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Sammanfattning

Denna uppsats huvudsakliga mal har varit att simulera och utvardera forandringen mellan
inomhusklimatet idag och ar 2070 pa grund av klimatférandringarna. Den skapade modellen var
uppbyggd av delar valda utifrdn I6sningar och material som vanligtvis anvands vid byggandet av
smahus i Stockholmsregionen 2020. Detta har gjorts genom att utvardera statistik, litteratur, vanliga
metoder och byggregler. For att simulera ett representativt hus byggdes en modell i mjukvaran IDA
ICE. Modellen testades mot ett nuvarande och framtida utomhusklimat och déarefter utvarderades den
resulterande inomhusmiljon Det framtida utomhusklimatet har konstruerats genom prognoser
baserade pa scenarier som bestams av FN:s klimatpanel (IPCC). Hypotesen var att smahus som
byggds runt 2020 inte kommer att vara beboeliga ar 2070 p& grund av de 6kade
inomhustemperaturerna pa sommaren, och att forandringar kan goras for att bekampa denna
potentiella uppvarmning av inomhustemperatur.

Resultaten av simuleringarna visar att inomhusmiljon var starkt beroende av utomhusklimatet,
byggtekniken och designen. Vilket betyder att férandringar i byggnaden avseende design, stomme,
material och installationsteknik kommer att resultera i en férandring av inomhusmiljon. Fortsatt steg
inomhustemperaturerna i modellen 6ver acceptabla nivaer, oavsett framtida scenario. Flera andringar
och tillagg till modellen har darfor testats, for att undersdka om det kan leda till en sdnkning av den
maximala temperaturen under riktvardet, pa ett hallbart satt.

Ingen av de individuella forandringarna minskade temperaturerna under de acceptabla nivaerna for
alla scenarier samt anségs vara ett hallbart alternativ. Nagra mer héllbara andringar minskade
inomhustemperaturerna under riktvardet for de svalare scenarierna. Medan vissa mindre héllbara
modifieringar minskade temperaturerna under kravet for alla scenarier. En kombination av de mer
hallbara modifieringar testades ocks3, vilket sankte temperaturerna under troskelvardet for alla
scenarier, utom de tva mest extrema.

Det forandrade utomhusklimatet har stor inverkan pa den simulerade inomhusmiljon. Detta kan ses
som en stark indikation pa att den verkliga inomhusmiljon och termiska komforten fér smahus ocksa
kommer att paverkas i framtiden. Det ar svart att forutsaga huruvida smahus ar 2070 kommer att
betraktas som obeboeliga da det paverkas av manga variabler. Den simulerade inomhusmiljon kan
dock forbéattras genom att andra eller lagga till delar i modellen.



Abstract

In this thesis, the main objective has been to simulate and evaluate the change between the indoor
climate today and 2070, due to climate change. The model created was built by parts chosen based
on solutions and material commonly used when building single-family houses in the Stockholm region
in 2020. This has been done by evaluating statistics, literature, common practices, and building
requirements. To simulate a representative house, a model was built in the software IDA ICE where
present and future climates were inserted and the resulting indoor environment evaluated. The future
outdoor climate has been constructed through predictions based on scenarios determined by the
Intergovernmental Panel on Climate Change (IPCC). The hypothesis was that single-family houses
built in 2020 will not be habitable in 2070 due to the increased indoor temperatures in summer, and
that changes can be done to combat this potential warming.

The result of the simulations shows that the indoor environment was strongly dependent on the
outdoor climate, building design, and technique. Meaning that changes to the building, regarding
design, structure, material, and building services will result in a change in the indoor environment.
Furthermore, the indoor temperatures of the model increased above acceptable levels regardless of
future scenario. Several changes and additions to the model have, therefore, been tested to examine
whether they reduce the maximum temperatures below the threshold sustainably.

None of the individual changes reduced the temperatures below the acceptable levels for every single
scenario and was considered a sustainable option at the same time. Some more sustainable
modifications reduced the indoor temperatures below the threshold for the cooler scenarios, and some
less sustainable modifications reduced the indoor temperatures below the threshold for all scenarios.
A combination of more sustainable modifications was also tested, yielding a reduction in temperature
beneath the threshold for all scenarios except for the two most extreme.

The changed outdoor climate has a large effect on the simulated indoor environment. This could be
considered as a strong indication that the actual indoor environment and thermal comfort of single-
family houses will be affected as well. It is difficult to predict whether single-family houses in 2070 will
be considered unhabitable since it is determined by a wide range of variables. The simulated indoor
environment can, however, be improved by changing or adding parts to the model.
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Chapter 1

Introduction

This thesis has examined how the indoor environment may be influenced by the possible changes in
outdoor climate, due to changes in climate over a 50 year period.

It is a well-known fact that the climate is changing. According to the Intergovernmental Panel on
Climate Change (IPCC 2014), the global average temperatures have risen a great deal in the last
century and will most likely continue rising in the foreseeable future, mostly due to the emission of
greenhouse gasses. According to the Swedish Meteorological and Hydrological Institute (SMHI,
2020a), the mean temperature in Sweden has risen more than the global average in the last 30 years
and since 1988. All years except two have been hotter than the 1961-1990 average, with the last
summers on average being the hottest since 1860.

The average temperatures in Sweden will most likely keep on increasing even more than the global
average in the future due to the rapid warming of the Arctic. This will be evident in summers with
average temperatures in the Stockholm region rising from 15,4°C on average between 1961-1990 to
an average of 18,4°C to 20°C at the end of the century (Asp et al. 2015). Furthermore, the number of
days in a row with average temperatures exceeding 20°C will increase from 3 days in a row in 1961-
1990 to between 10 to 25 days in a row at the end of the century.

Houses built in Sweden today are designed to have a structural design working life of at least 50 to
100 years (SS-EN 1990:2002), but are built in and for today’s climate according to the Swedish
National Board of Housing, Building and Planning (Boverket 2018). This means that houses built today
are not designed for future climate changes even though they most likely will be exposed to them.

The main reason for constructing a building and creating a home is to ensure good thermal comfort
and for architectural qualities to be pleasant for the users. To protect the occupants from the outdoor
climate and enable thermal sensation without health complications could furthermore be the result of a
well-constructed house. This means that the thermal comfort indoors is partly based on the outdoor
climate conditions and the construction between indoor and outdoor spaces.

In our hectic and, in many cases, stressful life, many people today seek to improve the efficiency in
every moment. The productivity of the residents can be improved by designing the homes in the best
way possible when it comes to thermal comfort (Clements-Croome 2014). Due to the COVID-19
pandemic, it is possible to assume that more people will continue to work from home in the future,
meaning that homes will be used more as a workplace (Markelius 2021). Consequently, the
productivity of the occupants should be just as good in their homes that are designed for living and life
outside of work as at their previous workplace. Even though researchers disagree on how thermal
comfort is obtained, how it is defined, and how to measure it, the science within the area shows that it
is an important aspect to consider during the design phase and throughout the building’s lifetime. This
research has been presented in section 1.1.

As previously mentioned, more time will probably be spent at home. When people spend more time at
the same place, it is possible to feel that the space available is not enough and the will to have a
bigger home can increase. The possibility to do more things from home will also make people want a
bigger home with more potential for activities. This can be seen in Hemnet's (2020) report of the
search history in 2020. The increased usage of search words as “pool” and “terrace” shows that
homes with gardens or outdoor areas nearby have increased the demand for single-family houses.
Homes have become the centerpiece of families’ lives during 2020, because of restrictions in the
community as a result of the spread of COVID-19 (Byggvéarlden 2020). The demands set on the



standard of buildings are, therefore, higher and more precise than ever. Hemnet (2021a) also reports
an increased interest in new production during the last year, meaning that people are more willing to
buy recently built houses than before. It is also noticed by experts and analysts within the area, that
single-family houses are the objects with the highest increased selling prices on the market at the
moment (Maklarhuset 2020; Lansférsakringar Fastighetsférmedling, 2021). These sources collectively
show a large current interest in single-family houses that are built today, which is why it will be the
main object for discussion and evaluation in this thesis.

Since the future is unknown, this thesis will not end up with just one answer to the question “What will
happen in the future and how can we solve it?”. One can only speculate and investigate predictions of
the future climate, this work has, therefore, focused on a wide range of scenarios to cover more of the
possible outcomes of the future and to be able to look at different solutions and improvements of the
buildings built today.

Because the building sector is responsible for 40% of the total energy consumption and 36% of the
greenhouse gas emissions in Europe, only sustainable solutions should be implemented to make sure
not to harm climate development in the future (European Commission 2021). Even though the indoor
climate is affected by the outdoor climate and keeping a good enough indoor climate is the main
objective of the building, the environmental footprint and the future outdoor climate ought to be
considered. Implementing solutions that improve the indoor climate without considering its
environmental aspects might have a worsening effect on the indoor climate in the future due to the
increased climate impact. To clarify, the main reason to implement a solution would be to improve or
keep a good thermal climate that is economically possible, without a large negative impact on the
environment. By considering the social, economic, and environmental aspects of the implementation
of a suggested solution, it can be identified as a sustainable solution.

1.1 Background

Earlier research has been conducted within the area of knowledge and will be presented in this
section. Both similar investigations here in Sweden, but also results from studies of indoor
environments around the world.

Ambrose Dodoo and Leif Gustavsson (2016) conducted a study that included three different types of
multi-family houses in Vaxjo, Sweden. The study investigated whether the buildings’ thermal
performance would change in future climate scenarios, relative to the long-term historical and recent
climate. The three buildings differed in some aspects and the variations in thermal performance were
presented and discussed. The risk of overheating was investigated and various solutions, such as
solar shading, ventilation, and electricity supply options, were considered. All three houses had
dissimilar structures: prefab concrete-frame, massive timber frame, and a light timber frame. The
result presented in the report showed a significant difference when the same building in today’s and
historical climate was compared with the predicted future climate. Additionally, the authors concluded
that heating demands would decrease while cooling demand would increase with time, for all buildings
investigated. It was pointed out by the authors that the focus in the process of design and construction
sector in Sweden today is to lower the heating demand as this dominates the energy demand. This
study clarifies that strategies that lower the risk of overheating, but at the same time do not drastically
increase the cooling demand, should be implemented in the design phase. It is a crucial point in the
process of optimizing the building and restricting the impact on the environment and climate change.
The results presented in this study were quite clear and as the report states, studies regarding the
current building stock in Sweden are not that many or comprehensive.

An investigation of sleep quality has been made by Lan et al. (2014) to conclude whether room
temperature affects sleeping. The investigation was made by taking subjective answers from the
participants before and after sleeping and to assess physiological measurements of the subjects
during their sleep. The study included three different temperatures; 23, 26, and 30°C, and showed that



room temperature had an impact on the quality and experience of the participants’ sleep. In addition,
the study showed that the surroundings were experienced slightly warmer when participants walked
around compared to when sleeping at the same room temperature. For example, 23°C was
experienced uncomfortably cold when sleeping, but moderate when walking around.

In 2012, the World Health Organization (WHO 2012) published an assessment report from a project
which included conclusions, discussion, and a result of investigations of statistical data in combination
with academic research around environmental health inequalities It is clearly stated in the report that
the living conditions in homes affect both the physical and mental health. Since people spend quite a
lot of time at home, it is an important parameter to investigate. A variety of adverse respiratory
diseases, such as asthma, pulmonary infections, and allergies were put forward as potential
consequences when exposed to a bad indoor climate. Based on earlier researchers’ results within the
area, improvements in thermal comfort improves health — both mentally and physically.

One of several important factors in the indoor environment is the indoor temperature. Problems can
occur when it is too hot or too cold. These two factors, or problems, were discussed in the report
mentioned in the last paragraph. The inability to keep the building warm enough is a factor that could
have serious health consequences. It has been shown that premature deaths as consequences of
extreme winter temperatures occur in several European countries every year. Furthermore, non-fatal
cardiovascular and respiratory diseases have been linked to colder temperatures in buildings (ibid.).

In contrast to a cold home, the indoor environment could potentially be experienced as too warm.
Globally, the inability to keep the indoor environment cold enough is a larger problem than the ability
to keep it warm during colder months. This shows that the rising summer temperature will become an
even larger problem than previously experienced in Sweden (ibid.).

The additional investment cost is one argument against taking measures to prevent overheating or
wrongly set temperature inside, could be the initial costs. In a report by David Ormandy and Véronique
Ezratty (2012) it has been argued that the initial cost of, for example, extra insulation would be
covered by the savings on hospital cost due to an unhealthy indoor climate. Sick people would
accordingly cost society more than the cost of fixing the thermal performance of the buildings.

Petter Hellstrom (2018) conducted a study about one building at KTH Campus in Stockholm, and
tested the thesis of the correlation between indoor climate and productivity. This study included a
guantitative and qualitative investigation that mainly focused on the correlation between productivity
and the subjected evaluations of the indoor climate. The outcome of this study was that the calculated
thermal comfort was strongly connected to the subjective evaluation of productivity and the thermal
quality of the indoor climate, which could indicate, stated by the author, that thermal parameters have
a big influence when creating a productive workplace.

Better human performance can be supported and improved by better building performance which is
something that Derek Clements-Croome (2015) reflected on in his article. Clements-Croome stated
that the surroundings would, in some way, affect some humans more than others. He claimed that we
should, when designing buildings and indoor environments, aim to satisfy the most sensitive people
rather than the average preferences. The same author (2008) also wrote an article about how
changes in the thermal environment, more specifically the temperature, would change human
performance. The article presented results from several sources on how temperature and performance
are connected. Some relevant and important results presented in the report are that laboratory studies
reveal that a 10% increase in dissatisfaction decreases the performance by 1% and an increase in
indoor-air temperatures above 22°C by 1°C can roughly decrease the performance of office work by
1%.



There are numerous studies and sources which have concluded that the quality of our surroundings
will change and influence our behavior, mood, and motivation. This is strongly related to our motivation
to work or achieve different tasks, also known as productivity. Both Cao and Wei (2005) and Cui et al.
(2013) have carried out different studies and written reports showing this correlation.

Two studies published in Finland (Niemela et. al 2002) and Japan (Tanabe et. al 2009), investigated
productivity by measuring and evaluating the work in call centers. Both studies pointed out the
difficulties of quantifying the effects of the indoor environmental quality on the performance of people
because the performance and productivity were objectively unquantifiable. There were many ways to
define productivity as a concept, which made it difficult to measure. By analyzing the call frequency
and number of calls handled during a certain time, the productivity of the workers between different
indoor environments with different thermal quality could be compared. In the results from the
Japanese study, an increase in temperature by 1°C would result in a performance reduction of 1.9%.
The Finnish study showed that the productivity decreased 5-7% when the air temperature indoors
exceeded 25°C.

1.2 Objectives and hypothesis

This study aims to investigate whether buildings built today will still be habitable in the future and if
they are not, investigate what can be done to make them habitable. The stipulative definition of future
was created and set to 50 years since buildings built today are designed to have a working life of at
least 50 years. The stipulative definition of habitable was defined as thermal comfort which in itself
varies depending on air temperature, radiant temperature, air velocity, humidity, clothing insulation,
and metabolic heat (SS-EN ISO 7730:2006). Thermal comfort for a body is obtained when the loss of
heat to the environment is equal to the internal heat production. This thesis will however only focus on
temperature changes.

The main hypothesis tested in this study was: Due to climate change, single-family houses built in the
Stockholm region today will not be habitable in summertime 50 years from now, since the operative
temperatures (mean radiant and ambient air temperature) will be too high and, therefore, thermal
comfort too low. Sustainable changes to the building can however be done in order to increase the
thermal comfort to habitable levels. To test the main hypothesis, auxiliary hypotheses have to
establish according to the Duhem-Quine thesis (Griine-Yanoff 2020).

The formed auxiliary hypotheses for this project were:

e The climate will change according to the predictions.

e The Swedish demands for indoor climate will be the same in 50 years as they are now.
e Houses built today will stand for at least 50 years.

e The model is a sufficiently valid representation of the target.

1.3 Limitations
Some limitations have been made to be able to test the hypothesis with sufficient precision and
relevance. The limitations have been listed below:

e The thesis only examines changes in temperature between 2020 and 2070.

e The thesis only examines single-family houses in the Stockholm region.

e No in-depth economical evaluation has been done for the different solutions.

¢ Renovation needs have not been taken into consideration.

e Factors that could change the indoor environment other than the operative temperature have
not been examined and have therefore been held constant.



1.4 Research Methodology

To be able to answer the previously mentioned hypothesis, a case study and model experiment
containing simulation was used as the main method. This was performed with a software called IDA
Indoor Climate and Energy (IDA ICE), where a digital model of a house in Stockholm was created. IDA
ICE is a software where dynamic multi-zone energy simulations and calculations on thermal indoor
climate can be performed and presented with sufficient precision over time. This simulation tool
evaluates a building’s performance partly based on the user’s input of location and outdoor climate
(EQUA 2020). The intervention was, therefore, to change the outdoor climate by changing the input of
the climate file. Meaning that all the other factors could be held constant in all simulations.

One slightly different option to this method could have been to use another software than IDA ICE.
There are other similar programs available on the market for simulation, calculations, and estimations
of energy consumption and indoor climate. One such option could be to use Computational Fluid
Dynamics (CFD) software. One specific example of such is Autodesk CFD for architectural and MEP
applications (Autodesk n.d.a). The main use of this software is to predict the behaviour and
performance of fluids (liquids and gases). Which thereafter can be used to estimate or optimize energy
efficiency and indoor climate in all kinds of zones by examining the heat flow (Autodesk n.d.b).

