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Abstract 

People tend to spend a lot of their lives indoors. The importance of a sufficient level of indoor thermal 

comfort is therefore essential. There are both national and international energy usage goals that must be 

met and meanwhile the thermal indoor climate should also be given priority and kept at a satisfactory 

level. With this issue in mind, it is of interest to investigate how the experienced thermal comfort is 

affected by different energy efficiency measures. This study aims to, by using a computer simulation tool, 

investigate the relationship between energy efficiency measures and thermal comfort within an existing 

office building.  

An evaluation of six different energy efficiency measures showed that the thermal comfort is generally 

increased when the energy usage is decreased. However, there are exceptions with a decreased level of 

thermal comfort, which makes it impossible to justify all energy efficiency measures from a thermal 

comfort perspective. This states the importance of a comprehensive evaluation of a proposed energy 

efficiency measure prior performing it in reality. A final sensitivity analysis highlighted the importance of 

estimating the clothing levels and metabolic rates properly, as these factors are of great importance for the 

final results.  

 

  



 

 

Sammanfattning 

Människor tenderar generellt sett att spendera en stor del av sina liv inomhus. Detta medför att ett 

tillfredställande termiskt inomhusklimat i all byggd miljö blir allt viktigare. Det finns både nationella och 

internationella energianvändningsmål som måste mötas, samtidigt som det termiska inomhusklimatet 

också bör prioriteras och hållas på en tillfredställande nivå. Att undersöka hur den termiska komforten 

påverkas av olika energieffektiviseringsåtgärder är därför intressant. Med detta i åtanke syftar denna studie 

till att, genom användande av ett datorsimuleringsverktyg, undersöka sambandet mellan termisk komfort 

och energieffektiviseringar i en befintlig kontorsbyggnad.  

En utvärdering av sex olika energieffektiviseringsåtgärder visade att rent generellt ökar den termiska 

komforten när energianvändningen minskar. Däremot finns en del undantag där inomhusklimatet istället 

försämras. Detta gör det omöjligt att i alla fall rättfärdiga energieffektiviseringsåtgärder ur ett 

inomhusklimatperspektiv. Denna undersökning påvisade därför vikten av att, innan renoveringar, göra 

omfattande undersökningar av hur en föreslagen energieffektivisering kommer att påverka byggnaden och 

dess brukare. En avslutande känslighetsanalys visade också nödvändigheten i att så korrekt som möjligt 

estimera såväl klädesnivå som aktivitetsnivå hos brukarna då detta är två viktiga faktorer i utvärderingen av 

den termiska komforten.  
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1 Introduction 

The energy usage in the Organisation for Economic Co-operation and Development (OECD) countries 

are in by 2015, down at approximately the same levels as in year 2000 (International Energy Agency 2015, 

16). The economic growth has meanwhile been continuing, which indicates that economic growth and 

energy usage no longer must be coupled together in the OECD countries. One of the main reasons for 

this development is the increasing number of energy efficiency measures performed. This makes it 

possible to decrease the energy usage whilst the economic growth still may continue (International Energy 

Agency 2015, 16). The possibility of decoupling economic growth and energy usage was in 2010 

highlighted as one of the main goals for the energy strategy in the European Union (EU). The necessity of 

energy efficient measures that are decoupled from the economic growth within a country is considered as 

substantial (The European Parliament and the Council of the European Union 2012). 

The EU aims to implement a strategy for eventually developing an Energy Union, where increased energy 

efficiency is one of the main targets. Currently, the union is importing more than 50% of all energy 

needed (European Commission 2015). This makes the EU the largest importer of energy in the world. 

Meanwhile, there is a lot of inefficient energy use within the union. Approximately 75% of all buildings in 

the housing stock are ranked as energy inefficient (European Commission 2015). In order to increase the 

energy safety and also decrease the import of energy, the EU is facing numerous challenges. Meanwhile, 

the climate changes must be addressed in an appropriate way, further complicating the issue with energy 

safety (The European Parliament and the Council of the European Union 2012).  

The building sector accounts for more than 30% of the total final energy usage worldwide. Globally, non-

residential buildings account for approximately 26% of the total building energy and the remaining 76% 

are used in residential buildings (International Energy Agency 2015, 67-69). In Sweden, the building sector 

accounts for approximately 36% of the total energy usage within the country. As a large share of the 

energy usage in the building sector is used for space heating, significant variations over the years may 

occur. Thus, in order to be able to compare values between different years, a correction of the energy 

usage to a normal year is often performed. These normal year values are then comparable 

(Energimyndigheten 2015, 12-13).  

One of the main ways of reducing the energy demand is by simply making the use of energy more 

efficient. This is often a considerable fast path towards reducing the energy demand, but also to do so in a 

cost-effective manner. Reducing the energy demand in existing buildings by performing energy efficiency 

measures has a large potential in as well Sweden as globally. By making sure that the investments are payed 

back within a reasonable time there are economic incentives for building owners to carry out different 

saving measures. Also, always during refurbishments of a building energy efficient measures should 

preferably be taken into consideration (Shah 2012, 121-122). Generally, when carrying out larger 

renovations the same regulations as for the new-built building stock applies. However, as these rules are 

not always directly applicable they might need to be somewhat changed in order to fit an existing building. 

This could for example be if the building is listed as historical valuable. The energy efficiency is not 

allowed to decrease during a renovation if not any other important factor increases. This could for 

example be an increased level of the indoor thermal climate (Boverket 2015, 2, 166).  
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 Background 

The Swedish government decided in 2009 to adopt national goals with the aim of having a more efficient 

energy use within the country. One of the goals was to until 2020 reduce the energy intensity with 20% 

compared to the levels in 2008 and to thereby have a more efficient use of energy within the country. This 

goal also works as a guidance for the Swedish contribution towards reaching the 2020-goals set by the EU. 

Until 2016 another goal aims to reduce the energy usage in Sweden and make savings of 9% compared to 

the mean yearly energy usage between 2001 and 2005 (Regeringskansliet 2015). This could be seen as a 

first goal towards reaching the final 2020-goals. In the EU further energy usage reductions will be made 

after hopefully reaching these 2020-goals (Riksrevisionen 2013, 5-7). The building sector is one of the 

major contributors to if the energy related goals are reached or not (Regeringskansliet 2015).  

In industrialized countries people tend to spend in average more than 90% of their time indoors (Höppe 

2002, 661). A study conducted in Germany showed that, in average, more than 65% of all time is spent at 

home. This study showed results consistent with results from a study conducted in the United States and 

Canada (Brasche and Bischof 2005, 252). Other studies have shown that among adults in Sweden, 18% 

experience health related issues caused by an insufficient indoor climate. Almost 9% of 12-years old 

children experience similar issues. These health related issues are mainly tiredness and headaches, but also 

symptoms related to the respiratory system (Merritt and Emenius 2013, 88-89). 

The thermal comfort in a building can be determined and evaluated in many various ways and is both 

linked to, and influenced by the energy performance. In buildings facing energy efficient measures it is 

important to understand how the thermal comfort is affected by suggested saving measures. As the 

thermal comfort is dependent on factors such as operative and mean air temperature, the humidity within 

the room, the velocity of the air and occupant behaviors are doing in the room (Parsons 2010) this yields a 

complex issue to find the optimum performance where thermal comfort is maximized and the energy 

usage is efficient. 

When making energy efficiency measures the thermal comfort must be kept in mind. Proposed energy 

efficient measures should not compromise the thermal comfort or influence it negatively. It is therefore 

important to find an ideal point where the energy efficiency is maximized and the thermal comfort is kept 

at a level as high as possible (Jayamaha 2007, 172). There are studies that have shown that energy 

efficiency measures have positive effects on the indoor thermal climate (Küller, Liu and Thoresson 2011). 

On the other hand, there are other studies showing the importance of how the efficiency measures are 

performed, as they can affect the thermal comfort in negative ways as well (Cheng, et al. 2015). Especially 

when the occupancy density is high and meanwhile the number of operating internal equipment are high, 

the thermal comfort levels could be critical (Shah 2012, 124). 

 Aim and Objective 

Different energy saving measures have alternating impact on the thermal climate and comfort within an 

occupied space. The importance of reducing the energy usage while keeping or improving the level of 

experienced thermal comfort is essential. The relationship between the amount of saved energy, or more 

efficient energy use, and a high experienced level of thermal comfort should therefore be evaluated prior 

energy efficiency investments. With this in mind, different energy efficiency measures will in this project 

be evaluated against their expected contribution to the experienced level of thermal comfort.  
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The aim of this master thesis project is to make investigations of different effects on the expected level of 

thermal comfort when performing energy efficiency measures. Some investigated measures are more 

common than others. In order to effectively meet the aim, three objectives are defined. These are as 

follows: 

 With a computer software simulation tool, investigate the relationship between energy efficiency 

measures and thermal comfort within an existing building. 

 With these results, try to explain the influence different energy efficiency measures have on the 

thermal comfort. 

 With a sensitivity analysis, investigate the strength in the found results. 

 Research Questions 

The research questions serve as a way of clarifying the aim and objectives. They also serve as a way of 

meeting the aim in the most effective way. The research questions investigated in this master thesis project 

are as follows: 

 How is the thermal comfort affected by energy efficient measures in an existing office building? 

 How can energy efficient measures be carried out in order to minimize the energy usage whilst 

maximizing the thermal comfort?  

 How is the level of thermal comfort affected by smaller variations in the input parameters? 

 Hypothesis 

The level of energy usage and experienced level of thermal comfort is by different studies proved to be 

related in one way or another (Küller, Liu and Thoresson 2011) (Cheng, et al. 2015). There is a possibility 

of both having positive and negative effects on the thermal comfort when carrying out energy saving 

measures. In order to maximize the thermal comfort while at the same time minimizing the energy usage a 

comprehensive analysis of the situation must be made. Depending on energy efficiency measure there 

might be different solutions in order to get the highest possible level of thermal comfort. The hypothesis 

is that depending on energy efficient measure, the level of thermal comfort is affected in one way or 

another. There might be a common relationship between all investigated measures, but the influence 

probably varies. For example, to change the type of ventilation might have a larger impact on the thermal 

comfort than changing the operating hours of the ventilation.  

There are national regulations specifying the minimum levels of the thermal climate (Arbetsmiljöverket 

2013). As there also are regulations concerning allowed and recommended temperature and air flows 

(Boverket 2015), it is likely that these could affect the results as well. All suggested measures should 

therefore preferably be within the set regulations. If some values are specified not to be within the 

recommended interval it should be comprehensively motivated why they are not. However, as these 

regulations are old and well-known, it is most likely that they are constructed so that the level of thermal 

comfort is maximized.  
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 Relevance of the Study 

In order to meet the energy efficiency goals set by the Swedish government a part of the Swedish building 

stock will have to face renovations in the nearby future (Kungliga Ingenjörsvetenskapsakademin 2012). It 

is important to make sure that the level of thermal comfort after the renovations is kept at a high level. 

Preferably, the thermal comfort should be increased while performing renovations. This master thesis 

project will try to find the relationship between energy efficient measures and thermal comfort. There are 

previous studies discussing various effects of different energy efficiency measures, wherefore this study 

serves as a complement of these researches. This study also includes a sensitivity analysis, with the aim of 

investigating the strength in the obtained results.  

There are known effects on how the occupants are affected by the level of thermal comfort and especially 

the temperatures (Arbetsmiljöverket 2013, 57-58). By simulating and evaluating the effects on the thermal 

comfort when implementing various energy efficiency measures, the number of satisfied occupants may 

be held at a high level. This study concerns a building located in Stockholm, climate zone three in Sweden 

(Boverket 2015, 153). The existing recommendations and regulations regarding energy usage varies in the 

different climate zones (Boverket 2015), wherefore this study mainly is of relevance for buildings located 

in climate zone three. If any general conclusions can be made it is possible that the results are applicable 

on a larger scale, for example ranging from Sweden to northern Europe. On the other hand, it must be 

remembered that all conclusions are based on a specific model and the specific simulations performed 

within this research.  

 Limitations and Problems  

This master thesis project only concerns office buildings in Sweden and does not take into account other 

types of commercial buildings or the residential building stock. As well residential buildings as other 

commercial buildings have other criterions than offices for the thermal climate and the energy usage 

(Boverket 2015). In order to account for the specific thermal comfort regulations this limitation has been 

set. Furthermore, in office buildings the occupancy times and rates are very different from residential or 

other commercial buildings. By making this constraint it is easier to make more accurate and relevant 

conclusions.  

Each energy efficiency measure is in this research evaluated one at a time. When implementing several 

energy saving measures at a time there is a possibility of co-operation between them. The expected output 

can therefore be very different from when counting for one saving at a time. No consideration is in these 

evaluations taken to how the result would be if several measures were implemented together. This must be 

kept in mind, and if implementing several measures at a time new evaluations must be made. If only 

summing the results from the single investigations there is a possibility of a final result impossible in 

reality. It is also possible that there are individual solutions more or less suitable for a particular building, 

wherefore only general saving measures are evaluated.  

The ambient climate is a factor that also affects which energy efficient measures that are preferably and 

therefore only offices located in, according to Boverket’s Building Regulations (BBR), climate zone three 

will be investigated. However, there is a possibility that the results can be adopted on other climate zones 

as well, but this is out of the scope of this paper. Differences in the architecture and design of various 

office buildings will also affect the results. No other buildings except this particular one are investigated. 

Individual specialties that could occur in different buildings could maybe yield completely different results. 

This should be kept in mind when reading this report.  
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There are, by the Arbetsmiljöverket (2013), three different types of indoor temperature zones when 

evaluating temperature related concerns in the built environment. Depending on zone different 

regulations may apply. The neutral area is the temperature span of approximately 10°C to 30°C and the 

cold zone treats areas below 10°C and the hot zone areas above 30°C. When working in zones above or 

below the neutral zone special regulations that must be kept in mind apply. Cold zones could for example 

be work conducted within cold storages and the hot zone glassworks (Arbetsmiljöverket 2013, 57). In this 

master thesis project only working places in the neutral temperature zone is treated, wherefore the hot and 

cold zones further on are neglected. However, most of the offices within Sweden are probably located in 

the neutral temperature span.  

1.6.1 Existing building 

The reference building is already existing which means that there are some initial limitations. One factor 

that contributes to the energy demand within a building is the shape and orientation of the building. This 

will not be taken into consideration. However, when making energy efficiency measures on existing 

buildings changing the shape and orientation will most probably be very expensive and therefore also 

neglected in reality. When modelling and simulating a new building this is something that should be taken 

into consideration. It is possible that the results could be very different if the orientation of the building 

was another.  

The, from an energy demand and thermal comfort perspective most suitable, geographical location of the 

building is something that is further neglected as well. To relocate the entire building and for example put 

it in another part of the city or country is not practical doable and therefore neglected. The same applies 

for surrounding buildings contributing to for example shading. No changes related to shading of 

surrounding objects are proposed as these are considered to be out of the scope of this project. When 

modelling and simulating a new building this is something that maybe could be interesting to further 

investigate.  

Due to the large simulation file, and therefore long simulation running times when investigating the entire 

building, only a part of the building is evaluated. The included and excluded parts of the building are 

comprehensively discussed in order to account for any differences that can occur at various parts of the 

building. As only office environments are concerned in this research, all other areas are initially excluded 

from the simulations. All areas considered as non-occupant areas are initially excluded as well. When 

evaluating the energy performance of an entire building, all parts heated above 10°C should be included 

(Boverket 2015, 151). This makes the exclusions of parts of the building a main drawback.  

The specific energy usage for the modelled part of the building cannot be compared with the specific 

energy usage for the entire building. This since the energy usage varies between different areas within the 

building and only offices are included in the simulations and following evaluations. As less occupied and 

non-occupied spaces are neglected in this project the specific energy usage is probably much higher than 

for the entire building in reality. Due to this consideration it is only possible to compare the different 

scenarios with each other, but not with the energy usage of any other simulations or buildings. All 

scenarios are based on the same reference.   
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2 Methods 

This master thesis project starts with a comprehensive literature study in order to learn how energy 

efficient measures and thermal comfort are related. The literature study is followed by using different 

models in IDA Indoor Climate and Energy (IDA ICE) to simulate various energy efficiency measures. 

The models work as a tool to see how various energy efficient measures affects the thermal comfort 

within the simulated building. By combining knowledge from the literature study and the simulation more 

general conclusions of how energy efficient measures affects the thermal comfort are tried to be made. To 

conclude and finish the study a sensitivity analysis is carried out. This analysis is made in order to visualize 

the strength of the obtained results.  

 Literature Study 

The main goal with the literature study is to obtain knowledge about both energy efficient measures and 

thermal climate, but also about existing relevant legislation and regulations within the built environment in 

Sweden. In order to make the simulations as accurate as possible knowledge about the current regulations 

are necessary. Mainly, the literature study consists of material from scientific magazines and peer reviewed 

journals. The journals Energy and Buildings as well as Building and Environments are frequently used. 

This is complemented with material from the Swedish Government and other authorities setting 

guidelines and regulations for the built environment. These are for example the National Board of 

Housing, Building and Planning (Boverket) and the Swedish Work Environment Authority 

(Arbetsmiljöverket). Materials from peer-reviewed journals as well as different authorities are considered 

as reliable.  

By combining material from previous researches and studies with existing laws and regulations set by the 

Swedish government valuable knowledge necessary for when performing the simulations are obtained. As 

the results should be applicable within Sweden it is important that the models are simulated using laws and 

regulations that are consistent with the EU and Sweden. However, if the literature study shows research 

differing from the existing valid regulations it is possible that the simulations could try to implement these 

values instead. These are in such cases impossible to carry out in reality. However, this issue is then 

comprehensively evaluated and discussed. 

 Simulating an Office Building 

A model of an existing office building is simulated in the software IDA ICE. In this program the 

relationship between energy efficiency measures and the thermal climate can be investigated (EQUA 

Simulation AB n.d. a). The findings from the literature study in combination with the results from the 

different simulations together contribute to a final result and eventually a conclusion. The simulations are 

only done in office spaces assumed critical or of special interest from a thermal comfort point of view. 

This means that most of the building is excluded in the simulations. This restriction is done since the 

simulation time in IDA ICE for the entire building is way too long for being practical doable.  
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2.2.1 IDA Indoor Climate and Energy 

IDA ICE is a software enabling to simulate energy usage and predicted level of thermal comfort in a 

particular building. The software is designed to calculate the energy usage during an entire year in a 

building and meanwhile offering a possibility to calculate the thermal comfort in single zones as well. It is 

also possible to divide the calculations and only simulate a single day or a shorter time period of a year. 

The software is developed in a way so that the user easily can look into all equations and variables used to 

calculate a certain value. This enables the user to inspect and track all variables generated by the software 

(EQUA Simulation AB n.d. a).  

IDA ICE also offers a possibility to simulate in different levels, depending on the necessary complexity 

and level of detail in the results. The simplest level is limited to a simulation in one single room, with a 

number of pre-defined approximations required. The next level is the so called standard level. In this 

interface an entire model of a particular building is possible to simulate. The user specifies the geometry as 

well as used materials, user schedules, locations and other important factors. The most complicated level is 

the advanced one, where the user has an opportunity of investigating the behavior of used equations and 

variables, but also to create own such and new relationships (EQUA Simulation AB 2013, 9-11). The 

simulations in this project are done in the standard level.  

It is possible to simulate each zone in two different ways, giving a possibility of slightly various level of 

detail in the output. The default model, the so called energy model yields a less detailed output compared 

to the more complex climate model. The climate model has a possibility of for example calculate 

temperature gradients in the vertical plane, whereas the energy model only calculates the mean radiant 

temperature. However, all input data is the same independent on which type of model that is used in the 

simulations. The main drawback in the climate model is that only rooms with a rectangular shape and four 

90°-corners can be simulated. If the zones are non-rectangular and the climate model is selected, the 

software will automatically simulate these zones based on the energy model (EQUA Simulation AB 2013, 

16).  

A measurement of the directed operative temperature is also possible to perform in the climate model. 

This enables investigations of how radiation from different walls, floor and ceiling affects these 

temperatures. It is also possible to investigate how the air temperature varies at floor and ceiling (EQUA 

Simulation AB 2013). As the temperature differences between floor and ceiling as well as the operative 

temperature is interesting from a thermal comfort point of view (Boverket 2015, 103) it is preferable if the 

simulations can be made within the climate model. Due to the restriction that this mode is only available 

when having completely rectangular shapes, this might be difficult to perform in this investigation.  

2.2.2 Description of the Model 

The investigated office building is located in the central parts of Stockholm, Sweden. The building has 

already been modelled in IDA ICE by Skanska. The model is comprehensive done, including heating and 

cooling systems, a ventilation system and various rooms and zones. This model is used as the starting 

point for all simulations. The building consists of both offices, stores and a restaurant. There are 13 floors, 

each consisting of spaces for various purposes. The building is listed as a historical valuable building, 

wherefore it is protected against changes that affect this historical value. This model made by Skanska is 

further on referred to as the Initial model. The Initial model is used, but remodeled in order to investigate 

what happens when different energy efficient measures are performed.  
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2.2.3 Validation of the Software 

In order to carry out any results and conclusions from a model a validation is necessary. The IDA ICE-

software has been validated against several other simulation tools, but also towards international 

standards. These validations have been performed in order to make sure that the software is working as 

expected, but also to detect any possible bugs. The experimental data have been compared to both real 

measured data and experimental data from other simulation software tools (EQUA Simulation AB n.d. c). 

Since the software has passed these validation criterions it is considered as a suitable software for the 

investigations performed in this research.  

Furthermore, it is stated in the European standard EN 15251 that whenever a building is modelled in a 

simulation software, this software should be validated according to the two standards prEN 15265 and 

prEN 15255 (European Committee for Standardization 2007, 20). IDA ICE has been validated against the 

two standards, wherefore this criterion for the software is considered as fulfilled as well. The validation 

showed that IDA ICE simulates and yields results that are within the given. The validation was made for 

the 4.0 version of IDA ICE (EQUA Simulation AB and EQUA Simulation Finland Oy 2010), but it is 

assumed that this validation is valid for later versions of the software as well. This research is carried out 

within the 4.6.2 version of IDA ICE. However, even if the software is validated the models used in this 

research have not been able to validate in any way. This must be kept in mind when evaluating the 

findings and results.  

2.2.4 The Sveby-program 

The Sveby-program provides standardized input data for energy calculations. This input data is based on 

the energy usage regulations set by the Boverket. The material in the Sveby-program is formulated and 

approved by several large building companies as well as other stakeholders involved in the building sector. 

The aim of the program is not only to provide standardized input data, but also to avoid unnecessary 

conflicts between stakeholders. The Sveby-program is based on how the building sector interprets the 

regulations set by the Boverket (Sveby n.d.). With this in mind, input data from Sveby is used in the 

energy calculations made in this master thesis project. The input data is from 2013 (Sveby 2013), but it is 

assumed that the same values still apply. However, as some devices or procedures are getting more and 

more effective, it might be cases where the energy usage is lower nowadays than what is stated in the 

Sveby-program. This, as well as the fact that the Sveby-program is based on interpretations made by 

companies within the building sector, should be kept in mind during the evaluations.  

2.2.5 Definition of an Office Building 

An office building is according to the Sveby-program (2013, 5) defined as a building consisting of either 

office rooms or office landscapes. Meeting rooms, one or several receptions, toilets and equipment rooms 

are also included in the definition. The input data in any model is mainly based on the three most 

important factors; the floor area, the number of office spots and an average number of occupants. 

However, especially the average number of occupants can vary a lot depending on external factors, but 

also on the type of activity within the office (Sveby 2013, 5). Further on in this report, the term office is 

defined as by the above explained definition. 
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 Sensitivity Analysis 

As some parameters in a model are hard to estimate, a sensitivity analysis is carried out after the 

simulations of all scenarios. The aim of this analysis is to investigate whether the results are affected by 

changes in the initial parameters or not. Depending on the results gained from this analysis, the final 

conclusion might be affected. The sensitivity analysis takes into consideration the parameters that are 

assumed to be most difficult to estimate to a specific value. Another aim of the sensitivity analysis is to 

make sure that the model is set up in a correct way. If the results from the sensitivity analysis shows that 

there must be complications in the previous models, these must be re-simulated. This hopefully also 

provides an increased knowledge about how the model works and which parameters that are affecting the 

result the most.  
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3 Thermal Comfort in Offices 

According to the International Organization for Standardization (ISO) standard ISO 7730:2005, thermal 

comfort is when the occupants of a building feels satisfied with the surrounding thermal conditions 

(International Organization for Standardization 2005). Buildings in Sweden should be built so that a 

sufficient level of thermal climate can be reached (Boverket 2015, 103). When investigating the thermal 

comfort within a building six basic parameters should preferably be included in the evaluation. The 

combination of these parameters are an important part when deciding the thermal climate and thereby the 

thermal comfort in general. Changes in one of them may affect the experienced level of comfort for the 

occupants and several changes could result in a large variation in the comfort level. The parameters are 

(Parsons 2010, 132): 

 The air temperature 

 The radiant temperature 

 The humidity of the air 

 The air velocity 

 The clothing insulation of the occupants 

 The activity level of the occupants 

However, there are a large number of other factors that also contribute to the experienced level of thermal 

comfort among the occupants. An investigation made by de Freitas and Grigorieva (2015) showed that 

there are more than 160 factors contributing to the state of the thermal climate in various ways. There is 

also a possibility of large local differences in the thermal climate. Local discomfort zones in the 

experienced thermal comfort can occur due to for example air draft, high temperature differences 

vertically and an unpleasant temperature of the floor. These should be avoided and must be treated with 

care (Olesen 2004).  

