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Abstract 
This thesis is a part of the major EU project EE-Highrise which is a part of the European 7th 

Framework Research Program (FP7-ENERGY). In order to demonstrate and test new technologies and 

concepts, a demo building has been constructed in Ljubljana, the capital of Slovenia. The approach 

during the development of the building has been to consider all its elements with the purpose to 

increase the energy efficiency and sustainability of the building. Umeå University’s objective is to 

develop regional specific models of the demo high-rise building.  

The objective of this thesis is to evaluate whether a simplified model of the high rise building, Eco 

Silver House, can meet the passive house classifications in four selected cities; Ljubljana, Sibenik, 

Umeå and Dubai and then to suggest improvements of the models for the different regions.  

Drawings of the building were provided along with an IFC file for construction of the model in PHPP. 

The simulation tool used for simulations, PHPP, contained all necessary tools for designing a properly 

functioning Passive House. By preparing an energy balance, the annual energy demand of the 

building was calculated based on input related to building characteristics. 

Results from the simulations have then been compared to the requirements for the German Passive 

House classification. The performance of the building in Umeå has also be compared to the Swedish 

passive house standards. Improvements to the climate shell and the ventilation system were after 

that examined depending on the results.  

It was shown that it is possible to construct regional specific models that fulfill the passive house 

requirements in three of four regions. The model achieved passive house standard without any 

additional energy efficiency measures in Ljubljana and Šibenik while a combination of measures was 

needed to fulfill all the criteria’s in Umeå.  

The Swedish requirements used for evaluation of the model in Sweden were easier to fulfill since 

they have been developed for the cold climate present in Umeå. Since no regional passive house 

classification was used to evaluate the performance of the model in Dubai the cooling and primary 

energy demand exceeded the limiting criteria’s.  

The energy efficiency measure with reduced window area had the greatest impact on heating and 

cooling demand in all climates. This measure should be included in all future models which also is 

suggested by parallel studies on similar models of the same building.  

The only climate where an increased U-value of the external envelope resulted in improved 

performance of the model was in Šibenik. For all the other climates where a lowered U-value was 

implemented did the overall performance improve.  
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Nomenclature and definitions 
𝐻𝑖𝑔ℎ 𝑟𝑖𝑠𝑒 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 The definition of a high-rise building is different in the included regions 

but the high rise building studied in this thesis is 13 floors. 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑏𝑟𝑖𝑑𝑔𝑒 A construction part of the thermal envelope that has a higher heat 

conducting ability than the surrounding components. 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑣𝑒𝑙𝑜𝑝𝑒 The physical separator between conditioned and unconditioned 

environment of a building.  

𝐷𝑊𝑂𝑇 Dimensioning winter outdoor temperature, the coldest temperature in 

a region, used to calculate energy usage and dimensioning heating 

systems [°C]. 

𝐻𝐿𝑁𝐷𝑊𝑂𝑇 The Heat loss number is the heat required during winter to keep the 

right temperature inside. It stands for the buildings specific heat losses 

through infiltration, ventilation and transmission and is one of the 

Swedish Passive house criteria’s. This value is calculated with the help 

of 𝐷𝑊𝑂𝑇. [W/m2] 

𝜏 The Time constant is a measurement of a buildings thermal capacity. 

Can be in the unit, hours or days. 

𝐺𝑇  Degree hours [Kh]. 

𝐴𝑇𝑒𝑚𝑝  The total floor area if temperature controlled space [m2]. 

𝐴𝑒𝑛𝑣  Total building envelope area from the inside [m2]. 

ACH Air changes per hour. The amount of times that the air in a specific zone 

is designed to be exchanged in one hour. [1/h] 

𝑄𝑇 Thermal transmission loss, the heat loss through walls, windows, doors, 

ceiling, floors etc. [kWh] 

𝑈𝑚 Air leakage, also called infiltration is the unintentional or accidental flow 

of outside air into a building, through cracks in the building envelope. 

[1/h] 

𝑈𝑚 Building envelope average U-value. The average U-value of the buildings 

exterior components. [W/m2K]
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1. Introduction 
This thesis is a part of the major EU project EE-Highrise which is a part of the European 7th 

Framework Research Program (FP7-ENERGY). The project started in the beginning of 2013 and is 

scheduled to be completed in the early 2016 and the objective of the project is to demonstrate and 

validate new concepts, technologies and systems with the purpose to contribute to EU’s energy and 

climate change policy [1]. A total of 10 partners is contributing to this project; six small to medium-

sized enterprises including two universities, two architectural bureaus, a R&D and consultant 

organization and a construction cluster. 

In order to demonstrate and test the new technologies and concepts, a demo building has been 

constructed in Ljubljana, the capital of Slovenia. This building is called the demo Eco Silver House and 

is a high-rise building consisting of 17 floors covering a total surface area of 23 455 m2 [1]. The 

approach during the development of the building has been to consider all its elements with the 

purpose to increase the energy efficiency and sustainability of the building. Umeå University’s 

objective is to develop regional specific models of the demo high-rise building. In this thesis a 

simplified model of the demo building will be examined.  

1.1 Objectives 

The objective of this thesis is to evaluate whether a simplified model of the high rise building Eco 

Silver House can meet the passive house classifications in the selected regions and to suggest 

improvements of the models for the different regions.  

The goal of the project is therefore to construct a model of the Eco Silver House in the simulation 

program PHPP and to simulate the models operational energy- and power use in four different cities; 

 Ljubljana (Slovenia) 

 Šibenik (Croatia) 

 Umeå (Sweden) 

 Dubai (United Arab Emirates) 
 

Results from the simulations are then to be compared to the requirements for the German Passive 

House classification. The performance of the building in Umeå will also be compared to the Swedish 

passive house standards. Improvements to the climate shell and the ventilation system are then to 

be examined depending on the results.  

1.2 Background 
It is recognized that the building sector is one of the key consumers of energy in Europe. In terms of 

final energy consumption, residential buildings in Europe are responsible for around 26 %% [1]. 

Because of this the EU stated that by the year of 2020 the following should be achieved compared to 

the levels of 1990: reduced greenhouse emissions by at least 20 %, increased share of renewable 

energy to at least 20 % of the consumption and achieved energy savings of 20 % or more. By 

attaining these targets, EU can help to combat climate change and air pollution and decrease the 

dependence on foreign fossil fuels while keeping energy affordable for consumers and businesses 

[3]. 

In order to meet the targets some priorities were made.  For example: Making Europe more energy 

efficient by accelerating investment into efficient buildings, products, and transport. This includes 

measures such as energy labelling schemes, renovation of public buildings, and Eco-design 

requirements for energy intensive products.  
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Special attention should also be given to the sectors with the largest potential to make energy 

efficiency gains, namely the existing building stock. Member States in the EU have agreed to legally 

binding climate targets for this sector but still need to implement appropriate measures. [4] 

Measures need to be developed to speed up the rate of refurbishment using energy-efficient 

products and technologies.  

The rising urbanization is leading to more multi residential high-rise buildings. By adapting these 

buildings to meet low energy standards, a large part of primary energy could be saved. 
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2. Literature Study 
To gain insight on the status for research in this field of work, a brief literature study was conducted 

in the beginning of the project. The subjects that have been studied in this literature study are 

primary energy supply, primary energy factors, passive house concepts, passive house classifications 

and energy efficient building measures.  

 

2.1 Primary Energy 
The heating system in a house is the final link after a long chain. First we have the extraction of the 

raw material by refining, transport and conversion to heat and electricity before it gets distributed to 

the user [5] This can be performed in several different ways with different energy efficiency. To 

provide a complete description of a particular energy system all the energy input and emissions from 

these processes must be included. In this thesis primary energy will be used to denote the energy 

needed to generate the final energy service, including inputs and losses along the energy chains. 

The primary energy used to operate a building therefore depends mostly on processes in the energy 

supply systems for electricity and heat. [6] Efficiencies of all these energy processes are significant to 

be able to determine primary energy use for the operational phase and the life cycle. This means that 

minimizing the final or purchased energy does not always minimize the resources used. [6] 

A significant variable in the calculation of the energy efficiency is therefore the primary energy factor 

(PEF). It will indicate the total primary energy needed to produce one unit of a consumed specific 

final energy. [6] Since it includes the extraction of energy, its transportation, storage distribution and 

losses associated to all of the processes the PEF reflects the complete energy system.  

Most of the times PEFs are fixed and do not vary depending on time or geographical locations even 

though they are variable by nature. The factors that affects the PEFs are a specific mix of primary 

energy sources and efficiency of the processes. Since each region implements these processes in a 

specific way adapted to their environment these factors will change with time, market forces and 

technological developments. [6] 

The building sector is one of the large consumers of primary energy in Europe since the life cycle of a 

building includes the production of building material, construction, operation, maintenance, 

disassembly and waste management. All these phases have to be considered in order to minimize 

the primary energy use. According to Gustavsson. Et.al. [7] several studies have shown that for 

buildings constructed in temperate or cold regions, the major part of the energy used is in the 

operating phase. [7] In Sweden up to 70-90 % of the environmental impact could be linked to the 

operational phase. [8] Considerable effort should therefore be made to reduce the energy used for 

building operation, e.g. by reducing air leakage through the house envelope, improving the insulation 

and by heat recovery from ventilation air. 

Such measures will in this case result in increased material use and energy demand for production 

but reduced spacing heating demand and operational energy use. It is therefore important to not 

neglect other phases than the operational phase when trying to minimize the final energy use. 

Several studies show that the operational phase stands for the highest energy demand [9], [10] but in 

some cases the production and construction phase is more consuming [11]. 
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2.2 Passive Houses 
The Passive House standard was developed in Germany and the first “Passive House” was built in 

1991. This was the result of a research project to minimize energy demand of dwellings by optimizing 

the efficiency of all the components. [12] The Passive House concept is to provide comfortable 

conditions while having extremely low heating and cooling load. Because of these demands the 

construction is more demanding in concept and design. Therefore the Passive House is not only an 

energy standard but an integrated concept to attain a high level of comfort. [12]The exact definition 

according to Passipedia [13]is as follows: 

“A Passive House is a building, for which thermal comfort (ISO 7730) can by post-heating or post-

cooling of the fresh air mass, which is required to achieve sufficient indoor quality conditions – 

without the need for additional recirculation of air.”, 

This functional definition doesn’t contain any numerical values and is valid for all climates. The 

Passive House is therefore a fundamental concept and not a random standard. [13] Numerical values 

will be treated later on in the thesis with regard to geographical location of the four cities. [12]The 

standard got its name because of the ‘passive’ use of incidental heat gains by solar irradiation 

through windows and internal heat emissions from appliances and occupants which is essential to 

keep a comfortable indoor temperature.  

2.2.1 General Passive House Requirements 
Jurgen Schnieders suggests that the components of a Passive House can be classified under some 

basic elements. Most important are the insulation, heat recovery and passive solar gain which are 

crucial to the Passive House [14]. To achieve minimal environmental impacts electrical efficiency and 

meeting remaining energy demand with renewables is also important [14]. 

One of the most important steps to reduce heat losses is therefore to have enough insulation so that 

a separate heating system would be unnecessary. To achieve this the exterior building elements have 

to be excellent insulated to reduce transmission heat losses [14]. Explains that exterior building 

elements U-values in Passive Houses often range between 0.1 and 0.15 W/ (m2K). Since heat losses 

also occur at corners and junction’s, thermal bridges must be avoided which has to be performed by 

multidimensional heat flow computations.  

