy saving.  
 
The WWHex seems to be the most cost-efficient additional installation alternative for 
the case studies of this thesis. Therefore, it is proposed to make an analysis for this 
installation at an early stage of the process as the relative energy saving is significant in 
relation to its cost.  
 
Solar PVs are recommended to be installed whenever it is cost-efficient. This requires 
some additional time for analysis of the data. In case Polysun is available it is a quick 
way to estimate the amount of electricity produced by solar available for different 
locations in Sweden. When the possible credited amount of electricity is obtained from 
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Polysun the analysis of the cost efficiency can be rather short as the same method and 
template can be used for each project.  
 
The pre-heating system for ventilation air is relatively expensive in relation to the 
possible relative energy saving. Therefore, this measure does not seem to be cost-
efficient in most cases. An analysis needs to be made for given initial conditions. In case 
the initial conditions are poor and the process has come far, this might be an alternative 
to reduce the total specific energy usage of a building.  

4.3 Case Studies 
 
Four case studies were investigated throughout the project. All case studies are 
relatively new multi-family buildings located in climate zone III (Boverket, 2015b) 
defined by Boverket. Starting from a simple shaped building and finalized by more 
severe and complex buildings. Detailed information of the conditions for the reference 
cases are found in Appendix C. The choice of buildings has been made continuously 
during the project based on four criteria; the temperate area, garage, electric floor 
heating in bathrooms and shape factor, see Table 10. 
 
Table 10: Criteria for choice of case studies 

Case study Atemp 
[m2] 

Garage Electric floor heating 
[kWh/m2 and year] 

SF 
[-] 

Beckomberga 1747 No No 0.95 
Stora Sjöfallet Hus 7 5413 Yes 3.9 0.81 

Stora Sjöfallet Hus 8 1623 Yes 4.3 1.10 
Slottsträdgården  2018 Yes No 1.36 

 
The temperate area gives an indication of the time needed for simulations. As MOBO 
iterates the IDA ICE model many times, a large temperate area makes each run in IDA 
ICE time consuming. Thus the total simulation time becomes very large for large 
temperate areas. The garage is of interest as the floor area is excluded and energy usage 
is included in the specific energy use and hence makes it more difficult to reach 
tightened energy goals. In case electric floor heating is used in bathrooms it is included 
in the specific energy usage. Therefore once again it burdens the specific energy usage. 
The shape factor is of significance for the possibility to construct energy efficient 
buildings. A large shape factor implies that the enclosing area is greater than the 
temperate area wherefore the heat losses are larger with an increased shape factor. Vice 
versa holds for shape factors below one.  

4.3.1 Beckomberga 
 
The first case study was a multi-family building with intended location in Bromma, a 
suburban to the west of Stockholm. The shape of the building is cubic and it consists of 
20 apartments, see Figure 13. The size of the apartments varies from 2 to 4 rooms and 
kitchen (RoK) and the temperate area is 1747 m2. This building has a simple design and 
therefore it was decided to be a good first case study.  
 
The heating energy is supplied to the building by district heating. The water-born 
heating system in the building consists of radiators which supplies heat to each 
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apartment. The ventilation system includes a heat exchange between supply and 
exhaust air. The AHU is located at the roof wherefore there is no conflict between the 
AHU room and sellable area.  
 

 
 

Figure 13: Beckomberga (NCC, 2016a) 

4.3.2 Stora Sjöfallet Hus 7 
 
The second case study was made on a multi-family building located in Norra 
Djurgårdsstaden, Stockholm, see Figure 14. The project consists of two buildings in total. 
However, this case study will focus on the larger of these two. Stora Sjöfallet Hus 7 is L-
shaped and the building of interest has a temperate area of 5413 m2. It has 48 
apartments in total with sizes ranging between 2 and 4 RoK. A part of the roof is covered 
by sedum and another part includes solar panels to provide property electricity for the 
building. The rest of the roof is covered by coarse sand. In addition to solar energy a 
waste water heat exchanger (WWHex) was installed.  
 
The city of Stockholm has set ambitious targets on energy usage at an early stage of the 
development process of new buildings in Norra Djurgårdsstaden. Therefore, this 
building was considered interesting as the requirements for the buildings specific 
energy use is directed towards 55 kWh/m2 and year which was the case for the project 
Stora Sjöfallet Hus 7. Furthermore, 30 % of the property electricity should be provided 
by renewable energy sources. In order to meet that requirement photovoltaic (PV) cells 
was installed on the roof. 
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Figure 14: Stora Sjöfallet Hus 7 (NCC, 2016b) 

4.3.3 Stora Sjöfallet Hus 8 
 

Stora Sjöfallet Hus 8 is located in Norra Djurgårdsstaden, Stockholm. It is a neighbour to 
Stora Sjöfallet Hus 7. It has a temperate area of 1623 m2 spread over 16 apartments. The 
shape of the building is close to cubic with an addition of bay windows, see Figure 15. 
The size of the apartments varies between 2 to 3 RoK. Furthermore, at street level there 
are business premises for rent which have large windows. This building has floor 
heating in the bathrooms and a garage underneath the building. The roof is partly 
covered by solar PVs and partly by sedum and coarse sand. The city of Stockholm’s 
ambitious target for specific energy usage holds for Stora Sjöfallet Hus 8 as well. Hence 
the weighted requirement for Hus 7 and 8 that needs to be met is 55 kWh/m2 and year.  
 
The garage has a total floor area of 3000 m2 and room for 119 parking lots of which 32 
are available for Hus 7 and 8. The total heating and electricity demand is determined for 
the whole garage. Therefore the part of the electricity connected to Hus 7 and 8 are 
distributed by the number of parking lots and spread by the temperate area on each 
building.       
 

 
Figure 15: Stora Sjöfallet Hus 8 (NCC, 2016b) 

4.3.4 Slottsträdgården  
 

Slottsträdgården is located in Västerås. The temperate area is 2018 m2 divided into 20 
apartments. The sizes of the apartments vary between 2 to 4 Rok. Each apartment has a 
balcony or a terrace. The building has a garage and the worst shape factor of all case 
studies. The garage is not included in the IDA ICE model wherefore the heat and 
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electricity for that purpose is added after the simulations. Two buildings of 
Slottsträdgården can be seen in Figure 16. These two buildings are connected with a 
common entrance wherefore they are treated as whole. 
 

 
Figure 16: Slottsträdgården (NCC, 2016c) 

The building can be seen from above in Figure 17 in order to better illustrate the shape 
factor.  
 

 
Figure 17: Slottsträdgården from above 

No solar PVs are installed for building electricity. Neither is floor heating installed in the 
bathrooms and there are no business areas in the building.  

