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ABSTRACT
Energy security and climate change mitigation have been discussed in Sweden
since the oil crisis in the 1970s. Sweden has since then increased its share of
renewable energy resources to reach the highest level among the EU member
states, but is still among the countries with the highest primary energy use per
capita. Not least because of that, increasing energy efficiency is important and it is
part of the Swedish long term environmental objectives. Large potential for
improving energy efficiency can be found in the building sector, mainly in the
existing building stock but also in newly constructed buildings
In this thesis, criteria for energy efficiency in new residential buildings are
studied, several design aspects of residential buildings are examined, and possible
further analysis from an energy system perspective discussed. Three case studies
of existing residential buildings were analysed, including one detached house and
multi‐storey apartment buildings. The analysis was based on both energy
simulations and measurements in residential buildings.
The results show that the calculated specific final energy demand of residential
buildings, before they are built, is too rough an indicator to explicitly steer society
toward lower final energy use in the building sector. One of the reasons is
assumptions made during calculation before the buildings is built. Another reason
is the interior building design. A design that includes relatively large areas of
heated corridors, service and storage rooms will lower the specific final energy
demand without improving the building energy efficiency, which might increase
both the total final energy demand and the use of construction materials in the
building sector.
Efficient thermal envelopes are essential in construction of energy efficient
buildings, which include the thermal resistance and also the shape of the building.
The shape factor of buildings was found to be an important variable for heat
demand in buildings located in temperate and colder climates, particularly if they
are exposed to strong winds.
From a system perspective, energy efficiency measures and the performance of
the end use heating technology in buildings should be evaluated together with the
energy supply system, including the dynamic interaction between them.
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SAMMANFATTNING
Energiomställning har diskuterats i Sverige sedan oljetillförselkrisen på 1970‐
talet, både för att trygga energitillförseln och för att motverka klimatförändringar.
Sverige har sedan dess ökat andelen förnybar energi, och nått den högsta nivån i
Europa, men är fortfarande ett av de länder i Europa som har högst
primärenergianvändning
per
capita.
Inte
minst
därför
är
ökad
energieffektivisering viktigt, och det utgör en del i Sveriges nationella miljömål. I
byggnadssektorn finns en stor potential för energieffektivisering, särskilt i befintlig
bebyggelse, men även för ny‐byggnation.
I denna avhandling studeras kriterier för energieffektivitet i nybyggda
bostadshus. Flera designaspekter på bostadshus studeras och ytterligare tänkbara
analyser ur ett systemperspektiv diskuteras. Fallstudier av både småhus och
flerbostadshus används och både byggnadssimuleringar och faktiska mätningar
ligger till grund för analyserna.
Resultaten visar att specifik energianvändning beräknad innan husen byggs är
en för grov indikator för att snabbt styra samhället mot lägre energianvändning i
byggnadssektorn. Det beror delvis på de osäkra antaganden man tvingas göra,
men också på byggnadens interiöra utformning. En design med stora ytor utanför
lägenheterna där temperaturen är lägre, såsom korridorer, teknikrum och förråd
ger en lägre specifik energianvändning, utan att byggnadens energieffektivitet
förbättras. Istället kan det leda till att både total energianvändning och mängden
använt konstruktionsmaterial ökar.
Klimatskalet är viktigt när energieffektiva byggnader ska konstrueras, och det
inkluderar såväl U‐värden som formen på huset. Resultaten visar att formfaktorn
är en viktig parameter för värmebehov i byggnader i kallare klimat, särskilt på
blåsiga platser.
När
energieffektiviseringsåtgärder
i
byggnader
analyseras
i
ett
systemperspektiv visar resultaten att både åtgärderna och byggnadernas
värmesystem bör utvärderas med hänsyn till interaktionen med
energitillförselsystemet.
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1. INTRODUCTION
Through the history of civilization humans have built shelters to practice their
social activities, while having protection against weather, wild animals, and other
human beings. These buildings were commonly built from available local materials
and followed a design that took into consideration, e.g. the local climate conditions
[1]. Such building examples include, e.g. the adobe house [2], the open courtyard
building design [3] and the Inuit igloos in Greenland and northern Canada [1].
New technologies, new materials, and changes in societal structures have changed
the way buildings are designed and constructed today. For example, heating,
ventilation and air conditioning (HVAC) systems are widely used to compensate
for the lack of sufficient indoor comfort, which in many cases is the result of
inefficient building design and enhanced thermal comfort requirements over time.
Since the oil crises in the middle of the 1970s the use of energy has received
great attention due to the limited amount of natural resources such as oil, and
environmental awareness, for example, concerning global warming. The
worldwide contribution of the building sector to the final energy demand has
steadily increased to about a third of the world’s final energy demand, which
makes it the most energy intensive sector [4]. About 50% of the final energy use in
this sector is attributed to HVAC systems [5], a value that is expected to increase in
the future due to increased demand for better indoor comfort and increased time
spent indoors [5], for example, for the purposes of education, business, health and
leisure.
Human population, consumption patterns, and economic growth have
increased the demand on natural resources [6]. The modern lifestyle has reached a
stage where ecological services are used faster than the nature can regenerate [7].
Buildings affect the environment during their entire life time, which include:
material production, construction, operation, maintenance, disassembly and waste
management. During these phases natural resources are consumed, land is used,
waste is produced and emissions are released to the environment. Waste products
and emissions may remain many years after building demolition.
With business as usual, the environmental impact of the building sector will
increase in the future as the number of dwellings is expected to increase due to the
global population growth. Predictions done by the UN, point at 1.0 to 3.5 billion
additional people by 2050, which is equivalent to an increase of 15% ‐ 50% for
today’s population [8]. It is a challenge to provide a sufficient number of dwellings
for a growing world population while maintaining high life standard and good
thermal comfort. Yet, it is a greater challenge to ensure that these building will
1

comply with the principle set by the global society in the WCED‐report Our
Common Future to “meet the needs of the present without compromising the ability
of future generations to meet their own needs” [9].

1.1

The role of energy in the building sector

At the same time as the energy use in the building sector risks to increase in the
future, the building sector holds a large energy savings potential. Implementation
of energy efficiency measures is calculated to result in up to 30% savings in the
building sector by 2020 [10]. This by itself corresponds to about 11% of the total
final energy demand in the EU [11]. As a measure to realize this potential, the
European parliament approved the Directive on the Energy Performance of Buildings
[12] in 2010. The directive demands that by the end of 2020, all newly constructed
buildings in the EU should be “nearly zero‐energy buildings”, and that the
member states should stimulate the transformation of existing buildings under
refurbishment into nearly zero‐energy buildings. Although the concept of “nearly
zero‐energy buildings” is not defined, the objective of this directive is to promote
the design of buildings with improved energy performance in all EU member
states.
Building design has a significant role in the buildings’ future energy
performance. Decisions made at an early stage about the building’s shape,
construction material, interior layout, orientation, window sizes and placement
will steer the final energy demand for heating, cooling and ventilation. Design
decisions may also have large impact on land use, the use of resources and the
production of waste and emissions during the entire life cycle of the building. This
thesis will examine a few of these building‐design aspects and their impact on the
final energy demand and energy supply systems with focus on residential
buildings located in a Swedish climate.

1.2

Energy and buildings in Sweden

Sweden is an industrialized country with a high living standard, high GDP per
capita (USD 40,700) and rich in resources for heat and power production including
hydro power, biomass, wind, and uranium (currently not utilized). It is located in
the northern part of Europe between 55° and 70° latitude with temperate to sub‐
arctic climate and an average annual outdoor temperature that ranges from 9°C in
the south to below 0°C in the north. In such climate conditions there is a
dependency on energy resources to obtain sufficient indoor thermal comfort [13].
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In 2013, Sweden was ranked third by the World Energy Council in their Energy
Sustainability Index [14], which includes three indicators: energy security, social
equality and environment impact mitigation. At the same time, however, Sweden
was also highly ranked in terms of primary energy1 per capita [15]. A significant
cause for this high primary energy use per capita is the large share of existing
dwellings that were built during the 1960’s and 1970’s [16]. At that period, energy
efficiency in buildings was not prioritized due to low energy prices. As a result, the
residential and service sector became the most energy intensive sector with about
40% of the total final energy demand in Sweden [17].
The Swedish population increases by 0.4% per year and is expected to increase
by an additional 2.1 million citizens by 2060 [18]. The annual rate of new
constructed residential dwellings for the last 20 years was slightly higher with 0.5%
on average [19]. Thus, to reach the Swedish goal of 20% lower total final energy
demand by 2020, in comparison to year 1990 [20], the design of new buildings
should aim for high energy performance.

1.3

The aim of the thesis

This thesis focuses on design aspects of residential buildings and their final
energy demand during their service life time, and lays the basis for further
analyses in an energy system perspective that includes: the building and its energy
system, the energy production system and the interaction between them. The
thesis includes four main research questions:


Are commonly used calculation methods and requirement specifications
suitable to evaluate energy demand in buildings in the design stage? This
question is addressed in chapter 3.