To be able to verify that the Passive House criteria’s are fulfilled for the building by using the Passive 

House Planning Package (PHPP) some conditions must be fulfilled. The calculation of specific values 

must include the entire building envelope and this can be performed by an overall calculation [15]. 

Single units of a multi-storey building cannot be certified since it for refurbishments or extensions is a 

requirement that the area considered has to contain at least one external wall, a roof surface and a 

floor slab or basement ceiling [15]. The standard values for internal heat gains supplied by PHPP are 

to be used and the use of individually calculated internal heat gains in PHPP is only permitted if the 

utilization will differ considerably from standard values.  For residential buildings it is recommended 

to use the higher occupancy rate if the expected number of persons is higher than standard values.  

The average ventilation volumetric flow for a Passive House residential building should amount to 20-

30 m3/h per person or at least 0.3-fold air change with reference to the treated floor area multiplied 

by 2.5 m room height.  

PHPPs standard for domestic water includes 25 liters of 60 degrees C water per person per day if no 

other values is specified. Sources for internal gains can be heat from the occupants, cooking, 

electrical appliances, electrical lightning and insolation 
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2.2.2 Passive House Institute Passive House Requirements 
Since the development of the Passive House classification in Germany it has been adopted by other 

countries in Europe and is now considered to be the German Passive House classification. The 

classification is managed by the Passive House institute, hereafter PHI. Besides the high level of 

energy efficiency, The Passive House buildings should offer an optimum standard of the thermal 

comfort and a high degree of user satisfaction as well as protection against condensate related 

damage. The German Passive House requirements can be seen in Table 1 and they apply for all 

climates worldwide. The reference area for all values is the treated floor area. 

Table 1. Passive House and alternative criteria for all climates worldwide specified by the Passive House Institute. [16] 

 Unit  Criteria Alternative criteria 

Heating demand [kWh/(m2a)] ≤ 15 - 
Heating load [W/m2] ≤ - 10 
Cooling + dehumidification demand [kWh/(m2a)] ≤ 15+dehumidification Variable limit value 
Cooling load [W/m2] ≤ - 10 
Pressurization test result n50 [1/h] ≤ 0.6  

 

For the building to be considered a Passive House the following energy demands must be achieved. 

The space heating energy demand is not to exceed 15 kWh per square meter of net living space 

(treated floor area) per year or 10 W per square meter in peak demand. [16] So only one of the first 

two requirements have to be met. In Dubai where active cooling will be needed the cooling demand 

requirement is expected to be high. The heating demand requirement in Umeå is also expected to be 

high. Regarding the airtightness the limit is 0.6 air changes per hour with 50 Pascals pressure. [16] 

Except the high level of energy efficiency that is required for Passive House buildings they should 

offer optimum standard of thermal comfort as well as protection against condensate related 

damage. Therefore a minimum or “soft” criteria regarding the general quality has also been 

implemented. In this way desired quality for user satisfaction, thermal comfort and structural 

integrity can be achieved. [16] For example thermal comfort has to be met for living areas for the 

whole year with no more than 10 % of the hours over 25 °C without active cooling. The percentage of 

hours with absolute indoor air humidity above 12 g/kg must not overcome 10 % with active cooling 

and 20 % without.  

In order to provide guidance for the combination of renewable energy as a complement to the 

efficiency of the Passive House Standard the PHI have introduced new categories for this 

classification. Together with the established “Passive House Classic” it now exists both “Passive 

House Plus” and Passive House Premium” classes as well. Regarding the PHI requirements for 

renewable primary energy (PER) the total energy demand for all domestic applications like domestic 

electricity, heating and hot water is limited as you can see in Table 2.  

Table 2. Passive House Criteria and alternative criteria for new passive house classes and renewable energy generation. [16] 

   Criteria   
 Unit  Classic Plus Premium  Alternative criteria  

PER demand [kWh/(m2a)] ≤ 60 45 30  ±15 kWh/(m2a) deviation from 
criteria… 

Renewable energy 
generation 

[kWh/(m2a)] ≤ - 60 120  …with compensation of the 
above deviation by different 
amount of generation 

 

With the introduction of new categories, the demand for (PER) will be used instead of primary energy 

demand. For a Passive House Classic category the value will not exceed 60 kWh/(m2a). [16] 
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2.2.3 Swedish Passive House Requirements 
The Swedish passive house requirements has taken the German passive house requirements in 

account but due to its oblong shape and the different climate some customizations have been made 

to make it possible to construct passive houses even in the northern part of Sweden. Three climate 

zones divides the country into north, middle and south and for each zone specific requirements 

regarding thermal performance is included which can be seen in Figure 1. These requirements are 

however not current since BBR changed the requirements in the end of this project, when the 

calculations and comparison already had been completed. It is possible that implementation of new 

regulations could have an impact on the buildings relative energy performance. The Demand for low 

heat losses is included in the Swedish Passive House requirements to express the capacity to achieve 

low energy demand independent of the resource used. The Heat loss number is the heat required 

during winter to keep the temperature above 21 ͦC inside. It stands for the buildings specific heat 

losses through infiltration, ventilation and transmission and is one of the Swedish Passive house 

criteria’s. Additional demands for energy use is also included to promote resources with low use of 

primary energy. The different specific requirements regarding the thermal performance for all three 

zones is found in Table 3. 

Table 3. Zone specific requirements regarding thermal performance of Swedish Passive Houses. [17] 

Requirements [W/m2] Climate zone C  Climate zone B  Climate zone A 

Maximum heat loss number 17 16 15 

 

 

Figure 1. Three climate zones that divide Sweden into north, 
middle and south which have zone specific requirements 
regarding the thermal performance. [18] 

The heat loss number indicates the overall quality of the climate shell and the ventilation system and 

is therefore an important parameter in the Swedish passive house classification. It takes all of the 

buildings total heat losses through transmission, ventilation and infiltration into account.  

The annual energy demand can be seen in Table 4. This is the total amount energy delivered to the 

building each year, in both heat and electricity. The heat demand does only include heat needed for 

space heating and domestic hot water.  
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Table 4. Zone specific requirements regarding thermal performance for each year. [17] 

Requirements [kWh/m2,year) Climate zone C  Climate zone B Climate zone A 

Maximum annual energy demand 130 110 90 
Maximum annual heat demand 58 54 50 

 

To assure the buildings climate- and health characteristics additional structural requirements and 

recommendations are included. One of the major differences between the Swedish and the German 

passive house requirements are the definition of the reference area. In the German classification it is 

calculated by summarizing areas within the thermal envelope and weighting them with the type of 

area in question. The apartment’s boundaries are therefore included without modifications while 

areas like hallways and utility areas outside the boundaries are weighted by a factor of 60 %. The 

Swedish reference area is all of the areas heated above 10 C inside the thermal envelope. This is 

often called the Total Treated Area and includes internal walls, shafts, utility areas and staircases. 

According to Energimyndigheten, where a comparison of the two standards where performed, the 

Swedish Passive House requirements are not as strict as the German [19]. 

In this project a high-rise building is studied and since the passive house requirements are based on 

energy unit per m2 these demands will be harder to meet than for a one-family house. Even though 

the space heating demand increases because of the larger area per capita the energy demand for 

internal gains remain the same which reduces the primary energy demand for one-family houses. 

2.3 Energy efficiency measures (EEMs) 
To be able to achieve the passive house classifications by minimizing the energy consumption several 

energy efficiency measures are needed. Six different categories of EEMs are therefore modelled and 

simulated. The optimal combination of EEMs is then implemented on the reference model to 

improve the energy efficiency performance. Many international organizations like the European 

Committee for Standardization (CEN), the International Energy Agency (IEA) and the International 

Organization for Standardization (ISO) have provided directions for energy efficiency improvements 

in buildings. [20]  

2.3.1 Reduced and increased insulation thickness (RIT & IIT) 
The insulated building elements are integrated parts of the envelope which protects the inner space 

from extreme weather conditions and fluctuations in temperature. Properly designing the building 

envelope and selecting its components are efficient ways to reduce the space heating and cooling 

load. According to Liana Muller, increasing the thermal insulation is one of the most important 

measures to achieve energy conservation in buildings [21]. A materials resistance to heat flow is 

measured in units of “R-value”. The higher the R-value, the better the insulating properties in cold 

climates. This value depends on the type of insulation and the thickness which should be as low as 

possible. Heat transmission loads decreases without limits with increased insulation but the rate of 

decrease will, however, drop quite fast as thickness increases. In warm climates the insulation 

thickness will be reduced to be able to study the impact on the cooling demand. According to the 

International Energy Agency [22], newly constructed buildings often have a level of insulation that is 

not as high as economically justified. In hot climates, many buildings with too low insulation result in 

substantially increased cooling loads.  
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2.3.2 Reduced and improved window quality (RWQ & IWQ) 
Windows play a major role when it comes to energy use and comfort of a dwelling unit. About 30 % 

of energy loss from a typical building occurs through windows. [23] During the winter, heat will be 

lost when cold outside air infiltrates around the edges of the window or by conduction directly 

through the pane. One way to reduce the energy loss through windows is to install double or triple 

pane windows and further enhance the energy saving by replacing the air filled in the cavity between 

the two panes with an inert gas as argon, krypton or xenon.  

The total U-value of the models windows will be reduced by improving the glazing’s and frames from 

PHIs database that is available in PHPP. Reduced quality of windows with higher U-value is also 

examined to study the effects of this measure. The International Energy Agency [22], mentions that it 

is necessary to consider both heating and cooling loads when specifying the window performance for 

a specific region when maximizing the performance. Windows with low U-values are important for 

cold climates but sometimes also needed in hot climates.    

2.3.3 Reduced window area (RWA) 
Earlier studies on the simplified model of the Eco Silver House concluded that reducing the amount 

of windows to26 % of the total envelope area improved the energy efficiency of the model. [24] Each 

of the apartments have three glass doors out to the balcony. Since the glass doors are also consisting 

of glass, removing one of the glass doors for each apartment and adjusting the height of the other 

windows could reduce the window area by a significant amount.  

2.3.4 Improved ventilation system (IVS) 
Even though the primary function of a ventilation system is to maintain indoor air quality the heat 

exchangers should have an efficiency of at least 80 % to minimize ventilation losses. [25] For passive 

houses the heating load is not supposed to exceed the limit of heating by air, since an additional 

heating system then will be needed for peak power supply. [26] To reduce heat losses from the 

ventilation system and be sure that there are no air leakage from the duct system, it is important to 

insulate the ducts carefully. [25] Ducts which are not enough insulated could also cause thermal 

bridges carrying cold air through the heated area on the way to the heat exchanger and the supply 

air device. In Middle European passive house projects the efficiency of the ventilation system is often 

increased by burying ducts since the ground during winter has a higher temperature than the outside 

air and lower temperature than the outside air during the summer. [27] 

2.3.5 Increased airtightness (IA) 
Air leakage through holes, gaps is a major source of heat loss. The airtightness of the building 

envelope had to be enhanced to reduce the space heating need. Several studies have shown that 

substantial energy savings can be achieved by increasing the airtightness of the building envelopes 

[28] [27]. According to Sherman, the energy used for space heating can be reduced by 15 % in the 

United Kingdom when going from 11.5 m3/(m2h) @50 Pa down to 5 m3/(m2h) @50 Pa [29]. 

