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Temperature Zoning in High-Performance Residential Architecture

“Thirty spokes are joined together in a wheel, but it is 
the centre hole that allows the wheel to function.

We mould clay into a pot, but it is the emptiness inside 
that makes the vessel useful.

We cut out the door and windows from the walls to 
form an apartment, but it is the emptiness inside that 

makes it livable.

We work with the substantial, but the emptiness is 
what we use.”

DAO
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ABSTRACT

READING GUIDE

	 A high-performance building with high insulation and mechanical ventilation 
can reduce its energy use significantly. However, recent research has revealed that the 
actual energy use of these buildings is not as accurate as the calculated amount.
 
	 The lack of thermal comfort in low-energy buildings is one of the main factors 
that contribute to the performance gap between the building’s occupants and the en-
ergy efficiency of the building. It is crucial as people spend 90% of their time indoors. 
Most people would prefer to have warm bathrooms and cold bedrooms, but they are 
satisfied with the comfort of the living room.
 
	 This thesis strives to research and design air with a focus on user needs and 
integrates thermal thinking architecture into the early project stages.

	 The thesis report begins with an introduction to the thesis topic and the 
author’s motivation, an introduction to the project context and related theo-
ry. The thesis defines the delimitations and narrative of the project. The sec-
ond part of this thesis project is a project-based research chapter based on the 
method of IMRAD. After, a research-based project proposal follows. Lastly, con-
clusions and reflections on the research questions and work are stated. Fi-
nally, the research simulation detailed results supplement the thesis report. 
  
	 The thesis layout is designed to be read and print-
ed but can also be viewed digitally. ‘‘PageWie – Two page – Show cov-
er page separately’’ settings should be applied when viewed digitally.  
  
	 All illustrations, tables and charts are original, if not stated otherwise and ref-
erenced.
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PROJECT AND RESEARCH 
INTRODUCTION
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	 People spend considerable time at home, and the indoor climate they experi-
ence affects the buildings’ energy consumption and their well-being and health. After 
many years of the one-sided focus on the energy performance of buildings, it is be-
coming clear that more emphasis should be placed on the quality of buildings’ indoor 
environment (Hellwig, 2019).

	 High-performance residential buildings with high insulation envelopes and 
heat-recovered mechanical ventilation significantly reduce energy use. However, re-
cent research implies a performance gap between the calculated energy use and the 
actual measured energy use in energy-efficient houses(Hellwig et al., 2020). The ho-
mogenized and fixed indoor temperature in current low-energy buildings does not 
satisfy occupants. Multi-family dwelling occupants prefer warmer bathrooms and 
colder bedrooms T < 16°C but are highly satisfied with the living room’s thermal com-
fort (Georges et al., 2019). Recent research has shown that exposure to mildly cold or 
warm environments has significant health benefits, supporting dynamic and drifting 
temperatures for healthy indoor environments(Luo et al., 2022). 

	 Therefore, thermal comfort-related behaviour is one of the reasons contrib-
uting to this performance gap. An individual’s thermal comfort perception, prefer-
ence and attention to human adaptation potential might be the right direction for a 
new thermal comfort thinking in architecture (Hellwig, 2019). The interrelation be-
tween people and the thermal environment significantly impacts the buildings’ ener-
gy consumption and human well-being and health (Teli, 2019). Temperature zoning in 
high-performance residential building design will simultaneously achieve satisfaction 
regarding thermal comfort and lower energy performance (Berge et al., 2017).

	 This designed-based research study’s case motivation and intention are to in-
vestigate how to design high-performance residential architecture in Denmark with 
two thermal zones and, even more, how can these thermal zones be flexible to facili-
tate unpredictable user configurations. 

INTRUDUCTION
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•	 User-centred architecture

•	 Two temperature zones

•	 Flexibility to adapt to user unpredictability

•	 High-performance and high-quality architecture

•	 Enhance social and environmental sustainability

MOTIVATION

These thesis motivation and ambition is to develop thermal thinking and integrate 
it into the residential architecture design. It strives to design air and place users at 
the centre of the design.

HYPHOTESIS
Temperature zoning in high-performance residential building design can simulta-
neously achieve user satisfaction regarding thermal comfort and lower residential 
architecture energy performance. 

RESEARCH QUESTIONS

•	 How to design residential architecture with two thermal zones to meet user 

demand for cold bedrooms? 

•	 How to design flexible cold bedrooms to adapt to users’ family configurations 

and accommodate new forms of co-living?

DESIGN CRITERIA
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© Styrelsen for Dataforsyning og Effektivisering

Fig 1: Site aerial view (SDFE, 2008).
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	 Bleggaardsgade 18 - 28, 7100, Vejle, Denmark, is the 
project location. These uninhabited properties in the heart 
of the city of Vejle have development potential and a need 
for residential architecture. The urban context surrounding 
the chosen location will contribute to the simulations and 
design proposals.

	 The Local Plan 1000 is active at the site location; the 
local plan contributes to securing a city centre that is at 
once dynamic, exciting, inspiring and which exudes quality.

	 Vejle Midtby has been developed over a long period 
from the Middle Ages up to the present day. Therefore, Vejle 
city centre has architectural and cultural-historical quali-
ties, which often have a background in craftsmanship tradi-
tion, which we rarely find in recent construction. 

	 In the Municipal Atlas, red tile and black slate roofs 
are demanded, and brick facades are recommended, as 
some of that helps to give Vejle its character, as the city is 
seen from above, partly from the hills and partly from the 
Vejle fjord bridge. One must be able to see and experience 
the houses’ culture, historical and architectural qualities.

	 Building modern and contemporary architecture is 
possible and essential when it considers and interacts with 
the surroundings. Here we think of all the surrounding 
buildings, the neighbourhood, the district, the landscape, 
and nature (Vejle Kommune, 2020).