What is the impact of the interior building layout design on specific final
energy demand? This question is addressed in chapter 4.



What is the impact of exterior building design on final energy demand? This
question is addressed in chapter 5.



What impact does the building design have on district heating supply system
and primary energy use? This question is addressed in chapter 6.

1

See definition for primary energy in section 2.1.3
3

2. METHODOLOGY
When analysing the built environment, modification of existing buildings and
energy systems is not always practical or possible. Instead, analytical calculations,
modelling and monitoring of the different components of the system in question
can be used to analyse the effect of changes in the design. The following sections
describe the methods and the analytical tools that were used in this thesis research
to analyse the impact of building design on the energy demand.

2.1

System analysis

A system can be viewed as “a regularly interacting or interdependent group of
items (components) forming a unified whole” [21]. The exchange of information,
material or energy among the different components is an essential part of the
system in question, which is best described by Aristotle’s argument that the whole
is greater than the sum of its parts.
In Papers II and IV the system is the building itself, while in Paper I, a system
analysis is used to study the building energy in the larger energy demand‐supply
system. A bottom‐up approach is used in order to analyse how small changes
affect the system and what the interactions are among its different components.
The sub‐systems and the interaction among them are described in detail in Papers I
to IV. The conclusions are determined by the magnitude of the changes observed
under small modification in the sub systems, thus large truncation errors are
avoided since the systems are analysed under similar conditions for the different
alternatives compared. When setting up models for system analysis, several
assumptions must be made. In the following sections the most important
methodological assumptions are described.
2.1.1

System boundaries and marginal technologies

The energy system in Paper I includes the entire energy chain from natural
resources via heat and power production plants to energy services in a residential
building. Residential buildings can be viewed as a sub system of the whole
national energy system and their energy demand can be modeled individually
(Papers II, III, and IV) as it is affected by many components including: design,
outdoor environment conditions, HVAC systems, water consumption, electrical
appliances, indoor thermal comfort and indoor human activities. These
components and their interaction have an impact on the demand for final energy in
the building and hence on the whole energy system.
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When it comes to use of electricity, Sweden is part of the Nordic electricity
trading market, the NordPool. The Swedish electricity grid is connected by high
voltage cables to Norway, Finland, Denmark, Poland and Germany, via the latter
also to the Baltic States, the Netherlands, Luxembourg, Belgium, France and to
some extent to Austria and Switzerland. As a result, the Swedish electricity system
is not a closed system but part of larger system that extends beyond the physical
borders of the country. Small changes in electricity production or consumption
patterns in Sweden may thus affect electricity production in other parts of Europe.
That raises the question which technology would be affected by these marginal
changes. Today coal‐fired condensing plants (CST) are the dominant marginal
electricity production technology in the Nordic region [22]. However, this may
change in the future due to factors including investments, greenhouse gas
reduction policies, strategic and security reasons [23].
District heating networks, on the other hand, are local systems that can vary in
size from a few buildings to large urban areas. In a district heating power plant,
the marginal production technology is the technology that is the most costly to
operate per unit of energy output. The marginal technology is not constant in time
and may shift between base load and peak load demand within the same district
heating network (Paper I). The district heating system analyzed in this thesis is
confined to the city of Östersund, Sweden, with its local climate condition and
local heat demand.
2.1.2

Units for comparison and system expansion

In a life cycle assessment, the functional unit is a quantified performance of a
product (goods or service) of a system for use as a reference unit [24]. It provides a
reference to which the inputs and outputs can be related. There are needs for
similar units also in system energy assessments. In directives and standard energy
demand of buildings, building design is often given by the annual energy demand
for electricity, space and domestic water heating per unit of floor area (m2), which
enables the comparison of energy demand among buildings with different sizes.
In Paper I, the parameter of interest is the primary energy used for different
heat demands and heat production technologies in a district heating plant. Co‐
generation of heat and power (CHP) is a multi‐functional process with two
products, which induces allocation difficulties. That is, how much of the inputs
and outputs of the process are attributable to each of the products or service under
assessment. There are several allocation methods, in which the analysed
parameters (primary energy) could be allocated to each of the products in a district
heating network with a CHP plant [25]. According to the ISO14040 standard [26],
“Allocation should be avoided, wherever possible, either through subdivision of the
5

multifunction process into sub-processes, and collection of separate data for each subprocess, or through expansion of the systems investigated until the same functions are
delivered by all systems compared.”
System expansion is an adequate method for avoiding allocation [25]. It can be
used with the subtraction method and assuming that the secondary product (e.g.
cogenerated electricity in a CHP plant) would replace a similar product that
instead would have been produced in a standalone process using the same input
(e.g. fuel or primary energy) [27]. In Paper I, the district heating system is
expanded to include a standalone power plant. The secondary product, i.e. the co‐
generated electricity, is assumed to replace the electricity production in this
standalone power plant. The total amount of primary energy used in the district
heating plant is then credited with the amount of primary energy used to produce
the same amount of electricity in the standalone power plant.
2.1.3

Definition of concepts

When discussing energy and energy demand, a variety of energy concepts and
terms can appear. In the research described in this thesis the following energy
terms are used:


Final energy demand in a building denotes the total energy supplied to the
household for electricity, space heating and domestic water heating.



Primary energy represents the entire amount of energy resources that are
needed in order to deliver an energy service in a building. It hence
includes all the energy losses along the energy chain from natural
resources to energy services.



Specific final energy demand is the amount of final energy supplied per
unit of building floor area.

6

2.2

Case studies

Case study research can bring understanding of a complex issue by analysing a
number of selected cases. Johansson [28] distinguishes between three types of case
study practices: the “explicative”, which focuses on one unit of analysis but with
many variables and qualities; the “experimental”, which focuses on one or a few
units of analysis and a few isolated variables; and “reductive”, which focuses on
many units of analysis and a few variables.
The last two types of case study practices were used in this thesis research
using different cases (units of analysis) of existing residential buildings. The
“experimental” case study is used in Paper I and IV. Each of these papers has one
object of analysis: the Wälludden respectively, the Röda Lyktan project, and one
variable: the final energy demand, which is monitored or calculated. The
“reductive” case study is used in Paper II and III by correlation analysis of few
variables among 22 multi‐storey buildings constructed in Stockholm. The Röda
Lyktan, Wälludden and Stockholm program case studies are described in the
following sections.
2.2.1

The Wälludden building

The Wälludden building, in Paper I, is a four‐storey apartment building with
wooden‐frame foundation. It has 16 apartments and a total heated area of 1190 m2.
It was constructed in 1995 in Växjö, Sweden, but was analysed with the climate
data of Östersund. The roof consists of two layers of asphalt‐impregnated felt,
wood panels, 400 mm mineral wool between wooden roof trusses, polythene foils
and gypsum boards, giving an overall U‐value of 0.13 W/(m2 K). The windows are
double glazed and have a U‐value of 1.90 W/(m2 K). The external doors have a U‐
value of 1.19 W/(m2 K) and consist of framing with double glazed window panels.
The external walls have a U‐value of 0.20 W/(m2 K) and consist of three layers: 5
cm plaster‐compatible mineral wool panels, 120 mm thick timber studs with
mineral wool between the studs, and a wiring and plumbing installation layer
consisting of 70 mm thick timber studs and mineral wool. Two‐thirds of the facade
is plastered with stucco, while the facades of the stairwells and the window
surrounds consist of wood panelling. The ground floor consists of 15 mm oak
boarding on 16 cm concrete slab laid on 70 mm expanded polystyrene and 150 mm
macadam, resulting in a U‐value of 0.23 W/(m2 K). Detailed information, including
drawings and thermal properties can be found in Persson (1998) [29].
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2.2.2

The Stockholm program for environmentally adapted buildings

Twenty two multi‐storey apartment buildings were used as a case study, 20 of
them in Paper II (the buildings in locations 1‐8 in Table 1) and five of them in Paper
III (the buildings in locations 2, 4, 6, 9, 10 in Table 1). All the buildings were
constructed according to the Stockholm program for environmentally adapted
buildings [30] (hereinafter called the ‘Stockholm program’). They were chosen
because of the similarities in thermal properties, energy systems and the absence of
areas for commercial purposes (Table 1). The buildings’ heat source for space and
domestic water heating is the local district heating network in Stockholm, Fortum
Värme. The buildings’ final energy demand over one year was monitored both by
the buildings’ proprietors after settling and by Fortum during 2005 and 2006. These
monitored values were used to analyse the impact of the interior design, Paper II,
and by the exterior design (Paper II and III) on the final energy demand.
Table 1.