Considering the energy use, it is almost always beneficial to increase the airtightness but the useful 

dilution of indoor contaminants provided by the infiltration can sometimes be needed to retain good 

enough indoor air quality.. The German passive house definition [27] states that the air leakage 

through a building envelope should not exceed 0.6 ACH@ 50 PA which results in approximately 0.05 

ACH infiltration rate for normal pressure conditions. Higher levels of air leakage could possible cause 

damage to the building by warm and humid air penetrating the construction and causing 

condensation.  
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2.3.6 Combinations  
Energy efficiency measures can often be combined to maximize energy savings while minimizing 

disruption to building occupants. Multiple combinations of measures will be tested in order to 

improve the results. For example in cold climates where space heating demand is high, combinations 

of increased insulation, improved window quality and reduced window area were tested. For other 

regions where the models cooling demand needs to be reduced, combinations of reduced window 

quality, reduced insulation thickness and reduced window area were tested. 

2.4 Similar works  
A similar study was conducted on the behalf of the Umeå University in Umeå 2015 [30]. During this 

project a model of the same high-rise building was constructed in the simulation program IDA ICE. 

This building was based on the same IFC-model. The analysis of the results with regard to the 

German Passive House classification scheme concluded that reduction of window area reduced both 

heating and cooling demand. Increasing the thickness of insulation, improving the window quality 

and airtightness reduced the space heating demand but increased cooling demand. The study was 

conducted on the same five cities and only five of the investigated cases in Ljubljana fulfilled the 

German Passive House requirements.  
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3. Theory 
In this chapter, the most relevant theory regarding the calculations made in PHPP and manually are 
treated. The manual calculations are mostly used to determine the heat loss number since PHPP 
does not take this into account.  
 

3.1 Primary energy 
Since the passive house requirements include demands for a specific primary energy usage, the 
primary energy demand has to be calculated.  
 
The specific primary energy demand of various heating systems can be calculated in the PHPP, 
including combinations of different types of systems [31]. First it is necessary to calculate the final 
energy demand where, basically, the following holds 
 

𝑄𝑓𝑖𝑛𝑎𝑙 = 𝑒𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 ∙ 𝑒ℎ𝑒𝑎𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ∙ 𝑄𝑢𝑠𝑒  (1) 

 
𝑄𝑢𝑠𝑒 Effectively usable heat, i.e. the sum of the annual heating demand and the hot water 

demand. 

𝑒𝑠𝑖𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 Performance ratio of the heat distribution system 

𝑒ℎ𝑒𝑎𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 Performance ratio of the heat generator. Defined as the amount of energy, in kWh, 

that is required to produce 1 kWh of useful heat.  
 
 
In the PHPP a variety of calculation sheets is available for calculation of the 𝑒ℎ𝑒𝑎𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛. The 

primary energy can be calculated with the help of equation 1 using the formula 
 

𝑄𝑃 = 𝑝 ∙ 𝑄𝑓𝑖𝑛𝑎𝑙      (2) 

 
𝑝 Non-renewable primary energy factor of the energy carrier, automatically calculated 

except for “miscellaneous systems”. The table with a list of primary energy factors in accordance 

with [32] (adjusted for European conditions) can be found in Table 1. 

𝑄𝑓𝑖𝑛𝑎𝑙 Final energy demand  

The energy efficiency of a building, including heat supply, is characterized by the primary energy 

value 𝑞𝑝. Through this value buildings may be compared to each other independent of the type of 

energy source. The following formula is with equation 2 used to calculate the specific demand for 

primary energy 

 

𝑞𝑝 =
𝑄𝑝

𝐴𝑇𝐹𝐴
     (3) 

 
𝑄𝑝 Primary energy demand 

𝐴𝑇𝐹𝐴 Treated floor area 

 
The treated floor area is basically the living space or useful area. It is thus a measure of the utilization 
of the building. Calculation of the treated floor area takes place according to the table in Appendix C. 
It is based on the guidelines laid out in the German living space ordinance [33] and fundamentally, 
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only those areas that are within the thermal envelope are included. The areas are weighted 
differently depending the use of the rooms. This is in order to encourage efficient use of high quality 
spaces inside the thermal envelope and to take into account the various internal heat gains.  
 

3.2 Heat losses 
The transmission losses by thermal bridges and other building elements are important for the 
simulations and is therefore further studied.  
 

3.2.1 Transmission losses 
The overall heat transfer coefficients of the building elements (U-values) will in PHPP be calculated in 
compliance with ISO 6946 [34] as:  
 

𝑈 =
1

𝑅𝑆𝐼+𝑅1+𝑅2+⋯𝑅𝑛+𝑅𝑠𝑒
    (4) 

 
 
𝑅𝑠𝑖 , 𝑅𝑠𝑒:  Thermal resistance at interior and exterior surfaces in compliance with ISO 6946.  

𝑅1 … 𝑅𝑛: Thermal resistance of individual construction layers, 1…n 
In this worksheet, the thermal resistance of the individual construction layer “I” is 

calculated using the thickness and the thermal conductivity of the material: 𝑅𝑖 =
𝑑𝑖

𝜆𝑖
. A 

few thermal conductivities for important building materials are given in Appendix A. 
 
 
The annual heat losses can then be calculated for every building element comprising the thermal 
envelope using equation 4 and the formula  
 

𝑄𝑇 = 𝐴 ∙ 𝑈 ∙ 𝑓𝑇 ∙ 𝐺𝑡     (5) 
 
 
𝐴 Building element area (automatically transferred from the linked areas worksheet) 

𝑈 Building element U-value (automatically transferred from the linked areas worksheet) 

𝑓𝑇 Reduction factor for reduced temperature differences  

𝐺𝑡 Temperature difference time integral (heating degree hours)  

These U-values are calculated without considering radiation heat transfer, which is also the method 

the PHPP user manual suggests [31]. However, while the radiation heat transfer is not implemented 

into the calculations for the U-values, PHPP does consider it in the program after having entered 

these U-values, which disregards the radiation, and implements a standardized radiation heat 

transfer in the build-in calculations made through the program.  

3.2.2 Transmission losses through thermal bridges 
The PHPP allows for complete consideration of all heat flows even though the design principles of 

“thermal bridge-free construction” are highly recommended for Passive Houses.  If it is not possible 

to avoid thermal bridges completely, the thermal bridge effects should be reduced as much as 

possible through thermal separation. The PHPP [31] manual suggests that the setting “construction 

without thermal bridges” should be used. Since this makes extra heat flows subsequently small, they 

could be neglected. In this model, thermal bridges have been included and conduction losses of the 

thermal bridges are automatically calculated by the PHPP using the formula 
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𝑄𝑇𝐵 = 𝐼 ∙ 𝜓 ∙ 𝑓𝑇 ∙ 𝐺𝑇.    (6) 

 

𝐼  Length of the thermal bridge, 

𝜓  Thermal bridge heat loss coefficient, 

𝑓𝑇  Temperature reduction factor,  

𝐺𝑇 Degree hours. 

3.2.3 Heat loss number 
Since the PHPP is designed for the German Passive House classification, no calculations of the HLM is 

performed in the simulations. Therefore according to FEBY 12 [17], manual calculations has to be 

performed as a sum of the entire building heat losses through transmission, infiltration and 

ventilation defined by the formula 

𝐻𝐿𝑁𝐷𝑊𝑂𝑇 = 𝐻𝑇 ∙
21−𝐷𝑊𝑂𝑇

𝐴𝑡𝑒𝑚𝑝
    (7) 

 
𝐻𝐿𝑁𝐷𝑊𝑂𝑇 The building heat loss number 

𝐻𝑇 The buildings heat loss coefficient, 

𝐷𝑊𝑂𝑇  Dimensioning winter outdoor temperature, the coldest temperature in a region, used 

to calculate energy usage and dimensioning heating systems, 

 𝐴𝑡𝑒𝑚𝑝 Total floor area for temperature controlled space 

 
To obtain the value for DWOT the time constant 𝜏𝑏 has to be determined. In the planning phase it is 

allowed to estimate the time constant [17]. Approximations are commonly accepted during the 

planning phase and the DWOT value corresponding to the chosen time constant can be found in 

table 5. 

Table 5. Standard values for the time constant below can be used during project planning. [17] 

Building type 𝜏𝑏 Building type description 

Light building 3 days Light construction and crawl space 
Moderately light building 6 days Light construction, concrete on ground 
Moderately heavy building 12 days Heavy construction, concrete beams, light curtain 

walls 
Heavy building 12 days Max. 12 days chosen for calculations of HLN 

 

In EN ISO 13789:2007 [35] it is shown how to calculate the heat loss coefficient with the following 

formula 

 
𝐻𝑇 = ∑ 𝑈𝑚 ∙ 𝐴𝑒𝑛𝑣 + 𝜌𝑎𝑖𝑟 ∙ 𝑐 ∙ 𝑞𝑙𝑒𝑎𝑘 + 𝜌𝑎𝑖𝑟 ∙ 𝑐 ∙ 𝑑 ∙ 𝑞𝑣𝑒𝑛𝑡 ∙ (1 − 𝑣)   (8) 

 

𝐴𝑒𝑛𝑣 Building envelope area measured from the inside 
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𝑈𝑚 Building envelopes average U-value 

𝜌𝑎𝑖𝑟 Density of air 

𝑐 Heat capacity of air 

𝑞𝑣𝑒𝑛𝑡 Infiltration air change rate 

𝑣 Heat recovery efficiency   

𝑑 Relative uptime of the ventilation 
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4. Method 
The first section of the methodology consists of an introduction of the model that is studied in this 

project. The simulation tool PHPP is then described before the general approach when constructing 

the model is explained. Motivations to choice of parameters will be included in this part. In the third 

part measures and the sensitivity analysis is presented and it is all finished with an explanation of all 

the limitations regarding the simulations.  

4.1 The model 
Drawings of the building was provided along with an IFC file for construction of the model in PHPP. In 

order to examine the IFC-model, the program Solibri Model Viewer was used. The following chapters 

describes what was included in the given IFC-model and how it was constructed in PHPP. 

4.1.1 The ECO SILVER HOUSE simplified model V.5 
Geometry of the model used for simulations is visible in Figure 2 and it consists of 13 floors. At the 

bottom of the model there is a ground floor with gates and business premises and on top of that a 

mezzanine with storerooms. The 11 floors above are identical with 15 apartments per floor and a 

balcony at the south side of the building for each apartment. Every balcony consist of three glass 

doors and intermediate glass walls. Three staircases are also extending through the whole building. 

The EE-highrise project is based on a cooperation of many enterprises and research divisions across 

Europe. Resulting from this are all the design as well as calculations made on the reference building. 

The picture below displays how the ECO SILVER HOUSE simplified model V.5 looks in the model 

viewer program SOLIBRI.  

 

 

Figure 2. A virtual model of the ECO SILVER HOUSE simplified model V.5. Pictures taken from the simulation model viewer 
Solibri. 

Except for geometry, information regarding the external envelope is also included in the IFC-model. 

Thickness and materials included in foundation, ceiling and walls were the main data extracted from 

the model. All apartments are summarized as one zone and the internal walls have been ignored in 

the calculations and therefore this information is of no interest in the model.  

