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”Vi leva ännu innerst endast av det, vi dö för. Och allt vi dött för skall leva,
när den tiden kommer då allt, vad vi själva lidit, för oss betyder intet, men
det vi lidit för betyder allt för andra.” – Ellen Key1

1 Ellen Key, Tankebilder, 1898, p. 57.
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PREFACE
I like to believe that all research is fueled by hope for the future. This has at
least been the driving force for me, in the research leading up to this thesis.
Residential buildings are our homes. They affect us humans on a very
personal level, but also the rest of the environment in a way that has
consequences for future generations. How to improve the energy
performance of residential buildings is therefore a question that deserves
great attention. It is my hope that the research in this thesis will contribute
to the quest towards residential buildings with a sustainable energy
performance.
First of all, I would like to thank my lead supervisor Thomas Olofsson, for
standing by me and patiently guiding me through my education as a
researcher. I would not have gotten this far without you. I would also like to
thank my co-supervisors through the years: Osama Hassan, Ronny Östin,
and Gireesh Nair, for their helpful contributions, both to my professionaland personal development.
I also offer my sincere gratitude to the administrational staff and the head of
the department of Applied Physics and Electronics for their help and
support.
This work has been financially supported by the EU programs Interreg nord
and Kolarctic, financing the projects Increasing Energy Efficiency in
Buildings (IEEB) and Sustainable Building for the High North (SBHN), in
which I have had the privilege to participate.
Finally, I would like to thank my family and friends who have supported me
through this process, especially my boyfriend - my greatest support and
inspiration - and my parents who always believe in me.

ii

ABSTRACT
Building energy performance has always been important in the cold climate
of Sweden, Norway and Finland. To meet the goal that all new buildings
should be nearly zero-energy buildings by 2020, set in the EU directive
2010/31/EU [1] on the energy performance of buildings (EPBD recast), the
building sector in Europe now faces a transition towards buildings with
improved energy performance. In such a transition, a discussion is needed
about the objective of the improvement – why, or to what end, the building
energy performance should be improved. The objective of improving
building energy performance is often a political decision, but scientific
research can contribute with knowledge on how the objectives can be
achieved.
This thesis addresses how the indicators used in the requirements used to
achieve building energy performance in Sweden, Norway, and Finland, and
the methods used to evaluate these requirements, reflect building energy
performance. It also addresses difficulties in achieving comparable and
verifiable indicators in evaluations of building energy performance. The
research objective has two parts: to review, compare, and discuss (i)
requirements and (ii) evaluation methods used to achieve energy
performance of residential buildings in Sweden, Norway and Finland. The
work in this thesis includes reviews of the requirements used in national
building codes and passive house criteria to achieve building energy
performance, of methods used to evaluate compliance with such
requirements, and of methods used specifically to evaluate the indicator
Envelope Air Tightness.
The results show that different sets of indicators are used to achieve building
energy performance in the studied building codes and passive house criteria.
The methods used to evaluate compliance with requirements used to achieve
building energy performance are also different, but calculation methods are
generally more often used than measurement methods. The calculation- and
measurement methods used are often simple. A methodology to analyze the
deviation between predictions- and measurements of building energy
performance (the performance gap) was developed, to investigate the effects
of different evaluation methods on different indicators used to achieve
building energy performance. The methodology was tested in a case-study.
This study indicated that the choice of method affects which parts of the
performance gap reflected in the indicators Supplied Energy (see
Terminology), Net Energy (see Terminology), and Overall U-value. Among
the reviewed methods to evaluate air tightness, the Fan/Blower Door
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Pressurization is well known and preferred by professionals in the field. The
results in this thesis may be useful when choosing indicators and evaluation
methods to achieve different objectives of improving building energy
performance and in the quest towards comparable and verifiable indicators
used to achieve building energy performance.
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SAMMANFATTNING
Energiprestanda har alltid varit viktigt för byggnader i Sveriges, Norges, och
Finlands kalla klimat. För att uppnå målet att alla byggnader ska vara nära
noll-energi byggnader år 2020, ställt i EU-direktivet 2010/31/EU [1] om
byggnaders energiprestanda (EPBD recast), står byggnadssektorn i Europa
nu inför en övergång till byggnader med förbättrad energiprestanda. I en
sådan övergång behövs en diskussion om syftet med denna förbättring –
varför, eller till vilket ändamål, byggnaders energiprestanda ska förbättras.
Syftet med att förbättra byggnaders energiprestanda är ofta ett politiskt
beslut, men vetenskaplig forskning kan bidra med kunskap om hur dessa
syften kan uppnås.
Denna avhandling behandlar hur indikatorerna i de krav som används för att
uppnå energiprestanda i byggnader i Sverige, Norge och Finland, och de
metoder som används för att utvärdera dessa krav, reflekterar byggnaders
energiprestanda. Den behandlar också svårigheter för att uppnå jämförbara
och verifierbara indikatorer i utvärderingar av byggnaders energiprestanda.
Forskningens syfte har två delar: att granska, jämföra och diskutera (i) krav
och (ii) utvärderingsmetoder som används för att uppnå energiprestanda i
bostadshus i Sverige, Norge och Finland. Arbetet i denna avhandling
omfattar granskningar av de krav som används i nationella byggnormer och
passivhus-kriterier för att uppnå energiprestanda i byggnader, metoder som
används för att utvärdera huruvida dessa krav uppnås, och metoder som
används specifikt för att utvärdera indikatorn Klimatskalets Lufttäthet.
Resultaten visar att olika uppsättningar av indikatorer används i de
studerade byggnormerna och passivhus-kriterierna, för att uppnå
energiprestanda i byggnader. Olika metoder används också för att bedöma
huruvida kraven som används för att uppnå byggnaders energiprestanda
uppnås, men beräkningsmetoder används i allmänhet oftare än mätmetoder.
Enkla beräknings- och mätmetoder används ofta. En metod för att analysera
skillnaden mellan förutsedd och uppmätt energiprestanda (prestanda-gapet)
utvecklades för att undersöka olika utvärderingsmetoders inverkan på olika
indikatorer som används för att uppnå byggnaders energiprestanda.
Metodiken testades i en fallstudie. Denna studie visade att valet av metod
påverkar vilka delar av prestanda-gapet som avspeglas i indikatorerna
Tillförd (köpt) Energi (se Terminology), Nettoenergi (se Terminology) och
Genomsnittligt U-värde. Bland de granskade metoderna för att utvärdera
lufttäthet var Trycksättning med Fläkt/Blower Door en välkänd metod, som
föredras av professionella inom området. Resultaten i denna avhandling kan
vara användbara i valet mellan indikatorer och utvärderingsmetoder att
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använda för att uppnå olika syften med att förbättra byggnadens
energiprestanda, och i strävan mot jämförbara och verifierbara indikatorer
för att uppnå byggnaders energiprestanda.
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TERMINOLOGY
Building services – electrical installations, installations for heating,
ventilation, and air conditioning (HVAC), and installations for domestic hot
water.
Net Energy - the energy transmitted from the building services for the
different purposes (e.g. space heating, domestic hot water, or facility
electricity), excluding heat losses. See Figure 1.
Supplied Energy - the energy supplied to the building services for the
different purposes and to any energy production inside the building envelope
that delivers energy to these building services, including the heat losses in
these building services and internal energy productions. See Figure 1.
Primary Energy - supplied energy multiplied by primary energy factors,
taking into account energy for extraction, conversion and transportation of
renewable or non-renewable energy sources. See Figure 1.
Total Energy - supplied energy multiplied by politically defined weighting
factors, used to encourage or discourage the use of different energy sources
and/or carriers. See Figure 1.

Figure 1. System boundaries for the energy indicators. Net Energy in orange,
Supplied Energy in blue, Primary Energy in green and Total Energy in red.
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1. INTRODUCTION
Buildings have a significant impact on the environment, through resource
and energy use, but also on human well-being. Residential buildings
constitute 75% of the buildings in Europe and account for 27% of the final
energy use [2]. In the three countries studied in this thesis, single-family
buildings have the major share of the total residential floor area; 55% in
Sweden, 86% in Norway, and 66% in Finland [2]. Energy performance is one
parameter, used to assess environmental sustainability, which has always
been important in the cold climate of Sweden, Norway and Finland. To meet
the current building needs but reduce the impacts on future generations will
require building materials and construction methods, installations for
buildings services (such as electricity, HVAC, and domestic water), energy
supply systems, and energy sources that promote environmental-, economicand social- sustainability throughout the buildings lifecycle. The EU directive
2010/31/EU [1] on the energy performance of buildings (EPBD recast),
states that all new buildings should be nearly zero-energy buildings by 2020
and that measures should be taken to stimulate the transition of existing
buildings into nearly zero-energy buildings when subjected to major
renovations. Accordingly, the building sector in Europe faces a transition
towards buildings with improved energy performance. According to EPBD
recast, the energy performance of a building should be determined based on
“the calculated or actual annual energy that is consumed in order to meet
the different needs associated with its typical use, which includes, inter alia,
energy used for heating, cooling, ventilation, hot water and lighting” and
expressed by “an energy performance indicator and a numeric indicator of
primary energy use based on primary energy factors per energy carrier”
[1]. Building codes in many EU countries have started to reflect the EPBD
recast, by increasing their requirements on energy performance. The quest to
improve building energy performance has also given rise to criteria for
buildings with lower energy use than required in the building codes [3, 4].
Requirements and the methods used to evaluate compliance with these
requirements are important aspects of achieving building energy
performance, introduced in the following sections.

1.1 Requirements
To achieve a specific building energy performance, prescriptive and
performance based requirements models are currently being used [5].
Prescriptive requirement models use sets of requirements on different
elements in the construction process, for example envelope air tightness,
ventilation heat recovery efficiency, or energy carriers. These requirements
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cover specific parts of the aspects of a buildings energy performance - its
heat losses from heat transfer, ventilation, and air leakage (henceforth “heat
losses”), its technical installations providing building services and
installations

for internal

energy

production
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(henceforth

“technical
3

installations”), and its use of energy from external energy production and
energy sources (henceforth “external energy supply system”). Performance
based requirements models use broader energy efficiency goals, covering
more than one part of the aspects of a buildings energy performance, which
require modelling or measurements for evaluation [5]. Building energy
performance is defined in this thesis as the output variables of a buildings
energy related functions. The output variables in this definition are the result
of the energy related input variables - factors that can vary, such as the
efficiency of heat recovery from the ventilation air – and parameters - factors
that are constant, such as the heat transfer coefficient (U-value) of the
windows. Using the above definition, the energy performance of a building
can be expressed directly, through the output variables, or indirectly,
through the input variables and parameters. In this thesis, the output
variables are called performance indicators, and the input parameters and
variables are called prescriptive indicators, see Figure 2. These definitions of
performance- and prescriptive indicators are used to correspond to the
prescriptive- and performance based requirement models used to achieve
building energy performance; the prescriptive indicators focus on different
elements in the construction process, while the performance indicators cover
more than one part of the aspects of a buildings energy performance.
Compared to the EPBD recast, a wider definition of energy performance
indicators is thereby used, to study the effects of using different indicators to
achieve building energy performance.

2 Energy production inside the building envelope, e.g. in a fireplace or pellet stove
3 Energy production outside the building envelope, e.g. in solar panels or power
plants
2

Figure 2. Indicators used to express building energy performance.
Different requirements, on different indicators, are used to achieve building
energy performance in the European countries building regulations and
criteria [4, 3]. The Danish 2008 building code, for example, use the
indicators Supplied Energy, Envelope Air Tightness, Ventilation Heat
Recovery Efficiency, and Specific Heat Transfer Coefficients (U-values),
while the Swedish 2011 building code use the indicators Supplied Energy,
and Overall U-value. Although both building codes use the indicator
Supplied Energy, the requirements on them differ. In the Danish buildings
code for example, the maximum permissible Supplied Energy depend on the
heated floor area, A, according to the equation: 70 + (2200/A) kWh/m² per
year. In the Swedish building code the maximum permissible Supplied
Energy is between 55 and 130 kWh/m² per year, depending on the building’s
location and energy carriers. The indicators used to achieve building energy
performance can also vary within a country. The passive house criteria used
in Denmark4 for example, use the indicators Net Space Heating Energy and
Heat Load instead of the U-value indicators in the Danish building code.
This use of different indicators can make comparisons of energy
performance between buildings difficult. The need for harmonization of
building regulations is frequently expressed by the building industry [6, 7],
since it is difficult for the building companies to develop buildings that suit
many different requirements on energy performance. The optimal choice of
indicators, however, depends on the objective of achieving building energy
performance. If resource conservation is the goal, Primary Energy might be
the indicator preferred, if the environmental impacts are the concern, CO 24 The international passive house criteria, developed by the German Passive House Institute
(PHI).

3

emissions might be chosen, and if the economical aspect is the concern, Cost
might be used as indicator. If the goal is to limit the buildings heat losses,
then Net Energy might be chosen, and if a high efficiency of the buildings
technical installations also should be achieved, Supplied Energy might be
suitable. Combinations of requirements on prescriptive indicators can also
be used for all these purposes.

1.2 Evaluation methods
Evaluation methods are used to evaluate compliance with requirements used
to achieve building energy performance. The choice of method, however, can
have a big impact on the results of an energy performance evaluation. For
example, methods based on data with low resolution or high uncertainty will
result in less accurate results [8]. Also, differences between evaluation
methods can make comparisons between different buildings difficult, even if
the same indicator is evaluated [8]. Different methods can be used to
evaluate the indicators used to achieve building energy performance, from
simple methods such as hand calculations to advanced methods such as
neural networks, using calculations and/or measurements. The optimal
choice of evaluation method depends on the objective of achieving building
energy performance. If the goal is to find which measure would improve the
building energy performance the most, design stage simulations might be
chosen to compare measures. If the goal is to evaluate whether the
construction company has delivered the promised energy performance, the
evaluated indicators should reflect any differences between the buildings’
predicted- and actual energy performance. If the goal is to encourage energy
savings by the users, the evaluated indicators should reflect the user
behavior.

1.3 Energy performance
How the energy performance of a building is expressed depends on (1) the
indicators used to achieve building energy performance, (2) the
requirements on these indicators, and (3) the method used to evaluate
compliance with the requirements. Figure 3 provides a schematic sketch of
the relationship between indicators, requirements, evaluation methods, and
the buildings expressed energy performance, as used in this thesis. To
improve building energy performance, the objective of this improvement–to
what end, the energy performance should be improved, e.g to limit
environmental impacts, conserve natural resources, or lower energy costs –
is of great importance. The objective of improving building energy
performance influences both the ideal choice of indicators and evaluation
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methods. The choice of indicators and evaluation methods also influence
each other: the choice of indicators is influenced by the availability of
evaluation methods, and the choice of evaluation methods is influenced by
the indicators used in requirements on building energy performance. The
objective of improving building energy performance is often a political
decision, but scientific research can contribute with knowledge on how to
achieve the objectives. This thesis aims to contribute to the information
needed to achieve different objectives of improving building energy
performance, by studying the consequences of using different requirements
and evaluation methods to achieve building energy performance. The
geographical focus of the research in this thesis is Sweden, Norway and
Finland; three countries with similar climate and building traditions. The
research is limited to residential buildings.

Figure 3. The relationship between indicators, requirements, evaluation
methods, and the buildings expressed energy performance.