LOCATION

Vejle Midtby

Vejle fjord bridge

Bleggaardsgade
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Fig 2: Photos of  Bleggaardsgade.
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Fig 3: Photos of  Bleggaardsgade and close neighborhood.
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	 It is mid-May. After a bedtime routine, I walk to my room. I left the windows 
open this evening. The space is cold and very fresh. I walk quickly to change and hide 
under the crispy and heavy-down blanket. At first moments it is freezing, and it is 
the only thought in my mind; being in the moment disconnects me from everything 
that happened to me throughout the day. Slowly, my body heat makes me warm, 
and a moment later, under the blanket, I feel safe, calm, and protected. I fall asleep. 
Morning arrives. It is still cold as I leave the windows open. I quickly get up, wear my 
morning dress, and leave the room. I sit at the table with a cup of green tea, the sun 
is shining, and I think about my cold bedroom. I believe that a cold bedroom gives us 
pleasure and satisfaction by changing conditions from uncomfortable to comfort-
able. Undressing in the cold and fresh room, getting in the warm bed, and getting 
from the warm bed cold room to a sun-exposed morning coffee experience. Even 
more, I think it has something to do with childhood memories when we have been 
wrapped in blankets to sleep and covered with a heavy blanket. A cold bedroom pro-
vides conditions where we can recreate this experience and feel safe, calm, protected 
and carefree and enjoy our night’s rest and recharge.

PHENOMENOLOGICAL STUDIE

	 A week-long experiment was performed to understand the user’s wish for a 
cold bedroom and its reasons A week-long experiment was performed to understand 
the user’s wish for a cold bedroom and its reasons to enhance motivation and passion 
for working on the project. The text is meant to capture the ambience of cold bedroom 
perception. It can only serve as a momentary and somewhat subjective emotional per-
ception.

	 “Atmosphere is something between the subject and the object; therefore, an aes-
thetic of atmosphere must also mediate between the aesthetics of reception and the 
aesthetics of the product or of production. Such an aesthetics no longer maintains that 
artistic activity is consummated in the creation of a work and that this product is then 
available for reception, whether from a hermeneutical or a critical standpoint. An aes-
thetics of atmospheres pertains to artistic activity that consists in the production of par-
ticular receptions, or to the types of reception by viewers or consumers that play a role 
in the production of the ‘work’ itself.” (Böhme and Thibaud, 2016, p. 112)
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	 Microclimate environmental analysis is performed to be informed of outdoor 
thermal conditions. Sun exposure and seasonal wind analyses are made to trans-
late them into outdoor thermal comfort charts that surround the architecture. The 
main intention is to be informed, reflect, and validate indoor thermal conditions and 
observe climate change throughout the year. The UTCI Universal Thermal Climate 
Index (ISB Commission 6, n.d.) predicts the heating season as indoor thermal condi-
tions tend to adapt to climate conditions.

MICROCLIMATE STUDIES

Fig 4: Sun hour analysis of the site

Fig 5: Seasonal wind roses - winter, spring, summer and autumn.

Fig 6: UTCI thermal comfort.
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	 The concept of user need satisfaction is important because, in the 21st century, 
most people spend about 90% of their time indoors. This means that the design of a 
space should be able to provide them with the necessary mental and physical well-be-
ing (Huthmacher, 2019).

	 Like all mammals, humans are complex thermal engines that are constantly 
exchanging energy with the environment. The concept of thermal comfort is a sub-
jective evaluation that can be used to measure the satisfaction of the mind. Although 
the principles of thermal comfort are universal, the responsiveness of individuals to 
different types of environments can vary.

	 Various factors can affect the perception of thermal comfort by humans. These 
include the type of environment that they are exposed to, their physiological and psy-
chological conditions, and their actions and responses (Zhao et al., 2021).

THERMAL COMFORT THEORY

Fig 7: Passive and active system for  human thermal comfort model (Zhao et al., 2021).
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•	 The transfer of heat from one object to another is referred to as conduction. This is 
when the body directly contacts a warm or cold object.

•	 The concept of convection refers to the process of transferring heat from the body 
to the surrounding air. When the warm air rises from the body, it is replaced by 
cooler air.

•	 The transfer of heat from one object to another is referred to as radiation. This 
occurs when the two objects’ temperatures are different.

•	 Humidity is heat by evaporation.

	 The concept of thermodynamics refers to the fact that energy can never be de-
stroyed or created. Its only purpose is to be transferred to another form. 

	 The degree to which people perceive heat is also influenced by their socio-psy-
chological and physiological conditions (Stouhi, 2019). These include their mood and 
level of fatigue. Control over their thermal environment can also improve their health. 
Exposure to varying temperatures can also improve one’s health. The positive effects 
of cold acclimation can be seen in various physiological and metabolic processes, such 
as the development of brown fat and the metabolism of skeletal muscle and energy 
expenditure (Luo et al., 2022). On the other hand, the effects of heat acclimation can 
be beneficial to various organs, such as heart rate and blood pressure(IWBI, 2015).

	 The concept of the mean radiant temperature refers to the relationship be-
tween the body’s thermal properties and the surfaces of the room. The operative tem-
perature is what people experience when they’re inside a space. The dry-bulb tem-
perature is the ambient air’s temperature minus the moisture content. The relative 
humidity measures the moisture level in the air (Roudsari and Mackey, 2022).