An older version of the Eco Silver House has been constructed in Ljubljana, Slovenia. In Figure 3 you 

can see this older version which is the model that the simplified model is based on. This older 
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building has 17 floors with 11 residential floors precisely as the simplified model and 4 basement 

floors. The reason for the development of the less complicated model is for instance to simplify 

energy simulations and calculations for passive house classification.  

 

Figure 3. A virtual image of the constructed Eco Silver House constructed in Ljubljana, Slovenia. [36] 

4.1.2 The Passive House Planning Package 
The simulation tool used for simulations, PHPP, contains necessary tools to construct a properly 

functioning Passive House in Microsoft Excel. With additional programs such as Sketchup Pro and 

DesignPH it is also possible to design the building in 3D and import or export 3D-models. The 3D 

model studied in this thesis was not compatible with these additional programs and therefore it had 

to be reconstructed in PHPP.  

By preparing an energy balance the annual energy demand of the building is calculated based on 

input related to building characteristics. The program is built up in and based on Microsoft Excel with 

a different worksheets for respective inputs and calculations for various areas.  The process of 

completing these worksheets with input values will be gone through later on in the following 

sections. Main results provided by the software program is based on German passive house 

classification and include: 

 The annual heating demand [kWh/(m2a)] and maximum heating load [W/m2] 

 Summer thermal comfort with active cooling 

 Annual cooling demand [kWh/(m2a)] and maximum cooling load [W/m2] 

 Annual primary energy demand for the whole building [kWh/(m2a)] 
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The results of the PHPP calculations forms the basis for quality assurance and classification of a 

building as a Passive House. The verification worksheet in PHPP includes all these results well-

structured and compared to German Passive House standards.   

 

The calculations in the PHPP are instantaneous, i.e. after changing input values the effect on the 

energy balance of the building can be seen immediately. This makes it possible to compare 

components of different qualities without great effort and thus simplify the process of optimizing the 

construction project.  All calculations in PHPP are based strictly on the laws of physics and wherever 

possible, the specific algorithms resort to current international standards. Generalizations are 

necessary in some places (e.g. global established routines for shading), and sometimes deviations 

may also be necessary (due to the extremely low energy demand of Passive Houses, e.g. for the 

asymptotic formula for the utilization factor), while for some areas there are no international 

relevant standards (e.g. with reference to dimensioning of ventilation systems). Therefore this 

calculation tool is internationally reliable and the efficiency of a construction project can be 

evaluated more accurately than with conventional calculation methods. The energy calculations 

predicted by PHPP have been shown to be in agreement with measured values in several monitoring 

campaigns which increase the trustworthiness of the results. [37] [38] [39] 

 

4.1.3 Construction of the model 
In this chapter, the general procedure of building the model of the simplified Eco Silver House in 

PHPP will be explained. The construction of the model is done by defining building specific values in 

the excel worksheets. In Figure 4, it is possible to see the preferred and used input sequence of data 

imported to PHPP.  

 

Figure 4. Input sequence for residential buildings (general synopsis) Verification. [40] 
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The most important project data is first entered in the Verification worksheet, including the building 
designation, enclosed volume and the expected number of occupants. All values for the verification 
process are based on the treated floor area (TFA) calculated according to the table in Appendix D and 
entered in the Areas worksheet.  
 

4.1.3.1 Climate 

Climate plays a significant role in both the heating and cooling demands as well as the heating and 
cooling loads of a building. The data necessary for the calculation of these values are supplied in the 
CLIMATE worksheet. The Meteonorm climate program was used to import weather files used for the 
simulations by using the filter to export to the PHPP data set format. This data includes monthly 
average temperature and surface solar irradiance values for a horizontal surface and the four 
cardinal vertical surface orientations. To be able to calculate heating and cooling loads, 
corresponding data are necessary in the PHPP, otherwise no results in the heating load or cooling 
load worksheets are calculated.   
 
Results for the following 4 climates have been presented: 

 Ljubljana, a marine west coast climate that is mild with no dry season and mild summers. The 
average annual ambient outside temperature is 9.5°C, see Appendix E. 

 Šibenik, a hot Mediterranean, dry-summer subtropical climate with an average annual 
ambient outside temperature of 16.2°C, see Appendix E.  

 Umeå, a humid subarctic continental climate with cool summers and no dry season. The 
average annual ambient outside temperature is 4°C according to the data taken from 
Meteonorm, see Appendix E. 

 Dubai, a hot and humid climate. Peak summer temperatures up to 45°C and very high solar 
radiation levels. Humidity ratios can get as high as 20g/kg. [6]. See Appendix E.  

 

4.1.3.2 U-Values 

The U-values for the ESH are acquired by first defining the different components of the building. For 
example in Figure 5, different materials and thickness are defined for the thermal envelope´s 
external floor. This is done in order to acquire the specific U-value for each component which is 
calculated automatically in PHPP.  
 

 
Figure 5. Extract of a PHPP data section defining the components of one of the exterior walls of the ESH. 
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4.1.3.3 Areas 

The majority of the data entries for the building envelope took place in the areas worksheet in PHPP. 

This is where the project work started together with completing the u-values worksheet. Since PHPP 

only consider the climate shell, the areas for the thermal envelope are the only ones that were 

entered. Walls, ceilings, etc. in the interior of the building were therefore not treated at all. This was 

the major work while constructing the base case model.  

The dimensions used in PHPP are always exterior dimensions and therefore, the dimensions of the 

most exterior layer of the thermal envelope were entered. Cladding elements that are on the 

exterior side of a ventilated building cavity did not count as a part of the thermal envelope. The 

summary of areas in PHPP can be seen in Figure 6. 

 

Figure 6. Summary of areas from the PHPP model. 

4.1.3.4 Components 

In PHPP the worksheet COMPONENTS contains tables with parameters of Passive House components 

including component assemblies, glazing, window frames, ventilation units and compact units. These 

were selected in the respective worksheet areas, windows, ventilation, etc. when needed.  

4.1.3.5 Windows 

Since heat losses and gains of the windows have a great impact on the energy balance of a Passive 

House, it has to be calculated carefully. The window areas, U-values, solar radiation through glazing 

and the corresponding reduction factors were determined in the windows worksheet. The 

orientation of the windows is derived from the orientation of the area in which the window is 

installed and therefore this area only has to be selected in the windows sheet. The deviation from 

the northern direction and inclination against the horizontal plan are then assumed automatically.  
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Similar windows with the same shading characteristics were entered together. In other cases an 

individual entry for each window was necessary. The thermal performance values of certified 

products (glazing and window) could be chosen from a drop-down list taken from the corresponding 

list in the components worksheet. 

4.1.3.6 Shading 

The building design includes large south-facing windows and therefore it was essential to provide the 

appropriate shading measures. In the shading worksheet the total shading factor 𝑟𝑆 for glazing 

surfaces was calculated according to the formula [31] 

𝑟𝑆 = 𝑟𝐻 ∙ 𝑟𝑅 ∙ 𝑟𝑂 ∙ 𝑟𝑜𝑡 

𝑟𝐻 Horizontal obstruction shading factor, continuous horizontal obstruction in front of 

the window, e.g. a row of similar height buildings.  

𝑟𝑅 Vertical (Reveal) shading factor, vertical elements on the sides of the window, e.g. fins 

and reveals. 

𝑟𝑂 Horizontal (Overhang) shading factor, horizontal elements that cantilever out above 

the window, e.g. overhangs and balconies. 

𝑟𝑜𝑡ℎ𝑒𝑟 Additional shading factors. 

Each of these factors indicates the percentage of solar radiation reaching the glazing surface as 

reduced by the respective shading element. A shading factor of 100 % means that the window is 

unshaded while a shading factor of 0 % means that the window is completely shaded and therefore 

opaque. The reduction factors were calculate depending of the geometry of the windows and 

shading elements, orientation of window areas, time of the year and latitude. Specific reduction 

factors was calculated for winter and summer. The calculated reduction factor 𝑟𝑠 was automatically 

applied to the windows when calculated. 

4.1.3.7 Ventilation 

The same ventilation unit was used for the simplified model as for the earlier Eco Silver House model 

and this information was taken from the PHPP file of Eco silver House model 11. The length of air 

ducts, width of air duct segments, thickness of insulation and thermal conductivity were included in 

this information.  

Summer ventilation was also included to flush excess warm air from the building and keep inside 

comfort. Since ventilation takes place via an extract air system, the only inputs required were the 

projected air change and specific electricity consumption of the system. Ventilation flow was defined 

as 0,5 air changes for the apartment storeys and 0,05 ACH in the mezzanine and the ground floor 

with an effective heat recovery of 79,3 %. Infiltration was approximated to 0,6 ACH at a pressure 

difference of 50 Pa for the base case model.  

4.2 Primary energy factors (PEFs) 
In PHPP standard primary energy factors are included from 2004 according to the German Passive 

House Institute, these can be seen in Appendix C. To adapt the calculations to the specific regions 

included in the project, regional specific factors has to be used to achieve more accurate results. The 

PEFs used were based on two sources and they can be seen in Table 6 below. For Ljubljana, Šibenik 

and Umeå the primary energy factor for produced electricity was based on a report with 

recommendations for primary energy factors for electricity produced inside EU-28 during 2010-2013. 
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[41] The primary energy demand could with these primary energy factors be calculated in PHPP 

according to Equation 2 and 3.  

To calculate primary energy demand in Dubai a primary energy factor from an international 

standard, ISO 16346 was used. [42] When calculating primary energy demand for space heating for 

all regions the same standard was used and in this case it has been assumed that district heating is 

produced with 100 % biofuel.  

Table 6. Primary energy factors (non-renewable) for electricity and district heating in all regions. [42] 

Energy carrier PEF 

Electricity mix (EU-28) 2,46 
Electricity (International standard) 3 
District heating (International standard) 1,1 

 

4.3 Base case 
When the model had been constructed in PHPP according to the acquired data from EE-highrise 

partners the Base case was finished. This model was used to calculate the base case result for 

primary energy demand, heating and cooling energy demand and heating and cooling load. Some 

building related parameters used in the simulations that has not been mentioned can be seen in 

Table 7.  

Table 7. Values of building parameters used for simulations. 

Parameter Value Comment 

Reference Area 12473 m2 Based on guidelines laid out in the German 
living space ordinance. [33] 

Heating set-point  20°C  
Cooling set-point 25°C  
COP, cooling units 3.8 Provided by the EE-highrise project group 
Thermal bridges 0.0327 W/m2

envelope Provided by the EE-highrise project group 
Solar heat gain value (g-value) 27,2 %  

 

In Table 8, the Base case values of the variables that were examined during the sensitivity analysis 

are shown. 

Table 8. Base case variables studied during the partial sensitivity analysis. 

Analyzed variable                                  Value   Unit  

External wall insulation 0,164 λ [W/m2K] 
Window area 43 % of thermal envelope 
Window frame Uf-value 1 λ [W/m2K] 
Window Glazing U-value 0,75 λ [W/m2K] 
Airtightness 0,6 1/h 
Shading Based on the demo buildings actual shading 
Orientation Wall with the highest amount of windows facing south 

 

4.4 Sensitivity analysis 
The simulations were organized with the purpose to identify the influence that changes imposed on 

constructive elements of the building performance, taking the base case as a reference, more precise 
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its annual heating and cooling energy demand, heating and cooling load diagrams together with 

primary energy demand. The sensitivity analysis considered the following variables: wall, roof and 

foundation insulation, glazing, window frames, infiltration, shading and orientation. 