1.4 Knowledge gaps
In 2010, North Pass has reviewed the national building codes and different
low-energy criteria used in some European countries [4]. Criteria for lowenergy buildings in nine European countries were also studied by Thullner
5

[3] 2010, including Norway, Sweden and Finland. However, the building
code regulations and passive house criteria are regularly updated and
reviews therefore needs continuous revision.
Energy performance evaluations have previously been reviewed and
categorized according to their application as (1) building environment
assessment schemes, (2) energy certification, (3) whole-building
benchmarking tools, and (4) hierarchical assessment and diagnosis tools, by
Wang et al. [9]. However, in this review [9], methods used to evaluate
compliance with requirements used to achieve building energy performance
in regulations and criteria were not reviewed.
Methods used to evaluate building energy performance can be based on
measurements or on calculations, with a range of combinations in-between
[9, 10, 11]. Wang et al. [9] have reviewed evaluation methods for building
energy performance, and categorized them as: calculation based-,
measurement based-, and hybrid methods, where the hybrid methods are
based on both measurements and calculations. When comparing calculated
predictions of building energy performance with measurements, large
discrepancies are often found. This phenomenon is known as the
“performance gap” [12, 13, 14, 15]. According to Burman el al. [16] the
performance gap consists of (1) a procurement gap and (2) an operational
gap. The procurement gap is defined as the difference between the buildings
predicted performance in the design stage and its verified performance
(based on measured data, normalized according to normal climate, building
operation and user behavior). The operational gap, in turn, is defined as the
difference between the verified performance and the non-normalized
measurements. The performance gap can be analyzed to determine what
operational differences and/or procurement differences are causing it, and
to evaluate the buildings energy performance in more detail. It could
however also be used to study how calculation based, measurement based,
and hybrid methods effect different indicators used to achieve building
energy performance.
The passive house technique requires all of the buildings heating demand to
be met by passive sources and the buildings heat loss to be very small. The
requirements on indicators effecting the heat loss, such as Ventilation Heat
Recovery Efficiency and Envelope Air Tightness, are therefore high [17]. It
has however been shown that evaluation of Envelope Air Tightness is a
difficult task [18, 19, 20, 21]. The above-mentioned evaluations of air
tightness were often based on experimental conditions and it can be
assumed that the experiences of field measurements by professionals in the
field of air tightness evaluation can differ from what is documented under
6

controlled laboratory conditions. Field experiences can supplement the
experimental findings in general but also be useful for future development of
measurement methods for air tightness evaluation. However, little work has
been done to compile the opinions of professionals in the field of air
tightness measurements on the performance and suitability of methods in
different situations.

1.5 Aim
This thesis explores requirements and evaluation methods used to achieve
energy performance of residential buildings in Sweden, Norway and Finland.
It addresses their different ways of reflecting a buildings energy performance
and the difficulties to achieve comparable and verifiable indicators in
evaluations of building energy performance. The research objective has
two parts: to review, compare, and discuss (i) requirements and
(ii) evaluation methods used to achieve energy performance of
residential buildings in Sweden, Norway and Finland. The
geographical focus of this research is Sweden, Norway and Finland; three
countries with similar climate and building traditions. The research objective
is studied through the following research questions, addressing the two parts
of the objective:
Q1: What requirements are used in Sweden, Norway, and Finland
on indicators used to achieve energy performance of residential
buildings and how do the indicators differ in reflecting building
energy performance?
The above questions aims at reviewing- and discussing the requirements
used to achieve energy performance of residential buildings in the three
countries. This question is addressed in Paper I, which reviews the
requirements used to achieve energy performance of residential buildings in
the three countries building codes and passive house criteria and compares
the indicators used in them. The review is based on a literature study and
interviews with experts in the field of building energy performance in the
three countries.
Q2: What evaluation methods are used to achieve building energy
performance of residential buildings in Sweden, Norway, and
Finland and how do these methods differ in reflecting building
energy performance?
The above questions aims at reviewing and discussing methods used to
evaluate building energy performance of residential buildings in the three
7

countries. This question is addressed in Paper I, II, III, and IV, from three
different perspectives. Paper I reviews and compares methods used to
evaluate compliance with requirements in regulations and criteria in the
three countries. The review is based on a literature study and interviews with
experts in the three countries. Paper II and III reviews and compares
measurement based methods used to evaluate one of the identified
indicators: Envelope Air Tightness. This review is based on a literature
study, interviews with experts in the field of building energy performance in
the three countries, and on a quantitative survey directed to professionals in
the field of Envelope Air Tightness measurements. In Paper IV, a
methodology is presented for performance gap analysis, which can be used
to study the effects of different evaluation methods on the indicators they are
used to evaluate. The methodology is tested using access to data from a welldocumented residential single-family building and three methods for energy
performance evaluation.

1.6 Structure of thesis
The thesis consists of five sections and four appended papers. The papers all
address the concept of building energy performance, but from two different
perspectives: (i) indicators used to achieve building energy performance and
(ii) methods used to evaluate it. The articles are referred to in roman
numerals I-IV, to indicate their chronological order. The first section in the
thesis is an introduction, presenting the background of the thesis,
introducing the research field, presents the aim and structure of the thesis.
Section two addresses research question one, presenting the indicators used
to achieve energy performance of residential buildings in building codes and
passive house criteria in Sweden, Norway, and Finland, and discussing their
differences. Section three addresses research question two, from three
different perspectives. Firstly, through a review and broad analysis of
methods used to evaluate energy performance of residential buildings in
Sweden, Norway, and Finland. Secondly, through a methodology for
performance gap analysis, which can be used to study the effects of
calculation based-, measurement based-, and hybrid methods on different
indicators. Thirdly, through a review and discussion of methods used to
evaluate Envelope Air Tightness. Section four then presents the conclusions
along with suggestions on some areas for future research.
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2. REQUIREMENTS USED TO ACHIEVE BUILDING
ENERGY PERFORMANCE
To achieve a specific energy performance of residential buildings,
requirements on different indicators can be agreed upon and specified in the
building’s design process. The requirements in the building codes OF
Sweden, Norway, and Finland represent minimum requirements, which
always have to be fulfilled. When it comes to minimizing building energy use
for space heating, the passive house technique (as originally standardized by
PHI [17]) could be viewed as “best practice”, since it aims to supply the
buildings whole heating demand from passive sources, such as solar- and
internal heat gains. Nationally adapted criteria for passive houses were
identified in the three countries, to illustrate the span between the building
codes minimum requirements and “best practice” when it comes to
minimizing building energy use for space heating.
The study is based on a literature review of indicators used to achieve energy
performance of residential buildings in the building codes and passive house
criteria in Norway, Sweden, and Finland, as well as consultations with
experts in the three countries. Descriptions of the requirements in the
building code and passive house criteria methods can be found in Paper I.
The indicators in the studied building codes and passive house criteria were
identified as prescriptive- or performance indicators, according to Figure 2
in section 1.1. Only indicators related to energy performance were
considered; indicators of related building properties (for example human
comfort and moisture) were not studied. The study is also limited to updates
of the building codes and passive house criteria before 1 Jan 2013.
Exceptions in the requirements for residential buildings, for buildings with
very small floor area, holiday cottages, or national heritage buildings etc.,
were also excluded.

2.1 The Swedish building code requirements
The requirements used to achieve energy performance of residential
buildings in the Swedish 2011 building code, BBR 19 [22], can be found in
Paper I. The performance indicator used in the Swedish 2011 building code is
Supplied Energy, including energy for all purposes except for household
appliances. The system boundary of Supplied Energy cover the buildings
heat losses and technical installations and thereby allow for trade-offs
between these aspects. For example, the building might have relatively large
heat losses and still fulfill the requirement on Supplied Energy, if the
technical installations are very effective. A prescriptive indicator, Overall U9

value, is used to set a minimum requirement on the buildings heat losses
through transmission. The external energy supply system is taken into
account by allowing locally produced renewable energy to be deducted from
the supplied energy and by requirements with stricter limits on Supplied
Energy for electrically heated buildings.

2.2 The Norwegian building code requirements
There are two paths to achieve energy performance of residential buildings
in the Norwegian 2010 building code [23]. The first is a prescriptive
requirement model and the second is a performance-based, resulting in two
alternative sets of requirements. The requirements for both alternatives can
be found in Paper I. The prescriptive alternative, presented as Alt. 1 in Table
1, focuses on the buildings heat losses through the indicators: U-values,
Window- and Door Area to Floor Area, Envelope Air Tightness, and
Ventilation Heat Recovery Efficiency. In the performance based alternative,
presented as Alt. 2 in Table 1, the indicator Net Energy is used. Energy for all
purposes is included in the Net Energy, except cooling which is not allowed
in residential buildings, and solar- and internal heat gains can be deducted.
The system boundary of Net Energy covers the buildings heat losses. The
prescriptive indicators used in the performance base alternative – U-values,
Window- and Door Area to Floor Area, and Envelope Air Tightness – are
also focused on the building heat losses. To take energy sources into account,
the indicator Percentage of Renewable Net Heating Energy is used for both
alternatives. The indicator Specific Fan Power is used in both alternatives to
take the building services into account.

2.3 The Finnish building code requirements
The Finnish building code was updated in 2012 [24], but the evaluation
method specified in the building code was not yet updated at the time of this
study. When the evaluations methods were studied (see section 3.1), the
method specified in the Finnish 2010 building code [25] was therefore
chosen. To be able to study this evaluation method in the context of the
requirements in the Finnish 2010 building code, the requirements in this
earlier version of the building code were also studied. The requirements for
residential buildings in the 2010 and 2012 versions of the Finnish building
code can be found in Paper I.
The Finnish 2010 building code use prescriptive indicators, focused on heat
losses: Envelope Air Tightness, Ventilation Heat Recovery Efficiency,
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Window- to Floor Area, and Overall Heat Loss 5 Coefficient. The level of
requirement for the Overall Heat Loss Coefficient is calculated for each
building, based on reference values for U-values, Envelope Air Tightness,
and Ventilation Heat Recovery Efficiency. The Finnish 2012 building code
use the performance indicator Total Energy. This indicator uses politically
defined weighting factors, to promote or discourage the use of fossil fuels,
renewable energy sources, electricity, district heating, and district cooling in
the Supplied Energy. Locally produced renewable energy can be deducted
from the total energy, which corresponds to an energy factor of zero for this
energy use. The system boundary of Total Energy cover the buildings heat
losses, technical installations, and the external energy supply system and
thereby allow for trade-offs between these aspects of the buildings energy
performance. The prescriptive indicators – Overall Heat Loss, Envelope Air
Tightness, Ventilation Heat Recovery Efficiency, and Window- to Floor Area
– are used to set minimum requirements on the buildings heat losses.

2.4 The Swedish passive house requirements
The Swedish 2012 passive house criteria [26] was developed by FEBY - a
collaboration between the Swedish Environmental Research Institute, the
Technical Research Institute of Sweden, ATON engineering services and the
Faculty of Engineering at Lund University. At the time of the study, the
evaluation method specified in the 2012 passive house criteria was however
not yet updated. When the evaluations methods were studied (see section
3.1), the method specified in the 2009 passive house criteria [27] was
therefore chosen. To be able to study this evaluation method in the context of
the requirements in the Swedish 2009 passive house criteria, the
requirements in this earlier version of the passive house criteria were also
studied. The requirements in both versions of the Swedish passive house
criteria can be found in Paper I.
The performance indicator used in the 2009 passive house criteria is Heat
Load, allowing for deductions for solar- and internal heat gains. The system
boundary of this indicator covers the buildings heat losses. The prescriptive
indicators – Envelope Air Tightness, U-value for Windows, and Ventilation
Heat Recovery Efficiency – also focus on heat losses. The performance
indicators used in the 2012 passive house criteria are Heat Load, Supplied
Energy, and Total Energy. The indicator Supplied Energy is used for
buildings with one energy carrier supplying energy for space heating and
domestic hot water. For buildings that use more than one energy carrier for
these purposes, the Total Energy indicator is used instead. In the Total
5 Through transmission, ventilation, and air leakage
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Energy, politically defined weighting factors are used for: electricity, district
heating, district cooling, and other energy sources. Locally produced
renewable energy can be deducted from both the Supplied- and the Total
energy, which corresponds to an energy factor of 0. The system boundary of
Total Energy cover the buildings heat losses, the efficiency of the technical
installations, and the choice of the external energy supply system and
thereby allows for trade-offs between these aspects of the buildings energy
performance. The system boundary of Supplied Energy cover the buildings
heat losses and technical installations, allowing for trade-offs between these
aspects. The performance indicator – Heat Load – and the prescriptive
indicators – Envelope Air Tightness and U-value for Windows – are used to
set minimum requirements on the buildings heat losses.

2.5 The Norwegian passive house requirements
The Norwegian 2010 passive house criteria [28] are developed by the
Norwegian organization for standardization: Standard Norge. The
requirements in these criteria are described in Paper I. The performance
requirement used in the Norwegian 2010 passive house criteria is Net Space
Heating Energy, including energy for all purposes except cooling, which is
not allowed in residential buildings. Solar- and internal heat gains can be
deducted from the Net Space Heating Energy. The system boundary of this
indicator covers the buildings heat losses. The prescriptive indicators – Uvalues, Overall U-value, Envelope Air Tightness, and Ventilation Heat
Recovery Efficiency – also focus on the buildings heat losses. To consider
energy sources, the prescriptive indicators Amount of Supplied Electricity
and Fossil Fuels, and Percentage of Renewable Space Heating Energy are
used.

2.6 The Finnish passive house requirements
In Finland, there are two competing passive house criteria, where either one
can be used to certify a passive house. One passive house criteria is
developed by VTT – the technical research center of Finland – and one by
RIL – the Finnish association of civil engineers. The requirements in these
two Finnish passive house criteria are mentioned in Paper I. The
performance indicators used in the VTT criteria [29] are: Net Space Heatingand Cooling Energy, and Total Energy. In the Total Energy, politically
defined weighting factors are used for: oil and gas, district heating, and wood
based fuels. The system boundary of Total Energy cover the buildings heat
losses, technical installations, and the external energy supply, thereby
allowing for trade-offs between these aspects of building energy
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performance. The performance indicator –Net Energy for space heatingand cooling – and the additional prescriptive indicators – U-values,
Envelope Air Tightness, and Ventilation Heat Recovery Efficiency – are used
to set minimum requirements on the buildings heat losses.
In the RIL criteria [30], the performance indicators used are: Net Energy for
space heating and cooling, Supplied Energy for space heating and cooling,
and Primary Energy. The Primary Energy indicators use primary energy
factors, to take the energy for extraction, conversion and transportation of
renewable or non-renewable energy sources of the Supplied Energy into
account. No official primary energy factors are however defined yet in
Finland, so the requirements on Primary Energy are approximations in the
anticipation that these factors will be defined in the near future. The system
boundary of Primary Energy cover the buildings heat losses, technical
installations, and the external energy production, thereby allowing for tradeoffs between these aspects of building energy performance. The performance
indicator Supplied Energy for space heating and cooling, cover buildings
heat losses and technical installations, allowing for trade-offs between these
aspects of building energy performance and setting a minimum requirement
on them. The performance indicator Net Energy covers the buildings heat
losses. The prescriptive indicators U-values, Envelope Air Tightness, and
Ventilation Heat Recovery Efficiency, are used to set minimum requirements
on the buildings heat losses, and the indicator Specific Fan Power to set
minimum requirements on the building services.