4.3.5 Energy Requirements for the Case Studies 
 
For the case studies used in this thesis, different requirements needed to be met for 
different projects. All requirements and regulations are set by Boverket. However, 
Boverket’s requirement is the minimum requirements that need to be met wherefore an 
even tighter requirement can be set for a specific project. In that case, the auxiliary 
requirements need to be met. All case studies have similar initial requirements for the 
buildings specific energy use as well as the overall heat transfer coefficient based on 
BBR. However, Stora Sjöfallet Hus 7 and 8 has a lower project requirement for the 
buildings specific energy use due to regulations by Stockholm Stad. Therefore, the 
requirements that need to be met deviate a bit. A summary of the different requirements 
for the case studies can be seen in Table 11. All requirements regarding specific energy 
usage and overall heat transfer coefficients can be found in the specified BFS in Chapter 
9:2 named Rational Use of Energy. 
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Table 11: Requirement and regulations for case studies 

Case Study BBR 
requirement: 
The 
buildings 
specific 
energy use, 
[kWh/m2 

Atemp and 
year] 

Project 
requirement: 
The 
buildings 
specific 
energy use 
[kWh/m2 

Atemp and 
year] 

The overall heat 
transfer coefficient, 
Um 
[W/m2*K] 

BBR 

Beckomberga 90 75 0.40 BBR 20 
Stora Sjöfallet 
Hus 7 

90 55 0.40 BBR 19 

Stora Sjöfallet 
Hus 8 

90 55 0.40 BBR 19 

Slottsträdgården 90 75 0.40 BBR 19 

4.4 Criteria for Appropriate solutions  
 
The results obtained from MOBO consist of a cloud of solutions due to the Pareto 
principle. However, the results of interest are those forming a Pareto front as those 
solutions are of most optimal characteristics. As the MOBO simulations are time 
consuming the results are based on sufficient data point rather than plenteous data 
points. This means that the current choice of appropriate combination of energy saving 
measures is rather simple as the numbers of possible choices are rather small.  
 
In order to make sure the most cost-efficient solutions are presented it needs to be clear 
which criteria the decision should be based on. No general criteria should be presented 
as it will vary depending on BBR as well as a specific project criterion. The decision is 
most likely directed towards a set requirement for specific energy usage. Therefore the 
most appropriate solution is the point where the requirement can be meet to the lowest 
relative investment cost. Some examples of criteria for decision making are; a reduced 
BBR requirement or a project specific requirement of the specific energy usage. The idea 
of the criteria can be seen in Figure 18.  
 

 
Figure 18: Criteria for Appropriate Solution 
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5. Results  
 

In this chapter the results will be presented. All details about the functions used in 
MOBO to obtain the results can be seen in Appendix E. Initially the Pareto fronts of the 
reference cases are presented. It is followed by the optimal combinations of energy 
saving measures for each case study. Additional explanations of the results are made by 
presenting the details of the combinations for each point on the Pareto front. This aims 
to describe which parameters MOBO suggest as the most cost-efficient solution under 
given conditions. It is followed by an additional analysis of the AHUs when the floor area 
also is taken into account. Moreover an evaluation of when it is cost-efficient to install 
WWHex, solar PVs and pre-heated ventilation air is described. This analysis was made 
based on the possible tightening by 30 % of the BBR requirement. Finally a comparison 
of the results for all case studies is presented.  

5.1 Pareto Optimal Combinations of Each Case Study 
 
By making an optimization through MOBO of four case studies the following results was 
obtained. Depending on the reference case the Pareto front looks different.  The optimal 
combinations of energy saving measures for each case study are presented based on 
given conditions and assumptions. These results are valid for the reference cases of this 
study and cannot be takes as general as the property portfolio is limited to four 
buildings.  

5.1.1 Beckomberga 
 
The results for Beckomberga are heavily dependent on the choice of AHU and secondly 
by the choice of external wall. Beckomberga has the second best SF at 0.95 of all four 
case studies. This is probably a contribution factor to why the AHU is influencing the 
results more than choice of external walls. In Figure 19 all result on the left side of the 
reference point has AHU2 in their optimal combinations. This shows that the choice of 
AHU in the reference case was the most cost-efficient choice based on the parameters 
studied.  

 
Figure 19: The Pareto front of Beckomberga 
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For a relatively low cost the specific energy usage can be reduced by 2 kWh/m2 and 
year. It can be made by adding insulation in the roof and change windows. In case the 
requirement for specific energy usage is set below 53 kWh/m2 and year or lower, it is 
motivated to use the external wall EW GBG. This provides that no other energy saving 
measures is available. Otherwise the platform wall EW 501/601 could be used to 
decrease the relative investment cost and still be able to meet the energy requirement. 
The optimal combinations of the Pareto front can be seen in Table 12.  
 
Table 12: Optimal combinations for Beckomberga 

Specific 
Energy 
Usage  
[kWh/m2,yr] 

AHU Window 
[W/m2,K]  

External 
Wall 

Roof, 
insulation 
[mm] 

External 
Floor, 
insulation 
[mm] 

51.6 AHU2 0.67 EW GBG +150 0 
53.2 AHU2 0.67 EW 501/601 +50 0 

53.3 AHU2 0.67 EW 501/601 +50 -50 
54.4 AHU2 0.75 EW 501/601 +50 -50 

54.7 AHU2 0.84 EW 501/601 +100 0 

5.1.2 Stora Sjöfallet Hus 7 
 
The results of Stora Sjöfallet Hus 7 are not as spread out as the results of the other case 
studies. As this building has a much larger envelope area compared to the other case 
studies the results are heavily dependent on the choice of external wall. In Figure 20 it 
can be seen that the first 7 kWh/m2 and year can be reduced by changing the windows 
and AHU as well as an addition of insulation in the roof. A reduction of the following 2 
kWh/m2 and year could be made by reducing the u-values of the windows one further 
step and simultaneously reduce the amount of insulation in the external floor. The last 
measure is due to a minimization of cost rather than specific energy usage. The change 
of external wall cannot be motivated as cost-efficient as the saving of specific energy 
usage is low in relation to the relative installation cost.  
 

 
Figure 20: The Pareto front of Stora Sjöfallet Hus  
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The optimal combinations of the Pareto front of Stora Sjöfallet Hus 7 can be seen in 
Table 13. 
 
Table 13: Optimal combination for Stora Sjöfallet Hus 7 

Specific 
Energy 
Usage  
[kWh/m2,yr] 

AHU Window 
[W/m2,K]  

External 
Wall 

Roof, 
insulation 
[mm] 

External 
Floor, 
insulation 
[mm] 

57.8 AHU2 0.75 EW GBG +150 -50 
58.2 AHU2 0.67 EW 501/601 +100 -50 

60.5 AHU1 0.75 EW 501/601 +100 0 
61.4 AHU3 0.75 EW 501/601 +50 0 

5.1.3 Stora Sjöfallet Hus 8 
 
The results for Stora Sjöfallet Hus 8 are heavily dependent on the choice of external wall. 
The SF of this building is 1.10 which probably is a contributing factor to why these 
results are obtained. Compared by Beckomberga where the SF is good it can be seen that 
the AHU does not influence the results of Stora Sjöfallet Hus 8 in any great extent. The 
Pareto front for Stora Sjöfallet Hus 8 can be seen in Figure 21. 
 