The method used in this analysis was a partial sensitivity analysis. The range for each variable were 

modeled individually, across each of the 4 climates. For instance, when determining the effect of 

reducing the glazing area, the model was run with 10 different values for 5 to 50 %  while keeping the 

rest of the base case inputs constant. With 7 variables, some of which had 10 different options, the 

final simulation ended up requiring 232 different simulations. The variables where changed more 

during the sensitivity analysis than during the actual implemented measures just to get an 

understanding of the effect. 

The most important goal of the analysis was to identify the relative impact of each variable in 

isolation. This approach doesn’t capture the full range of possible combinations of modeling inputs, 

as each variable is compared individually to the base case. Because some synergistic combinations of 

variables might be missed with this approach, several packages of variables were modeled to address 

each of the following areas directly.  

4.5 Energy efficiency measures (EEMs) 
The energy efficiency measures implemented are mentioned in the literature study in chapter 2.2 

and the impact of these isolated measures were examined during the sensitivity analysis in chapter 

5.2. The goal of implementing measures was to reduce the required energy heating and cooling 

demand, heating and cooling load and primary energy demand. Optimal combinations of measures 

for each city resulted in a model that is optimized for each regions climate.  

4.5.1 Increased and reduced insulation thickness (IIT & RIT) 
The insulation of the thermal envelope was increased and reduced which according to [21] is one of 

the most common measures used to achieve energy conservation in buildings. The impact on the U-

value when increasing or reducing the insulation thickness was calculated and evaluated with 

equation 5 for regular climate envelope components and with equation 6 for thermal bridges. The 

amount of insulation for the case with increased insulation thickness, base case and reduced 

insulation thickness can be seen in Table 9. 

Table 9. U-values for the specific components of the external envelope after the insulation thickness was increased and 
reduced compared to the base case. 

Building 
component 

U-value Increased insulation  
[W/(m2K)] 

U-value Base case 
[W/(m2K)] 

U-value Reduced insulation  
[W/(m2K)] 

External wall   0,077 0,164 0,303 
Roof                  0,056 0,111 0,165 
Foundation      0,10 0,657 0,708 

 

The U-value was changed by increasing the amount of insulation in the external walls from 20 to 45 

and reducing the amount from 20 to 10 cm. In the foundation the base case insulation was increased 

from 15 to 30 cm and reduced from 15 to 7,5 cm. The base case roof insulation of 30 cm was 

increased to 50 cm and reduced to 20 cm.  

4.5.2 Increased and reduced window quality (IWQ & RWQ) 
With an external envelope consisting of 43 % windows in the base case model, windows play a major 

role when it comes to energy conservation according to [23]. To reduce the heat loss in colder 
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climate and reduce over heating in warm climate the window quality was increased and reduced 

according to table 10.  

Table 10. Average U-values for the windows during the measure of increased and reduced window quality. 

 Increased window quality  Base case Reduced window quality 

U-value [W/(m2K)] 0,69 0,83 1,12 

 

This was achieved by improving the glazing and frames with lowered U-values. The airtightness is 

covered in a separate measure and is not included when adapting the window quality.  

4.5.3 Reduced window area (RWA) 
In the sensitivity analysis the window area were examined and reduced from 43 to 24 % of the total 

external envelope area to evaluate the impact on the model. When implementing the Reduced 

window area measure a reduction from 43 to 34 % was performed. By removing one of the three 

glass doors from each apartment’s balcony and reducing the height of the window walls in these 

balcony’s this reduction was achieved.  

4.5.4 Increased airtightness (IAT) 
To reduce the heat loss generated by air leakage the airtightness of the model was increased. This 

implementation was rather straight forward and did only include reducing the airtightness from the 

maximum permissible value of 0,6 ACH at 50 Pa pressure difference to 0,3 ACH at 50 Pa pressure 

difference in the ventilation worksheet.  

4.5.5 Combinations 
All the results from the additional energy efficiency measures were examined and those who 

improved the performance of the model in each region were combined to evaluate the overall 

impact. For example in cold climates where space heating demand was high, combinations of 

increased insulation, improved window quality and reduced window area were tested. For warmer 

climates where the models cooling demand had to be reduced, combination of reduced window 

quality, reduced insulation thickness and reduced window area was tested. The optimal combination 

of measures for each city was then chosen to obtain an optimal regional specific model.  

4.6 Heat loss number calculations 
The performance of the model in Umeå was evaluated according to FEBY 12 [17] which refers to the 

heat loss number and the maximum annual delivered energy for space heating and domestic hot 

water. The heat loss number HLNDWOT was calculated with equation (7) at an indoor temperature of 

21°C instead of 20°C which was used for the German Passive House classification. The time constant 

for these calculation was approximated to 12 days,  taken from Table 5 and the dimensioning winter 

outdoor temperature could then be derived from the table in Appendix B. The Heat loss coefficient 

was calculated according to equation 8 with data taken from the PHPP model.   

4.7 Yearly energy delivered to buildings calculations 
To comply with the Swedish Passive House criteria the yearly energy delivered to buildings was also 

calculated with an indoor temperature of 21°C. This key performance indicator was calculated by 

deriving the annual space heating energy demand and the annual domestic hot water energy 

demand from PHPP and dividing the sum of these values with the temperate area of the model. 
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4.8 Limitations 
This study focused on aspects of identifying, selecting and implementing energy efficiency measures 

and did not focus on managerial and economic issues of deciding and implementing these measures. 

No discussion about implementation of the measures in large scale projects was performed, instead 

insights about the impact on the individual models energy efficiency were given.  

Some attention was given to the indoor environmental conditions and the energy efficiency 

measures did in fact improve the indoor environmental conditions or at least not deteriorate, the 

indoor thermal conditions for the occupants. These thermal comfort criteria’s were not examined 

further to avoid complication when identifying retrofit solutions even though they have to be 

evaluated in order to find the optimal solution. These parameters are in place because of the damage 

it might do to the reputation of the passive house classification if there is a general used 

dissatisfaction.  

The four regions considered for the simulations were Ljubljana (Slovenia), Šibenik (Croatia), Umeå 

(Sweden) and Dubai (United Arab Emirates) which means that no other cities or regions were 

included in this study. The focus of the project is put on the actual energy use and to suggest 

improvements of the model for different regions. Measures that were implemented were 

conventional measures that could be employed to improve energy performance and no energy 

management techniques, innovative environmental technologies or advanced materials were applied 

or examined in addition to the original model. Even though the climate in Dubai is rather extreme, no 

specific passive house classification has been used to compare it to local passive house criteria’s. 

Since it is common in climates which are hot and humid all year long, that the useful energy demand 

for sensible and latent cooling exceeds 70 kW h/(m2a) even in a Passive House [12], this is one of the 

main problems when trying to fulfill the passive house classification. 

New models of the Eco Silver House have been developed during the course of this study and one 
version of the newest model, Simplified model V.10, include as little as 15 % windows of the total 
thermal envelope [24] area compared to 43 % for the model examined in this study. This thesis work 
is limited to the Simplified model V.5 of the Eco Silver House. A comparison of the performance for 
different models was not included.  
 
The difficulty to find reliable sources for primary energy factors resulted in the usage of international 
recommendations and it has been assumed that district heating is produced with 100 % biofuel. 
These assumptions could have a significant impact on the primary energy demand with varying local 
energy production. To ensure more accurate results for primary energy, simulations should be 
backed up with primary energy factors known for each region.  
 
Solar panels of the model did not have an impact on the energy demand used for the Passive House 
classifications and they were therefore excluded from the calculations. Inner walls are also excluded 
for calculations to simplify calculations which means that only external thermal components were 
included.  
 
Different orientations and amount of shading is tested during the sensitivity analysis but only one 
orientation and one version of shading is used during the implementation of energy efficiency 
measures. The shading is based on the actual shading present for the Eco Silver House and the 
orientation is to face the wall with the highest amount of windows to the south. 
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5. Results 
In this section, the results from the simulations are presented and the effects of the parameter 

variations compared. The first section consists of a partial sensitivity analysis. Beyond investigating 

the models sensitivity to energy efficiency measures, the sensitivity of orientation and amount of 

shading was also tested.  

In the second section key performance indicators for the models heating and cooling demand, 

primary energy demand and maximum heat and cooling load is presented for each climate specific 

region studied in the project. These indicators are compared to the German and Swedish Passive 

House Certificate demands. To be able to achieve the demands, energy efficiency measures 

including, increased insulation thickness (IIT), increased window quality (IWQ), reduced window area 

(RWA), increased airtightness (IA), reduced insulation thickness (RIT) and reduced window quality 

(RWQ) are applied to the base case model.  

5.1 Base case  

In Table 11 the base case results which display PHPP simulation results using the acquired ESH data 

to construct the model with no alternations are presented. These results were compared the German 

Passive House Classification to acknowledge if the needs are met.  

Table 11. The results of simulations in all climate specific regions is shown in the table below. 

 

UMEÅ LJUBLJANA ŠIBENIK DUBAI 
German Passive House 

Requirements 

Space heating energy demand [kWh/m2] 25,7 8,9 0,1 0,0 ≤ 15 

Heating load [W/m2] 20 9,4 3,9 - ≤ 10 

Cooling energy demand [kWh/m2] 0,5 2,0 10,5 105,8 ≤ 15 

Cooling load [W/m2] 6,6 6,8 8,6 - ≤ 10 

Primary energy demand [kWh/m2] 125,7 99,0 97,2 227,4 ≤ 120 

German passive house criteria’s fulfilled No Yes Yes No  

Swedish passive house criteria’s fulfilled No - - -  

 

It is evident that only Ljubljana and Šibenik meets the German Passive House Criteria’s when no 

alternations to the model are made. Both the space heating and primary energy demand are too high 

compared to the German requirements for simulations in Umeå’s climate. Missing climate data for 

maximum heating and cooling loads for Dubai restricted the calculations to only include space 

heating, cooling and primary energy demand. The cooling energy demand results for Dubai exceeded 

the limit significantly which also resulted in a quite remarkably high primary energy demand. The 

primary energy demand for Dubai is also a direct result of using separate primary energy factors, 

where Dubai is the only region where the primary energy factor for electricity is 3.0. Airtightness was 

predetermined to 0,6 by performing a pressure test and was unaltered during the simulations, 

therefore it always met the requirements for all regions. The performance of the model located in 

Umeå compared to the Swedish Passive House criteria’s can be seen in Figure 33 and 34. 

5.2 Sensitivity analysis 

The primary approach used to identify important factors that control the response dynamics in the 

model is show in this chapter. Following are the results gathered in the partial sensitivity analysis 
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including response from changes in orientation, shading, insulation thickness, window quality, 

airtightness and share of windows.  

5.2.1 Orientation 

In Figure 7-9 the orientation of the model is modified to assure that the energy demand is as low as 

possible. The base case where the building is rotated 0° is when the wall with the major part of the 

windows are facing south. The figures show space heating, cooling and primary energy for 4 different 

orientations. Figure 7 is for space heating specifically. 

 

 

Figure 7. Space heating demand in all climate specific regions with different orientations. 

The orientation found to be most efficient regarding space heating demand is the base case 

orientation with the major part of the windows facing south. Second lowest heating demand is 

achieved by turning the building 180° horizontally. In Figure 8 the same procedure was performed 

while controlling the response of space cooling demand. Consequences of choosing the wrong 

orientation are notable and could make an otherwise Passive House Certificated building break the 

classification limits.  
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Figure 8. Space cooling demand in all climate specific regions with different orientations. 