The thermal comfort within an office is easier to estimate than in the residential building stock. The six 

parameters investigated when evaluating the thermal comfort in a building, needs to be measured in some 

way. Both the clothing and activity level are in general rather constant in offices compared to residential 

buildings. Also, these two factors are held at a more constant level throughout the year, which is positive 

from an evaluation and dimensioning point of view. This makes it possible to more accurately estimate 

their contribution to the thermal comfort. The four other parameters can be measured with existing 

special equipment (Daum, Haldi and Morel 2011).  

However, there are a number of factors contributing to difficulties in estimating the thermal comfort 

levels within an office environment. Studies have shown that characteristics of individuals and workplaces 

as well as the possibility of being able to personally control the surrounding environment affects the 

experienced level of thermal comfort by an individual. It is therefore important to remember that a high 

level of thermal comfort in an office would not always result in a high level of experienced comfort by all 

employees (Bluyssen, Aries and van Dommelen 2011). This in combination with local discomfort zones 

further complicates the possibilities of accurately measure the thermal comfort levels.  
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In office spaces where the occupants are the main contributors to airborne pollution carbon dioxide can 

be used as an indicator of the air quality. The amount of carbon dioxide should in such cases preferably 

not exceed 1000 ppm (Arbetsmiljöverket 2013, 6). When exchanging the air within a room the spread of 

the pollutants must be taken into consideration. Furthermore, the thermal climate within the office should 

be adjusted to the type of work conducted. If impossible to maintain a suitable thermal climate in the 

entire office space, the areas where the main work is conducted should be sought for a sufficient indoor 

climate (Arbetsmiljöverket 2013, 6-9).  

Even though the neutral indoor temperature zone is defined between temperatures of 10°C and 30°C, the 

productivity rate of the workers is not maintained at a constant level in the entire temperature span. At 

temperatures differing from the more ideal ones both the individual concentration levels and the 

possibility of making appropriate decisions and judgments are affected, which does not only affect the 

productivity rate but possibly also the working safety (Arbetsmiljöverket 2013, 58). This implies the 

necessity of a satisfying thermal climate within the working environment. It also highlights the importance 

of keeping the indoor air temperature at a, for the particular office, a suitable level.  

 The Occupied Zone 

The thermal comfort should be at a sufficient level in the so called occupied zone. The occupied zone is 

defined as between 0.1 and 2 meters above the floor. From an external wall the occupied zone starts after 

0.6 meters and from a window or door one meter away. The occupant zone applies to all areas where 

occupants are present more than occasionally. The rules also apply for parts of rooms that are separable 

from the original room. The thermal comfort requirements within the zone is dependent on type of 

activity as well as the number of occupants (Boverket 2015). However, even if the outer walls are not a 

part of the occupied zone they also affect the thermal climate (Folkhälsomyndigheten 2015).  

In order to accurately measure the temperature within the occupied zone this must be done at several 

measurement points. Only one point is not considered as sufficient for a comprehensive and more reliable 

result. If the temperature measurement is based on a long-term logging, the measurement points must be 

within the occupied zone and not affected by solar radiation. A better and more comprehensive evaluation 

is yield if the operative temperature is measured instead of only the mean air temperature within the room. 

The operative temperature yields a better estimation of the experienced temperature as it takes into 

account radiation differences (Folkhälsomyndigheten 2015). 

 Measuring the Thermal Comfort 

The thoughts of how to best and most accurate measure and estimate the thermal climate and comfort 

within a building have shifted over the past years. Meanwhile, the number of researches in this area has 

increased (Science Direct 2016), indicating that this is an interesting topic. The two main methods to 

estimate the level of thermal comfort nowadays is by performing climate chamber studies or carrying out 

field studies in the buildings of interest. Another method is to use different simulation tools, where a 

model is used in order to estimate the level of thermal comfort in a building. However, simulation models 

should preferable be combined with either a climate chamber research or a field study (de Dear, et al. 

2013). 

  



- 12 - 

 

The ISO is an organization developing and providing international standards. The standards set by the 

ISO are found throughout the world, and with over 19 000 international standards the organization is still 

continuing to develop. The organization was founded in 1946 and there are nowadays members from 162 

different countries. The organization is non-governmental and independent and with members from 

almost all over the world there is a possibility to make sure that equal standards worldwide are created 

(International Organization for Standardization n.d.). Several regulations set by the ISO discusses thermal 

climate and how to achieve a high level of comfort among the occupants. ISO 7730 is the standard that 

specifies how to calculate the predicted mean vote (PMV) and predicted percentage of dissatisfied (PPD) 

(International Organization for Standardization 2005).  

The PMV is a way of measuring the thermal comfort within an occupied space. The PMV tries to estimate 

the mean value of a number of persons defining their state of mind on a seven-point scale. The defining is 

based on the experienced level of balance between heat production and heat loss of the body. The seven 

possible points on the scale is shown in Table 1. It is also possible to calculate the PMV with equations 

taking, among other variables, the metabolic rate, clothing level, temperatures and air velocities into 

consideration. These equations are rather complicated and the interested reader is referred to the standard 

ISO 7730:2005 for additional information (International Organization for Standardization 2005, 2-3).  

Table 1: The seven-point scale to base the PMV estimation upon (International Organization for Standardization 2005, 2-3). 

Scale Feeling 

+ 3 Hot 

+ 2 Warm 

+ 1 Slightly warm 

0 Neutral 

- 1 Slightly cool 

- 2 Cool 

- 3 Cold 

The PPD-value is a common way of estimating the percentages of all people that are not feeling satisfied 

with the current thermal climate. It is a value based on and derived from the previous PMV-estimation. It 

is a worldwide adopted way of displaying a certain level of comfort or discomfort and can be used with 

various purposes. The persons not experiencing thermal comfort are, due to the definition, those voting 

for Hot, Warm, Cool or Cold in the PMV-scale. However, different PPD-values accounts for different levels 

of discomfort. The PPD-value is by definition defined as shown in Equation (1) (International 

Organization for Standardization 2005, 4-5).  

 𝑃𝑃𝐷 = 100 − 95𝑒(−0.03353∗𝑃𝑀𝑉4−0.2179∗𝑃𝑀𝑉2) (1) 
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According to the definition of the PPD-value 5% of all occupants will always be thermally dissatisfied 

even though the PMV-values are entirely neutral. Depending on the PPD-value the thermal comfort 

prediction is divided into different categories in the ISO-standard. The PPD-value cannot exceed 6% for 

the highest category with the best experienced thermal comfort, 10% for the middle one and 15% for the 

lowest one. Except the PPD-maximum there are other criterions in each category that need to be fulfilled. 

These criterions concern for example local thermally discomfort (International Organization for 

Standardization 2005).  

The Arbetsmiljöverket (2013, 58) states that the PPD-value should not exceed 10% in order to have a 

sufficient level of indoor thermal comfort. This means that the overall voting on the seven-point PMV-

scale should approximately be between - 0.5 and + 0.5. With this regulation the occupants are always 

feeling close to a Neutral feeling in the PMV-scale. This implies that the Swedish Arbetsmiljöverket have 

guidelines stricter than those specified in the lowest category of the ISO-standard. Figure 1 shows a 

graphical illustration of the relationship between the PMV- and the PPD-values as well as the 10% PPD-

guideline specified by the Arbetsmiljöverket.  

 

Figure 1: Relationship between PMV-, PPD- and the recommended maximum PPD-value (International Organization for 
Standardization 2005, 4-5) and (Arbetsmiljöverket 2013, 58). 

The operative temperature is a measurement of the air and radiant temperatures combined. It is used to 

estimate the experienced temperature within an occupied space (Arbetsmiljöverket 2013, 58). Preferable, 

the operative temperature should not be lower than 18°C in offices. The directed operative temperature 

difference between various points within a room should preferably not exceed 5°C (Boverket 2015, 103). 

For a certain level of clothing and activity, there is a specific operative temperature giving the PMV to be 

zero (International Organization for Standardization 2005, 13). Therefore, the operative temperature can 

be a useful measure when estimating the thermal comfort.  
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Another way to measure the indoor air quality is by estimating the level of carbon dioxide within the 

room. The percentage of dissatisfied occupants can be explained as related to the amount of higher 

carbon dioxide-concentrations indoor compared to outdoor. Especially in areas where the occupancy rate 

may change rapidly monitoring of the carbon dioxide-concentration is a common way of estimating the 

level of the indoor air quality. However, if other pollutants than carbon dioxide is present, this is not taken 

into consideration and the calculated level of indoor air quality may be lower in reality. Important when 

using this method is therefore to make sure that the occupants are the only sources of hazardous airborne 

gases (Olesen 2004).  

It may be unnecessary to measure and model the thermal climate in all areas of a building. When verifying 

the thermal climate in reality both short-time measures and long-time measures are performed. These 

measurements should preferably be carried out in at least 10% of the entire occupied space. At least one 

room should be located towards each façade and all types of different rooms should be represented. All 

types of ventilation, heating or cooling systems should be represented in the measurements as well 

(Ekberg, et al. 2013, 37). In this research, a selection of which offices to further investigate is mainly done 

according to the above definition.  

 Ventilation Requirements 

All buildings should be equipped with a ventilation system to maintain a sufficient level of air quality 

within all areas commonly occupied. Areas not commonly occupied or occupied only temporary are not 

included in this request. The minimum required amount of outdoor supply air is 0.35 l/(s*m2
floor). For 

office buildings it is allowed to decrease or completely turn off the ventilation flow during the non-

occupied hours. However, this requires that there is no negative influence on the human health due to the 

decreased or turned off ventilation system. It is suggested that prior occupancy, one complete air change 

within the space is performed. This in order to make sure that the air is fresh after the decreased or turned 

off hours (Boverket 2015, 97-100). According to the Arbetsmiljöverket an additional 7 l/s of fresh air per 

occupant should be supplied to all areas where occupants are present more than temporary. See Equation 

(2) for the suggested minimum amount of ventilation during occupancy hours (Arbetsmiljöverket 2013, 

48). 
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𝑠 ∗ 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡
 

(2) 

 

 

The ventilation system must be dimensioned so that all regulations are fulfilled in an appropriate way and 

preferably also an effective way. The supply air should be distributed to the entire occupied zone. The 

exhaust air ducts should preferable be placed in areas where the air quality in general are lower. The 

ventilation system should also limit the spreading of toxic and harmful substances in the air. There are also 

regulations considering noise from the air handling units and the air distribution that must be met. Other 

regulations state the importance of preventing fire spreading within the ventilation system (Boverket 2015, 

100-101). 

  



- 15 - 

 

A mandatory ventilation system control (OVK) is since 1991 required in all office buildings in Sweden. 

The regulations also apply to for example schools, healthcare facilities and apartment buildings. 

Depending on type of ventilation system the inspection should be carried out either every third or sixth 

year. The inspection must be carried out by a certified person with technical knowledge about the systems 

(Valik 2011). The intention with the OVK is to make sure that the ventilation system is operating as 

expected, but also to provide ideas of how to minimize the energy usage within the building. This should 

be done in consistence with the current indoor thermal climate, wherefore no suggested energy efficiency 

measures are allowed if they are expected to decrease the experienced thermal comfort (Boverket 2014).  
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4 Energy Efficiency Measures to Investigate 

There are numerous possible energy efficiency measures to implement in an existing building. These are 

for example external or internal window shadings in order to optimize solar gains, optimized ventilation 

strategies, lighting control and improvements of the building construction (Shah 2012, 121-129). In order 

to be able to perform suggested measures it must be economically beneficial, technically possible and the 

necessary knowledge and competence must be present in the team performing the measures (Byman and 

Jernelius 2013). A sample of six common energy efficient measures will be simulated and modelled in this 

research.  

 Type of Windows 

Heat loss from windows of a building is one of the major contributors to energy losses. Improving the 

size of the windows in order to gain a higher amount of daylight and a better view are in conflict with the 

increased heat loss due to the enlarged size. However, depending on the type of the window the heat 

losses can be minimized while at the same time maintaining the larger window size (Shah 2012, 134-135). 

Windows are, compared to the external walls, contributing to more heat losses and gains from solar 

radiation. The Boverket recommends windows to have a U-value below 1.2 W/(m2*K) and external walls 

below 0.18 W/(m2*K) (Boverket 2015, 166). It could therefore be sufficient to reduce the window area. 

Another important factor is the geographical location of the building, as not all windows are suitable in all 

locations. A study conducted by Pal et al. (2016, 18-19) concluded that changing to advanced windows at 

high latitudes is not always extra beneficial from an economic point of view. The main reason for this is 

the high investment cost in relation to the assumed reduced energy demand (Pal, et al. 2016, 17-19).  

The heat transfer through a window is highly dependent on the construction. The U-value explains how 

well the window insulates. A lower U-value results in less heat transfer through it. The g-value explains 

how much solar energy that is transmitted through the window and into the room. During winter it is 

preferably to have a high heat transmission rate, g-value, in order to maximize the heat gains. During 

summer on the other hand this would increase the cooling load as heat gains then in general are less 

wanted. It is possible to reduce the amount of radiation transmitted from inside the room to the outside, 

by using low-emittance films on the glazing. By filling the space between the glasses with gases, the 

convection losses are reduced. The length of the space between the glasses could also affect the amount 

of heat transferred (Bülow-Hübe n.d.).  

The type of window is important from an energy usage point of view. Depending on how the windows 

are configured, the amount of heat flux transmitted through them could vary a lot. Depending on the 

outdoor climate different window configurations could be more or less suitable from an energy efficiency 

point of view. Another important factor is the type of building and activities performed within it, 

especially when the aim is to minimize the energy usage (Aguilar, et al. 2015). If the thermal transmittance 

coefficient of the windows is kept low, the energy usage for heating within the building is lowered. The 

cooling demand is almost not influenced at all by this measure (Poirazis, Blomsterberg and Wall 2008, 

1169). As the operative temperature is dependent on the temperature of surrounding surfaces, a 

cold/warm window inside contributes to lower/higher operative temperatures (Swegon 2014, 14).  
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 Insulation and Thickness of Walls 

Insulation of outer walls and windows is a way of decreasing the energy usage within a building. As the 

outer shell of the building may be affected by insulation measures it is important to investigate any 

historical values of the building before starting a renovation (Boverket 2015, 166-167). Depending on how 

the façade is constructed, the energy usage of the building is altered (Poirazis, Blomsterberg and Wall 

2008, 1169). To add additional wall insulation and thereby decrease the energy usage is positive. 

Depending on how the additional insulation is constructed and the amount of additional insulation added 

the economic profitability varies (Erlandsson, Levin and Myhre 1997, 135). 

When adding additional insulation to external walls this could be done either from the outside or from the 

inside. However, to get the best result it is recommended to insulate from the outside. As this measure is 

relative expensive, this is in general only recommended if the façade is in need of a larger renovation. 

When insulating from the outside it is important to take into consideration the visual effect on the 

building. For example, older buildings with a remarkable façade should be maintained the same 

(Andersson, et al. 2009, 19-20). As the investigated building in this project is listed as historically valuable, 

measures like insulation and increased thickness of the outer walls may be impossible to perform in reality. 

However, it is interesting to investigate and evaluate the possibility of decreasing the energy usage by such 

actions. 

If insulating the external walls from the inside moisture problems can occur since the existing wall 

temperature is decreased (Andersson, et al. 2009, 20). There are methods to reduce these problems, as for 

example to make sure that the thickness of the new insulation is reasonable (Isover n.d.). As for cultural 

values when insulating on the outside, similar problems can occur when insulating from the inside. Many 

old buildings are equipped with time-typical interior that could be damaged by an insulation process. The 

reduced floor area is another common issue to take into consideration (Andersson, et al. 2009, 20). The 

floor area could be an important parameter in areas where the price per square meter is high.  

 Infiltration Rates 

The airtightness regulates the rate of air leaking into or out of the building. The infiltration rate can be 

very hard to estimate accurately, but in older buildings it can account for as much as one third of all heat 

losses occurring in the building (Shah 2012, 136-137). The airtightness is often dependent on where in the 

world a certain building is located, as colder climates generally require a less energy-leaking building 

(Santos and Leal 2012, 112). There is a lack of knowledge in evaluating the airtightness in office buildings 

within Sweden and the consequences of the air leakages are not yet fully explored (Sveby 2013, 15). Since 

Sweden has a relative cold climate it is reasonable to assume that the airtightness must be relatively high. 

However, important to remember is that the ventilation system must be dimensioned to fit the 

airtightness of the building and thereby the infiltration rates. If an existing building is better insulated and 

the ventilation system is not re-dimensioned for these new conditions with less infiltration the risk of 

moisture and mold problems increases (Wahlgren 2010).  

The infiltration rate is also dependent on the frequency of opening of windows, if openable windows are 

applicable in the specific building. The frequency of openings of doors is another factor contributing to 

infiltration. A research carried out in China showed that the opening of windows had a positive effect on 

the indoor climate in certain situations. In order to maintain the positive effect, the openings should be 

kept short and with a high opening frequency instead of long openings at a shorter frequency (Huang, et 

al. 2014, 573). In office buildings in Sweden the energy usage is generally considered as non-influenced by 

the opening of windows, this since the offices normally do not have openable windows (Sveby 2013, 15). 
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 Ventilation System 

In a constant air volume (CAV) ventilation system the amount of air supplied to the room is held 

constant. This can be done since the fans in the ventilation system operates at a constant speed. If the 

temperature in the room needs to be changed, there is a possibility of alternating the supply air 

temperature (Jayamaha 2007, 169-170). Since the system needs to be optimized for the delivering of 

enough fresh air at peak load levels, the air flow is usually too high at non-peak loads (Maripuu and 

Jagemar 2004). This leads to unnecessary use of energy for both distributing and heating/cooling of the 

supply air (Jayamaha 2007, 170). The main benefits with a CAV ventilation system are the cheaper 

installation cost and the relatively simple control system (Exhausto n.d.).  

A variable air volume (VAV) ventilation system has the possibility of varying the amount of air distributed 

to the occupied space. This implies a higher level of energy efficiency as well as a greater flexibility of the 

system compared to CAV systems (Pan, et al. 2003). The temperature in the occupied space is measured 

and compared to the set point temperatures in the system, this in order to balance the system to fit the 

current situation (Jayamaha 2007, 171). Usually the supply temperature is varied depending on a pre-

defined function of the outdoor temperature. This means that the supply temperature is held constant at a 

certain outdoor temperature. However, the amount of supply air is altered to fit the certain room 

conditions (Swegon 2014, 53). The air flow can also be varied according to a pre-defined pattern (Maripuu 

2011, 27). 

A variant of a VAV system is a demand controlled ventilation (DCV). A DCV system always consists of 

the type VAV ventilation. An additional possibility of varying the ventilation flow according to the 

demand within the ventilated space and not according to a predefined pattern is the difference between a 

DCV and an ordinary VAV system (Maripuu 2011, 30). The air flow in a DCV system is often controlled 

by either sensors measuring the air quality or occupancy rates. A DCV ventilation system has the 

possibility of easily controlling the air flow in single rooms and thereby increase the experienced thermal 

comfort (Swegon 2014, 51-54).  

 Building Automation System 

Most modern buildings are equipped with a building automation system (BAS) that monitors and controls 

the building in real-time. A lot of information is collected throughout the building operation and is 

available in a, for the specific building, central database. The system enables a comprehensive analysis of 

the building performance, but the information base is unusually used at its full potential (Xiao and Fan 

2014, 109). However, the BAS must be operated accurately in order to have an efficient operation of the 

building. This could for example include changes in the BAS when internal or external conditions are 

affecting the building (Parker 2015).  

A BAS enables to control systems like the heating and cooling, ventilation and lighting. It is also possible 

to interpret security solutions into the BAS, depending on how complex the BAS is (Domingues, et al. 

2016). By making sure that the BAS operates in an optimal way, the energy usage can be reduced within 

the building. Depending on which systems that are connected to a certain BAS, different measures may 

have to be carried out. One important measure is to set the schedules in the BAS accurately. These are 

possible to change during the operation of the building, in order to suit special building conditions as well 

(Jayamaha 2007, 227-243).   
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During normal operation of an office building the general recommended operational hours of the 

ventilation system is weekdays between 7am and 7pm (Sveby 2013, 13). During weekends and holidays the 

ventilation should be turned off. Another common approach is to start the ventilation one hour prior the 

first expected occupancy and shut it down one hour after closing the office for the day (Sveby 2013, 13). 

Depending on season and if heating or cooling is necessary the ventilation schedule may need to be 

different set. Summertime, if cooling is necessary during daytime, one idea can be to run the ventilation 

night-time in order to accumulate cooling within the building until the day operation. In that case the 

cooling during the daytime can be reduced (Rydqvist 2010). Night-time ventilation is better utilized when 

the temperature difference between indoor and outdoor is higher. Outdoor temperatures below 22°C is 

recommended in order to have an effective use of the night ventilation system (Carrilho da Graça, et al. 

2002, 1-2). One possible problem with a nighttime ventilation system could be cold surfaces during 

mornings, affecting the experienced level of thermal comfort.  

 Heating and Cooling Set Points 

According to the Arbetsmiljöverket the temperature in offices, where sedentary work is conducted, should 

vary between 20°C and 24°C during winter and between 20°C and 26°C during summers. If the 

temperature differs regularly or a lot from these intervals an investigation of the thermal climate should be 

carried out. During shorter periods of extremely high outdoor temperatures, indoor temperatures reaching 

the levels of the outdoor temperatures are acceptable if the workers and their safety is not endangered 

(Arbetsmiljöverket 2013, 60). A research conducted by Parsons (2010, 145-146) suggests that it could be 

possible not to cool offices below 25°C nor heat them above 20°C meaning that temperatures outside of 

the recommended ones by the Arbetsmiljöverket are proposed.  

Based on the fact that the technology is not the only factor contributing to a sufficient thermal climate 

other measures than such could increase the thermal comfort and decrease the energy usage. By for 

example changing the level of clothing, occupants could increase their individual experienced level of 

comfort themselves. This could potentially lead to decreased energy use, as the heating or cooling of a 

space could be limited (Parsons 2010, 145-146). On the other hand, experiments have shown that 

changing of the clothing levels in order to maintain thermal comfort is only effective within some 

limitations. Mainly, these limits are related to the acceptance level of how little or much clothing that are 

appropriate and acceptable to wear in certain situation (Parsons 2002). This measure implies and assumes 

that the occupants are well aware about their expected contribution in order to maintain a sufficient 

experienced thermal comfort. Also, the occupants need to approve to this way of limiting the energy 

usage. Another important issue is the fact that people often tend to dress less during summer compared to 

winter and thereby could be assumed to prefer a higher indoor temperature during summer. To have a 

higher cooling set point during especially summers could therefore be reasonable.   
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5 Input Data in the Reference Scenario 

Most of the input data in the Reference scenario is based on standard values set by the Sveby-program. In 

some cases, there are no provided recommendations by the Sveby-program. Governmental 

recommendations or guidelines are then searched for. When these are not available either, values from 

other sources are searched for and analyzed before use. Some of the parameters are kept as in the Initial 

model, but this is then motivated. In some cases, assumptions are necessary, but these are all specified in 

the text and followed by a motivation. In cases where simplifications are needed, these are as well 

comprehensively motivated and discussed, this in order to avoid any misunderstandings. In some cases, 

default values presented by IDA ICE are used as well. All input data are equal in all models except the 

parameters explicitly told to be changed. 

The Reference scenario is based on an existing office building already modelled and simulated by Skanska, 

the so called Initial model. The building is located in the central parts of Stockholm. The Initial model is 

used as a reference point for the Reference scenario. All other scenarios are evaluated from the Reference 

scenario. All conclusions are based on the differences between a proposed scenario and the Reference 

scenario, wherefore the results might differ from results gained from other projects or building 

simulations. However, the Reference scenario is not equal to the Initial model, as some parameters are 

changed. This means that the actual office building does not perform as specified in the Reference 

scenario in this project.  