2.7 Discussion
When establishing requirements to achieve building energy performance,
system boundaries have to be considered. Requirements on indicators with
wide system boundaries, such as Total- or Primary energy, inhibit suboptimization but cannot guarantee the performance of specific elements
within the system. Compliance with requirements on Primary Energy, for
example, can be achieved for a building with high heat losses if the energy
performance of the technical installations or external energy production is
high, or the other way around. Setting the level of a requirement can also be
difficult when the indicators system boundary is wide. It requires
judgements of the achievable level of all aspects of building energy
performance included in the system boundary, which all have a margin of
error. Requirements on indicators with small system boundaries, for
example Net Energy or Thermal Heat Loss, could on the other hand result in
sub-optimizations, resulting in a high Total- or Primary Energy use.
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To avoid the disadvantages of both wide and narrow system boundaries, the
use of combinations of indicators (with different system boundaries) is
therefore common. As seen in Table 1, the studied building codes and passive
house criteria all use combinations of performance- and prescriptive
indicators. Most of the different sets of indicators cover all aspects of
building energy performance; the heat losses, technical installations, and
external energy supply system. All of the nine studied sets of indicators cover
the buildings heat losses with one or more indicators, eight of them cover the
technical installations, and seven of them cover the external energy supply
system. The fact that many of them cover the external energy supply system,
even though it is not a part of the building, might be influenced by the EPBD
recast, stating that the zero or very low amount of energy required in the
nearly zero-energy buildings should “be covered to a very significant extent
by energy from renewable sources” [1].
In Table 1, the prescriptive indicators are presented as “X” and the
performance indicators are presented as bars. The length of the bars
indicates which aspects of energy performance the indicators cover (refer
Table 2) and their pattern indicates what is included in the indicator (refer
Figure 5). The indicator Total Energy, for example, in the Finnish 2012
building codes is presented as a checkered bar (indicating that it covers
energy for space heating, domestic hot water, space cooling, facility
electricity, and household energy) with a length covering all aspect of
building energy performance: heat losses, technical installations, and
external energy supply system. The Ventilation Heat Recovery Efficiency
affects both the buildings heat losses and efficiency of the building services.
In Table 1, this indicator is therefore reported both under the Heat losses
aspect and the Building services aspect of building energy performance. The
Amount of Supplied Electricity and Fossil Fuels can be interpreted both as
an indicator of the external energy productions efficiency and as an indicator
of the choice of energy sources, and is therefore reported under both these
aspects of building energy performance in Table 1. The Swedish 2011
building code and 2012 passive house criteria has stricter requirement on
Supplied Energy for electrically heated buildings. These stricter
requirements correspond to weighting factors of 1.37-1.64 (varying according
to climate zone) for the electricity supplied to electrically heated buildings in
the Swedish 2011 building codes indicator and a weighting factor of 2 in the
Swedish 2012 passive house criteria’s indicator. Renewable energy produced
on site can also be deducted from both their indicators of Supplied Energy,
corresponding to a weighting factor of zero. The requirements on the
indicator Supplied Energy in the Swedish 2011 building code and the
Swedish 2012 passive house criteria thereby consider the external energy
supply system to an extent, even though the indicator does not consider this
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in itself. This is indicated in Table 1 by dotted lines in the bars presenting the
Supplied Energy indicators used in the Swedish 2011 building code and the
Swedish 2012 passive house criteria.
Table 2. Aspects of a buildings energy performance covered by the
performance indicators presented as the length of the bars in Table 1.
Aspects of building energy performance

Heat losses

Technical
installations
External energy
supply system

Heat transfer
Air leakage
Ventilation
Building services
Internal energy productionm
External energy production

Performance indicators
Net
Net Heat Supplied
Energy Load
Energy
x
x
x
x
x
x
x
x
x
x
x

Primary
Energy
x
x
x
x
x
x

Energy sources

Total
Energy
x
x
x
x
x
x
x

Energy for space heating and cooling

Energy for space heating, domestic hot water, space cooling, and facility electricity
Energy for space heating, domestic hot water, facility electricity, and energy
Energy for space heating, domestic hot water, space cooling, facility electricity, and household
energy
Heat load, with deduction for solar- and internal heat gains
Heat load

Figure 5. Patterns describing what is included in the performance indicators
presented as bars in Table 1.
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Prescriptive indicators
(presented as “X”)
Passive
house
2012
Xb

Passive
house
2009
Xb

Xgh

d

X

Xf
Xi
Xk
Xk
X

X

X

X

X

Xej

Xe

X

X

Xj
Xk
Xk
X

X
X

Norway
Building
code 2010
Alt 1. Alt 2.

X

X

a

X
X

Building
code
2012

X

X
Xi
Xl
Xl

Finland
Building
code
2010

X
Xj
Xl
Xl

Annual mean temperature efficiency

[h-1]

[m3/hm2]

For small buildings

c

Studied building codes and passive house criteria
Sweden
Building
code
2010

Xg

h
i
j
k

Annual mean energy efficiency

Passive
house VTT
2011

Xj

Passive
house RIL
2009

X

Xj
X
X
X

Energy produced inside the building envelope, e.g. in a
fireplace or pellet stove
n
Energy produced outside the building envelope, e.g. in power
plants or solar panels

m

l

Passive
house
2010

Table 1. Indicators used in the national building codes and passive house criteria. Prescriptive indicators presented as X and
performance indicators presented as bars, pattern-coded according to the energy use or heat loads included.
Aspects of building energy
performance

Only for windows

Cooling not allowed

Percentage of Net Heating Energy
from Renewable Sources [%]

Energy sources Amount of Supplied Electricity and
Fossil Fuels [kWh/year]

Heat losses All heat losses Overall Heat Loss Coefficient [W/K]
Heat transfer
U-values (for building parts) [W/m2K]
Overall U-value [W/m2K]
X
Window/Floor Area [%]
Air leakage
Envelope Air Tightness
Ventilation
Heat Recovery Efficiency [%]
Technical
Building services Heat Recovery Efficiency [%]
installations
Specific Fan Power [kW/(m3/s)]
Internal energy
productionm
External energy Amount of Supplied Electricity and
production
Fossil Fuels [kWh/year]
External
energy
supply
system

a
b
c

[l/sm2]

Area of windows and doors to floor area

For buildings with space heating and domestic hot water supply
from the same energy carrier
d
For buildings with space heating and domestic hot water
supply from different energy carriers
Minimum requirements
e
f

g

From Table 1, it can be seen that there often is one indicator in the studied
sets of indicators that individually cover more parts of the buildings energy
performance aspects than the rest. These indicators could be called the main
indicators in the sets and often combined with one- or several additional
performance- and/or prescriptive indicators. In the Swedish 2011 building
code for example, the main indicator Supplied Energy is combined with the
indicator Overall U-value. The main indicators used in the studied sets of
indicators are presented in Table 3. Except for the studied Finnish 2010
building code and the Swedish 2009 passive house criteria, the identified
main indicators in all studied building codes and passive house criteria are
energy indicators. The use of energy indicators in all the studied regulations
and criteria in effect at the time of the study indicates a trend towards the
use of performance based requirement models, even though prescriptive
requirements often also are used.
When energy indicators are used, the user behavior (e.g. energy use for
household appliances and domestic hot water) and operation of the building
(control settings for example for the indoor temperature, and ventilation
flow) will influence the evaluation results, making comparisons with other
buildings or with requirements difficult. To solve this problem, standard
values can be used as input data in evaluation methods based on calculation.
These standard values are however different in the three countries (Paper I).
The Net Heat Load used as additional indicator in the Swedish 2012 passive
house criteria do not depend on the size of the internal heat gains and is
therefore less influenced by the user behavior than the energy indicators.
The Net heat load indicator used in the Swedish 2009 passive house criteria
is however dependent on the user behavior, since deductions are allowed for
internal heat gains. The Overall Heat Loss Coefficient, used as main
indicator in the Finnish 2010 building code and as an additional indicator in
the Finnish 2012 building code, do not depend on the internal heat gains or
the control settings for indoor temperature and ventilation flow, and is
therefore less dependent both on the user behavior and on the buildings
operation than the energy indicators.
The results indicate that the passive house criteria are influenced by the
national building codes in their use of indicators (Table 1) and parameters
related to the main indicators (Table 3). For example, the Swedish 2012
passive house criteria use the indicator Supplied Energy, just as the Swedish
2011 building code, and the same definition of the floor area for
normalization as the Swedish 2011 building code. However, all of the studied
passive house criteria carry some trait of the international passive house
criteria from PHI, for example use of the indicators Net Energy for space
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heating, Primary Energy, and Envelope Air Tightness. A common aspect,
separating the studied passive house criteria from the PHI criteria, is that
the requirements in them are adapted to the colder climate in the Nordic
countries. The Swedish 2009, the Finnish VTT- , and the Finnish RIL passive
house criteria all use different energy requirements for different climate
zones. The Norwegian 2010 passive house criteria use an energy requirement
based on outdoor temperature dependent equations, for two different
climate zones. All the studied passive house criteria also use performance
requirements on Net Energy or Net Heat Load, which cover the buildings
heat losses, while among the building codes only the Norwegian use any of
these. This reflects the higher focus of the passive house technique on this
aspect of building energy performance.
From Table 3, it can be noted that the floor area used for normalization of
the main indicators is somewhat differently defined in all countries, and
sometimes even between the building code and passive house criteria in a
country. The floor area can be measured externally, on the outside of the
building envelope, or internally, inside the building envelope. Different
spaces can also be included, for example garage or attic spaces. From Table
1, it can also be noted that three different units are used for the Envelope Air
Tightness indicator. A comparable building energy performance would not
only require common indicators with common system boundaries, but also
commonly defined normalization parameters (for example indoor
temperature and floor area), and common units of the indicators. In energy
indicators, energy use for the same purposes would also have to be included,
which can be seen in Table 3 to not be the case for the energy indicators in
this study.
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Primary Energy [kWh/m2]
Total Energy [kWh/m2]

Finland
Building
code
2010
-

-

x
-

-

-

-

-

-

-

-

ac

Net Energy [kWh/m2]

i

Net Heat Load [W/m2]

j

k

k

a

g

g

x
x
x
x
x

Passive
house
RIL
x
-

-

x
i

x
x
x
x
-

h

Building
code
2012
-

Passive
house
2010
-

-

x
x
x
x
x
x

-

ab

Norway
Building
code 2010
Alt 1. Alt 2.
-

-

-

-

x

Passive
house
2012
x

-

x
-

-

Passive
house
VTT
x

Passive
house
2009
-

x
-

x
x
x
x
x
-

x

a

Sweden
Building
code
2011
-

x
-

x
x
-

-

-

-

-

Overall Heat Loss Coefficient [W/K]
Space heating
Domestic hot water
Space cooling
Facility electricity
Household electricity
Heated, externally measured

Supplied Energy [kWh/m2]

x
-

x
-

de

-

x
-

Internal walls included

All spaces with installed heating system

Spaces heated over 10°C, including internal garage area

Spaces heated over 10°C, not included internal garage area

h

d

-

x
x
x
x
-

x
l
x
-

x
-

x

f

x
-

-

x
x
-

x
-

x

-

x
x
x
x
-

-

Heated, internally measured
None
Two

x

-

x
-

x
x
-

Three

i
j

k

Requirement based on outdoor temperature
dependent equations, for two different climate
zones

l

k

x
-

-

Table 3. Main indicators in the studied building codes and passive house criteria

Main indicator
[kWh/m2]

Purposes of
use included
in energy
requirement
Floor area for
normalization
Climate
zones
a

Spaces heated over 17°C

Free solar- and internal heat loads can be deducted

Only for space heating

Locally produced renewable energy and household energy is
not included
b
For buildings with space heating and domestic hot water
supply from different energy carriers
c
For buildings with space heating and domestic hot water supply
from the same energy carrier
Not including solar- or internal heat gains, cooling not allowed
d
e
f
g

3. METHODS USED TO EVALUATE BUILDING
ENERGY PERFORMANCE
This chapter has three sections, addressing methods used to evaluate
building energy performance of residential buildings. The first section
reviews, compares, and discusses methods used to evaluate compliance with
requirements used to achieve building energy performance in Sweden,
Norway, and Finland. In the second section, a methodology is presented for
performance gap analysis, which can be used to study the effects of
calculation, measurement, and hybrid methods on different indicators. The
third section compares and discusses measurement methods specifically
used to evaluate Envelope Air Tightness.