	 A well-balanced combination of building systems adapted to a given area’s cli-
mate conditions is referred to as thermal comfort. A well-designed building system 
should be considered not only as a functional facility but also as an environment con-
ducive to its occupants’ well-being. When it comes to people, the concept of functional 
and social living is fundamental. The concept of thermal comfort is part of a holis-
tic approach to sustainability that’s carried out through regulations and standards. 
Having the ability to customize the conditions of space is also essential for people. It 
allows users to make their own decisions regarding their own comfort (Huthmacher, 
2019).
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PASSIVE HOUSE

	 The concept of passive house is a building standard that is both energy-effi-
cient and affordable at the same time. It can be applied to any type of construction. 
Although it’s not a brand name, it’s a proven construction method that can be used by 
anyone.
	 Compared to traditional buildings, passive houses can provide up to 90% ener-
gy savings when it comes to space heating and cooling. 
	 The advantages of passive houses are their ability to use various types of heat 
sources, such as the sun and internal heat recovery, which can render traditional heat-
ing systems unnecessary during the cold winter season. They can also be equipped 
with passive cooling techniques, such as strategic shading.
	 The high level of comfort that passive houses provide is due to how their in-
ternal temperatures don’t vary much from those of the air inside. Also, their building 
envelope and roof are made of highly insulated materials, which can keep the heat out.
	 One of the most important advantages of passive houses is their ability to pro-
vide continuous fresh air, which can prevent unpleasant air drafts. A high-efficient 
heat recovery unit can also be used to re-use the heat from the exhaust (Passive House 
Institute and Dr.Feist, 2015).

ZERO ENERGY BUILDING

	 A Zero Energy Building is designed to provide a low energy demand and is able 
to use fossil free energy sources. This type of building is also based on the combina-
tion of its energy savings and the supply of renewable energy from various sources.
	 Aside from reducing the energy consumption of a house, a Zero Energy Build-
ing also aims to produce renewable energy that can cover the house’s energy usage. 
This is done through the building’s design and construction. A building should offer 
the right environment for its users, such as having good daylight conditions, good ven-
tilation, and comfortable indoor temperatures.

HIGH-PERFORMANCE ARCHITECTURE 
THEORY
	 Last century We gained unprecedented control over the thermal environment 
using energy-consuming equipment. The most common definitions and practices of 
high-performance architecture are passive house standard, zero energy build and 
Danish regulation definition of low energy housing. All of them have a common aim, 
and they do not contradict.
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	 To promote the development of extra energy-efficient construction, BR in-
cludes a definition of low-energy buildings ‘building class 2020’. Use of the building 
class is initially voluntary, but from 2020 it is expected to form the basis for stricter 
energy regulations in the building regulations.
	 The area-dependent clause has been omitted in the requirement for the ener-
gy framework in building class 2020 as a result of the high level of insulation and the 
low heat loss from installations where the energy demand does not depend signifi-
cantly on the size of the building.
	 In order to achieve a low energy demand of this order of magnitude, it is nec-
essary to combine different strategies, e.g.:

•	 Reduction of thermal bridges
•	 Extra insulation thickness in walls and use of highly insulating glazing and com-

ponents
•	 Optimum utilization of sunlight and daylight, including orientation of the build-

ing in relation to sun and shade conditions
•	 Energy-efficient ventilation
•	 Smoothing out temperature changes over the day by using materials indoors with 

a high heat capacity
•	 Use of renewable energy.
	
	 Low-energy buildings have the right to exemption from connection to district 
heating or natural gas supply and the right to use electric heating (Aggerholm and 
Gray, 2018).

LOW-ENERGY BUILDING

It is essential that the design of ZEBs is holistic, as it involves the entire building enve-
lope and its energy efficiency. This means that the building should be designed with 
a low energy demand and be comfortable and energy-efficient. This can be reached 
through the use of various building materials and techniques, such as the use of 
low-energy windows and the building envelope’s insulation.
	 The house is designed with high architectural quality, and it is also equipped 
with various features that can help reduce its energy consumption. These include the 
use of passive solar heat, natural ventilation, and good daylight conditions.
	 The energy consumption of a building can be covered by its various systems, 
such as the use of sup ply systems. These systems are designed to meet the specific 
requirements of the building (Anne Kirkegaard Bejder et al., 2014).
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	 These projects are location-based, and therefore all research results are loca-
tion-based. The same research performed in a different context could provide differ-
ent results. Still, I believe that it should generally inform of good thermal thinking 
practices in residential architecture. 

	 This project’s primary focus and narrative is user and user demand for certain 
thermal comfort. Project scope and order of priority is the indoor thermal environ-
ment, volume, and zones to complement it.

	 Humanity has the ability to make development sustainable to ensure that it 
meets the needs of the present without compromising the ability of future genera-
tions to meet their own needs (WCED, 1987, p. 15).
 
	 The project scope of sustainability is social sustainability and, precisely, indoor 
thermal comfort that, as suggested, directly influences environmental sustainability.  
This project does not aim to investigate economic sustainability, even though it is part 
of the holistic approach (DGNB, 2018). 

	 Tectonics is the art of construction. The project scope of tectonics is in the choice 
of construction materials to enhance the environmental sustainability and technology 
of these construction materials. Due to typology and its fire and sound demands (Min-
istry of Transport, 2018) by regulations project does not aim to investigate poetic as-
pects of construction. But architecture seeks to add a modern brick tectonic approach 
to the location context (Al-Alwan and Mahmood, 2020; Vejle Kommune, 2020). 