The specific energy usage within a building is defined as the energy supplied to the building divided by the 

floor area heated above 10°𝐶. There is a special regulation regarding garages, stating that only the energy 

usage is included, but not the floor area. The specific energy usage for the building only includes the 

building energy usage used to provide necessary heating, cooling, hot water, ventilation and other energy 

usage related to the operation of the building (Boverket 2015, 151). The entire building is heated above 

10°C, wherefore the specific energy usage includes all spaces in this building. There is a garage in the 

building, meaning that this special regulation applies when investigating the entire building. However, the 

energy usage is only investigated in the chosen and simulated spaces.  

 Offices to Simulate 

The total area of the building is approximately 45 000 m2. About 7600 m2 of this area is used for storage, 

fan rooms and similar, wherefore it is considered and treated as unoccupied space. About 10% of an 

occupied space should be modelled in order to be able to make any more general thermal comfort 

conclusions for the building (Ekberg, et al. 2013, 37). This means that the further simulations and 

evaluations only account for approximately 3700 m2 of the building. As this work only considers office 

buildings, all other spaces (such as stores and restaurants) are neglected in the simulations. This means that 

only office space is included in the modelling. However, in a comprehensive investigation with the aim of 

evaluating a particular building these other occupied zones should be treated as well and cannot be 

neglected.  

The chosen offices should preferably be critical from a thermal comfort point of view. This in order to 

simulate and evaluate parts of the building likely to be included in the worst case scenarios. Therefore, 

prior deciding which offices to include in the Reference scenario, a simulation during a summer and 

winter design day respectively is carried out for all the office rooms within the building. This in order to 

find which of the offices that are likely to be critical from a thermal comfort point of view. The input data 

in these simulations are based on the same input that is used in the Reference scenario. This is further 

described later on in this chapter.  
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The level of thermal comfort in the offices in the building varies throughout the year. However, the 

simulation during a design summer day shows that the experienced level of thermal comfort at this time of 

the year is quite similar in all office rooms. The thermal comfort is kept high and the number of 

dissatisfied occupants is low. However, during the winter case the thermal comfort varies more among the 

different rooms. The experienced level of thermal comfort is also considerable lower during the design 

winter day. Overall, the thermal comfort in rooms facing the south south-west direction seems to be lower 

than the rooms facing the opposite façade.  

When evaluating all offices in the building, the experienced level of thermal comfort varies, as previously 

discussed, depending on season and time of the year. The summer design day experienced as previous 

mentioned a very high level of thermal comfort. The maximum PPD-value in all offices during this day is 

6.3%. Compared to the winter case with a maximum PPD-value of 42.7% the summer case is doing very 

well from this point of view. The summer case is therefore not a part in the evaluation of choosing which 

offices to further simulate and evaluate. This means that only the results from the winter simulation is 

used when deciding which offices that are likely to be the most critical ones from a thermal comfort point 

of view. Based on these results and an analysis of all offices critical from a thermal comfort perspective, 

four different offices were chosen to be a part of the further research. This is further described in this 

chapter. Figure 2 shows an illustration of the maximum PPD-value in all offices. The red bars illustrate the 

four offices that are chosen to be a part of the further investigation.  

 

Figure 2: Maximum PPD-values for all offices. The black bars indicate the offices chosen to be a part of the further evaluations. 

One of the chosen offices are located at the fourth floor, one at the sixth floor and two at the 12th floor. 

The office at the fourth floor is located at a height of 8.35 m. The office at the sixth floor is located at a 

height of 14.65 m. The two offices at the 12th floor are located at a height of 33.5 and 33.9 m. The 

differences in the heights, even though the offices are considered as located at the same floor, are a result 

of the building construction. All offices have windows facing the surroundings. These offices are together 

facing all four façades of the building. The different floors and their respective area are described in Table 

2. Further on in this report the offices are referred to as described in Table 2.  
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Table 2: Area description of the simulated zones. 

 Floor Height [m] Floor Area [m2] External Window 

Area [m2] 

Office 1 8.35 1311 98 

Office 2 14.65 1312 168 

Office 3 33.5 304 68 

Office 4 33.9 800 100 

Total  3727 434 

During the winter case the level of thermal comfort is lower in all offices compared to the summer case. 

The maximum level of thermally dissatisfied occupants is experienced at the top floors and especially in 

Office 3. Office 4 is, of the offices facing the north north-east façade, the one with most thermally 

dissatisfied occupants during the winter case. Office 2 has occupants thermally more dissatisfied than 

more than half of all offices within the building. When only looking at offices on the sixth floor and below 

Office 2 experiences the worst thermal comfort in the winter case. Office 1 is located at the first floor of 

offices and experiences the best thermal comfort in the winter case for all offices facing the south south-

west façade. However, the highest level of carbon dioxide during the winter case is experienced in Office 

1. On the other hand, this level is still relatively low and within very reasonable limits. Office 1 is 

simulated in order to evaluate one of the better cases for that façade.  

As the offices are located on different floors and in various directions, the solar gains are varying. Since 

the solar gains affect the energy usage it is of interest to investigate any differences between the floors. 

There are several other buildings surrounding the investigated one, which contributes to shadings and 

thereby reduced solar gains. Figure 3 shows an illustration of the simulated building and surrounding 

shading objects. However, only one of the surrounding buildings have a height above 30 m. This building 

is located towards the north northwest, approximately 20 m from the simulated building. This means that 

Office 3 and Office 4 are not directly affected by the any other shading objects except this one. There are 

shading buildings located in all other directions, but all of them at a height below 30 m and thereby 

primarily affecting Office 1 and Office 2. 
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Figure 3: The simulated building illustrated by a grey box and surrounding shading objects illustrated by black lines. The shading 
is already modelled in the Initial model and kept the same way. 

 Public Holidays 

The public holidays in Sweden are regulated by law. All Sundays are considered as public holidays and 

besides those there are a number of governmental regulated additional holidays. Some of the other public 

holidays alternates depending on the particular year. The public holidays in Sweden are shown in Table 3 

(Sveriges Riksdag 1989). All public holidays are entered into IDA ICE. During both weekends and public 

holidays, the occupancy rate is considered to be zero. As some of the public holidays are alternated 

depending on year, this might slightly affect the simulation results.  
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Table 3: Public holidays (Sveriges Riksdag 1989). 

Public Holiday Date or Day 

New Year’s day January 1st 

Epiphany holiday January 6th 

Good Friday The Friday closest before Easter Day 

Easter Day The Sunday closest after the full moon on or 

closest to Mars 21st 

Easter Monday The day after Easter Day 

Ascension Day The sixth Thursday after Easter Day 

Pentecost The seventh Sunday after Easter Day 

First of May May 1st 

The Swedish National Day June 6th 

Midsummer’s Day The Saturday between June 20th and June 26th 

All Saints’ Day The Saturday between October 31st and 

November 6th 

Christmas Day December 25th 

Boxing Day December 26th 

Apart from the public holidays there are three days during a year that are considered as Sundays and are 

thereby days off for office workers if they fall on weekdays. These holidays are shown in Table 4 (Sveriges 

Riksdag 1977). In the simulations in IDA ICE these three days are inserted and treated as public holidays. 

This means that the occupancy rate then is zero during the entire day. Christmas Eve and New Year’s Eve 

are alternating depending on the specific year, wherefore different simulation years will yield slightly 

varying results. However, this is the same as for many of the public holidays that also have alternating 

dates or days.  

Table 4: Days treated as a Sunday (Sveriges Riksdag 1977). 

Day Treated as a Sunday Date or Day 

Midsummer’s Eve The Friday before Midsummer’s Day 

Christmas Eve December 24th 

New Year’s Eve December 31st 
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 Design Weather  

The weather conditions are important parameters when performing energy usage simulations and 

especially when comparisons between standards and maximum allowable values are carried out (Levin and 

Clarholm 2015, 5). The weather in these simulations are based on a weather file already available in IDA 

ICE. The file contains values obtained from a weather station provided by the Swedish Meteorological 

and Hydrological Institute (SMHI) at Bromma Stockholm Airport year 1977. This year was earlier chosen 

by the SMHI as a representative weather year suitable to use when carrying out energy simulations (Levin 

and Clarholm 2015, 7). The weather file includes information regarding temperature, humidity, wind speed 

and different types of solar radiation (EQUA Simulation AB n.d. b). Figure 4 shows the temperature 

variation over the year. 

 

Figure 4: Temperature variation in the Stockholm Bromma Airport 1977 weather file (EQUA Simulation AB n.d. a).  

Another common approach is to use weather data from a normal year period. This normal year period is 

normally based on and derived from mean values over a 30 years’ period. The current available normal 

year period contains data between year 1961 and 1990 (Sveriges meteorologiska och hydrologiska institut 

2014). These values could have been more suitable to use in the simulations, as they are based on a more 

comprehensive basis. Figure 5 shows how the normal year temperatures in Stockholm Bromma differs 

from the temperatures in 1977. The figure shows that the temperature difference between the two weather 

files is relatively low.  
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Figure 5: Temperature variation in the Stockholm Bromma 1977 file (EQUA Simulation AB n.d. a) and during a normal year 
(Sveriges meteorologiska och hydrologiska institut n.d.) 

 Indoor Temperatures 

There are various suggestions regarding set point temperatures in an office building. Based on the mean 

room temperature the Sveby-program provides a recommendation of heating the room up to 21°C and 

cooling it down to 23°C (Sveby 2013, 12). The Arbetsmiljöverket (2013, 60) on the other hand states that 

when the temperature differs from 20 to 24°C during wintertime and 20 to 26°C during summertime an 

investigation of the reason should be carried out. However, in the simulation the recommendation 

provided by the Sveby-program is used with a heating set point of 21°C and a cooling set point of 23°C. 

The important temperatures used in the Reference scenario are shown in Table 5. 

Table 5: Temperature input data (Sveby 2013, 12). 

Set Point Temperature [°C] 

Heating 21 

Cooling 23 

The Boverket (2015, 103) recommends that the directed operative temperature should not be lower than 

18°C. However, it is further recommended that the operative temperature should be kept between 20 and 

23°C. On the other hand, an operative temperature of maximum 24°C during all year except summer is 

acceptable for short time periods. During summer a short time of a maximum operative temperature of 

up to 26°C could be acceptable (Folkhälsomyndigheten 2014, 1-3). Furthermore, the recommendations by 

the Boverket (2015, 103) states that the temperature difference between floor and ceiling cannot exceed 

5°C. There is a possibility to investigate this in IDA ICE if the climate model is used. The energy model 

does not have the possibility of performing these rather complicated calculations (EQUA Simulation AB 

2013, 16).  
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 Occupancy Rates 

It is estimated that each occupant occupies a space of approximately 20m2 in an office building (Sveby 

2013, 26). The number of estimated occupants in each office zone is shown in Equation (3) - (6), where A 

represents the floor area in respective office and O the number of occupants. It is assumed that the 

activity levels as well as the clothing insulation levels are equal for all of the fictional occupants. However, 

in reality this is not likely to be exactly equal.  

 
𝑂𝑂𝑓𝑓𝑖𝑐𝑒 1 =

𝐴1

20
 

𝑚2

(
𝑚2

𝑝𝑒𝑟𝑠𝑜𝑛
)

=
1311

20
≈ 66 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡𝑠 

(3) 
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20
≈ 15 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡𝑠 

(5) 

 

 

 
𝑂𝑂𝑓𝑓𝑖𝑐𝑒 4 =  

𝐴4

20
 

𝑚2

(
𝑚2

𝑝𝑒𝑟𝑠𝑜𝑛)
=

800.1

20
≈ 40 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡𝑠 

(6) 

 

The office hours are set to take place between 08.00 and 17:00 (Sveby 2013, 19). It is further assumed that 

a one hour lunch break takes place between 12:00 and 13:00. The occupancy rate during the offices hours 

are set to 70% (Sveby 2013, 19-23). It is assumed that during the lunch break the occupancy rate falls 

down to 40%. This means that some of the occupants are having the lunch within the office and other do 

not. For the equipment and lighting the same schedule is assumed to be valid, so that the using rate falls 

down to 40% during the lunch hours. The general number of office days per year are 250, excluding any 

vacation days (Sveby 2013, 26). The public holidays are accounted for in the simulations, wherefore this 

general number of office days may vary somewhat. During non-office hours it is assumed that no 

occupants are present. The PMV- and PPD-values can only be calculated when there are occupants 

present in the building (EQUA Simulation AB 2013, 165). 
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 Metabolic Rate 

The metabolic rate is a way of quantifying the activity level of a human and an important factor when 

estimating the predicted level of thermal comfort within an occupied space. The metabolic rate is by an 

ISO-definition equal to the heat production by a human during work. In reality the muscles produce an 

amount of work as well, but as this work production is low in relation to the heat production it is 

neglected in the definition. There are different ways to estimate or determine the metabolic rate. The 

various ways are categorized into four levels, each with different methods and accuracy (International 

Organization for Standardization 2004, 4-6).  

The four levels of determining the metabolic rate requires various amount of work make the estimation. 

The Level 1, Screening, does not need any investigation of the office or work place, but it requires 

knowledge about type of work performed and present technical systems. Level 2, Observation, requires a 

study concerning both time and activity levels. The third level, Analysis, requires a study over a period of 

time that could be considered to be valid over the modelled and simulated time span. The fourth level, 

Expertise, requires deeper inspections and evaluations, but yields on the other hand the most accurate 

results (International Organization for Standardization 2004, 5-6).  

The metabolic rate is in this project determined according to the Level 1 and by using suggested values by 

the Sveby-program. As the first level in determining the metabolic rate is chosen, the risk of errors in the 

calculations related to the metabolic rate is higher (International Organization for Standardization 2004, 6-

18). The metabolic rate is therefore included as a main parameter in the sensitivity analysis. The Sveby-

program suggest a value of 108 W per person occupying the building performing office work (Sveby 2013, 

26). In IDA ICE, with the pre-defined body surface area, a power of 108 W equals to a metabolic rate of 

1.0 met. This metabolic rate is used as the reference value in the simulations. This level of activity is 

defined as seated quiet resting. A value of 1.0 met is defined as 58.2 W/m2 (EQUA Simulation AB 2013, 

100-101).  

 Clothing Insulation 

The clothing insulation is a way of stating the thermal properties of certain clothing levels. It is an 

important parameter when estimating the thermal comfort levels. The value for a certain clothing 

insulation should preferable be determined by experiments involving either human beings or fictional 

humans. In cases where this is not applicable, there are other suggested methods to make the 

measurements. The ISO-standard for clothing insulation (ISO 9920) provides lists including different 

types of clothing. These could be added together into a combination of a suitable and reasonable dressing 

(International Organization for Standardization 2007).  

There are no suggestions in the Sveby-program for a certain clothing level for the occupants. A value of 

0.8±0.1 clo is used as the reference value in the performed simulations in IDA ICE. The clo-value of 0.8 

corresponds to the occupants wearing underpants, a petticoat as well as a skirt, a shirt and thick knee 

socks with shoes. This specific clothing set is by the ISO defined as daily wearing clothing (International 

Organization for Standardization 2007, 24). As office workers normally are dressed similar to this, the 

assumption of 0.8 clo seems reasonable. The alternating clo-value enables a possibility for the occupants 

in the simulation to change their clothing level in order to better adapt to the thermal climate present in 

the occupied space (EQUA Simulation AB 2013, 101-102). That the occupants for example have a shirt to 

take on or off during the office day is probably reasonable to assume. A light-weight blouse having lone 

sleeves corresponds to an approximate clo-value of 0.15 (International Organization for Standardization 

2005, 20), wherefore a clo-value of 0.1 is a somewhat lighter shirt.  
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 Type of Heating and Cooling 

How a building is heated varies throughout the world and country. However, district heating is probably 

the most common way to heat office buildings in Swedish cities. A study including 123 office buildings 

showed that 90% of them are using district heating for both heating of the hot water and the building 

(Energimyndigheten 2007, 16). The simulations in IDA ICE uses by an assumption district heating as the 

energy carrier for both heating of the hot water and for heating of the air. It is assumed that the 

coefficient of performance (COP) is 1 when using district heating. Each office is equipped with a heating 

unit. 

The same study carried out by Energimyndigheten (2007, 17) showed that for cooling purposes the most 

common installation is various types of chillers. 34% of the buildings investigated in the study used district 

cooling. However, this is very dependent on the geographical location as district cooling is not available in 

all areas and cities. In Stockholm there is a district cooling network available (Energimyndigheten 2007, 

17). As the simulated building is located in Stockholm, district cooling is by an assumption used as energy 

carrier for the coolers in the simulations. It is assumed that the COP for the district cooling is 1. Each 

office is equipped with a cooling unit.  

 Ventilation 

The ventilation requirements are previously specified in Equation (2) (Arbetsmiljöverket 2013, 48). The 

ventilation air flows in the simulations are based upon this request. As the floor area is varying within the 

different offices, so are the ventilation requirements and needs as well. All four investigated offices are 

equipped with a CAV ventilation system with a constant supply air temperature of 17°C. The ventilation 

requirements in each office is specified are Equation (7) - (10), where A represents the area and O the 

number of occupants. 
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The ventilation operation times are not completely regulated by law, but there are as previous discussed 

general recommendations. According to the Sveby-program (2013, 13) a general operation of weekdays 

between 07:00 and 19:00 is suggested. Apart from that the ventilation system should be completely turned 

off. However, different companies and stakeholders uses various operational times (Sveby 2013, 13). In 

the simulation an operational time according to what is recommended in the Sveby-program is used in the 

Reference scenario. There is no night-time ventilation possibility during summer time in the Reference 

scenario.  

The ventilation used in the building is a mechanical system with both supply and exhaust fans. The system 

is equipped with a heat recovery system. The supply and exhaust air rates are assumed to be equal. 

However, as the infiltration and exfiltration rates are amongst other factors dependent on the pressure 

level in the room there is a possibility that it might be more effective to have unequal or varying flow 

rates. Depending on climate the ratio between supply and exhaust air might need to be changed 

(Atkinson, et al. 2009). The heat exchanger is assumed to be of a rotating type giving an approximate 

effectiveness of 0.85 (Svensk ventilation n.d.). The minimum air temperature of the exhaust air leaving the 

heat exchanger is by an assumption set to 1°C. This in order to avoid any freezing. The infiltration into 

the building is kept as in the Initial model, with a fixed infiltration flow rate of 0.025 l/(s*m2
external). 

 Hot Water Use 

The energy use for hot water in the building is estimated to 2 kWh/m2 excluding any circulation losses 

(Sveby 2013, 27). The hot water use within office buildings are relatively low as for example showering 

and washing of clothes are activities not commonly occurring in such buildings. In some cases, the 

circulation losses might be even higher than the actual energy use for heating of water. The circulation 

losses have been estimated to account for approximately 3 kWh/m2 in office buildings (Sveby 2013, 27-

28). The energy use for the hot water and the energy use for the circulation losses are inserted in IDA ICE 

in two different places as the losses are not a part of what the occupants use but rather an additional 

energy usage.  
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 Operational Electricity 

The operational electricity in a building varies with the occupancy rate, but is also very dependent on the 

particular building. It is therefore difficult to accurately estimate the operational electricity. However, a 

total value of 50 kWh/m2 and year, based on office work being conducted weekdays between 08:00 and 

17:00, is often recommended as the operational electricity (Sveby 2013, 19). Table 6 shows the estimations 

for the operational electricity during office hours, recalculated to W/m2. This value is somewhat below the 

recommended 50 kWh/m2 and year, but it still falls within a recommended limit (Sveby 2013, 19-23). 

During the office hours a 70% using rate is assumed. It is further assumed that during lunch hours (12:00 

to 13:00) the using rate of equipment and lighting falls down to 40%. The servers are neglected in the 

simulations as it is assumed that they are located in a special server room and not in the individual offices.  

Table 6: Operational electricity. The electricity usage for the servers are assumed to be independent on occupancy rate (Sveby 
2013, 19-23). 

Operational Electricity  100% [W/m2] 70% [W/m2] 

Lighting 7.6 5.3 

Equipment 9.0 6.3 

Servers 0.9 0.9 

Total 17.5 12.5 

During non-office hours it is estimated that 15% of the internal equipment and lightings consuming 

operational electricity are running. This is mainly due to losses from example equipment in standby mode 

and non-turned off lighting or possibly also other non-turned off equipment. Non-office hours are 

assumed to take place between 17:00 to 08:00 weekdays and between 00:00 to 00:00 during weekends and 

public holidays. Table 7 shows the estimations for the operational electricity during non-office hours 

(Sveby 2013, 19-23). Once again, the operational electricity contribution from the servers are neglected in 

the simulations.  

Table 7: Operational electricity. The electricity usage for the servers are assumed to be independent on time of the day (Sveby 
2013, 19-23). 

Operational Electricity  100% [W/m2] 15% [W/m2] 

Lighting 7.6 1.1 

Computers 9.0 1.4 

Servers 0.9 0.9 

Total 17.5 3.4 
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 Windows, External and Internal Walls 

The windows in the Reference scenario are changed from the Initial model. The windows inserted in the 

Reference scenario are of 2-pane glazing type and one of the example windows provided in IDA ICE. 

Such windows were commonly used during the 1930s (Antell and Lisinski 1988). Since the modelled 

building is built around this year, this assumption is made. The g-factor is 0.76 for all the windows. The 

frame fraction for the windows varies between 0.15 and 0.5 for several windows in Office 4. Due to the 

alternating frame fraction there are some differences in the total U-value, which varies between 1.95 and 

2.62. There is external shading always present. The windows are assumed to never be opened in the 

Reference scenario. 

The external and internal walls in the Reference scenario are kept as already modelled in the Initial model. 

A part of the external walls has in the Initial model already been insulated, wherefore this is kept in the 

Reference scenario. The non-insulated external walls in the Initial model and thereby also the Reference 

scenario have a U-value of 0.89 W/(m2*K) and a thickness of 0.23 m. They consist of concrete and light 

insulation. The already insulated external walls have a U-value of 0.40 W/(m2*K) and a thickness of 0.3 m. 

In Office 4 there are two walls that have been renovated in another way, giving a lower U-value of 0.20 

W/(m2*K). The mean U-value for all the external walls is 0.67 W/(m2*K). The internal walls are made of 

two layers of gypsum and insulation in between them. There are air gaps between each layer. The total 

thickness is 0.15 m with a total U-value of 0.62 W/(m2*K). Table 8 describes the U-value in the Reference 

scenario for windows, external and internal walls separately.  

Table 8: U-values for windows, external and internal walls. 

Building Part U-value [W/(m2*K)] 

Windows 1.95 ≤ U-value ≤ 2.62 

External walls non-insulated 0.89 

External walls insulated 0.40 

External walls new 0.20 

Internal walls 0.62 

The additional insulation of the external walls in the Initial model have been added from the outside. Two 

different layers have been added to the concrete and light insulation that initially were present. Office 2 

have one partly insulated external wall in the Initial model facing north north-west. Only the parts of the 

wall facing the surroundings are additionally insulated, not the parts consisting of an internal wall facing 

another space in the building. The other external walls in Office 2 are kept non-insulated. Office 4 have its 

main part of the external walls additionally insulated. One wall facing the north and the part of the wall 

facing the south south-east that faces the surroundings are kept non-insulated. The walls are modelled as 

described above in the Initial model and therefore also kept the same way in the Reference scenario.  
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 Summary 

The most important input variables in the Reference scenario are for simplification purposes summarized 

in Table 9.  

Table 9: Summation of input variables in the Reference scenario. 

Variable Value Source 

Circulation losses 3 kWh/m2 (Sveby 2013, 27-28) 

Clothing insulation 0.8±0.1 clo Assumption 

Cooling set point 23°C (Sveby 2013, 12) 

Hot water use 2 kWh/m2 (Sveby 2013, 27-28) 

Heating and cooling type District Assumption 

Heating set point 21°C (Sveby 2013, 12) 

Metabolic rate 1.0 met (Sveby 2013, 26) 

Occupancy Office 1 66 persons (Sveby 2013, 26) 

Occupancy Office 2 66 persons (Sveby 2013, 26) 

Occupancy Office 3 15 persons (Sveby 2013, 26) 

Occupancy Office 4 40 persons (Sveby 2013, 26) 

Occupancy rate 70% (Sveby 2013, 19-23) 

Office hours 08:00-17:00 (Sveby 2013, 19) 

Operational electricity See Table 6 and Table 7  

Public holidays See Table 3  

U-value external walls 0.89, 0.40, 0.20 [W/(m2*K)]  Kept as the Initial model 

U-value internal walls 0.62 W/(m2*K)  Kept as the Initial model 

U-value windows 1.95 ≤ U-value ≤ 2.62 

[W/(m2*K)] 

Assumption 

Ventilation hours 07:00-19:00 weekdays (Sveby 2013, 13) 

Ventilation rate 0.7 l/(s*m2) (Arbetsmiljöverket 2013, 48) 
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6 Investigation of the Thermal Comfort 

In order to evaluate how the offices perform on a yearly basis the simulations are carried out over an 

entire year. Depending on which year the simulations are performed over the occupancy hours differ 

somewhat, this due to the public holidays with alternating dates. This investigation is performed over the 

year 2016. The thermal comfort is evaluated based on the year-long simulation. However, some extreme 

cases are evaluated as well, in order to make sure that the thermal comfort level is kept at a reasonable 

level during these days as well. The energy usage is only evaluated on the yearly basis, and no extreme 

cases during the year is taken into consideration.  