3.1 Methods used to evaluate compliance with requirements
used to achieve building energy performance
Ten methods, used to evaluate compliance with requirements used to
achieve building energy performance in Sweden, Norway, and Finland, were
identified. In all of the identified evaluation methods, one indicator could be
identified as being the focus of the method, while other methods or standard
values were referred to for the evaluation of other indicators. The indicators
identified as being the focus in the method, could be called the methods
main indicator. The main indicators in the studied evaluation methods are
presented in Table 4, together with their methods for evaluation.
Of the ten studied methods, three methods were specified within or in
connection to the three previously studied building codes (section 2) and two
in the previously studied Swedish and Norwegian passive house criteria
(section 2), as seen in Table 4. Since the evaluation methods specified in the
Finnish 2012 building code and the Swedish 2012 passive house criteria was
not yet formalized at the time of this study, the methods specified in their
previous versions (from 2010 and 2009) were studied. The directive
2002/91/EC [31], on the energy performance of buildings, required member
states of the European Union to establish a system of certification of the
energy performance of buildings at the latest 2006. Energy performance
certification of buildings was introduced in Sweden 2006 [32], in Norway
2009 [33], and in Finland 2008 [34]. In all three countries, energy
certification is required for all new buildings and for existing residential
buildings when they are sold or rented. Three methods specified in these
energy certification schemes were also identified, as seen in Table 4.
Additionally, two methods commonly used in practice were identified: one
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specified by SVEBY, a Swedish development program founded by the
construction- and real estate industry, and the Energy Signature method, an
established evaluation method based on the buildings energy balance
specified in research papers and reports [35, 36, 37], as seen in Table 4.
The study is based on a literature review of the evaluation methods specified
in building codes, passive house criteria, energy certification schemes, and
methods used in practice in the three countries, as well as personal
consultations with experts in the three countries. The consultations were
conducted through interviews. The identified evaluation methods, in Table 4,
were compared based on the indicators they cover, the type of evaluation
used (calculation-based or measurement-based), and parameters related to
the calculations (e.g. use of input data) or measurements (e.g. parameters
measured, and normalization methods). Descriptions of the evaluation
methods can be found in Paper I. Since the evaluation methods specified in
the Finnish 2012 building code and in the Swedish 2012 passive house
criteria were not yet fully developed at the time of the study, only the
methods specified in the Finnish 2010 building code and the Swedish 2009
passive house criteria could be studied. No evaluation methods could be
identified for the VTT- or RIL passive house criteria. Only methods used to
evaluate compliance with requirements used to achieve energy performance
were considered; methods used for any other purpose or to evaluate
indicators of related building properties (for example human comfort and
moisture) were not studied.
3.1.1 Evaluation methods
The studied evaluation methods specified in the building codes and passive
house criteria focus on the main indicators of that criteria. These are:
Supplied Energy, Net Energy, and Overall Heat Load Coefficient in the
Swedish 2011-, Norwegian 2010-, and Finnish 2010 building code
respectively, Heat Load in the Swedish 2009 passive house specification and
Net Energy for space heating in the Norwegian 2010 passive house
specifications. The method specified in the Swedish energy certification
scheme and in the one developed by the Swedish SVEBY program focus on
the main indicator in the Swedish 2011 building code. However, the
evaluation methods specified in the other countries energy certification
schemes did not focus on the main indicator in their respective countries
building code. The method specified in the Norwegian energy certification
scheme focus on Supplied Energy instead of Net Energy and the method
specified in the Finnish energy certification scheme on Net Energy instead of
Overall Heat Loss Coefficient. The Energy Signature method focuses on the
main indicator in the Finnish 2010 building code - Overall Heat Loss
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Coefficient - but is sometimes also used to evaluate Supplied Energy or Heat
Load.
In the methods specified in all three countries building codes, calculations
can be used to illustrate compliance with the requirements on the main
indicator, which allows for evaluation in the design stage. Measurements, in
the building’s operation stage, should however preferably be used in Sweden.
In the Norwegian 2010 building code, measurements are also an alternative
for evaluations of operational buildings. When calculations are used, a
steady state condition is the standard approach for evaluating the main
indicators in the Norwegian 2010- and Finnish 2010 building code. In the
Swedish 2011 building code, the steady state approach is used for buildings
of “less complexity”6, but dynamic simulations are recommended for all
other building types. The input data for the calculation is based on standard
values in Norwegian 2010- and Swedish 2011 building codes, whereas the
use of measured input data when available is encouraged in the Finnish
building code.
The Norwegian 2010 passive house criteria use the same evaluation method
as the Norwegian 2010 building code, where calculation is the standard
approach. In the method specified in the Swedish 2009 passive house
criteria, the standard approach for evaluating the main indicator is by
measurement. When calculations are used, a steady state is the standard
approach for the main indicators in both the Norwegian 2010- and Swedish
2009 passive house criteria. The input data for the calculations should be
based on measurements for the main indicator in the Swedish passive house
criteria, while standard values are used to calculate the main indicator in the
Norwegian passive house criteria. Overall, the evaluation method specified
in the Swedish 2009 passive house criteria focus more on measurements
than the method specified in the Norwegian criteria. It also focuses more on
measurements than the method specified in the Swedish 2011 building code.
Although the evaluation methods specified in the three countries national
energy certification schemes are based on the same EU-directive, their
evaluation methods still differ. The use of calculations or measurements to
evaluate the main indicator in the methods specified in the three energy
certification schemes is similar to their use in the methods specified in the
respective countries building codes. However, in the method specified in the
Finnish energy certification scheme, operated buildings with more than 6
dwellings should be evaluated by measurements, instead of by calculations
6 Assessed by the evaluation performer, not defined further in the method
specification.
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as in the Finnish building code. When calculations are used, the same
standard approaches as specified in the respective countries building codes
are used: a simple steady state approach in Norway, Finland, and for
buildings of “less complexity”7 in Sweden, and dynamic simulations for other
buildings in Sweden. The use of input data also follow the same pattern as
the methods specified in the building codes: standard values in Norway and
Sweden, whereas the use of measured input data, when available, is
encouraged in Finland.
The Energy Signature method and the method developed by the SVEBY
program are both solely based on measurements.

7 Assessed by the evaluation performer, not defined further in the method

specification.
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Calculation based

Facility electricity

Simplified hourly
dynamic
Dynamic simulation
Standard
values/equations
Measured

Solar heat gains
Number of residents
Indoor temperature
Hot water

Energy from solid fuels
Efficiency of internal energy production
Internal heat gains

Correction for normal year

Duration

Input data used:

Method used:

f

x
x

-

f

x

x
x

m

g

n

C

s

s

o

k
2 years

e

SVEBY

-

p

Finland

Other
Energy
Signature
-

f

c
x
x
x

Energy certificates
Sweden Norway

-

-

f

-

x
-

x
-

f

Passive house crit.
Sweden Norway
2009

-

x

Buildings code reg.
Sweden Norway

f

-

V

Measurement based

-

-

-

-

x

-

a

Finland
2010
-

d
x
-

-

-

x

-

-

x
x

x
h
x
-

-

Steady state
Monthly steady state

x
x

-

xq
S
V
M/C

-

l

3 years

-

M
M/S

m

x
V
-

-

-

Household energy

n

-

-

M/C
x
-

m

-

-

x
-

l

1 year

-

x
-

b

-

-

-

x
-

f
x
x

-

e

x
-

-

x
h
x
-

i
x

j
10 periods
x

x
C
-

x
C
p
M
p
M
-

-

x
-

p

M
-

x
-

t

-

x

f
x
x

x
1 year

x

M /V

Net Heat Load

e

x

x
x
-

x
x

x
C
V/M
-

x
x
r
M
-

M /V
M

-

-

-

x
x

3 years

V

-

Overall Heat Loss Coefficient
Net Energy

x
-

x
x

1 year

x
V
-

V

-

Separating energy use between buildings

x
-

f

-

-

3 years

-

V

b
x
x
x

i
x

x
-

x
C
-

-

-

-

Supplied Energy

f
x
x

x
-

x
V
-

V

-

-

x
x

x
x

-

x
-

-

V

-

u
x

Table 4. Methods for energy performance evaluation (M: measured, C: calculated, V: standard values or equations, S:
survey)

Main indicator

Method
Calculations

Measurements

Climate data

x
-

Local climate
Capitals climate
Other

a

Free solar- and internal heat loads can be deducted

b

For space heating, domestic hot water, household energy, and facility electricity – total and
divided into energy carriers
c
Only space heating
d

For space heating & cooling, domestic hot water, household energy and facility electricity

e
f
g

For space heating & cooling, domestic hot water, and facility electricity
Standard method
For operated residential buildings with more than 6 dwellings

h
i
j
k
l

For buildings with less complexity
If no measurements are available
Length of period depending on the buildings time constant
Monthly registration
Degree days or SMHI energy index

m
n
o
p
q
r
s
t
u
v
x

According to NS-EN 15603
By using climate data for a normal year
Degree days or Energy Signature method
Optional
Based on values from SMHI, measurements or data from normal year

Assumed to be equal to the energy use during summer
If more than 3kWh/m2
Weighting by calculated energy or Energy Signature method
Jyväskylä
EN 13829
EN 1524
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3.1.2 Discussion
Evaluations of indicators used to achieve building energy performance based
on calculation can be used to predict the energy performance in the
building’s design stage or when measurements are unavailable.
Measurements can only be used in the building’s operational stage and
requires installation of measurement equipment. As seen in Table 4, the
methods specified in the building codes, passive house criteria, and energy
certification schemes are all based on calculations and measurements to
different degrees. While only measurements are used on some of them, most
of them include both the alternative of using calculations and of using
measurements, in different situations or for different building types. In the
evaluation methods specified in the three countries’ building codes and
energy certificates, calculations are more commonly used than
measurements. Since the method specified in Norwegian 2010 passive house
criteria is the same as the one specified in the Norwegian 2010 building code,
calculations are more commonly used than measurements also in this
method. The evaluation methods specified in the Swedish 2009 passive
house criteria, by SVEBY, and the Energy Signature method, are more based
on measurements than on calculations – using measurements for evaluation
or measured input data when calculations are used for the evaluation. The
evaluation methods that are more often based on measurements generally
also have more requirements on how the measurements should be
performed, to improve their accuracy and comparability, than the more
calculation based methods. Since the methods that are more often based on
calculations have fewer requirements on the measurements, they might
result in less accurate indicators when measurements are used.
Overall, the studied methods used to evaluate building energy performance
are more similar to each other than the previously studied indicators used to
achieve energy performance of residential buildings were (section 2). If the
same set of indicators were used, it would therefore be possible to compare
energy performance without large changes to the evaluation methods. The
monthly steady state approach defined in the international standard ISO
13790:2004 [38], or adaptions of it, is used as a calculation method of the
main indicators in all three building codes. As seen in Table 4, simple steady
state calculations are allowed to evaluate the main indicators in most of the
studied methods, not only the ones specified in the building codes. The
standard ISO 13790:2004 could therefore be used as a basis for an
internationally comparable calculation method. However, using such
simplified calculations might result in less reliable indicators of energy
performance. When measurements are used, very basic measurements are
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generally allowed, without separating energy use for different purposes or
sometimes even between different buildings. Such simplifications can also
cause uncertainties in the indicators. Different requirements on the
measurements, measurement periods, and ways to normalize measured data
according to normal year (using degree days, energy index, Energy
Signature, according to standard EN 15603 etc.), can result in difficulties to
compare the indicators. Both for calculation- and measurement methods, the
use of different climate data in the method for normalization according to
normal year, Table 4, can also result in difficulties to compare the indicators.

3.2 A methodology for performance gap analysis
The earlier introduced performance gap can be divided into a procurement
gap (caused by deviations in the building design between the buildings’
design stage and its operated stage) and an operational gap (caused by
deviations from normal climate, building operation and/or user behavior).
This section introduces a methodology for performance gap analysis that can
be used to compare methods for building energy performance evaluation.
The methodology is tested by comparing three evaluation methods, using
data from a well-documented single-family building, and how the indicators
evaluated by them reflect the procurement gap and operational gap. The
learnings can be useful when selecting methods to evaluate compliance with
requirements used to achieve building energy performance.
3.2.1. Methodology
The introduced performance gap investigation is based on three procedures
to process input data: calculation in the building’s design stage, a hybrid
method where surveyed data (from measurements and observations) from
the operational stage is added, and finally measurements in the buildings
operational stage. The three procedures are introduced in more detail in
sections 2.1-2.3 in Paper IV.
The methodology was tested for a single-family residential building, which is
heated by a geothermal heat pump. The procurement gap was analyzed by
comparing the output of a calculation-based method (Simulation, based on
design stage information) and of a hybrid method (Calibrated Simulation,
based on an addition of data surveyed in the operational stage). The
operational gap was analyzed by comparing the output of the hybrid method
(Calibrated Simulation) and of a measurement based method
(measurements in the operational stage, normalized using the Energy
Signature method). The evaluation procedure was followed by a discussion,
where the evaluation methods assessments of building energy performance
27

were investigated in terms of suitability for different indicators, reflection of
different parts of the performance gap, and potential for accuracy when
ensuring compliance with requirements. Figure 4 illustrates the
methodology in a flow chart.

Figure 4. A flow-chart of the methodology used.
Although simpler calculations often were allowed in the previously reviewed
evaluation methods used to evaluate compliance with requirements on
building energy performance, in section 3.1, dynamic simulation was used in
this study to get higher accuracy and allow for comparisons between the
three methods in more detail. The dynamic simulation tool IDA Indoor
Climate and Energy (IDA ICE) was used for the Simulation in the design
stage and the Calibrated Simulation. IDA ICE is widely used in the
Scandinavian countries, both by consultants and in research [39, 40, 41]. It
has been validated against the CEN standard EN 15265-2007, showing a
deviation of up to 10 % for space heating [42].
Bridging the performance gap has inspired many studies on adjusting –
calibrating – simulation models based on measured data [43, 44, 45, 46].
There is however no consensus on the approach to calibrate simulations of
building energy performance, or on the validation criteria necessary [47].
Since the availability of measured data often is restricted, the calibration
often becomes a highly underdetermined problem with more undetermined
parameters and variables than solutions. Reddy et al. [48] propose to
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identify a small set of most plausible solutions in the calibration, instead of a
single solution. In this thesis, the simulation model is only calibrated based
on measured input data, avoiding the problem of multiple possible solutions.
Nearly all standardized input data in the Swedish 2011 building code, and
some of the assumptions and standard values from IDA ICE, could be
replaced. The data used in the three methods can be found in Paper IV,
section 3. To evaluate the influence of the input parameters a local sensitivity
analysis was conducted. The limitations of local sensitivity analysis on a
complex simulation model is that only a small part of the input values
possible range is explored, interactions between the variables cannot be
considered, and self-verification is not possible. It is however the simplest
method, and still very useful in building performance evaluation [49]. After
the sensitivity analysis, the results of the calibration were normalized
according to user behavior and building operation, using standard values
from the Swedish 2011 building code.
The Energy Signature method was applied in the measurement based
method, since it had earlier been used in practice to evaluate the energy
performance of the studied building [50]. A simplified mathematical model
was used in this Energy Signature method, described in Paper IV, section
2.3. The Energy Signature method is a well-used regression-based datadriven methodology for processing energy data, described in a number of
studies [35, 36, 37, 51]. Solar heat gains and user behavior have however
been identified as sources of errors in the Energy Signature method [51],
especially for low-energy buildings [52]. Omission of important parameter in
the Energy Signatures mathematical model has also been identified as a
possible source of error [35].
3.2.2 Results
The indicators studied in the performance gap analysis were chosen
according to the Swedish 2011 building code (BBR) [53]: Supplied Energy8
and Overall U-value. To allow for a more detailed analysis, the indicator Net
Energy9 was also studied. A summary of the results can be found in Table 5.

8 Energy for space heating, cooling, domestic hot water and facility electricity.
9 Energy for space heating, cooling, domestic hot water, facility electricity, and
household energy.
29

Table 5. Results from the Simulation, the Calibrated Simulation, and the
Energy Signature method.
Simulation
0.23

Calibrated Simulation
0.23

Energy Signature

For space heating &
facility electricity
For domestic hot
water
For household energy

70.3

76.5

79.3

16.6

16.6

14.2

26.8

26.8

25.1

Sum

113.7

119.9

b

b

Overall U-value [W/m2K]
Net Energy
[kWh/m2,year]

Supplied Energy, according to BBR
[kWh/m2,year]

a

b
c

29.1

36.4

0.17

a
a
a
a

118.5
26.5

a

abc

Mean value for the two measured years
Energy for space heating, cooling, domestic hot water and facility electricity.

Calculated from the net energy based on the heat pumps measured average COP
(3.5)

3.2.3 Sensitivity analysis
Before the calibration was normalized according to user behavior and
building operation, the results of the Calibrated Simulation was compared to
the results of the Energy Signature method, to evaluate the calibration. The
Net Energy for space heating and facility electricity from the calibrated
simulation then deviated roughly 12.5 % from the Energy Signatures
estimation, as seen in Table 6. The reported inaccuracy for space heating
energy in IDA ICE [42] and uncertainties in the Energy Signature method,
discussed in section 3.2.1, may explain part of the deviation. To study other
possible causes for the deviation, a sensitivity analysis has been performed
for the parameters: air tightness, household energy, ventilation rate, thermal
bridges, and ventilation heat recovery efficiency. The results of the sensitivity
analysis and a further discussion on possible errors can be found in Paper IV,
section 4.4. The results suggest that errors in the ventilations heat recovery
efficiency and ventilation rate have the biggest impact on the evaluated
buildings simulated net energy, per error percent in the parameters. The
Energy Signatures estimation of the Overall U-value also deviates from the
Calibrated Simulations calculation, as seen in Table 6. The deviation in the
U-values is however in the opposite direction as the deviation in Net Energy
- the higher Overall U-value in the Calibrated Simulation did not correspond
to a higher Net Energy. Uncertainties in many of the parameters, which
could explain the deviation in the Net Energy for space heating and facility
electricity (air tightness, ventilation rate, heat recovery efficiency, thermal
bridges etc.), would therefore increase the deviation in the Overall U-values.
There is also a deviation between Energy Signatures and the Calibrated
Simulations estimation of Supplied Energy. The Energy Signatures
estimation of Supplied Energy for space heating and domestic hot water is
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however calculated from its estimated Net Energy, using the measured
average COP for the heat pump (3.5). In this calculation, the facility
electricity could however not be separated from the space heating - since
they were aggregated in the measurements - causing an uncertainty in the
Energy Signatures estimation of Supplied Energy to 26.5 kWh/m2,year. If
the simulated use of facility electricity (13.8 kWh/m2 per year) is assumed in
the calculation, the estimation of Supplied Energy based on the Energy
Signature would instead be 36.6 kWh/m2 per year - which is more in line
with the Calibrated Simulation.
Table 6. Results from the non-normalized calibrated simulation and
Energy Signature method.