 
Figure 21: The Pareto front of Stora Sjöfallet Hus 8 

The initial energy saving measures for Stora Sjöfallet Hus 8 should be a change of 
windows and additional insulation of the roof since it contributes to a significant 
reduction of the specific energy usage to a relatively low investment cost. In case the 
requirement of specific energy usage is tightened from approximately 65.5 kWh/m2 and 
year, it is motivated to change the external wall from EW 501/601 to EW GBG or make a 
window change so that window u-value is reduced. The optimal combinations for Stora 
Sjöfallet Hus 8 can be seen in Table 14. 
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Table 14: Optimal combinations for Stora Sjöfallet Hus 8 

Specific 
Energy 
Usage  
[kWh/m2,yr] 

AHU Window 
[W/m2,K]  

External 
Wall 

Roof, 
insulation 
[mm] 

External 
Floor, 
insulation 
[mm] 

63.0 AHU1 0.67 EW GBG +100 0 
65.9 AHU3 0.75 EW 501/601 +100 0 

66.7 AHU1 0.84 EW 501/601 +100 0 
67.1 AHU3 0.84 EW 501/601 +100 0 

68.3 AHU3 0.84 EW 501/601 +100 -50 

68.7 AHU2 0.84 EW 501/601 +100 -50 

5.1.4 Slottsträdgården 
 
The results of the case study Slottsträdgården as well as the Pareto front are shown in 
Figure 22. The results are mostly influenced by the choice of external wall and AHU. The 
SF of Slottsträdgården is the worst of all case studies. This is due to the relatively large 
envelope area in relation to the temperate area which probably explains the influence of 
external wall on the results. In addition to a poor SF the project also has a garage. This 
adds a challenge to meet tightened requirements of specific energy usage.  
 

 
Figure 22: The Pareto front of Slottsträdgården 

Based on the results it can be seen that for a relatively small investment cost the specific 
energy usage could be decreased to 59 kWh/m2 and year provided that the energy 
saving measures are set as this study. It means that as much as 6 kWh/m2 and year can 
be saved by reducing the u-value of the windows by two steps and add 100 mm 
insulation in the roof. The initial AHU was AHU2 and it can be seen that for a tightened 
requirement of specific energy usage AHU3 is the best option. The location of 
Slottsträdgården is close to Mälaren wherefore it most probably is not a good option to 
change the windows as the risk of condensation on the outside of the window increases.  
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The relative investment cost takes off rapidly in case the requirement of specific energy 
usage is tightened below 59 kWh/m2 and year. Therefore, other energy saving measures 
might by more cost-efficient, like an installation of solar PVs and a waste water heat 
exchanger. This analysis is presented later in this chapter. The optimal combinations of 
Slottsträdgården can be seen in Table 15.  
 
Table 15: Optimal combinations for Slottsträdgården 

Specific 
Energy 
Usage  
[kWh/m2,yr] 

AHU Window 
[W/m2,K]  

External Wall Roof, 
insulation 
[mm] 

External 
Floor, 
insulation 
[mm] 

57.0 AHU3 0.75 EW GBG 150 50 

57.1 AHU3 0.75 EW GBG 150 0 

57.8 AHU3 0.75 EW 501/601 100 50 

59.0 AHU3 0.84 EW 501/601 100 0 
59.9 AHU3 0.9 EW 501/601 50 0 

65.3 AHU2 1.0 EW 501/601 0 0 

5.2 Additional Analysis of the AHUs 
 
The location of an AHU room can be in conflict with sellable area if it is located within 
the building. Therefore, an additional analysis was made for two of four case studies as 
they have the AHU room in the basement of the building. The two case studies analysed 
was Stora Sjöfallet Hus 8 as well as Slottsträdgården. Beckomberga’s AHU room is 
located on the roof wherefore there is assumed there is no conflict between the location 
and sellable floor area. The analysis could also be made for Stora Sjöfallet Hus 7 but it 
was neglected due to large simulation times. The analysis was made by taking the 
additional floor area into account in the relative cost of the AHUs. AHU1 and AHU3 
require less floor area compared by AHU2. Therefore, the corresponding cost of the 
difference in floor area was added in order to see if the optimal combinations would 
change or remain constant.  

5.2.1 Stora Sjöfallet Hus 8 
 
The following results were obtained for Stora Sjöfallet Hus 8 when the cost of the 
difference in floor area for the units was added. The shape of the two Pareto fronts is 
similar, see Figure 23. The results remains heavily dependent on the choice of external 
wall for the same reason as described previously in the report.  
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Figure 23: Results of an additional AHU analysis for Stora Sjöfallet Hus 8 

Taking the floor area for different AHUs into account, when optimizing a building from 
energy and investment cost of view, shows that the choice of AHU for Stora Sjöfallet Hus 
8 varies from the original proposed AHU. AHU2 is not an option for any point on the 
Pareto front when the floor area is taken into consideration. Therefore the best choice 
most probably is AHU1 or AHU3 depending on which requirement for specific energy 
usage that should be met. The relative investment cost to reduce the specific energy 
usage by 1.3 kWh/m2 and year is no additional cost for the project based on this 
analysis. To further reduce the specific energy usage by approximately 2 kWh/m2 and 
year, it is proposed that the windows are changed to 0.67 W/m2,K and simultaneously 
using AHU3 instead of AHU1. The change of AHU is a result of minimizing the costs 
rather than specific energy usage. In case the specific energy usage should be decreased 
the last 2 kWh/m2 and year, the AHU is change once again to AHU1 as well as a change 
of external wall. This since it uses less energy compared to AHU3 but has a larger 
relative investment cost.  

5.2.2 Slottsträdgården 
 
In case the cost of the floor area is taken into account in the case of Slottsträdgården it 
can be seen that the shape of the Pareto front is almost unchanged. Once again the 
results are heavily dependent of the choice of external wall. Based on these results 
AHU3 is the best option for the first 3 kWh/m2 and year of reduction. In case the last 2.5 
kWh/m2 and year should be reduced the AHU1 is proposed. The details of the results 
can be seen in Figure 24.  
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Figure 24: Results of an additional AHU analysis for Slottsträdgården 

5.3 Cost-Efficient Solutions for a Tightened BBR Requirement 
 
On the basis that the BBR requirement most probably is reduced by 30 % to 55 kWh/m2 
and year in a near future, an analysis of cost-efficient solutions to meet that requirement 
was made on each case study. By doing this analysis the most cost-efficient combination 
of energy saving measures can be presented. The results of the analysis are presented 
individually for each case study.  