 The Climate and Energy Models 

The climate model in IDA ICE enables investigations of both temperature differences between floor and 

ceiling as well as investigations of the directed operative temperature. Therefore, the climate model is 

preferred to use in all simulations. However, this requires sharply rectangular models, with both 90°-

corners and rectangular roofs. The existing model contains a numerous of non-rectangular zones 

wherefore these in some way must be changed and remodeled. If the climate model is chosen and the 

zones are of non-rectangular shape IDA ICE automatically changes to simulating within the energy model 

(EQUA Simulation AB n.d. b).  

Several attempts were made to re-model the non-rectangular four offices into a number of new zones, 

each with a rectangular shape. As the outer walls of the building are slightly angled, the outer shell must be 

remodeled as well. This means that the external windows must be inserted again in this new outer shell 

and that the entire building envelope changes. In addition, when an existing zone is remodeled into several 

new ones, internal walls are automatically inserted and splitting the zones apart. The simulation time is 

increased when the number of zones are increased. This must also be taken into consideration when 

deciding if re-modelling is suitable or nor.  

To re-model the four offices into several new offices consisting of only rectangular shapes turned out to 

be very difficult. Since the changes in the outer shell came with other simulation difficulties the climate 

model was eventually neglected. Therefore, the evaluations cannot take into account directed operative 

temperatures or temperature differences between floor and ceiling. The PPD-values can still be 

investigated in the energy model, as well as the carbon dioxide level within the different zones. This is 

considered as sufficient for this research, but in order to have a higher level of detail in the results the 

climate model in IDA ICE is preferred.  

 Predicted Percentage of Dissatisfied  

The maximum PPD-value is evaluated in the simulations as well as an analysis of the estimated PPD-

values throughout the year. The PPD-value should be kept at a sufficient level throughout the year and it 

is therefore of interest to look into the maximum value. The special time on the year when the maximum 

PPD-value occurs is investigated in order to see if any general conclusions can be drawn from this 

information. The aim with this analysis is to see if changes in the PPD-values follow any pattern, as for 

example seasonal changes. The aim is also to investigate whether the four offices follows a similar pattern 

regarding the PPD-values or if there are different values depending on the location of a certain office. If 

there are similar patterns in all four offices it might be possible to make more general conclusions 

regarding the behavior in this building. However, such conclusions are only valid for this special case and 

building.  
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 Hours of People Dissatisfied 

The ISO-standard discussing PMV- and PPD-calculations (ISO 7730) specifies five different methods for 

evaluating the thermal comfort over time. This is interesting when simulating and evaluating a building 

over a longer time period as then methods for estimating not only instant PMV- and PPD-values could be 

interesting. A long-term simulation could for example be a year. The last method specified by the 

standard, Method E, states that the PPD-value in a long-term evaluation should be calculated by summing 

the values for the PPD during the occupancy hours (International Organization for Standardization 2005, 

47-48). 

IDA ICE provides an algorithm with the possibility of investigating the hours of people dissatisfied 

(PDH). This method has a similar approach as the Method E specified in the ISO-standard. The PDH-

value accounts for the number of hours the occupants are feeling thermally dissatisfied by performing an 

integration over the summed PPD-values and multiply it with the occupancy numbers during each hour. 

A division of the PDH-value with the total occupancy hours provides the percentage of thermally 

unsatisfied occupants (PTUO) (EQUA Simulation AB 2009, 62). This index is used for all further 

comparisons, as it is a better value to make comparisons with than just the PDH-value. The PDH-value is 

dependent on the number of occupancy hours and the comparisons should preferably be independent on 

the number of occupants as this varies between different locations in the building.  

The maximum PPD-value should not exceed 10% according to suggestions by the Arbetsmiljöverket 

(2013, 58). This means that this value must be investigated as well during the comparisons between the 

different models. Investigations of how often this value might be exceeded should also be performed. The 

PTUO-value is a better overall estimation of the thermal comfort when comparing different scenarios, as 

it accounts for all occupancy hours with thermally dissatisfied people. This value should also be kept at a 

level as low as possible. As the PTUO-value is derived from the PPD-value it is assumed that a maximum 

level of 10% PTUO is appropriate as well.  

 Carbon Dioxide Levels 

The level of carbon dioxide is investigated in order to make sure that it is kept below the recommended 

levels of 1000 ppm (Arbetsmiljöverket 2013, 6). The maximum levels are investigated as well as the 

general levels throughout the year. However, if the levels of carbon dioxide are kept well below the 

recommendations it might be unnecessary to investigate the levels throughout the entire year. If the yearly 

evaluation is performed, in the same way as with the PPD-values, these evaluations search for any possible 

patterns in the offices. The carbon dioxide levels are not included in the PTUO-measurements, wherefore 

this analysis must be done separately.  

 Overall Evaluation 

Based on the results from all the evaluations concerning PPD-values, PTUO-values and levels of carbon 

dioxide an overall assessment of the predicted level of thermal comfort is performed. This assessment 

does not take into account for example lighting levels and locally discomfort due to for example draft. 

Neither does it include other air borne polluters except the carbon dioxide. Such issues could be of great 

importance for the indoor climate. The results must therefore be treated with care and with respect to 

these restrictions. As the PPD- and PTUO-predictions are very sensitive to clothing and activity level, the 

results are complemented with a sensitivity analysis accounting for this.   
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7 Modelling and Simulating  

The six energy efficiency measures are simulated and evaluated separately. Each energy efficiency measure 

is divided into three different scenarios, with slightly varying input variables. The main idea with this is to 

investigate how smaller changes affects the final output. This approach enables comparisons of how well 

each measure performs from both an energy efficiency point of view and from a thermal comfort 

perspective. All simulations have the same input variables as the Reference scenario described in Chapter 

5 Input Data in the Reference Scenario, except the ones that explicitly are told to be varied in each 

scenario. This enables easy comparisons between the different simulations.  

 Type of Windows 

When renovating a building a U-value for the windows of maximum 1.2 W/(m2*K) is requested. 

However, due to esthetical reasons on cultural valuable buildings there are a possibility of allowing higher 

U-values on these windows (Boverket 2015, 166-167). In passive houses in the residential sector the mean 

U-value for windows cannot exceed 0.8 W/(m2*K) (Sveriges centrum för nollenergihus 2012, 6). 

Different types of windows are evaluated in these scenarios. One of the investigated window types have a 

U-value of the glazing that is lower than the maximum allowable mean U-value for passive houses. 

Another one have a U-value that is slightly higher than what is allowed for passive houses. In addition to 

that, a 3-pane glazing window with even higher U-value is evaluated.  

Two of the windows evaluated are from the producer Pilkington and the 3-pane glazing window is 

available as an example-window in IDA ICE. Pilkington Suncool is a combination of sun protective and 

energy saving glass. The visible light is transferred through the glass, but the solar energy is reflected back. 

The investigated windows of this type consist of three panes with Argon gaps between each pane 

(Pilkington 2014, 27). These windows are referred to as Window 1. Pilkington Optitherm is of energy 

saving glass type. It has the possibility of reflecting back heat within the room and meanwhile reflect back 

short-wave solar radiation from outside (Pilkington 2014, 16). These windows are referred to as Window 

2. The 3-pane glazing window provided as an example in IDA ICE is referred to as Window 3.  

Table 10 summarizes the three investigated windows types and their properties. Since the window sizes 

and the U-values for the frames vary somewhat, the U-values are varying somewhat between different 

windows.  

Table 10: Investigated windows (Pilkington 2014) and (EQUA Simulation AB n.d. b). 

Model Solar Heat 

Gain (g) 

Solar Transmittance 

(T) 

U-value  

[W/(m2*K)] 

Visible 

Transmittance 

Window 1 0.28 0.09 0.68 ≤ U-value ≤ 0.72 0.46 

Window 2 0.59 0.52 1.07 ≤ U-value ≤ 1.09 0.78 

Window 3 0.68 0.6 1.63 ≤ U-value ≤ 1.72 0.74 
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 Type of Insulation 

When renovating a building the new U-value for the external walls that does not exceed 0.18 W/(m2*K) is 

recommended (Boverket 2015, 166). If only a part of an external wall has a higher U-value than the 

recommended maximum value this could in special cases be accepted as well. As previous mentioned, the 

esthetical values should also be maintained during a renovation, where higher U-values in some cases 

might be approved (Boverket 2015, 166-167). The thickness of the insulation should preferably not 

exceed 300 mm in residential houses (Andersson, et al. 2009, 8). It is assumed that this maximum 

preferred thickness should not be exceeded in this building as well.  

Even though the U-values of the already insulated external walls and the new external walls are higher 

than the recommended maximum U-value a using of these types of walls in the entire building are 

evaluated in two scenarios. One additional case with a lower U-value, but a much higher thickness is 

investigated as well. In this case additional light insulation as well as a layer of an insulation material with a 

very low U-value is added. Table 11 summarizes the three investigated types of different insulation. The 

models are further referred to as specified by the table. All additional insulation is added from the outside. 

In reality all these measures might be impossible to perform, both due to the historical value of the 

building and due to economic restrictions. It could for example be forbidden to add insulation of a 

building if esthetical values are affected (Andersson, et al. 2009). Another issue that could be assumed as 

reasonable could be an impossibility to increase the size of the building by adding exterior insulation in 

very dense areas.  

Table 11: Investigated walls. 

Model U-value  

[W/(m2*K)] 

Thickness [m] Number of Insulating 

Layers 

Wall 1 0.40 0.3 4 

Wall 2 0.20 0.24 3 

Wall 3 0.17 0.43 4 

 Type of Infiltration Rates 

The air tightness of the simulated building is assumed to be as in the Reference scenario in all simulations, 

but the infiltration rate is changed through opening of windows in the three different scenarios. The 

energy usage is generally assumed to not be affected by openings of windows in office environment, but 

as there is a study conducted by Huang et al. (2014) showing an increased level of thermal comfort by 

openings of windows this is interesting to further investigate. Different levels of opening of the windows 

are evaluated. The opening frequencies are altered throughout the year and days in order to see how 

various approaches affect the energy usage as well as the thermal climate. However, in reality this measure 

might be hard to implement. Table 12 shows the three evaluated models. The models are further referred 

to as specified by this table.  
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Table 12: Investigated increased infiltration rates. 

Model Opening Hours/Opened Restriction 

Opening 1 04:00-05:00 50% 

10:00-11:00 10% 

Workdays June 1st to August 31st 

Opening 2 02:00-03:00 25% 

11:00-12:00 25% 

Workdays June 15th to August 

15th 

Opening 3 02:00-03:00 25% All days May 1st to September 

30th 

 Type of Ventilation System 

The energy usage is dependent on the type of ventilation system installed. Normally, a CAV ventilation 

system consumes more energy than a VAV or DCV ventilation system (Swegon 2014, 51). Therefore, it is 

interesting to investigate how the energy usage and thermal comfort is affected by other types of 

ventilation systems than the already installed CAV system. IDA ICE provides pre-defined algorithms for 

different types of VAV ventilation system, many of them working as DCV system. These algorithms 

enable to control the ventilation based on humidity rates, carbon dioxide levels and temperatures or on a 

pre-defined schedule (EQUA Simulation AB 2013, 20). 

One VAV system with room temperature as the indicator of the necessary amount of supply and return 

air is investigated. The temperature limits within this system are set to the set points for heating and 

cooling defined in the Reference scenario, namely 21°C and 23°C respectively. However, the pre-defined 

algorithm works so that only the upper temperature limit is used as a controlling source for the fresh air 

flow. The district heating and cooling supply and set points are not affected by this. When the air 

temperature reaches a level of 1°C below the upper limit the ventilation air flow is increased. The air flow 

reaches its maximum at approximately 1°C above the specified upper limit temperature (EQUA 

Simulation AB 2013, 20).  

Another VAV system with carbon dioxide as the indicator for necessary amount of air is investigated. The 

carbon dioxide levels are set to vary between 400 and 1000 ppm. When the specified maximum levels of 

carbon dioxide are reached within the occupied space the air flow reaches its maximum. The other way 

around, when the minimum carbon dioxide levels are reached the air flow is decreased to the minimum 

level defined. This ventilation system has only the carbon dioxide levels as the indicator and the air flow 

does not adapt to changes in the room air temperature (EQUA Simulation AB 2013, 20). The system does 

not take into consideration other air borne polluters than the carbon dioxide.  

The last investigated VAV system uses both temperature and carbon dioxide levels as its controlling 

variables. However, compared to the VAV system with only a temperature control, this algorithm is 

defined so that there is a possibility of using the supply air for both heating and cooling purposes. When 

the carbon dioxide levels reach a level close to the specified maximum one the air flow increases. The 

algorithm does not take into account the minimum specified carbon dioxide level. The carbon dioxide 

levels are therefore only used to make sure that the levels are within reasonable amounts (EQUA 

Simulation AB 2013, 20). The same temperature and carbon dioxide levels as specified by the two 

previous investigations applies in this model.  
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The minimum and maximum air flow rates in the VAV systems must be specified. According to the 

Boverket (2015, 99) a minimum supply air flow of 0.35 l/(s*m2) is required. This value is therefore used as 

the minimum ventilation flow in the simulations. The maximum supply air flow is based on an assumed 

maximum occupancy rate with a minor additional ventilation rate. The additional ventilation rate accounts 

for if the occupants are having a higher activity level than sedentary work. Another additional ventilation 

rate for possible pollution from non-occupants is also added (Arbetsmiljöverket 2013, 48). The additional 

flow rate is assumed to be 5 l/(s*m2) and 10 l/(s*person). This equals an assumed maximum supply rate 

of 6.2 l/(s*m2), see Equation (11). The three different scenarios are summarized in Table 13. Further on 

the scenarios are referred to as specified by this table.  
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𝐴𝑜𝑓𝑓𝑖𝑐𝑒

𝑙

𝑠 ∗ 𝑚2
=

= {𝑂𝑚𝑎𝑥𝑖𝑚𝑢𝑚 =
𝐴𝑜𝑓𝑓𝑖𝑐𝑒

20

𝑚2

(
𝑚2

𝑝𝑒𝑟𝑠𝑜𝑛
)

} =

=
(5 + 0.35) ∗ 𝐴𝑜𝑓𝑓𝑖𝑐𝑒 + (10 + 7) ∗

𝐴𝑜𝑓𝑓𝑖𝑐𝑒

20
𝐴𝑜𝑓𝑓𝑖𝑐𝑒

= 6.2 
𝑙

𝑠 ∗ 𝑚2
 

(11) 

 

 

Table 13: Investigated ventilation types. 

Model Control System Type Controlling Variable 

Ventilation 1 VAV - Temperature control Upper limit temperature of 

23°C 

Ventilation 2 VAV - Carbon dioxide control Ranging between 400 and 

1000 ppm 

Ventilation 3 VAV - Temperature and carbon 

dioxide control 

Heating below 21°C Cooling 

above 23°C Carbon dioxide 

level below 1000 ppm 
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 Type of Building Automation System 

There are no general Swedish legislations or regulations concerning operating hours of the ventilation 

system in office environments. The operating hours should be defined so that they fit to the specific 

activity within the building. Many offices turn on the ventilation system one hour prior predicted 

occupancy and turns it similarly off one hour after predicted last occupancy in the office. However, this 

varies a lot depending on where the office is located and which company that operates the building (Sveby 

2013, 13). In the Reference scenario the ventilation system is operating during weekdays between 07:00 

and 19:00.  

It could be interesting to investigate how the thermal comfort and carbon dioxide levels are affected by a 

decreased number of ventilation operating hours. According to existing regulations there should be a 

sufficient flow of fresh air into the building while occupied. This should be done in order to keep 

pollutants at a reasonable level, but also in order to avoid any damage on the building. This could for 

example be damp issues (Boverket 2015, 100). If the number of operating hours are less than the 

occupancy hours these are probably considered as non-sufficient. On the other hand, if the reduced 

operating hours does not result in health risks it could possibly be somewhat better motivated.  

To equip the building with a night ventilation possibility could be useful during the summer months. This 

could potentially result in a decreased cooling load daytime. A night ventilation system was present in the 

Initial model but removed in the Reference scenario. The night ventilation is modelled in the same way as 

the parameters were set in the Initial model. The night ventilation is in operation between 22:00 and 06:00 

every day prior a working day during the period between May 1st and September 30th. However, the night 

ventilation system only operates when the outdoor temperature is above 12°C and the return air 

temperature from the ventilation system is above 22°C. Another criterion is that the outdoor temperature 

must be a minimum of 2°C lower than the return air temperature. This scenario is referred to as Schedule 

1. During all year the ordinary ventilation operates according to the same criterions as in the Reference 

scenario.  

The second and third Schedule models include a decreased number of ventilation operating hours 

compared to the Reference scenario. None of them include a nighttime operation of the ventilation. The 

Schedule 2 model has ventilation operating hours less than the predicted and assumed occupancy hours. 

The ventilation system in this model operates between 08:30 and 16:00 during working days. The third 

scenario specifies the ventilation system to operate during 08:00 and 17:00. These are the hours that, in all 

simulations, are assumed to be the working and occupancy hours. All three scenarios are presented in 

Table 14. Further on the scenarios are referred to as specified by this table.  

Table 14: Investigated schedules. 

Model Ventilation Operating Hours Night Ventilation 

Schedule 1 07:00-19:00 during working days May 1st to September 30th, 

22:00-06:00 day before working 

day 

Schedule 2 08:30-16:00 during working days No 

Schedule 3 08:00-17:00 during working days No 
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 Type of Heating and Cooling Set Points  

If having heating and cooling set point temperatures further apart from each other a possibility of 

reducing the energy usage is created (Parsons 2002). Different heating and cooling temperature set points 

where the amount of heating and cooling are reduced are therefore investigated. In order to account for 

the reduced heating and cooling and still having a reasonable level of thermal comfort, the clothing 

insulation is set to be able to vary more in the models when the set point temperatures are further apart 

from each other. It is assumed that the occupants in such cases are better informed about their 

contribution to experiencing a high level of thermal comfort, but also that they are more likely to dress 

properly. The different types of clothing insulations are defined as in the standard ISO 9920. Table 15 

shows what type of clothing that each clothing level corresponds to. These clothing levels are directly 

collected from the ISO-specification (International Organization for Standardization 2007, 24).  

Table 15: Different types of clothing levels directly collected from the International Organization for Standardization (2007, 24). 

Clothing Level [clo] Type of Clothing 

0.45 Underwear, petticoat, stockings, light dress and 

sandals 

0.6 Underwear, shirt, light trousers, socks and shoes 

1.0 Underwear, shirt, trousers, jacket, socks and shoes 

1.15 Underwear, singlet, shirt, trousers, vest, jacket, 

socks and shoes 

Three different scenarios with alternating set points for heating and cooling are simulated, see Table 16. 

The different scenarios are further on referred to as specified by the table. The possible clothing levels 

varies in the three cases, where a larger interval means a higher level of possible changes in the clothing 

levels. This is seen as a possibility for the occupants to adapt to the current thermal climate. The different 

clothing levels are only theoretical and the possibility of having such ranges in reality have not been 

investigated. Heating/Cooling 1 has a temperature interval as specified by Parsons (2010, 145-146). 

Heating/Cooling 2 has a wider temperature interval, but also a wider possible range of changing clothing 

levels. Heating/Cooling 3 has a temperature interval as specified by the Arbetsmiljöverket (2013, 60). The 

possible clothing levels are lower than the Heating/Cooling 2 model. 

Table 16: Investigated less heating and cooling cases. The winter case is assumed to take place between October 1st and April 30th 
and the summer case correspondingly May 1st and September 30th. 

Model Heating Set Point [°C] Cooling Set Point [°C] Clothing Insulation 

[clo] 

Heating/Cooling 1 20 25 0.8±0.20 

Heating/Cooling 2 19 26 0.8±0.35 

Heating/Cooling 3 20 Winter 24  

Summer 26 

0.8±0.20 
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8 Results 

All results from the simulations should be treated with care as the simulations do not include the entire 

building, but only a small sample of it. For example, the specific energy usage is relatively high, but a 

reason for this could be that the entire building is not included in the simulations. Therefore, the value 

could be very misleading if compared to other buildings operating under similar conditions. All 

simulations are carried over the simulation year 2016, meaning that all holidays with alternating dates 

occur as in that particular year. A brief summary of the most interesting results is presented in this 

chapter. More comprehensive analysis and discussions are for each proposed measure found in the 

appendices.  

 The Reference Scenario 

The delivered energy to the four offices during the simulation year 2016 is 588 000 kWh, see Table 17. 

However, this value has not been validated with the real building. Office 3 experiences the maximum 

amount of solar gains and also the maximum amount of cooling distributed. The same office also 

experiences the maximum amount of heat supplied per floor area. Office 3 is located towards the south 

south-east, which could explain the high amount of solar gains. Office 1 and 2 are located towards the 

same direction, but as previously mentioned the level of shading in these offices are greater than the ones 

located higher up in the building. This additional shading results in a lower need of additional cooling 

within the office. 

Table 17: Energy usage in the Reference scenario. 

Model Delivered Energy [kWh/year] Specific Energy Usage 

[kWh/(m2*year)] 

Reference scenario 588 000 158 

The PTUO-value for all offices together is 13.5%, see Table 18. This means that occupants are feeling 

thermally uncomfortable during 13.5% of the occupied time. However, this value varies somewhat in each 

office, depending on varying internal conditions. Office 4 experiences for example the highest amount of 

thermally dissatisfied occupants with a value notable higher than Office 1, see Figure 6. None of the 

offices have a PTUO-value below the recommended PPD-value of 10%. When comparing the overall 

PTUO-value with the recommended maximum PPD-value of 10% is it clear that actions to increase the 

level of experienced thermal comfort should be performed. The more interested reader is referred to 

Appendix I – The Reference Scenario for a comprehensive discussion about the results.  

Table 18: Total percentage thermally unsatisfied occupants in the Reference scenario. 

Model Total PTUO [%] 

Reference scenario 13.5 
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Figure 6: Percentage of thermally unsatisfied occupants in the four offices in the Reference scenario. 

 Changing of Window Types 

This measure consists of changing the windows to more energy efficient such. The U-values are decreased 

compared to the Reference scenario, with the Window 1 model having the lowest and the Window 3 

model the highest U-value of the three investigated ones. All investigated windows have a U-value lower 

than the Reference scenario. The delivered energy to the four offices varies remarkable in the three 

different Window models, see Table 19. Compared to the Reference Scenario the amount of necessary 

delivered energy is lower in all three models. These results make it clear that with lower U-values, solar 

heat gain coefficients and solar transmittance values the energy usage is decreased. The U-values and 

transmittance values are in the Window 1 model very low when comparing to both the Reference scenario 

and Window 3 model. It is therefore clear that the construction of the window heavily affects the 

necessary amount of energy for heating and cooling of the building. An evaluation of how the thermal 

comfort is affected by this decreased energy usage is therefore interesting.  

Table 19: Energy usage in the Window 1-3 models. 

Model Specific Energy Usage 

[kWh/(m2*year)] 

Percentage of Energy Usage in 

the Reference Scenario [%] 

Reference scenario 158 100 

Window 1 138   87 

Window 2 146 92 

Window 3 151 96 
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The level of experienced thermal comfort is affected by an installation of more energy efficient windows, 

see Figure 7. The occupants are generally feeling too cold during the entire year. One interesting point is 

that the PTUO-value is lower in the Window 2 model than in the Window 1 model, even though the 

energy usage in the Window 2 model is higher than in the Window 1 model. The thermal comfort is in 

general higher in the Window 1 model than in the Window 2 model during December-January, but during 

February-October the trend is the other way around. This in combination with the cold occupant feeling 

indicates that too much cooling is supplied to the rooms. In the better insulated windows in the Window 

1 model less solar heat gains are transmitted, which probably results in lower indoor temperatures and less 

satisfied occupants. However, the hours of unsatisfied occupants, PTUO-values, in all three models are 

decreased compared to the Reference scenario. There is no clear pattern in how the thermal comfort is 

affected by a particular type of windows and thereby a certain reduction in energy usage. Apparently the 

insulation levels affect the thermal comfort in non-predictable ways. The more interested reader is referred 

to Appendix II – The Window Models for a comprehensive discussion about the results.  