The two orientations with lowest space cooling demand is the base case orientation and the one 

turned 180° horizontally. The base case model would with the standard values lose its Passive House 

Classification by facing the wrong direction, namely 90 or 180° from the original orientation in 

Sibenik and Dubai. Figure 9 contains results from the orientation simulations regarding primary 

energy demand.  

 

 

Figure 9. The Primary energy need of the ESH when increasing the Slovenian insulation thickness. 

As shown in Figure 9, the primary energy is also affected by the orientation and the base case 

rotation, where the maximum amount of windows is facing south, is optimal. Even though the 

difference between the 90° and 180° is not large in terms of cooling and primary energy demand the 
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heating demand is significantly lower and therefore 0° is the optimal orientation for Umeå and 

Ljubljana while 180° is the optimal orientation for Šibenik and Dubai.   

5.2.2 Shading sensitivity 

A shading sensitivity analysis was performed to estimate how to model would respond to urban 

areas with lots of shading. The base case shading was based on the actual shading situation for the 

Eco Silver House in Ljubljana which is calculated depending on shading objects surrounding the Eco 

Silver House. In Figure 10-12 the results for key indicators with increased shading is presented. In 

Figure 10 the heating energy demand for the base case model is shown together with the results of 

simulations with a 42 meter high shading object at 40, 30, 20 and 10 meters distance from the model 

in all directions.  The height of the simplified model is 42 meters and that is the reason to the height 

of the shading object. 

 

Figure 10. Space heating demand in all climate specific regions with increased amount of shading. 

Figure 11 shows that the shading resulted in increased heating demand for Ljubljana, Šibenik and 

Umeå. The amount of shading used in the base case is about the same amount as used in earlier 

simulations with this model. The shading could how ever have a big impact on the buildings 

performance in different urban areas.  

 

Figure 11. Space cooling demand in all climate specific regions with increased amount of shading. 
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As shown in Figure 11, the cooling energy demand is reduced with more and closer shading objects. 

The cooling demand in both Šibenik and Dubai is reduced by a large amount and shading could 

therefore have an impact on the models performance in different urban areas.  

 

Figure 12. Primary energy demand in all climate specific regions with increased amount of shading. 

The impact on primary energy demand when increasing the amount of shading can be seen in Figure 

6. The reason increased primary energy demand for Ljubljana and Umeå and reduced primary energy 

demand for Šibenik and Dubai can be explained by looking at the response of the heating and cooling 

demand. For Umeå and Ljubljana, the increased heating energy demand is higher than the reduced 

cooling energy demand which leads to increased primary energy demand. For Šibenik and Dubai the 

reduced cooling energy demand have a greater impact on the model. 

5.2.3 Sensitivity of energy efficiency measures 

Following are the partial sensitivity analysis results for energy efficiency measures including, 

insulation thickness, window quality, airtightness, and share of windows. The reason for this is to be 

able to determine which measures to use to be able to optimize the model.  

5.2.3.1 Insulation thickness 

In Figure 13-15 the base case insulation thickness is increased and reduced to study the impact on 

key performance indicators. Figure 13 specifically, shows the heating demand for each climate 

specific region when, starting from the base case, reducing the insulation by -100 % in five steps and 

increasing the insulation by 100 % in five steps.  

0.0

40.0

80.0

120.0

160.0

200.0

240.0

LJUBLJANA SIBENIK UMEÅ DUBAI

kW
h

/(
m

²a
)

Primary Energy demand

Base case
40 m

30 m
20 m
10 m



 

29 
 

 

Figure 13. Heating energy demand when increasing and reducing the insulation thickness in external walls, roof and 
foundation. 

The result in Figure 13 shows that increasing the thickness of insulation will reduce the heating 

demand for all regions except Dubai. This measure is therefore of interest for Ljubljana, Šibenik and 

Umeå when trying to reduce the heating demand.  

In Figure 14 results show that the reduction of insulation thickness does have a noticeable impact on 

the cooling demand in Dubai. In none of the climate specific regions does increased insulation 

thickness have a noticeable desired effect and it should therefore not be used as a measure to lower 

cooling energy demand.  

 

Figure 14. Cooling energy demand when increasing and reducing the insulation thickness in external walls, roof and 
foundation. 

As shown in Figure 15, the primary energy is well below the German Passive House requirements for 

Ljubljana and Šibenik while Umeå and Dubai are both above it. Even though the increase in insulation 

thickness does not take the primary energy demand in Umeå or Dubai below the required level it 

does lower it. 
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Figure 15. Primary energy demand when increasing and reducing the insulation thickness in external walls, roof and 
foundation. 

5.2.3.2 Window glazing U-value 

The overall window U-value is in PHPP configured by changing the window frame Uf-value and the 

glazing U-value which therefore are studied in this sensitivity analysis. In order to examine the 

response of an overall lower window U-value, the glazing U-value was changed first. In Figure 16-18 

the response of the key performance indicators heating, cooling and primary energy demand is 

shown.  

 

Figure 16. Heating energy demand when increasing and reducing the window glazing U-value. 

It is evident that the higher the window glazing U-value, the higher the demand for heating will be in 

Ljubljana, Šibenik and Umeå. The impact is greatest in the colder regions where the heating demand 

is almost doubled. This could as suggestion be used as a measure to achieve a Passive House 

Classification in the most northern climate specific regions.  
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Figure 1716. Cooling energy demand when increasing and reducing the window glazing U-value. 

The cooling demand shown in Figure 17, is not affected by the window glazing U-value as much as 

the heating demand. In Dubai windows with higher U-value could lead to a reduced cooling demand 

while the results are reversed for all the other climate specific regions. 

 

 

Figure 1817. Primary energy demand when increasing and reducing the window glazing U-value. 

Figure 18 shows that the models response for colder climates is increased primary energy demand 

with higher window glazing U-value and reversed for warmer climates. The impact is greatest for 

Umeå where lowered glazing U-value could reduce the primary energy demand below the required 

level  

5.2.3.3 Window frame Uf-value 

In Figure 19-21, the window frame Uf-value is increased and reduced to study the impact on key 

performance indicators.  

0

15

30

45

60

75

90

105

120

LJUBLJANA SIBENIK UMEÅ DUBAI

kW
h

/(
m

²a
)

Cooling demand

-50%
-40%
-30%
-20%
-10%
Base Case
10%
20%
30%
40%
50%

80

100

120

140

160

180

200

220

240

LJUBLJANA SIBENIK UMEÅ DUBAI

kW
h

/(
m

²a
)

Primary energy demand

-50%
-40%
-30%
-20%
-10%
Base Case
10%
20%
30%
40%
50%



 

32 
 

 

Figure 19. Heating energy demand when increasing and reducing the window frame Uf-value. 

Figure 19 shows that reducing the window frame Uf-value results in lowered heating energy demand 

for both Ljubljana and Umeå. For Umeå the change of the parameter is useful to get the heating 

demand below the required value of 15 kWh/(m²a).  

 

Figure 20. Cooling energy demand when increasing and reducing the window frame Uf-value. 

Figure 20 shows that reducing or increasing the window frame Uf-value does not have a noticeable 

impact on the cooling demand for neither one of the climate specific regions. 
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Figure 21. Primary energy demand when increasing and reducing the window frame Uf-value. 

Figure 21 shows that by reducing the window frame Uf-value, it is possible to have a primary energy 

decrease in all climate specific regions. The impact is increased further north where the model is 

simulated. 

5.2.3.4 Reduced window area 

The amount of windows for the original base case model takes up 43 % of the external envelope 

including roof and foundation. In this analysis the proportion of windows is reduced step by step to 

24 % of the external envelope. Figure 22-24 shows the response of key performance indicators and 

Figure 16 specifically shows the heating demand for each climate specific model when reducing the 

window area 

 

Figure 18. Heating energy demand response of the model when reducing the amount of external window area. 

In Figure 22 above, results for the heating demand shows that a significant reduction in heating 

demand can be achieved in northern climate regions by reducing the external window area of the 

model. This measure could definitely push the results of simulations in northern regions below the 

required values.  
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Figure 19. Cooling energy demand response of the model when reducing the amount of external window area. 

In Figure 23 above, the results from the simulations of the models cooling energy demand with 

reduced window area are shown. The greatest impact is achieved in Dubai where a notable reduction 

in cooling energy demand was the result. The cooling demand was also cut down in Šibenik and 

Ljubljana but not to the same extent.  

 

Figure 20. Primary energy demand response of the model when reducing the amount of external window area. 

In Figure 24 above, the primary energy demand results show that reducing the window area will 

result in lower primary energy demand for all climate specific regions. This measure shows that it is 

possible for the model located in Umeå to get below the required primary energy value with this 

measure alone.  

5.2.3.5 Airtightness 

The base case model airtightness is predetermined to 0,6 ACH and during the sensitivity analysis it is 

gradually reduced to 0,3 ACH. Figure 25-27 shows the response of key performance indicators and 

Figure 25 specifically shows the heating demand for each climate specific model when increasing the 

airtightness. For each step, the air change rate was reduced by a specific amount from - 0-50 %.  
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Figure 21. Heating energy demand with increased airtightness. 

In figure 25 above, the effect on the heating demand in Ljubljana and Umeå is noticeable but not 

enough to have any greater impact in any location. Together with other measures this could however 

lead to a heating demand below required levels for the climate specific region Umeå.  

 

 

Figure 22. Cooling energy demand with increased airtightness. 

In Figure 26 above, it is shown that the impact on cooling energy is not that great. In Dubai the 

cooling energy demand is reduced but not enough to have a significant effect on the overall 

performance.  
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Figure 23. Primary energy demand with increased airtightness. 

Figure 27 shows that the primary energy demand is not affected in any greater extent. In Ljubljana, 

Umeå and Dubai the primary energy demand is reduced noticeable while the demand in Šibenik 

remain almost unchanged.  

5.3 Impact of energy efficiency measures 

In this chapter the impact of the energy efficiency measures are presented. In the same way as in the 

sensitivity analysis a base case for the parameters is used as reference. Measures that had the 

greatest impact on the heating, cooling and primary energy demand are included to see how they 

improve the model in different climate specific regions. The demand for the German Passive House 

Classification have been marked with a black line in each figure. The impact of each energy efficiency 

measure is shown separately and a cumulative combination of the measure with desired impact is 

also included. The combinations may not be optimal for one of the key performance indicators while 

it may bring the demand of another indicator below the required value and therefore is a part of the 

optimal combination. 

5.3.1 German Passive house classification 
The impact that energy efficiency measures have on the German Passive House classification limits 

mentioned in chapter 2.2.2 is examined with a single figure for each key performance indicator. In 

Figure 28 the additional energy efficiency measures impact on the model space heating demand is 

presented.  
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Figure 24. Space heating demand of the ESH model when adding measures from the sensitivity analysis together, comparing 
them with the base case and then combining them as one in “combinations”. 

Figure 28 shows that the space heating demand in Umeå can be reduced to meet the German 

Passive House criteria if all measures are combined. The measure with the largest impact in Umeå 

and Ljubljana is improved thermal resistance of windows which reduce the space heating demand 

from 25,7 to 20,7 W/m² in Umeå and from 8,8 to 6,9 W/m² in Ljubljana. Both Šibenik and Dubai are 

already way below the German classification requirement and therefore none of the measures have 

any significant impact on the performance in those regions. Reduced thermal resistance of windows 

leads to an increased heating demand for Šibenik which is not desired. 