DELIMITATIONS
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PROJECT BASED 
RESEARCH
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	 People spend considerable time at home, and the indoor climate they experi-
ence affects the buildings’ energy consumption and their well-being and health. After 
many years of the one-sided focus on the energy performance of buildings, it is be-
coming clear that more emphasis should be placed on the quality of buildings’ indoor 
environment (Hellwig, 2019).
	 High-performance residential buildings with high insulation envelopes and 
heat-recovered mechanical ventilation significantly reduce energy use. However, re-
cent research implies a performance gap between the calculated energy use and the 
actual measured energy use in energy-efficient houses(Hellwig et al., 2020). The ho-
mogenized and fixed indoor temperature in current low-energy buildings does not 
satisfy occupants. Multi-family dwelling occupants prefer warmer bathrooms and 
colder bedrooms T < 16°C but are highly satisfied with the living room’s thermal com-
fort (Georges et al., 2019). Recent research has shown that exposure to mildly cold or 
warm environments has significant health benefits, supporting dynamic and drifting 
temperatures for healthy indoor environments(Luo et al., 2022). 
	 Therefore, thermal comfort-related behaviour is one of the reasons contrib-
uting to this performance gap. An individual’s thermal comfort perception, prefer-
ence and attention to human adaptation potential might be the right direction for a 
new thermal comfort thinking in architecture (Hellwig, 2019). The interrelation be-
tween people and the thermal environment significantly impacts the buildings’ ener-
gy consumption and human well-being and health(Teli, 2019). Temperature zoning in 
high-performance residential building design will simultaneously achieve satisfaction 
regarding thermal comfort and lower energy performance (Berge et al., 2017).
	 This designed-based research study’s case motivation and intention are to in-
vestigate how to design high-performance residential architecture in Denmark with 
two thermal zones and, even more, how can these thermal zones be flexible to facili-
tate unpredictable user configurations. 

Research-based master thesis hypothesis: 

	 Temperature zoning in high-performance residential building design can si-
multaneously achieve user satisfaction regarding thermal comfort and lower residen-
tial architecture energy performance. 

Research questions: 

1. How to design residential architecture with two thermal zones to meet user de-

mand for cold bedrooms? 

2. How to design flexible cold bedrooms to adapt to users’ family configurations and 

accommodate new forms of co-living?

INTRODUCTION
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	 The project location is Bleggaardsgade 18 - 28, 7100, Vejle, Denmark. Vejle is 
a Danish city with a historical and cultural architectural identity. These uninhabited 
properties in the city’s heart of Vejle have development opportunities and a need for 
residential architecture. The surrounding urban context will contribute to simulations 
and, therefore, to design-based research and research-based design proposal. More-
over, Vejle’s old town local plan protects the study site; historical architectural values 
and identity will challenge the modern and integrated design approach and vice versa 
(Vejle Kommune, 2020).

STUDY SITE

Fig 8: Study site aerial view (SDFE, 2008).
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	 The study site and its active local plan are the starting point for finding project volumes 
that serve as test geometry set-up for this research. First, it intends to obtain maximum building 
volume; therefore, the building is established between the street facade alignment border and 
allowed maximum width. Then building volume of a maximum of two and a half floors is de-
signed, and the roof floor is transferred into a mansard roof as it fulfils requirements and allows 
equal apartment configurations throughout the building. The volume fractionates into eighteen 
equivalent-size apartments, each with two bedrooms. All bedrooms are orientated to the North 
to have identical solar gains and context shading conditions throughout the year to analyse re-
sults and intended strategies better. According to the daylight requirements of windows, the min-
imum amount is integrated into the volume to meet high-performance residential architecture 
standards. Finally, the test geometry of nine apartments is used to continue research to reduce 
simulation time and have the most compact scenario possible – a middle apartment to analyse.

METHODS
TEST GEOMETRY

Fig 9: Test geometry design process.

Maximum volume with equal-size units

15% window floor sqm ratio Optimal test geometry with compactness 
conditions

Equal size bedrooms, all orientated to the 
North
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Input Source
HIGHLY INSULATED COMPONENTS ROOMS HEATED T > 15 °C SBI 213

Ground floor U 0.1 SBI 213

External wall  U 0.15 SBI 213

Partitions with 5 °C lower U 0.4 SBI 213

Roof 0.1 SBI 213

2 AIRTIGHTNESS
0.5 l/s per m² 

Tested with 50 Pa
SBI 213

3 REDUCTION OF THERMAL BRIDGES
Do not contain thermal bridges

 to a significant extent due to the 
risk of condensation.

SBI 213

WINDOWS SBI 213

Daylight requirement Floor window ratio > 15% SBI 213

Energy requirement Floor window ratio < 22 % SBI 213

Light transmittance > 0.75 SBI 213

U-value U 1.40 SBI 213

VENTILATION DS 447

Energy-efficient ventilation MC HR BR 18

HR > 80 % BR 18

Outside air supply
0.3 l/s m²
0.5 ACH

BR 18

1

4

5

	 High-performance architecture in Denmark is a low-energy building defined 
by Danish regulations and standards(Aggerholm and Gray, 2018). This design-based 
research implements these standards, integrates them into the test geometry set-up, 
and uses it as the base point for this project to build on.

	 Low-energy housing defines by its energy performance and indoor thermal 
comfort to enhance environmental and social sustainability. To achieve this high per-
formance in residential architecture government provides guidelines of recommend-
ed practise that consist of insulation level of components of the building, airtightness, 
reduction of thermal bridges, window parameters and energy-efficient ventilation 
strategy (Aggerholm and Gray, 2018). It is supplied with input data for calculations of 
the energy frame of the architecture and, therefore, integrated into the design process.  
The case strictly depends on mechanical ventilation as it is one of the chosen variables 
to investigate. Natural ventilation would not allow precise reflection on mechanical 
ventilation performance and impact in case intention, therefore, venting and night 
ventilation are not assigned to the base model.

HIGH PERFORMANCE PARAMETERS

Source

SBI 213

Housing 30 +1000/A kWh/m2 year SBI 213
20 kWh/m2 year SBI 213

Supplied with heat pump SBI 213
DS/EN ISO 7730

T 27 C > MAX 100 H SBI 213
T 28 C > MAX 25 H SBI 213

DS/EN 15251

Energy labeling (for heating, ventilation, cooling and domestic hot water per m² heated floor area )

Thermal comfort

Indoor Air Quality

Room temperature

Low-energy housing

Tbl 1: Danish low-energy housing recommendations.