 

Figure 7: Relationship between thermal comfort and energy usage in the Window 1-3 models. 

 Changing of Insulation and Wall Thickness 

This measure consists of adding additional insulation from the outside on the external walls. The U-values 

are decreased compared to the Reference scenario, with the Wall 1 model having the highest U-value and 

the Wall 3 model the lowest. To increase the insulation of the external walls have an impact on the specific 

energy usage within the building, see Table 20. This energy usage reduction is not as significant as when 

changing to more energy efficient windows, but a reduction can still be noted where a lower U-value 

results in a lower energy usage. The specific energy usage in the Wall 2 and 3 models are relatively close to 

each other, even as the U-value of the external walls differs somewhat between the two cases. The Wall 3 

model requires slightly more cooling than the Wall 2 model during winter months. The main reason for 

this is probably the reduced heat leakage through the envelope. The reduced heat leakage in the Wall 3 

model also results in less energy used for district heating. The Wall 2 model have a U-value above the, by 

Boverket (2015, 166), maximum recommended one and the Wall 3 model a U-value slightly below. These 

results indicate that U-values close to the maximum recommended one results in similar energy usage. The 

thickness of the external wall in the Wall 3 model is well above the maximum recommended thickness, 

meaning that the Wall 2 set up might be a better choice from the thickness perspective.  
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Table 20: Energy usage in the Wall 1-3 models. 

Model Specific Energy Usage 

[kWh/(m2*year)] 

Percentage of Energy Usage in 

the Reference Scenario [%] 

Reference scenario 158 100 

Wall 1 155 98 

Wall 2 153 97 

Wall 3 153 97 

The thermal comfort is slightly affected by an increased level of insulation, see Figure 8. It seems like a 

reduced energy usage results in a higher level of thermal comfort, wherefore the PTUO-values are 

decreased. The difference between the Wall 1 and Wall 2 models are larger than between the Wall 2 and 

Wall 3 model, indicating that the U-value has a notable influence on not only the energy usage but also the 

thermal comfort. With a lower U-value the amount of distributed district cooling increases, but the 

supplied amount of district heating decreases significant. The amount of necessary cooling increases 

probably due to the lowered heat losses through the external walls. Based on these result, it is possible that 

there is a pattern between the U-value of the external walls, the specific energy usage and level of thermal 

comfort.  

 

Figure 8: Relationship between thermal comfort and energy usage in the Wall 1-3 models. 

It is interesting to note that the effect of unpredictable thermal comfort levels and the invisible clear 

patterns that occurred when lowering the window U-values do not happen when refurbing the external 

walls. The main reason for this is probably the low amount of solar heat transmission that passes through 

external walls. A lot of heat losses and gains are transmitted through windows, meaning that the windows 

are more sensitive and thereby probably also affects the indoor air temperatures more. Another important 

reason for this is that the U-values in the window models are decreased more compared to the Wall 

models. The more interested reader is referred to Appendix III – The Wall Models for a comprehensive 

discussion about the results. 
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 Changing of Infiltration Rates 

This measure consists of scheduled openings of the windows during summer time, in order to decrease 

the cooling demand. The opening times are different in each model, with openings during both nighttime 

and mornings. The Opening 3 model opens the windows every day between May and September whereas 

the two other models only open the windows during working days and for less months. To have 

scheduled openings of the windows have an impact on the energy usage, see Table 21. The energy usage 

increases with this action, indicating that opening of windows in this shape is an unsuitable energy 

efficiency measure. To open the windows one hour every night between May 1st and September 30th 

results in a remarkable increase of energy usage. This indicates that there might be many days with low 

outdoor temperatures, giving too low indoor air temperatures during the mornings. Generally, it seems 

unnecessary to open the windows prior non-working days as the occupancy density then is zero. To open 

the windows during only workdays between June 15th and August 15th have the smallest impact on the 

energy usage, but on the other hand this might probably depend on the shorter time period of openings. 

The energy usage for an automatic opening of the windows is not included in the calculated delivered 

energy per year. This value is on the other hand most likely very small in relation to other shares, 

wherefore it is further neglected.  

Table 21: Energy usage in the Opening 1-3 models. 

Model Specific Energy Usage 

[kWh/(m2*year)] 

Percentage of Energy Usage in 

the Reference Scenario [%] 

Reference scenario 158 100 

Opening 1 161 102 

Opening 2 158 100 

Opening 3 162 103 

The results coupled together indicates that opening of windows is not an efficient energy saving measure, 

see Figure 9. It is also seen that the level of thermal comfort is held at an almost constant level 

independent on the more notable changes in energy usage. It is possible that the energy usage can be 

reduced if the openings of the windows are related to both indoor and outdoor temperatures, but such 

measures requires probably much more technically advanced installations. Additional research and 

evaluations are needed to be able to make any conclusions regarding this. Meanwhile, it is not 

recommended to use opening of windows as a measure to decrease energy usage for cooling and to 

simultaneously increase the thermal comfort. The more interested reader is referred to Appendix IV – The 

Opening Models for a comprehensive discussion about the results.  
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Figure 9: Relationship between thermal comfort and energy usage in the Opening 1-3 models. 

 Changing to Variable Air Volume Ventilation  

This measure consists of changing the CAV ventilation system to different types of VAV systems. The 

Ventilation 1 model is controlled by temperature, the Ventilation 2 by carbon dioxide and Ventilation 3 by 

a combination of both. To change the type of ventilation system from a CAV construction to a VAV 

ventilation system have a great impact on the energy usage within the building, see Table 22. A 

temperature controlling device is more effective than a carbon dioxide control system in this particular 

building. Depending on the occupancy rate within a building a carbon dioxide controlled system might be 

more or less suitable. A building with a large variation in occupancy rates probably adapts better to a 

carbon dioxide controlling system. This must be individually evaluated. From an energy usage point of 

view the most efficient system in this building is a combination of a temperature and carbon dioxide 

controlled system. It enables both to keep the room air within pre-defined upper and lower limits and to 

keep the carbon dioxide levels below the recommended maximum amounts. Therefore, it is reasonable to 

assume that this system provides a higher level of thermal comfort.  

Table 22: Energy usage in the Ventilation 1-3 models. 

Model Specific Energy Usage 

[kWh/(m2*year)] 

Percentage of Energy Usage in 

the Reference Scenario [%] 

Reference scenario 158 100 

Ventilation 1 149 94 

Ventilation 2 158 100 

Ventilation 3 148 94 
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The level of thermal comfort is affected in a positive way when enabling both upper and lower 

temperature controlling, see Figure 10. It is clear that there is a pattern concerning energy usage and the 

level of experienced thermal comfort. The Ventilation 1 model has a lower energy usage compared to the 

Reference scenario, but the thermal comfort is kept at an almost equal level. The Ventilation 2 model has 

a much lower level of thermal comfort compared to the Reference scenario and an energy usage almost 

equal, indicating that this is an insufficient energy efficiency measure. The occupants are in general feeling 

too cold contributing to lower levels of thermal comfort. The ventilation system is running less in this 

model compared to the two other, and the increase energy usage is a result of additional district cooling 

supplied. The major reason for this is probably that less supply of fresh air results in higher indoor 

temperatures. The Ventilation 3 model has much lower energy usage compared to the Reference scenario 

and meanwhile an important increase in thermal comfort. It is therefore assumed that such systems are 

preferred compared to only upper limit temperatures or carbon dioxide controls. The more interested 

reader is referred to Appendix V – The Ventilation Models for a comprehensive discussion about the 

results. 

 

Figure 10: Relationship between thermal comfort and energy usage in the Ventilation 1-3 models. 

 Changing the Building Automation System 

This measure consists of changing the operating hours of the ventilation. The Schedule 1 model has a 

night ventilation system operating during summer, and the Schedule 2 and 3 models have less operating 

hours of the ordinary ventilation system compared to the Reference model. To enable operating of a night 

ventilation system during warmer months or to reduce the operating hours of the ordinary ventilation 

system have an impact on the energy usage, see Table 23. However, this impact is relatively low compared 

to how much the operating schedules are changed. To insert a running algorithm providing night 

ventilation reduces the energy usage slightly. It is more effective to decrease the operating hours of the 

ventilation, where less running hours naturally results in lower energy usage. However, fresh air should be 

provided when the building is occupied and immediately prior occupancy. To reduce the operating hours 

to less than such could have a negative impact on the thermal comfort and/or the air quality. Therefore, it 

is of great importance to evaluate such issues before reducing the operating hours of the ventilation 

system.  
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Table 23: Energy usage in the Schedule 1-3 models. 

Model Specific Energy Usage 

[kWh/(m2*year)] 

Percentage of Energy Usage in 

the Reference Scenario [%] 

Reference scenario 158 100 

Schedule 1 157   99 

Schedule 2 156 99 

Schedule 3 156 99 

To change the operational schedules for the ventilation system has an impact on mainly the thermal 

comfort. The energy usage is kept at a relatively constant level, see Figure 11. The most interesting note is 

that the level of thermal comfort is better when the ventilation operational hours are decreased. The 

reason for this is probably that only the thermal comfort is measured in the PTUO-values. To continuing 

to decrease the ventilation hours will have a negative impact on carbon dioxide as well as other pollutant 

levels, but this is not shown in the thermal comfort indices. The more interested reader is referred to 

Appendix VI – The Schedule Models for a comprehensive discussion about the results. 

  

Figure 11: Relationship between thermal comfort and energy usage in the Schedule 1-3 models. 
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 Changing the Heating and Cooling Set Points 

This measure consists of changed heating and cooling temperature set points, and meanwhile a greater 

possibility for the occupants of adapting their clothing. The Heating/Cooling 2 model has a greater 

possibility for the occupants to change their clothing, but also a lower heating set point and a higher 

cooling set point temperature than the two other models. The Heating/Cooling 3 model has set points 

similar to the temperature range suggested by the Arbetsmiljöverket (2013). To change the heating and 

cooling set points and thereby provide wider temperature ranges reduces the energy usage, see Table 24. 

Compared to the Reference scenario there are significant energy usage reductions in all three models. 

However, this was expected as less energy is needed for keeping the temperature within the wider 

intervals. With a temperature ranging more than conventional common temperature intervals the 

occupants need to adapt to the current climate conditions in another way. Therefore, it is interesting to 

further investigate how the thermal comfort is affected by this measure. It is important to remember that 

these models assume that the occupants are well aware of the wider temperature range and therefore also 

adapt to it by alternating their clothing levels.  

Table 24: Energy usage in the Heating/Cooling 1-3 models. 

Model Specific Energy Usage 

[kWh/(m2*year)] 

Percentage of Energy Usage in 

the Reference Scenario [%] 

Reference scenario 158 100 

Heating/Cooling 1 147 93 

Heating/Cooling 2 141 89 

Heating/Cooling 3 145 92 

The energy usage and experienced level of thermal comfort in the Heating/Cooling models follow a 

similar pattern, see Figure 12. When the energy usage in the Heating/Cooling 1 and 2 models decreases 

the PTUO-value decreases as well. The third model experiences an increase in PTUO-value compared to 

the Reference scenario, but the energy usage is decreased. The main reason for the higher level of thermal 

comfort is the possibility of a higher level of clothing insulation for the occupants. The general feeling in 

the Reference scenario were occupants too cold, wherefore higher clothing insulation affects the thermal 

comfort levels positive. However, during winter times the lowered heating set point temperature results in 

slightly more unsatisfied occupants in some of the offices. Less occupants are cold during summer times, 

meaning that the increased level of thermal comfort occurs during these months. A comparison between 

the models might be somewhat misleading, as the clothing insulation variation is not equal. If the clothing 

insulation would have been equal, the PTUO-value in the Heating/Cooling 2 model would have been 

much higher. Therefore, it is also difficult to make a general conclusion, even if it is possible to state that 

this could be an efficient measure. The more interested reader is referred to Appendix VII – The 

Heating/Cooling Models for a comprehensive discussion about the results. 
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Figure 12: Relationship between thermal comfort and energy usage in the Heating/Cooling 1-3 models. 

 Critical Months 
January, February and December are the three coldest months, wherefore it is likely to assume that these 

months are not only critical from a heating point of view, but also from a thermal comfort perspective. All 

maximum PPD-values are experienced during February mornings and the entire month commonly 

experiences PPD-values above 20%. The monthly average temperatures for the three coldest time periods 

of the year states that February is colder than the two other months. When investigating the morning 

average temperatures for the three months, February mornings are much colder than the two other, see 

Table 25. All mean morning temperatures are lower than the monthly average wherefore this could be the 

reason for the high PPD-values during February mornings.  

Table 25: Monthly average temperatures during the entire month and only mornings. 

Month Monthly Average Temperature 

[°C] 

(0am-24pm) 

Morning Average Temperature 

[°C] 

(7am-9am) 

January -2.0 -2.4 

February -4.6 -5.2 

December -0.1 -0.4 

In order to increase the thermal comfort during these critical mornings an additional supply of heating is 

necessary. This could for example be done by an installation of an electric heating coil. However, this 

results in an increased energy usage wherefore further investigations are required in order to evaluate the 

importance of this. Some initial very simple investigations performed in a single zone in IDA ICE shows a 

relatively low decrease in PTUO-values compared to the much higher energy usage when installing an 

electric heating coil to operate during cold mornings. The heating coil has in general a smaller impact on 

the occupants’ cold feelings, even if its capacity is high. However, this must be verified with additional 

more comprehensive and detailed investigations.  
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 Overall Evaluation 

The thermal comfort and energy usage are in most cases related so that, compared to the Reference 

scenario, when the energy usage decreases the level of thermal comfort increases. However, as seen in the 

various result sections, there are exceptions. Figure 13 shows the relationships in all different models. It is 

seen that the PTUO-values are kept at relatively similar levels, whereas the energy usage varies a lot more. 

It is also noted that the lowest energy usage does not result in the lowest amount of unsatisfied occupants, 

and that the highest amount of unsatisfied occupants does not result in the highest energy usage. This 

means that it is not possible to make any general conclusion that the level of thermal comfort always 

increases when the energy usage decreases. Neither is it possible to make a conclusion that the thermal 

comfort always decreased when the energy usage decreases.  

 

Figure 13: The relationship between thermal comfort and energy usage in all simulated models. The Reference scenario is 
indicated in black.  

The hypothesis states that carrying out energy efficiency measures affects the thermal comfort in some 

way. The result shows that all measures does not affect the thermal comfort in a remarkable way, 

wherefore the hypothesis must be rejected. As for example the Ventilation 1 model has an energy usage of 

149 kWh/(m2*year), but an almost equal level of thermal comfort as the Reference scenario. There are 

several other measures with almost equal thermal comfort levels, but varying energy usages. Depending on 

how a proposed energy efficiency measures is carried out the thermal comfort levels vary. When facing a 

renovation or a new-building project, it is therefore of importance to investigate several solutions prior 

making a decision of which one to continue with.  

 Optimal Testing 

It is not possible to direct add the effect and energy usage reduction of two or more tested energy 

efficiency measures. It is therefore interesting to investigate how various measures interact with each other 

and if better results can be obtained by combining several savings. The savings considered to give the 

lowest energy usages and meanwhile high levels of thermal comfort are tested together. Also, only savings 

considered to be able to be work together are tested. Table 26 shows the tested combinations of various 

models and their expected energy usage and level of thermal comfort. The optimal tests are further 

referred to as specified by the table.  
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Table 26: Optimal testing using various combinations of the previous models. 

Test Combination of the 

Models 

Specific Energy Usage 

[kWh/(m2*year)] 

PTUO [%] 

Reference 

scenario 

- 158 13.5 

Optimal 1 Window 1 + 

Heating/Cooling 3 

128 12.0 

Optimal 2 Window 2 + 

Heating/Cooling 3 

135 12.0 

Optimal 3 Window 1 + 

Ventilation 3 

128 13.4 

Optimal 4 Window 1 + 

Ventilation 1 

129 14.8 

Optimal 5 Window 2 + Wall 3 142 12.5 

 

Optimal 6 Wall 3 + Schedule 2 149 14.7 

 

Optimal 7 Wall 3 + Window 1 + 

Ventilation 3 

126 11.8 

Optimal 8 Heating/Cooling 2 + 

Schedule 3 

140 12.3 

When combining energy efficient windows and a VAV ventilation system, the Optimal 3 model, the 

energy usage reduction is large, but the level of thermal comfort is almost equal to the Reference scenario. 

The Window 1 and Ventilation 3 models showed better thermal comfort results separately, but are clearly 

not the best optimal combination from a thermal comfort point of view. When comparing to the 

Reference scenario this combination is a suitable measure as the thermal comfort is kept almost constant 

but the energy usage remarkable lowered. However, the occupants are in general feeling much colder 

during winter months in the Optimal 3 model compared to the two models separately. A reason for this 

could be the lowered solar heat gains in the Window 1 model and meanwhile high amount of supply 

ventilation air, giving low indoor air temperatures. This is an example of how an interaction of different 

measures are non-additive and the importance of evaluating measures together as well.  
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The Optimal 1 test on the other hand has an energy usage close to the Optimal 3 model, but a higher level 

of thermal comfort. This indicates that a wider allowable temperature range is better to combine with new 

windows than a VAV ventilation system. This even as only the Heating/Cooling 3 model has a low level 

of thermal comfort, once again implying the importance of combined evaluations as a complement to 

individual ones. The reason for the higher thermal comfort level in this optimal scenario is probably 

higher indoor air temperatures. The amount of cooling distributed is reduced with a wider allowable 

temperature range, contributing to less low air temperatures and a better thermal comfort. 

The Optimal 7 test experiences both the lowest amount of energy usage and the highest level of thermal 

comfort. This indicates that a combination of increased external wall insulation, energy efficient windows 

and a VAV ventilation system is effective. It is interesting to compare this model with the Optimal 3 test 

that experienced a quite low level of thermal comfort. One reason for the higher thermal comfort level in 

the Optimal 7 test is the lower heat transmission over the entire envelope. This results in a more stable 

indoor climate, making it easier to supply the right amounts of fresh air and keeping the set point 

temperatures. All measures in the Optimal 3 and 7 models are very expensive to carry out, wherefore an 

economic analysis concerning for example payback times could be interesting to perform. The entire 

building is relatively large, wherefore small changes in the specific energy usage might have a large impact 

on the yearly cost for example heating and cooling.  

If, for example, reducing the yearly energy usage of 158 kWh/m² (Reference scenario) to 140 kWh/m² 

(Optimal 8), this would save 66 300 kWh/year in the four investigated offices, see Equation (12). If 

assuming that the same specific energy usage applies for the entire building, this would save 801 000 

kWh/year, see Equation (13). If further assuming that the average energy price is 0.80 SEK/kWh the 

entire building could, by performing energy efficiency measures as in the Optimal 8 test, save 640 800 

SEK yearly, see Equation (14). This means that there is a large potential of saving money if only changing 

some of the controlling parameters, which could be assumed to be done at a low cost. Another benefit of 

performing these measures is the increased level of thermal comfort compared to the Reference scenario. 

However, as previous mentioned the specific energy usage for the entire building is lower than the energy 

usage for the single offices, meaning that the potential financial saving in the entire building probably is 

less significant than indicated in these calculations.  

 
𝑆𝑎𝑣𝑖𝑛𝑔𝑓𝑜𝑢𝑟 = [(158 − 140)

𝑘𝑊ℎ

𝑚2 ∗ 𝑦𝑒𝑎𝑟
] ∗ 3727 𝑚2 ≈ 66 300 

𝑘𝑊ℎ

𝑦𝑒𝑎𝑟
 

(12) 

 

 
𝑆𝑎𝑣𝑖𝑛𝑔𝑒𝑛𝑡𝑖𝑟𝑒 = [(158 − 140)

𝑘𝑊ℎ

𝑚2 ∗ 𝑦𝑒𝑎𝑟
] ∗ 45 000 𝑚2 = 801 000 

𝑘𝑊ℎ

𝑦𝑒𝑎𝑟
  

(13) 

 

 
𝑆𝑎𝑣𝑖𝑛𝑔𝑒𝑛𝑡𝑖𝑟𝑒 = 801 000

𝑘𝑊ℎ

𝑦𝑒𝑎𝑟
∗ 0.80

𝑆𝐸𝐾

𝑘𝑊ℎ
= 640 800 𝑆𝐸𝐾 

(14) 
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9 Sensitivity Analysis 

A sensitivity analysis can be used with various purposes and intentions. To test the strength of a found 

solution is one example of a purpose of a sensitivity analysis. One way of performing this is by varying 

some of the included input parameters. This could further help to examine and investigate other sub-

optimal findings of the study. By conducting a sensitivity analysis there is a possibility of making 

alternative conclusions to a problem, these depending on how the parameters are varied. The validity of 

the model is naturally tested by a sensitivity analysis and meanwhile defective data can be recognized. 

Furthermore, this is also a way of identifying possible errors in the model input or output (Pannell 1997, 

140-141). The main intention with the sensitivity analysis in this research is to test the strength of the 

found results.  

The metabolic rate and the clothing insulation both have a significant impact on the predicted PMV-value 

and therefore also the PPD- and PTUO-values. Another important factor contributing to the uncertainty 

in the PMV-value is the air velocity (Ribeiro, et al. 2015, 2143-2145). As the metabolic rate and clothing 

insulation are not environmental dependent factors (International Organization for Standardization 2005), 

but measures related to the occupants’ behavior, these are the two factors that are investigated in this 

sensitivity analysis. This means that the uncertainty in especially the air velocity is further neglected. 

However, an interesting approach could be to in a future study investigate how the PMV- and PPD-values 

are affected by changes in the environmental parameters as well.  

The metabolic rate is in the sensitivity analysis varied according to the described interval of sedentary 

work in the standard ISO 8996:2004. This ISO-standard treats measurements and determinations of the 

metabolic rate. This interval states that sedentary office work is a metabolic rate ranging between 55 and 

70 W/m2 (International Organization for Standardization 2004, 18). As lower metabolic rates than those 

suggested by the ISO-standard is unlikely, this is not investigated. Since the investigated building is an 

office building, metabolic rates higher than sedentary work is not considered either. The minimum value 

of 55 W/m2 corresponds to 0.95 met according to the previous described pre-defined values used in IDA 

ICE, see Equation (15). A maximum value of 70 W/m2 for sedentary work corresponds to 1.2 met, see 

Equation (16).  

 
55 

𝑊

𝑚2
=

1.0 𝑚𝑒𝑡

58.2
𝑊
𝑚2

∗ 55
𝑊

𝑚2
≈ 0.95 𝑚𝑒𝑡 

(15) 

 

 

 
70 

𝑊

𝑚2
=

1.0 𝑚𝑒𝑡

58.2
𝑊
𝑚2

∗ 70
𝑊

𝑚2
≈ 1.2 𝑚𝑒𝑡 

(16) 

 

The reference value is further on referred to as the 0-case and corresponds to the value of 1.0 met. This is 

how the metabolic rate is defined in all previous investigated scenarios, wherefore these are referred to as 

the previous simulations. The lower scenario, - 1, corresponds to the value of 0.95 met and the higher 

scenario, + 1 corresponds to a value of 1.2 met. See Table 27 for how the metabolic rate is alternated in 

the sensitivity analysis. The analyses then include several different combinations of the different metabolic 

rates.  
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Table 27: Variation of the metabolic rate in the sensitivity analysis. 

Value Metabolic Rate [met] 

0 1.0 

- 1 0.95 

+ 1 1.2 

The clothing insulation is in the sensitivity analysis varied according to what could be assumed to be 

socially acceptable clothing levels in an office environment. The lower scenario corresponds to a base 

value of 0.75 clo. This clothing insulation equals the occupant wearing underpants, shirt and trousers, as 

well as socks and shoes (International Organization for Standardization 2007, 24). The higher scenario 

corresponds to a clothing insulation of 0.9 clo as the base value. This corresponds to the occupants 

wearing underwear, shirt, skirt, a sweater and knee high socks as well as shoes (International Organization 

for Standardization 2007, 24). See Table 28 for how the clothing insulation is alternated in the sensitivity 

analysis.  

Table 28: Variation of the clothing insulation in the sensitivity analysis. 

Value Clothing Insulation [clo] 1 

0 0.8 ± 0.1 

- 1 0.75 ± 0.1 

+ 1 0.9 ± 0.1 

The sensitivity analysis is carried out so that each parameter (metabolic rate and clothing insulation) is 

varied one at a time, as well both simultaneously. This approach is presented in Table 29 and the scenarios 

are further referred to as specified by this table. The parameters are not varied so that both of them are in 

the higher or lower scenario simultaneously. This is based on the assumption that a low metabolic rate 

would most likely generate a higher clothing level in order to keep thermally satisfied and the other way 

around. A higher metabolic rate is assumed to provide a lower clothing level, also in order to keep the 

satisfaction level higher. The initial simulations in all models, with results described in Chapter 8, are 

further referred to as the previous simulations.  