When comparing IDA ICE with CFD-software, one should keep in mind that IDA ICE is developed to
simulate buildings and present energy consumption and indoor climate for the whole building,
concerning the outdoor climate (EQUA 2020). With this in mind, it can be argued that the needed input
for this purpose is enough for a sufficient estimation of the indoor climate and energy demand. When
gathering all wanted simulated results from the same software, background factors will be the same in
all cases and the different results will therefore only depend on the intervention done by the observer.
For this project, it is therefore useful to use IDA ICE, where all relevant results can be presented.

One weaker point of IDA ICE is the estimation of relative humidity (RH) indoors done by the software
(Widstrém 2019). The RH is not correctly estimated and due to the fact that this is a factor included in
the concept of thermal comfort and the quality of the indoor environment, this might lower the validity.
This estimation and calculation can be performed in a CFD-software and will therefore likely be more
accurate (Autodesk n.d.c). However, in SS-EN ISO 7730:2006 it is stated that the influence of relative
humidity, at moderate temperatures, close to thermal comfort, is relatively small. Meaning that
changes of the RH in an indoor environment will probably not have a large influence and the no-so-
accurate estimation of the software IDA ICE will then be good enough to evaluate the indoor quality.

Another possible method to test the hypothesis could have been to do an observational study on a
house in Stockholm and then compered the building technique with a house at a location with a
climate that is similar to the predicted climate in Stockholm 50 years from now. The energy would, in
this case, be quite hard to estimate. It is possible to calculate the performance, if the materials are
known or can be assumed with sufficient precision, with the help of proven phenomena and
knowledge in building physics. The indoor climate and thermal comfort would, in this case, be
evaluated and a comparison between both cases would have been conducted and conclusions could
have been drawn from that. Furthermore, to justify the second part of the hypothesis, a third house
would have had to be found and observed. This house should have been located in the same climate
as the second one, meaning different from the first one. In addition to that, the indoor climate had to
be good enough according to the standard. Then a comparison could have been done comparing the
differences in building technique and design to reach a conclusion of what changes can be done in
that specific climate.

With this in mind, the chosen methodology is considered to be a suitable way of testing the
hypothesis, making it possible to reject or increase the belief of the hypothesis being true.



1.5 Description of the Method

The following chapters have been arranged to follow the natural working process of developing climate
models and a representative house for determining the future indoor climate. Responsible for Chapter
1, 3, and 4 is author Julia Andersson and responsible for Chapter 2, 5, and 6 is author Fredrik
Larsson.

In Chapter 2, the present and future climate have been examined and decided through several steps
by first determining how the climate in Stockholm will develop and how the current climate should be
represented in an hourly climate file. In order to increase the probability that the decided future climate
actually will occur, a variety of scenarios have been presented. The hourly climate file was needed for
simulations in IDA ICE. Afterward, the hourly climate file was morphed according to the future
predictions to represent the future hourly climate.

In Chapter 3, a representative single-family house has been decided upon and modelled. The model
was optimized concerning its similarity and precision to the target. This was done by simulating the
model, and subsequently the energy demand was compared to the energy usage of the model with
building requirements, regulations, and data from similar buildings.

In Chapter 4, a framework for comparing the indoor environment between scenarios and to
governmental requirements has been decided to easily navigate between the scenarios and
modifications. The current indoor climate has, thereafter, been examined through this framework. The
outcome of these different simulations was reviewed in detail and the change in indoor climate was
carefully analysed.

In Chapter 5, various modifications to the model have been proposed and examined through the same
framework as in Chapter 4. Energy demand and energy consumption were also considered, mainly to
justify the model and compare the results with statistical data and to make sure that the proposed
solutions do not have the side effects of drastically increased energy consumption. From the outputs
of the simulation, conclusions were drawn according to the change of indoor climate, energy
performance, and possible changes to the design were thereafter discussed. The possible changes
were tested in the same original model in IDA ICE and evaluated to find whether they resulted in an
improved indoor climate, meaning an improvement of the operative temperature.



Chapter 2

Changes in the Outdoor Climate

2.1 Introduction

As previously mentioned, the climate is changing, and temperatures are rising both globally and
locally. These changes may have an impact on the indoor climate, especially in summers. This
chapter starts broadly with a brief explanation on how the climate is predicted to be changing globally,
and thereafter focuses on how this change is translated to a more local climate. Afterward, the method
part explains how these local climate changes have been converted and fitted to an hourly climate file
which was needed to calculate the indoor climate in IDA ICE.

2.1.1 Future climate scenarios

The IPCC (2014) has in its fifth Assessment Report (AR5) divided the possible future climate into four
different scenarios called Representative Concentration Pathways (RCP). These pathways are mainly
driven by economic activity, population size, energy use, lifestyle, technology, land use patterns,
climate policy, and are used to assess future impacts and adaptations. One scenario (RCP 2.6)
represents strict mitigation of greenhouse gases (GHG), two scenarios represent intermediate
emissions of GHG (RCP 4.5 and RCP 6.0), and one with high GHG emissions (RCP 8.5). The
numbers behind each RCP represent the net Radiative Forcing (RF) estimated to be absorbed by the
earth around the start of the next century, in the unit Wm2. A diagram representing these pathways
can be seen in Figure 1.
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FIGURE 1: A REPRESENTATION OF THE FOUR RCP-SCENARIOS (IPCC 2013).
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In the figure above, it can be seen what these four scenarios represent in terms of order and scale.
These four scenarios have been constructed with intents and events in mind, which SMHI (2018) and
Bjgrnees (2015) have gathered and summarized in a list that can be seen below.



RCP 2.6 — The COz2emissions peak around the year 2020

e The concentration of CO2 culminates around the year 2050 and decreases thereafter to near
400 ppm year 2100.

e The emission of CO: is negative in 2100.

e The emission of methane decreases by 40%.

e The area of agricultural land increases due to bioenergy production.

e No vast change in pasture land area.

e The earth’s population increases to 9 billion during the century.

e Decreased use of ail.

e Low energy intensity.

e A more powerful climate policy.

RCP 4.5 - The CO2z emissions culminates around the year 2040

e The earth’s population increases to slightly less than 9 billion.

e Lower areal needs for agricultural land due to larger harvests and changed consumption
patterns among other instances.

e Widespread afforestation programs.

e Higher energy intensity than RCP 2.6.

e A powerful climate policy.

RCP 6.0 — The CO2z emissions culminates around the year 2060

e The CO:emission reaches a level 75% above today’s levels and later decreases to a level
25% below today.

e Stabilized emission of methane.

e The earth’s population increases to just below 10 billion.

e The agricultural area increases but the pasture area decreases.

e Higher energy intensity than RCP 4.5.

e A large dependency on fossil fuels.

RCP 8.5 — Sustained high emission of CO2

e No added climate policy.

e High energy intensity.

e A large dependency on fossil fuels.

e The technological development towards increased energy efficiency continues, but slowly.

e The earth’s population increases to 12 billion leading to increased areas of agricultural and
pasture land.

e The emission of methane increases rapidly.

e The CO2 emissions have risen to three times the current amount around the year 2100.

The effect of the least and most extreme scenario can be seen in Figure 2 where the global average
surface temperatures increase with each scenario.
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FIGURE 2: CHANGE IN GLOBAL ANNUAL MEAN SURFACE TEMPERATURE RELATIVE TO 1986—2005 (IPCC
2013).

As can be seen in the figure above, all scenarios constructed by the IPCC, result in a rise in global
average surface temperature during this century.

2.1.2 Climate models for predicting the future climate

With the representative concentration pathways decided, global computational models can be created
to further calculate and determine the global effect of the increased GHG emission. These models,
also known as General Circulation Models (GCM), are according to SMHI (2020b) three-dimensional
representations of the land, oceans, atmosphere, and their interactions. The representation is based
on mathematical models describing the relationship between temperature, air pressure, humidity, and
wind to name a few. A global climate model divides the atmosphere into grids of 100-300 km squares,
and every known process inside and between the boxes is calculated iteratively for each RCP
(Sjokvist et al. 2015).

2.1.3 Downscaling of prediction

The global climate models mentioned above are just that, global, meaning that the model is a
representation of the global climate. This thesis, however, has aimed to determine the future indoor
climate of a building located in the region of Stockholm. This delimitation required a downscaling of
both the global model (dynamical downscaling) and the ability to fit the general result on a specific
hourly climate file for further conclusions through the simulation software IDA ICE (statistical
downscaling) (Moazami et. al 2019).



2.1.3.1 Dynamical downscaling

Because the resolution of global climate models can be between 100-300 km squares, information
would be lost when determining the future climate of a specific place. That is where the need for
higher resolution climate models becomes evident. These higher resolution models are called regional
climate models (RCM) and are based on the global climate model but with one specific region
simulated with higher precision (Sjokvist et al. 2015). The difference in resolution between a global
climate model and a regional climate model can be seen in Figure 3.

FIGURE 3: DIFFERENCE IN RESOLUTION BETWEEN A GLOBAL AND REGIONAL CLIMATE MODEL (SMHI 20208B).

2.1.3.2 Statistical downscaling

After a dynamical downscaling has been performed and depending on the time-frequency of the
climate model, a statistical downscaling can be performed to further improve the accuracy of a future
scenario. A statistical downscaling can be performed deterministically by morphing climate data,
where monthly future trends are fitted to existing hourly climate models, with the motive that the
morphed file represents both the future mean values and the future daily variance (Belcher, Hacker &
Powell 2005). A statistical downscaling can also be done stochastically, where future climate models
are based on a statistical analysis of existing climate data (Moazami et al. 2019).
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2.2 Method

2.2.1 The global climate models and dynamic downscaling

The regional model chosen for this thesis was RCA4, developed by SMHI's research center — Rossby
Centre. This model has been used to create accessible scenarios for Swedish regions based on data
from an ensemble of nine different global climate models to create a more robust result. This resulted

in nine different scenarios for each RCP with a grid size set for 50 km (Sjokvist et al. 2015). The RCP
6.0 has not been computed in this ensemble and will therefore not be further calculated or discussed.
The global models used can be seen in Table 1 and it can also be seen that only three of the models
were used for calculations of RCP 2.6.

TABLE 1: THE GLOBAL MODELS REPRESENTED IN THE ENSEMBLE (SMHI N.D.A).

Country | Institute GCM Source RCP | RCP RCP
2.6 4.5 8.5
Canada | CCCMA CanESM2 (Chylek et. al 2011)
France CNRM- CNRM-CM5 (Voldoire et al. 2012)
CERFACS
EU EC-EARTH EC-EARTH (Hazeleger et al. 2010)
France IPSL IPSL-CM5A-MR | (Dufresne et al. 2013)
Japan MIROC MIROC5 (Watanabe et al. 2011)
UK Hadley Centre | HadGEM2-ES (Collins et al. 2011)
Germany | MPI-M MPI-ESM-LR (Popke, Stevens & Voigt
2013)
Norway NCC NorESM1-M (Bentsen et al. 2013)
USA NOAA GFDL GFDL-ESM2M (Dunne et al. 2012)

The data from the ensemble can be collected at SMHI's (n.d.b) website where settings can be
adjusted to obtain the parameters wanted. Some of the possible parameters that can be selected are:

Area (world, Sweden, The Stockholm Region, etc.)

Scenario (RCP 2.6 to 8.5)

Season (winter, spring, summer, autumn)

Climate index (temperature, highest daily average temperature, etc.)

An example of the result obtained from the ensemble is displayed in Figure 4 below. The only
extractable outputs from this ensemble were differences in temperature and differences in length of
certain periods (growth season for instance), meaning that the only variable that could be manipulated
with some precision was dry-bulb temperature. Two other variables that can influence the indoor and
outdoor climate are wind speeds and relative humidity. According to SMHI (2019a), future changes in
wind speeds are hard to predict, and conclusions of whether they will change at all are, therefore, hard
to draw. Likewise, according to SMHI (2019b), the future change in relative humidity is hard to predict
since the absolute humidity and dry-bulb temperature are predicted to rise and could, therefore, cancel
each other out.
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2.2.2 Gathering of information from the models

According to SMHI (2015), small variations in input variables could result in substantial differences for
one model. It is therefore suggested to gather the same data from all nine models to decrease
variability and increase robustness as previously mentioned. The mean value of the ensemble should,
thereafter, be used to further increase validity and reduce deviations. The result of this can be seen in
Figure 4, where the mean value and differences are displayed through time.

Change in yearly average temperature in the Stockholm Region according to RCP 8.5

CoiMaximum difference between the nine
models

— Change in mean yearly temperature

@ 2020-2070 . 3

Temperature difference to the 1961-1990 average ['C|

1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year

FIGURE 4: CALCULATED CHANGE IN YEARLY AVERAGE TEMPERATURE (°C) IN THE STOCKHOLM REGION FOR
THE YEARS 1961-2100 COMPARED TO THE 1961-1990 AVERAGE.

The mean value shows some variations between the years, these variations should not be seen as
variations in climate, but instead, as variations in the ensemble (ibid.). The mean values should,
therefore, not be used to draw any short-term conclusions, but instead, for long-term trends. The
diagram could thus be simplified to reduce the risk of misunderstanding what the data supports. This
has been done by averaging the yearly results over a longer period which can be seen in Figure 5,
where a moving thirty-year average has been applied.
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Moving thirty-year average temperature in the Stockholm Region according to RCP 8.5
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FIGURE 5: CALCULATED MOVING THIRTY-YEAR AVERAGE TEMPERATURE (°C) IN THE STOCKHOLM REGION
FOR THE YEARS 1961-2100 COMPARED TO THE 1961-1990 AVERAGE.

With these changes done to the ensembile, it is possible to extract results for the statistical
downscaling. The values used for the downscaling were the difference of the 2070 and 2020 averages
for each set, except for one extreme scenario also being used for calculations. This scenario was used
to increase the range of future possible scenarios and, therefore, the probability that the future climate
fits into the range of scenarios. The scenario has also been used to more accurately represent
possible future heatwaves during summers since the data on the length of future heatwaves has a
great variation (Asp et al. 2015). The extreme scenario has been named “RCP 8.5 MAX” and is the
difference between the 2020 ensemble average and the maximum ensemble value for 2070. The
resulting scenarios analyzed were RCP 2.6, 4.5, 8.5, and 8.5 MAX.
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2.2.3 The chosen hourly climate file

Before a statistical downscaling could be performed on an hourly climate file, an actual file had to be
created. The climate file had to be representative of the present climate of Stockholm and, thus, a
typical meteorological year (TMY) was constructed for the years 2015-2020, where data of each year
has been collected from Sveby’s (n.d.) website. The TMY was constructed according to SS-EN ISO
15927-4:2005, meaning that a synthetic year has been constructed from the chosen years’ most
statistically representative months. A ranking of the parameters: dry bulb temperature, relative
humidity, solar radiation, and wind speed has been done for each month where the highest-ranking
month was considered to be the most statistically representative month for that parameter. These
parameters were then weighed against each other, according to Sveby (2016), where dry bulb
temperature and solar radiation each were considered as two times the weight of relative humidity.
The years chosen for each month can be seen in Table 2 where, for example, the most representative
January is the one from 2017. The effects of leap years have been removed in all instances meaning
that February 29™ has been removed to reduce its effect. The first and last eight hours of each month
have been changed through interpolation to assure a smoother transition between the months
according to the standard.

TABLE 2; THE DIFFERENT YEARS CHOSEN FOR EACH MONTH.

Month Most statistically representative year
January 2017
February 2016

March 2017

April 2017
May 2016
June 2018
July 2016
August 2018
September 2019
October 2018
November 2017
December 2019

The resulting TMY climate file contained hourly values for wind direction, wind speed, dry-bulb
temperature, relative humidity, total cloud cover, global horizontal irradiance, direct normal irradiance,
and diffuse horizontal irradiance. The hourly climate file dictating the outdoor climate in IDA ICE only
accepts values for wind direction, wind speed, dry-bulb temperature, relative humidity, direct normal
irradiance, and diffuse horizontal irradiance (Bring, Sahlin & Vuolle 1999). Cloud coverage and global
horizontal irradiance have, therefore, not been affecting the climate in IDA ICE.
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2.2.4 The statistical downscaling chosen

To create future climate files according to the RCP scenarios mentioned in section 2.2.2, the climate
file has been morphed. The variable changed to morph the file was dry-bulb temperature, as
mentioned earlier. It has been done in line with Belcher, Hacker & Powell (2005) and Chan (2011),
with the motive that the file should be morphed to not only represent the future mean temperature, but
also the future daily variance in temperature. This was done with both a shift and a stretch in
temperature.

The hourly dry bulb temperature (dbt) of 2070 is, according to Belcher, Hacker & Powell (2005),
determined by Equation 1. It consists of the present hourly dry-bulb temperature (dbto), the predicted
change in seasonal mean temperature (ATEMPm), a scaling factor for stretch (adbt,,), and the
present seasonal mean dry bulb temperature ((dbty),).

dbt = dbt, + ATEMP + adbt,, x (dbty, — (dbty)m) (1)

The scaling factor for stretch (adbt,,) can be seen in Equation 2 and consists of the predicted change
in seasonal minimum (ATMINm) and maximum (ATMAXm) temperature, and the present monthly mean
daily maximum ({(dbtgmax)m) @nd minimum ({dbt, .in)m) temperature. These can all be gathered from
either SMHI’s (n.d.b) scenario database described in sections 2.2.1 and 2.2.2 or the present climate
file mentioned in section 2.2.3.