5.3.1 Beckomberga 
 
In case the energy saving measures is only directed towards the envelope of the building 
it can be seen that the BBR requirement can be meet theoretically in the Beckomberga 
case. This can be made by changing the windows to a reduced u-value and by adding 
insulation in the roof as well as by reducing the amount of insulation in the external 
floor. However, in case the BBR requirement should be meet by a safety margin of 10 % 
the best option might be to install a WWHex as one of the first options since that single 
measure can contribute of a reduction of the specific energy usage by about 5 kWh/m2 

and year, see Figure 25. 
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Figure 25: An analysis of Beckomberga to meet a reduced BBR requirement 

As Beckomberga has good initial conditions to meet a tightened requirement of the 
specific energy usage an installation of Solar PVs might be unnecessary costly due to a 
relatively high investment cost in relation to other energy saving measures. 
Furthermore, the pre-heating system for the ventilation air was shown too costly for 
Beckomberga. Therefore it was not included in the analysis.  

5.3.2 Stora Sjöfallet Hus 7 
 
The available energy saving measure for the envelope of Stora Sjöfallet Hus 7 will not be 
enough to meet a tightened BBR requirement. As this project has a large envelope area a 
change of external wall is not the most cost-efficient solution. A more cost-efficient 
alternative is to install a WWHex and solar PVs. In Figure 26 it can be seen that those 
measure makes a reduction of 8 kWh/m2 and year. An alternative is to change windows 
to 0.67 W/m2,K and then install the WWHex and solar PVs. In this case the BBR 
requirement can be meet with a larger safety margin but to a larger cost.  
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Figure 26: An analysis of Stora Sjöfallet Hus 7 to meet a reduced BBR requirement 

5.3.3 Stora Sjöfallet Hus 8 
 
In the case of Stora Sjöfallet Hus 8 the results shows that it is a challenge to meet a new 
BBR requirement with a safety margin provided that the possible energy saving 
measure are those of this study. In this case a WWHex, Solar PVs and a pre-heating 
system for the ventilation air need to be installed to meet the tightened BBR 
requirement, see Figure 27.  
 

 
Figure 27: An analysis of Stora Sjöfallet Hus 8 to meet a reduced BBR requirement 

In case the external wall is changed from the platform wall to the low energy wall the 
BBR requirement can be met within a better safety margin. However, to state it is cost-
efficient to have a relative additional investment cost of almost 1.5 million SEK would 
not be reasonable. One idea is to scale up the amount of solar PVs as the installed effect 
can be increased. This might be an option in case the development process of this kind of 
building has come far.  
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Once again the results shows that the poor initial conditions affects the possibility to 
succeed within the safety margin for specific energy usage for a reasonable relative 
additional investment cost. Therefore, this shows the importance to make significant 
changes of the design of the building early in the design phase so that the specific energy 
usage can be met cost-efficient.  

5.3.4 Slottsträdgården  
 
To a relatively low investment cost the first 6 kWh/m2 and year can be decreased by 
additional insulation in the roof, unchanged insulation of the external floor and by 
changing windows. . The relative investment cost for Slottsträdgården increases rapidly 
when the external wall is changed from platform wall to a low energy wall. Therefore, 
this analysis shows that it is more cost-efficient to install a WWHex and Solar PVs 
instead of a change of external wall, see Figure 28. The reason for that is that 
Slottsträdgården has a large shape factor which means the building has a large envelope 
area exposed to the ambient. Therefore, the relative additional investment cost becomes 
large and the relative saving of specific energy usage is small. 
 

 
Figure 28: An analysis of Slottsträdgården to meet a reduced BBR requirement 

In case a WWHex and solar PVs are installed a tightened requirement of specific energy 
usage can be met within a reasonable safety margin even if it is not met by 10 %. To 
meet the requirement by a larger safety margin the best measure might be to scale up 
the solar PVs so that a larger share of the property electricity can be credited. In this 
case the relative investment cost will be larger and the chance to meet the requirement 
of specific energy usage when the building is in operation will be increased. 

5.4 Comparison of Results 
 
The reference cases have different potential to meet a tightened requirement of specific 
energy usage. In the cases Stora Sjöfallet Hus 7 and 8 the garage and electric floor 
heating in the bathrooms are adding a challenge to succeed. In Slottsträdgården it is a 
garage that adds a challenge. It can be seen in Figure 29 that Stora Sjöfallet Hus 8 does 
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not reach as low as Beckomberga when the same parameters are optimized. Stora 
Sjöfallet Hus 7 is much larger in comparison to the other three case studies wherefore it 
is difficult to compare all buildings. However, the shape of the Pareto front is still similar 
to the other case studies even if it is scaled up. It can also be seen that Beckomberga, 
Slottsträdgården and Stora Sjöfallet Hus 8 has similar shapes of their Pareto fronts. 
These buildings are similar in size which probably explains the similar shape. 
 

 
Figure 29: Pareto fronts of all case studies 

As the initial conditions are significant for the starting point and hence the possibility to 
reduce the specific energy usage, it shows the importance of getting into the 
development process as soon as possible to be able to set the conditions so that the 
energy requirement can be met. 
 
An analysis was made on the difference between Beckomberga, Stora Sjöfallet Hus 8 and 
Slottsträdgården as the temperate areas are similar and the deviation of the Pareto 
fronts is significant. In order to have comparable results, the electric floor heating as 
well as the load of the garage was subtracted from the total specific energy usage of 
Stora Sjöfallet Hus 8 and Slottsträdgården. The following results was obtained, see 
Figure 30.  
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Figure 30: Comparison of Beckomberga, Stora Sjöfallet Hus 8 and Slottsträdgården 

Beckomberga have significantly lower heating demand initially even though the same 
external wall is used in the reference cases of all three case studies. The difference is 
between 8 to 10 kWh/m2 and year which explains why Beckomberga’s Pareto front is 
offset to the left. One reason for the difference in heating demand is due to the difference 
in SF. All these case studies have the same AHU initially. However, the input data for the 
AHU is set different depending on the performer of the energy simulation. This 
contributes to variations in specific energy usage which also contributes to the minor 
difference between the case studies. 
 
As Slottsträdgården has a higher u-value of the windows initially the change of window 
affects the results in a larger extent compared by Stora Sjöfallet Hus 8. This is a reason 
why the specific energy usage is reduced more than Stora Sjöfallet Hus 8. The windows 
affects the results of Slottsträdgården in such way that the Pareto front appears on the 
left side of Stora Sjöfallet Hus 8’s Pareto front even though Slottsträdgården has a higher 
SF.  
 