  

                                                      

1 The variation value in the Heating/Cooling 1-3 models are kept as in the previous simulations. 
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Table 29: Sensitivity analysis scenarios. 

Scenario Metabolic Rate Clothing Insulation 

Previous simulation 0 02 

Scenario I - 1 0 

Scenario II 0 - 1 

Scenario III + 1 0 

Scenario IV 0 + 1 

Scenario V - 1 + 1 

Scenario VI + 1 - 1 

 Sensitivity Results 

Changing the clothing levels and metabolic rates have a great impact on the PPD-values and therefore also 

the PTUO-value. Depending on how the parameters are varied the output differs more or less from the 

obtained values in the previous simulations. When the activity levels are altered the heat generations from 

the occupants are affected. This could result in a slightly new heating and/or cooling demand. However, 

as the occupants’ activity levels are a minor factor in determining the heating and cooling loads the energy 

usage is affected in only a negligible way. All other factors, as internal equipment, solar gains and heat 

leakage are kept as in the previous simulations.  

Different sensitivity scenarios affect the PTUO-output value in various ways, either more or less or in a 

insignificant way. Figure 14 illustrates the differences in the PTUO-values in the Reference scenario. The 

figure shows the previous PTUO-value and the corresponding PTUO-value when alternating the 

metabolic rates and clothing levels. Clearly sensitivity scenario III and VI are affecting the most. However, 

all sensitivity scenarios except scenario V have a relatively large impact on the output value. This means 

that the PTUO-values are sensitive for new clothing levels and metabolic rates, at least in the Reference 

scenario.  

                                                      

2 The clothing value of 0.8 ± 0.1 does not apply in the Heating/Cooling 1-3 models.  
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Figure 14: Sensitivity analysis in the Reference scenario. 

Figure 15-Figure 19, shows the sensitivity scenarios for all other simulations except the Heating/Cooling 

models. Instead of showing values for each sensitivity scenario, a mean value has been calculated. 

However, when investigating one sensitivity scenario at a time, scenario III and VI are once again the two 

cases that affect the PTUO-value the most. There seems to be a pattern in how the input changes affect 

the results, but this pattern is more notable when investigating each scenario at a time. Only two of the 

sensitivity scenarios result in a higher PTUO-value, whereas three of the scenarios results in a notable 

lower value. Scenario V results in almost the same PTUO-value as in the previous simulations, with an 

almost negligibly decrease.  

  

Figure 15: Sensitivity analysis in the Window 1-3 models. 
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Figure 16: Sensitivity analysis in the Wall 1-3 models. 

  

Figure 17: Sensitivity analysis in the Opening 1-3 models. 
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Figure 18: Sensitivity analysis in the Ventilation 1-3 models. 

  

Figure 19: Sensitivity analysis in the Schedule 1-3 models. 

In the Heating/Cooling models the results from the sensitivity analysis follows a slightly different pattern 

when investigating one scenario at a time. The sensitivity analysis does not affect the PTUO-value as 

much as in the five other models, see Figure 20. The most likely reason for this is the higher possible 

variation in clothing levels in the previous simulations. This creates an opportunity for the occupants to 

themselves adapt to the current situation and thereby increase their experienced level of thermal comfort. 

Even if the variation in PTUO-values is not as high in the Heating/Cooling sensitivity as in the other 

sensitivity scenarios the values are following a similar pattern. One exception is the sensitivity scenario V, 

where the Heating/Cooling 2 and 3 results in higher PTUO-values. These variations are very low, which is 

in line with the results from the other sensitivity scenarios.  
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Figure 20: Sensitivity analysis in the Heating/Cooling 1-3 models. 

The most critical sensitivity scenarios if evaluating them one at a time are scenario III and VI. These are 

the only simulations with a higher metabolic rate than the previous simulations. These results imply that 

an increased metabolic rate is a sensitive factor contributing to uncertainties in the output. Based on the 

results from scenario III and VI it is likely to assume that a higher metabolic rate and a higher clothing 

level would have a significant effect on the experienced level of thermal comfort. This case, with a 

metabolic rate of + 1 and a clothing insulation of + 1 have not been investigated. On the other hand, as 

previous discussed, it is unlikely that the occupants in reality dress with high clothing insulation and 

meanwhile have a high level of activity. 

Scenario III experiences in all simulations a somewhat larger difference in the PTUO-value compared to 

scenario VI. However, this difference is very small and almost negligible in some of the scenarios. 

Therefore, it is difficult to with certainty state that a metabolic rate and clothing insulation as in scenario 

III always result in a greater difference in PTUO-values compared to scenario VI. Interesting to note is 

however that both scenario III and VI always have an overall PTUO-value below 10%. This indicates that 

a minor increase in activity level results in a way better level of experienced thermal comfort among the 

occupants.  

Another reason for the great difference in scenario III and VI compared to the other scenarios is that the 

difference between the metabolic rate of + 1 and 0 is much higher than the difference between - 1 and 0. 

This means that greater differences could be noted in the + 1 scenarios. In order to better be able to 

perform comparisons the difference between the + 1 and - 1 values should be equal. However, as the base 

metabolic rate (0-case) is chosen as defined by the Sveby-program and sedentary office work only is 

defined between 0.95 and 1.2 met (according to the standard ISO 8996:2004), this creates significant 

limitations in varying the parameter. In a more comprehensive sensitivity analysis an idea could be to 

perform investigations of a metabolic rate of 1.05 met as well. This generates an opportunity of comparing 

these results with the 0.95 met-results.  

Scenario I and V are the two scenarios with a metabolic rate specified to - 1. Scenario I is the scenario 

with the highest PTUO-value when looking into all sensitivity models. This indicates that a lower 

metabolic rate, but a constant clothing level is critical as well. Since keeping the same clothing level and 

meanwhile decreasing the metabolic rate results in a higher PTUO-value is the general feeling among the 

occupant probably an environment too cold. This is well in line with the results from the previous models. 
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Scenario V indicates that a lower metabolic rate and meanwhile a higher clothing level almost equals out 

and generates results very close to what was obtained in the previous simulations. The metabolic rate is 

obvious a very critical parameter. Based on the results from the sensitivity analysis it seems like this 

parameter is more sensitive than the clothing insulation. Scenario II and IV are the two scenarios with an 

alternating clothing insulation, but a constant metabolic rate. These two scenarios differ less from the 

results in the previous simulations than what the scenarios with constant clothing insulation and 

alternating metabolic rates do. On the other hand, alternating both clothing insulation and metabolic rates 

have as previous discussed a great impact. 

The changes in PTUO-values are less significant in the Heating/Cooling models than in the other cases. 

This indicates that a greater possibility for the occupant to change their clothing during a working day 

results in more stable levels of thermal comfort. Heating/Cooling 1 and 3 offers a possibility of alternating 

the clothing insulation with 0.2 clo, whereas Heating/Cooling 2 offers a changing possibility of 0.35 clo. 

The difference in PTUO-values between these cases are not that significant in each sensitivity scenario. 

Since 0.35 clo could be a relative high possibility of changing clothes, 0.2 clo seems more reasonable. With 

this reasoning in mind, it could be better to carry out all simulations with that clothing insulation 

alternation instead of the current 0.1 clo.  

Figure 21 shows how the PTUO-values and specific energy usage is related in the sensitivity analysis. The 

PTUO-values are calculated as the mean PTUO-value of sensitivity scenario I-VI in each model. The 

specific energy usage is as previous mentioned not changed in the sensitivity scenarios. This enables 

comparisons between the previous simulations results and the sensitivity results. When comparing the 

relationships between thermal comfort and specific energy usage (Figure 13 and Figure 21) it is noted that 

the PTUO-values in the sensitivity scenarios in general are lower than in the previous simulations. Such 

results could be seen as positive, as the previous simulations then account for, in general, more critical 

cases. However, as the PTUO-values alters a lot the strength in the found results is very low.  

 

Figure 21: Relationship between the thermal comfort and energy usage when the PTUO-values are calculated as the mean PTUO-
value in sensitivity scenario I-VI in each model. The Reference sensitivity scenario is indicated in black.  

  

135

140

145

150

155

160

165

10% 11% 12% 13% 14% 15%

S
p

ec
if

ic
 E

n
er

gy
 U

sa
ge

 [
k
W

h
/

(m
²*

ye
ar

)]

Percentage of Thermally Unsatisfied Occupants

Relationship between the Mean Thermal Comfort 
and Energy Usage when Considering the Sensitivity



- 63 - 

 

10 Discussion 

A lot of interesting results have been found in this research. However, these results are of course 

dependent on both input variables and other external factors and conditions. In order to better 

understand how all these affect the final results, a comprehensive discussion is necessary. This discussion 

contains for example ideas regarding the input values, limitations with the models and thoughts 

concerning the final results. To simulate a building in IDA ICE and to get trustworthy and reliable results 

turned out to be difficult. This discussion also serves as a way of highlighting such difficulties and to point 

out ideas that could have improved the final results and conclusions. 

Validation of the thermal comfort levels 

The initial idea was to simulate a building where the thermal comfort indices could be validated with 

reality in any way. One approach to do so is by using a building certified with the Miljöbyggnad Guld-level 

in the thermal comfort category. Miljöbyggnad is a Swedish green building certification system. In order to 

reach the highest level in the thermal comfort category an occupant survey must confirm a satisfactory 

level of the indoor climate (Sweden Green Building Council 2014). The idea was to by simulating a 

building certified with Miljöbyggnad Guld the initial obtained PPD-values could be validated and the final 

results more reliable. However, no such suitable building already modelled in IDA ICE and with available 

survey results were found and therefore the PPD-values could not be validated in the Initial model. This 

means that no validations of how accurate this way of estimating the thermal comfort levels have been 

made.  

Even if no validation of the PMV- and PPD-values could be made this way of measuring thermal comfort 

have been considered as a sufficient and reliable method. To estimate the level of thermal comfort by 

these methods is common throughout the world. As the ISO specifies PMV- and PPD-calculations as a 

way of measuring thermal comfort in one of its standards (ISO 7730) it is further considered as a reliable 

method. However, despite this there have been some criticism concerning this way of measuring the level 

of thermal comfort. For example, this criticism include how the indexes that have been derived from 

stable climate chamber studies are used within measurements in the more unstable reality (Santamouris 

2003, 169-170). Therefore, a validation with reality would have been preferred. 

Simulating an existing building 

To simulate and evaluate an existing building comes with limitations both initially and continuously during 

the process. It is for example not practical possible to relocate an existing building or remove existing 

shading from the surrounding buildings. When working on a new-built project these are factors to take 

into deeper consideration. They are of relevance for both the energy usage and the thermal comfort levels. 

However, there are also other initial restrictions related to mainly costs. For example, to renovate the 

windows is an energy efficiency measure that potentially could reduce the energy usage significantly, but is 

on the other hand a very expensive such. To do so in an existing building could therefore result in 

exceptionally long payback times, making it insufficient economically. However, to choose the most 

energy efficient windows in a renovation is probably better as the payback time then is decreased. In new-

built projects however, it is efficient to initially install energy efficient windows. As this research does not 

include any deeper financial analysis, this matter has not been further investigated.  

. 
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It was preferred to simulate the building in IDA ICE using the climate model instead of the energy model. 

Unfortunately, this came with a lot of difficulties, see Chapter 6.1 The Climate and Energy Models, 

making it impossible to use the climate model. This resulted in less accuracy of the results. It was for 

example not possible to evaluate temperature differences within the vertical plane of a room. One of the 

main difficulties with re-modelling the offices into quadratic rooms were the large number of new, smaller 

offices. When re-modelling an office into quadratic shapes, the new rooms are separated with internal 

walls. To simulate a large number of smaller spaces would have both increased the simulation running 

times significantly and possibly also distributed insufficient results due to the randomly modelled new 

architecture. The heat transfer over internal walls is for example one factor that is affected by this new 

architecture. However, most buildings probably have rectangular rooms and non-angled walls wherefore 

the climate model then is adaptable. This means that the initial idea with a deeper analysis would have 

been possible in most buildings.  

The input data 

Depending on input data in a simulation model the output result may vary significantly. In this research 

the main input data is based on standards provided by the Sveby-program. These data were obtained 

during 2013, meaning that it might for example be more effective internal equipment available on the 

market nowadays. Depending on how a particular company equips its office, the internal gains could vary 

a lot. It could therefore be of importance to investigate such things prior making a simulation of a real 

building. However, using of the considered standard values in the Sveby-program enables as previous 

discussed a better possibility of comparisons between buildings.  

The Sveby-program is a result of a co-operation between companies, entrepreneurs and consultants within 

the building sector and their interpretations of existing regulations. Even if the Sveby-program is 

approved as commonly used input data it may be of importance to remember that stakeholders within the 

building sector are the ones behind these values. There is always a risk of someone being biased, wanting 

to have values providing benefits for the own company. However, as so many various types of 

stakeholders are involved in this co-operation the risk of biased input data is probably limited. This will 

always be an issue when a sector itself provides standardized input data. However, the Sveby-program 

enables easy comparisons between stakeholders and different buildings, even if the input data may be 

over- or underestimated in any way. This means that everyone using the Sveby-program data do so on 

equal conditions.  

When modelling new buildings, a correction of the, by the Sveby-program, recommended value for 

operation electricity should be made. The recommended value for operational electricity could be reduced 

significantly if for example installing LED-lighting, which is not accounted for in the standardized 

operational electricity value. The assumed value for operational electricity has an impact on the amount of 

necessary energy usage for heating and cooling. This is important both for the calculated predicted specific 

energy usage and the predicted level of thermal comfort as both are dependent on the amount of heating, 

cooling and internal gains. However, as the simulated building in this research is old, the values provided 

in the Sveby-program could be used without making this correction.  
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The weather file used in these simulations is based on a single year, 1977. A better approach would have 

been to use an existing weather file based on normal year values or to create an own weather file with such 

data. The weather data values are one important factor affecting the energy usage. The obtained results 

could have been corrected to normal year values with for example a degree day method, but as the 

temperatures in the 1977- and normal year files were evaluated to be relatively close to each other this was 

not done. It was assumed that the effect on the final results would have been insignificant. In addition, as 

only comparisons between the different models and the Reference scenario are made, the exact weather 

file is not of great importance. If on the other hand the simulations were to be compared with other 

building simulations or measured values, a correction to a normal year would have been of greater 

importance.  

The Reference scenario was based on an already modelled building by Skanska, the Initial model. 

However, the input data in the Reference scenario is not completely equal to this Initial model. This must 

be kept in mind while evaluating the results. The windows are for example changed in the Reference 

scenario to be more like assumed windows installed during the 1930s. In the Initial model there has been a 

window renovation, wherefore this model has much better windows than the Reference scenario. This is 

another factor contributing to the impossibility of comparing the results in each model with the actual real 

building. The reason for changing some of the parameters in the Reference scenario was to better simulate 

a non-renovated office building and the opportunities similar buildings provide.  

The input data contains several assumptions and one of them is the occupancy rate. The 70% occupancy 

rate is specified by the Sveby-program, but the occupancy rate during for example lunch breaks have not 

been specified in any found standard or literature. It was assumed that the occupancy rate falls down to 

40% during one lunch hour and that the internal equipment and lighting falls down with the same share. 

In reality however it is likely that these rates alter between different days and seasons. However, this is 

probably a minor share in the final results, as the lunch break only is a smaller part of an entire working 

day. To get better accuracy the common behavior at the company housing a particular building should be 

studied. Once again, as only comparisons between different models and scenarios are made in this 

research this inaccuracy is acceptable.  

One main drawback in this evaluation is the fact that not the entire building has been simulated, but only a 

smaller part of it. Even as the simulated offices have been chosen with care and respect to their expected 

level of thermal comfort the exclusion of the rest of the building is of importance. There is always a 

possibility of different changes in especially the level of thermal comfort in varying offices, which cannot 

be correctly accounted for when these are excluded in the simulations. One idea could have been to test 

some of the proposed measures on the entire building, in order to investigate that the chosen offices still 

are critical from a thermal comfort point of view. In reality and prior performing any larger renovations 

the chosen measures should preferably be simulated on the entire building. This in order to account for 

possible differences among the rooms.  

To only make theoretical simulations also have limitations in how the occupants and their behaviors are 

presented. The fictional occupants all behave in the same way in these simulations and this is something 

that is very unlikely in reality. The clothing levels and metabolic rates are equal for all occupants, another 

unlikely scenario in a real situation. As no validations with reality have been made it is difficult to state 

how important the differences between real occupants and fictional ones are. However, this issue should 

be kept in mind when analyzing the results. It is likely that real occupants are more flexible than the 

fictional ones. As for example the metabolic rates that are kept constant in all simulations could be slightly 

altered by the occupants themselves in reality. This could possible yield a higher level of experienced 

thermal comfort.  
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Limitations with the proposed measures 

Some of the proposed measures come with initial limitations and restrictions, making it difficult to 

implement similar actions in reality. It could be both economic limitations, making it non-beneficial to 

perform certain actions or prohibitions by a national or international regulations to do so. As this is a 

theoretical work it is interesting to investigate how a building possibly could perform, and what measures 

that can be done in theory. There is also a possibility that some of the current limitations and restrictions 

are different in the future, enabling some or several of the proposed measures to be performed in reality. 

When the need of low energy using buildings are getting more and more important, some of the existing 

restrictions might be eased.  

The amount of daylighting transmitted through the windows is not evaluated. However, some occupants 

might prefer a warmer/colder climate if the daylighting level is better. Another preference could be to 

have sun shining through the windows even if that disturbs the work. Such preferences are not possible to 

measure with the PMV- and PPD-values, but could be important and interesting to take into 

consideration. For example, the visible transmittance value in the Window 1 model is low in comparison 

to the Window 2 and 3 models. In order to better evaluate how a renovation of windows affect the 

occupants, the expected daylight levels should be included. External or internal shading is another factor 

affecting the daylight levels, which also should be included in any such investigation. An occupant survey 

could also serve as a complement.  

Many older buildings are historical valuable and to increase the insulation from the outside on external 

walls might have a negative visible impact and/or be forbidden. It is therefore impossible to perform such 

measures in many buildings in reality. Another way to increase the insulation could be to investigate 

whether it is possible to insulate from the inside. However, this results in a reduced floor area indoors, 

decreasing possible benefits from example rents for landlords. The Wall 3 model is for example simulating 

a very thick wall, with a thickness above the, by the Boverket, recommended one. This means that 

valuable floor area is lost if insulating from the inside. In cities with high buying or rental prices per square 

meter floor area every centimeter could be important and/or beneficial to keep. In cases with historical 

valuable indoor architecture this is another factor to further evaluate.  

The Opening measures assumed that there is a possibility to open windows in office environments. It is 

often impossible to do so in office environments in reality, and the infiltration rates from window 

openings are therefore considered as negligible (Sveby 2013, 15). This means that to schedule opening of 

windows might be an expensive measure as an opening mechanism on the windows most probably must 

be installed. The main idea with the opening of windows was to enable a possibility of cooling down the 

building during nighttime and mornings and thereby reduce the cooling demand. However, this did not 

work out sufficiently according to the results. The openings must probably be related to both indoor and 

outdoor temperatures in order to work better. Another issue is the opening of windows when no one is 

present in the building. Few companies might be willing to do so in reality as for example the risk of 

break-ins could be assumed to increase rapidly.  
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Different types of ventilation systems might be more or less suitable for different types of buildings, 

mainly depending on how the building is used. To have only a carbon dioxide controlled VAV system 

might be more effective if the number of occupants varies a lot over shorter time periods. The occupant 

rates are similar during all times in these simulations and do not vary throughout the day, with the 

exception of the lunchbreak. This could be one reason for the carbon dioxide system being very 

ineffective. However, a large variation in occupancy rates results in more variations in internal gains, 

further contributing to a necessity of additional ventilation maybe regardless of the carbon dioxide levels. 

That the Ventilation 3 system is most sufficient from a thermal comfort point of view is logical as both 

upper and lower temperature limits regulates the ventilation air flows. This means that the hours when the 

occupants are feeling too cold are reduced.  

The number of operating hours of a ventilation system affects the experienced thermal comfort levels. 

That the thermal comfort increases with a reduced number of operating hours is probably due to reduced 

draft and reduced supply of low tempered air. The ventilation supply temperature is well below the 

temperature range of where the occupants tend to feel thermal satisfaction. However, as the PMV- and 

PPD-values for example do not include any measures of airborne polluters (including carbon dioxide) this 

must be separately evaluated prior decreasing the ventilation operating hours. As both temperature and 

humidity rates are included in the PMV- and PPD-measures the low supply air temperature is accounted 

for. It is recommended to keep the ventilation running during occupancy hours, wherefore a 

comprehensive analysis could be necessary if not fulfilling this recommendation.  

To schedule a night ventilation system is a way of hopefully decreasing the amount of cooling during 

daytime. One imaginable issue with this is the probably cold equipment within the building during 

mornings. If the equipment is cold there is a possibility of a colder occupant feeling as well. However, as 

this cannot be illustrated with the PMV- and PPD-values a separate analysis of the occupant morning 

feelings might be interesting. This could for example be done with a survey or by interviews. Since these 

simulations also indicated an in general cold morning feeling, this is complicating the using of a night 

ventilation system. As an installation of such systems generate even colder mornings, a further decrease in 

the thermal comfort levels during these hours is likely.  

To change the amount of supplied heating and cooling by having lower/higher set point temperatures is 

an interesting measure. It assumes that the occupants are well aware of this measure and adapt to it by 

changing their clothing levels to the current climate. It is likely that the climate conditions are similar 

during all winter and correspondingly relatively similar during summer times. This gives the occupants an 

opportunity to before work assume and dress for the necessary clothing level of the day. To have a 

sweater to take on or off during the working day is likely, but to have a complete wardrobe at work to 

change the clothing levels are not assumable. It is therefore of great importance that the landlord or 

building owner informs about this measure, but also about expected temperature levels during specific 

climate conditions. This enables a possibility for the occupant to before work trying to dress in the most 

proper way and thereby adapt to the current climate conditions.  
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Results 

The operative temperatures differ somewhat from the recommended operative temperature range. The 

minimum operative temperature is kept above the recommended 20°C in all models except the 

Heating/Cooling ones. This is interesting since the common occupant feeling despite this is too cold. This 

indicates that a minimum recommended operative temperature of 20°C might be too low or that the 

metabolic rates and/or clothing insulation levels have been inaccurately specified. The maximum 

recommended operative temperature of 23°C is frequently exceeded. This means that a deeper analysis of 

how the temperatures can be kept within the suggested range could be necessary. This obstacle is on the 

other hand not in line with the general too cold occupant feeling. The recommended temperature range 

maybe need to be moved towards higher temperatures in order to reach more satisfied occupants. 

Another reason could be that the PMV- and PPD-measurements are misleading in this research or that 

components within the indexes are wrongly specified.  

The PMV- and PPD-values seem to be very dependent on the outdoor temperatures, as this factor highly 

affects the indoor temperatures. All models experienced critical February mornings, and February is also 

investigated to be the coldest month. To have a possibility of additional heating during colder mornings 

could increase the level of thermal comfort, but is on the other hand an expensive measure if the current 

heating system does not have a possibility of increasing the capacity during these mornings. Another idea 

could be to increase the level of thermal comfort by telling the occupants to dress more during these 

mornings. This is probably what happens in reality, as colder outdoor temperatures often tend to get the 

occupants to dress with a higher level of insulating clothes. This means that these extreme cases might not 

be as extreme in a real case.  

One issue with the PMV- and PPD-measures in this research is the constant level of clothing inserted in 

IDA ICE. No possibility of alternating the clothing levels in single simulations were found. In reality it is 

likely that the occupants adapt their clothing levels to seasonal changes and thereby increase their 

experienced level of thermal comfort. One way to deal with this issue in IDA ICE could have been to 

simulate the winter and summer months separately and then add them together and calculate the yearly 

results. This would probably yield a more complex result, but with a better accuracy and a higher level of 

thermal comfort amongst the occupants.  

According to the Miljöbyggnad standard, an activity level of 1.2 met could be assumed in all simulations 

where the real activity level is unknown (Sweden Green Building Council 2014, 37-42). This value differs 

somewhat from what is suggested by the Sveby-program, with a suggested activity level of 1.0 met (Sveby 

2013, 26). If the higher metabolic rate would have been used the PTUO-values would have been, in 

general, considerable lower. This is something that should be kept in mind when evaluating a building 

towards a Miljöbyggnad, or any other, certification system. When analyzing the results in this investigation 

this should also be kept in mind.  