ATMAX,,, — ATMIN,, @)

adbt,, =
m <dbt0 max )m - (dbto min)m

2.2.5 Justification of the chosen climate file

To justify the climate files chosen and calculated, they have been compared to the predicted resulting
climate, to verify whether the seasonal and yearly mean, maximum and minimum temperatures
correspond with the predicted ones. Furthermore, the climate files have been compared to three other
climate indexes, namely degree-days for heating, degree-days for cooling, and heatwave. Degree-
days for heating is the difference between the daily mean temperature and a threshold value of 17°C,
summed for a full year (Asp et al. 2015). If the mean temperature for a single day is 10°C, the degree
days for heating would be 7 degrees for that particular day. All those days are, thereafter, summed for
a year. If the mean temperature is higher than the threshold, it is counted as a zero. The degree days
for cooling works in the same way but for mean temperatures above the threshold of 20°C. If the mean
temperature for a single day is 25°C, the degree days for cooling would be 5 degrees. Heatwave is
defined as the number of days in a row with average temperatures exceeding 20°C. The indexes are
in the Stockholm region for RCP 4.5 and 8.5.
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2.3 Result

2.3.1 Resulting climate

The resulting average temperature difference between 2020 and 2070 can be seen in Table 3,
gathered from the information gained in section 2.2.2, where necessary values for each season and
scenario have been extracted to fit the equations of statistical downscaling.

TABLE 3: THE AVERAGE DIFFERENCE IN TEMPERATURE BETWEEN 2020 AND 2070 IN THE STOCKHOLM
REGION DEPENDING ON THE TYPE OF SCENARIO.

. Predicted Predicted
Predicted i .
. changein changein
changein
. seasonal seasonal
Scenario Season seasonal mean . .
maximum minimum
temperature
(ATEMP,,) temperature temperature
m (ATMAXn) (ATMINm)
Year 0,5 0,7 1,5
Winter 0,8 0,9 1,4
RCP 2.6 Spring 0,6 0,2 1,7
Summer 0,5 0,7 0,2
Autumn 0,4 0,7 0,4
Year 1,3 1,0 3,0
Winter 1,6 1,5 2,8
RCP4.5 Spring 1,4 1,2 3,4
Summer 1,0 1,0 1,2
Autumn 1,1 0,9 1,4
Year 2,2 1,8 5,6
Winter 2,7 2,3 5,4
RCP 8.5 Spring 2,2 1,7 4.4
Summer 1,9 1,8 1,8
Autumn 2,1 2,0 2,3
Year 3.4 4.8 10,7
Winter 51 4.6 10,6
RCP 8.5 MAX Spring 3,7 4,3 9,7
Summer 3,7 4,8 4,5
Autumn 3,8 4,5 51
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2.3.2 The resulting climate files

The resulting climate file used for simulations of today’s climate (dbt,) and for morphing the future
climate (dbt) based on the TMY 2015-2020 and the result from Table 3, can be seen in Figure 6
represented as the monthly mean for the hourly climate file of each scenario.

Montly mean temperature of today and for each scenario
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FIGURE 6: MONTHLY AVERAGE TEMPERATURE OF TODAY AND FOR EACH SCENARIO.

Figure 6 shows that the average temperatures will increase with every scenario and that the
temperature increases differently depending on the season. The difference between each scenario
and today’s temperature can be seen more clearly in Figure 7.

Difference in monthly mean temperature and the TMY 2015-2020
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FIGURE 7: DIFFERENCE IN MONTHLY MEAN TEMPERATURE BETWEEN EACH SCENARIO AND TODAY.
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2.3.3 Justification of the climate files chosen

To easily spot the difference between the resulting climate files and the predicted scenario, a similar
table as Table 3 is presented in Table 4, but with differences in temperatures. Differences larger than
1 degree have been highlighted in red.

TABLE 4. THE DIFFERENCE BETWEEN THE RESULTING CLIMATE FILES AND THE PREDICTED FUTURE CLIMATE.

. . Difference in Difference in
Difference in
seasonal seasonal
seasonal mean . o
maximum minimum
. temperature
Scenario Season temperature temperature
compared to the
. compared to the compared to the
predicted ; .
predicted predicted
change

change change
Year 0,0 0,0 -0,4
Winter 0,0 -0,3 -0,3
RCP 2.6 Spring 0,0 -0,5 -0,5
Summer 0,0 0,0 0,0
Autumn 0,0 -0,2 -0,2
Year 0,0 -0,2 -1,0
Winter 0,0 -0,4 -0,8
RCP4.5 Spring 0,0 -1,1 -1,0
Summer 0,0 -0,2 0,0
Autumn 0,0 -0,1 0,1
Year 0,0 0,0 -1,3
Winter 0,0 -0,8 -1,1
RCP 8.5 Spring 0,0 -1,1 -1,0
Summer 0,0 0,0 0,2
Autumn 0,0 -0,1 0,1
Year 0,7 -0,7 -2,1
Winter 0,0 -1,8 -2,1
RCP 8.5 MAX Spring 0,0 -3,8 -3,7
Summer 0,0 -0,7 -1,1
Autumn 0,0 -1,0 -0,9
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As can be seen in the table above, the mean temperatures were not deviating at all from the predicted
climate, just as supposed. However, the model does not fully represent the predicted changes in
maximum and minimum temperature for the two more aggressive scenarios (8.5 and 8.5 MAX). One
of the most accurately modeled seasons was summer, which is suitable for the overheating focus of

this study.

The climate files can, furthermore, be justified by comparing them to the climate indexes presented in
section 2.2.5. The predicted values have been presented by Asp et al. (2015). Table 5 displays these

comparisons.

TABLE 5: THE DIFFERENCE BETWEEN CALCULATED AND PREDICTED VALUES FOR FURTHER CLIMATE INDEXES.

Calculated value Predicted value from
from hourly climate Asp et al. (2015)
files
Today 3292
RCP 2.6 3120
Degree-daysfor | pep 45 2891 3223
heating
RCP 8.5 2615 2923
RCP 8.5 MAX 2107
Today 43
RCP 2.6 56
Degree-daysfor | pep 45 65 47
cooling
RCP 8.5 101 87
RCP 8.5 MAX 210
Today 4
RCP 2.6 4
Heatwave RCP 4.5 5 10
RCP 8.5 17 17
RCP 8.5 MAX 27

As can be seen in the table above, all calculated values were, somewhat, close to the predicted mean
values that originated from an ensemble of nine models. This means that there exists a deviation in
which the calculated values exist. Additionally, all predicted values exist in the span of the climate files.
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Chapter 3

The Representative House

3.1 Introduction

There are various solutions, designs and systems used when building single-family houses today.
People without professional knowledge or experience within the area of building techniques have a
quite large influence when designing their future homes. This means that the outcome of every house
in the building stock today can differ plenty. The building design of these types of buildings has
changed during the years, following the overall development of society and technical progress, but
also influenced by new knowledge within the area of building technique and design. To be able to
answer the research questions and test the hypothesis, a model representing the typical house built
today, with a system and solutions in line with the requirements has been created.

3.2 Method

The creation of a mirrored model of the representative house built today has been done by choosing
materials and solutions from a variety of sources which have been presented later on in the thesis.
The section below is divided into the different building parts, systems, and parameters that were
important for the validity of the model and the result. The sources have been a mixture of current
properties for sale on the market in the nearest area of Stockholm, combined with literature and
among current producers and professionals within the area of building techniques and energy
systems. Further justification of the model can be found in section 3.3.7 where values required results
from the simulations were compared to statistics and Swedish building regulations.

3.3 Result
3.3.1 Roof

The roof of the house has been constructed as a “cold roof” of the type saddle roof, meaning that the
outer half of the roof is uninsulated and at an angle of 27 degrees, while the other half is flat and
insulated. This part of the roof has an inclination of 27 degrees and the second half of the roof, the
isolated ceiling to the second level to the house is flat. This is the common solution for single-family
houses today which is why it has been chosen (Boverket 2010). The roof structure can be seen in
Table 6.

TABLE 6: MATERIAL IN THE ROOF STRUCTURE.

Material Thickness [mm]
Concrete tiles 32
Counter battens, 25x38 c/c 375 25
Battens, 25x23 c/c 450 25
Waterproofing membrane !
Tongued and grooved board 22
Wooden studs 220x70 C24, c/c 600 220
Light insulation 150
Wooden studs, 220x70 C24, with insulation c/c 600 220
Plywood 12
Gypsum 13
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3.3.2 Outer wall

The structure of the wall was in line with current producers of single-family houses on the market and
the heat transfer coefficient (U) of the entire wall structure was compared to building regulations, see
section 3.3.7. According to Boverket (2010), most facades of single-family houses are made of wood
and it has therefore been chosen for this building. The wall structure can be seen in Table 7.

TABLE 7: MATERIAL IN THE OUTER WALL STRUCTURE FROM INSIDE TO OUTSIDE.

Material (inside to outside) Thickness [mm]
Gypsum 13
Plywood 12
Wooden studs 70x45 with insulation C24 c/c 600 (installation layer) /0
PE-foil, vapor barrier 0.2
Wooden studs with insulation 195x45 C24 c/c 600 195
Wind breaking membrane, wind barrier 0.2
Battens 28x45 c/c 600 28
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Wooden facade

3.3.3 Windows

According to the Swedish window supplier Elitfénster, a trend of increased window area in the
production of single-family houses has been noticed. Even though a wall structure has a better heat
transfer coefficient than windows, an increased use of windows can be seen in the stock of villas in the
Stockholm region. The increased usage of windows will demand higher quality windows to fulfill the
energy consumption requirements and the development of a more sustainable living (Svantesson
2021).

The number of windows chosen for this model has been based on Boverket’s building regulations
(BFS 2011:6), which states that the window area should be at least 10% of the floor area, representing
a daylight factor of 1%. This has also been compared to data from Boverket (2010), where average
window areas have been collected. The window sizes have been chosen according to the floor plan
and previously mentioned average window areas. The size 0.8 m x 0.8 m has been chosen in all
rooms except the bathrooms and the laundry room, where smaller windows of 0.8 m x 0.5 m were
used. The window placement has been chosen to naturally follow the floorplan and symmetry in the
fagade was considered when possible. To further improve the validity of the model and the result of
the simulation the heat transfer coefficient has been tested against BFS 2011:6, see section 3.3.7.

3.3.4 Foundation and intermediate floor

The foundation has been constructed as a slab and consists of 250 mm extruded polystyrene with 120
mm of concrete on top, directly placed on a flat ground of gravel and macadam, which is a commonly
used solution for single-family houses in Sweden (Berg 2013). The flooring material chosen was
parquet for all rooms except the two bathrooms and the laundry room where clinker tiles were used.
Table 8 presents the construction of the foundation in, for example, the living room.
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TABLE 8: MATERIAL IN THE FOUNDATION.

Material Thickness [mm)]
Parquet flooring 15
Acoustic mat combined with a vapor barrier 3
Concrete 120

250

Extruded Polystyrene

The intermediate floor has been constructed with wooden beams (70x220 mm of C24) as the load-
bearing structure, with insulation in between. Underneath the load-bearing structure, a ceiling
consisting of battens and gypsum boards has been chosen. The flooring on the upper floor was similar
to the flooring on the entrance floor, see the previous piece about the foundation. The structure of the
intermediate floor can be seen in Table 9.

TABLE 9: MATERIAL IN THE INTERMEDIATE FLOOR STRUCTURE.

Materia Thickness [mm)]
Parquet flooring 15
Acoustic mat 8
Wooden beams with insulation, 220x70 C24, c/c 600 220
Battens 25x38 c/c 600 25
Gypsum 13

3.3.5 Floorplan and area

The chosen habitable area of the house has been based on sources about the average area of newly
built single-family houses in the Stockholm region. Swedish Energy Agency (Energimyndigheten 2020)
has reported that most single-family houses in the Stockholm region are 101-150 m? and Boverket
(2010) reported an average of 137 m? for buildings built between 2000-2005. Most of the buildings in
the same source consist of two floors, which is why the model has been constructed as a two-story
building. Furthermore, Statistics Sweden (Statistiska Centralbyran, SCB, n.d.) justify the chosen area
of 130 m?, where the most common range has been reported to be 111-130 m? for single-family
houses in the Stockholm region.

When it comes to the design of the rooms and floorplan, the chosen solution has been based on
current selling objects on the market and suggested floorplans from producers of single-family houses
in Sweden today. The floorplan was, thereafter, compared and adjusted to the standard for new
production (SS 91 42 21:2006). The house and the combination and number of rooms should be in
line with how many occupants the house is designed for. The number of occupants has been acquired
from SCB (n.d.). An additional source that was used to further justify the chosen floorplan for the
model was “Sé& byggdes villan” (Bjork, Nordling & Reppen 2015), which is a book including information
about how houses are built during different times in Sweden. All sources used support that the
floorplan created possibly could have been built in 2020, in the Stockholm region.
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The distribution of rooms has been presented in Figure 8. The entrance can be found in the north
close to the kitchen. On the first floor, one can find a kitchen, dining area, living room, bathroom,
laundry room, and a staircase leading up to the second floor. An additional door has been placed on
the living room’s east wall, to be able to reach a potential garden or terrace. On the second floor, two
bedrooms of the same size, a smaller bathroom, and a big second living room can be found. The outer
dimensions of the house are roughly 10,7 m long and 7,2 m wide, making the living area inside
approximately 130 m2. The floorplan is quite open and social, with bedrooms separated from the social
areas downstairs and placed in the north direction to avoid too much sun. The house has been
designed for three occupants, with social spaces designed for more. An illustration of the final model
of the house can be seen in Figure 9.
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FIGURE 8: CHOSEN FLOORPLAN FOR THE BUILDING

FIGURE 9: ILLUSTRATION OF THE HOUSE.
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3.3.6 Ventilation and heating system

Different systems for heating and ventilation can be used when planning and constructing a new
home, and some of the systems can be integrated to decrease the total energy demand. Looking at
current objects on the market within the nearest area of Stockholm, different solutions and
combinations can be identified (Hemnet n.d.). Producers of single-family houses have as their
“standard solution” in many cases chosen a heat pump, which can be combined with the ventilation or
geothermal heating if possible at the site.

According to Energimyndigheten (2020), the most common source for heating single-family houses
built after 2011 in the Stockholm region is electricity, both direct and indirect. The most common type
of electrical heating is a water-based system, which includes exhaust air heat pumps and air to water
heat pumps. According to Boverket (2010), the most common system for ventilation and heating is an
exhaust air heat pump. Suppliers of heating and ventilation systems, NIBE and IVT, are confirming this
data (Carlholmer 2021; Akesson 2021).

The chosen system for the model is an exhaust air ventilation system in combination with an exhaust
air heat pump that uses the heat from the exhaust air to heat the indoor environment again through
liquid floor heating and radiators. The distribution of the heat throughout the house is done with liquid
floor heating on the first floor and radiators placed underneath most windows on the second floor.
Exhaust valves for ventilation have been placed in the bathrooms, the laundry room, and the kitchen.
The kitchen fan is an additional separate exhaust duct. The supply valves have been placed on the
outer wall to let outdoor air into the house due to the pressure difference created by the ventilation
system. The supply valves have been placed in the living rooms and bedrooms. The placement of
valves and calculation of flow have been done according to BFS 2011:6 and Boverket’s old building
regulations (BFS 1998:38).

3.3.7 Justification of the model

To justify the model, different parameters have been compared to statistical data, regulations, and
requirements for new production of single-family houses in Sweden. This was done to make sure that
the particular model could have been built today, in real life, and that it is a representative house of
what is normally built in 2020. To improve the external validity, parameters as requirements for energy
demand and heat transfer coefficient for different building parts were found in BFS 2011:6. The
simulated energy consumption has also been compared with Energimyndigheten’s (2020) statistics of
energy consumption for newly-built single-family houses in 2018. The statistic shows that a normal
energy consumption for heating and domestic hot water is 59 kWh/m?, year (+8 kWh/m?, year), which
could be compared to our simulated value of 52 kWh/m?, year. When only observing water-based
systems with electricity as a source, the normal consumption is 40 kWh/m?, year (+8 kWh/m?2, year).
The simulated value for the energy consumption is located in the middle of these two statistical values
and could, therefore, be argued to be a good representation in terms of energy consumption.

The model has also been compared to statistics on energy for heating, domestic hot water, and facility
electricity which is 76 kWh/m?, year (8 kWh/m?, year) (ibid.). The simulated value of 79 kWh/m?, year
was close to this and within the deviation. BFS 2011:6 limits the allowed specific energy consumption
of single-family houses to 95 kWh/m?, year for this size of house and this location. The model’s
specific energy consumption has been calculated according to the equation described and presented
in BFS 2011:6, which outputs a value of 93 kWh/m?, year. To simulate and calculate the specific
energy consumption, a different climate file has been used. This climate file has been based on a TMY
for 1980-2010 which is supposed to be used when calculating the energy consumption of houses
today according to BFS 2011:6.
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Boverket (2010) has also provided statistical data for the heat transfer coefficient (U) of buildings built
between 2000 and 2005 in Sweden, which is the latest accessible data. The reported values have
been compared to the model values, see Table 10. Note that the heat transfer coefficients of the
building parts should be kept below the BFS 2011:6 limits.

TABLE 10: COMPARISON OF HEAT TRANSFER COEFFICIENT (U) FOR JUSTIFICATION OF THE MODEL.