In addition to a garage and electric floor heating in bathrooms Stora Sjöfallet Hus 8 has 
business facilities at street level. Those facilities have much larger windows compared to 
the windows for apartment purposes. The large windows were not changed during the 
optimization as the study was directed towards smaller windows. Therefore the relative 
window area for Stora Sjöfallet Hus 8 was large in relation to its building size. 
Furthermore, the building has bay windows which add the total thermal bridges of the 
building. Moreover the envelope area exposed to the ambient climate increases due to 
the bay windows. This increases the SF of the building. These are the most probable 
reason for the offset of Stora Sjöfallet Hus 8 to the right.  
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6. Sensitivity Analysis 
 
In this chapter the sensitivity analysis will be described. The base of the sensitivity 
analysis is the results from the Pareto fronts for each case study. The two most 
influencing parameters of the Pareto fronts are determined. The investment costs for 
those two parameters are varied ±20 % in order to investigate the cost sensitivity. By 
making a sensitivity analysis the idea was to investigate if the combinations of the 
optimal solutions were changed significantly.  

6.1 Beckomberga 
 
The general results of the cost sensitivity for Beckomberga are that the Pareto front 
does not deviate significantly. Even when the two most influencing parameters are 
varied by ±20 % it does not affects the shape of the Pareto front to a large extent. 
Therefore there is a possibility to obtain results that deviates a bit due to costs. 
However, the deviation is relatively small and the Pareto front for Beckomberga seems 
to be accurate enough, see Figure 31. 
 
 

 
Figure 31: Cost sensitivity analysis of Beckomberga 

The analysis was extended to the optimal combinations of the Pareto fronts where the 
costs are varied. It was seen that AHU2 was still dominant. In case the cost of the AHU 
was decreased it was seen that the choice of window was more important than the 
choice of AHU. When the cost of the AHU was increased it was seen that AHU2 was 
optimal for tightened requirement of specific energy usage. However this was not the 
case for higher permission of specific energy usage. The platform wall was once again 
optimal in all cases except for the most tightened specific energy usage. The insulation in 
the external floor was in most cases optimal when it was reduced by 50 mm. The last 
parameter was the insulation in the roof, which was seen optimal for 100 mm an 
additional insulation in most cases. 
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6.2 Stora Sjöfallet Hus 8 
 
By making a cost sensitivity analysis of Stora Sjöfallet Hus 8 it was shown the Pareto 
fronts were similar in shape and size even if the costs deviated by 20 % in both 
directions, see Figure 32.  
 

  
Figure 32: Cost sensitivity analysis of Stora Sjöfallet Hus 8 

In case the cost of the AHU is increased it was seen that AHU3 was the most cost-
efficient alternative. Furthermore it was seen that in case the AHU cost was decreased 
the AHU1 and AHU3 was equally distributed on the results. For the minimum 
requirement of specific energy usage, AHU1 was the most cost-efficient alternative.  
 
For an increased cost of the external walls it was seen that the change of windows is 
cost-efficient at an earlier stage. The amount of insulation is also maximized in the 
external floor and roof before it becomes cost-efficient to change external wall. A 
decreased cost of the external wall makes it cost-efficient to make a change to the low 
energy wall at a higher level of specific energy usage compared to the case of the original 
Pareto front for this case study. It can also be seen that MOBO suggest a reduction of the 
insulation in the external floor when the cost for the external wall is decreased. 
However, the change of external wall to the low energy wall is still the last measure 
proposed of all energy saving measures optimized.  
 
The result of the cost sensitivity analysis of Stora Sjöfallet Hus 8 shows that AHU1 or 
AHU3 are the most cost-efficient alternatives. The AHU is dependent on the level set for 
the specific energy usage. This explains why both AHU1 and AHU3 are presented as 
cost-efficient. The choice of window could as well be changed so that the u-value was 
decreased by at least one step as the building is not located by the shoreline.  

6.3 Slottsträdgården 
 
The results of the cost sensitivity analysis of Slottsträdgården shows that the shape of 
the Pareto front does not change significantly due to the changes in costs, see Figure 33. 
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Figure 33: Cost sensitivity analysis of Slottsträdgården 

If the cost of the external wall increases it can once again be seen that the change from a 
platform wall to a low energy wall is proposed after the windows are changed and the 
amount of insulation in the external floor and roof is maximized. AHU3 is dominating 
the results in case the external wall cost is increased as well as decreased. It implies that 
the AHU3 seems to be a good option for the initial conditions of Slottsträdgården.  
 
In case the window costs are increased there are more optimal combination on the 
Pareto front were the optimal window is reduced two steps instead of three steps. 
Instead of a third window change it was proposed to use more insulation. The opposite 
trend was seen when the window costs was decreased.  
 
The results of the cost sensitivity analysis on Slottsträdgården shows a window change 
would be profitable even if the cost is either increased or decreased. This is based on 
current costs of the windows. As this project was made a few years ago it is possible that 
the relative investment cost for different windows was higher when the choice of 
window was taken. However, a further study of the probability to have condensation on 
the outside of the window needs to be made before this measure is proposed.  
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7. Discussions 
 
The aim of this master thesis is to investigate how tightened requirements for specific 
energy usage can be met cost-efficient and in a systematic way. In relation to this 
purpose especially four factors needs consideration; the utilization of MOBO, limitations 
of MOBO, cost sensitivity analysis and future opportunities. A discussion of each factor is 
presented separately in this chapter.  

7.1 The Utilization of MOBO 
 
MOBO could be used in an early stage of the development process of a new multi-family 
building. By using MOBO as soon as possible an analysis can be made so that the best 
technical and cost-efficient solutions for the building can be chosen at an early stage of 
the process. Thus it has an increased potential to analyse a project’s possibility to meet 
tightened requirements for specific energy usage at an early stage. As the property 
portfolio of buildings is limited to four multi-family buildings, no general solutions for a 
large share of multi-family buildings can be drawn. It can be seen that there is a 
relationship between the choice of energy saving measure and the criteria of the case 
studies. However, a unique analysis for each project will be needed in order to 
investigate which combined combinations of energy saving measure that are most cost-
efficient based on some given conditions.  
 
Even if the property portfolio is limited to four buildings it was seen that the Pareto 
front for Beckomberga, Stora Sjöfallet Hus 8 and Slottsträdgården was similar. In case a 
building is developed with similar conditions, there might be no need of MOBO in case 
the analysis has been made earlier and the Pareto front is known. In this case the known 
Pareto front can give a hint of the relative additional investment cost to meet a specific 
requirement of specific energy usage. Therefore, a future possibility might be to analyse 
typical building conditions and then apply the results on other buildings being 
developed with similar conditions.  
 