Description of the residential building that participate in the Stockholm program

Location name
1
2
3
4
5
6
7
8
9
10

Sundet 1
Fladen 1
Fjärden 1
Spinnsidan 4
Tjärnen 1
Installation 1 &
Hologrammet 1
Polygripen 2
Tjockan 1
Följetongen 1
Tjoget 1

Floor area
(m2)
4,900
3,200
3,200
1,613
5,895

No. of
No. of
buildings storeys
2
5
2
5
2
5
2
3, 4
3
5‐7

No. of
apartments
39
31
31
16
60

Ventilation
system
Forced
Forced
Forced
Forced
Forced

6,571

3

5‐7

62

Forced

4,146
9,700
567
975

2
4
1
1

3
4
3
4

38
91
6
12

Forced
Forced
Forced
Forced

The location Fladen1 includes two identical but mirrored buildings. One of the
buildings was used as a reference example to study the effects of the shape factor
and the relative size of the common area on the specific final energy demand
(Papers II and III). The reference building is a five‐storey apartment building with
a total floor area of 1600 m2. The roof consists of two layers of asphalt‐impregnated
felt over 25 mm plywood sheet, with 300 mm of mineral wool between the wooden
roof trusses and 150 mm of concrete, providing an overall U‐value of 0.13 W/(m2
K). The external walls have a U‐value of 0.25 W/(m2 K) and consist of 8 mm of
plaster, 150 mm of mineral wool between wooden studs and 150 mm of brick. The
facade consists of 33% triple‐glazed windows and doors with an overall U‐value of
1.20 W/(m2 K). The ground floor consists of 20 mm oak boarding on a 180 mm
concrete slab laid on 150 mm of expanded polystyrene and 100 mm of asphalt,
resulting in a U‐value of 0.24 W/(m2 K).
8

2.2.3

The Röda Lyktan building

This case study is a semidetached house with two identical dwellings located in
Östersund. It was constructed during 2010 with a design that meets the
requirements for Swedish passive houses as defined by the Forum for energy
efficiency buildings (FEBY) [31] and the Centre for zero energy buildings (SCNH)
[32]. It is the first construction project that meets the passive house criteria in
Northern Sweden (latitude 63°N), climate zone I (see Figure 3 in section 3.1). To
date, the number of passive houses in climate zone I region is still less than 1% of
the total passive houses in Sweden [33].
The two dwellings were inhabited by families with different characteristics: a
couple in one unit and a couple with two young children in the other. Each
residential unit has two storeys and a total floor area of 160 m2, which includes: a
cloakroom, hall, a kitchen, a living room, a toilet, a bathroom, a laundry room, a
storage room and four bedrooms, as illustrated in Figure 1 and Figure 2. In
addition, a wooden terrace, a balcony, an adjacent garage and a garbage room are
located outside the thermal envelope of the building and therefore not considered
as part of the floor area.

Figure 1.

Drawing of the first floor

Figure 2.

Drawing of the second floor

This Röda Lyktan building has a wooden frame on concrete slab with steel mesh
on foam sheets (cellular plastics). The outer walls are made of several layers
including: gypsum board, 175 mm stone wool, 240 mm cellulose fibres and wood
panel at the exterior. The roof is made of metal sheets on top of composite wood
board, cellulose fibres, stone wool and a gypsum board at the interior. The ratio
between the building’s thermal envelope and its floor area, i.e. the shape factor of
the building, is about 2, which indicates a relatively compact building. The thermal
properties of the different elements are listed in Table 2.

9

Table 2.

The thermal properties of the Röda Lyktan building

Area
m2

U-average
W/(m2 K)

U · Area
W/K

Roof

168.0

0.078

13.1

External wall

242.5

0.093

22.6

57.6

0.750

43.2

Building component

Windows
Doors
Slab on ground

4.2

0.800

3.4

163.3

0.110

18.0

‐

‐

8.9

635.6

0.172

109.2

Cold bridges ‐ total
Thermal envelope total

The heating system includes a water‐based pre‐heater coil in the ventilation
system and floor heating in the bathroom and in the entrance hall. The main source
for heat is the local district heating plant for both space and domestic water
heating. A secondary heat source is a wood‐fuel stove installed in the living room.
The stove can be used by the occupants according to their wishes. A balance
ventilation unit with a rotary heat exchanger is installed in each of the dwellings to
reduce ventilation heat losses.

2.3

Final energy balance in buildings

Final energy balance in buildings describes all the energy flows to and from the
building and includes: solar radiation, internal heat from occupants and
appliances, space and domestic water heating, air leakage and ventilation heat
losses, conduction heat losses, and sewage heat losses. Each of the energy flows
includes many variables that can vary with time, which is why an energy
simulation program was used.
2.3.1

Energy simulation program

The VIP‐Energy simulation program [34] was used to calculate the final energy
demand in the buildings. The VIP‐Energy is a dynamic energy balance simulation
program that calculates the energy performance of buildings hour by hour
considering the building’s thermal properties, orientation, heating and ventilation
systems, indoor and outdoor conditions, and operation schedule. The VIP‐Energy
has been validated by IEA‐BESTEST, ASHRAE‐BESTEST and CEN‐15265
validation tests.
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2.3.2

Input data

Monitored metrology data for wind, solar radiation and humidity were
obtained from the NOAA Earth System Research Laboratory and from
temperatur.nu [35]. Architectural drawings of the buildings were gathered from
the Stockholm city archives, literature [29] and personal communication [36]. The
final energy demand for the Stockholm program buildings was obtained from the
local district heating network in Stockholm, Fortum Värme. The daily heat
production for the year 2008/2009 was obtained from the local district heating
provider in Östersund, Jämtkraft, and was used as a reference; see Figure 16 in
section 6.4.
2.3.3

Measurements

In the Röda Lyktan study, described in Paper IV, a one year final energy
monitoring started in May 2012, after a period of individual adjustments for the
indoor comfort levels for each of the two residential units, and about two years
after the completion of construction work. Separate measurements were performed
for space heating, domestic water heating, household electricity and for auxiliary
electricity including electricity for the water pumps and the ventilation system. The
measurement equipment was installed by Jämtkraft and was collected by remote
reading. The amount of wood fuel used in the stove was registered by the
occupants. Indoor thermal conditions were monitored in three locations in each
residential unit: the main bed room, the bathroom and the corridor. The outdoor
thermal conditions were measured as well. The sensors are of type Laskar EL‐
USB2+ with a temperature and relative humidity reading error of 0.3°C and 2%
respectively. The ventilation aggregate is of type Enervent‐Pandion with built‐in
temperature sensors for extract air, exhaust air, before and after the heat exchanger
and before and after the heating coil.
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3. BUILDING DESIGN TO MEET FINAL ENERGY
REQUIREMENTS
Final energy calculations already in the design stage of buildings are used in
order to make sure to meet the building code requirements, local environmental
targets and voluntary goals such as passive house certificates or environmental
certification. The compliance of the building to energy targets is usually done by
calculations during the design stage of the building, before it is built. The accuracy
of such calculations is described in section 3.2 based on the analysis done in Paper
II and Paper IV.

3.1

Energy requirements

New residential buildings in Sweden are required, by the Swedish building
code (BBR) [37], to fulfil a set of goals concerning safety, energy efficiency and
thermal comfort. These goals, listed in Table 3, include among others the
maximum specific final energy demand of the building according to three climate
zones, as listed in Figure 3.
Table 3.

The energy requirements by the Swedish building code by climate zone [37]

Climate zone

II

III

The buildingʹs specific final energy demand* kWh/(m2 year)

130 (95)

I

110 (75)

90 (55)

Installed power rating for heating**

5.5

5

4.5

kW

Average thermal transmittance***
W/( m2 K)
0.4
0.4
0.4
*
Household electricity is not included. Values in brackets are for dwellings with electric
heating.
2
**
For dwellings with electric heating and a heated floor area up to 130 m .
2
For each additional 1 m heated floor area, 0.035 kW should be added.
***
Watt per building’s envelope area and degree Kelvin.

Stricter energy requirements than the Swedish building codes are encouraged
by different certification schemes with labels issued by a third party. These can be
divided between Environmental and energy only certification schemes.
Environmental certification schemes evaluate a range of issues concerning the
building, the installed systems, and in some cases the building site and occupants’
possibilities for sustainable behaviour. Large international environmental
certifications are BREEAM and LEED. Yet, many countries have national schemes
such as the Miljöbyggnad scheme in Sweden, provided by the Sweden Green Building
Council [38].
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Figure 3.
3
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Table 4.

The Miljöby
yggnad certificcation grading scheme for energy demandd indicators

Indicators

Brronze

The specificc final energy demand

10
00%*

75%**

65%*

Heat load demand/Floor area (W/m2) With electric heating
h

≤ 40
4

≤ 30

≤ 20

≤ 60
6

≤ 40

≤ 25

Other

* % of the en
nergy requirem
ments in the B
BBR, according
g to Table 3.