Overall U-value [W/m2K]
Net Energy
[kWh/m2,year]

Non-normalized
Calibrated Simulation
0.23

For space heating &
facility electricity
For domestic hot water

70.5

For household energy

25.1

Sum
Supplied Energy, according to BBR
[kWh/m2,year]

a

0.17
79.3

14.3

14.2
25.1

109.9
34.6

Energy Signature

a

ca

b
b
b
b

118.5
26.5

b

bcd

a

Only normalized according to climate, not according to building operation or user
behavior
b
Mean value for the two measured years
c

d

Includes space heating, cooling, domestic hot water and facility electricity

Calculated from the net energy based on the heat pumps measured average COP
(3.5)

3.2.4 Discussion
The performance gap between calculation- and measurement based methods
can be caused by a number of reasons. Firstly, it can be caused by
operational differences, between standardized values and real user behavior,
control setting and climate. Secondly, it can be caused by procurement
differences, between design- and verified construction and component
function/effectiveness. Thirdly, it can be caused by uncertainties in the
calculation method, caused for example by the model specification, the
amount of parameters included, or errors in the input data. Fourthly, it can
be caused by uncertainties in the measurement method, caused for example
by the frequency and resolution of the measurements, the accuracy and
robustness of the equipment, or the normalization method.
Many different simulation tools, focusing on different indicators, are
available [54]. Simulations are therefore flexible when it comes to evaluating
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different indicators. The dynamic simulation program used in this study,
IDA ICE, focuses on Supplied Energy. The Simulation in the design stage
gave a rough estimate of the buildings energy performance in this study. The
provided energy indicators do not reflect the operational gap, since standard
values are used for the climate, building operation, and user behavior. This
makes the indicators comparable to requirements on them, which are set
assuming normal climate, building operation and user behavior, but also do
not reflect the possible procurement gap. Since only data from the design
stage was used, any changes in the design between the design stage and
operational stage cannot be reflected.
Non-normalized measurements on the other hand, include both the
operational- and procurement gap. Measurement based evaluations
therefore have to solve the problem of eliminating the operational gap to be
able to compare the indicators to the requirements. This requires postprocessing of the measured data, for example normalization of the climate
with the Energy Signature method. Simplified mathematical models for the
Energy Signature, as the one used in this study, where loads such as solarand internal heat gains are neglected, increase the indicators margin of
error. For energy indicators, the uncertainty is further increased by
variations in efficiency of the heat exchanger or heat production system [32].
The Energy Signature method is more suited to evaluate the Overall Heat
Loss Coefficient, when it can be performed for a part of the year when this
efficiency is constant and the solar heat gains can be neglected [33]. In this
study, the method gave a rough estimate of the buildings energy
performance. The provided energy indicators reflect the procurement gap,
since the evaluation is based on data from the buildings operational stage.
The Energy Signature was used to normalize the indicators according to
normal climate. However, the indicators estimated by the Energy Signature
still reflect the operational gap caused by user behavior and building
operation. This makes them less comparable to requirements on them
(which are set assuming normal climate, building operation, and user
behavior) compared to the indicators from the Simulation in the design
stage.
Hybrid methods, such as the Calibrated Simulation used in this study,
combine the benefits of calculation- and measurement based methods. Just
as calculation based methods, they are able to normalize the indicators
according to user behavior, building operation, and climate. Just as
measurement based methods, they are able to identify causes for any
procurement gap and reflected it in the indicators. The possibility to identify
the causes for the procurement gap, and separate this gap from the
operational gap, depends on the available measured data. An accurate
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calibration requires sophisticated simulation tools, with many controllable
variables, and detailed measured input data, with low margins of error, for
many parameters. Comparing the calibration to non-normalized measured
data minimizes the gap caused by uncertainties in the measurement method,
but this requires access to weather data from the year of measurement. In
cases when much of the performance gap remains unexplained, calibration
to the measured total energy use would either result in a guess or a large
number of multiple solutions. In these cases, the performance gap can
instead be further studied in a sensitivity analysis.
In this study, it was not possible to separate the operational gap and
procurement gap entirely from each other and the two evaluation methods
margins of error, and therefore not possible to identify all causes for the
procurement gap. Standardized input data was used to normalize the
indicators according to normal user behavior and building operation when
as many causes as possible had been identified. The Calibrated Simulation
provided more detailed information on the measured buildings energy
performance than the Simulation in the design stage or Energy Signature
alone, which makes a more accurate estimation likely. The provided energy
indicators do not reflect the operational gap, making them comparable to
requirements on them, and reflect some of the procurement gap.

3.3 Measurement based methods used to evaluate air
tightness
The air tightness of the building envelope affects a building’s energy use
through involuntary ventilation, insulating capacity of the envelope
materials and the efficiency of ventilation heat recovery. It is an important
parameter for low-energy buildings, for example passive houses, which focus
on limiting the buildings heat loss and minimizing the space heating energy.
The envelope air tightness also affects human health and productivity
through indoor air quality, contaminants and thermal comfort; fire safety;
acoustic insulation; and construction quality through moisture and mold
problems [55, 56]. In this context, the air tightness is an important
parameter, calling for evaluation. Envelope Air Tightness is a frequently used
indicator among the building codes and passive house criteria studied in
section 2. However, only some of the studied methods in section 3.1 include
evaluations of the Envelope Air Tightness indicator, and many of these allow
the use of standard values or calculations to evaluate compliance with the
requirements (see Paper II). The low use of air tightness measurements in
the previously studied methods warranted an investigation of the available
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measurement methods to evaluate air tightness, to study the potential for
using them in energy performance evaluations.
3.3.1 Method
The measurement methods used to evaluate air tightness in residential
buildings in Sweden, Norway and Finland were reviewed based on literature
study and personal consultations with experts in the three countries. The
consultations were conducted through interviews. Thirteen measurement
methods for air tightness evaluation were identified (Table 7 and Table 9):
Ocular
Inspection,
Light
Measurements,
Surface
Temperature
Measurements/Thermography,
Hand
Inspection,
Air
Velocity
Measurements, Smoke, Soap Bubble, Acoustic Measurements, Tracer Gas,
Ventilation System Pressurization, Fan/Blower Door Pressurization, AC
Pressurization, and Pulse Pressurization/Sudden Expansion of Compressed
Air (SECA). Detailed descriptions of the methods can be found in Paper II.
The methods were classified as either qualitative or quantitative and
categorized based on three criteria: their standardization, their application in
different life phases of a building, and their suitability for different building
types. The quantitative methods were evaluated based on three additional
criteria: the pressure differential over the building envelope, the quantity of
air tightness they measure, and the uncertainty of the method.
A survey was also conducted, among a select number of professionals
(including both academicians and practitioners) on building air tightness
evaluation, with an aim to understand their opinions and experiences of the
above mentioned methods. The survey respondents were asked to assess the
performance and ease of use of different methods for air tightness
evaluation, for different building types and life phases, as well as their future
likelihood of use and potential performance. The respondents were also
asked to assess their expertise and practical experience of each method. To
limit the survey questions, the methods Soap Bubble and AC Pressurization
were excluded from the study, the former since it is an old method rarely
used today and the latter since it is the most experimental method studied.
Some of the remaining methods were also grouped: Ocular Inspection and
Light Measurements were grouped into one method, Hand Inspection and
Air Velocity Measurements into one. Five qualitative methods and four
quantitative methods were studied, with one experimental method in each
category. The results of the survey are presented in Table 8 and Table 10.
The identification of the professionals in the field of building air tightness
was based on mapping procedure, facilitated by Norut Narvik, Luleå
University of Technology, and Oulu University of Applied Sciences. In total,
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16 Finnish and 4 Swedish professionals were asked to participate, 8 Finnishand 2 Swedish professionals completed the questionnaire. The respondents
claimed their own experience and expertise to be rather high for all except
four methods: Ventilation System Pressurization, Tracer Gas, Acoustic
Measurements, and Pulse Pressurization/SECA. Although the statistical
material for the survey was limited, the standard deviations in the
respondents’ ratings were relatively small. Thus, it is assumed that the
results can be used to give some guidance on the studied methods used for
air tightness measurements and that general trends in the survey responses
can be discussed.
3.3.2 Qualitative methods for air tightness evaluation
The review shows that qualitative measurements of air tightness are often
used to identify leaks and thereby improve building air tightness in the
construction phase. There are several methods to qualitatively evaluate
building air tightness – from simple methods, without pressurization or
complex equipment, to more advanced methods using pressurization and
complex measuring equipment. Simple methods (for example Ocular
Inspection) are often enough to identify and fix the worst leaks at an early
stage. Depending on the required accuracy, two or more methods can be
combined (for example Smoke and Air Velocity Measurements).
In the survey, the questions regarding performance and ease of use of the
qualitative methods for air tightness evaluation were asked for buildings in
their construction phase, i.e. the construction of new building or
refurbishments, when they are most commonly used. Questions on
performance and ease of use of the surface temperature measurement and
acoustic measurement methods were asked for new- and existing buildings
also.
The survey respondents rated the performance and ease of use of the surface
temperature measurements highest among the qualitative methods. Based
on the professionals’ self-assessment of their expertise on- and experience of
each method, the results indicate that the respondents in general gave a high
rating of performance and ease of use for methods they are accustomed to.
Their assessment of the future potential of the qualitative methods generally
reflected their ratings of the methods performance and ease of use, except
for the experimental method Acoustic Measurements. For this method, the
respondents expressed a positive expectation for the future. The Acoustic
Measurement method also has a potential for quantitative evaluation, since
it is possible to calculate the effective leakage area (ELA) - the combined area
of all cracks in the building envelope - based on the results [57].
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Ocular
Inspection
x
x

Light
Measure.
x
x
x
x
x
x
x
x
>±5 Pa

Surface Temp.
/Thermography
x
x
x

-

x
x
x
x
Negative

Hand
Inspection
x
x

-

x
x
x
x
x
x
Negative

Air Velocity
Measure.
x
x
x

a

x
x
x
x
-

-

Generally known
National def.
International def.
Experimental
x
x
x
x
x
-

-

Construction phase
New buildings
Existing buildings
Building components
Single zones
Whole buildings
Multi- zone buildings

-

Table 7. Reviewed qualitative methods for air tightness evaluation.
Method
Criteria
Standardization

Building life
phase
Suitability for
different
building types
Pressure
differential
Quantity

Air permeability [m3/hm2]
Specific leakage rate [m3/hm2]
Air change rate [1/h]
ELA [m2]

New construction or refurbishments

Uncertainty [%]
a

x
x
x

-

x
x
x
x
Negative

Soap
Bubble
x
x
x

-

x
x
x
x
x
x
-

Acoustic
Measure.
x
x
x

Smoke

x
x
x
x
x
Positive/
Negative
-

Construction phase

a

Ocular Inspection
/Light Measure.
64
74

85
73
75

Surface Temp.
/Thermography
66
77

64

Hand Inspection
/Air Velocity Measure.
54
65

59

48
56

-

Soap
Bubble
-

64
48
66

Acoustic
Measure.
41
53

Smoke

69

Table 8. Survey results for the qualitative methods for air tightness evaluation.
Method
Question
Expertise & experience
Performance & ease of use
New buildings
Existing buildings
New construction or refurbishments

Future potential
a

3.3.3 Quantitative methods for air tightness evaluation
The review shows that quantitative measurements often are used to verify
the air tightness of new- or existing buildings. The standardized Fan/Blower
Door Pressurization method, EN 13829, is commonly used for quantitative
evaluation of air tightness in all three countries. In the survey, the questions
regarding performance and ease of use of the quantitative methods for air
tightness evaluation were asked for new- and existing buildings, the life
phases of a building when they are most commonly used. The questions were
also asked for five different building types: single-zones, multi-zone
buildings, high-rise buildings, leaky buildings, and air tight buildings. These
building types were based on the earlier categorization of the methods
according to suitability for different building types, but further differentiated
and adapted to suit the surveys intended target group into. The questions for
the experimental method, Pulse Pressurization/SECA, were however asked
without specification of building type, since it can be used for all.
The Fan/Blower Door Pressurization method also generally got the highest
rating from the survey respondents, for all investigated building life stages
and types. However, the standard EN 13829 includes two variants of the
method and different units can be used to express air tightness, such as air
change rate (normalized by internal volume), air permeability (normalized
by enclosing area), specific leakage rate (normalized by floor area), or ELA
can be used. Although Fan/Blower Door Pressurization method is
standardized in an international standard, the use of this method can
therefore still not guarantee comparable measurements.
The Fan/Blower Door Pressurization method can also be difficult to use in
multi-zone or high-rise buildings, very leaky buildings, or buildings where it
is impossible to seal or close the required openings, when the blower door
cannot create a uniform pressure differential across the building envelope.
Very leaky buildings and buildings where the openings are difficult to seal
are more often found in existing buildings. This was supported by the survey
respondents’ assessment in the survey; high-rise buildings and multi-zone
buildings were assessed to be the most challenging building types and
existing buildings were assessed to be more challenging than new buildings
for the Fan/Blower Door Pressurization method. A general difficulty to
measure air tightness in high-rise and multi-zone buildings was indicated by
the survey results, for all the qualitative methods.
The Tracer Gas method was generally rated lowest of the quantitative
methods in the survey, for all investigated types of buildings and life stages.
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Measurements using pressure differentials over the envelope, for example
using Fan/Blower Door- or Ventilation System Pressurization, do not
measure the infiltration at natural conditions and thus require extrapolation
which can lead to uncertainties. On the other hand, measuring air tightness
without pressure differentials, for example using the tracer gas method, also
results in uncertainties due to influence from the wind. In general, the survey
respondents assessed high ratings of performance and ease of use for the
methods they are accustomed to also for the quantitative methods. In terms
of future potential, the respondents showed a positive expectation of the fanand ventilation system pressurization methods. Fan/Blower Door
Pressurization gained the highest score, with a very small variation, which
means a high agreement. The experimental Pulse Pressurization/SECA
method, was rated lower than the earlier experimental Acoustic
Measurement method (in section 3.3.2). Nevertheless, it was perceived to
have a positive potential for the future.
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Method
x
x

Tracer
Gas

-

x
-

Vent. System
Pressurization

x
x
x

-

x
-

Pressurization

x
x
x

-

x

AC Pressurization

x
Any

x
x
x

-

x

Pulse Pressurization
/SECA
a

x
x
x
-

x
x
≈4 Pa

Fan/Blower Door

Generally known
National def.
International def.
Experimental
-

x

x
50 Pa

b

Construction phase
x
x
x

x
x
10 – 60 Pa

c

New buildings
Existing buildings
Building components
Single zones
x
x
-

x
-

d

Whole buildings
Multi- zone buildings

x
x
x
5g

Table 9. Reviewed quantitative methods for air tightness evaluation.
Criteria
Standardization