Building Part BFS 2011:6 From Sources Model Values
Slab on ground 0.15 0.14 (Boverket 2010) 0.14
Outer wall 0.18 0.16 (Boverket 2010) 0.17
Roof 0.13 0.11 (Boverket 2010) 0.11
Window 1.2 1.0 (Svantesson 2021) 1.0

One additional parameter that has been checked was thermal bridges, which have been assumed to
be and set to “normal” in the simulation software. According to Sweden Green Building Council (SGBC
2020), thermal bridges could be assumed to be 30% of the transmission losses for the lowest level of
certification. This certification system has three levels; gold, silver, and bronze, and for the two lowest
levels, 30% can be assumed. For the highest level, the thermal bridges must be calculated further. For
this model, thermal bridges could be assumed to be approximately 30% for the representative house.
The model’s total thermal bridges were calculated to be 29.95% of the total transmission losses, which
further strengthened the validity of the model.
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Chapter 4

Indoor Environment

4.1 Introduction

As presented in Chapter 1, the indoor climate influences the way inhabitants feel and perform
throughout the day. To evaluate the indoor environment, an operationalization has been made and
limited to only assess operative temperature. This chapter aims to decide and simulate an acceptable
indoor environment. It has been done in the model established in Chapter 3, with the outdoor climate
established in Chapter 2. This has been done by first deciding what an acceptable indoor climate is,
and thereafter simulating and presenting the data for the present and future climate.

4.2 Method

4.2.1 Demands and definitions

The indoor climate can be evaluated according to the standard SS-EN ISO 7730:2006, where the
parameters Predicted Mean Vote (PMV) and Predicted Percentage Dissatisfied (PPD) are mainly used
to measure it. The PMV is calculated through a formula where the variables; air temperature, radiant
temperature, air velocity, humidity, clothing insulation, and metabolic heat, are used to determine the
average vote for a large group of people in the same environment. PPD is calculated through a
formula fully dependent on PMV and results in a prediction of the percentage of people dissatisfied
with the thermal environment. This thesis has focused on the change in dry-bulb temperature. Air
velocity, humidity, clothing insulation, and metabolic heat have, therefore, been held constant through
all simulations.

To get a result from the simulation, the built structure of the house should be complemented with
standardized user data (Sveby n.d.). This data ought to be in line with the chosen parameters and
user of the constructed representative house that the model is mirroring. However, as mentioned
before, the only parameter manipulated was dry-bulb temperature. Mainly because of that, the change
in indoor climate has been evaluated based on the change in operative temperature for every room.
Since other parameters that potentially could change the indoor climate were held constant in the
climate file, the effect of these have not been considered when evaluating the change for this case.
Other standardized user data has also been held constant in all the simulations.

The demand and guidelines of the indoor environment have been presented in BFS 2011:6 where
further information can be found in the Public Health Agency of Sweden’s (Folkhalsomyndigheten,
FoHM) advice concerning indoor temperature (FOHMFS 2014:17). The guidelines have been summed
up in Table 11 and apply for rooms where people reside more often than temporarily.

TABLE 11: GUIDING OPERATIVE TEMPERATURES.

Operative temperature Heating season Summer
Permanent 218°C 218°C
Short term <26°C <28°C
Long term <24°C <26°C

To assess the result of the simulations, the terms temporarily, short term, and long term must be
defined. The rooms where people reside more than temporarily were all except the laundry room and
the stairs, meaning that the operative temperatures in those two rooms have been neglected. Short-
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term has been defined as the number of continuous days with temperatures exceeding the threshold
value. The limit has been set to three days with the argument that the risk of health issues increases
noticeably for the elderly when the temperatures exceed 26°C for more than three days in a row
(FoHM 2015). Furthermore, SMHI (n.d.c) issue public messages when temperatures exceed 26°C for
three consecutive days and warnings when temperatures exceed 30°C for three or more consecutive
days due to increased stress on the human body.

4.2.2 Collection of data

The main method used to evaluate the indoor environment was to, as described in Chapter 1, build
the model in software IDA ICE. To be able to evaluate the indoor climate, or more precisely the
operative temperature, the temperature for all rooms was gathered from the simulation with the climate
file representing today’s climate and the climate files representing the predicted climate in the year
2070 for all four scenarios. These results have been presented in Table 12-16. To analyze and
evaluate the building in general, the worst room for maximum operative temperature, daily average
temperature, and days in a row was selected and has been presented in section 4.3.1.

4.3 Result

The tables that summarize the simulations have been presented below. Each table represents a
scenario, each row represents a room, and each column represents a targeted value mentioned in
section 4.2.1 To further simplify the tables, operative temperature has been shortened to T, and the
daily average operative temperature has been shortened to T,. Furthermore, to increase visibility, the
cells with values larger than the threshold have been highlighted red.

TABLE 12: RESULT FROM SIMULATION OF TODAY’S INDOOR CLIMATE.

Room Maximum Total number of days Maximum days in a row

T, T, T, > T, > T, > T, > T, > T, >

26°C | 28°C 26°C 26°C 28°C 26°C
’g Kitchen 26,8 | 251 6 0 0 3 0 0
é Bathroom 26,0 | 253 1 0 0 1 0 0
8 Livingroom 26,9 | 252 7 0 0 3 0 0
Bedroom 275| 259 9 0 0 3 0 0
é Master bedroom | 26,6 | 25,8 8 0 0 3 0 0
E& Bathroom 27,2 | 2577 11 0 0 3 0 0
Livingroom 27,3 | 25,98 9 0 0 3 0 0
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TABLE 13: RESULT FROM SIMULATION OF YEAR 2070"S INDOOR CLIMATE FOR RCP 2.6.

Room Maximum Total number of days Maximum days in a row

T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
é Kitchen 27,2 | 255 8 0 0 3 0 0
L'I'é Bathroom 26,3 | 25,6 3 0 0 2 0 0
8 Livingroom 27,3 | 257 8 0 0 3 0 0
Bedroom 280 | 264 14 0 1 4 0 1
é Master bedroom | 27,1 | 26,3 9 0 2 3 0 2
E& Bathroom 276 | 26,1 14 0 1 4 0 1
Livingroom 27,7 26,4 11 0 2 3 0 1

TABLE 14: RESULT FROM SIMULATION OF YEAR 2070"S INDOOR CLIMATE FOR RCP 4.5.

Room Maximum Total number of days Maximum days in a row

T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
S Kitchen 27,4 | 257 10 0 0 3 0 0
L‘é Bathroom 26,5 | 25,8 5 0 0 2 0 0
8 Livingroom 27,5 | 25,8 10 0 0 3 0 0
Bedroom 28,2 | 26,6 15 2 2 4 1 1
é Master bedroom | 27,2 | 26,4 11 0 2 4 0 2
E{ Bathroom 27,8 | 26,3 19 0 2 5 0 1
Livingroom 27,7 | 26,6 12 0 3 4 0 2
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TABLE 15: RESULT FROM SIMULATION OF YEAR 2070"S INDOOR CLIMATE FOR RCP 8.5.

Room Maximum Total number of days Maximum days in a row

T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
é Kitchen 28,0 | 26,3 12 0 2 4 1 1
L'I'é Bathroom 27,0 | 26,3 7 0 3 3 0 2
8 Livingroom 28,1 | 26,4 16 2 3 5 1 2
Bedroom 28,8 27,2 20 4 3 4 3 2
é Master bedroom | 27,9 | 27,0 13 0 3 4 0 2
E{ Bathroom 28,4 | 26,8 22 4 4 6 2 2
Livingroom 285 | 27,1 18 3 5 5 2 2

TABLE 16: RESULT FROM SIMULATION OF YEAR 2070"S INDOOR CLIMATE FOR RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row

T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 29,4 | 27,7 28 6 8 11 3 4
E Bathroom 28,5 | 27,8 17 4 9 5 2 4

5

8 Livingroom 295 | 27,9 30 6 8 11 3 4
Bedroom 30,6 | 28,8 41 9 11 11 3 4
§ Master bedroom | 29,8 | 28,9 28 6 11 8 3 4
E{ Bathroom 30,0 | 28,5 36 7 10 12 3 4
Livingroom 30,0 | 28,6 42 9 14 23 4 5
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4.3.1 Summary and comparison
To create a clear and structured summary and comparison of the results from the different scenarios,
the largest value for every column in the tables above has been presented in Table 17. This was done
to evaluate the house and discuss potential improvements. The weakest part of the house should be
considered first and by improving the worst room, the house will most likely improve overall as well.

TABLE 17: SUMMARIZING TABLE FOR THE MAXIMUM VALUES FROM TABLE 12-16.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,5 | 25,98 11 0 0 3 0 0
RCP 2.6 28,0 | 27,0 14 1 4 4 1 2
RCP 4.5 28,0 | 27,0 14 1 4 4 1 2
RCP 8.5 28,8 | 27,2 22 4 5 6 8 2
RCP 8.5 MAX 30,6 | 28,9 42 9 14 23 4 5

Table 18 display the energy consumptions of 2020 and all four scenarios for the year 2070. The total
value in the table differs from section 3.3.7, since lighting and equipment have not been displayed in

the table since there is no difference in these between the scenarios.

TABLE 18: ENERGY CONSUMPTION OF THE REFERENCE HOUSE.

[KWh/m?] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
HVAC aux 2,8 2,6 25 2,3 2,1
Electric 151 14,9 14,6 14,1 13,2
heating

Top up 28,5 25,1 21,2 16,7 8,7
heating

Total 46,3 42,6 38,2 33,1 24,0
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Chapter 5

Improvements to the Building

5.1 Introduction

As seen in the results for the various scenarios presented in Table 17, there exists a correlation
between the indoor climate and outdoor climate, and depending on scenario, the temperatures inside
rise to high levels over long periods. Additionally, the temperatures and days in a row with high
temperatures exceed the threshold in all future climate scenarios. This chapter focus on reducing the
future indoor temperatures and heatwaves to levels beneath the threshold in a sustainable way.
Different solutions have, therefore, been tested to investigate the possibility of implementation to
prevent an unwanted negative change of the indoor climate.

5.2 Method

The same main method as used in Chapter 4 of using IDA ICE to simulate the indoor environment has
been used in this chapter. Starting with the reference house and its result presented in Chapter 4, a
selection of different modifications to the design and building physics have been implemented to the
model. The new model has thereafter been simulated with the same climate files described in Chapter
2 to easily investigate whether the modifications have worsened or improved the indoor climate. The
output from the simulations can be found in Appendix 1-11 and in section 5.3 where a summary and
comparison to the reference house has been presented.

5.3 Result

In this section, three tables for each tested solution have been presented. The first table presents the
new highest operative temperatures and longest periods for every scenario simulated, similar to Table
17, where values above the threshold have been highlighted red.

The second table presents the difference between the values generated by the modified house and
the reference house. Meaning that if the modification yields cooler temperatures or fewer days with hot
temperatures than the reference, the table will display the difference as negative, and this will further
be shown with green highlights. If the modification yields higher temperatures or longer periods, the
cells will be highlighted red. The first table was used to investigate whether the purposed solution
yields temperatures and periods lower than the threshold. The second table indicates whether the
purposed solution yields better results than the reference house.

The third table displays the energy performance and difference between the modified house and the
reference house. The only values presented were the summary of HVAC aux, Electric heating, Top-up
heating, and cooling since the other parts have not been affected by the changes. The difference was,
thereafter, taken and presented as kWh/m?, year. Red cells indicate increases in energy consumption,
and green cells indicate decreases in energy consumption, compared to the reference house’s energy
performance, described in Chapter 4.
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5.3.1 External shading

5.3.1.1 Drop arm awning covering all windows
This modification utilizes drop arm awning as external shading. These were placed on all windows and
were drawn according to a macro that shades the windows whenever it was hit by direct sunlight.
However, the macro was only active between the 15 of April to the 30™ of September, because the sun
should be considered as beneficial to the energy consumption in wintertime. See a summary of the
result in the tables below. The complete result can be found in Appendix 1.

TABLE 19: SUMMARY OF WORST VALUES WITH DROP ARM AWNING.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,3 | 25,8 8 0 0 3 0 0
RCP 2.6 27,8 | 26,3 11 0 2 4 0 1
RCP 4.5 28,0 | 26,5 14 0 2 4 0 1
RCP 8.5 28,6 | 27,0 18 4 4 4 & 2
RCP 8.5 MAX 30,5 | 28,6 40 9 11 11 4 5

TABLE 20: DIFFERENCE BETWEEN REFERENCE HOUSE AND IMPLEMENTING DROP ARM AWNING.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
Today -0,2 -0,2 -3 0 0 0 0 0
RCP 2.6 -0,2 -0,1 -3 -1 0 0 -1 -1
RCP 4.5 -0,2 -0,1 -5 -2 -1 -1 -1 -1
RCP 8.5 -0,2 -0,2 -4 0 -1 -2 0 0
RCP 8.5 MAX -0,1 -0,3 -2 0 -3 -12 0 0
TABLE 21: ENERGY CONSUMPTION FOR THE DROP ARM AWNING.
[KWh/m?, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Reference 46,3 42,6 38,2 33,1 24,0
Modified 46,9 43,1 38,6 33,5 24,3
Difference 0,6 0,5 0,4 0,4 0,3
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5.3.1.2 Larger roof overhang and adding cantilever roof

This modification was completely passive, and it was essentially an extension of the roof and an
installation of cantilever roofs halfway up the building, see Figure 10. This has been done to maximize
shading of the fagade in summer when the solar height is high and minimize it in wintertime when it is
low. The overhang for both the cantilever and regular roof was 1 m on all sides. The cantilever roofs
were placed at the same height as the intermediate floor and covered the perimeter of all facades
except the northern one. See a summary of the result in the tables below. The complete result can be
found in Appendix 2.

FIGURE 10: ILLUSTRATION OF THE HOUSE WITH EXTENDED OVERHANG OF ROOF AND ADDED CANTILEVER
ROOF

33



TABLE 22: SUMMARY OF WORST VALUES WITH LARGER ROOF AND CANTILEVER ROOF.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,3 | 25,9 8 0 0 3 0 0
RCP 2.6 279 | 26,3 11 0 1 4 0 1
RCP 4.5 28,1 | 26,5 13 1 2 4 1 1
RCP 8.5 28,7 | 27,1 18 4 4 4 & 2
RCP 8.5 MAX 30,5 | 28,6 40 9 10 11 4 5

TABLE 23: DIFFERENCE BETWEEN REFERENCE HOUSE AND IMPLEMENTING ROOF OVERHANG AND CANTILEVER

ROOF.
Scenario Maximum Total number of days Maximum days in a row
TO 7_10 TO > TO > To > TO > TO > 7_10 >
26°C 28°C 26°C 26°C 28°C 26°C
Today -0,2 -0,1 -3 0 0 0 0 0
RCP 2.6 -0,1 -0,1 -3 -1 -1 0 -1 -1
RCP 4.5 -0,1 -0,1 -6 -1 -1 -1 0 -1
RCP 8.5 -0,1 -0,1 -4 0 -1 -2 0 0
RCP 8.5 MAX -0,1 -0,3 -2 0 -4 -12 0 0
TABLE 24: ENERGY CONSUMPTION FOR ROOF OVERHANG AND BALCONY.
[KWh/m?, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Reference 46,3 42,6 38,2 33,1 24,0
Modified 47,9 44,0 39,5 34,2 24,9
Difference 1,6 1,4 1,3 1,1 0,9
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5.3.2 Windows

5.3.2.1 New windows

One possible solution tested was to change all the windows to better ones available on the market.
The window tested was a window produced by Pilkington in their SunCool series, which was
developed specifically to prevent overheating due to too much solar heat gain (Pilkington n.d.).
Meaning that the values for solar radiation and daylight transmission were changed in the model. In
addition, the chosen window had a lower heat transfer coefficient (U) of 0.5 W/m2K, but the value for
the frame and frame fraction was still the same. The new total heat transfer coefficient for the window
was therefore 0.64 W/m?2K. The solar heat gain coefficient (G) was changed from 0.6 to 0.24 and the
solar transmittance (T) was changed to 0.21 from 0.4. See a summary of the result in the tables below.
The complete result can be found in Appendix 3.

TABLE 25: SUMMARY OF WORST VALUES WITH NEW WINDOWS.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,1 | 25,6 7 0 0 3 0 0
RCP 2.6 276 | 26,1 8 0 1 3 0 1
RCP 4.5 27,8 | 26,2 11 0 1 4 0 1
RCP 8.5 28,4 | 26,8 14 3 3 4 2 2
RCP 8.5 MAX 30,2 | 28,3 34 8 9 11 3 4

TABLE 26: DIFFERENCE BETWEEN REFERENCE HOUSE AND IMPLEMENTING NEW WINDOWS.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 04 | 04 -4 0 0 0 0 0
RCP 2.6 -04 | -0,3 -6 =1 -1 =11t =l =
RCP 4.5 -04 | -04 -8 -2 -2 -1 -1 -1
RCP 8.5 -04 | -04 -8 -1 -2 -2 -1 0
RCP 8.5 MAX -04 | -0,6 -8 -1 -5 -12 -1 -1

TABLE 27: ENERGY CONSUMPTION FOR IMPLEMENTING NEW WINDOWS.

[KWh/m?] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Reference 46,3 42,6 38,2 33,1 24,0
Modified 47,4 43,7 39,3 34,0 24,9
Difference 1,1 1,1 1,1 0,9 0,9

35



5.3.2.2 Changed position of current windows
This modification covers moving all windows placed on the south wall to the west and east wall. The
same window area as before has been used with a dissimilar distribution between the walls. The

windows have been placed to match the floor plan. See a summary of the result in the tables below.
The complete result can be found in Appendix 4.

TABLE 28: SUMMARY OF WORST VALUES WITH CHANGED POSITION OF WINDOWS.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 279 | 26,1 16 0 1 4 0 1
RCP 2.6 28,4 | 26,5 19 4 3 5 2 2
RCP 4.5 28,6 | 26,7 22 4 4 6 2 2
RCP 8.5 29,2 | 27,3 26 6 6 6 3 3
RCP 8.5 MAX 30,9 | 28,9 48 17 16 23 4 5

TABLE 29: DIFFERENCE BETWEEN REFERENCE HOUSE AND CHANGING POSITION OF CURRENT WINDOWS.