The models in IDA ICE were never validated before the simulations were run. This means that there 

might be errors contributing to misleading results in both energy usage and the level of thermal comfort. 

The energy usages are within reasonable levels when comparing to common energy usage levels, but on 

the other hand the results can be reasonable even if some parameters contain errors. The heating and 

cooling levels might be equaling each other out for example. This issue should be kept in mind when 

reading and evaluating the results. However, no such errors have been detected when the results have 

been analyzed, but in order to increase the reliability of the results validations of the models are necessary.  
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In general, the proposed and investigated energy efficiency measures reduced the energy usage and 

increased the level of thermal comfort compared to the Reference scenario. However, there are several 

interesting exceptions with both higher energy usage and/or reduced levels of thermal comfort. These 

results highlight the importance of evaluating how a proposed measure affects the building conditions. 

This is in line with previous literature, where some literature stated that energy usage reductions results in 

a higher level of thermal comfort and some literature discussed a potential of lower levels of thermal 

comfort. It is not certain that a particular measure yields a remarkable change. To use an energy simulation 

software is one way of evaluating how a measure affects the building.  

To compare how the relationship between the thermal comfort and energy usage are related in the 

sensitivity analysis with the results from the previous simulations is interesting. The mean sensitivity 

analysis results stated that the level of thermal comfort in general is higher than what the previous 

simulations showed. There were significant differences between the different sensitivity scenarios, 

meaning that the activity levels and clothing rates are two important parameters in the PMV- and PPD-

indexes. This also highlights the importance of estimating them in an appropriate way. However, it is 

possible that the other parameters included in the PMV-indices are of great importance as well, wherefore 

a more comprehensive sensitivity analysis should include those as well. On the other hand, these 

environmental properties are probably easier to estimate accurately.  

The instant PPD-values are often above 10%, especially in Office 3 and 4. This indicates that a deeper 

investigation of how the thermal comfort can be increased could be necessary. Since the sensitivity 

analysis showed that the results vary a lot depending on input values an idea could be to carry out an 

occupant survey concerning the experienced indoor climate. This survey could serve as a complement to 

the simulation results and thereby also help validating the thermal comfort levels in the models. It also 

provides a possibility of deciding which metabolic rate and clothing insulation that is most reasonable in 

this office building.  

If the metabolic rate is estimated somewhat inaccurate this could have a large impact on the predicted 

final level of thermal comfort. Sensitivity scenarios III and VI showed that the PTUO-values always are 

kept below 10% if the metabolic rate is slightly increased. One way to increase the level of thermal 

comfort could therefore be to during periods of too cold indoor environments highlight activities that 

slightly affects the metabolic rate. This could for example be to conduct the work standing instead of 

seated or to take a short walk within the office. However, if the indoor climate is too hot, it is way harder 

to decrease the metabolic rate and thereby also increase the thermal comfort.  

The optimal testing showed a potential of further decreasing the energy usage if combining different 

energy efficiency measures. However, the thermal comfort levels are in several of these cases affected 

negative. This highlights the difficulties of predicting how a combination of measures affects the final 

results. Even if the energy usage is reduced significantly, the economic saving might be very small or not 

even occurring. Some of the proposed measures are very expensive to carry out, as for example renovating 

windows and increasing the external insulation. This is further complicating the issue of which energy 

efficiency measures to perform in reality and which ones not to carry out. 
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11 Conclusion 

The effect on the thermal climate within an office building when carrying out six different energy 

efficiency measures have been investigated with the simulation software IDA ICE. Each measure has been 

evaluated in three different models with slightly varying input data. This approach tried to account for 

various ways of performing a particular energy saving measure. The level of experienced thermal comfort 

is in most cases affected by an energy efficiency measure, even if there are some exceptions. The level of 

thermal comfort is in general held at a more constant level when comparing to the specific energy usage 

that varies more depending on performed measure. However, the hypothesis must be rejected, as not all 

measures showed a proven effect on the level of thermal comfort. As stated in the hypothesis, the 

investigations showed that there are some measures with a positive effect on the energy usage but a 

negative effect on the level of thermal comfort. 

The general occupant feeling is an indoor climate too cold, wherefore a higher level of thermal comfort is 

experienced in simulations where the indoor air temperature may be increased. This could for example be 

better insulated windows or external walls, a VAV ventilation system with an upper and lower temperature 

control or less ventilation operating hours. Preferred energy efficiency measures are those that increase the 

indoor air temperature by for example decreasing the necessary amount of district cooling and/or heating. 

To decrease the heating demand and meanwhile increase the indoor air temperature can be done with an 

envelope minimizing heat transmission. All simulations experience a yearly maximum PPD-value during 

February mornings, which also happens to be the month with the lowest morning mean outdoor air 

temperatures throughout the year.  

A sensitivity analysis performed on all measures indicated that the clothing levels and metabolic rates are 

important parameters in the PMV-evaluations. Depending on how these two parameters are varied, the 

corresponding PTUO-values altered a lot. When comparing the mean PTUO-value in the sensitivity 

analysis with the obtained PTUO-values in the previous simulations it is clear that the sensitivity analysis 

yield mean values below the previous simulations. This indicates that an almost worst case scenario has 

been simulated in the previous simulations. However, despite this the strength in the obtained results are 

concluded to be low. In order to yield a better evaluation of how the thermal comfort is affected by 

different energy efficiency measures the measuring of PMV- and PPD-values should be complemented 

with other investigations.  
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12 Future Studies 

To continue with a deeper analysis of how a combination of various proposed energy efficiency measures 

are working together is interesting. As shown in the small optimal testing it is difficult to predict how 

certain measures are performing and interacting together. Even if the measures showed sufficient results 

separately this does not automatically result in a satisfactory combination. A deeper analysis of the optimal 

testing could for example include an investigation of the possibility to, in any way, predict the effect on 

the experienced level of thermal comfort when combining different measures. Such knowledge could be 

valuable in various energy efficiency processes.  

Another interesting parameter to include in a future study could be how the thermal comfort within a 

building is affected by different shapes and orientations of the building. This may not be interesting in an 

existing building, but is of high relevance when carrying out new-built projects. If researches show that the 

shape and orientation is an important parameter for the level of thermal comfort this is something that 

should be included and maybe even prioritized in a new-building project. Also the contribution of 

different shading levels from surrounding buildings or other objects could be interesting to include in a 

future study.  

Some of the investigated measures showed a great possibility of reducing the energy usage and thereby 

also decreasing the building yearly running costs. This is of course positive, but one very interesting 

parameter in this matter is the payback times. All investments should be compared against their yearly 

saving, but another factor that could be included is the effect of an increase in experienced thermal 

comfort. A higher level of thermal comfort results in better working conditions which possibly also could 

affect the benefits. How this should be included in an economic evaluation is an interesting question to 

further investigate and discuss.  
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Appendix I – The Reference Scenario 

The energy usage in the Reference scenario consists mostly of energy used for the distribution of district 

heating and cooling. Hot water circulation losses are another major contributor to the energy usage, 

followed by electricity used for lighting and internal equipment. The hot water circulation losses, internal 

equipment and lighting energy usage are constant in all models. Figure 22 shows an illustration of how the 

energy usage is divided in the model. District heating uses a significant amount of energy during the entire 

year, but the district cooling demand is very small during November-February. This is in line with the 

expectations, as less cooling should be used during the winter months. All energy usage in the further 

analysis are based on the same model as in the Reference scenario. Therefore, comparisons are possible 

even though the exact amount of energy usage are not comparable and validated with reality.  

 

Figure 22: Share of Energy Usage in the Reference Scenario. The energy usage is not validated with reality and therefore also not 
comparable with such cases, but only with other scenarios in this report. 

The four offices experience a quite similar level of thermal comfort. The maximum PPD-values varies 

around 30% and all of them occur during February mornings. Since these maximum values are reached 

during winter it is reasonable to assume that the main reason for this is the lower indoor temperatures. 

During 68 hours the operative temperature in Office 3 is above 25°C, indicating that further investigations 

could be necessary if these hours occur several times at the same day. These hours all happen during 

summer months, mainly in June. They contribute to higher PPD-values, but are not reaching as high as 

the maximum PPD-value as these values occur during winter. Table 30 shows the maximum PPD-values 

and the time of the year for this. 
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Table 30: Experienced maximum PPD-values in the Reference scenario 

Model Maximum PPD [%] Time of Maximum PPD 

Office 1 28.6 February 12th  

08:23 

Office 2 29.7 

 

February 12th  

09:08 

Office 3 31.9 February 12th  

08:04 

Office 4 30.7 February 18th  

08:06 

The PPD-values are ranging at higher levels during November until April in all offices. The PPD-values 

are commonly reaching values above 20% during this time of the year. However, in both Office 3 and 4 

high PPD-values are generally experienced also outside of this time period. Until the end of May PPD-

values above 20% are not uncommon. During the summer months the values are notably decreased in all 

offices. In Office 1 and 2 the values are below 10% during the entire summer with just several exceptions. 

Once again, the level of thermal comfort in Office 3 and 4 are lower, with more time periods of higher 

PPD-values, this especially in July. One potential reason for this could be the higher amount of solar 

gains, giving too high indoor air temperatures. This evaluation states that the level of thermal comfort is 

more critical during winter months.  

The low PMV-values during winter indicates that the occupants in general are feeling too cold. Higher 

indoor temperatures could possibly solve this issue, but also actions that reduce the heat losses to the 

surroundings. That could for example be increased insulation of the external walls or better insulated 

windows. During summer times the PMV-values are in general negative as well, once again indicating to 

low indoor air temperatures. There are several exceptions of when the PMV-values are positive, instead 

indicating on too high indoor air temperatures. Office 3 experiences most of the positive PMV-values. 

This is also in line with the fact that Office 3 is the only office with operative temperatures sometimes 

above 25°C. 

The thermal comfort is better and more stable in Office 1 and 2 compared to Office 3 and 4. All offices 

have the same share of internal gains from lighting, equipment and occupants, which are based on the 

floor area, but the window areas varies significantly. This is probably one major factor to the different 

levels of experienced thermal comfort. Office 3 has over 20% external windows relative external walls, 

giving a possibility of high amount of heat gains and losses through these. When comparing all offices, 

Office 3 experiences much higher heat losses through thermal bridges compared to the other offices. One 

reason for this is most likely the large share of windows. This results in a higher level of district heating 

supplied per floor area compared to the other offices. However, this seem insufficient as the occupants 

still are feeling thermally unsatisfied in that office.  
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The amount of carbon dioxide in all four offices are within reasonable levels during the entire year. A 

maximum level of 624 ppm in Office 1 occurs at the afternoon at August 2nd. The maximum level of 

carbon dioxide in the other three offices are varying close to the maximum level indicated in Office 1. All 

maximum levels occurs at August 2nd, but it is not possible to state that the summer is a critical period out 

of this. The carbon dioxide levels seems relative constant throughout the year. However, all levels are well 

below the recommended maximum amount of 1000 ppm in the indoor air. With this in mind, no further 

investigations of the carbon dioxide levels in the Reference scenario are performed. The air quality 

evaluated from this point of view is considered as sufficient.  
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Appendix II – The Window Models 

The shares of energy usage in the three Window scenarios are quite similar to each other, see Figure 23-

Figure 25. The main difference between the models is the share of energy used for district cooling. The 

Window 1 model has a value that is significant lower than the Window 2 and 3 model. This is also the 

main reason for the lower energy usage in the Window 1 model. As less solar heat gains are transmitted 

through the windows during summer time, less cooling is required. The amount of energy used for district 

heating is higher in the Window 3 model than the two others, probably because of the higher level of heat 

losses through these windows. This states the importance of evaluating and minimizing heat losses and 

gains through windows.  

 

Figure 23: Share of energy usage in the Window 1 model. 

 

Figure 24: Share of energy usage in the Window 2 model. 
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Figure 25: Share of energy usage in the Window 3 model. 

The levels of thermal comfort in the Window 1-3 models vary as well, but not as much as the amount of 

delivered energy. The maximum PPD-values are slightly above 30% in the worst offices, see Table 31-

Table 33. Office 3 is the office that experiences the highest maximum PPD-values in all three models, 

indicating that this is a critical office in the Window models. All three Window models have a maximum 

PPD-value below the maximum value in the Reference scenario. This maximum values occur at varying 

mornings in February. However, as these values are considerable close to each other it is not possible to 

make any more general conclusions out of this information. It is on the other hand possible to note that 

February seems to be a critical month.  

Table 31: Experienced maximum PPD-values in the Window 1 model. 

Window 1 Maximum PPD [%] Time of Maximum PPD 

Office 1 27.4 February 12th  

08:12 

Office 2 28.2 February 12th  

08:13 

Office 3 30.8 February 18th  

08:18 

Office 4 30.0 February 18th  

08:18 
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Table 32: Experienced maximum PPD-values in the Window 2 model. 

Window 2 Maximum PPD [%] Time of Maximum PPD 

Office 1 28.1 February 15th  

08:03 

Office 2 28.4 February 12th  

08:13 

Office 3 30.9 February 12th  

08:13 

Office 4 30.2 February 18th  

08:14 

Table 33: Experienced maximum PPD-values in the Window 3 model. 

Window 3 Maximum PPD [%] Time of Maximum PPD 

Office 1 28.3 February 12th  

08:14 

Office 2 29.1 February 12th  

09:07 

Office 3 31.3 February 12th  

08:14 

Office 4 30.4 February 18th  

08:07 

The PPD-values in the offices are at higher levels during the autumn and winter months in all three 

models. During winter values above 20% are common. Office 3 and 4 experiences commonly PPD-values 

above 20% between September and April/May. Longer time periods of that high PPD-values are less 

common in Office 1 and 2. During May until August Office 1 and 2 experiences PPD-values below 10% 

whilst Office 3 and 4 only have parts of June with more days of that low values. Office 4 experiences 

higher PPD-values than Office 3 during the summer months, while the case is the other way around 

during winter months. There is no clear pattern with lower/higher PPD-values between the different 

Window models, see Table 34. 
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Table 34: Variation in common PPD-values in the Window 1-3 models. This does not indicate that the values always are 
above/below the specific limits, but it should rather be seen as an indication of common levels. 

 Window 1 Window 2 Window 3 

Office 1 PPD>20% 

Half November-March 

 

 

PPD<10% 

May-August 

PPD>20% 

Half November-

February 

 

PPD<10% 

May-September 

PPD>20% 

Half November-Half 

April 

 

PPD<10% 

May-August 

Office 2 PPD>20% 

Half November-Half 

April 

 

PPD<10% 

June-August 

PPD>20% 

November-April 

 

 

PPD<10% 

May-August 

PPD>20% 

October-April 

 

 

PPD<10% 

June-August 

Office 3 PPD>20% 

September-May 

 

PPD<10% 

Some in June 

PPD>20% 

September-May 

 

PPD<10% 

Mostly in June 

PPD>20% 

September-May 

 

PPD<10% 

Mostly in June 

Office 4 PPD>20% 

September-May 

 

PPD<10% 

Some in June 

PPD>20% 

September-Half May 

 

PPD<10% 

Some in June 

PPD>20% 

September-Half May 

 

PPD<10% 

June 

When comparing the PTUO-values for each office in the three different scenarios there are some 

common conclusions that are possible to make, see Figure 26. Office 1 and 2 experiences the lowest 

values of PTUO, whilst Office 3 and 4 experiences much more unsatisfied occupants. This is also in line 

with what the analysis of the instant PPD-values showed. In Office 3 and 4 the amount of unsatisfied 

occupants is lower in the Window 2 and 3 models than in the Window 1 model, once again indicating that 

it in these cases is not possible to draw any general conclusions. The thermal comfort levels are very 

varying depending on where in the building the office is located.  



- VIII - 

 

 

Figure 26: Percentage of thermally unsatisfied occupants in each office in the Window 1-3 models.  

The maximum carbon dioxide levels in all three models and all four offices varies between 615 and 625 

ppm. As these values are well below the maximum recommended levels for carbon dioxide the air quality 

from this point of view is considered as sufficient and not further evaluated. These maximum levels are in 

line with what was experienced in the Reference Scenario. Therefore, it is possible to make the conclusion 

that a changing of windows does not increase the maximum level of carbon dioxide in the indoor air. 

However, this was not expected either as the fresh air flows and occupancy densities are kept at similar 

levels as in the Reference scenario.  

The PTUO-values for the Window 1-3 models are lower compared to the Reference scenario, see Table 

35. This indicates that the thermal comfort is affected in a positive way when the energy usage is 

decreased due to less heat losses through windows. It also states that changing of windows is positive 

from a thermal comfort perspective. However, in none of the cases the PTUO-values are less than 10%, a 

maximum level that is seen as reasonable due to the by the Arbetsmiljöverket (2013, 58) recommended 

maximum value of 10% PPD. This means that additional measures can be suitable, in order to reach a 

general higher level of thermal comfort in the building.  

Table 35: Total percentage thermally unsatisfied occupants in the Window 1-3 models. 

Model Total PTUO [%] 

Reference scenario 13.5 

Window 1 12.2 

Window 2 11.8 

Window 3 12.6 
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Appendix III – The Wall Models 

The share of energy usage for different purposes within the three different Wall models are almost equal, 

see Figure 27-Figure 29. The most significant share is the one for district heating, followed by hot water 

circulation losses. The amount of energy usage for district heating decreases when the walls are getting 

lower U-values and thereby better insulated. The shares of district cooling in all three Wall models are 

lower than in the Reference scenario, but the absolute value increases when comparing with the Reference 

scenario. This means that less heat is probably lost through the envelope during for example warmer 

summer days and must be compensated by additional cooling. How this affects the thermal comfort is 

therefore interesting to evaluate.  

 

Figure 27: Share of energy usage in the Wall 1 model. 

 

Figure 28: Share of energy usage in the Wall 2 model. 
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Figure 29: Share of energy usage in the Wall 3 model. 

The level of thermal comfort in the Wall 1-3 models are generally at relatively equal levels. The maximum 

PPD-values varies between slightly over 27% to somewhat below 31%, see Table 36-Table 38. All hours 

with the maximum PPD-values occur during February mornings. These values are below the maximum 

PPD-values in the Reference scenario, indicating that an increased level of wall insulation decreases the 

peak PPD-values. Office 3 is once again the office that in all three scenarios are experiencing the highest 

maximum PPD-values. On the other hand, this is not equal to being the office with the most thermally 

dissatisfied occupant hours.  

Table 36: Experienced maximum PPD-values in the Wall 1 model. 

Wall 1 Maximum PPD [%] Time of Maximum PPD 

Office 1 27.9 February 15th  

08:01 

Office 2 29.0 February 12th  

09:14 

Office 3 30.7 February 18th  

08:07 

Office 4 30.5 February 18th  

08:07 
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Table 37: Experienced maximum PPD-values in the Wall 2 model. 

Wall 2 Maximum PPD [%] Time of Maximum PPD 

Office 1 27.6 February 18th  

08:07 

Office 2 28.8 February 12th  

09:17 

Office 3 30.4 February 12th  

08:17 

Office 4 30.0 February 18th  

08:07 

Table 38: Experienced maximum PPD-values in the Wall 3 model. 

Wall 3 Maximum PPD [%] Time of Maximum PPD 

Office 1 27.6 February 12th  

08:08 

Office 2 28.7 February 12th  

09:13 

Office 3 30.2 February 12th  

08:08 

Office 4 29.6 February 12th  

08:08 

The instant PPD-values in the three Wall models are much higher during winter times compared to 

summer days. PPD-values above 20% is common during autumn and winter months, especially in Office 

3 and 4. June is generally the month with the lowest PPD-values and thereby the highest level of thermal 

comfort. Office 3 and 4 experiences PPD-values below 10% most of June, but during the other summer 

months the values are often above 10%. Office 1 and 2 have a longer time period during summer of a 

higher level of thermal comfort. During June until August the levels are regularly below 10% in these two 

offices. Each office is following a similar pattern concerning the level of thermal comfort in all three Wall 

models, see Table 39. It seems like independent on how the wall is insulated the PPD-values are still on 

almost equal levels. One major reason for this could be that the indoor air temperatures are just slightly 

affected by an increased level of external wall insulation.  
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Table 39: Variation in common PPD-values in the Wall 1-3 models. This does not indicate that the values always are 
above/below the specific limits, but it should rather be seen as an indication of common levels. 

 Wall 1 Wall 2 Wall 3 

Office 1 PPD>20% 

Half November-Half 

March 

 

PPD<10% 

May-Half September 

PPD>20% 

Half November-

February 

 

PPD<10% 

May-September 

PPD>20% 

Half November-

February 

 

PPD<10% 

May-September 

Office 2 PPD>20% 

October-April 

 

PPD<10% 

June-August 

PPD>20% 

October-April 

 

PPD<10% 

June-August 

PPD>20% 

October-April 

 

PPD<10% 

June-August 

Office 3 PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

Office 4 PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

The PTUO-values in the different offices are varying according to a similar pattern, see Figure 30. The 

Wall 1 model have the highest level of PTUO whilst the Wall 3 model have the lowest amount of 

unsatisfied occupants. This is in line with the energy usage, as this value is the highest for the Wall 1 

model and the lowest for the Wall 3 model. Office 3 and 4 have notable higher PTUO-values than Office 

1 and 2, which also is in line with what the investigation of the levels of the instant PPD-values showed. 

Office 4 is the office with most unsatisfied occupants in all three models. This result indicates that the 

highest level of PTUO must not be equal to the office with the highest instant PPD-value.  



- XIII - 

 

 

Figure 30: Percentage of thermally unsatisfied occupants in each office in the Wall 1-3 models. 

The total PTUO-values for all four offices in each scenario are lower than the Reference scenario, see 

Table 40. As with the case of the PTUO-values for the single offices, the Wall 1 model experiences the 

highest value. The Wall 3 model has the highest amount of satisfied occupants and experiences therefore 

the lowest PTUO-value. This indicates that there in these cases is possible to make an assumption that the 

thermal comfort increases with better insulted external walls. However, even if the level of thermal 

comfort is increased, none of the three scenarios have a PTUO-value below 10%.  

Table 40: Total percentage thermally unsatisfied occupants in the Wall 1-3 models. 

Model Total PTUO [%] 

Reference scenario 13.5 

Wall 1 12.7 

Wall 2 12.4 

Wall 3 12.2 

The maximum amount of carbon dioxide within the different offices varies between 615 and 625 ppm in 

all three models. This is the same variation as in the Reference scenario, but since the fresh air flows nor 

the occupancy density is alternated this result is reasonable and expected. Once again, as these levels are 

well below the maximum recommended carbon dioxide levels the indoor air quality is from this point of 

view considered as sufficient and not further investigated. It is concluded that changing of external 

insulation does not affect the carbon dioxide levels within the offices. However, once again an 

investigation of other airborne polluters could be suitable.  
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Appendix IV – The Opening Models 

The shares of energy usage are relatively similar in the three different Opening models, see Figure 31-

Figure 33. The amount of energy used for distributing the district heating and cooling are altered slightly 

between the models. The Opening 1 model uses less district cooling than the two other models, whilst 

Opening 3 have the highest number of energy usage for the same purpose. One reason for this could 

probably be the long time period of opening of windows. During warmer night this might result in a 

necessity of an increased amount of cooling during mornings. On the other hand is the energy usage for 

district heating the highest as well when comparing to the other two models. This indicates that there also 

might be several nights being too cold for openings of windows.  

 

Figure 31: Share of energy usage in the Opening 1 model. 

 

Figure 32: Share of energy usage in the Opening 2 model. 
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Figure 33: Share of energy usage in the Opening 3 model. 

The level of thermal comfort is almost equal in the three Opening models. The maximum PPD-values 

vary between almost 29 and 32%, see Table 41-Table 43. All these maximum values occur during 

February mornings. These maximum PPD-values are equal to the ones in the Reference scenario, this 

since there are no significant changes in the conditions during February. Once again, Office 3 is the room 

that experiences the highest PPD-values during the year. It is possible to make a conclusion that opening 

of windows does not seem to affect the maximum PPD-value on a yearly basis, but there might on the 

other hand be effects if only the summer months are investigated.  

Table 41: Experienced maximum PPD-values in the Opening 1 model. 

Opening 1 Maximum PPD [%] Time of Maximum PPD 

Office 1 28.7 February 12th  

08:24 

Office 2 29.7 February 12th  

09:09 

Office 3 31.9 February 12th  

08:05 

Office 4 30.7 February 18th  

08:06 
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Table 42: Experienced maximum PPD-values in the Opening 2 model. 

Opening 2  Maximum PPD [%] Time of Maximum PPD 

Office 1 28.7 February 12th  

08:24 

Office 2 29.7 February 12th  

09:09 

Office 3 31.9 February 12th  

08:05 

Office 4 30.7 February 18th  

08:06 

Table 43: Experienced maximum PPD-values in the Opening 3 model. 