Building life
phase
Suitability for
different
building types
Pressure
differential
Quantity

x
x
x
15
2.1-6.3

f

x
e

x
5-10

g

For measuring the volume flow

The constant concentration method has 5%, the pulse injection
methods uncertainty is unknown
f
For volume-flow measurements using airflow-measuring probes

e

Air permeability [m3/hm2]
Specific leakage rate [m3/hm2]
Air change rate [1/h]
ELA [m2]

If the zone has a separate ventilation system

New construction or refurbishments

The pulse injection method

According to standard 13829, more alternatives a in Paper II

Uncertainty [%]
a
b
c
d

Method

AC
Pressurization

16
-

Pulse Pressurization
/SECA
a

pressurization

-

Fan/Blower Door

Vent. System
Pressurization

70
-

Tracer
Gas
43
-

37

42
-

b

Construction

c
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Table 10. Survey results for the quantitative methods for air tightness evaluation.
Question
Expertise & experience
Performance & ease of use
phase

56

-

43c

77c
42c

72c

New buildings

c

Existing buildings

54

55

-

71

83

44

Average for all building types

New construction or refurbishments

According to standard 13829, more alternatives in Paper II

Future potential
a
b
c

4. CONCLUSIONS
The work in this thesis has provided a review and discussion of the
requirements in the buildings codes and passive house criteria in Sweden,
Norway and Finland. Evaluation methods used in Sweden, Norway, and
Finland, to evaluate compliance with requirements used to achieve building
energy performance, were also reviewed and discussed. Additionally, a
methodology for performance gap analysis was developed, to investigate the
effects of different evaluation methods (calculation based-, measurement
based-, and hybrid method) on different indicators used to achieve building
energy performance. The methodology was tested using access to data from a
single-family residential building; using Simulation in the design stage, the
Energy Signature method, and Calibrated Simulation to evaluate the
indicators Supplied Energy, and Net Energy, and Overall U-value.
Measurement methods used to evaluate the Envelope Air Tightness indicator
were also reviewed, and further studied in a survey directed at professionals
in the field.
In the Norwegian, Swedish, and Finnish building codes and passive house
criteria, different indicators are used to achieve building energy
performance. However, they often share the same goal: to include the
efficiency of the building, its installations, and the energy supply system. A
general trend of system-focused requirements could be seen, using one
performance indicator covering many aspects of the energy performance
(often an energy indicator) combined with one- or more additional
performance- and/or prescriptive indicators. The passive house criteria
focused more on the buildings heat losses than the national building codes.
In the identified evaluation methods in Norway, Sweden, and Finland,
calculations were more commonly used than measurements. A higher use of
measurements corresponded to more requirements on the measurements,
indicating that high reliance on measurements demands more of their
accuracy. The simple calculations and measurements commonly allowed in
the evaluation methods cause uncertainties in the results which make
comparisons with other buildings and verification with the requirements
difficult. To evaluate air tightness, the Fan/Blower Door Pressurization
method, standardized in ISO 9972, is commonly used and was highest rated
by the survey respondents. The existence of two alternatives in the standard
and use of different units can still make comparisons difficult. A general
difficulty to quantitatively evaluate air tightness in high-rise and multi-zone
buildings, indicated by the survey respondents, could also cause
uncertainties in the results that make comparisons and verifications difficult.
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The methodology presented in Paper IV illustrates how the gap between
calculated and measured energy performance can be analyzed in order to
allow more knowledgeable evaluations of building energy performance. The
proposed methodology can be used to study the effects of calculation based-,
measurement based- and hybrid evaluation methods on different indicators.
The studied methods Simulation in the design stage and Calibrated
Simulation are flexible to different indicators, while the studied the Energy
Signature method is best suited to evaluate the heat loss coefficient. The
energy indicators provided by the Simulation in the design stage did not
reflect any procurement gap. The building might in this case might not
comply with the requirements if changes or mistakes in the procurement
process lower its energy performance. The energy indicators provided by the
Energy Signature reflected the procurement gap, but also the operational gap
caused by user behavior. The building might in this case not comply with the
requirements when subjected to standard use. Comparisons with other
buildings also become difficult. The Calibrated Simulation provided energy
indicators that reflect more of the procurement gap than the Simulation in
the design stage and less of the operational gap than the Energy Signature
method. It provided more information on the evaluated buildings energy
performance than the first two methods, and likely a more accurate
estimation of the studied indicators.
The choice of indicators and evaluation methods used to achieve building
energy performance depend on the objective of improving building energy
performance. Comparisons (both between buildings and between countries)
and verifications of building energy performance are important in the
transition towards buildings with improved energy performance. The use of
different indicators and evaluation methods, and the use of different units of
measure allowed in Norway, Sweden, and Finland, make comparisons of
buildings energy performance difficult. The simple evaluation methods
allowed also make verification of requirements on buildings energy
performance difficult. Calculation- and measurement methods both have
different uncertainties that make verifications, and sometimes comparisons,
of energy indicators difficult. Hybrid methods facilitate verifications.
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Evaluation of comparable indicators (indicators that can be compared to
requirements on them and to indicators from other evaluations of the same
building or from evaluations of different buildings) requires:


Use of the same indicators, with same system boundaries and
parameters for normalization.



Use of the same evaluation methods, with the same requirements on
accuracy and methods for normalization.



Use of the same units for the evaluated indicators



Use of evaluation methods that exclude the operational gap (E.g.
Simulation in the design stage for energy indicators)

Evaluation of verifiable indicators (indicators that can be used to verify a
buildings energy performance) requires:


Use of the same indicators as the requirements, with same system
boundaries and parameters for normalization.



Use of the same units for the evaluated indicators



Use of evaluation methods that exclude the operational gap but
include the prescriptive gap (Ex. Calibrated Simulation for energy
indicators)
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5. FUTURE WORK
This thesis contributes to the research on how different indicators and
evaluation methods reflect building energy performance, and how well they
are suited to achieve different objectives of improving building energy
performance. Further studies are however needed to determine which
indicators and evaluation methods are most suited to achieve different
objectives of improving building energy performance. Further research in
this direction could include case studies on how different sets of indicators
differ in reflecting the energy performance of buildings in Sweden, Norway
and Finland. Studies of more indicators used to achieve building energy
performance are also suggested, as well as evaluation methods for these
indicators. The methodology proposed in this thesis could be used for such
studies, which also would allow for a further study of strategies to provide
input data and improve the methodology.
A case study of the different sets of indicators used in buildings code
requirements in Sweden, Norway and Finland, as well as the indicators
found in the Russian building code has already been initiated. The main
indicators (the indicator in the set which cover the most aspects of the
buildings energy performance) identified in the Swedish 2011-, Norwegian
2010-, and Finnish 2012 building codes were all energy indicators, but with
different system boundaries. The case study is primarily focused on how
these different system boundaries reflect building energy performance, and
secondarily on the additionally used indicators. The area of interest is how
various indicators used to achieve building energy performance in the
building codes of Sweden, Norway, Finland, and Russia differ in reflecting
energy performance.
In a wider perspective, the use of indicators and evaluation methods to
achieve building energy performance could be affected by a number of
factors, such as the time- and equipment required for different evaluation
methods, in which phase of the buildings lifetime the energy performance
needs to be evaluated, and how easily the indicators and evaluation methods
are understood by the public and/or practitioners of the field. These factors
could also be of interest in future studies.
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To meet the goals of the directive 2010/31/EU on the energy performance of buildings, the building
sector in Europe now faces a transition towards more energy efﬁcient buildings. Research and
development of new energy solutions and technology will be necessary for the transition and the
importance of analyzing building energy performance increases. This paper aims to review and
evaluate different methods that are commonly used to analyze energy performance in residential
buildings in Nordic countries, primarily in Sweden, Norway and Finland. A short international review of
regulations is also included. The goal is to ﬁnd commonly used methods and possibilities for the future.
The introduced methods are summarized, categorized and compared based on their advantages and
disadvantages. Although the three Nordic countries have similar climate conditions and building
traditions, the review shows relatively large variations in the deﬁnitions of energy performance for
residential buildings, as well as variations in how measurements and calculations are used in the
methods for energy performance analysis. In the conducted review, methods, or parts of methods, are
also found to be used. The methods used to analyze energy performance are found to be more similar
than the concepts of energy performance itself in the three countries. These aspects may be considered
in further work to develop an international policy practice for energy performance of residential
buildings in cold climate.
& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Buildings have a signiﬁcant impact on the environment through
resource and energy use, but also on human health and productivity.
To meet the current building needs and reduce the impacts on future
generations, the use of building materials, technologies and methods
that promote environmental, economic and social sustainability
throughout the buildings lifecycle will be required. Energy performance is one criteria used to assess sustainable buildings, which
always has been important in cold climates as in the Nordic countries.
To meet the goals in the directive 2010/31/EU [1] (EPBD recast) on
the energy performance of buildings, the building sector in Europe
now faces a transition towards more energy efﬁcient buildings, such
as low energy buildings and passive houses. By 2020, all new
buildings should be nearly zero-energy buildings, the greenhouse
gas emissions and energy consumption should be reduced by 20%
and the share of renewable energy sources should be 20%. The
requirement for building energy certiﬁcations in the original EPBD,
2002/91/EC [2], came into effect 2006 and could be used as a mean to
reach these goals. Development and validation of new technology and
energy solutions is necessary for the transition and as a part in this,
the importance of analyzing building energy performance will
increase. Building codes in many EU countries have started to reﬂect
this, with bigger requirements on energy performance and its
veriﬁcation. For example, the German building code sets requirements on speciﬁc heat transmission loss in relation to the building
envelope (U-values) and annual primary energy use [3]. There are no
ﬁxed numbers; the requirements are adapted to the building form
factor, but also to the type of domestic hot water heating, and to the
local climate. In the Danish building code, primary energy factors are
applied to the energy performance requirement since 2006 and two
classes of low energy buildings are introduced, with 50% and 25%
stricter requirements [4]. Energy certiﬁcations have been implemented in Denmark since 1997 [5]. By Spanish experience, updates of the
building energy requirements should however be well thought
through. If the new requirements are not properly object oriented,
the result could actually be a higher allowed energy demand [6].
Spain was however one of the ﬁrst countries to set requirements on
minimum contributions of solar energy for new buildings [7].
Earlier research by North Pass [8] presents a state-of-the-art
review on local building regulations and standards currently
used in some European countries. It shows that many of the
Scandinavian countries put some sort of requirement on energy
demand in their building codes and have started to develop
speciﬁcations for low energy buildings. Speciﬁcations on lowenergy buildings are also studied in Thullner’s [9] comparative
study on low-energy buildings in nine European countries. It
shows that there are a large number of conﬂicting low-energy and
passive-house building deﬁnitions existing in Europe today. The
‘‘passive house’’ technique was originally standardized in Germany, by the Passive House Institute (PHI) [10]. For this passive
house deﬁnition, maximum permissible levels are set on speciﬁc
space heat demand, speciﬁc primary energy demand (including
household electricity) and air permeability at 50 Pa. The PHI
passive house deﬁnition does not take primary energy into
account. Concern is sometimes voiced against Passive houses,
regarding air-tightness and restrictions on design. High airtightness can result in problems with indoor air quality and
moisture; and while thick walls, a small window area and a small
form factor are beneﬁcial for the energy efﬁciency, they can
restrict the design of the building. High air-tightness however
does not cause problems, unless the ventilation is inadequate. The
mechanical ventilation with heat recovery often used in passive
houses often also result in better indoor air quality. By compensating for the energy efﬁciency in other ways, it is also possible to
build passive houses in many different designs, even with normal
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walls, a large window area or a big form factor. It is signiﬁcant to
consider the energy-aspect already in the design process to fulﬁll
the goal for energy efﬁcient buildings. The CEPHEUS project [11]
has tested and proven the viability of the Passive House concept
at a European level. One conclusion form the project is that the
PHI passive house deﬁnition needs to be adapted to different
climate conditions. The recommendation to adapt the deﬁnition
to different climate conditions could be expanded to different
conditions in general, for example availability of different energy
source. The large number of conﬂicting passive-house deﬁnitions
today can be seen as a result of this.
Building energy efﬁciency is also becoming an important
factor in countries worldwide. A study on regulatory standards
related to building energy conservation in China shows that the
country only introduced requirements on building energy in the
late 80’s but has later quickly developed requirements for its wide
range of different climates and for different types of buildings.
The obstacle, and something to be considered in Europe as well, is
to raise public awareness Wang et al. [12]. Concern has also been
raised that the transition of the EPBD to national legislations is
going slower than expected in Europe and if there are enough
monitoring and enforcements to ensure compliance [13]. None of
the above studies are however focused on the evaluation methods
used to analyze energy performance. The aim of this paper is to
review and compare methods that are commonly used to analyze
energy performance in residential buildings in the Nordic countries Sweden, Norway and Finland. The goal is to ﬁnd commonly
used methods and possibilities for the future. Since Nordic
countries have a dominant cold climate during the year, the
methods are more focused on analyzing heating than cooling
energy. Advantages and disadvantages of the method are discussed, as well as shared methods or parts of methods used. In
this context, the overview of comparative methods presented
illustrates the complexity in comparing the results.

2. Method
The review is based on a literature study on the newest
regulations, standards and energy evaluation methods in the
three Nordic countries as well as personal consultations and
communication with national experts. First, experts were contacted and a survey was sent out to gather knowledge within the
project. Second, the building regulations on energy efﬁciency and
passive house speciﬁcations in each country were summarized, to
illustrate the range between the currently legislated level of
building energy performance and existing ‘‘best practice’’ as a
foundation for the review. Third, methods were studied based on
the contributions from experts and project members; methods
deﬁned in standards, regulations or speciﬁcations, methods
developed in different programs, and alternative methods. They
were summarized and compared based on what measurements
they cover, the type of method, if it is based on measurements or
calculations, components in the calculation or measurements, and
the use of weather data. In Finland and Norway, the review
mostly covers methods deﬁned in standards and regulations and
a larger investigation is necessary to evaluate methods used in
practice in these countries. Only energy performance was considered in this review, related building properties such as human
comfort and moisture for example were not studied.