Scenario Maximum Total number of days Maximum days in a row
TO 7_10 TO > TO > To > TO > TO > 7_10 >
26°C 28°C 26°C 26°C 28°C 26°C
Today 0,4 0,1 7 0 1 1 0 1
RCP 2.6 0,4 0,1 5 3 1 1 1 0
RCP 4.5 0,4 0,1 3 2 1 1 1 0
RCP 8.5 0,4 0,1 4 2 1 0 0 1
RCP 8.5 MAX 0,3 0 6 8 2 0 0 0
TABLE 30: ENERGY CONSUMPTION FOR CHANGED POSITIONS OF CURRENT WINDOWS.
[KWh/m?, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Reference 46,3 42,6 38,2 33,1 24,0
Modified 47,4 43,7 39,3 34,1 24,7
Difference 1,1 1,1 1,1 1,0 0,7
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5.3.2.3 Using the windows for night-ventilation

This modification utilizes the cooling potential at night in summers. Some windows were opened when
there was a need for cooling inside, and a cooling potential outside. The windows equipped with these

macros were windows that maximize the cross-breeze potential. See a summary of the result in the
tables below. The complete result can be found in Appendix 5.

TABLE 31: SUMMARY OF WORST VALUES WITH NIGHT VENTILATION.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,0 | 251 5 0 0 3 0 0
RCP 2.6 275 | 25,6 5 0 0 3 0 0
RCP 4.5 28,1 | 25,9 7 1 0 3 1 0
RCP 8.5 28,7 | 26,6 10 2 3 4 1 2
RCP 8.5 MAX 30,8 | 28,3 24 7 6 7 & 4

TABLE 32: DIFFERENCE BETWEEN REFERENCE HOUSE AND IMPLEMENTING NIGHT-VENTILATION.

Scenario Maximum Total number of days Maximum days in a row
TO 7_10 TO > TO > To > TO > TO > 7_10 >
26°C 28°C 26°C 26°C 28°C 26°C
Today -0,5 -0,9 -6 0 0 0 0 0
RCP 2.6 -0,5 -0,8 -9 -1 -2 -1 -1 -2
RCP 4.5 -0,1 -0,7 -12 -1 -3 -2 0 -2
RCP 8.5 -0,1 -0,6 -12 -2 -2 -2 -2 0
RCP 8.5 MAX 0,2 -0,6 -18 -2 -8 -16 -1 -1
TABLE 33: ENERGY CONSUMPTION FOR IMPLEMENTING NIGHT-VENTILATION.
[KWh/m?, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Reference 46,3 42,6 38,2 33,1 24,0
Modified 46,5 42,8 38,3 33,2 24,2
Difference 0,2 0,2 0,1 0,1 0,2
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5.3.3 Ventilation System

5.3.3.1 Change of ventilation system to a balanced ventilation system

In this modification, the central air handling unit (AHU) has been changed from an exhaust AHU with
liquid heat recovery, to a balanced AHU with an air-to-air heat recovery system. The recovery system
was set to have an efficiency of 85%. Furthermore, all rooms with outdoor fresh air supply valves have
been provided with an air supply connected to the AHU. Since the liquid heat recovery has been
removed, the base heating has been changed to an air-to-liquid heat pump. The output and coefficient
of performance (COP) have, however, been unchanged to reduce the number of variables. See a
summary of the result in the tables below. The complete result can be found in Appendix 6.

TABLE 34. SUMMARY OF WORST VALUES WITH BALANCED VENTILATION SYSTEM.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C

Today 27,4 | 25,9 12 0 0 3 0 0
RCP 2.6 279 | 26,3 15 0 1 4 0 1
RCP 4.5 28,1 | 26,5 19 0 3 5 0 2
RCP 8.5 28,7 | 27,0 22 4 5 6 2 2
RCP 8.5 MAX 30,6 | 28,8 41 9 13 23 4 5

TABLE 35: DIFFERENCE BETWEEN REFERENCE HOUSE AND IMPLEMENTING BALANCED VENTILATION.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
Today -0, | -0, 1 0 0 0 0 0
RCP 2.6 -0,1 -0,1 1 -1 -1 0 -1 -1
RCP 4.5 -0,1 -0,1 0 -2 0 0 -1 0
RCP 8.5 -0,1 | -0,2 0 0 0 0 -1 0
RCP 8.5 MAX 0 -0,1 -1 0 -1 0 0 0
TABLE 36: ENERGY CONSUMPTION FOR IMPLEMENTING BALANCED VENTILATION.
[KWh/m2, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Reference 46,3 42,6 38,2 33,1 24,0
Modified 30,1 27,9 25,5 22,8 24,3
Difference -16,2 -14,7 -12,7 -10,3 0,3
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5.3.3.2 Change of constant airflow to variable airflow

In this modification, the central AHU has the same features and specifications as in section 5.3.3.1
with one exception. The airflow, which used to be continuous, has now been modified to be variable
depending on the temperature and COz-levels inside. Meaning that the AHU can vary the airflow from
0.3to 7 I/s, m2. See a summary of the result in the tables below. The complete result can be found in

Appendix 7.

TABLE 37: SUMMARY OF WORST VALUES WITH VARIABLE AIRFLOW.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 28,0 | 26,1 20 0 1 5 0 1
RCP 2.6 28,2 | 26,3 24 2 5 6 1 2
RCP 4.5 28,2 | 26,5 27 3 5 6 2 3
RCP 8.5 28,7 | 27,1 33 5 8 8 & 3
RCP 8.5 MAX 30,5 | 28,6 56 14 18 24 4 4

TABLE 38: DIFFERENCE BETWEEN REFERENCE HOUSE AND IMPLEMENTING BALANCED VENTILATION WITH

VARIABLE AIRFLOW.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 0,5 0,1 9 0 1 2 0 1
RCP 2.6 0,2 -0,1 10 1 & 2 0 0
RCP 4.5 0 -0,1 8 1 2 1 1 1
RCP 8.5 -0,1 | -0,1 11 1 & 2 0 1
RCP 8.5 MAX -0,1 | -0,3 14 5 4 1 0 -1

TABLE 39: ENERGY CONSUMPTION F

OR IMPLEMENTING BALANCED VENTILATION WITH VARIABLE AIRFLOW.

[KWh/m?, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Reference 46,3 42,6 38,2 33,1 24,0
Modified 24,2 22,3 20,4 18,3 15,8
Difference -22,1 -20,3 -17,8 -14,8 -8,2
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5.3.4 Insulation

5.3.4.1 Added insulation
For this modification, 295 mm of extra insulation have been added to the exterior walls. Same
properties as the current insulation have been used in this case. The added layer was placed on the
outside of the current layer of 195 mm of insulation. The result of the difference has been presented
below. See a summary of the result in the tables below. The complete result can be found in Appendix

8.

TABLE 40: SUMMARY OF WORST VALUES WITH ADDED INSULATION.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C

Today 27,4 | 25,9 15 0 0 4 0 0
RCP 2.6 279 | 26,3 18 0 2 5 0 1
RCP 4.5 28,0 | 26,4 21 1 3 6 1 2
RCP 8.5 28,7 | 26,9 24 5 5 6 & 2
RCP 8.5 MAX 30,5 | 28,8 47 9 13 24 4 5

TABLE 41: DIFFERENCE BETWEEN REFERENCE HOUSE AND IMPLEMENTING MORE INSULATION.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > Ty > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
Today -0,1 -0,1 4 0 0 1 0 0
RCP 2.6 -0,1 -0,1 4 -1 0 1 -1 -1
RCP 4.5 -0,2 -0,2 2 -1 0 1 0 0
RCP 8.5 -0,1 -0,3 2 1 0 0 0 0
RCP 8.5 MAX -0,1 -0,1 5 0 -1 1 0 0
TABLE 42: ENERGY CONSUMPTION FOR IMPLEMENTING MORE INSULATION.
[KWh/m?, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Reference 46,3 42,6 38,2 33,1 24,0
Modified 37,9 34,7 31,2 27,2 20,3
Difference -8,4 7,7 -7,0 -5,9 -3,7
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5.3.4.2 Less insulation
For this modification, the thicker insulation layer of 195 mm was removed from all exterior walls. The
only layer of insulation remaining in the construction was the insulating layer of 70 mm mineral wool

which also includes installations such as electricity and plumbing. See a summary of the result in the
tables below. The complete result can be found in Appendix 9.

TABLE 43: SUMMARY OF WORST VALUES WITH LESS INSULATION.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,8 | 26,2 12 0 2 4 0 1
RCP 2.6 28,4 | 26,7 15 4 3 4 2 2
RCP 4.5 28,6 | 26,9 18 5 3 5 3 2
RCP 8.5 29,3 | 27,6 26 7 8 8 & 4
RCP 8.5 MAX 31,3 | 29,3 46 15 16 24 4 5

TABLE 44: DIFFERENCE BETWEEN REFERENCE HOUSE AND IMPLEMENTING LESS INSULATION.

Scenario Maximum Total number of days Maximum days in a row

T, T, T, > T, > T, > T, > T,>28°C | T,>26°C

26°C 28°C 26°C 26°C
Today 0,3 0,2 1 0 2 1 0 1
RCP 2.6 04 | 0,3 1 3 1 0 1 0
RCP 4.5 04 | 0,3 -1 3 0 0 2 0
RCP 8.5 0,5 0,4 4 3 3 2 0 2
RCP 8.5 MAX | 0,7 0,4 4 6 2 1 0 0
TABLE 45: ENERGY CONSUMPTION FOR IMPLEMENTING LESS INSULATION.
2

[kWh/m?, yr] Today RCP 2.6 RCP 4.5 RCP85 | RCP 8.5 MAX
Reference 46,3 42,6 38,2 33,1 24,0
Modified 80,5 74,6 67,6 59,2 43,5
Difference 34,2 32,0 29,4 26,1 19,5
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5.3.5 Cooling system

In this case, air conditioning units have been added to the house to improve the thermal comfort
inside. The units have been placed in the living rooms, kitchen, and bedrooms upstairs. Different units
and systems could be used to remove heat but would result in different energy consumptions and
different times to reach the required indoor climate. The result presented below is an example of units
with an energy efficiency ratio (EER) of 6,3 and a maximum effect of 3,4 kW, which can be found on
the market today when searching for units suitable for this floor area. For this simulation, all the
windows have been closed with the assumption that the users will not have the windows open and use
the air conditioning at the same time. See a summary of the result in the tables below. The complete
result can be found in Appendix 10.

TABLE 46: SUMMARY OF WORST VALUES WITH AIR CONDITION.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C

Today 24,7 | 24,3 0 0 0 0 0 0
RCP 2.6 24,7 | 24,3 0 0 0 0 0 0
RCP 4.5 24,7 | 24,3 0 0 0 0 0 0
RCP 8.5 24,7 | 24,3 0 0 0 0 0 0
RCP 8.5 MAX 248 | 24,4 0 0 0 0 0 0

TABLE 47. DIFFERENCE BETWEEN REFERENCE HOUSE AND IMPLEMENTING AIR CONDITIONING.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
Today -2,8 -1,7 -11 0 0 -3 0 0
RCP 2.6 -3,3 -2,1 -14 -1 -2 -4 -1 -2
RCP 4.5 -3,5 -2,3 -19 -2 -3 -5 -1 -2
RCP 8.5 -4,1 -2,9 -22 -4 -5 -6 -3 -2
RCP 8.5 MAX -5,8 -4,5 -42 -9 -14 -23 -4 -5
TABLE 48: ENERGY CONSUMPTION FOR IMPLEMENTING AIR CONDITIONING.
[KWh/m?, yr] Today RCP 2.6 RCP 45 RCP 8.5 RCP 8.5 MAX
Reference 46,3 42,6 38,2 33,1 24,0
Modified 47,4 441 40,1 35,7 28,1
Difference 1,1 1,5 1,9 2,6 4,1

42




5.3.6 Combination of earlier presented modifications
Sometimes modifications can be combined to reach full potential, which is something that has been
tested in this section. When combining modifications, it is important to make sure that the different
types do not work against each other. In this section, a combination of improvements has been tested.
The changes done to the model in this combined solution were extended overhang of the roof and
cantilever roof (see section 5.3.1.2), new windows (see section 5.3.2.1), night ventilation (see section
5.3.2.3), and lastly, added insulation (see section 5.3.4.1). See a summary of the result in the tables
below. The complete result can be found in Appendix 11.

TABLE 49: SUMMARY OF WORST VALUES WITH COMBINED SOLUTION.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C

Today 27,0 | 24,7 5 0 0 3 0 0
RCP 2.6 275 | 25,1 5 0 0 3 0 0
RCP 4.5 27,7 | 25,3 6 0 0 3 0 0
RCP 8.5 28,5 | 25,9 9 2 0 3 1 0
RCP 8.5 MAX 299 | 27,4 20 7 4 6 & 2

TABLE 50: DIFFERENCE BETWEEN REFERENCE HOUSE AND IMPLEMENTING THE COMBINED SOLUTION.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > Ty > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
Today -0,5 -1,3 -6 0 0 0 0 0
RCP 2.6 -0,5 -1,3 -9 -1 -2 -1 -1 -2
RCP 4.5 -0,5 -1,3 -13 -2 -3 -2 -1 -2
RCP 8.5 -0,3 -1,3 -13 -2 -5 -3 -2 -2
RCP 8.5 MAX -0,7 -1,5 -22 -2 -10 -17 -1 -3
TABLE 51: ENERGY CONSUMPTION FOR IMPLEMENTING THE COMBINED SOLUTION.
[KWh/m?, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Reference 46,3 42,6 38,2 33,1 24,0
Modified 39,5 36,4 32,6 28,4 21,6
Difference 6,8 6,2 5,6 4.7 2.4
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Chapter 6

Discussion

6.1 Changed outdoor climate

As can be seen in the result of Chapter 2, the temperatures in the Stockholm region will most likely
keep on rising regardless of the scenario chosen. This is one of the reasons for displaying multiple
scenarios of the possible future climate, because there is a wide range of possibilities that all depend
on how the world, as a whole, acts to combat the increase in greenhouse gas emissions. No one
knows what the future holds or what path will be taken. This is one of multiple reasons for adding the
fourth and most extreme scenario (RCP 8.5 MAX) to the number of possible scenarios. That scenario
might not be the most probable over a whole year in 2070, but it can be a representation of a summer
with longer heat waves. The scenario could further be a good representation of a year closer to the
end of the century since most houses probably stand longer than 50 years.

The scenarios are important factors for deciding the future climate, but the impact of these can only be
somewhat predicted by the implementation of global and regional circulation models. The reliability of
the results depends on the reliability of the models, scenarios and climate files they were built on,
meaning that choosing global and regional models could have a fairly large influence on the absolute
numbers of the result. This has been taken into consideration when choosing models, which is why,
for example, the average of an ensemble of nine models has been chosen to increase the validity of
the results.

Another variable determining the absolute value of the future climate file, is the chosen present climate
file. If the hourly temperature changes in the present file, the hourly value in the future file will roughly
vary with corresponding degrees. That is why the significance of a representative climate file is of
importance and why a typical meteorological year was constructed of the latest years.

The morphing of the final hourly climate file into a future climate file can be done in various ways,
returning various results. The method chosen delivered four morphed climate files with fairly small
differences to the predicted climate scenarios when focusing on the most important months, namely
the summer months. To further justify the morphing method, the four morphed climate files were
compared to three other climate indexes for the predicted climates in which all fall into the span of the
morphed files.

6.2 The representative house

Many factors could change the result of these simulations, one of them being the studied house. The
building consists of many parts with even more alternative modifications that would change the
outcome of these kinds of simulations. To be able to create a complete house to study, many choices
of systems and materials had to be made. These choices have been based on statistics, research,
facts, and requirements that support the chosen solutions. Meaning that there exist other solutions that
could have been used in the same situation, which would have achieved the targeted values in the
requirements. With this in mind, it can be argued that the studied house could be built around 2020,
but do not represent all houses built today, just a percentage of them presented together in a complete
house.

The option for people without professional knowledge of building design or building techniques to
create and design their own house today makes the variation on the market quite large, hard to
predict, and to cover with one building. Therefore, every part of the construction must be evaluated,
chosen separately, and then tested together concerning the regulations. Section 3.3.7 show that it
would be possible to build this house, with all parts set together, today, when considering the
requirements and data for energy consumption. If materials and systems were to be changed, the
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result would of course also change, but the results in this thesis are based on the same original house.
Meaning that the proportions showing in the result of the indoor environment and the outcome of the
improvements can be used for discussion and conclusions with well-founded arguments.

6.3 Indoor environment

As described before, the indoor environment will be influenced by more parameters than solely the
operative temperature, but the operative temperature has been argued to have a big influence on the
experienced thermal comfort of the occupants. As presented in Chapter 1, the operative temperature
will affect the feel and productivity of inhabitants, making this an important parameter to investigate.
However, high temperatures do not automatically indicate a low thermal comfort, it is rather an
indication that the comfort could be low. For example, there may exist shorter periods where both
temperatures and air velocities are high, which might have a counterbalancing effect. The threshold
values of the operative temperatures decided could have been different. This, however, would not
have changed the actual result of the simulations but merely the discussion around the values.

The result of the simulations shows that the building designed in Chapter 3 with the 2020 outdoor
climate of Chapter 2, passes the threshold values decided on for every room in the house. For RCP
2.6 and 4.5, however, all rooms on the bottom floor passed the threshold but not the upper floor.
Further, none of the rooms in RCP 8.5 and 8.5 MAX passed the threshold. The energy demand
decreased with each scenario probably because each scenario is warmer than the other.