Opening 3  Maximum PPD [%] Time of Maximum PPD 

Office 1 28.7 February 12th  

08:24 

Office 2 29.7 February 12th  

09:09 

Office 3 31.9 February 12th  

08:05 

Office 4 30.7 February 18th  

08:06 

The instant PPD-values are higher during autumn and winter compared to the summer months in all three 

Opening models. During all winter months the PPD-values are regularly above 20%. In Office 3 and 4 

this starts already in September and continues until May. Office 1 experiences the shortest time period of 

PPD-values regularly above 20%, this time period starts somewhere in November and continues until 

April. June seems to, in general, be the month with most thermally satisfied occupants. Each office 

follows a similar pattern in all three models, see Table 44. This indicates that the PPD-values are not 

heavily affected by the different types of openings that are tested in these models. However, to open the 

windows in any way might affect the thermal comfort even though the types of opening tested in this 

research seems to have a much lower impact.  
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Table 44: Variation in common PPD-values in the Opening 1-3 models. This does not indicate that the values always are 
above/below the specific limits, but it should rather be seen as an indication of common levels. 

 Opening 1 Opening 2 Opening 3 

Office 1 PPD>20% 

November-Half April 

 

PPD<10% 

May-August 

PPD>20% 

November-Half April 

 

PPD<10% 

May-June, Most of July, 

August 

PPD>20% 

November-Half April 

 

PPD<10% 

June-August 

Office 2 PPD>20% 

October-April 

 

PPD<10% 

June 

PPD>20% 

Half September-April 

 

PPD<10% 

Most of August 

PPD>20% 

Half September-April 

 

PPD<10% 

June, most of July and 

August 

Office 3 PPD>20% 

September-May 

 

PPD<10% 

Half June 

PPD>20% 

September-May 

 

PPD<10% 

Half June 

PPD>20% 

September-May 

 

PPD<10% 

Half June 

Office 4 PPD>20% 

September-Half May 

 

PPD<10% 

Half June 

PPD>20% 

September-Half May 

 

PPD<10% 

Half June 

PPD>20% 

September-Half May 

 

PPD<10% 

Half June 

When comparing the PTUO-values for the different models it is clear that the level of thermal comfort 

over time is almost constant in each office, see Figure 34. Office 1 and 2 are almost not affected at all by 

different opening measures, whilst Office 3 and 4 experiences a small decrease in PTUO-value in the 

Opening 3 model compared to the two other models. However, this decrease is so small that it cannot 

really be accounted for as a scientific determined and proofed such. Office 3 and 4 experiences the lowest 

level of thermal comfort in these models as well, also in line with previous results. Another conclusion 

from these models is that the office with the maximum experienced PPD-value, Office 3, must not be the 

office with the highest level of PTUO, Office 4. 
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Figure 34: Percentage of thermally unsatisfied occupants in each office in the Opening 1-3 models. 

The overall PTUO-value for the Opening models are, in each simulation, higher than the Reference 

scenario, see Table 45. The increase in PTUO-values compared to the Reference scenario is very low in 

each case. Only the PTUO-value cannot therefore state that the opening of windows has a negative effect 

on the thermal comfort. However, it is possible to note that it seems like opening of windows 

independent on indoor and outdoor temperatures have a negative effect on both the thermal comfort and 

the energy usage. As the PTUO-value in the Reference scenario is above 10% and even higher in the 

Opening models it is not recommended to proceed with this measure in its existing shape.  

Table 45: Total percentage thermally unsatisfied occupants in the Opening 1-3 models. 

Model Total PTUO [%] 

Reference scenario 13.5 

Opening 1 13.6 

Opening 2 13.6 

Opening 3 13.6 

The carbon dioxide levels are slightly affected by the different openings of the windows. The maximum 

levels alters between 614 and 624 ppm. This is almost equal to the Reference scenario, with just a minimal 

decrease. It is hard to decide whether this decrease is due to the opening of the windows or dependent on 

any other unidentified variable. The most likely reason is probably that the openings reduce the amounts 

of carbon dioxide slightly. However, as with the previous models, this carbon dioxide level is well below 

the maximum recommended level. Due to this consideration there are no further investigations made in 

this matter. The air quality from this point of view is considered as sufficient.  
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Appendix V – The Ventilation Models 

The energy usage is divided into relatively equal shares in the three different models, see Figure 35-Figure 

37. The Ventilation 1 and 3 model experiences similar shares of energy usage, with the absolute values also 

being relatively comparable. The main difference is the lower energy usage for the Heating, Ventilation 

and Air-Conditioning (HVAC) system in the Ventilation 3 model compared to the Ventilation 1 model. 

There is a slightly higher energy use for district cooling in the Ventilation 3 model, probably because of 

the lower allowable temperature limit. The Ventilation 2 model has a lower energy usage for the HVAC 

system, indicating that with a carbon dioxide controller there is a possibility to reduce these operating 

hours. On the other hand, in order to still be able to regulate the temperature the use of district heating 

and mainly district cooling increases rapidly. 

 

Figure 35: Share of energy usage in the Ventilation 1 model. 

 

Figure 36: Share of energy usage in the Ventilation 2 model. 
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Figure 37: Share of energy usage in the Ventilation 3 model. 

The thermal comfort varies in the three different Ventilation models. The maximum PPD-values vary 

between 29 and 33%, see Table 46-Table 48. These maximum PPD-values all occur during February 

mornings. Once again, the highest PPD-values are experienced in Office 3 in all three models. The 

maximum PPD-values differ the most from the Reference scenario in the Ventilation 1 and 3 model. One 

reason for this could be the lower amount of heat supplied to the offices. However, less fresh air is 

supplied during November-February compared to the Reference scenario, which could compensate for 

some of the less district heating supplied during these months.  

Table 46: Experienced maximum PPD-values in the Ventilation 1 model. 

Ventilation 1  Maximum PPD [%] Time of Maximum PPD 

Office 1 29.3 February 15th  

08:05 

Office 2 29.8 February 15th  

08:05 

Office 3 33.5 February 12th  

08:00 

Office 4 32.2 February 18th  

08:17 
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Table 47: Experienced maximum PPD-values in the Ventilation 2 model. 

Ventilation 2  Maximum PPD [%] Time of Maximum PPD 

Office 1 29.3 February 15th  

08:07  

Office 2 30.0 February 12th  

08:05 

Office 3 32.9 February 12th  

08:05 

Office 4 31.6 February 12th  

08:05 

Table 48: Experienced maximum PPD-values in the Ventilation 3 model. 

Ventilation 3  Maximum PPD [%] Time of Maximum PPD 

Office 1 29.2 February 15th  

08:02 

Office 2 29.7 February 15th  

08:02 

Office 3 33.4 February 18th  

08:05 

Office 4 32.2 February 18th  

08:12 

The instant PPD-values varies in the four office rooms, but is almost kept constant between the different 

Ventilation models, see Table 49. During winter months the PPD-values are regularly kept above 20%. 

Office 2, 3 and 4 experiences almost the similar time periods of this high values, whereas Office 1 has a 

considerable shorter time period of these high levels of instant PPD-values. The PPD-values during the 

summer months are generally lower for a longer time period in Office 1 and 2 compared to Office 3 and 

4, where only part of June regularly are kept below PPD 10%. When comparing one office at a time it is 

clear that the controlling type for a VAV ventilation system does not really affect the instant levels of 

PPD-values.  
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Table 49: Variation in common PPD-values in the Ventilation 1-3 models. This does not indicate that the values always are 
above/below the specific limits, but it should rather be seen as an indication of common levels. 

 Ventilation 1 Ventilation 2 Ventilation 3 

Office 1 PPD>20% 

November-Half April 

 

 

PPD<10% 

May-August 

PPD>20% 

November-Half April 

 

 

PPD<10% 

May-August 

PPD>20% 

Half November-Half 

April 

 

PPD<10% 

May-Half September 

Office 2 PPD>20% 

Half September-April 

 

PPD<10% 

June-August 

PPD>20% 

Half September-April 

 

PPD<10% 

June-August 

PPD>20% 

Half September-April 

 

PPD<10% 

June-August 

Office 3 PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

Office 4 PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

PPD>20% 

September-Half May 

 

PPD<10% 

Most of June 

Even if the instant PPD-values are kept at relatively constant levels between the different Ventilation 

models, the PTUO-values varies a lot more, see Figure 38. Office 1 and 2 are more affected by the 

different ventilation types compared to Office 3 and 4 where the thermal comfort levels are more 

constant. There are no patterns between how the Ventilation 1 and 2 models affect the thermal comfort, 

as these levels vary between the different offices. The Ventilation 3 model has the lowest PTUO-values in 

all offices, indicating that a combination of temperature and carbon dioxide as ventilation controlling 

parameters are more effective. Office 4 experiences the lowest level of thermal comfort in all models, but 

as Office 3 has similar levels it is difficult to make a conclusion regarding which office that is the most 

critical one.  
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Figure 38: Percentage of thermally unsatisfied occupants in each office in the Ventilation 1-3 models. 

The overall PTUO-values for the three different Ventilation models varies as well, see Table 50. The 

Ventilation 1 and 2 models experience a higher level of unsatisfied occupants compared to the Reference 

scenario. On the other hand is the increased PTUO-value in the Ventilation 1 model very low compared 

to the Reference scenario wherefore it is difficult to with certainty state a lower level of thermal comfort. 

One reason for this could be the less cooling supplied, which is not always compensated by the VAV 

ventilation system. This results in higher peak temperatures within all offices. The Ventilation 3 model has 

a much higher level of experienced thermal comfort, indicating that a possibility of alternating the 

ventilation with both upper and lower temperature limits is effective. All PTUO-values are above the 

recommended maximum PPD-value of 10%, but as the Ventilation 3 model is a clear decrease compared 

to the Reference scenario this could be a suitable measure.  

Table 50: Total percentage thermally unsatisfied occupants in the Ventilation 1-3 models. 

Model Total PTUO [%] 

Reference scenario 13.5 

Ventilation 1 13.6 

Ventilation 2 14.5 

Ventilation 3 12.6 

The levels of carbon dioxide in the indoor air are in all three models below the maximum recommended 

value. However, compared to the Reference scenario the Ventilation 1 and 3 models have maximum levels 

of carbon dioxide much higher. The Ventilation 1 model experiences a maximum carbon dioxide level of 

817 ppm and the Ventilation 3 model 821 ppm. The Ventilation 2 model experiences a lower maximum 

carbon dioxide level than the Reference scenario, with a value of 543 ppm. This since the controlling 

ventilation variable is the amount of carbon dioxide in the indoor air. Even if the levels of carbon dioxide 

are increased in two of the models this is not considered and treated as an issue. The levels are still well 

below the maximum recommended such.   
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Appendix VI – The Schedule Models 

The different shares of energy usage within the three Schedule models are almost equal, see Figure 39-

Figure 41. The Schedule 1 model had a naturally increase in energy usage for the HVAC system, as a night 

ventilation system is operating. Compared to the Reference scenario there is a lowered use of district 

cooling in this model, indicating that the night ventilation is serving its purpose by reducing the cooling 

needs. The energy used for the HVAC system in the Schedule 2 model is only 60% of the energy used in 

the Reference scenario. On the other hand, the energy used for district cooling is higher. The Schedule 3 

model experiences a lower energy use for the HVAC system, but a higher amount of energy required for 

the district heating when comparing to the Reference scenario. These results indicate that a combination 

of a night ventilation system and reduced ordinary ventilation operating hours could be a suitable measure.  

 

Figure 39: Share of energy usage in the Schedule 1 model. 

 

Figure 40: Share of energy usage in the Schedule 2 model. 
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Figure 41: Share of energy usage in the Schedule 3 model. 

The level of thermal comfort varies somewhat between the three different schedule scenarios. Especially 

the experienced maximum level of PPD varies between the offices with a value ranging between 29 and 

34%, see Table 51-Table 53. Compared to the Reference scenario the lower maximum values are at the 

same range, whereas the highest PPD-values are increased. All these maximum levels occur during 

February mornings. In all three Schedule models the highest maximum PPD-value occurs in Office 3, 

which also is in line with previous investigations. The highest PPD-values are found in the Schedule 3 

model, probably due to the decreased ventilation operating hours. However, it is interesting to note that 

these values do not occur in the Schedule 2 model, the simulation with the least number of ventilation 

operating hours. One reason for this could be the higher indoor air temperatures when the fresh air flow 

is decreased.  

Table 51: Experienced maximum PPD-values in the Schedule 1 model. 

Schedule 1  Maximum PPD [%] Time of Maximum PPD 

Office 1 28.6 February 18th  

08:27 

Office 2 29.6 February 12th  

09:15 

Office 3 31.8 February 18th  

08:08 

Office 4 30.7 February 18th  

08:08 
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Table 52: Experienced maximum PPD-values in the Schedule 2 model. 

Schedule 2  Maximum PPD [%] Time of Maximum PPD 

Office 1 28.6 February 15th  

08:07 

Office 2 30.2 February 15th  

08:07 

Office 3 33.4 February 15th  

08:07 

Office 4 32.4 February 15th  

08:07 

Table 53: Experienced maximum PPD-values in the Schedule 3 model. 

Schedule 3  Maximum PPD [%] Time of Maximum PPD 

Office 1 30.4 February 15th  

08:11 

Office 2 31.1 February 15th  

08:11 

Office 3 34.1 February 12th  

08:00 

Office 4 32.9 February 12th  

08:00 

The instant PPD-values vary between the different offices, but follows a similar pattern, see Table 54. 

During the winter months the thermal comfort is much lower compared to the summer months. Office 2, 

3 and 4 experiences a longer time period of common PPD-values above 20% compared to Office 1. 

Generally, it seems like the Ventilation 1 model generates a longer period of high levels of PPD. This 

could indicate that May and/or September is too cold for providing night ventilation and that the 

occupants therefore are feeling cold during mornings. Other reasons could for example be the longer 

operational time of the ordinary ventilation, as the system provides fresh but colder air. June is the best 

month from a general thermal comfort perspective, probably due to higher outdoor temperatures, but not 

too high such. The indoor air temperatures can then be kept at a pleasant level. 
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Table 54: Variation in common PPD-values in the Schedule 1-3 models. This does not indicate that the values always are 
above/below the specific limits, but it should rather be seen as an indication of common levels. 

 Schedule 1 Schedule 2 Schedule 3 

Office 1 PPD>20% 

November-Half April 

 

 

PPD<10% 

May-August 

PPD>20% 

Half November-Half 

March and April 

 

PPD<10% 

May-Most of 

September 

PPD>20% 

Half November-Half 

March and April 

 

PPD<10% 

May-Most of 

September 

Office 2 PPD>20% 

Half September-April 

 

PPD<10% 

June-August 

PPD>20% 

October-April 

 

PPD<10% 

June-August 

PPD>20% 

October-April 

 

PPD<10% 

June-August 

Office 3 PPD>20% 

September-May 

 

PPD<10% 

Half June 

PPD>20% 

September-April 

 

PPD<10% 

Half June 

PPD>20% 

September-April 

 

PPD<10% 

Half June 

Office 4 PPD>20% 

September-Half May 

 

PPD<10% 

Half June 

PPD>20% 

September-April 

 

PPD<10% 

Most of June 

PPD>20% 

September-April 

 

PPD<10% 

Most of June 

The PTUO-values for each office vary somewhat, but are in general kept at relatively constant levels, see 

Figure 42. In Office 3 and 4 there are almost no change in PTUO-values between the different Schedule 

models. Office 1 and 2 experience smaller variations, where the best thermal comfort is experienced in the 

Schedule 2 model. This could indicate that too cold air in general is supplied to the rooms, making the 

occupant feeling unsatisfied when the ventilation system is running. This is interesting since this is the 

model with the least ventilation operating hours which could possibly provide bad air quality. However, 

this is not a part of the PTUO-evaluation wherefore such conclusions cannot be made. Office 4 

experiences a slightly lower level of thermal comfort on a yearly basis compared to Office 3, even if Office 

3 were the office with the highest maximum PPD-values.  
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Figure 42: Percentage of thermally unsatisfied occupants in each office in the Schedule 1-3 models. 

The overall PTUO-values for the three different Schedule scenarios varies somewhat, see Table 55. The 

Schedule 1 model, with night ventilation, has a somewhat higher PTUO-value than the Reference 

Scenario but as these values are so close to each other it is difficult to state that night ventilation is 

negative from a thermal comfort point of view. The best level of thermal comfort is experienced in the 

Schedule 2 model. Both the Schedule 2 and 3 models have PTUO-values below the Reference scenario, 

indicating that a reduced number of ventilation operating hours must not be negative from an occupancy 

opinion. As with the previous investigations, all PTUO-values are above 10% which could be seen as a 

recommended maximum level.  

Table 55: Total percentage thermally unsatisfied occupants in the Schedule 1-3 models. 

Model Total PTUO [%] 

Reference scenario 13.5 

Schedule 1 13.6 

Schedule 2 13.0 

Schedule 3 13.4 

The carbon dioxide levels vary in the three different scenarios. Naturally, the levels are higher when the 

ventilation operational times are reduced. The Schedule 1 model has maximum carbon dioxide levels very 

similar to the Reference scenario. In the Schedule 2 model on the other hand the maximum levels vary 

between 763 and 884 ppm. In the Schedule 3 model the maximum levels vary between 616 and 663 ppm. 

This indicates that a quite small reduction in operating hours has a large impact on the carbon dioxide 

levels. The difference in operating hours between the second and third models are only 1.5 hours per day. 

Even if the maximum carbon dioxide level in the Schedule 2 model is below the recommended 1000 ppm 

further investigations could be necessary prior reducing the operating hours that much. The possible 

presence of other airborne polluters should be investigated as well.   
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Appendix VII – The Heating/Cooling Models 

The different shares of energy usage are very similar in the three models, see Figure 43-Figure 45. The 

changing of temperature set points affect mainly the usage of district heating and district cooling, 

wherefore this is noted in these shares of energy usage. The Heating/Cooling 2 model has the smallest 

share of energy usage for district heating. This since this model has the widest allowable temperature 

range. The absolute value of energy used for district cooling is also considerable lower than the 

Heating/Cooling 1. The reason for this is the high cooling set point. The Heating/Cooling 3 model has a 

district cooling energy usage similar to the second model. This indicates that the majority of the district 

cooling is used during summer months, which also is in line with what can be expected.  

 

Figure 43: Share of energy usage in the Heating/Cooling 1 model. 

 

Figure 44: Share of energy usage in the Heating/Cooling 2 model. 
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Figure 45: Share of energy usage in the Heating/Cooling 3 model. 

The level of thermal comfort varies between the different models, and also between the four offices. The 

maximum PPD-values vary as well, see Table 56-Table 58. The maximum PPD-values differ somewhat, 

ranging from 30 to 35%, but all occurring at February mornings. These are higher values than in the 

Reference scenario, indicating that there are more extreme cases. This could be complemented with the 

fact that there are more than 3100 hours on a year, summed over all four offices, with an operative 

temperature above 25°C in each of the three models. This is more than 33% of all hours that the offices 

are in use. The Heating/Cooling 2 and 3 experiences more than 440 hours of an operative temperature 

above 27°C. This can be compared with the Reference scenario with 68 hours of an operative temperature 

above 25°C, and none above 27°C.  

Table 56: Experienced maximum PPD-values in the Heating/Cooling 1 model. 

Heating/Cooling 1 PTUO  

[%] 

Maximum PPD [%] Time of Maximum 

PPD 

Office 1 10.2 31.5 February 18th  

08:19 

Office 2 13.2 32.5 February 12th  

09:11 

Office 3 16.5 34.6 February 12th  

08:07 

Office 4 16.7 33.7 February 18th  

08:18 
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Table 57: Experienced maximum PPD-values the Heating/Cooling 2 model. 

Heating/Cooling 2 PTUO  

[%] 

Maximum PPD [%] Time of Maximum 

PPD 

Office 1 9.8 30.0 February 12th  

08:01 

Office 2 12.3 30.7 February 12th  

08:40 

Office 3 15.7 32.8 February 12th  

08:01 

Office 4 15.7 32.1 February 18th  

08:05 

Table 58: Experienced maximum PPD-values in the Heating/Cooling 3 model. 

Heating/Cooling 3 PTUO  

[%] 

Maximum PPD [%] Time of Maximum 

PPD 

Office 1 11.2 31.5 February 18th  

08:19 

Office 2 13.9 32.5 February 12th  

09:11 

Office 3 17.3 34.6 February 12th  

08:07 

Office 4 17.1 33.7 February 18th  

08:18 

The instant PPD-values vary between the three different Heating/Cooling models, see Table 59. There are 

similar patterns in each office, regardless of type of model. Even if the levels are following a similar 

pattern, it is clear that the heating and cooling temperature set points as well as expected clothing levels 

affect the instant PPD-values. Generally, the level of thermal comfort is lower during the winter months. 

During the summer period the offices experience a higher level of satisfied occupants. This time period is 

longer in especially Office 1. Office 3 experiences the least level of thermal comfort, with only parts of 

one months with PPD-values commonly below 10%. This is well in line with previous results.  
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Table 59: Variation in common PPD-values in the Heating/Cooling 1-3 models. This does not indicate that the values always are 
above/below the specific limits, but it should rather be seen as an indication of common levels. 

 Heating/Cooling 1 Heating/Cooling 2 Heating/Cooling 3 

Office 1 PPD>20% 

Half November-

February, Half March 

and April  

 

PPD<10% 

May-September 

PPD>20% 

Half November-

February  

 

 

PPD<10% 

May-October 

PPD>20% 

Half November-

February, Half March 

and April 

 

PPD<10% 

May, September 

Office 2 PPD>20% 

October-April 

 

PPD<10% 

May-August 

PPD>20% 

November-Half April 

 

PPD<10% 

May-September 

PPD>20% 

October-April 

 

PPD<10% 

May, July 

Office 3 PPD>20% 

September-April 

 

PPD<10% 

Most of June 

PPD>20% 

Half September-April 

 

PPD<10% 

Half August 

PPD>20% 

September-April 

 

PPD<10% 

- 

Office 4 PPD>20% 

September-April 

 

PPD<10% 

June 

PPD>20% 

Half September-April 

 

PPD<10% 

June-August 

PPD>20% 

Half September-April 

 

PPD<10% 

June, August 

The PTUO-values vary in the three different offices and models, see Figure 46. It is clear that the 

Heating/Cooling 2 model experiences the lowest amount of dissatisfied occupant, but this is also the 

model assuming that the occupant adapt to the current climate condition in a better way. Naturally, the 

Heating/Cooling 1 experiences a better thermal comfort than the Heating/Cooling 3 model, this since the 

temperature set points are closer to thermally comfortable ones. These results together indicate that the 

possibility for the occupants to contribute to their expected level of thermal experience is important. 

However, to implement such measures in reality need both knowledge and acceptance among the 

occupants. Without the greater possibility of changing clothing for the occupants the Heating/Cooling 2 

model would have experienced much worse. 
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Figure 46: Percentage of thermally unsatisfied occupants in each office in the Heating/Cooling 1-3 models. 

The overall PTUO-values in the Heating/Cooling models are relatively close to each other, see Table 60. 

The Heating/Cooling 2 model experiences the lowest amount of thermally dissatisfied occupants, but as 

previous discussed this is due to the wider possibility for the occupants to adapt the right clothing. The 

Heating/Cooling 3 model has a level of thermal comfort lower than the Reference scenario, wherefore 

this measure is not suggested. The Heating/Cooling 1 model experiences a higher level of thermal 

comfort than the Reference scenario, whilst the energy usage is decreased as well. The difference between 

the Heating/Cooling 1 and 3 levels are the upper temperature limits. It can be concluded that 26°C is a 

too high summer temperature set point with a clothing variation of 0.2 clo. These results indicate also that 

is could be very effective to inform the occupants about the changed heating and cooling set points and 

thereby reduce the energy usage and meanwhile increase the thermal comfort.  

Table 60: Total percentage thermally unsatisfied occupants in the Heating/Cooling 1-3 models. 

Model Total PTUO [%] 

Reference scenario 13.5 

Heating/Cooling 1 13.2 

Heating/Cooling 2 12.5 

Heating/Cooling 3 13.9 

The maximum levels of carbon dioxide are alternating between 615 and 625 ppm. These are values in line 

with what is experienced in the Reference scenario. These are expected results as the amount of fresh air 

supplied to the offices are not changed in the Heating/Cooling models. Since the occupancy density is 

kept at the same levels the amount of carbon dioxide is not changed as well. As with the previous cases 

with carbon dioxide levels in line with the Reference scenario, this is not further investigated or discussed. 

The air quality is from this point of view considered as sufficient.  
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