3. Review
A summary of building code and passive house regulations/
speciﬁcations in Sweden, Norway and Finland is presented in the
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Table 1
National building code regulations and passive house speciﬁcations.
Sweden

Level of
Regulation
requirement Speciﬁcation
Requirement
U-values [W/m2 K]
Thermal heat loss [W/K]
Heat load [W/m2]
Space heating energy
[kW h/m2]
Net energy [kWh/m2]
Supplied energy [kWh/
m2]
Total energy [kWh/m2]
Primary energy [kWh/m2]
Air tightness [h  1][l/
sm2][m3/hm2]
Heat recovery in
ventilation [%]
Window area per ﬂoor
area [%]
Area
Heated ﬂoor area,
external
Heated ﬂoor area,
internal e
Climate
None
Zones
Three
Four
Included
Space heating
posts in net,
Hot water
delivered or
Cooling
total energy
Ventilation and auxiliary
energy j
Lighting
Household electricity
Weighting
None
Factors used
National
Primary

Norway

Finland

Building
code

Passive house Passive house Building Passive
2009
2012
code Alt house
1. Alt 2

Building code Building code Passive
2010
2012
house VTT


–
a
–
–
–

–

b
–

–

–

b
–

–


–
–
–



–
–
c 
–
–
–
–
–



–
–

–
–


–


–
–

–

–
–
–


–


–
–


–


–
–

–


–
–


–

–
–

–
–

–
–

–
–

–
–
–

–
–



–


–
–


–
–
–
–
c 

–
–



–


–



–





–
–

Passive
house RIL

–

–

–



–







–

–

–

–

–



–

–





–

–



–



d

–


–
f



–
g



–

–





–

–
–
–
–
–

–

–






–
k
–
–

–
–
–

–


–
–

–

–
g

–
h

–
h

h

d

–



–

–


–
–
–
–
–
–


–
–





i
–
–
–
–
–
–

–
–

–
–
–
–

–
–






–

–





–

–





–



l
–
–

–
–
m
–
–

–
–

–
–



–

–



–
–




–
–




–

l
–
–





a

Presented as an average heat transfer coefﬁcient.
Only for windows.
Minimum requirements.
d
Spaces heated over 17 1C.
e
Internal walls included.
f
Spaces heated over 10 1C, not included internal garage area.
g
Spaces heated over 10 1C, including internal garage area.
h
All spaces with installed heating system.
i
Continuous climate scale.
j
Energy for ventilation heating, pumps, fans, control and heat recovery.
k
Different requirements for electric and non-electric heating. Local production of renewable energy is not included.
l
460% of the net heat energy should come from other sources than direct acting electricity and fossil fuels for buildings larger than 500 m2, 440% for buildings
smaller than 500 m2.
m
Less than the total net energy minus half of the net energy for domestic hot water should come from fossil fuels or electricity.
b
c

ﬁrst section below and in Table 1. A summary of methods used for
energy performance analysis in the three countries is presented in
the second section and in Table 2 together with Table 3.
3.1. National regulations and speciﬁcations
This section presents a summary of building code and passive
house regulations/speciﬁcations in the three countries. Regulations are ofﬁcial and mandatory, while speciﬁcations are more
unofﬁcial guidelines. Two versions of building codes are presented for Finland since it was updated during the work of this
review and the direction of its development contributed to the
conclusions. Two versions of the Swedish passive house speciﬁcation are also presented for the same reason.

3.1.1. Sweden

3.1.1.1. Building code regulation. The 2011 Swedish building code
today, BBR 19 [14], is a system-focused regulation, less focused on
individual building parts or components and more on the building
as a total energy using system. The requirements in the building
code are on U-values, presented as an average heat transfer
coefﬁcient, and supplied energy. The maximum permissible heat
transfer coefﬁcient is 0.4 W/m2 K. The requirements on supplied
energy are presented in Table 4. Household electricity and energy
produced by local solar panels is not included. Three climate
zones with different requirements on supplied energy are deﬁned,
as shown in Fig. 1. The area used for normalization of the supplied
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Table 2
Energy certiﬁcation in the three countries (C: calculation, V: standard values, E: standard equations, M:measurements).

Energy performance

Cover

Based on
Calculation method
Measurement method

a

Supplied energy
Net energy
Individual measures
Energy performance
CO2-indicator
Technical data
Suggestions for improvements
Measured energy
Certiﬁcation of technical installations
Radon
Calculations
Measurements
According to building code
Weather data
Energy production efﬁciency
Correction for normal year
Duration
Solid fuels
Hot water
Building electricity
Electric heating
Energy factors
Separating energy between buildings

Sweden

Norway Alt. 1 Alt. 2

a
–
–

–


–
e

f
i

Local
–
k
1 year
C
E
V
Mo

–
–


–
–

d

–
g
i

The capital
V
l
3 years
–
–
–
–

–

–

p

Finland
b
–
–

–
–

d

–
g
i

The capital
V
l
3 years
–
–
–
–

–

–
a
–

–

c
–
–
–
h
j

Jyväskylä
V/M
m
–
C
E
En
V
–
–

2

kWh/m year.
kWh/year.
Only for separately issued certiﬁcations.
d
For 3 years.
e
Veriﬁcation of ventilation system.
f
For new buildings and alternatively for existing buildings.
g
Standard method.
h
For new buildings and existing buildings with less than 6 dwellings.
i
For existing buildings.
j
For existing buildings with more than 6 dwellings.
k
SMHI energy index method or degree day method.
l
According to NS–EN 15603.
m
Using weather data for a normal year in Jyväskylä.
n
Calculated according to the building code.
o
Tabulated values and standard equations used to separate out household- and building electricity.
p
Measurements, weighting by calculated energy or by energy signature method.
b
c

energy is based on a deﬁnition of heated net ﬂoor area. To take
energy sources into account in the supplied energy, there are
different requirements for buildings heated with electricity than
for buildings heated by energy-sources with lower exergy.

3.1.1.2. Passive house speciﬁcation. The 2009 Swedish passive house
speciﬁcation [15] was developed by FEBY, a forum formed by
institutes, collages and others, in consensus with the Swedish
energy agency and Swedish National Board of Housing, Building
and Planning. The speciﬁcation focuses on building energy
performance in the form of heat load. The requirements in the
speciﬁcation are based on U-values for windows, heat load and air
tightness. The speciﬁcation also includes recommendations on heat
recovery efﬁciency, supplied energy and total energy (based on
supplied energy and national energy factors). The maximum
permissible air tightness at 50 Pa is 0.3 l/sm2, maximum
permissible U-value for windows is 0.9 W/m2 K and minimum
recommended heat recovery efﬁciency 70%. The requirements on
heat load and recommendations for total- and supplied energy are
presented in Table 5. The energy factors are 2 for electricity, 1 for
district heating and biofuels and 0 for sun and wind energy. Energy
produced by sun panels on the site is not included and deductions
can be made for sun and internal heat gains in the heat load. The
normalization of the energy demand is conducted based on the same
area as in the building code, but the area in the passive house
speciﬁcation also includes internal garage area. The same climate

zones as in the building code are used to set the heat load
requirements and energy recommendations.
The passive house speciﬁcation was updated in Jan 2012 [16].
In the new speciﬁcation focuses on heat load and supplied energy.
The requirements are based on U-values for windows, heat load,
air tightness, supplied energy or total energy based on national
energy factors. The maximum permissible air tightness at 50 Pa is
changed to 0.3 l/sm2 or 0.5 l/sm2 for small buildings with an
enclosing area to heated ﬂoor are ratio bigger then 1.7. The
maximum permissible U-value for windows is changed to
0.8 W/m2 K. The changed requirements on heat load and on
energy are presented in Table 6. The garage area is no longer
included in the normalization area and deductions can no longer
be made for sun and internal heat gains. The energy factors are
changed to 2.5 for electricity, 0.8 for district heating, 0.4 for
district cooling and 1 for other energy sources.
3.1.2. Norway
3.1.2.1. Building code regulation. The Norwegian building code [17]
focuses either on individual measures or on a more energy systemfocused evaluation. The individual requirements are ﬂexible and the
thermal heat loss coefﬁcient is a step towards a more integrated
system approach to energy evaluation in buildings. There are two
alternative requirements in the building code. The ﬁrst one,
‘‘Alternative 1’’ in Table 7, is on energy measures. It puts
requirements on U-values and other measures to ensure energy

310

I. Allard et al. / Renewable and Sustainable Energy Reviews 22 (2013) 306–318

Table 3
Methods for energy performance analysis (M: measured, C: calculated, V: standard values or equations, S: survey).

Cover

Heat losses
Heat load
Net energy
Supplied energy
Primary energy
Energy from different energy carriers
CO2-emissions
Energy cost
Methods
Monthly stationary method
Simpliﬁed hourly dynamic calculation
Detailed dynamic simulation programs
Based on
Calculations
Measurements
Calculated energy Standard equations/values
Measured input values
Measured energy Energy production efﬁciency
Correction for normal year
Duration
Solid fuels
Exported energy
Hot water
Building electricity
Household energy
Electric heating
Energy factors
Internal loads account
Sun energy
Number of residents
Indoor temperature
Separating energy between buildings
Weather data
Local climate
Capital climate

Sweden

Norway

Building code Passive house SVEBY

Building code Passive house Building codea Energy Signature

b
–
–

–
–
–
–
g
–

h
i

–
–
n
1 year
C
–
Ms
–
Ms
–
–

–
–
–
–

–

b
–

f




d


d
i
j
l
V
p
3 years
–
r
–
–
–
–

–
–
–
–
–
–


b
e
–
–
–
–
–
–

–
–

d
–

–
–
–
–
–
M/C
u
S/M
–
–
–
y
S
M/S
–

–

–
–
–

–
–
–
–

–
–
–
d
–
–
–
o
2 years
C
–
C
Mv/V
Mv/V
M
–
–
–
–
–
M
–
–

Finland

b
–

f




d


d
i
j
l
V
p
3 years
–
r
–
–
–
–

–
–
–
–
–

–

–
c


–
–
–
–

–
–


k
m
V
–
–
C
–
M/C
M/V
–
–
–

–
–
–
–

–

Other

 bd

–

–
–
–
–
–
–
–
–

–
–
–

10 periodsq
–
–
Mt
–
–
–
–


–

–
–
–

a

2010.
Presented as average heat transfer coefﬁcient.
Presented as thermal heat loss.
d
Standard method.
e
Also include cooling, hot water and electricity.
f
Weighted.
g
Degree days.
h
For new buildings.
i
For existing buildings.
j
For building code compliance.
k
If no measurements are available.
l
For predicting real energy.
m
Voluntary.
n
Degree days or energy index.
o
Degree days or power signature.
p
According to NS–EN 15603.
q
At least 7 days long each.
r
Deductible.
s
Alternative.
t
Energy use during summer.
u
Recommendation.
v
If the energy amounts to more than 3 kWh/m2.
x
Only if signiﬁcant.
y
Values from SMHI, measurements or data from the normal year.
b
c

Table 4
Requirements on supplied energy for the three climate zones in the Swedish
building code [14].

Heated with electricitya
Other heating methods
a

I

II

III

95
130

75
110

55
90

Installed electricity power more than 10 W/m2.

efﬁciency. The requirements in this ﬁrst alternative can be deviated
from as long as the thermal heat loss coefﬁcient does not increase.
‘‘Alternative 2’’ in Table 7 is on an energy framework and puts

requirements on net energy. Minimum requirements for U-values
always have to be fulﬁlled. The area used for normalization of the
net energy is the heated area of the net usable ﬂoor area [9]. To take
energy sources into account, special requirements are made on the
amount of renewable energy use.

3.1.2.2. Passive house regulation. The energy performance deﬁnition
in the Norwegian passive house regulation [18] focuses on energy
for space heating. The requirements in the regulation on space
heating energy, U-values and overall heat transfer coefﬁcient are
presented in Tables 8 and 9. The maximum permissible air tightness
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is 0.6 h and minimum permissible heat recovery efﬁciency is 80%.
The requirements on space heating are adapted for colder climates
than the capital and for buildings smaller than 250 m2. The area
used for normalization of the energy demand is the same as in the
national building code. Cooling is not allowed in residential
buildings. To take energy sources into account, the regulation
states requirements on the amount of renewable energy use.
3.1.3. Finland
3.1.3.1. Building code regulation. The 2010 Finnish building code
[19] is solely focused on individual building components, but a
new building code was launched in July 2012 [20]. It is a
development towards a more system-focused regulation with
requirements on energy demand. The requirements in the 2010
Finnish buildings code are based on U-values, presented as total
thermal heat loss, air tightness, heat recovery efﬁciency and
window area. For air tightness at 50 Pa, 2 h  1 is used as the
reference value and 4 h  1 for the actual building, if nothing else is
known. The minimum permissible heat recovery efﬁciency is 45%
and the maximum permissible window area is 15% of the ﬂoor
area. Two requirements are added in the new regulation: total
heat transfer coefﬁcient and total energy – E-numbers – where
national energy factors are applied to the supplied energy. The
energy factor for electricity is 1.7, for district heating 0.7, fossil
fuels 1, district cooling 0.4 and renewable energy 0.5. The unit for
the requirement on air tightness is also changed to m3/hm2,
which means a stricter requirement for buildings with smaller

Fig. 1. Climate zones in the Swedish building code [14].
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enclosing area than internal volume—a small form factor. The
requirements for energy and U-values in both regulations are
presented in Table 10. The gross ﬂoor area is used for
normalization in the 2010 building code [21]. In the new
regulation, the normalization is done by the heated net gross
ﬂoor area. The country is divided into four climate zones,
presented in Fig. 2. Weather data from the buildings climate
zone is used to dimension the installed power, but weather data
from climate zone 1 is used when demonstrating compliance with
the total energy requirements in the new building code.
3.1.3.2. Passive house speciﬁcation. There are two passive house
speciﬁcations in Finland today. One is based on recommendations
from VTT—Technical research center of Finland [22]. The VTT
passive house speciﬁcation focuses both on speciﬁcs and overall
energy performance and the requirements are on air tightness,
space heating energy and primary energy (based on primary energy
factors). The maximum permissible air tightness at 50 Pa is 0.6 h  1.
The energy requirements are presented in Table 11. The primary
energy factors are 1.1 for oil, 0.4 for district heating and 0.2 for wood
based fuels. The area used for normalization is the gross ﬂoor area.
The speciﬁcation deﬁnes three climate zones, presented in Fig. 3,
with different energy requirements. [8] the second passive energy
building speciﬁcations in Finland is a guidebook from RIL—Finnish
association of civil engineers [23]. The RIL passive house
speciﬁcation includes requirements both on the envelope in the
form of U-values, space heating energy, primary energy and air
tightness. The maximum permissible air tightness at 50 Pa is
0.6 h  1 and the minimum permissible heat recovery efﬁciency is
75%. The requirements on U-values and energy are presented in
Table 12. The area used for normalization of the energy is the heated
gross ﬂoor area. The RIL speciﬁcation is based on three climate
zones, with different energy requirements.[9] The U-value and
energy requirements are also adopted for single-family or multifamily buildings. [8] the passive house concept is however still
under development in Finland. New independent passive house
speciﬁcation-alternatives are still being created and the existing
ones are expected to be adapted more to the new building code
regulations in the near future. Only time can tell which one will
become general, or most commonly used.
3.1.3.3. Comparison of building regulations and speciﬁcations. Analyzing
and comparing energy performance is important for the development
towards more energy efﬁcient buildings, but the deﬁnition of building
energy performance can be very different from country to
country. This makes it difﬁcult to compare energy efﬁciency
across national borders and also constitutes a problem for the
building industry when developing energy efﬁcient buildings. By
Spanish experience, any changes in the energy regulations should
however be well thought through, as to not result in a higher allowed
energy demand. When constructing building energy performance
requirements, the system boundary ﬁrst must be decided. Should
only the buildings net energy use be considered, or should also

Table 5
Requirements on heat load and recommendations for total- and supplied energy for the three climate zones in the 2009 Swedish passive house speciﬁcation [15].

Heat load [W/m2]
Total energy [kW h/m2]
Supplied energy [kW h/m2]

a
b

Residential and commercial buildings
One or two family residential buildingsa
Buildings heated by electricityb
Buildings heated by other energy sources

o200 m2/dwelling.
Installed electricity power more than 10 W/m2.

I

II

III

12
14
68
34
58

11
13
64
32
54

10
12
60
30
50
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Table 6
Requirements on heat load and energy for the three climate zones in the 2012 Swedish passive house speciﬁcation [16].