13

Silveer

Gold

In addition to the environmental certification schemes there are the EU Green
building and the Passive house criteria, which only focus on energy. The EU
GreenBuilding label is intended for existing buildings that achieve a 25% reduction
in final energy demand by implementing energy efficiency measures or new
buildings with 25% lower calculated energy demand in comparison to the Swedish
building code. The GreenBuilding and the Miljöbyggnad certification systems are
used in 88% of the total certified buildings in Sweden [38]. It is worth noting that
final energy demand has large weight in the different certification schemes and
policies. However, reducing the final energy demand does not guarantee lower use
of energy resources or less environmental impact. The dynamics of the energy
system must be considered, as indicated in Paper I, and will be discussed further in
chapter 6.
The FEBY report [31] published by the Swedish Environmental Research Institute
(IVL), provides criteria for zero energy, passive and mini energy houses. IVL is an
independent, non‐profit research institute, owned by a foundation jointly
established by the Swedish Government and the Swedish industry. These criteria
are a modification of the international Passive house criteria, developed by the
Passive House Institute [39], and include requirements concerning thermal resistance
and air tightness of the building envelope, and two requirements for energy
demand: (i) the ratio of heat load demand to the heated floor area of the building;
and (ii) the specific final energy demand. The two criteria are listed in Table 5 for
the different climate zones illustrated in Figure 3.
Table 5.

The Swedish energy criteria for passive houses by heating system and
climate zone

Climate zone:

I

II

III

Heat load demand/Floor area

W/m

19

18

17

For non‐electric heating systems

kWh/(m2 year)

63

59

55

For electric heating systems

kWh/(m2 year)

31

29

27

For a combination of different types

kWh/(m2 year)

78

73

68

2

of heating systems
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3.2

Discrepancies between designed and monitored values

The buildings’ energy requirements need to be fulfilled before the building is
built, already in its design stage. Thus, the final energy demand has to be
calculated, which can lead to large discrepancies with the monitored values
measured during the operation phase of the building. Such discrepancies were
observed in three construction projects in Sweden as listed in Table 6 and will be
discussed more in detail in the following sections.
Monitored and required specific final energy demand in kWh/(m2 year)
Monitored values
Required values
kWh/(m2 year)
Project
kWh/(m2 year)
Minimum
Maximum
Stockholm [40]
DH*
111
242
140
DH + VHR**
109
334
125
Electric heating
70
121
90
Bo1 [41]
118
356
105
Lindås [42]***
45
97
Passive house
standard****
Heating
System

Table 6.

*

DH - District Heating

**

VHR - Balance Ventilation with Heat Recovery

***

The values include household electricity, in average 31.8 kWh/m2, was monitored.

**** According to table 5 with climate zone III and electric heating.

Two examples of large discrepancies between designed and monitored values
of final energy demand have been analysed in detail. These include the Röda
Lyktan case study (Paper IV), a semi‐detached house, and the Stockholm project
case study, which includes multi‐storey apartment buildings (Paper II).
3.2.1

Results - Detached houses

Large differences were found between the calculated and monitored final
energy demand of the Röda Lyktan case study (Paper IV), as illustrated in Figure 4.
Differences were found in all the four energy categories: (i) space heating was
underestimated by 22% ‐ 37%; (ii) domestic water heating was overestimated by
40% ‐ 170%; (iii) household electricity was overestimated by more than twofold;
and (iv) auxiliary electricity was overestimated by 50% ‐ in comparison to the
monitored values. In total, the annual final energy demand was 28% and 33%
higher than the calculated values for household I and household II, respectively.
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110
100
Household electricity

Specific final energy demand
kWh/(m2 year)

90
80
70

50

10.7

40

15.5

0

6.9
11.1

30
20

38.3
Auxilary electricity

18.7

60

10

Figure 4.

39.3

7.4
5.8
6.7

10.0

Domestic water
heating
Wood stove

42.6
31.0

29.5

Calculated values Household I

Space heating
Household II

The designed and monitored final energy demand by energy type of the two
households in the Röda Lyktan project (Paper IV).

3.2.2

Results - Multi-storey apartment buildings

The Stockholm program for environmental adapted buildings [40] involved multi‐
storey apartment buildings that were constructed in 77 locations within the
Stockholm municipality during the period of 1996 to 2005. Each location contained
at least one multi‐storey apartment building. The specific final energy demand was
calculated before the buildings were constructed, by their proprietors, as a
controlling mechanism to achieve the project energy requirements (Table 6). In
addition, one year final energy monitoring was conducted during the operation
phase of the building, by the buildings’ proprietors, as a feedback mechanism.
The monitored specific final energy demand was found to be significantly
higher than the calculated values in 66% of the locations (Figure 5), and in 78% of
the locations, apartment buildings failed to accomplish the Stockholm program
final energy requirements as listed in Table 6. Similar results were found in the Bo1
construction projects [41] in the city of Malmö, Sweden (Table 6).
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400

Specific final energy demand
kWh/(m2 year)

Monitored values in buildings with forced ventilation
350
Monitored values in buildings with ventilation heat recovery (VHR)
300
Monitored values in buildings heated with heat-pump
250
Calculated values
200
150
100
50
0

Locations
Figure 5.

The calculated and monitored specific final energy demand of apartment
buildings in 77 locations that participated in the Stockholm program. Each
value represents an average value of all the apartment buildings in each
location.

3.3

Causes for discrepancies

This section explores how the discrepancies between the calculated and
monitored values of final energy demand in residential buildings described in the
previous section can be explained. Three main causes were identified in Paper II:
(i) assumption during final energy calculations; (ii) systematic errors in
calculations; and (iii) the time elapsed since construction completion and the
beginning of the energy measurement of the energy monitoring.
3.3.1

Assumption during final energy calculations

The discrepancies between the designed and monitored final energy can to a
large extent be the results of different assumptions made during the calculations,
for example, assumptions regarding outdoor conditions, performance of installed
systems, and residence behavior. The difficulty to predict resident behaviour is a
general problem when estimating the final energy demand of residential buildings.
According to Pettersen [43], it is impossible to predict the total energy
consumption with better accuracy than ±15–20%, if the behaviour of a building’s
inhabitants is unknown. Performing such calculation may lead to larger differences
in comparison to the monitored values, than the use of different calculation and
simulation methods [44].
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The Forum for Energy Efficient Buildings (FEBY) [31] tries to overcome the
problem of diversity of assumptions by defined specific values and methods that
aim to represent the average final energy demand for different energy flows in
Swedish buildings. It includes values for: domestic water heating, household
electricity, etc. The values are based on monitored data from several studies and
are currently suggested to be used for certifying zero‐energy‐ /mini‐energy‐/ and
passive buildings.
3.3.1.1

Results ‐ Detached houses

The monitored final energy of the two dwellings in the Röda Lyktan case study
revealed two main differences in occupants’ behaviour. The first is the occupants’
preferences for indoor thermal comfort. The average indoor temperature in
household I was found to be 2.5ºC lower during the heating season (Figure 6). Both
families were pleased with their indoor thermal comfort during the monitoring
period, which indicates that the differences were purely due to diversity in
preference of thermal comfort between the families. These differences were found
to be the main cause for the 25% higher demand for space heating in household II
in comparison to household I, as illustrated in Figure 4.

Figure 6.

The outdoor temperature and the indoor temperatures monitored in different
rooms for the two households in the Röda Lyktan case study.

The second difference is the time spent indoors. Household I was unoccupied for
two weeks during the winter, and household II was unoccupied for four months
during the summer. In both periods relatively low indoor temperatures were
18

monitored. The long unoccupied period in household II is the cause for the lower
yearly energy demand for domestic hot water in comparison to household I.
Higher values for domestic hot water and household electricity would be expected
in household II if the apartment was occupied the entire year, and this would also
have resulted in larger differences in final energy demand between the two
households.
Applying the FEBY average values may not be representative for one or two
apartment units in detached houses. The behaviour of the residents can vary
significantly and have large impact on the result. For example, the annual energy
demand for domestic hot water, in the Röda Lyktan case study, was found to be
11.1 kWh/(m2 year) and 5.8 kWh/(m2 year) in comparison to the FEBY’s average
value of 20 kWh/(m2 year). That could be explained by the long period in which the
dwelling of household II was unoccupied and the low population density in
household I, i.e. 80 m2 per person in comparison to the Swedish average value of 44
m2 per person [19]. On the other hand, the energy for household electricity was
about 30% above the Swedish average value; 38.3 kWh/(m2 year) and 39.3 kWh/(m2
year) in comparison to 30 kWh/(m2 year) as proposed by FEBY.
3.3.1.2

Results ‐ Multi‐storey apartment buildings

Figure 7 illustrates the distribution of the discrepancies between the designed
and monitored values among the residential buildings that participated in the
Stockholm project. The standard deviation was found to be 15%, which means that
about 32% of the simulations deviated from the expectation value by more than
15%. The reason is most likely large variation in assumed values for unknown
variables among the different energy simulations, for example variables
concerning occupants’ behaviour, outdoor conditions, etc.