6.4 Improvements to the building
6.4.1 External Shading

Different solutions using external shading were tested to evaluate the difference and the possibility to
improve different parameters during the critical months without worsening the energy demand.

6.4.1.1 Drop arm awning covering all windows

The addition of drop arm awnings has resulted in lower overall temperatures probably due to the
shading. The addition has, however, increased the overall energy performance and not lowered the
temperatures below any threshold. The increased energy performance is likely due to the electrical
motors controlling the sunshades. This implementation requires an initial cost for purchasing,
mounting, and wiring. Furthermore, maintenance and electricity will be a recurring cost throughout its
lifetime which is something to consider for both economic and ecological sustainability. A benefit this
implementation brings beyond the lowered temperatures is its flexibility, the awnings can be drawn or
raised depending on the user’s desire. The drawback of this flexibility is reliability where parts might
break if not used correctly or simply by ware.

6.4.1.2 Larger roof overhang and adding cantilever roof

The larger roof and added cantilever roof have resulted in lower temperatures for all scenarios
probably due to the shading potential it gives. The implementation has, however, not lowered the
temperatures below the threshold values for the future scenarios and can therefore not be seen as a
sole solution to the overheating problem. Furthermore, the implementation increases the energy
consumption compared to the reference house probably due to shading in wintertime. The energy
performance will likely increase in real life since the cantilever roof contributes to a thermal bridge.
This implementation requires a high initial cost for purchasing and constructing, but afterward, the
recurring cost for maintenance should be lower than for active solutions. Another profit this
implementation brings is that it shelters the fagade and windows from rain and sunshine, reducing
these eroding forces. It can furthermore be seen as a sustainable modification to the building as it is
completely passive, reduces indoor temperatures, and is of low maintenance.
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6.4.2 Windows

6.4.2.1 New windows

The modification with new windows specifically designed to minimize the solar heat gain has resulted
in better values in all rooms. This was considered as an advantage and could be considered as an
option to improve the house. The negative aspect is the increased energy consumption, as can be
seen in Table 25. This was probably since that the house loses the incoming solar heat during
wintertime, making the demand for heating larger during the colder months than before, resulting in an
increased total energy demand.

The benefit of active external shading was that it could be removed to absorb the “free heat” during
heating season, which was not an option when changing the windows to reflect the sunlight. This
disadvantage makes the modification better to combine with other options that could compensate for
this increased energy consumption. It is probably possible to purchase windows with an even better
heat transfer coefficient (U) to minimize the risk of an increased energy consumption. This will then
probably be a question of economics with a potential higher initial investment. One option to reduce
that cost could be to only change the windows that are the most exposed to sunshine and possibly
select a cheaper alternative for the more shaded parts. This could be in different latitudes or if there is
external shading in the garden around the house, for example, trees or other buildings, where regular
windows can be used to lower the initial costs. The geometry of the house will also influence where
there is more sunlight reaching inside.

6.4.2.2 Changed position of current windows

Lowered temperatures could not be noticed by changing the position of the windows. The window
area has been kept the same and the difference in position was small due to the small surrounding
area of the house, making the possible placement windows quite limited. With a larger house, the
facade area for possible window placement would be larger and could possibly influence the operative
temperature inside. Another option could be to remove some unnecessary windows entirely instead of
rearranging them. That would probably lead to a decreased energy usage since the overall mean heat
transfer coefficient (U) would decrease due to increased wall area and reduced window area.

6.4.2.3 Using the windows for night-ventilation

The implementation of nighttime ventilation reduces the temperatures a great deal and can potentially
be seen as a sole solution for the overheating problem in RCP 2.6. It could further be discussed if the
thermal comfort of the inhabitants increases more than what can be seen in the reduced temperatures.
The ventilation does in fact increase the air velocity, which is a variable in the thermal comfort
equation as stated earlier. Night ventilation does, however, increase the energy usage, which is
probably due to the automation installed. It requires an initial cost of mounting, wiring, and testing, and
it will probably require maintenance and compatibility updates throughout its lifetime. Another benefit
of implementing night ventilation macros is that it is almost invisible. However, this modification has
been done by opening the windows which could be a security problem for instance. The modification
does, fortunately, not have to be implemented on windows, it could for instance be implemented on
smaller hatches or ducts instead.

6.4.3 Ventilation system

6.4.3.1 Change of ventilation system to a balanced ventilation system

The change of ventilation system brought mixed results, the temperatures did decrease but not by
much, and the number of hot days increased for some scenarios. The energy consumption was,
however, reduced for all scenarios except the most extreme one, possibly due to the higher efficiency
air-to-air heat exchanger. The reason why the energy consumption increased in RCP 8.5 MAX might
be because although the efficiency of the air-to-air heat exchanger is higher it has little to no benefit in
summertime when temperatures are high enough. The air-to-water heat exchanger does, however,
heat the consumable hot water in summers as well, making it useful all year round. A balanced
ventilation system comes with a higher initial cost than an exhaust system, but since the energy
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consumption is reduced, it might pay itself off after some years. Further benefits are that other factors
of the air can be controlled when the inlet is controlled, such as temperature, humidity, and
cleanliness.

6.4.3.2 Change the constant airflow to variable airflow

The implementation of adding control over the airflow did not improve the temperatures, but it did
reduce the energy consumption more than for the constant airflow. This is probably because the
ventilation is reduced to a level below the constant airflow when ventilation is not needed. The initial
cost does, however, probably increase with this modification compared to the constant airflow. This
since each room with ventilation also needs sensors that measure the carbon dioxide and
temperature. Further, the automation and air handling unit probably cost more as well. But there might,
however, exist a break-even point for this modification as well.

6.4.4 Insulation

6.4.4.1 Added insulation

When adding insulation, the maximum temperature decreased some, but the number of days in a row
with hot temperatures increased. Probably because added insulation causes less heat flow through
the wall, resulting in less heat entering the building but further causing extended containment periods.
This modification by itself might not be optimal, due to the increase of days with higher temperatures,
but to lower the maximum average temperatures, this could be considered an option. In addition to the
improved temperatures, the energy consumption decreased, strengthening the argument for adding
insulation being a sustainable improvement. This even though adding insulation entails a high initial
cost and an increased material usage.

6.4.4.2 Less insulation

When observing warmer climates, it is possible to conclude that less insulation would be needed to
reduce the highest peaks in temperature, since it is a common sight closer to the equator. With the
results presented it can be determined that such a conclusion would be false. The maximum
temperature was not reduced, and the energy consumption increased dramatically, probably due to an
increased heating demand during wintertime. Just because the climate might become warmer,
Stockholm will probably still have a relatively high heating demand. The maximum temperatures were
higher than for the reference house, and the combination with the drastically increased energy
consumption have made this a poor modification to improve the indoor climate sustainably.
Additionally, with that drastically increased energy demand, the building would possibly not be
permitted due to the strict energy requirements.

6.4.5 Cooling system

The implementation of a cooling system was dependent on the actual units and components of the
system. It was possible to reach low enough temperatures for quite dramatic weather conditions, but
the sustainability aspect should carefully be considered. Firstly, the efficiency of the system varied
some and was mostly dependant on the initial cost, making it a question of economical sustainability. It
can be seen in Table 48, that the difference in energy consumption between the modified house and
the reference house increased with warmer scenarios, even though the heating demand decreased.
The results further indicate that the difference in energy consumption would increase with time when a
cooling system was installed compared to the reference house, even if the proportions would differ
depending on the efficiency of the system and units installed. There exists a risk that the increased
energy consumption exceeds the energy requirements of BFS 2011:6. If that would be the case, more
modifications will have to be done to lower the consumption beneath the requirements.

The consideration of economical sustainability is important throughout its lifetime because of the
technical knowledge needed and potential maintenance. In addition to economic and environmental
sustainability, social sustainability should also be considered. For this case, the units were installed in
several rooms, which probably changed the interior appearance. The visual appearance and
discretion are, in many cases, dependant on the price, which shows that the three parts of

47



sustainability often is connected and dependent on each other. For example, a more expensive
system could have a more discrete implementation and appearance.

6.4.6 Combination of earlier presented modifications

This final modification was a combination of an extended overhang of the roof and cantilever roof, new
windows, night ventilation, and added insulation. The separate changes have been discussed above,
and together they reduce the maximum temperatures, periods of heatwave, and at the same time,
reduce the energy consumption. As mentioned earlier, the absolute energy consumption depends on
initial conditions, but a trend can be seen in the result making it clear that the indoor environment
could be improved with these passive strategies without drastically increasing the consumption. The
combined modification could be seen as a solution to the overheating problem for RCP 2.6 and 4.5,
and with some adjustments possibly even RCP 8.5. When comparing the combined modifications to
the installation of a cooling system, it can be seen that the combination reduces the energy
consumption and improves the maximum indoor temperatures, unlike the air conditioning that reduces
temperatures in exchange for higher energy consumption. All these changes do, however, most likely
come with a higher initial cost than air conditioning, which might be the reason for many owners taking
that route. Furthermore, these combined modifications require knowledge in multiple different areas
unlike the instalment of most air conditioning units.

As stated in Chapter 1, a reduction of the operative temperature as shown in Table 50 can make a
difference in the wellbeing of the occupants, and also the risk of other health issues. Trends of an
increased cooling demand and decreasing heating demand have been identified from the results and
are in line with the conclusion drawn in the studies presented in section 1.1. Meaning that the trend of
future increased temperatures will continue, as well as the risk of a worsened wellbeing and health of
inhabitants.
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Chapter 7

Conclusion and future research

The main hypothesis tested in this thesis has been discussed and concluded in the following
paragraphs.

As can be seen in Chapter 2, the climate both globally and regionally will become warmer, the only
guestion is - at what pace? Furthermore, it can be seen in Chapter 4 that this, most probably, has a
large effect on the simulated indoor environment of a model built on statistics of houses built today.
The simulated indoor environment could be considered as a strong indication that the actual indoor
environment and thermal comfort of single-family houses will be affected as well. It is difficult to predict
whether single-family houses in 2070 will be considered unhabitable, since it is determined by a wide
range of variables. But thermal comfort is one of the variables and operative temperature a large part
of thermal comfort. Since the operative temperature increases, there is a risk of future indoor climates
not being habitable.

As can be seen in the results of Chapter 5, the simulated indoor environment can be improved by
changing or adding parts to the model. It has further been noticed that several modifications can be
implemented without drastically increasing the energy consumption, which is one part of the
sustainability requirement. Furthermore, it can be difficult to evaluate whether a modification is
sustainable in all aspects, but some aspects have been discussed in Chapter 6. The combination of
improvements, in particular, (section 5.3.6 and 6.4.6) have yielded results indicating that a sustainable
solution can be implemented to increase the thermal comfort to habitable levels in a majority of the
scenarios.

The results presented in this thesis imply that quite simple modifications can be made to a house in
order to improve the indoor environment sustainably. Therefore, further research can be made to
inspect whether and how simple solutions can be implemented early in the building process to
increase a building’s resistance to changes in climate and to reduce energy consumption. Finally,
several modifications can be done to a building in order to change the results. This thesis only covers
a few basic modifications without variations, meaning that it is possible that the best solutions have not
been found yet.
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Appendix

Appendix 1 — External shading

TABLE 52. VALUES FROM SIMULATIONS WITH TODAY'S CLIMATE.

Room Maximum Total number of days Maximum days in a row

T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 265| 250 3 0 0 2 0 0
g Bathroom 252 | 24,6 0 0 0 0 0 0
g Livingroom 265 | 251 3 0 0 2 0 0
Bedroom 27,3 | 258 8 0 0 3 0 0
g Master bedroom | 26,1 | 25,4 2 0 0 2 0 0

[

g Bathroom 260 | 252 0 0 0 0 0 0
> Livingroom 26,9 | 258 7 0 0 3 0 0

TABLE 53. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 2.6.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C | 28°C 26°C 26°C 28°C 26°C
= Kitchen 269 | 254 6 0 0 3 0 0
o
% Bathroom 256 | 249 0 0 0 0 0 0
g Livingroom 26,9 | 255 7 0 0 3 0 0
Bedroom 27,8 | 26,3 11 0 1 4 0 1
S Master bedroom | 26,6 | 25,9 4 0 0 2 0 0
LL
g Bathroom 26,3 | 25,6 2 0 0 1 0 0
> Livingroom 274 | 26,2 8 0 2 3 0 1
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TABLE 54. VALUES FROM SIMULATIONS FOR YEAR 2070 FOR SCENARIO RCP 4.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
= Kitchen 27,1 | 25,6 7 0 0 3 0 0
o
% Bathroom 258 | 251 | 0O 0 0 0 0 0
g Livingroom 27,1 | 257 7 0 0 3 0 0
Bedroom 28,0 | 26,5 14 0 2 4 0 1
S Master bedroom | 26,8 | 26,1 5 0 1 3 0 1
[
g Bathroom 26,5 | 25,7 4 0 0 2 0 0
> Livingroom 27,6 | 26,4 10 0 2 4 0 1

TABLE 55. VALUES FROM SIMULATIONS FOR YEAR 2070 FOR SCENARIO RCP 8.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
= Kitchen 27,7 | 26,2 8 0 2 3 0 1
o
% Bathroom 263 | 256 | 4 0 0 2 0 0
g Livingroom 27,7 | 26,3 9 0 2 3 0 1
Bedroom 28,6 | 27,0 18 4 3 4 S 2
g Master bedroom | 27,3 | 26,6 10 0 3 4 0 2
LL
’g Bathroom 27,0 | 26,2 5 0 2 3 0 1
> Livingroom 28,1 | 26,9 12 1 4 4 1 2
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TABLE 56. VALUES FROM SIMULATIONS FOR YEAR 2070 FOR SCENARIO RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
. Kitchen 29,0 | 27,5 23 4 5 8 2 3
E Bathroom 27,7 | 26,9 9 0 5 4 0 3
c
g Livingroom 29,0 | 27,6 24 4 7 8 2 4
Bedroom 30,5 | 28,6 40 9 9 11 3 4
S Master bedroom | 29,1 | 28,3 20 5 8 5 3 2
[
g Bathroom 28,6 | 27,8 12 4 5 4 2 3
> Livingroom 29,6 | 28,3 33 8 11 11 4 5

TABLE 57. SUMMARY OF THE MAXIMUM VALUES FOR EVERY SCENARIO FROM THE TABLES ABOVE.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,3 | 25,8 8 0 0 3 0 0
RCP 2.6 27,8 | 26,3 11 0 2 4 0 1
RCP 4.5 28,0 | 26,5 14 0 2 4 0 1
RCP 8.5 28,6 | 27,0 18 4 4 4 & 2
RCP 8.5 MAX 30,5 | 28,6 40 9 11 11 4 5
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TABLE 58. ENERGY CONSUMPTION FOR ALL SCENARIOS.

[KWh/m2, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Lighting 10,1 10,1 10,1 10,1 10,1
HVAC aux 2,8 2,6 2,5 2,3 2,1
Electric

heating 15,3 15,1 14,8 14,3 13,4

Top up

heating 28,9 254 214 16,9 8,8
Equipment 17,3 17,3 17,3 17,3 17,3
Total 74,4 70,6 66,1 60,9 51,8
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Appendix 2 — Extended roof and cantilever roof

TABLE 59. VALUES FROM SIMULATIONS WITH TODAY S CLIMATE.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 26,5 | 25,0 4 0 0 2 0 0
E Bathroom 255 | 24,8 0 0 0 0 0 0
c
58; Livingroom 26,6 | 251 4 0 0 2 0 0
Bedroom 27,3 | 259 8 0 0 3 0 0
g Master bedroom | 26,1 | 25,4 1 0 0 1 0 0
LL
g Bathroom 26,0 | 25,1 0 0 0 0 0 0
> Livingroom 26,9 | 25,7 7 0 0 3 0 0

TABLE 60. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 2.6.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 270 | 254 7 0 0 3 0 0
E Bathroom 259 | 253 0 0 0 0 0 0
c
g Livingroom 27,0 | 255 7 0 0 3 0 0
Bedroom 279 | 26,3 11 0 1 4 0 1
S Master bedroom | 26,6 | 25,8 3 0 0 2 0 0
LL
E'é Bathroom 26,4 | 25,5 2 0 0 1 0 0
> Livingroom 27,3 | 26,0 8 0 1 3 0 1
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TABLE 61. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 4.5,

Room Maximum Total number of days Maximum days in a row

T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C

5 Kitchen 27,2 | 25,6 8 0 0 3 0 0

E Bathroom 26,1 | 255 2 0 0 2 0 0
c

g Livingroom 27,2 | 25,7 8 0 0 3 0 0

Bedroom 28,1 | 26,5 13 1 2 4 1 1

E Master bedroom | 26,8 | 26,0 5 0 1 3 0 1
LL

g Bathroom 26,6 | 25,7 4 0 0 2 0 0

> Livingroom 275 | 26,3 8 0 2 3 0 1

TABLE 62. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 276 | 26,2 10 0 2 3 0 1
E Bathroom 26,6 | 26,0 5 0 0 3 0 0
c
g Livingroom 27,8 | 26,3 10 0 2 3 0 1
Bedroom 28,7 | 27,1 18 4 3 4 g 2
8 [ Master bedroom | 27,3 26,6 | 10 0 3 4 0 2
LL
g Bathroom 271 26,2 6 0 1 3 0 1
> Livingroom 28,1 | 26,8 11 1 4 4 1 2
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TABLE 63. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 29,1 | 27,5 24 4 6 8 2 3
E Bathroom 28,1 | 27,4 11 1 5 5 1 3
c
g Livingroom 29,1 | 27,6 25 4 7 8 2 4
Bedroom 30,5 | 28,6 40 9 9 11 3 4
E Master bedroom | 29,0 | 28,2 19 5 7 5 3 4
LL
g Bathroom 28,6 | 27,7 12 4 5 4 2 3
> Livingroom 29,5 | 28,2 30 8 10 11 4 5

TABLE 64. SUMMARY OF THE MAXIMUM VALUES FOR EVERY SCENARIO FROM THE TABLES ABOVE.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,3 | 25,9 8 0 0 3 0 0
RCP 2.6 279 | 26,3 11 0 1 4 0 1
RCP 4.5 28,1 | 26,5 13 1 2 4 1 1
RCP 8.5 28,7 | 27,1 18 4 4 4 6 2
RCP 8.5 MAX 30,5 | 28,6 40 9 10 11 4 5

62



TABLE 65. ENERGY CONSUMPTION FOR ALL SCENARIOS.