A degree of caution need to be taken so that the proposed energy saving measures do 
not complicate other important aspects of the building. For example in the case of 
Slottsträdgården where the location of the building is close to the lake Mälaren, a 
reduction of the u-value of the windows might result in more condensation on the 
outside of the windows. Therefore it is not a good choice to change the windows from 
the initially proposed solution. Higher risk of condense on the outside part of the 
window is a question of customer satisfaction. Less heat losses through the windows 
makes the temperature of the window, exposed to the ambient, lower wherefore the risk 
for condense increases. In case the customer is unable to enjoy the view due to condense 
on the windows the overall satisfaction might be reduced. Another important aspect is 
the sound reductions of windows in case the building is exposed to noise. In this case it 
is also important to make sure the analysis is based on windows that fulfils the 
requirement of noise and not only the requirement of specific energy usage as well as 
cost. 
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7.2 Limitations of MOBO 
 
Some obstacles were encountered during the investigation of the utilization of MOBO. 
Further on some found limitations will be described as well as the methods used to deal 
with some of the barriers.  
 
When optimizing IDA ICE models through MOBO, the user need to identify the 
parameters of interest and how to change it in IDA ICE. Preferably each parameter is 
varied globally in IDA ICE since it makes it easy to change a variable in every zone of the 
building. As IDA ICE only let the user change some input data globally, this method was 
not possible to use for different AHUs. Therefore, new AHU resources was created in the 
IDA ICE model and changed manually for every zone. The drawback of this approach is 
that the script become large and the user need to change the Delimiter for each zone. In 
case the user has greater experiences in scripting, a change of AHU in every zone can be 
written more efficiently. The same approach could be used for windows. However, it 
was decided to use another more user-friendly approach instead.  
 
The windows of interest had different total u-values. In IDA ICE it is only possible to 
change the glazing u-value globally and not the frame fraction. Therefore, the glazing u-
value was set to arbitrary value, so that the total u-value corresponded to the value of 
interest. At the same time the frame fraction was not changed. This approach reduced 
the length of the script and hence the possibility to make time consuming mistakes. In 
the future it would be beneficial to make a window resource that includes the frame 
fraction, which could be varied in MOBO.  
 
The next challenge is the costs in MOBO. As each external wall resource, window etc. 
corresponds to a specific u-value in this thesis, it should be easier to name each resource 
as u-values. However, MOBO does not have any matrix function which allows the user to 
connect u-values to specific cost. Therefore, each resource in IDA ICE needs to be named 
as its cost. This is forcing the user to manually control which cost is corresponding to 
each u-value. It adds some time to the total time for analysis of the data produced by 
MOBO.  
 
Some resources in the case studies have a negative cost difference since the measure 
proposed is cheaper than the reference value. In this case the cost has not been inserted 
as a negative value in MOBO as the program cannot handle negative values. Instead a 
function for the total cost of each measure was multiplied by a negative one. However, in 
case the user wants to make an analysis with both cheaper and more expensive 
measures at the same time, they need to be treated separately as MOBO cannot handle 
both positive and negative values for one resource simultaneously.  
 
When the user wants to optimize more than one building with MOBO, the IDA ICE model 
and MOBO needs to be connected for each case. Furthermore, the user needs to change 
the temporary folder in the IDA ICE model so that the correct results are collected after 
each simulation run. The temporary folder is preferably unique in case the user is 
handling more than one project. Otherwise the results will be mixed. In order to deal 
with an optimization through MOBO, the user needs to create a new run_ida.bat file, 
batch files and create a new script. Even though the same parameters are studied, the 
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AHU-variable is limited to each zone and the zones will be different for each IDA ICE 
model.  
 
Due to limitations in MOBO some extra calculations are made before and after the MOBO 
simulations. This increases the risk for errors. Currently this adds a challenge and 
unnecessary costs in terms of working time for the analysis.  

7.3 Cost Sensitivity Analysis 
 
The costs for building components are dependent of the market. According to basic 
economic theory the cost is a function of the supply and demand. Thus market aspects 
influence the difference in investment cost for different measures which contributes to 
an uncertainty. Moreover it is difficult to estimate the investment cost for different 
energy saving measures. Therefore it is important to analyse how deviations in costs 
influence the results of simulations.   
 
It was shown that the shape of the Pareto front did not change significantly due to the 
changes in costs. The most probable reason for the finding is that the relative 
investment cost for those two measures are large and even with a large deviation in cost 
the most optimal combinations can be found. It implies that in case the costs are within a 
spread of ±20 % the most optimal combinations, to meet tightened requirements for the 
specific energy usage, can be found.  

7.4 Future Opportunities 
 
Due to the delimitation to specific energy usage and its corresponding investment cost, 
there is a large potential to further develop the concept within other interesting areas of 
multi-family buildings. An example is a deeper analysis of when it is cost-efficient to use 
pre-fabricated instead of site built external walls. Furthermore, a future investigation 
could be on different insulation materials to investigate if it is cost and energy efficient 
to decrease the thickness of the wall in favour for an increased sellable area. 
 
As simulations in MOBO are time consuming the analysis has been limited to smaller 
buildings. With an increased computational power the analysis from a cost and energy 
point of view have an opportunity to be made on even larger buildings where the 
relative cost savings are larger in relation to the auxiliary cost for an engineer to make 
MOBO simulations.  
 
Not only the investment cost needs to be considered. By increasing the system 
boundaries, the analysis can be expanded towards life cycle costs and a deeper 
investigation of different building materials total environmental impact as well as 
emissions of carbon dioxide equivalents. Another opportunity is to expand the analysis 
towards built-in energy by studying the relation between the energy usages when 
constructing a multi-family building and when the building is in operation.   
 
In summary the opportunities to utilize MOBO in future projects is large provided that 
the software is available for industry.  
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8. Conclusions  
 
This master thesis has been developed based on one main research question and two 
sub-questions; How can MOBO and IDA ICE be utilized to identify cost-efficient 
combinations of energy saving measures, to meet tightened requirements for specific 
energy usage?; Which parameters are included in such an utilization?; and How can the 
number of interesting data points be decreased so that the most appropriate solution is 
found?.   
 
The conclusion of the main research question is that MOBO and IDA ICE can be utilized 
to vary different building components in such way that the most cost-efficient 
combination of measures can be found with a systematic approach. It is possible to 
identify energy saving measures that has a relatively small additional investment cost 
and a significant energy saving. Preferably it is made in an early stage of the 
development process for new multi-family buildings, so that the initial conditions can be 
set so that it is possible to reach tightened requirements for specific energy usage cost-
efficient. By utilizing MOBO and IDA ICE on four case studies it can be concluded that a 
change from a platform wall to a low energy wall is not a cost-efficient measure. It was 
shown that it is more cost-efficient to install solar PVs and WWHex rather than a change 
of external wall in order to meet tightened energy requirements. Furthermore, a 
reduction of the window u-value is relatively inexpensive wherefore it can be concluded 
that this measure should be kept in mind in future projects. Moreover it can be used to 
develop the technical platforms.  
 
In case MOBO and IDA ICE is used, an approximation of the relative in investment cost in 
relation to the specific energy usage can be determined. It can be concluded that the 
utilization has an opportunity to be used in the industry in a near future provided that 
MOBO can be used for more than academic work. Even if this should be seen as an initial 
investigation of the usefulness of MOBO, it can also be concluded that the analysis can 
give an indication of a direction for which it probably will continue when even more 
parameters are optimized simultaneously.  
 