Figure 7.

The X-axis represents the deviation of the simulated values from the monitored
specific final energy demand (in percent). The Y-axis represents the number of
location in each interval among the 77 locations that participated in the
Stockholm program.
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3.3.2

Systematic errors

The magnitude of errors in any calculation should be empirically validated and
as small as possible. That includes the results from energy simulation programs. A
validation test can assess the program’s performance of real design problems [45].
Examples of validation tests are: the IEA‐BESTEST by the International Energy
Agency, the ASHRAE‐BESTEST by the American Society of Heating and Air‐
Conditioning Engineers and the CEN‐15265 by the European Committee for
Standardization.
3.3.2.1

Results ‐ Multi‐storey apartment buildings

The expectation value of the normal distribution in Figure 7 was found to be
equal to ‐19%, which implies that the calculated values in all the simulations are on
average 19% lower than the monitored values. Such a result could be obtained by a
similar error done in all simulations or by a similar error within the calculation
algorithm.
The Stockholm program recommended the Enorm 2004 simulation program
[46], as the calculation method, which was also used by most of the buildings’
proprietors. The program is not validated by any validation test. According to the
software developer, the Enorm 2004 includes a simplified model of solar radiation
and excludes the effects of heat accumulation in the building and overheating [46],
which could be the reasons for the low expectation value.
The monitored specific final energy demand of the multi‐storey apartment
buildings that participated in the Stockholm project were found to have large
variations even among buildings with similar heating systems. The highest values
reached nearly three times as high as the lowest ones, as illustrated in Figure 5,
despite of the similar requirements for final energy demand. These variations
could partly be explained by differences in residents’ behaviour. However, other
factors were found to affect the results as well. These include the time elapsed
before the start of the energy monitoring, the relative size of the common area, and
the shape factor, which will be discussed in sections 3.3.3, 4 and 5, respectively.
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3.3.3

Time elapse before the start of the energy monitoring

Energy monitoring conducted shortly after the completion of a building may
not give representative values, and may result in discrepancies between monitored
and calculated values of the final energy demand. Possible reasons are:


High moisture levels, originated from the construction work, may still remain
in the building structure. The evaporation process of this moisture requires
additional energy and may take up to two years [47].



High moisture has another negative effect. It reduces the effectiveness of the
building’s insulation [47]. As a consequence, higher final energy demand may
be measured during the early service period of a building.



Torcellini et al. [48] concluded that post occupancy monitoring of energy
performance is essential to ensure that the goals of the design are met. This
should be done under “normal operation” conditions, while the system is
optimized for the energy demand and outdoor conditions. Energy systems in
newly constructed buildings require a period of adjustment to meet the
desired energy demands. As the complexity of the energy systems in
buildings increases, maintenance and system control become more difficult
[49] and may require a longer time to adjust. The length of the adjustment
period can depend on the knowledge and skill of the operator. During this
period, the final energy demand may be higher or lower than the demand
during “normal operation” conditions.



Buildings may not be occupied instantaneously. Unoccupied apartments have
no demand for domestic hot water and indoor temperature may be lower than
thermal comfort levels [42]. Therefore, final energy demand measurements
during a period with partial occupancy may result in lower values.

3.3.3.1

Results ‐ Multi‐storey apartment buildings

The effect of the monitoring time‐period is illustrated in Figure 8, using multi‐
storey apartment buildings from the Stockholm program. The results show that
final energy monitoring, which started less than two years after the completion of
the building, had 15%‐34% differences in comparison to measurements from
posterior years. The energy demand was found both to increase and decrease with
time. The final energy demand in buildings that were monitored two years or more
after completion had less than 7% differences in comparison to posterior
measurements. This small change can be regarded as normal variations among
different years, for example, due to variations in outdoor conditions.
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Specific final energy demand
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3rd measurement

200
150
100
50

Less than two years

0

More than two years

Locations
Figure 8.

Monitored final energy demand for space and domestic water heating in three
different years and for eight case studies from the Stockholm program (Paper
II), see section 2.2.2 for case study description. The 1

st

measurement, after

building completion, was conducted by the building proprietors. The 2nd and 3rd
measurements were conducted by the local district heating provider for years
2005 and 2006, respectively. The time elapsed since the building completion
and the 1st measurement is indicated above the X-axis. The location
Polygripen2 had no start date for its energy monitoring, thus the elapse time in
unknown.

3.3.3.2

Results ‐ Detached houses

The energy monitoring in the Röda Lyktan case study started about two years
after the completion of the construction work and after a period of system
adjustment to the individual thermal comfort preferences of each family. During
the energy monitoring period, both families reported that they were pleased with
their indoor thermal comfort conditions. It is most likely that, prior to the system
adjustment, different final energy demand would have been obtained, as the
homeowners of household I and household II experienced respectively too high
and too low indoor temperatures during that period (Paper IV).
Vacancy was also observed during the monitoring period of the Röda Lyktan
case study. As mentioned in section 3.3.1.1, the dwelling unit of household I was
vacant for two weeks during winter and the dwelling unit of household II was
vacant for about four months during summer. Such periods of vacancy contribute
to the discrepancies between the calculated and monitored values, since they are
not commonly included in the calculations.
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4. THE BUILDING INTERIOR LAYOUT DESIGN
The interior design in multi‐storey apartment buildings can affect the specific
final energy demand. This is described in Paper II. The results are confirmed both
by energy simulation, using the case study Fladen1 as a reference building, and by
final energy monitoring of the 20 buildings that participated in the Stockholm
program. These buildings were described in section 2.2.2.

4.1

The specific final energy demand

The specific final energy demand is commonly used as an indicator for the
energy performance of a building in different energy certification schemes. It
represents the average final energy demand per unit of a building’s floor area and
it is calculated by dividing the total final energy demand of a building by its floor
area. It is used to be able to compare energy efficiency in buildings of different
sizes.
The measured floor area of a building can vary by 20% depending on the
measurement method that is used [50]. In Sweden, the floor area is defined by the
National Board of Housing, Building and Planning (Boverket) [51] and is measured
according to the SS 021054 standard [52]. The Swedish definition is equivalent to
the European “overall internal dimension” [50], with the exception that it excludes
adjacent garages and areas with indoor temperature that is lower than 10ºC during
the heating season. Including such low‐heated areas may reduce the value of the
specific final energy demand [53] without increasing the energy efficiency of the
building. The reason is the relative low contribution of heat energy in comparison
to the relative large increase in floor area size (in percent).
The Swedish definition for “floor area” can be divided further into three types
of sub‐heated areas: apartment areas, common areas and commercial areas. The
overall specific final energy demand of a building is the weighted arithmetic
average of the specific final energy demand of all three sub‐areas. Common areas,
hereinafter, are defined as all the areas within a building’s thermal envelope that
are not within the apartments, e.g., corridors, staircases and basements.
Commercial areas, e.g., offices and small shops, are out of the scope of this thesis.
Similar to adjacent garages, the common areas in multi‐storey apartment
building may have lower specific final energy demand in comparison to apartment
areas. Possible reasons are: (i) lower indoor temperature [36], which results in
lower heat losses; (ii) lower ventilation air‐flow [36], which results in both lower
ventilation heat losses and a lower amount of electricity consumed by the
ventilation system; (iii) lower demand for domestic water heating in common
areas; and (iv) lower electricity consumption in the common areas by occupants.
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The reasons for the lower electricity can, for example, be the use of efficient
lightning and the absence of white goods and multimedia devices, which together
comprise about 70% of the household electricity [54].

4.2

The impact of relative size of common areas

The impact of the relative size of a common area on the specific final energy
demand was analysed by energy simulation using Fladen1 (a building within the
Stockholm program), as a reference building. The final energy demand of the
reference building was simulated with five different sizes of common areas (Table
7). In Simulation number 1, the first floor contains four apartments. Each
subsequent simulation allocates an area of a single apartment to the common area,
which increases the relative size of the common area by 5%, until the common area
occupies the entire first floor in Simulation number 5. Simulation number 3
represents Fladen1 as it is built, with 20% common area of the total floor area of the
building.
Table 7.

The dimensions used for simulating the reference building in each of the five
scenarios. The first and second values represent the apartment and common
areas, respectively.