Tbl 2: Danish low-energy housing energy and thermal comfort demands.
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Source
SBI 213

SBI 213

Set point for space heating 20 °C SBI 213

Setpoint for venting T in > 23 °C SBI 213

Set point for night ventilation T in > 24 °C SBI 213

SBI 213

Extra easy
Light walls, floors and ceilings, 
e.g. skeleton with plates or boards,
completely without heavy parts

Medium easy
Some heavier parts, e.g. concrete
deck with wooden floor or aerated 
concrete walls

Medium heavy
Several heavy parts, e.g. concrete 
deck with clinker and brick or clinker 
concrete walls

Extra heavy
Heavy walls, floors and ceilings in 
concrete, brick and clinker

Heat contribution from people 1.5 W per m² heated floor area SBI 213

Heat contribution from equipment 3.5 W per m² heated floor area SBI 213

llumination level [lux] 200 lux DS/EN 12464-1

Domestic hot water 250 liters per m² heated floor area SBI 213

Domestic hot water 55 °C SBI 213

Heat pump COP > 3.6 BR18

Energy neutrality 1725 kWh/year per apartment SBI 213

Use of renewable energy.

Heat capacity

SBI 213

SBI 213

SBI 213

SBI 21340 Wh/K m 2

80 Wh/K m 2

120 Wh/K m 2

160 Wh/K m 2

Optimum utilization of sunlight and daylight

Tbl 3: Danish low-energy housing input parameter recommendations.
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	 A zone occupancy schedule is established by assuming that two thermal zones 
and, therefore, rooms in between them are separated and closed. Bedrooms are 
planned to be occupied only for night sleep and do not serve any other function. One 
bedroom in text and diagrams identified as BR 1 is designed with one occupant, and 
a second bedroom, further in text and diagrams identified as BR 2, is planned with 
two occupants. The intention behind occupancy choice is to facilitate a diversity of 
family configurations and accommodate new forms of co-living. Livingroom occupant 
schedule is designed to serve three people families when one is expected to work from 
home, another to work part-time, and the last to work full-time.

ZONE OCCUPANCY SCHEDULE

12 PM

12 AM

6 PM 6 AM

Fig 10: Zone occupancy schedule.
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	 The state-of-the-art implies that user unsatisfaction with the indoor thermal 
environment leads to user behaviour that doesn’t align with the intended building 
program and leads to an energy gap between the calculated and measured energy 
performance of residential architecture. Reported energy use in low-energy buildings 
from Denmark shows about 25 to 40% more energy use in practice than calculated 
(Hellwig et al., 2020). Recent research in Norway has demonstrated that many occu-
pants would like colder bedrooms (i.e. < 16°C) in combination with a higher tempera-
ture in the living areas (Georges et al., 2019). Even more recent research has shown 
that exposure to mildly cold or warm environments has significant health benefits 
(Luo et al., 2022). Therefore, this research attempt to design a residential architecture 
case with two thermal zones. The state-of-the-art suggests that envelope and parti-
tion construction thermal resistance and conductivity combined with a centralized 
overflow ventilation system with heat recovery creates a homogeneous indoor envi-
ronment (Berge et al., 2017). Therefore, the intention is to research these parameters 
through an iterative design approach.

	 Chosen design-based research strategies are:

CHOSEN STRATEGIES

1.	 Envelope construction thermal resistance and 
conductivity.

2.	 Bedroom partition construction thermal resis-
tance and conductivity.

3.	 Ventilation with heat recovery.

•	 Centralized mechanical ventilation with heat 
recovery and balanced airflow per system.

•	 Decentralized mechanical ventilation with 
heat recovery and balanced airflow per room.  

	 Chosen strategies integrated as variables in automated iterative modelling will 
serve as input for these case studies.
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	 After establishing test geometry, discovering input parameters of high-per-
formance residential architecture in Denmark, and choosing strategies to investigate 
how to satisfy user preferences, output parameters need to be established to anal-
yse results. First, housing energy performance frame and indoor thermal comfort as 
output parameter improve self-validation and data control of the results. Fulfilment 
of these criteria validates all research output parameter data from simulation loops. 
The energy frame for the building is lower or equal to 20 kWh/m2 per year per heat-
ed floor area, and room temperature does not exceed 27 °C for more than 100h per 
year and 28 °C for more than 25h per year (Aggerholm and Gray, 2018). After, data is 
processed in a two-step evaluation. First, by percentage when bedroom temperature 
meets user demand T < 17 °C for room occupancy period 10 pm to 7 am. This method 
allows operative best iterations and variable selection to be evaluated by the second 
step. Second and last room seasonal median air temperatures are calculated for each 
room to visualize results to conclude and reflect on them. Even more hourly operative 
temperature plots are made to visualize and communicate zone air thermal perfor-
mance. They are supplemented with energy balance diagrams to have an overview 
and support for decision making.   