By utilizing MOBO in combination with IDA ICE five main parameters are include based 
on an analysis; three AHUs with deviated heat recovery efficiency, different heating 
demands due to several permitted temperatures for ice formation, tice, and various SFP; 
three windows with different u-values; two options of external walls where one is a 
platform wall and one is a low energy wall used in an previous NCC project; three 
different amounts of additional insulation in the roof; and lastly two different amounts 
of insulation in the external slab. Furthermore, an analysis of the cost-efficiency of a 
WWHex and solar PVs should be made. The pre-heating system was shown too costly as 
it is only an option in case the initial conditions are poor.  
 
It can be concluded that the number of interesting data points are limited when only 
focusing on the Pareto front. When the Pareto front is obtained the most appropriate 
combination of energy saving measure can be found by setting an absolute requirement 
for specific energy usage. Even if there is more than one possible point that meets the 
tightened requirement for specific energy usage, the lowest cost will determine the 
choice of appropriate point.  
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Appendix A 
 
The template interview questions for three employees at NCC were:   
 

 Kan du beskriva din roll inom energisimuleringar, din erfarenhet samt din 
nuvarande roll på NCC?  
(Can you describe your roll within energy simulations, your experience and your 
current position at NCC?) 

 När ett projekt skall startas upp, vilka personer samt dess roll är involverade i 
det inledande mötet/mötena?  
(When a project is about to start, who is involved in the initial meeting/meetings?) 

 Hur kommuniceras informationen från de inledande mötena till resterande 
arbetare inom projektet?  
(How is the information from the initial meetings communicated to other 
stakeholders within the project?) 

 Hur hanteras kostnader för åtgärder som behövs för att klara energikraven med 
viss marginal idag?  
(In case auxiliary actions are taken to meet the requirement of energy with a 
margin, how is the additional cost handled?) 

 Hur optimeras energisimuleringsmodellerna idag?  
(How is the energy simulations optimized currently?) 

 Vem är övergripande ansvarig för att se till att både energikraven och 
budgetkraven uppfylls?  
(Who has the overall responsibility to ensure the energy requirement and budget 
goal are meet?)  
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Appendix B  
 
Table 16: Demarcation list for electricity 

  Property 
electricity  

Household 
electricity 

Note  

1 HEATING    
1.0 ENERGY FOR HEATING 

WITHIN THE BUILDING  
  If heat is generated centrally 

for multiple tenants is  
central measurement 
accepted 

1.1 Water born heating 
(radiators, floor heating, 
convectors) 

X   

1.2 Heater in AHU X   
1.3 Energy for DHW incl. 

WWC-losses 
X   

 ENERGY FOR HEATING 
OUTSIDE THE BUILDING 

   

1.4 Heating cables within or 
on the outside of the 
building  

X   

1.5 Heating cables in the 
ground for freeze 
protection 

X   

2 COOLING – occurs most 
often not 

   

3 LIGHTING    
3.0 ENERGY FOR LIGHTING 

WITHIN THE BUILDING 
   

3.1 Stationary lighting is 
stairwells, depots, 
operation room and rooms 
for rubbish 

X  The amount of electricity 
that goes to fixed lighting in 
public areas and operational 
areas should be included in 
the building’s building 
service 

3.2 Lighting in garage X  The amount of electricity 
that goes to fixed lighting in 
public areas and operational 
areas should be included in 
the building’s building 
service 

3.3 Lighting in residences  X  
 ENERGY FOR LIGHTING 

ON THE OUTSIDE OF THE 
BUILDING 

   

3.4 Outdoor lighting X  Aimed to light the facade or 
entrances that are for 
common use 
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3.5 Outdoor lighting X  Aimed to light the space 
under canopies  

3.6 Outdoor lighting  X On the façade for entrances 
to individual apartments and 
its balconies etc 

4 OPERATION 
ELECTRICITY 

   

4.0 ELECTRICITY ENERGY 
FOR OPERATION 

   

4.1 Circulation pumps, heating X   
4.2 Fan motors, common 

ventilation 
X   

4.3 Fan motors, apartment 
units  

x   

4.4 Forced ventilation, cooker 
hood  

 X Increased energy to force 
ventilation during cooking 
or other activity  

4.5 Fan motors, garage X   
4.6 Pressure booster for DHW X   
5 OTHER ELECTRICITY    
5.0 OTHER ELECTRICITY 

ENERGY 
   

5.1 Elevators incl. lighting X   
5.2 El. Heating in depots X   
5.3 Information displays  X  
5.4 Car chargers   X  
5.5 Towel heater, comfort  X In case other method of 

heating is installed 
5.6 Towel heater, heating X  In case no other method of 

heating is installed 
5.7 El. Floor heating, comfort X  Is included in the heating 

demand even if it is for 
comfort 

5.8 El. Floor heating, heating X   
5.9 Other household electricity  X  
5.10 Laundry room  X Electricity which is used for 

washing laundry for 
residents in the building 
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Appendix C 
 

Table 17: Conditions for Beckomberga 

Parameter  Value  Source  
Indoor temperature  21 °C in residence  

18 °C is other areas 
Sveby 
VS-description  

DHW usage  25 kWh/m2 and year Sveby Version 1.0 
Losses due to WWC 1 W/m2 when there is no 

heating demand 
Assumption NCC THU 

Heating  District heating + radiators  According to 
documentation 

Electricity to pumps 1 % of the heating demand Assumption NCC THU 
Losses due to the control 
system for the heating 
system 

10 % of the heating 
demand 

Assumption NCC THU 

Shading  Shading factor 0.5 Sveby 
Solar heat gain coefficient 
windows  

SHGC (g) = 0.52 Window supplier  

Climate conditions  Normal year, Climate file 
IDA, Stockholm/Bromma  

ASHRAE, 2011 

Ventilation  Heat recovery ventilation 
Total flow: 700 l/s (0.4 l/s  
and m2) 

Ventilation description 
Ventilation blueprints 

Heat exchange  Cross flow heat exchange of 
type VoltAir  
Annual efficiency 88 % 

According to ventilation 
description  

Specific Fan Power  SFP 1.5 kW/(m3/s) According to information 
from projector of 
ventilation 

Mechanical kitchen 
ventilation 

46 l/s  
0.5 h/day 

Technical platform  
NCC 

Envelope air tightness at 
±50 Pa pressure difference  

0.5 l/(m2s) Technical platform  
NCC 

Heat from occupancies  80 W/person with an 
assumption of 14 h/day 
occupancy. Number of 
occupants according to 
Sveby  

Sveby 

Internal heat from 
household electricity  

30 kWh/m2 and year, of 
which 70 can be 
assimilated  

Sveby 

Internal heat in other areas 5 W/m2 in stairwells  
5 W/m2 in other areas 300 
h/year 

Sveby  

Airing Addition of 4 kWh/m2 and 
year 

Sveby 

Surplus for thermal bridges  20 % of total UA-value  Handbook for rational us of 
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energy according to BBR – 
version 2. Boverket august 
2012. 