Simulation
number

The relative size of
common area

Floor
area

Wall
area

Window
area

Roof
area

Ground
floor area

%

m2

m2

m2

m2

m2

1
2

10

1,475 / 163

805 / 7

472 / 21

404 / 24

331 / 97

15

1,392 / 246

771 / 57

450 / 28

404 / 24

248 / 180

3

20

1,310 / 328

733 / 116

428 / 29

404 / 24

166 / 262

4

25

1,229 / 409

710 / 153

405 / 38

404 / 24

83 / 345

5

30

1,146 / 492

687 / 190

381 / 47

404 / 24

0 / 428

The following parameters were kept constant in all simulations: (i) the shape of
the building; (ii) the floor area size in each floor; (iii) the percentage of the window
area to floor area (10% in the common area and 32% in the apartment area); and
(iv) the minimum indoor temperature was assumed to be 22°C and 18°C in the
apartment and common areas, respectively. Heat transfer between the apartment
and the common areas, due to the temperature differences, was also considered.
Each energy simulation calculated the following: (i) the specific final energy
demand in the apartment area, i.e. the final energy demand in the apartment area
divided by the apartment floor area; (ii) the specific final energy demand in the
common areas, i.e. the final energy demand in the common area divided by the
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common area; and (iii) the specific final energy demand of the building, which was
calculated by two methods: Method I, the final energy demand was divided by the
total floor area of the building, which is the method that is currently used in the
building sector; and Method II, the final energy demand was divided by the
apartment area only. The simulation results were compared with the monitored
specific final energy demand of the 20 apartment buildings in the eight case
studies.

4.3

Results

The simulation results, illustrated in Figure 9, shows that the specific final
energy demand in the common areas is significantly lower by up to six‐fold in
comparison to the apartment areas. As a result, the total specific final energy
demand of the building, which is the weighted arithmetic average of the two, will
be reduced if buildings are designed with larger relative size of common area. This
was also confirmed by the monitored values of the multi‐storey apartment
buildings that participated in the Stockholm project, i.e. 20 buildings from eight
different locations with different relative size of common areas, as illustrated by
the circles in Figure 9. Increasing the relative size of common areas from 10% to
30% was found to reduce the specific final energy demand by 30 kWh/(m2 year).
240

Simulated specific final energy
demand in the apartment area

kWh/(m2 year)

200
160

Simulated specific final energy
demand of the building,
Method I
Monitored specific final energy
demand of the building,
Method I
Simulated specific final energy
demand in the common area

120
80
40
0
0.05

0.10

0.15

0.20

0.25

0.30

0.35

The relative area size of the common areas

Figure 9.

A comparison between calculated and monitored specific final energy demand
of multi-storey building modelled with different ratios of common-area to total
floor-area.
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Designing buildings with a larger share of common areas does not increase the
energy performance of the building. On the contrary, the heating demand per unit
of apartment area may even increase, as larger common areas may result in
additional heat losses, e.g. through ventilation and by conduction. This is
illustrated in Figure 10 by both simulated and monitored specific final energy
demand calculated according to method II, for the same buildings illustrated in
Figure 9.
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Simulated specific final energy
demand of the building,
Method II
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Monitored specific final energy
demand of the building,
Method II
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Simulated specific final energy
demand in the apartment area
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Simulated specific final energy
demand in the common area
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0
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0.15
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Figure 10. Similar to Figure 9, but the specific final energy demand is calculated by the
ratio between the total final energy to the total apartment area (instead of the
total heated floor area of the building).
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5. THE BUILDING EXTERIOR DESIGN
5.1

The shape factor concept

The thermal envelope of a building is the area that separates the conditioned
and unconditioned areas of a building, or alternatively, the indoor and the outdoor
environment, and is the cause for a large part of the heat losses. Heat losses can be
reduced by designing buildings with smaller thermal envelope area. The ratio of
the thermal envelope to the volume of a building is called the shape factor of the
building and is a measure of the building’s compactness. Buildings with higher
shape factors are less compact and therefore have a larger thermal envelope area in
proportion to their volume.
Figure 11 illustrates the concept of the shape factor and explains the three
factors that affect its magnitude: (i) the shape of a building for a given volume, as
compared by building ‘A’ and ‘B’ in Figure 11. Different building shapes design
result in different shape factors for a given volume. The lowest shape factor can be
obtained by a sphere, but that is not a common building shape; (ii) the shape factor
will be lower for buildings with similar shape but larger volumes, as compared by
building ‘A’ and building ‘C’; and (iii) irregular surface design with trenches and
bulges also increases the shape factor of a building, as compared by buildings ‘A’
and ‘D’, for example, heated balconies that are extended beyond the façade.

Volume
Thermal envelope
Shape factor

A
a3
6a2
6/a

B
a3
7a2
7/a

C
8a3
24a2
3/a

D
a3
7a2
7/a

Figure 11. The causes for differences in buildings’ shape factors: the shape of the building,
its size and irregular façades. The parameter ˈaˈ symbolizes a unit of length.
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The relation between the shape factor and the building’s specific final energy
demand is explained by the example illustrated in Figure 12. Apartment buildings
‘E’ and ‘F’ are assumed to have similar thermal properties, equal floor areas in each
floor, equal floor heights, equal numbers of floors and equal volumes. Because of
the equal building volumes, it is possible to assume similar ventilation heat loss
and similar facility electricity. Because of the equal floor areas, it is possible to
assume a similar number of apartments designed for a similar number of
occupants and therefore, similar final energy demand for household electricity and
domestic water heating. However, building ‘F’ has larger size of thermal envelop
for the same volume, i.e. a larger shape factor. The thermal envelope accounts for a
large percentage of the heat losses of buildings in cold climates and is the only
major difference between the two buildings. As a result, building ‘F’ is expected to
have higher specific final energy demand.

E

Envelope area
Floor area
Volume
SFV
SFF

F

E
= 2400 m2
= 2800 m2
= 8000 m2
= 0.3
= 0.85

F
= 2800 m2
= 2800 m2
= 8000 m2
= 0.35
=1

Figure 12. Illustration of the shape factor concept. SFV and SFF are the shape factors
calculated by the envelope-area-to-volume ratio and the envelope-area-to-floorarea ratio, respectively.

The shape factor of a building or the ratio between the thermal envelope and
the building volume has a drawback as it does not consider the floor height. For
example, two buildings with equal sizes, shapes and thermal properties would
have different specific final energy demand if the floor height of one of the
buildings is twice as high, resulting in half of the total floor area and therefore
twice the heat losses through the thermal envelope per unit of floor area. The effect
of the floor height could be integrated by modifying the definition of the shape
factor to be the ratio between the thermal envelope and the floor area, instead of
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the building volume. In buildings with similar floor height, the two definitions are
equivalent and differ by a constant ‐ the floor height ‐ as illustrated in Figure 12.

5.2

The impact of the shape factor in different climate
conditions

Several studies confirm that in climates with heating demand, buildings
designed with lower shape factors have lower heat losses through the external
walls per floor area, resulting in lower specific heating demand. Aksoy and Inalli
[55] studied the difference in final energy demand between three buildings in the
climate in Elaziğ in Turkey, with building length to building depth ratios of: 1:1, 2:1
and 1:2 respectively. They found that the rectangular shape (1:1) had the lowest
heating demand. Ratti at el. [56] calculated a 10% difference in specific final energy
demand between buildings in Toulouse and Berlin only due to differences in their
buildings’ morphology. Depecker et al. [57] arrived with a similar conclusion by
calculating the final energy demand of 16 identical dwellings units that were
arranged in different configurations and thus, different shape factors. Both Ratti et
al. [56] and Depecker et al. [57] suggest that colder climate conditions may increase
the impact of the shape factor on the final energy demand.
The thermal envelope of a building may include both opaque (e.g. walls) and
transparent areas (e.g. windows). Transparent areas enable free heat from solar
radiation to enter the building, resulting in lower heating demand during the cold
periods. In climates with high intensity of solar radiation during the heating
seasons, the effect of the size of the transparent area may be stronger than the effect
of the shape factor. Catalina et al. [58] performed energy simulations for different
building shapes with climate data from Nice and Lyon in France and found lower
heating demand with a higher shape factor. Parasonis et al. [59] obtained similar
results by calculating the optimum shape for a multi dwelling residential building
with 900 m2 of floor area in Kaunas, Lithuania.
In warm climates, the optimal ratio between the external walls and the volume
of buildings is uncertain and further studies are needed. Ourghi et al. [60] analysed
the impact of the shape factor on the cooling demand of an office building in Tunis
and Kuwait. He compared rectangular and ‘L’ shape buildings and found a strong
correlation between the shape factor, the window size and the cooling demand.
Florides et al. [61] compared buildings with similar volumes but different shape
factors, using the climate conditions of Nicosia in Cyprus. The impact of the shape
factor on the cooling demand was minor in comparison the change in heating
demand. Depecker et al. [57] conclude that there is no correlation between the final
energy demand and the shape factor of buildings in warm climate. In their study
they used the climate conditions in Paris and Carpentras in France.
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5.3

Results

During winter time, average normal outdoor temperatures in Sweden varies
from about 0ºC in the south to about ‐20ºC in the north and solar irradiance is
week. These climate conditions stress the importance of the shape factor in new
designed buildings. According to Paper II, the differences in shape factors among
multi‐storey buildings were one reason for the large variations in specific final
energy demand, as illustrated in Figure 13.

Figure 13.