Source

SBI 213

Housing 30 +1000/A kWh/m2 year SBI 213
20 kWh/m2 year SBI 213

Supplied with heat pump SBI 213
DS/EN ISO 7730

T 27 C > MAX 100 H SBI 213
T 28 C > MAX 25 H SBI 213

DS/EN 15251

Energy labeling (for heating, ventilation, cooling and domestic hot water per m² heated floor area )

Thermal comfort

Indoor Air Quality

Room temperature

Low-energy housing

	 After theoretical, decision making and design process research, empirical data 
is investigated. Test geometry and surrounding location context are created in Rhino. 
Next, these geometry and zone properties are translated and assigned to Grasshopper. 
Fixed and variable high-performance building parameters are set with the environ-
mental modelling Ladybug Tools plug-in Honneybe. Honeybee supports detailed ther-
modynamics. Specifically, it creates, runs, and visualizes the results of energy mod-
els using EnergyPlus/OpenStudio. It accomplishes this by linking the Grasshopper/
Rhino CAD environment to these engines. After self-validation of the model, it is as-
signed to the automated iterative modelling tool TTToolbox Colibri. Colibri helps iter-
ate through all possible combinations of a series of inputs and compiles the resulting 

CHOSEN OUTPUTS

PROCESS

Tbl 4: Danish low-energy housing energy and thermal comfort demands.
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Setting up the model

Self-validating the results

Adjust inputs
and script or try

a different strategy

Visualize, understand
and analyze results
in Design Explorer

DESIGNLoad results
in CSV

Research

Set up and run
the iterations in

TTToolbox Colibri

Run the model
in Energy+

through Open Studio

Create test
geometry in the
context in Rhino

Assign fixed and variable
high-performance building
properties inLadybug Tools

Assign zone
properties in
Grasshopper

Self-validating the model

Design

MVHR

MVHR

Decentralized MVHR with balanced airflow

MVHRMVHR MVHR

Centralized MVHR with balanced airflowCentralized MVHR with air overflow

data into a CSV of input and output values per iteration. Furthermore, all results are 
visualized and communicated through Design Explorer. After the result analyses, one 
can adjust inputs or assign different strategies to perform the next loop of iterations 
(Roudsari and Mackey, 2022).

	 One can assign all variable parameters to the Colibri model to perform para-
metric modelling at once but ventilation strategy. Therefore, after self-validation of 
the model and self-validation of the results, final research loops are run to compare 
centralized MVHR with balanced airflow and decentralized MVHR with balanced air-
flow. Heating set points, occupancy schedule and shading system are fixed parameter 
but envelope and partition thermal resistance, fresh air amount inlet into the rooms 
and ventilation system heat recovery performance as variable parameters. Ventilation 
systems with balance airflow are chosen as one would assume that when trying to 
establish two temperature zones, one would avoid air mixing between rooms. This 
system provides air inlet and extraction for each room. A centralized MVHR system 
means that there is one ventilation unit per apartment, and the air of all rooms is 
mixed in a heat recovery system and, therefore, potentially heating and cooling rooms. 
While a decentralized MVHR system means a separate ventilation unit for each room, 
air does not mix. 

Fig 11: Research process diagram.

Fig 12: MVHR air supply and extraction principles.
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	 First, results are categorized after the percentage of user satisfaction, which 
means, as explained previously, how much percentage of occupancy time zone tem-
perature is T < 17 °C. One can see that with centralized MVHR with balanced airflow 
and currently practised ACH in housing, regardless of the envelope and partition ther-
mal resistance; the user satisfaction percentage is as low as 49% per one-occupant 
bedroom and only 4% per two-occupant bedroom. Even more hourly temperature 
plots present that in these scenarios, there is overheating in all rooms, and chosen 
strategy cannot provide regulation required thermal indoor comfort. As for the follow-
ing scenarios, ACH has been improved to fulfil thermal comfort regulations; it shows 
a higher percentage of user satisfaction. Centralized MVHR with balanced airflow and 
increased fresh air inlet presents results very different between rooms, with up to 89 
% of user satisfaction in the bedroom of one occupant and 60% in the two-occupant 
bedroom. Finally decentralized MVHR scenario presents that user satisfaction with 
thermal comfort for occupancy time when bedroom T < 17 °C increases up to 95% 
for one-occupant bedrooms and up to 89% for two-occupant bedrooms. While these 
scenario thermal comfort requirements are fulfilled by the apartment, it presents an 
increase in energy frame as seen at energy intensity balance; temperature conditions 
improve because heat recovery for bedrooms has decreased. 
When looking at results translated in median operative temperatures per room and 
even more categorized per season and time of the day, one can observe that tempera-
tures follow outdoor climate by increasing during summer and decreasing over win-
ter.

MVHR
HEATING 

SET.PT. BR
HEATING 

SET.PT. LR
BR EXT U INT U ACH BR1 ACH BR2 ACH LR HR BR1 HR BR2 HR LR

OT BR1 
% < 17

OT BR2 
% < 17

ENERGY 
FRAME 

kWh/sqm year
1 0,15 0,9 49 4 7
2 0,15 0,4 49 4 7
3 0,15 0,15 49 4 7
4 0,4 0,15 89 60 8
5 0,15 0,15 80 56 8
6 0,15 0,4 80 56 8
7 0,4 0,15 4,5 95 95 89 18
8 0,15 0,15 4,5 95 95 89 17
9 0,15 0,4 4,5 95 95 89 17

OUTPUTSINPUTS
NR IN 

GRAPH

Decentralized MVHR . Balanced airflow
5 50
5 50
5 50

16 21

Centralized MVHR . Balanced airflow
4,5 95
4,5 95
4,5 95

16 21

Centralized MVHR . Balanced airflow
0,5 95
0,5 95
0,5 95

16 21

RESULTS

Tbl 5: Research result most optimal variable combinations.
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Cht 1: Spring operative temperature chart.

Cht 2: Summer operative temperature chart.

Cht 3: Autumn operative temperature chart.

Cht 4: Winter operative temperature chart.
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2. CENTRALIZED MVHR

Fig 13: One-occupant bedroom operative tempera-
ture plot of annually hourly data.

Fig 14: Two-occupant bedroom operative tempera-
ture plot of annually hourly data.

Fig 15: Living room operative temperature plot of 
annually hourly data.

Fig 16: Thermal load balance.
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6. CENTRALIZED MVHR

Fig 17: One-occupant bedroom operative tempera-
ture plot of annually hourly data.

Fig 18: Two-occupant bedroom operative tempera-
ture plot of annually hourly data.