 

Figure 25. Space cooling demand of the ESH model when adding measures from the sensitivity analysis together, comparing 
them with the base case and then combining them as one in “combinations”. 

In Figure 29 above, it is shown that Umeå, Ljubljana and Šibenik are well below the required German 

Passive House criteria requirement 15 kWh/m². It is also evident that the measures implemented 

does not have the same impact on the results for cooling as for heating demand. In Dubai the cooling 
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demand is very large and the measure with the greatest impact, reduced window area, only reduced 

the cooling demand by 5,5 kWh/m². 

 

Figure 26. Max. heating load of the ESH model when adding measures from the sensitivity analysis together, comparing 
them with the base case and then combining them as one in “combinations”. 

Ljubljana and Šibenik are both fulfilling the German criteria for the base case (Fig. 30). In Umeå the 

base case maximum heating load is 10 W/m² above the required value and the best combination of 

measurements is not enough to reduce the value below the required value of 10 W/m². The cooling 

load could be reduced in Ljubljana and Šibenik too and the two measurements with greatest impact 

overall to reduce the maximum cooling load were reduced window area and increased thermal 

resistance for windows. 

 

Figure 27. Max. cooling load of the ESH model when adding measures from the sensitivity analysis together, comparing 
them with the base case and then combining them as one in “combinations”. 

0

5

10

15

20

25

UMEÅ LJUBLJANA SIBENIK

W
/m

²

Max. heating load

Reference

Increased airtightness

Reduced window area

Increased insulation
thickness
Increased thermal
resistance of window
Combinations

Reduced thermla
resistance of windows
Reduced insulation
thickness

0

2

4

6

8

10

12

UMEÅ LJUBLJANA SIBENIK

W
/m

²

Max. cooling load

Reference

Increased airtightness

Reduced window area

Increased insulation
thickness
Increased thermal
resistance of window
Combinations

Reduced thermla
resistance of windows
Reduced insulation
thickness



 

39 
 

 

Figure 28. Primary energy demand of the ESH model when adding measures from the sensitivity analysis together, 
comparing them with the base case and then combining them as one in “combinations”. 

Figure 32 shows that Ljubljana and Šibenik already meet the primary energy demand and that Umeå 

can meet them with combined measures. The most efficient measure in Umeå is the increased 

thermal resistance of windows.  Combined measures reduced the primary energy demand for the 

model was from 125.7 to 115.7 kWh/m². In Dubai the cooling demand results in a primary energy 

demand which is way above the value required to fulfill the German Passive House classification. 

None of the measures manage to reduce the demand more than 4.2 kWh/m² and this means that 

Dubai still demands more than 220 kWh/m² in primary energy. 

5.3.2 Swedish Passive House classification 
The impact that energy efficiency measures have on the Swedish Passive House classification limits 

mentioned in chapter 2.2.3 is examined with a single figure for each key performance indicator. In 

Figure 33 the additional energy efficiency measures impact on the model heat loss number is 

presented.  
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Figure 29. Heat loss number of the ESH model when adding measures from the sensitivity analysis together, comparing 
them with the base case and then combining them as one in “combinations”. 

As presented in Figure 33, the heat loss number is only meet when combination of energy efficiency 

measures are implemented. All these measures are probably not needed to fulfill the Swedish 

Passive House requirements regarding the heat loss number but at least two are required. The limit 

of 17 W/m²Atemp is specifically for the northern zone of Sweden which can be seen in Figure 34 and is 

therefore the strictest limit for Swedish buildings. 

Figure 34 displays the ratio between the simulation results in Umeå and the Swedish Passive House 

classification parameter: yearly energy for SH and DHW.  

 

Figure 30. Maximum annual energy delivered for SH and DHW of the ESH model when adding measures from the sensitivity 
analysis together, comparing them with the base case and then combining them as one in “combinations”. 

It is shown that the limit is fulfilled for all cases and therefore no energy efficiency measure are 

needed. The limit of 58 kWh/m²Atemp is specifically for the northern zone of Sweden which can be 

seen in Figure 34 and is therefore the strictest limit for Swedish buildings. 
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5.4 Combination of energy efficiency measure simulations 
Table 12 contains the results of combining all the advantageous energy efficiency measures for each 

city. These results are compared the German Passive House Criteria to acknowledge if the needs are 

met.  

Table 12. Results when combining the energy efficiency measures for each city in all climate specific regions is shown in the 
table below. 

 

UMEÅ LJUBLJANA ŠIBENIK DUBAI 
German 

Requirements 

 

Space heating energy demand [kWh/m2] 14 3,8 2 0 < 15  

Space heating load [W/m2] 13,6 5,9 5,4 - < 10  

Cooling energy demand [kWh/m2] 0,4 2,1 9,1 102,8 < 15  

Cooling load [W/m2] 5,9 6,3 8,3 - < 10  

Primary energy demand [kWh/m2] 115,7 96,5 95,9 223,8 < 120  

Airtightness [1/h] 0,3 0,3 0,3 0,3 < 0,6  

German passive house criteria’s fulfilled No Yes Yes No   

Swedish passive house criteria’s fulfilled Yes - - -   

It is shown that only Ljubljana and Šibenik meets the German Passive House Criteria’s with the 

energy efficiency combinations implemented. Umeå did meet the Swedish Passive House Criteria’s 

which can be seen in Figure 33 and 34 but the space heating load is too high compared to the 

German Passive House criteria. The cooling energy demand results for Dubai exceeded the limit 

significantly which also resulted in a high primary energy demand. The primary energy demand for 

Dubai is also a direct result of using separate primary energy factors, where Dubai is the only region 

where the primary energy factor for electricity is 3.0. The chosen combination and the effect of each 

measure on the performance in each region is presented in Table 13. 

Table 13. Impact that the measures have on the key performance indicators: heating demand (HD), cooling demand (CD), 
maximum heating load (MHL), maximum cooling load (MCL) and primary energy demand (PED). Indicated by decreased key 
performance indicators (D) and increased (I). German passive house criteria is fulfilled when marked with , if not, it is 
marked with ×. 

 Combination: Increased insulation thickness + 
Increased thermal resistance of windows + 
Increased airtightness + Reduced window area 

Combination: Reduced window area + Reduced 
insulation thickness + Reduced thermal 
resistance of windows + Increased airtightness 

Umeå HD 
CD 

MHL 
MCL 
PED 

D  
D  
D × 
D  
D × 

Not applied 

Ljubljana HD 
CD 

MHL 
MCL 
PED 

I   
D  
D  
D  
D  

Not applied 

Sibenik Not applied HD 
CD 

MHL 
MCL 
PED 

I   
D  
I   
D  
D  

Dubai HD 
CD 

D       
D ×    

Not applied 
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PED D ×     

6. Discussion 
During the sensitivity analysis, it turned out that the optimal orientation of the model was to face the 

wall with the highest amount of windows to the south in Ume and Ljubljana. In Dubai the optimal 

orientation was to rotate the model 180° horizontally and by doing that, reduce the amount of time 

that windows are exposed to direct sunlight. By using the optimal orientation, heating demand could 

be lowered in Umeå and Ljubljana while the cooling demand was lowered in Šibenik and Dubai. The 

reason for this outcome probably depended mostly on the increased solar heat gains which reduce 

heating- and increase cooling energy demand. 

Increased shading resulted in overall higher heating demand in all regions while the cooling demand 

was reduced at the same time. The impact on primary energy show that in colder climates as little 

shading as possible is desired while there is a slight improvement in performance in Šibenik with 

increased shading. In Dubai the model is dependent of shading to reduce the large solar heat gains it 

is exposed to. The orientation and shading analysis both show how important it is to regulate the 

solar heat gains for a passive house with this amount of windows. 

The measures that had the greatest impact on key performance indicators were related to the 

windows which probably is due to the excessive part of total heat losses that occurred through this 

thermal bridge. In Umeå windows accounted for more than 58 % of the total heat losses as 

presented in Figure 36. This is in agreement with the International energy agency [23] which 

mentions the importance of high quality of windows and that a major part of energy loss occurs 

through windows. An isolated increase of insulation thickness did not result in expected 

improvement of key performance indicators in any of the regions included in the study. According to 

CEPHEUS [14], the U-values of exterior elements should range inside 0.1 and 0.15 𝑊/𝑚2 and it  is 

probably due to the already well insulated envelope that the base case consists of, that the 

improvement did not meet the expectations. This would otherwise, in line with Liana Mullers work 

[21], be one of the most important measures to achieve energy conservations in buildings. The 

airtightness had a desired influence on the model in all regions but in the same manner as for the 

measure of increased insulation the impact was less than expected. This could also be explained with 

the airtight envelope that the base case consists of which already meets the passive house criteria of 

0,6 ACH at 50 Pa.  

The reason that window related measures had the greatest impact can be explained by the 

somewhat excessive amount of windows that the thermal envelope consists of like stated earlier. To 

make the model less sensitive to the climate, orientation and shading, the area of windows should be 

reduced for all models without going below the minimum health requirements adequate for the 

residents present. In Umeå reducing the window area from 43 % to 24 % of the total envelope area 

resulted in a reduction of more than 17 % in heating demand and in Dubai this is the single greatest 

measure which could lower cooling demand with 13.6 kWh/(m2a).  An isolated reduction of the 

glazing U-value by 50 % reduced the heating demand in Umeå with as much as 7.3 kWh/(m2a). In 

earlier studies [30], the reduced window area had a greater impact on key performance indicators. 

This could inter alia build upon the different shading implementation which in this thesis reduce the 

effect of reducing the window area compared to the study performed in IDA ICE.  

Since the sensitivity analysis only included modification of one parameter at a time, multiple 

combinations of measures were not simulated or examined during the study. With the results of the 

sensitivity analysis obtained together with the knowledge that newer models of the Eco Silver House 
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have less window area it would have been interesting to simulate more combinations of measures 

starting with reduced window area. Originating from the Eco Silver House demo building in Figure 3 it 

is probably wiser to approach the design of the simplified model examined in this study which have 

an ideal shape factor that preferably should be considered for all future projects. The simplified 

model would with this design be simple to evaluate and it would probably be cheaper and easier to 

fulfill passive house standards. 

It can be stated that the Base case of the simplified model version 5 with no additional energy 

efficiency measures only met the German Passive house standard in two of the four investigated 

regions which can be seen in Table 11. Not even with additional energy efficiency measure applied 

and adapted for each region did the model fulfill the criteria’s in any other region and this is 

presented in Table 12. The main reason that the model only fulfilled the German passive house 

criteria’s for Ljubljana and Šibenik could be that the classification is compiled primarily for German 

housing in central Europe. In contrast to central Europe the climate in Umeå and Dubai consists of 

extreme cold and warmth which leads to a corresponding extreme need of heating and cooling if no 

measures are implemented. The reason that the model fulfilled the requirements in Sibenik in this 

study and not in the earlier study performed in IDA ICE on the same model [30] could have been due 

to a higher amount of shading in the PHPP model or a different implementation of the cooling 

system which directly affects the cooling demand. In the earlier study, shading was modelled in two 

different ways, either with almost constant shading or objects of similar height on each side of the 

building. The shading modelled in this thesis is somewhere in between the simulations performed in 

IDA ICE and therefore it is hard to compare the results regarding the shading.  