The monitored specific final energy demand of multi-family buildings with
different shape factors (listed at the X-axis) and the calculated specific final
energy demand for the same buildings when their size of thermal envelope is
modified so that all buildings have a shape factor of 1.23. The buildings were
built according to the Stockholm program for environmentally adapted
buildings and had similar thermal properties.

The impact of the shape factor on the specific heat demand in multi‐family
buildings for different Swedish climate scenarios and different buildings thermal
envelope properties is modelled in Paper III. The impact of the shape factor is
significant. The calculations resulted in up to a 55 kWh/(m2 year) difference in
specific final energy demand per unit change of shapeed factor, Figure 14. The
value decreases for buildings with improve thermal envelop efficiency and for
building locations with higher outdoor temperature during the heating period.
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Figure 14. The change in specific heat demand per unit difference in shape factor (Y-axis)
for different scenarios of thermal envelope efficiencies and climate conditions.
The trend line does not include the red points, representing locations with 60%
higher wind velocity.

The impact of the shape factor increases with higher wind velocity (Paper III).
The effect of the wind is shown by the red coloured symbols in comparison with
the trend lines, in Figure 14. These points represent the climate conditions in
Malmö, Sweden, with 7.7°C average outdoor temperature. Malmö is a coastal city
with an average of 60% higher wind velocity than the three other locations in the
model.
For the buildings modelled in Paper III, the impact of the shape factor on the
specific heating demand is expected to nullify in climates with average outdoor
temperatures between 10.8ºC and 14.2ºC depending on the thermal properties of
the building envelop. The impact of the shape factor is expected to nullify in higher
outdoor temperatures if exposed to relatively high wind velocity.
The effect of the amount of transparent area on the final energy demand
depends on latitude, cloud formation, the outdoor thermal conditions and the
properties of the thermal envelope, both for external walls and windows. Sweden
is an elongated country stretched over 15º latitude. Both the outdoor temperature
and the amount of solar energy, during the heating season, decrease with higher
latitude. Increasing the relative size of the transparent area would have no
significant impact on the heating demand as long as the heat gains from solar
radiation is equal to the difference in heat losses between the transparent and
opaque areas.
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For the local conditions in Sweden the effect of the transparent area on the
heating demand is minor in comparison to the effect of the shape factor, as
illustrated by the horizontal slops in Figure 15. The same conclusion was obtained
by Persson [62]. The final energy demand may increase slightly for building with
low thermal efficiency located in the colder Swedish climates, and may slightly
decrease for buildings with high thermal efficiency located in warmer Swedish
climate, Figure 15.

Figure 15. The effect of the relative size of transparent area on the specific heat demand in
different climate scenarios and for buildings with Low (left hand side) and High
(right hand side) efficient thermal envelope.

Increasing the relative size of transparent area in buildings located in high
latitude, as in Sweden, has a drawback. A larger transparent area increases both
the conductive heat losses and heat gains from solar radiation, but not necessarily
at the same time. Large solar heat gains will occur during the hot season, when
there is little or no demand for space heating. Overheating may occur, which may
lead to increased energy use for cooling purposes.
On the other hand, the largest conductive heat losses will occur during the
coldest winter days, when the contribution of free heat from solar radiation has its
lowest value. As a result, higher peak load demand for heating is expected. From a
system perspective, high peak loads are not desired as they may reduce production
efficiency and increase consumption of fossil fuels, for example fossil fuels based
boilers in district heat plants or coal steam turbines in power production. This will
be discussed further in section 6.4.
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6. BUILDING DESIGN IN AN ENERGY SYSTEM PERSPECTIVE
This section highlights the importance of analysing the final energy demand in
buildings with respect to the energy production. The choice of supply system and
type of fuels has significant impact on the primary energy [63]. The change in
primary energy due to differences in design depends on the characteristics of the
energy production system. Therefore, demand and supply sides and their
interaction need to be analysed in order to minimize the primary energy. In
Sweden, these interactions are interesting as 90% of the multi‐storey apartment
buildings [17] and 12% of the detached houses [64] are connected to district
heating. Thus, the demands of electricity and heat are interconnected. The
importance of such interaction and system dynamics was studied by Joelsson [65],
Difs [66] and in Paper I.

6.1

Energy efficiency measures

Paper I analyses how the energy system is affected by implementing energy
efficiency measures in residential buildings, decreasing their final energy use. The
Wälludden case study, described in section 2.2.1, was analysed with different
energy efficiency measures including: water savings taps, energy efficient
windows and doors, an additional 100 mm and 250 mm mineral wool insulation in
the roof and walls respectively, and a balance ventilation with heat recovery
instead of forced ventilation. The changes in thermal properties due to the energy
efficiency measures are listed in Table 8.
Table 8.

Energy efficiency measures
Energy efficiency measures

Energy efficient windows
Energy efficient doors
Additional 100 mm mineral wool insulation in the roof
Additional 250 mm mineral wool insulation in the facade
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U‐value W/(m2 K)
Before
After
1.90
0.85
1.19
0.85
0.13
0.11
0.20
0.11

6.2

Reference heat and power production plant

The heat production of the local district heating plant in Östersund, during the
12‐month period from 1st May 2008 to 30th April 2009, was used as a reference in
Paper I, and illustrated in Figure 16. During that period, the total production was
210 GWh of electricity and 612 GWh of heat. The heat and electricity production
system consists of a combined heat and power plant (CHP) with 80 MW heat and
40 MW electricity, a flue gas condenser with 30 MW of heat and two heat only
boilers (HOB) with 25 MW of heat each. A water accumulator tank with a total
capacity of 26,000 m3 reduces the daily variation in heat production, and thus
increases the total efficiency of the heat and electricity production. The CHP plant
and the HOB are fuelled by peat (~10%) and biomass residues (~90%) such as bark,
sawdust, logging residues, and recovered wood.

6.3

Environmental taxation scenarios

The district heat production and primary energy savings were analyzed under
four environmental taxations scenarios, described below. The design of the district
heat production, under the different taxation scenarios, is based on the heat load
duration curve of the reference production plant (Figure 16), and the production
units, which give the lowest heat production cost for each scenario among
technologies that consist of CHP plants and heat only boilers (HOB).
The environmental taxations scenarios are: (i) the No tax scenario with the
Swedish fuel price of 2008; (ii) the Swedish tax scenario with the Swedish fuel
prices and taxes of 2008, comprising of a carbon tax of є386/tCO2 for emissions
related to non‐electricity production, an energy tax that varies for different fossil
fuels used for non‐electricity production, and an average green electricity
certificate (GEC) benefit of є12.5/MWhe of produced green electricity [67]; (iii) the
Social cost‐550ppm scenario with the fossil fuel prices excluding taxes of 2008, plus
a carbon damage cost of є20.55/tCO2 corresponding to the 550ppm emission
scenario by Stern [68]; (iv) the Social cost‐ business as usual (BAU) scenario with
the fossil fuel prices excluding taxes of 2008, plus a carbon damage cost of
є58.23/tCO2 corresponding to the BAU emission scenario by Stern [68].
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Figure 16.

The annual heat production load curve for the Jämtkraft district heating
power plant with its different heat production units (lower graph) and the
heat load demand at the building after implementing different energy
efficiency measures (upper graph). The change in primary energy depends
on the change in heat demand allocated to each of the heat production
units, the type of fuel used and the efficiency of each unit. Peak load energy
production units are usually cheaper to construct but less efficient and more
expensive to operate.
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6.4