Fig 19: Living room operative temperature plot of 
annually hourly data.

Fig 20: Thermal load balance.
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9. DECENTRALIZED MVHR

Fig 24: Thermal load balance.

Fig 21: One-occupant bedroom operative tempera-
ture plot of annually hourly data.

Fig 22: Two-occupant bedroom operative tempera-
ture plot of annually hourly data.

Fig 23: Living room operative temperature plot of 
annually hourly data.
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	 This research asks how to design residential architecture with two thermal 
zones to meet user demand for cold bedrooms. For these purposes, parameters are 
forced to see what it would take to accomplish user demand only with construction 
thermal resistance and ventilation system. Therefore, one could question and should 
discuss this digital empirical try.

	 First, when not supported with any cooling strategies, the current situation 
with MVHR and low fresh air inlet does not fulfil thermal comfort regulations. More-
over, it does not provide user wished climate in bedrooms or rooms. Therefore, this 
solution requires the implementation of passive or active cooling. 

	 Second, one of the research goals is to facilitate flexibility and accommodate a 
variety of user configurations and unpredictable user special needs. One should not 
vary the parameter of envelope thermal resistance as it has a crucial role in the energy 
frame if one chooses to use the bedroom for other functions and, therefore, prefers 
different thermal conditions in the zone. 

	 Then, the increase of mechanically supplied fresh air inlets up to ACH 5 should 
be researched further to investigate the user perception of air movement and comfort. 
Even more, one could question the system unit size; more processed air in the system 
increases the unit size, decreasing the habitable housing area. Additionally, one could 
question ventilation unit building physics and limitations. It should be explored to en-
sure that temperature differences when mixing in the units do not cause condensation 
and, therefore, damage the system.  

	 Finally, the solution’s spacial requirements should be investigated further when 
considering decentralised ventilation. The most critical discussion here is whether the 
energy performance is acceptable, as the main goal is to enhance environmental and 
social sustainability. Even more, one should not overlook that without a heat pump 
as a heating source, this solution would not fulfil the energy frame requirements of 
low-energy housing in Denmark. 

DISCUSSION
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RESEARCH BASED DESIGN CRITERIA

	 After result compilation and discussion, research-based design criteria have 
been established. 
•	 Heat pump as source for heating and hot domestic water. 
•	 Floor heating with heating set points per room. 
•	 Increase of thermal resistance of partitions.
•	 Shading system to lock out summer sun and gain winter solar heat.
•	 Additional shading system with set points
•	 Closed volumes without air mixing between zones.
•	 Cold bedrooms occupied only for sleeping and no other function
•	 Centralized MVHR with 1ACH 
•	 Venting with set points
•	 Night cooling with set points

	 These criteria reflect back to SBI 213 recommended good practise and guide-
lines for low-energy housing supplemented with sensor operated set points (Agger-
holm and Gray, 2018). 
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RESEARCH BASED 
PROJECT PRESENTATION
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RESEARCH BASED 
PROJECT PRESENTATION
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 	 The residential architecture proposal presents the re-
sult of design-based research and interdisciplinary, integrated 
design. These high-performance housing design places user 
and user demands in the centre of focus and primarily designs 
air between constructions and openings. Architecture strives 
to enhance social and environmental sustainability simulta-
neously. This project presents me strive to implement thermal 
thinking in residential architecture. The project, located in Vejle 
city canter at Bleggaardsgade, offers a modernized high-quality 
brick architecture approach to complement surroundings with 
a classical architectural identity.  

	 Architecture offers internal simplicity. It strives to facil-
itate various family configurations and to accommodate new 
forms of co-living. Two zones, when closed, offer thermal satis-
faction for night sleep and, at the same time, provide flexibility 
in their use. Two potentially thermally different zones are com-
plimented with a non-defined spacious living room filled with 
daylight. 
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Fig 25: Project proposal entrance visualisation.
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Fig 26: Site plan | Scale 1:500.
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Fig 27: Living room proposal visualisation.
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Fig 28: Ground floor plan | Scale 1:150.
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Fig 29: First floor plan | Scale 1:150.
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Fig 29: Mansard floor plan | Scale 1:150.
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Fig 30: Project proposal visualisation.
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AC B

Fig 31: South facade | Scale 1:200.
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AC B
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A B C

Fig 32: North facade | Scale 1:200.
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A B C
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Fig 33: Cross section | Scale 1:150.
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Fig 34: Longitudinal section section | Scale 1:150.



69

Temperature Zoning in High-Performance Residential Architecture



70

Santa Krieva | 2022

•	 Heat pump as source for heating and hot domestic water. 
•	 Floor heating with heating set points per room. 
•	 Increase of thermal resistance of partitions. 
•	 Shading system to lock out summer sun and gain winter solar heat.
•	 Additional shading system with set points
•	 Closed volumes without air mixing between zones.
•	 Cold bedrooms occupied only for sleeping and no other function
•	 Centralized MVHR with 1ACH 
•	 Venting with set points
•	 Night cooling with set points

THERMAL THINKING STRATEGIES 

Fig 35: Axonometric diagram of volume for thermal load balance.

Fig 36: Proposal thermal load balance.
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CONSTRUCTION PRINCIPLE

Fig 37: Proposal construction and insulation placement principle.
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Fig 38: Axonometric diagram of volume for thermal load balance.

Cht 5: Median operative temperature chart.
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Fig 39: One-occupant bedroom operative temperature plot of annually hourly data.

Fig 40: Two-occupant bedroom operative temperature plot of annually hourly data.

Fig 41: Living room operative temperature plot of annually hourly data.
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Fig 42: Axonometric diagram of volume for thermal load balance.

Cht 6: Median operative temperature chart.
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Fig 43: One-occupant bedroom operative temperature plot of annually hourly data.