Other property electricity  2568 kWh/year  Sveby 
Um-value and building 
envelope  

UA: 599 W/K 
Um: 0.36 W/m2K 

Construction blueprint and 
information from window 
supplier  

 

Table 18: Conditions for Stora Sjöfallet Hus 7 & 8 

Parameter  Value  Source  
Indoor temperature  21 °C in residence  

15 °C is other areas 
Sveby 
VS-description  

DHW usage  20 kWh/m2 and year Sveby Version 0 
Losses due to WWC 1 W/m2 when there is no 

heating demand 
Assumption NCC THU 

Heating  District heating + radiators  According to 
documentation 

Electricity to pumps 1 % of the heating demand Assumption NCC THU 
Losses due to the control 
system for the heating 
system 

10 % of the heating 
demand 

Assumption NCC THU 

Shading  Shading factor 0.5 Sveby 
Solar heat gain coefficient 
windows  

SHGC (g) = 0.52 Window supplier  

Climate conditions  Normal year, Stockholm-
Bromma  

ASHRAE, 2001 

Ventilation  Heat recovery ventilation 
Hus 7: 2440 l/s 
Hus 8: 770 l/s 

Ventilation description 
Ventilation description 

Heat exchange  Cross flow heat exchange of 
type VoltAir  
Annual efficiency 88 % 

According to ventilation 
description  

Specific Fan Power  SFP 1.6 kW/(m3/s) According to information 
from projector of 
ventilation 

Mechanical kitchen 
ventilation 

46 l/s  
0.5 h/day 

Technical platform  
NCC 

Envelope air tightness at 
±50 Pa pressure difference  

0.3 l/(m2s) Technical platform  
NCC 

Heat from occupancies  80 W/person with an 
assumption of 14 h/day 
occupancy 
No. people according to 
Sveby  

Sveby 

Airing Addition of 4 kWh/m2 and 
year 

Sveby 

Surplus for thermal bridges  24 % of total UA-value  Handbook for rational us of 
energy according to BBR – 
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version 2. Boverket august 
2012. 

Other property electricity  Hus 7: 28483 kWh/year  
Hus 8: 8976 kWh/year 

Sveby 

Um-value and building 
envelope  

UA: 641 W/K 
Um: 0.36 W/m2K 

Construction blueprint and 
information from window 
supplier  

 

Table 19: Conditions for Slottsträdgården 

Parameter  Value  Source  
Indoor temperature  21 °C in residence  

18 °C is stair wells and 
room for bikes, 9 °C in the 
garage and 11 ° in other 
areas. 

Sveby 
 

DHW usage  25 kWh/m2 and year Sveby Version 1.0 
Losses due to WWC 28 W/apartment during no 

heating season 
Assumption NCC THU 

Heating  District heating + radiators   
Electricity to pumps 1 % of the heating demand Assumption NCC THU 
Losses due to the control 
system for the heating 
system 

10 % of the heating 
demand 

Assumption NCC THU 

Shading  Shading factor 0.5 Sveby 
Solar heat gain coefficient 
windows  

SHGC (g) = 0.52 Window supplier  

Climate conditions  Normal year, Climate file 
IDA, Stockholm/Bromma. 
Closest climate file 
available in IDA ICE  

Assumption 

Ventilation  Heat recovery ventilation 
25 l/s for 2 RoK, 35 l/s vid 
3 Rok and minimum of 0.35 
l/s,m2. 0.35 l/s,m2 in stair 
wells- Average flow of 0.4 
l/s,m2 Atemp.  
Ventilation in garage: Heat 
recovery 0.9 l/s,m2, 
8h/day, other time 0.15 
l/s,m2. 

Ventilation description 
Ventilation blueprints 
 

Heat exchange  Cross flow heat exchange  
Annual efficiency 80 % 

NCC  

Specific Fan Power  SFP 1.8 kW/(m3/s) According to information 
from projector of 
ventilation 

Mechanical kitchen 
ventilation 

46 l/s  
0.5 h/day 

Technical platform  
NCC 

Envelope air tightness at 0.3 l/(m2s) Technical platform  
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±50 Pa pressure difference  NCC 
Heat from occupancies  80 W/person with an 

assumption of 14 h/day 
occupancy 
No. people according to 
Sveby  

Sveby 

Internal heat from 
household electricity  

30 kWh/m2 and year, of 
which 70 can be 
assimilated  

Sveby 

Airing Addition of 4 kWh/m2 and 
year 

Sveby 

Surplus for thermal bridges  20 % of total UA-value  Handbook for rational us of 
energy according to BBR – 
version 2. Boverket august 
2012. 

Other property electricity  6297 kWh/year   
Um-value and building 
envelope  

UA: 871 W/K 
Um: 0.30 W/m2K 
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Appendix D 
 
Table 20: Output data from Polysun 

Case Study Credited Electricity 
[kWh] 

Total gross area 
solar PVs [m2]  

Total Effect [kW] 

Beckomberga 2795 56 7 
Stora Sjöfallet Hus 7 10928 288 37 
Stora Sjöfallet Hus 8 3225 86 11 
Slottsträdgården  4359 113 15 
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Appendix E 
 
The input data in MOBO for all case studies were inserted as can be seen in Table 21, 
Table 22 and Table 23.  
 

Table 21: Simulation tab 

Run  Population Size  Generations Mutation 
Probability 

Crossover 
Probability 

Reference cases 4 20 1.0 0.9 
Cost analysis  4 15 1.0 0.9 
 

Table 22: Function tab 

Name Type  Delimiter  Function  
Heat Other  Emeter_X.Totenergy  
Electricity  Other  Emeter_Y.Totenergy  
Energy Min  Heat+Electricity  
Cost_ahu  Other   Ahu*1 
Cost_window Other   Window*1 
Cost_exwa Other   Exwa*1 
Cost_roof  Other   Roof*1 
Cost_exfl  Other   Exfl*(±1) 
Cost Min  ΣCost_ahu+…+Cost_exfl 
 

Table 23: Algorithm tab 

Name Values Delimiter  Function 
Ahu a,b,c %ahu%  Ahu 
Window  d,e,f %window% Window  
Exwa g,h %exwa% Exwa 
Roof i,j,k %roof%  Roof  
Exfl  x,y,z %exfl% Exfl  
 
In Table 23 the values are different for each case study and dependent on the analysis. 
The total cost for each case study is inserted and thus the function of each measure in 
Table 22 is multiplied by one or minus one. The sign is dependent on addition or 
reduction in cost for different measures.  

 
 
 