Results

The minimum cost district heat production systems was calculated, in Paper I,
to consist of biomass‐based CHP as base load production for all environmental
taxation scenarios (Paper I). The fossil fuels become less competitive as the
environmental taxation increases. However, light fuel oil boilers for the peak load
production remains viable due to low utilization and investment cost.
According to Paper I, a significant primary energy saving can be obtained by
reducing peak load production units, although these units only cover a small share
the of total heat load. As a result, a building design that provides the lowest peak
load demand may result in the largest primary energy and fossil fuels savings.
Reducing heating demand during periods in which the CHP unit is the
marginal production technology in the district heating plant (Figure 16), will
simultaneously reduce the electricity production. The electricity deficit is assumed
to be covered by the marginal power production, i.e. a coal steam turbine power
plant [22]. As a result, the primary energy savings at the district heating plant will
be offset by the added primary energy at the marginal power plant, resulting in
minor primary energy savings.
The primary energy savings of end‐use energy efficiency measures depend on the
characteristics of the district heat production system and the building energy
efficiency measures. Therefore, the demand and supply sides, as well as their
interaction, need to be analysed in order to minimize the primary energy of district
heated buildings. For example, in Paper I, it was found that balance ventilation
with heat recovery (VHR) had a higher final energy saving potential, but a lower
primary energy saving potential than energy efficiency windows. The VHR system
may increase the primary energy if the configuration of the district heating plant is
not optimized, as in the district heating provider in Östersund. Similar results were
obtained by Dodoo et al. [69]. A larger relative size of glazed area in the building
façade may have a similar effect, as discussed in section 5.3.
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7. DISCUSSION
The increased demand for better indoor comfort, the increased time spent
indoors, and the increased number of residential buildings, due to population
growth and urbanization process, may continue the existing trend of increasing
global final energy demand in the building sector. Building design can play an
important role in reducing the use of natural resources, waste and emissions and
thus the global environmental impacts of the building sector as a whole. In this
thesis, the energy efficiency of several building design aspects was analysed
including: the building interior layout design, the building exterior design and
energy systems.
Buildings can have long life time, 50 to 100 years or even longer, and therefore
their energy performance should be thoroughly assessed before they are built.
However, calculations may underestimate the final energy demand. The following
discussion will first describe the problem and the causes for such incorrect
estimations, then provide a possible solution and finally discuss the importance of
a holistic approach that includes both a life cycle analysis and a system
perspective.
Dynamic energy simulation programs are used to evaluate buildings’ energy
performance. There is a variety of energy simulation programs on the market and
it is important to use one that is validated with real cases in order for results to
have as low error as possible. Up to 19% variations in final energy demand were
found between simulated and monitored values due to algorithm faults in non‐
validated energy simulation programs.
Before a building is constructed, many variables are unknown. These variables
can vary with time and location, for example, variables concerning outdoor
conditions, performance of the installed systems, and quality of construction work.
Variables concerning occupants’ indoor activities and preferences are especially
difficult to predict and were found to vary considerably among different
households, even if accommodated in dwellings with similar size and design.
Unknown variables cannot be ignored and therefore, they need to be assumed. The
choices of assumptions were found to have a large impact on the calculated final
energy demand of the building, which makes the results subjective to the
knowledge and the experience of a simulator. Standardized values for unknown
variables, as suggested by FEBY, may vary considerably from the monitored
values. Too high monitored values, in comparison to calculated values, may lead to
dissatisfaction among homeowners with regards to their building performance.
Assessing the causes for high discrepancies can be time consuming and costly for
homeowners.
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The specific final energy demand is widely used as an indicator for a building’s
energy efficiency. It is used in building codes to set limiting values on final energy
demand and in a variety of certification schemes in order to enhance efficient
building designs. However, it has a negative aspect, as it represents the average
final energy demand per unit of a building’s floor area. Thus, it presumes that the
different zones in a building have equal contribution to the total final energy of the
buildings, which is not always the case. For example, common areas in multi‐
storey apartment buildings were found to have significantly lower final energy
demand in comparison to apartment areas. Increasing the relative size of such
areas will add little to the total final energy demand of the building in comparison
to the added floor area. As a result, the specific final energy demand, as it is
calculated today, will have lower value for multi‐storey apartment buildings with
relative large common areas. Such buildings will be assessed as having better
energy performance.
A high ratio of common areas to total floor area may be a necessary interior
layout design in some buildings. But such design does not increase the energy
efficiency of the building and thus should not be credited in terms of energy
performance. Such design may even increase the total final energy in the building
sector, if the total heat losses will be higher for the same amount of apartment area,
due to the larger common area.
As discussed above, the calculated specific final energy demand, as an indicator
for buildings’ energy efficiency, were found to be subjective to the knowledge and
expertise of the person who performs the energy calculations and to the interior
layout design. As a result, it is possible to obtain lower calculated value of specific
final energy demand without increasing the energy efficiency of the building. After
the building is built, it is difficult to point out the ones who are responsible for the
discrepancies between the calculated and monitored values. It could be the
designer, the construction companies or the occupants themselves.
An alternative indicator for energy performance in residential buildings could
include only intrinsic properties of a building. For example, the overall thermal
efficiency of the building, which include the average heat transfer coefficient of the
thermal envelope and the building’s shape factor. The shape factor of a building
expresses the area size of the thermal envelop per unit of floor area. It depends
solely on the building exterior design. Buildings with lower shape factors will have
lower heat conduction losses to the environment per unit of floor area and
therefore, they will be more energy efficient.
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The average heat transfer coefficient of the thermal envelope of a building
expresses the heat losses through the thermal envelope of the building per unit of
thermal envelop area and temperature difference between the indoor and the
outdoor temperatures, i.e. W/(m2 K). The value of the average heat transfer
coefficient can be reduced with better thermal properties, as in the case of passive
houses, and by low ratio of windows to facade area.
The overall thermal efficiency of the building can be calculated by multiplying
the values of the average heat transfer coefficient with the shape factor of the
building. It is expressed by the heat losses through the thermal envelope of the
building per unit of floor area and unit of temperature difference between the
indoor and the outdoor, i.e. W/(m2 K). Thus, the problem of what should be
included as the floor area of the building arises again. The analysis done in this
thesis suggests that in multi‐story buildings, only the apartment area should be
included, excluding corridors, basements, attics, and other common areas that
have significantly lower energy demand in comparison to the apartment areas.
The value of the thermal efficiency of the building can be derived directly from
the building’s drawings without the need for complicated energy calculation and
assumptions. For example, the monitored values of the Röda Lyktan case study,
presented in this thesis, succeed to achieve the passive house energy requirements,
most likely because of the specific requirements for heat transfer coefficient and
because of the low shape factor design. These requirements determined the
calculated specific final energy demand, which was found to be 23% lower than the
monitored values. If the building design was based solely on requirements for
specific final energy demand, the outcome might have been higher calculated
values, lower thermal efficiency design and higher monitored specific final energy
demand.
The total environmental impact of a building design needs a holistic approach.
The amount of energy resources that needs to sustain a building cannot be
assessed solely by the final energy demand alone as indicator. Joelsson and
Gustavsson found, e.g. that the choice of energy supply system and type of fuel
has significant impact on the primary energy and CO2 emissions [63]. End‐use
energy efficiency measures may result in a reduced use of existing energy supply
capacities, and thereby affect revenues for the energy utilities. Consequently,
reduced energy demand in buildings may be of concern for energy utilities where
there is no capacity constraint; particularly for district heating utilities, as such
systems are capital intensive. 50% of the energy for space and domestic water
heating in Sweden is supplied by district heating utilities [17], which according to
Palm (2006) [70] may not be eager to promote energy efficiency in buildings as it
will reduce their revenue. Such measures may reduce the production of
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cogenerated electricity (Paper I), which is considered to be an efficient method to
produce electricity.
Energy supply systems are also affected by the energy demand patterns.
Building designs that aims to reduce peak load demand were found to have the
largest savings in primary energy and fossil fuels. To quantify the impact of
building design on primary energy, the model needs to include the building, the
energy production system and the dynamic interaction between them. Such a
model is described in Paper I.
This thesis modelled how the design of a building affects the final energy
demand during the operation phase of the building. Building design will also have
an effect on the amount of materials and resources used to construct a building and
the waste and emissions during the disposal phase. According to Parasonis et al.,
[59] buildings with lower shape factors (and perhaps also buildings with low
relative size of common areas) have a potential to minimize resources during the
construction stage. Therefore, a life cycle perspective is also important when
evaluating the total environmental impact of a building design. That includes all
the different phases of the building, i.e. construction, operation and demolition.
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8. CONCLUSIONS
 Sweden aims to reduce the total final energy demand in the building sector but
energy requirements are generally given in specific final energy demand. The
research presented in this thesis indicates, however, that the calculated specific
final energy demand of residential buildings before they are constructed is too
rough an indicator to explicitly steer society toward lower final energy use in
the building sector.
 Energy demand of a building calculated before a building is constructed often
deviates significantly from what later can be monitored in the building,
sometimes even exceeding the energy requirements. One reason for this is the
assumptions made for variables such as e.g. climate conditions, quality of
construction work, performance of the energy systems and occupants’
behaviour. Once the building is built, it is often difficult to point out the causes
for such deviations, which may lead to dissatisfaction among the house owners.
 Interior design that includes relatively large areas of heated corridors, service
and storage rooms was found to lower the value of the specific final energy
demand without improving the building energy efficiency. Such design may
increase both the total final energy demand and the use of construction
materials in the building sector.
 Monitoring of buildings’ final energy demand should start no earlier than two
years after the completion of the construction work to achieve representative
values. Earlier energy monitoring may induce discrepancies in the results.
Possible reasons include: high moisture levels that originate during the
construction work, not yet fully adjusted energy systems and vacant dwellings.
 The shape factor of buildings was found to be an important variable for heat
demand in buildings located in temperate and colder climates, particularly if
they are exposed to strong winds.
 In temperate and colder climates, building designs with a low share of glazed
area can reduce peak heat load demand, and therefore reduce primary energy
use in the Swedish energy system, even if it does not result in net final energy
savings.
 The performance of the end use heating technology in buildings should be
evaluated together with the energy system, including the dynamic interaction
between them. Heating technologies that reduce the annual heating demand
but increase peak demand of electricity should be investigated case specifically,
as they may increase the use of primary energy.
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