The maximum cooling load spikes in the IDA ICE simulations could also have an impact on the cooling 

the demand although this have to be studied further. These differences are probably also the main 

reason that other key performance indicators vary too. 

Even though Ljubljana and Šibenik are cities from two neighboring countries, the cooling energy 

demand was more than five times higher in Šibenik than in Ljubljana, 10.5 and 2.0 kWh/(m2a)  

respectively. The heating energy demand in Ljubljana amounted to 8.9 kWh/(m2a)  and  in Šibenik 

only 0.1 kWh/(m2a). This can be explained by looking at the weather files extracted from 

Meteonorm. Sibenik has a hot Mediterranean, subtropical climate with an average annual ambient 

outside temperature of 16.2 °C while the climate in Ljubljana is mild and has an average annual 

ambient outside temperature of 9.5 °C. To develop the Base case model which already fulfilled the 

passive house criteria’s in these regions a model was designed for each region which improved the 

overall performance and reduced the primary energy in both cases.  

With additional energy efficiency measures implemented the model could fulfill the Swedish Passive 

House Criteria’s in Umeå’s climate The cold winters in this climate zone makes excellent insulation 

inevitable together with an airtight envelope and the best window frames and glazing available. 

These additional energy efficiency measures were all applied to ensure that the model would fulfill 

the Swedish Passive House criteria’s and they all resulted in lowering the heating demand and 

heating load. Since the focus of this thesis is to adapt models for each region, measures were not 

extended to make the model fulfill the German Passive House criteria’s.  

When adapting the model to the climate in Dubai, United Arab Emirates, the cooling demand 

exceeded the Passive House criteria significantly and so did the primary energy demand. The 

additional energy efficiency measures examined in this thesis were insufficient to reduce these key 

performance indicators below German Passive House classification limits by far. Since the outdoor 

temperatures are so high, even in the winter, that the average daily values stay just below the 
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cooling set point, it should be fairly easy to construct buildings without any demand for heating 

energy. The focus could therefore be entirely on reducing the energy used for cooling demand. In 

this case, on the other hand, the high temperatures demand required great efforts to keep the 

cooling demand below 15 kWh/(m2a). The long cooling period resulted in an annual cooling demand 

of 102.8 kWh/(m2a) and outdoor temperatures during cooling periods were so high that the 

overnight ventilation and heat recovery bypass would not help enough. Passive House designs like 

the Eco Silver House which rely on large quantities of glazing and resulting solar gains, is risky from 

two points of view when trying to adapt the model to the climate in Dubai. Firstly overheating should 

be expected. Secondly, the design relies critically on the window sizes, glazing specification and 

shading. The design of this model is not optimized for this climate and to fulfill the German Passive 

House criteria’s other measures is needed and probably a rework of the Base case model.  

When analyzing the results it is evident that the choice of primary energy factors have a direct 

impact on the models primary energy demand. The probability that the national values used for 

simulations match the actual primary energy factors is relatively low. This means that the presented 

primary energy demand only can be seen as an indication of how this model would perform with 

these national primary energy factors and not necessary how the model would perform in each 

respective region. For example if Dubai would have been simulated with the same primary energy 

factors as Umeå the primary energy demand would be reduced by 35 kWh/(m2a) which is more than 

20 %. 

In a hot and humid climate like Dubai, special attention has to be paid to the humidity aspect when 

designing a passive house. Since it is hot and humid all year long, the energy demand for sensible and 

latent cooling often exceed 70 kWh/(m2a) like mentioned in the article Passive Houses for different 

climate zones [12]. This is an indication that the German passive house classification is not meant for 

this kind of climate or at least not with European construction design.   

It also has to be mentioned that passive houses are buildings which also should provide comfortable 

indoor conditions and not only demand extremely low heating and cooling loads. During the 

simulations the model was ensured to fulfill the comfort criteria’s set by PHPP but more work has to 

be done in order to ensure that the comfort is acceptable which is in line with the work of Jurgen 

Schneider [12]. 
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7. Conclusion 
The purpose of this thesis was to demonstrate whether if it is possible to achieve passive house 

classification for the simplified model of the Eco Silver House by implementing a number of energy 

efficiency measures.  

It was possible to construct regional specific models that fulfilled the passive house requirements in 

three of four regions. The model achieved passive house standard without any additional energy 

efficiency measures in Ljubljana and Šibenik while a combination of measures was needed to fulfill all 

the criteria’s in Umeå. The Swedish requirements used for evaluation of the model in Sweden were 

easier to fulfill since they are developed for the cold climate. Since no regional passive house 

classification was used to evaluate the performance of the model in Dubai the cooling and primary 

energy demand exceeded the limiting criteria’s.  

The energy efficiency measure with reduced window area had the greatest impact on heating and 

cooling demand in all climates. This measure should be included in in all future models which also is 

suggested by parallel studies on similar models of the same building.  

The only climate where an increased U-value of the external envelope resulted in improved 

performance of the model was in Šibenik.  In all other climates did a lowered U-value improve the 

overall performance.  

Choice of primary energy factors had a significant impact on the primary energy demand and should 

therefore be evaluated further with actual primary energy factors to avoid unexpectedly high 

demand. 

 

  



 

46 
 

8. Proposal for further work 
To increase the trustworthiness of the results, it would have been interesting to evaluate the 

performance of the model in more than one simulation program. Parallel simulations of the 

simplified model have been performed in Eco Designer Star, PHPP and earlier simulations in IDA ICE. 

The problem however is that different parameters have been used together with variations of the 

simplified model. This complicates the comparison of results and it is the reason that no comparison 

has been made in this thesis. In depth studies of the comfort levels with chosen additional energy 

efficiency measures should also be performed to validate that all the soft criteria’s are fulfilled.  

Primary energy factors have such a big impact on the resulting primary energy demand that further 

investigations have to be made to ensure that regional primary energy factors won’t deviate from 

those used in this thesis if passive house classifications have to be fulfilled. It is also suggested that if 

there are specific passive house classifications available for regions with extreme weather, these 

should be used. The German passive house classification is not suitable in a climate such as Dubai’s.  

As a suggestion, the number of energy efficiency measures investigated could be increased. Some 

additional measures for warm climates such as in Šibenik and Dubai could further help to reduce 

cooling demand and load.  
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Appendix A 
A few thermal conductivities for important building materials. For wood and wood products, the thermal conductivity is to 
be multiplied by a factor of 2.2 when the heat flow is parallel to the direction of the fibres. [31] 

Material Thermal conductivity 𝜆 [W/(mK)] 

Concrete (Reinforced) 2.1 

Lightweight Concrete 0.15-0.3 

Rubber 0.17 

Carpet 0.06 

Linoleum 0.17 

Float Glass 1 

Aluminum 160 

Mild Steel 50 

Stainless Steel 17 

Solid Plastic (Typical) 0.17-0.3 

Gypsum Plaster 0.18-0.56 

Gypsum Plasterboard 0.25 

Cement Screed 1.4 

Natural Stone 1.5-3-5 

Sand-Lime Masonry 1 

Softwood 0.13 

Hardwood 0.18 

Chipboard 0.1-0.18 

Oriented Strand Board (OSB) 0.13 

Wood Fiberboard, Medium Density Fiberboard (MDF) 0.07-0.18 

Expanded Rigid Polystyrene Foam 0.035-0.04 

Extruded Rigid Polystyrene Foam 0.035-0.04 

Mineral Wool 0.035-0.045 

Solid Clay Brick Masonry 0.8-1.2 

Vertically Perforated Lightweight Block Masonry 0.3-0.45 

Wood Wool Lightweight Building Board 0.065-0.09 

Rigid Polyurethane Foam 0.025-0.04 

Fibre Insulating material 0.035-0.05 

Cellular Glass 0.045-0.06 

Wooden Soft board 0.04-0.07 
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Appendix B 
Table of the dimensioning winter outdoor temperature DWOT taken from FEBY 12 [17]. 
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Appendix C 
Non-renewable primary energy factors and CO2-equivalent emission factors from various energy providers. ( [32] CHP=Coal 
heat plant, CCP=Coal cogeneration plant, CGS=Cogeneration station, HSS=Heat supply station, PHC=Power heat coupli 

Energy Source Abbreviation Primary energy factor  CO2-Equivalent 
Emission Factor  

[kWhprim/kWhfinal] [kg/kWhfinal] 

Fuels Oil 1.1 0.31 

Natural gas 1.1 0.25 

Liquid gas 1.1 0.27 

Hard coal 1.1 0.44 

Wood 0.2 0.05 

Electricity Electricity mix 2.6 0.61 

PV-electricity 0.7 0.25 

District heating CCP 70 % PHC 0.8 0.24 

CCP 35 % PHC 1.1 0.32 

CHP 0 % PHC 1.5 0.41 

Gas cogeneration 
station 

CGS 70 % PHC 0.7 -0.07 

CGS 35 % PHC 1.1 0.13 

HSS 0 % PHC 1.5 0.32 

Oil cogeneration 
station 

CGS 70 % PHC 0.8 0.1 

CGS 35 % PHC 1.1 0.25 

HSS 0 % PHC 1.5 0.41 

Appendix D 17 
Calculation of the treated floor area. [31] 

Only floor areas of rooms within the thermal envelope are included in the TFA. 
The floor area may be ascertained from the unfinished dimensions of the building. 
The following can be taken into account for the floor area: 

- Floor-to-ceiling window reveals with a depth of more than 0.13 m 
- Plinth, skirting boards, built-in furniture, bathtubs 
- Areas under staircases (depending on the height, see below) 
- Stair heads and landings 

Taken into account with 100 % Taken into account with 60 % Taken into account with 0 % 

-Living areas where long 
periods of time are spent, i.e. 
window area > 10 % of the 
floor area, but not behind light 
shafts 
-Washrooms 
-Auxiliary rooms (areas such 
as installation rooms, storage 
rooms etc.) within dwellings 
-Access areas within dwellings 

-Auxiliary rooms outside of 
dwellings / apartments or in 
basements 
-Access areas outside of 
dwellings or in basements 
 

-Flights of stairs with more 
than 3 steps 
-Elevator shafts 
Schafts/chimneys > 0.1 m2 
-Pillars/room-high facework 
> 0.1 m2 
-Void (void over room with 
double height) 
-Door and floor-to-ceiling 
window recesses (depth up to 
0.13 m) 
-Rooms outside of the thermal 
envelope 

The following applies for all rooms/partial areas: 
Clear height 1 to 2 m -> the TFA is reduced by 50 % 
(e.g. auxiliary room (h=1.9 m) outside of the dwelling: half of 60 %, that is 30 %, is taken into 
account for the TFA) 
Clear height less than 1 m –> not taken into account 
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Climate data for Ljubljana, Slovenia. 

Appendix E Climate data – Ljubljana 
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Climate data for Sibenik, Croatia. 

Climate data –Sibenik 
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Climate data for Umeå, Sweden. 

Climate data –Umeå 
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Climate Data for Dubai, United Arab Emirates. 

Climate data –Dubai 
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Appendix F Climate data –Dubai 

 

Figure 31. Climate data for Dubai, United Arab Emirates. [12] 
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Appendix G Energy balance heating for Umeå 
 

 

Figure 36. Energy balance for heating calculated with the annual method in Umeå. 

 

 