[KWh/m2, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Lighting 10,1 10,1 10,1 10,1 10,1
HVAC aux 2,8 2,7 2,5 2,3 2,1
Electric

heating 15,4 15,2 14,9 14,4 13,6

Top up

heating 29,6 26,2 22,1 17,4 9,2
Equipment 17,3 17,3 17,3 17,3 17,3
Total 75,3 71,5 66,9 61,6 52,3
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Appendix 3 — New Windows

TABLE 66. VALUES FROM SIMULATIONS WITH TODAY S CLIMATE.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 26,1 | 247 2 0 0 2 0 0
E Bathroom 251 | 247 0 0 0 0 0 0
c
58; Livingroom 26,1 | 24,8 3 0 0 2 0 0
Bedroom 27,1 | 25,6 7 0 0 3 0 0
8 [ Master bedroom | 258 252 | 0 0 0 0 0 0
LL
g Bathroom 259 | 25,0 0 0 0 0 0 0
> Livingroom 26,5 | 254 3 0 0 2 0 0

TABLE 67. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 2.6.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 26,4 | 251 3 0 0 2 0 0
E Bathroom 254 | 24,8 0 0 0 0 0 0
c
g Livingroom 26,5 | 25,2 3 0 0 2 0 0
Bedroom 276 | 26,1 8 0 1 3 0 1
S Master bedroom | 26,2 | 25,6 1 0 0 1 0 0
LL
E'é Bathroom 26,3 | 254 3 0 0 2 0 0
> Livingroom 26,9 | 25,8 7 0 0 3 0 0
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TABLE 68. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 4.5,

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 26,6 | 25,3 4 0 0 2 0 0
E Bathroom 25,6 | 25,0 0 0 0 0 0 0
c
g Livingroom 26,7 | 254 5 0 0 2 0 0
Bedroom 27,8 | 26,2 11 0 1 4 0 1
E Master bedroom | 26,4 | 25,8 3 0 0 2 0 0
LL
g Bathroom 26,4 | 25,6 4 0 0 2 0 0
> Livingroom 27,1 | 259 7 0 0 3 0 0

TABLE 69. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T,>
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 27,2 | 25,8 7 0 0 3 0 0
E Bathroom 26,1 | 25,5 1 0 0 1 0 0
c
g Livingroom 27,2 | 259 7 0 0 3 0 0
Bedroom 28,4 | 26,8 14 3 2 4 2 1
S Master bedroom | 26,9 | 26,3 6 0 2 3 0 2
LL
g Bathroom 26,9 | 26,1 5 0 1 2 0 1
> Livingroom 276 | 26,5 9 0 3 4 0 2
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TABLE 70. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 28,6 | 27,1 15 4 5 5 2 3
E Bathroom 27,5 | 26,8 8 0 5 4 0 3
c
g Livingroom 28,6 | 27,2 16 4 5 5 2 3
Bedroom 30,2 | 28,3 34 8 9 10 3 4
E Master bedroom | 28,6 | 27,9 13 2 6 4 2 4
LL
g Bathroom 28,6 | 27,5 13 4 5 4 2 3
> Livingroom 29,0 | 27,9 22 4 8 11 2 4

TABLE 71. SUMMARY OF THE MAXIMUM VALUES FOR EVERY SCENARIO FROM THE TABLES ABOVE.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,1 | 25,6 7 0 0 3 0 0
RCP 2.6 27,6 | 26,1 8 0 1 3 0 1
RCP 4.5 27,8 | 26,2 11 0 1 4 0 1
RCP 8.5 28,4 | 26,8 14 3 3 4 2 2
RCP 8.5 MAX 30,2 | 28,3 34 8 9 11 6 4
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TABLE 72. ENERGY CONSUMPTION FOR ALL SCENARIOS.

[KWh/m2, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Lighting 10,1 10,1 10,1 10,1 10,1
HVAC aux 2,8 2,6 2,5 2,3 2,1
Electric 15,7 15,6 15,2 14,8 13,9
heating

Top up 28,9 25,5 21,6 16,9 8,9
heating

Equipment 17,3 17,3 17,3 17,3 17,3
Total 74,9 71,2 66,7 61,5 52,3
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Appendix 4 — Changed position of current windows

TABLE 73. VALUES FROM SIMULATIONS WITH TODAY S CLIMATE.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 27,4 | 254 9 0 0 3 0 0
E Bathroom 26,2 | 254 2 0 0 2 0 0
c
58; Livingroom 275 | 255 12 0 0 3 0 0
Bedroom 275 | 259 10 0 0 4 0 0
8 [ Master bedroom | 26,6 | 258 | 8 0 0 3 0 0
LL
g Bathroom 27,4 258 | 14 0 0 3 0 0
> Livingroom 279 | 26,1 16 0 1 4 0 1

TABLE 74. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 2.6.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 27,7 | 25,8 13 0 0 3 0 0
E Bathroom 26,5 | 257 4 0 0 2 0 0
c
g Livingroom 279 | 259 16 0 0 5 0 0
Bedroom 28,0 | 264 14 1 1 4 1 1
S Master bedroom | 27,1 | 26,2 9 0 2 3 0 2
LL
E'é Bathroom 27,8 | 26,2 17 0 2 4 0 1
> Livingroom 28,4 | 26,5 19 4 3 5 2 2
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TABLE 75. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 4.5,

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 27,9 | 259 15 0 0 5 0 0
E Bathroom 26,7 | 25,9 6 0 0 3 0 0
c
g Livingroom 28,1 | 26,2 18 1 1 6 1 1
Bedroom 28,2 | 26,6 15 2 2 4 1 1
E Master bedroom | 27,2 | 26,4 11 0 2 4 0 2
LL
g Bathroom 28,1 | 26,4 21 1 2 6 1 1
> Livingroom 28,6 | 26,7 22 4 4 6 2 2

TABLE 76. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 28,4 | 26,6 19 3 3 6 2 2
E Bathroom 272 | 26,4 9 0 3 3 0 2
c
g Livingroom 28,6 | 26,7 22 4 4 6 2 2
Bedroom 28,8 | 27,2 20 5 3 4 8 2
8 [Masterbedroom | 27,8 | 27,0 | 13 0 3 4 0 2
LL
% Bathroom 286 269 | 22 5 4 6 2 2
> Livingroom 29,2 | 27,3 26 6 6 6 S 3
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TABLE 77. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 30,0 | 28,1 35 9 9 12 3 4
E Bathroom 28,8 | 27,9 22 5 9 5 8 4
c
g Livingroom 30,2 | 28,3 41 11 9 14 4 4
Bedroom 30,7 | 28,8 41 9 11 11 3 4
E Master bedroom | 29,7 | 28,8 28 5 10 8 3 4
LL
g Bathroom 30,3 | 28,6 38 9 10 12 4 4
> Livingroom 30,9 | 28,9 48 17 16 23 4 5

TABLE 78. SUMMARY OF THE MAXIMUM VALUES FOR EVERY SCENARIO FROM THE TABLES ABOVE.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 279 | 26,1 16 0 1 4 0 1
RCP 2.6 28,4 | 26,5 19 4 3 5 2 2
RCP 4.5 28,6 | 26,7 22 4 4 6 2 2
RCP 8.5 29,2 | 27,3 26 6 6 6 3 3
RCP 8.5 MAX 30,9 | 28,9 48 17 16 23 4 5
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TABLE 79. ENERGY CONSUMPTION FOR ALL SCENARIOS.

[KWh/m2, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Lighting 10,1 10,1 10,1 10,1 10,1
HVAC aux 2,8 2,7 2,5 2,3 2,1
Electric 15,0 14,8 14,5 14,1 13,3
heating

Top up 29,6 26,2 22,3 17,7 9,3
heating

Equipment 17,3 17,3 17,3 17,3 17,3
Total 74,8 71,1 66,7 61,6 52,2
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Appendix 5 — Night-ventilation through windows

TABLE 80. VALUES FROM SIMULATIONS WITH TODAY S CLIMATE.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 26,3 | 24,5 1 0 0 1 0 0
E Bathroom 254 | 2477 0 0 0 0 0 0
c
58; Livingroom 26,3 | 24,5 1 0 0 1 0 0
Bedroom 27,0 | 251 5 0 0 3 0 0
S Master bedroom | 26,0 | 25,1 1 0 0 1 0 0
T
g Bathroom 26,3 | 25,0 3 0 0 2 0 0
> Livingroom 26,6 | 25,0 3 0 0 2 0 0

TABLE 81. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 2.6.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 26,8 | 251 3 0 0 2 0 0
E Bathroom 25,8 | 25,2 0 0 0 0 0 0
c
g Livingroom 26,8 | 251 3 0 0 2 0 0
Bedroom 275 | 25,6 5 0 0 3 0 0
S Master bedroom | 26,4 | 25,5 1 0 0 1 0 0
LL
E'é Bathroom 26,8 | 254 4 0 0 2 0 0
> Livingroom 27,1 | 25,5 3 0 0 2 0 0
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TABLE 82. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 4.5,

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 26,9 | 25,2 3 0 0 2 0 0
E Bathroom 26,0 | 25,3 0 0 0 0 0 0
c
g Livingroom 26,9 | 25,3 4 0 0 2 0 0
Bedroom 28,1 | 259 7 1 0 3 1 0
g Master bedroom | 26,6 | 25,7 2 0 0 2 0 0
LL
g Bathroom 27,0 | 25,6 5 0 0 2 0 0
> Livingroom 27,2 | 25,7 4 0 0 2 0 0

TABLE 83. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 275 | 25,8 5 0 0 2 0 0
E Bathroom 26,5 | 25,8 4 0 0 2 0 0
c
g Livingroom 276 | 259 7 0 0 3 0 0
Bedroom 28,7 | 26,5 10 2 2 3 1 1
S Master bedroom | 27,4 | 26,6 5 0 1 3 0 1
LL
aé Bathroom 278 | 26,4 8 0 3 4 0 2
> Livingroom 28,1 | 26,6 8 1 2 3 1 1
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TABLE 84. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 28,9 | 27,2 14 4 4 4 2 2
E Bathroom 27,8 | 27,1 8 0 5 4 0 3
c
g Livingroom 29,0 | 27,4 15 4 4 4 2 2
Bedroom 30,8 | 28,3 24 7 5 7 3 3
E Master bedroom | 29,1 | 28,2 9 4 6 4 2 4
LL
g Bathroom 29,5 | 27,8 21 5 5 5 3 3
> Livingroom 29,5 | 28,1 19 4 6 5 2 4

TABLE 85. SUMMARY OF THE MAXIMUM VALUES FOR EVERY SCENARIO FROM THE TABLES ABOVE.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,0 | 251 5 0 0 3 0 0
RCP 2.6 275 | 25,6 5 0 0 3 0 0
RCP 4.5 28,1 | 25,9 7 1 0 3 1 0
RCP 8.5 28,7 | 26,6 10 2 3 4 1 2
RCP 8.5 MAX 30,8 | 28,3 24 7 6 7 6 4

74



TABLE 86. ENERGY CONSUMPTION FOR ALL SCENARIOS.

[KWh/m2, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Lighting 10,1 10,1 10,1 10,1 10,1
HVAC aux 2,8 2,6 2,5 2,3 2,1
Electric

heating 15,2 15,0 14,7 14,2 13,3

Top up

heating 28,5 25,2 21,2 16,7 8,8
Equipment 17,3 17,3 17,3 17,3 17,3
Total 73,9 70,2 65,8 60,7 51,7
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Appendix 6 — Balanced ventilation with constant air volume

TABLE 87. VALUES FROM SIMULATIONS WITH TODAY S CLIMATE.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 26,8 | 25,1 5 0 0 2 0 0
E Bathroom 26,0 | 25,2 0 0 0 0 0 0
c
58; Livingroom 26,9 | 25,3 8 0 0 3 0 0
Bedroom 27,4 | 259 9 0 0 3 0 0
S Master bedroom | 26,5 | 25,7 6 0 0 2 0 0
LL
g Bathroom 2712 257 | 12 0 0 3 0 0
> Livingroom 27,2 | 25,9 9 0 0 3 0 0

TABLE 88. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 2.6.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 27,2 | 25,5 8 0 0 3 0 0
E Bathroom 26,2 | 25,5 2 0 0 2 0 0
c
g Livingroom 27,2 | 25,6 8 0 0 3 0 0
Bedroom 279 | 26,3 14 0 1 4 0 1
S Master bedroom | 27,0 | 26,1 9 0 1 3 0 1
LL
E'é Bathroom 276 | 26,1 15 0 1 4 0 1
> Livingroom 27,6 | 26,3 11 0 2 3 0 1

76




TABLE 89. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 4.5,

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 27,4 | 25,7 9 0 0 3 0 0
E Bathroom 26,4 | 25,7 3 0 0 2 0 0
c
g Livingroom 27,4 | 25,8 10 0 0 3 0 0
Bedroom 28,1 | 26,5 16 2 2 4 1 1
E Master bedroom | 27,1 | 26,3 9 0 2 3 0 2
LL
g Bathroom 27,8 | 26,2 19 0 3 5 0 2
> Livingroom 27,8 | 26,5 13 0 3 4 0 2

TABLE 90. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 279 | 26,3 12 0 2 4 0 1
E Bathroom 269 | 26,1 6 0 2 3 0 2
c
g Livingroom 279 | 26,4 16 0 3 5 0 2
Bedroom 28,7 | 27,0 20 3 3 4 2 2
8§ [Masterbedroom | 27,8 | 269 | 12 0 3 4 0 2
LL
% Bathroom 28,3 | 26,7 22 4 4 6 2 2
> Livingroom 28,4 | 27,0 19 3 5 5 2 2
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TABLE 91. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 29,3 | 27,7 28 5 7 11 2 4
E Bathroom 28,4 | 27,7 17 4 7 5 2 4
c
g Livingroom 29,5 | 27,9 30 6 8 12 3 4
Bedroom 30,6 | 28,8 39 9 10 11 3 4
E Master bedroom | 29,7 | 28,8 27 5 10 8 3 4
LL
g Bathroom 30,0 | 28,6 36 6 10 12 3 4
> Livingroom 29,9 | 28,5 41 9 13 23 4 5

TABLE 92. SUMMARY OF THE MAXIMUM VALUES FOR EVERY SCENARIO FROM THE TABLES ABOVE.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,4 | 25,9 12 0 0 3 0 0
RCP 2.6 279 | 26,3 15 0 1 4 0 1
RCP 4.5 28,1 | 26,5 19 0 3 5 0 2
RCP 8.5 28,7 | 27,0 22 4 5 6 2 2
RCP 8.5 MAX 30,6 | 28,8 41 9 13 23 4 5
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TABLE 93. ENERGY CONSUMPTION FOR ALL SCENARIOS.