Fig 44: Two-occupant bedroom operative temperature plot of annually hourly data.

Fig 45: Living room operative temperature plot of annually hourly data.
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	 This thesis has been an enormous expansion of the pool of knowledge through de-
sign-based research and its implementation into the research-based design. I am proud to con-
clude that it is partially possible to meet user demands without sacrificing building performance 
and, therefore, to enhance social and environmental sustainability simultaneously. Results sug-
gest that creating two thermal zones into one residential unit is possible. Still, it is possible to 
meet user demand of temperature for winter T < 17 °C, and adaptive climate temperature is 
observed throughout the year. Weather adaptive indoor environment means that indoor tem-
peratures are fallowing outdoor temperatures, and it is possible to create lower temperatures in 
winter than in summer.

	 How do we design residential architecture with two thermal zones to meet user demand 
for cold bedrooms? My answer is to follow good practice of low-energy housing when creating 
rooms with 5 °C temperature differences and supplement it with location-based, informed, and 
conscious integrated design decisions. Every design should be instructed on the early stages 
of location climatology, the orientation of the building and zones, shading and solar gain and 
material choices. 

	 But how do we design flexible cold bedrooms to adapt to users’ family configurations 
and accommodate new forms of co-living? After the project, I concluded that building envelope 
parameters are crucial and cannot be changed from high-performance residential architecture 
recommendation; for zones to changing function and thermal conditions. Instead, partition 
thermal resistance should be designed for a 5 °C temperature difference. Each room should 
be able to regulate and set up heating points to change the temperature and, therefore, be built 
with separate floor heating loops for each room. Furthermore, each zone should be designed 
with variable options to shade, open the window and close the area for the rest of the housing 
volume. 

	 Complexity and sensibility of thermal environment and energy performance have been 
observed throughout the work process of this thesis. First, it has been designed and controlled 
by set points and sensors, while in real life, user behavior is unpredictable. Slightly changes 
made in a parametric digital building immediately informed its effect on these conditions, but 
it is not what is happening in real life. Visual communication through hourly plots and energy 
balances informed and trained my design choices. That makes me aware of how little the user 
is knowledgeable and even when willing to take responsible participation. In a digital world, 
we can design and establish desired user thermal demand or get close to it. Still, to ensure suc-

CONCLUSIONS
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	 The research adds another layer of complexity to an already demanding thesis 
project. A diverse variety of expertise and skills are required to work with architec-
ture, integrated design, research, and even more to present. Therefore, research and 
project work has been a personal challenge to accomplish as an individual project. 

	 Luck of previse knowledge and skills of tools used in these projects has been 
another challenge to overcome. The lack of modern tutorials or books about Ladybug 
Tools has been missed and self-taught. Furthermore, verification tools were missed at 
the begging to ensure the correctness of results while design intuition and awareness 
were built. The practice of working with an enormous amount of data and analysing 
and communicating it was another dare.

REFLECTIONS

cessful realization, architect, engineer, and tenant communication should be enhanced through 
educational manuals or digital platforms. For example, the final result would only work if bed-
rooms are only occupied for sleeping and without putting any extra electrical and equipment 
loads. Even more, rooms must be closed from other thermal zones. Therefore, at the end of the 
day, all must work together and be aware of their own participation and responsibility for meet-
ing desired conditions.  
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Cht 7: Design Explorer iterative design result chart.

Cht 8: Design Explorer iterative design result chart.

Tbl 6: Iterative design CSV data.

CENTRALIZED MVHR WITH AIR OVERFLOW AND DISTRICT HEATING

THERMAL AND SOLAR ABSOEBANCE

https://tt-acm.github.io/DesignExplorer/?ID=BL_3SQGCV0

https://tt-acm.github.io/DesignExplorer/?ID=BL_3UJwAqs
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Cht 9: Design Explorer iterative design result chart.

Tbl 8: Iterative design CSV data.

Tbl 9: Iterative design CSV data.

ACH FOR THERMAL COMFORT REQUIREMENTS
https://tt-acm.github.io/DesignExplorer/?ID=BL_3fhYhGF
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Cht 10: Design Explorer iterative design result chart.

Tbl 10: Iterative design CSV data.

CENTRALIZED MVHR WITH AIRFLOW BALANCE
https://tt-acm.github.io/DesignExplorer/?ID=BL_3rd3BOq
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Cht 11: Design Explorer iterative design result chart.

Tbl 11: Iterative design CSV data..

CENTRALIZED MVHR WITH AIRFLOW BALANCE AND ACH
https://tt-acm.github.io/DesignExplorer/?ID=BL_3Ri10Nt
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Cht 12: Design Explorer iterative design result chart.

Tbl 12: Iterative design CSV data.

DECENTRALIZED MVHR WITH AIRFLOW BALANCE AND ACH
https://tt-acm.github.io/DesignExplorer/?ID=BL_3SiMR3T
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GRASSCHOPPER AND LADYBUG TOOL SCRIPT DEFINITION

Fig 46: Grasshopper and ladybug tool script definition.

Fig 47: Room definition.
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Fig 48: Bedroom programme definition.

Fig 49: Living room programme definition.
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Fig 50: Window definition.

Fig 51: Construction definition.
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Fig 52: Centralized MVHR definition.

Fig 53: Decentralized MVHR definition.
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Fig 53: Decentralized MVHR definition.

Fig 54: Model definition.

Fig 55: Output result definition.

Fig 55: Automated iterative design definition.
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CONSTRUCTION TECHNOLOGY

Fig 56: External wall construction.

Fig 57: Fire partition wall construction.
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Fig 58: Floor partition construction.

Fig 59: Partition wall construction.
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Fig 60: Partition wall construction.

Fig 61: Partition wall construction.