[KWh/m2, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Lighting 10,1 10,1 10,1 10,1 10,1
HVAC aux 6,0 5,9 5,9 5,8 59
Electric

heating 11,5 11,4 111 10,7 11,4

Top up

heating 12,7 10,6 8,5 6,3 7,0
Equipment 17,3 17,3 17,3 17,3 17,3
Total 57,6 55,3 52,9 50,2 51,8
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Appendix 7 — Balanced ventilation with variable air volume

TABLE 94. VALUES FROM SIMULATIONS WITH TODAY S CLIMATE.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 27,3 | 25,7 8 0 0 3 0 0
E Bathroom 26,7 | 259 8 0 0 3 0 0
c
58; Livingroom 27,4 | 257 8 0 0 3 0 0
Bedroom 27,7 | 259 12 0 0 3 0 0
S Master bedroom | 26,9 | 26,0 12 0 1 3 0 1
T
g Bathroom 280 26,1 | 20 0 1 5 0 1
> Livingroom 27,6 | 26,0 12 0 0 4 0 0

TABLE 95. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 2.6.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 276 | 25,8 8 0 0 3 0 0
E Bathroom 269 | 26,1 10 0 2 3 0 2
c
g Livingroom 27,7 | 259 12 0 0 4 0 0
Bedroom 28,0 | 26,3 15 0 1 4 0 1
S Master bedroom | 27,2 | 26,2 16 0 4 4 0 2
LL
E'é Bathroom 28,2 | 26,3 24 2 5 6 1 2
> Livingroom 279 | 26,3 14 0 3 4 0 2
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TABLE 96. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 4.5,

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 27,7 | 26,0 11 0 1 3 0 1
E Bathroom 27,0 | 26,2 11 0 3 3 0 2
c
g Livingroom 27,8 | 26,1 15 0 1 4 0 1
Bedroom 28,1 | 26,5 17 2 4 4 2 3
E Master bedroom | 27,4 | 26,4 18 0 6 6 0 3
LL
g Bathroom 28,2 | 26,5 27 3 5 6 1 2
> Livingroom 28,0 | 26,5 18 0 5 5 0 2

TABLE 97. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T,>
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 28,2 | 26,5 17 1 3 5 1 2
E Bathroom 275 | 26,8 20 0 5 5 0 2
c
g Livingroom 28,3 | 26,6 23 3 3 8 2 2
Bedroom 28,8 | 27,1 23 6 6 7 3 3
S Master bedroom | 27,9 | 27,0 25 0 8 7 0 3
LL
g Bathroom 28,7 | 27,1 33 5 8 8 2 3
> Livingroom 28,6 | 27,1 26 4 7 8 2 3
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TABLE 98. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 29,4 | 27,8 38 5 9 12 2 4
E Bathroom 28,4 | 27,8 38 4 15 14 2 5
c
g Livingroom 29,5 | 27,9 41 7 10 23 3 4
Bedroom 30,5 | 28,6 45 10 12 24 3 4
E Master bedroom | 29,3 | 28,4 43 5 18 14 3 4
LL
g Bathroom 30,0 | 28,4 56 14 16 24 4 4
> Livingroom 29,9 | 28,5 49 10 14 23 4 4

TABLE 99. SUMMARY OF THE MAXIMUM VALUES FOR EVERY SCENARIO FROM THE TABLES ABOVE.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 28,0 | 26,1 20 0 1 5 0 1
RCP 2.6 28,2 | 26,3 24 2 5 6 1 2
RCP 4.5 28,2 | 26,5 27 3 5 6 2 3
RCP 8.5 28,7 | 27,1 33 5 8 8 3 3
RCP 8.5 MAX 30,5 | 28,6 56 14 18 24 4 4
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TABLE 100. ENERGY CONSUMPTION FOR ALL SCENARIOS.

[KWh/m?2, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Lighting 10,1 10,1 10,1 10,1 10,1
HVAC aux 1,7 1,9 2,0 2,3 3,3
Electric

heating 11,2 11,1 10,8 10,3 9,2

Top up

heating 11,2 9,4 7,6 5,7 3,3
Equipment 17,3 17,3 17,3 17,3 17,3
Total 51,6 49,8 47,8 45,8 43,3
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Appendix 8 — Added insulation

TABLE 101. VALUES FROM SIMULATIONS WITH TODAY'S CLIMATE.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 26,8 | 25,0 6 0 0 3 0 0
E Bathroom 259 | 25,2 0 0 0 0 0 0
c
58; Livingroom 26,8 | 251 7 0 0 3 0 0
Bedroom 27,4 259 9 0 0 3 0 0
8 [ Master bedroom | 26,6 | 258 | 8 0 0 3 0 0
LL
g Bathroom 27,4 257 | 15 0 0 4 0 0
> Livingroom 27,2 | 259 9 0 0 3 0 0

TABLE 102. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 2.6.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 27,1 | 254 8 0 0 3 0 0
E Bathroom 26,1 | 254 2 0 0 2 0 0
c
g Livingroom 27,1 | 255 8 0 0 3 0 0
Bedroom 279 | 26,3 14 0 1 4 0 1
S Master bedroom | 26,9 | 26,2 9 0 1 3 0 1
LL
E'é Bathroom 27,8 | 26,0 18 0 2 5 0 1
> Livingroom 276 | 26,2 11 0 2 3 0 1
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TABLE 103. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 4.5.

Room Maximum Total number of days Maximum days in a row

T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C

5 Kitchen 27,2 | 25,6 8 0 0 3 0 0

E Bathroom 26,3 | 25,6 3 0 0 2 0 0
c

g Livingroom 27,3 | 25,7 10 0 0 3 0 0

Bedroom 28,0 | 26,4 16 1 2 4 1 1

E Master bedroom | 27,1 | 26,4 11 0 2 4 0 2
LL

g Bathroom 279 | 26,2 21 0 2 6 0 1

> Livingroom 278 | 26,4 12 0 3 4 0 2

TABLE 104. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 27,8 | 26,1 12 0 2 4 0 1
E Bathroom 26,8 | 26,1 6 0 2 3 0 2
c
g Livingroom 279 | 26,2 15 0 2 5 0 1
Bedroom 28,7 | 26,9 21 4 3 4 g 2
S [Master bedroom | 27,8 | 269 | 13 0 3 4 0 2
LL
% Bathroom 285 268 | 24 5 4 6 2 2
> Livingroom 28,3 | 26,9 18 3 5 5 2 2
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TABLE 105. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 29,2 | 27,6 28 5 7 11 2 4
E Bathroom 28,3 | 27,6 17 2 8 5 1 4
c
g Livingroom 29,3 | 27,7 29 5 8 11 2 4
Bedroom 30,5 | 28,6 43 9 10 24 3 4
E Master bedroom | 29,6 | 28,8 28 5 11 8 3 4
LL
g Bathroom 30,1 | 28,5 47 8 10 12 4 4
> Livingroom 29,8 | 284 42 9 13 23 4 5

TABLE 106. SUMMARY OF THE MAXIMUM VALUES FOR EVERY SCENARIO FROM THE TABLES ABOVE.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,4 | 25,9 15 0 0 4 0 0
RCP 2.6 279 | 26,3 18 0 2 5 0 1
RCP 4.5 28,0 | 26,4 21 1 3 6 1 2
RCP 8.5 28,7 | 26,9 24 5 5 6 3 2
RCP 8.5 MAX 30,5 | 28,8 47 9 13 24 4 5
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TABLE 107. ENERGY CONSUMPTION FOR ALL SCENARIOS.

[KWh/m2, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Lighting 10,1 10,1 10,1 10,1 10,1
HVAC aux 2,4 2,3 2,2 2,1 2,0
Electric 14,6 14,4 14,1 13,6 12,5
heating

Top up 20,9 18,0 14,9 115 5,8
heating

Equipment 17,3 17,3 17,3 17,3 17,3
Total 65,3 62,2 58,7 54,6 47,7
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Appendix 9 — Less insulation

TABLE 108. VALUES FROM SIMULATIONS WITH TODAY'S CLIMATE.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 275 | 254 8 0 0 3 0 0
E Bathroom 26,7 | 25,6 5 0 0 2 0 0
c
58; Livingroom 276 | 255 10 0 0 3 0 0
Bedroom 27,8 | 26,1 11 0 1 3 0 1
g Master bedroom | 27,1 | 25,9 10 0 0 3 0 0
LL
g Bathroom 27,4 | 25,8 9 0 0 3 0 0
> Livingroom 27,8 | 26,2 12 0 2 4 0 1

TABLE 109. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 2.6.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 279 | 25,8 11 0 0 3 0 0
E Bathroom 27,0 | 259 6 0 0 3 0 0
c
g Livingroom 28,0 | 25,9 13 1 0 3 1 0
Bedroom 28,4 | 26,6 15 4 2 4 2 1
S Master bedroom | 27,6 | 26,5 12 0 2 4 0 2
LL
E'é Bathroom 27,8 | 26,3 13 0 2 3 0 1
> Livingroom 28,3 | 26,7 13 3 3 4 2 2
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TABLE 110. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 4.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 28,1 | 26,1 13 2 1 3 2 1
E Bathroom 27,2 | 26,2 9 0 2 3 0 2
c
g Livingroom 28,2 | 26,2 17 3 2 5 2 1
Bedroom 28,6 | 26,8 18 5 2 4 3 1
E Master bedroom | 27,8 | 26,7 12 0 3 4 0 2
LL
g Bathroom 28,0 | 26,5 15 1 2 4 1 1
> Livingroom 28,5 | 26,9 18 4 3 4 2 2

TABLE 111. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T,>
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 28,7 | 26,7 18 4 4 5 2 2
E Bathroom 27,8 | 26,8 13 0 4 4 0 2
c
g Livingroom 28,8 | 26,8 21 5 4 6 2 2
Bedroom 29,3 | 27,5 22 6 4 6 8 2
S Master bedroom | 28,4 | 27,4 17 2 5 4 2 2
o
% Bathroom 28,7 | 27,1 19 4 4 5 2 2
> Livingroom 29,2 | 27,6 26 7 8 8 8 4
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TABLE 112. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 30,4 | 28,4 38 9 8 12 3 4
E Bathroom 29,5 | 28,5 30 6 10 11 8 4
c
g Livingroom 30,5 | 28,5 41 11 9 12 4 4
Bedroom SIS || 293 46 15 12 24 4 4
g Master bedroom | 30,4 | 29,2 38 9 12 14 4 4
LL
g Bathroom 30,5 | 28,8 36 10 10 23 4 4
> Livingroom 30,9 | 29,2 46 14 16 23 4 5

TABLE 113. SUMMARY OF THE MAXIMUM VALUES FOR EVERY SCENARIO FROM THE TABLES ABOVE.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,8 | 26,2 12 0 2 4 0 1
RCP 2.6 28,4 | 26,7 15 4 3 4 2 2
RCP 4.5 28,6 | 26,9 18 5 3 5 3 2
RCP 8.5 29,3 | 27,6 26 7 8 8 3 4
RCP 8.5 MAX 31,3 | 29,3 46 15 16 24 4 5
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TABLE 114. ENERGY CONSUMPTION FOR ALL SCENARIOS.

[KWh/m2, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Lighting 10,1 10,1 10,1 10,1 10,1
HVAC aux 54 4,7 4,1 3,6 2,8
Electric 16,2 16,0 15,7 15,3 14,6
heating

Top up 58,9 54,0 47,7 40,4 26,2
heating

Equipment 17,3 17,3 17,3 17,3 17,3
Total 107,9 102,1 95,0 86,7 71,0
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Appendix 10 — Cooling system

TABLE 115. VALUES FROM SIMULATIONS WITH TODAY'S CLIMATE.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 24,4 | 24,1 0 0 0 0 0 0
E Bathroom 244 | 241 0 0 0 0 0 0
c
58; Livingroom 246 | 24,2 0 0 0 0 0 0
Bedroom 246 | 243 0 0 0 0 0 0
g Master bedroom | 24,5 | 24,3 0 0 0 0 0 0
LL
g Bathroom 245 | 24,2 0 0 0 0 0 0
> Livingroom 24,7 | 24,3 0 0 0 0 0 0

TABLE 116. VALUES FROM S

IMULATIONS FOR YEAR 2070 AND SCENARIO RCP 2.6.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 244 | 24,1 0 0 0 0 0 0
E Bathroom 244 | 24,1 0 0 0 0 0 0
c
g Livingroom 24,6 | 24,2 0 0 0 0 0 0
Bedroom 24,6 | 24,3 0 0 0 0 0 0
S Master bedroom | 24,5 | 24,3 0 0 0 0 0 0
LL
g Bathroom 245 | 24,2 0 0 0 0 0 0
> Livingroom 24,7 | 24,3 0 0 0 0 0 0
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TABLE 117. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 4.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 24,4 | 24,1 0 0 0 0 0 0
E Bathroom 244 | 24,1 0 0 0 0 0 0
c
g Livingroom 24,6 | 24,2 0 0 0 0 0 0
Bedroom 246 | 24,3 0 0 0 0 0 0
E Master bedroom | 24,5 | 24,3 0 0 0 0 0 0
LL
g Bathroom 245 | 24,2 0 0 0 0 0 0
> Livingroom 24,7 | 24,3 0 0 0 0 0 0

TABLE 118. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T,>
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 244 | 24,2 0 0 0 0 0 0
E Bathroom 244 | 24,1 0 0 0 0 0 0
c
g Livingroom 246 | 24,2 0 0 0 0 0 0
Bedroom 24,6 | 24,3 0 0 0 0 0 0
S Master bedroom | 24,5 | 24,3 0 0 0 0 0 0
LL
g Bathroom 245 | 24,2 0 0 0 0 0 0
> Livingroom 24,7 | 243 0 0 0 0 0 0
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TABLE 119. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 24,4 | 24,2 0 0 0 0 0 0
E Bathroom 24,4 | 24,2 0 0 0 0 0 0
c
g Livingroom 24,6 | 24,3 0 0 0 0 0 0
Bedroom 246 | 24,3 0 0 0 0 0 0
g Master bedroom | 24,6 | 24,4 0 0 0 0 0 0
LL
g Bathroom 245 | 24,2 0 0 0 0 0 0
> Livingroom 248 | 244 0 0 0 0 0 0

TABLE 120. SUMMARY OF THE MAXIMUM VALUES FOR EVERY SCENARIO FROM THE TABLES ABOVE.

Scenario Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 247 | 24,3 0 0 0 0 0 0
RCP 2.6 247 | 24,3 0 0 0 0 0 0
RCP 4.5 24,7 | 24,3 0 0 0 0 0 0
RCP 8.5 247 | 243 0 0 0 0 0 0
RCP 8.5 MAX 248 | 24,4 0 0 0 0 0 0
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TABLE 121. ENERGY CONSUMPTION FOR ALL SCENARIOS.

[KWh/m?, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Lighting 10,1 10,1 10,1 10,1 10,1
Electric 2,6 2,8 3,1 3,6 4,8
cooling

HVAC aux 2.7 2,6 2,4 2,3 2,1
Electric 14,5 14,3 14,0 13,6 12,9
heating

Top up 27,6 24,4 20,6 16,2 8,3
heating

Equipment 17,3 17,3 17,3 17,3 17,3
Total 74,8 71,5 67,5 63,1 55,5
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Appendix 11 — Merging of passive solutions

TABLE 122. VALUES FROM SIMULATIONS WITH TODAY'S CLIMATE.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 255 | 24,2 0 0 0 0 0 0
E Bathroom 24,3 | 23,9 0 0 0 0 0 0
c
58; Livingroom 255 | 24,2 0 0 0 0 0 0
Bedroom 27,0 | 247 5 0 0 3 0 0
8 [ Master bedroom | 249 | 243 | 0 0 0 0 0 0
LL
g Bathroom 24,9 | 24,2 0 0 0 0 0 0
> Livingroom 257 | 24,4 0 0 0 0 0 0

TABLE 123. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 2.6.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 25,7 | 244 0 0 0 0 0 0
E Bathroom 246 | 24,1 0 0 0 0 0 0
c
g Livingroom 257 | 24,4 0 0 0 0 0 0
Bedroom 275 | 251 5 0 0 3 0 0
S Master bedroom | 25,4 | 24,8 0 0 0 0 0 0
LL
E'é Bathroom 253 | 24,6 0 0 0 0 0 0
> Livingroom 26,1 | 249 1 0 0 1 0 0
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TABLE 124. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 4.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 25,8 | 24,5 0 0 0 0 0 0
E Bathroom 24,8 | 24,3 0 0 0 0 0 0
c
g Livingroom 25,8 | 24,5 0 0 0 0 0 0
Bedroom 27,7 | 253 6 0 0 3 0 0
E Master bedroom | 25,7 | 25,2 0 0 0 0 0 0
LL
g Bathroom 25,3 | 24,6 0 0 0 0 0 0
> Livingroom 26,1 | 25,0 1 0 0 1 0 0

TABLE 125. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T,>
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 26,2 | 24,8 2 0 0 1 0 0
E Bathroom 25,1 | 24,6 0 0 0 0 0 0
c
g Livingroom 26,2 | 249 2 0 0 1 0 0
Bedroom 28,5 | 259 9 2 0 3 1 0
S Master bedroom | 26,2 | 25,6 1 0 0 1 0 0
o
g Bathroom 25,7 | 25,0 0 0 0 0 0 0
> Livingroom 26,7 | 254 3 0 0 2 0 0
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TABLE 126. VALUES FROM SIMULATIONS FOR YEAR 2070 AND SCENARIO RCP 8.5 MAX.

Room Maximum Total number of days Maximum days in a row
T, T, T, > T, > T, > T, > T, > T, >
26°C 28°C 26°C 26°C 28°C 26°C
5 Kitchen 27,6 | 26,2 7 0 3 4 0 2
E Bathroom 26,5 | 25,9 5 0 0 3 0 0
c
g Livingroom 27,6 | 26,3 7 0 2 4 0 1
Bedroom 299 | 274 20 7 4 6 3 2
g Master bedroom | 27,5 | 26,9 6 0 4 4 0 2
LL
g Bathroom 27,1 | 26,3 5 0 3 3 0 1
> Livingroom 28,1 | 26,8 8 1 4 4 1 2

TABLE 127. SUMMARY OF THE MAXIMUM VALUES FOR EVERY SCENARIO FROM THE TABLES ABOVE.

Scenario Maximum Total number of days Maximum days in a row
T, T, T > T, > T, > T, > T, > T, >

26°C 28°C 26°C 26°C 28°C 26°C
Today 27,0 | 24,7 5 0 0 3 0 0
RCP 2.6 275 | 25,1 5 0 0 3 0 0
RCP 4.5 27,7 | 253 6 0 0 3 0 0
RCP 8.5 28,5 | 25,9 9 2 0 3 1 0
RCP 8.5 MAX 29,9 | 27,4 20 7 4 6 & 2
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TABLE 128. ENERGY CONSUMPTION FOR ALL SCENARIOS.

[KWh/m2, yr] Today RCP 2.6 RCP 4.5 RCP 8.5 RCP 8.5 MAX
Lighting 10,1 10,1 10,1 10,1 10,1
HVAC aux 2,4 2,3 2,2 2,1 2,0
Electric

heating 15,6 15,4 15,0 14,6 13,5

Top up

heating 21,5 18,7 15,4 11,7 6,1
Equipment 17,3 17,3 17,3 17,3 17,3
Total 67,0 63,8 60,1 55,8 49,1
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