Heat load [W/m2]
Total energy [kW h/m2]
Supplied energy [kW h/m2]

a
b
c

Residential buildingsa
Buildings heated only by electricityb
Buildings heated by only other energy typesc

I

II

III

17
73
29
58

16
68
27
54

15
63
25
50

Buildings smaller than 400 m2 gets an additional 5 kW h/m2.
Buildings smaller than 400 m2 gets an additional 2 kWh/m2.
Buildings smaller than 400 m2 gets an additional 5 kWh/m2.

Table 7
Requirements for U-values, air tightness, heat recovery, window area and net energy demand in the Norwegian building code [17].

U-values [W/m2 K]

Walls
Roof
Floor
Windows and doors
Thermal bridges, small buildingsb
Thermal bridges, other buildings
Small buildingsb
Other buildings

Air tightness at 50 Pa [h  1]
Heat recovery [%]
Window and door aread [%]
Net energy
demand [kW h/m2]

Small buildings
Other buildings

Alternative 1

Alternative 2

0.18
0.13
0.15
1.2
0.03
0.06
2.5
1.5
80c
20
–
–

0.22a
0.18a
0.18a
1.6a
–
–
3a
3a
–
xe
120 þ1600/m2
115

a

Minimum requirements, also for alternative 1.
Single-family buildings, town houses and detached houses.
Annual mean temperature efﬁciency.
d
Fraction of ﬂoor area.
e
U-values for windows and doors multiplied by their fraction of ﬂoor area should be less than 0.24.
b
c

Table 8
Requirements on space heating [kW h/m2] in the Norwegian passive house regulation [18].

yym b 46.3 1C
yym b o 6.3 1C
a
b

Aﬂa o250 m2

Aﬂa 4250 m2

15þ 5.4  ðð250Af l Þ=100Þ
15þ 5.4  ðð250Af l Þ=100Þ þ ð2:1 þ 0:59  ðð250 Af l Þ=100ÞÞ  ð6:3 yym Þ

15
15þ 2.1  (6.3  yym )

Heated area of the net usable ﬂoor area.
Yearly average temperature.

Table 9
Requirements on U-values and overall heat transfer coefﬁcient in the Norwegian
passive house regulation [18].
U-values [W/m2 K]

Overall heat transfer coefﬁcient [W/m2 K]

Walls
Roof
Floor
Windows
Doors
Thermal bridges
A o 100 m2
100 oA 4250
250 o A

0.15
0.13
0.15
0.8
0.8
0.03
0.6
0.55
0.5

distribution losses, energy production losses or energy sources be
taken into account? The deﬁnition of building energy performance in
the Swedish building code is based on supplied energy. Energy
sources are taken into account by having stricter requirements on
electrically heated buildings and deducting any energy produced by
sun panels on the site. Energy losses from energy production inside,
but not outside, the building are included in supplied energy, which
makes it an inconsistent measurement of building energy
performance. Household electricity is also not included in the
Swedish deﬁnition of supplied energy, as an attempt to minimize

inﬂuences from user behavior. The deﬁnition of building energy
performance in the Norwegian building code and the new Finnish
building code is based on net energy, which is a more consistent
deﬁnition of building energy performance than supplied energy. In
Norway, requirements are made on the percentage of renewable
energy used, as a way to take the energy sources into account.
Requirements for renewable energy sources also exist in other
European countries today, Spain for example. The new regulation in
Finland considers the biggest system of the three, with the use of
national energy factors. These factors are an attempt to take both
primary energy and energy sources into account. Requirements
on primary energy are also used in Germany and Denmark,
as discussed in the introduction. As seen above, energy performance
is deﬁned differently in the building codes of all three countries today.
A general trend towards a more system-focused evaluation of energy
performance is however visible, which can also be seen in the
changes between the 2010 and 2012 Finnish building code. The
building codes in all three countries are trying to take both the energy
efﬁciency of the building into account, minimizing the inﬂuences of
user behavior in different ways, and of the larger energy system.
Having an inconsistent system boundary can give unexpected results,
not reﬂecting either the buildings or the systems energy efﬁciency. A
large system is difﬁcult to predict and do not accurately reﬂect the
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Table 10
Requirements on total energy – E-numbers – and U-values in the two Finnish building codes [19,20].

Total energy [kW h/brm2] (E-numbers)

Townhouses or terraced houses
Apartment buildings
Walls
Roof
Floor, crawl space
Floor, ground based
Windows and doors

U-values[W/m2 K]

a
b

Ao 120 m2
120 m2 4A o 150 m2
150 m2 4A o 600 m2
A4 600 m2

Single-family buildings

2010

2012

–

204
372–1.4  Anetto
173–0.07  Anetto
130
150
130
0.17a/0.26b
0.09a/0.14b
0.17a/0.26b
0.16a/24b
1a/1.4b

–
–

–
–
–
0.17a/0.26b
0.09a/0.14b
0.17a/0.26b
0.16a/24b
1a/1.4b

Heated areas.
Partially heated areas.

Fig. 3. Climate zones in the Finnish VTT passive house speciﬁcation [8].

Table 12
Requirements on U-values, space heating and primary energy in the Finnish RIL
passive house speciﬁcation [8].

U-values [W/m2 K]

Space heating
[kW h/m2]

Fig. 2. Climate zones in the Finnish building code [20].

Table 11
Requirements on space heating and primary energy for the three climate zones in
the Finnish VTT passive house speciﬁcation [8].

Space heating [kW h/m2]
Primary energy [kW h/m2]

South

Middle

Lapland

20
130

25
135

30
140

speciﬁc buildings energy performance. Having a small system
boundary could on the other hand result in a high primary energy
use if the building is not also adapted to the energy system. To get an
optimized building energy performance; taking net energy, primary
energy and energy sources into account; more than one requirement
might be necessary. There is a need for a discussion on how building
energy performance should be deﬁned and what it aims to measure,
to create an international policy for energy performance.

Walls
Roof
Floor, crawl
space
Floor, ground
based
Windows
Doors
Ordinary winter
use
Peak load

Primary energy
[kW h/m2]
a

Single-family
buildings

Multi-family
buildings

0.08–0.10
0.07
0.08

0.12
0.08
0.10

0.10

0.10

0.7/0.8
0.5
10–20
25
140

a

0.8
0.5
10–15
20
135

Fixed or openable window.

The deﬁnition of building energy performance in the new
Swedish passive house speciﬁcation is based on both power and
energy. The use of heat load is one way to minimize inﬂuences
from user behavior on energy performance, supplied and total
energy is used to take the bigger energy system into account. In
Norway, the building energy performance is based on space
heating. This is one way to exclude user behavior inﬂuences from
domestic hot water and electricity, but in Norway there are no
requirements on energy use for other purposes than space heating.
In Finland, two alternative passive house speciﬁcations set requirements on space heating energy and primary energy. This is an
attempt to make a total assessment of the buildings energy
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Table 13
Input data for indoor temperature and internal heat gains in building codes and passive house speciﬁcations [8,16,18,36].
Sweden
Building code

Indoor
temperature
Internal heat
gains
a
b

Norway

Finland

Passive house
2009

Passive house
2012

Building code

Passive house

Building code 2010/
2012

22 1C

20 1C

21 1C

Adaptions from EN
13790

4 W/m2

4 W/m2

21 1C, 19 1C night set- 211C, 19 1C night set- 21 1C
back
back
5 W/m2
5 W/m2
8 kWh/brm2a 17 kWh/
brm2b

Passive house
(both)
21 1C
–

For single family buildings.
For other residential buildings.

performance, both as a separate unit and as a part of the larger
energy system. Since the requirements in the three countries
passive house speciﬁcations are even more different than the
building codes, it is difﬁcult to compare the deﬁnitions of energy
performance for passive houses. It can be determined that the
passive house speciﬁcations are inﬂuenced by the national building
codes to some degree. If these become more similar, so will
probably the passive house speciﬁcations, especially if they are
deﬁned in more ofﬁcial speciﬁcations. It would also be interesting
to investigate if an ofﬁcial regulation promotes a wider use. All of
the passive house deﬁnitions carry some trait of the PHI passive
house speciﬁcation: requirements on space heating in both Finland
and Norway, primary energy in Finland and Sweden (total energy)
and requirements on air tightness in all three countries. A common
denominator, separating them from the PHI deﬁnition, is that they
all are adapted to the colder climate in the Nordic in some way.
Uniﬁed ways to handle parameters affecting the energy performance and input data is also important to achieve a comparable
measure of building energy performance. As an example, the
standard input data for indoor temperature and internal heat gains
used in the building codes and passive house speciﬁcations, in
Table 13, are different in the three countries today. In Table 1, it
can also be noted that the ﬂoor area used for normalization also is
deﬁned somewhat differently in all countries, but has developed
towards becoming more similar. Different units are used for air
tightness in the three countries. Different solutions are also used to
adapt the energy performance requirements to the climate, either
by introducing climate zones, by having a continuous scale of
requirement depending in the outside temperature, or by using the
same speciﬁed climate to verify all buildings in the country. A
requirement independent of the climate can also be used, as is the
case in the 2010 Finnish building code. Some form of adaption to
the climate is however necessary to create fair and feasible
requirements. In Germany, the requirements are also adapted to
the buildings form factor, as to not limit the architectural freedom.
This is another aspect to be considered in the energy performance
requirements. In the three studied countries, the requirements are
also adapted to different building types today, although this review
only includes residential buildings. The use of input data and
parameters that affect the energy performance also need to be
considered in the discussion on the deﬁnition of building energy
performance. A Swedish study [24] on quality classiﬁcation of
recorded data on building energy show that very few buildings
meet the requirements for the best quality rating in Sweden today.
The most important parameter inﬂuencing the uncertainty of the
energy data was found to be the method used for the analysis.
These methods will be studied further in the next section.
3.2. Methods for energy performance analysis
This section presents a summary of methods used for energy
performance analysis in the three countries. Methods for energy

certiﬁcation are presented in Table 2, methods used in building
codes and passive house regulations/speciﬁcations, together with
other methods are presented in Table 3.

3.2.1. Sweden

3.2.1.1. Energy performance certiﬁcation. The present regulation on
energy performance certiﬁcation in Sweden was introduced 2006
[25]. The energy performance certiﬁcation applies to all new and
existing residential buildings when sold or rented, where new
buildings are buildings in the projection phase and existing
buildings are buildings under operation. The certiﬁcation is valid for
10 years and includes building energy performance, technical data,
possible energy saving measures, and any requirements on
ventilation system veriﬁcation or radon assessment. The calculation
method is described in a speciﬁc regulation from the Swedish
National Board of Housing, Building and Planning [26], with a
separate collection of recommendations in Regulations on energy
performance certiﬁcation with comments [27]. Additionally,
guidelines on how to separate energy measurements, both between
buildings and within the building can be found in The Swedish
standard institute handbook on energy certiﬁcation [28]. Supplied
energy is calculated according to the national building regulations or
alternatively measured for existing buildings. The annual volume use
of any solid fuels is calculated to kWh. A correction should be done
when several buildings are measured with one meter. The energy
performance is presented with a heating character and is compared
to reference values. The reference values are energy requirement for
new buildings and a building type speciﬁc interval for energy
performance.

3.2.1.2. Building code. There are no calculation- or measurementmethods deﬁned in the Swedish building code, but the method is
described in standard SIS-EN ISO 13790:2004 [29]. The national
energy certiﬁcation can also be used. Recommendations can also
be found in a handbook from the Swedish national board of
housing, building and planning [30], which refers to several other
ISO standards and also the SVEBY program (see below). The
requirements on supplied energy can be veriﬁed either by
calculation or by measurements. In the planning phase, a
simulation program is normally used to calculate the energy
performance. Hand calculation methods can be used for
buildings with less complexity. For operated buildings, the
supplied energy is measured and summed up during one year,
and then corrected for the normal year. Solid fuels are
transformed to energy by calculation. Household energy should
be measured separately and if corrections are to be made for
deviations from normal domestic hot water use, a separate meter
for this is also needed.
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3.2.1.3. Passive house. Instructions for the Swedish method to
analyze energy performance of passive houses are published
both in the speciﬁcation by FEBY [15], and in the related report
[31]. Only the speciﬁcation is updated for the 2012 regulation so
far, not the method description. Since no detailed description
exists of the method for the new regulation, the presented
method here is the one corresponding to the 2009 speciﬁcation.
Measurements of maximum power and air tightness must be
conducted and energy use should be available for monthly
readings, separately for household electricity, space heating,
auxiliary energy and energy for domestic hot water preparation.
The standard method for veriﬁcation is by measurements, if this
is not possible, calculations using as much measured input data as
possible can also be used. The buildings thermal heat loss
coefﬁcient [W/K] is calculated using measured and calculated
data for the heating season and then used to determine the
maximum power use. Domestic hot water preparation should be
measured. When it is measured with the same meter as the
heating, the power for domestic hot water preparation can be
separated out by a standard calculation method. The household
electricity use can be determined by survey or measurements.
Standard values can be used for the available heating power from
the sun, or measurements at the local site. The heating power
from people is based on information from a survey. The indoor
temperature is determined by measurement with simple alcohol
thermometers or by survey. The outdoor temperature is taken
from standard values or from conducted measurements at the
local site. A follow up of the calculated values is required for
veriﬁcation [9]. This method is used in practice and analyzed in an
article by Molin et al. [32], among others.
3.2.1.4. SVEBY program. The SVEBY program is a development
program run by the construction and real estate industry. It
presents a complimentary, non-compulsory method to analyze
supplied energy and verify building code compliance in Sweden
[33]. The SVEBY program proposes that separate measurements
should be done for each energy carrier, during at least two years,
and corrected for the normal year. Delivered district heating and
gas can be measured with ordinary billing meters. The amount of
oil, bio-fuels and other fuels used should be measured. The
supplied energy for space heating and domestic hot water
preparation shall be measured with separate meters for each
energy carrier. The energy use for domestic hot water preparation
is calculated from measured hot water volume and subtracted
from the measured total heating energy to get the energy for
space heating. When calculations are used, corrections for normal
domestic hot water usage are made by user data from SVEBY.
Residential electricity should be measured separated from the
electricity used for space heating. A sub meter for household
electricity should be installed if it is measured with the same
meter and amounts to more than 3 kWh/m2. If several buildings
have the same energy supply, sub-meters should be used. Results
from the use of this method for the energy analysis of a number of
real buildings can be found in [34].
3.2.2. Norway
3.2.2.1. Energy performance certiﬁcation. The energy performance
certiﬁcation in Norway was introduced 2009 [35]. It is applicable
to new as well as existing residential buildings when sold or rented.
The certiﬁcation is valid for 10 years. It presents a record of the
energy performance in the form of a heating character, which is
compared to reference values, and a heating character based on
delivered energy. It also includes possible energy saving measures,
certiﬁcation of any larger technical installations, and measured
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energy for three years for existing buildings. The certiﬁcation is
based on the evaluation method according to NS 3031 [36] and
standardized values from the building code, but evaluates supplied
energy instead of net energy. The supplied energy is presented for
each energy carrier. There are three ways of evaluation: simple
evaluation, detailed evaluation and evaluation by an expert.
Evaluation by an expert can be done by monthly calculations or
imported from dynamic calculations in a simulation program. A
‘‘simple evaluation’’ only requires input data of building type,
building year, BRA, and heating method. The energy performance
is then calculated from standard values. The energy performance is
presented on a scale between A and G is used, where C represents
the current building code, and a heating character between green
and red.
3.2.2.2. Building code. The calculation method referred to in the
Norwegian building code is described in the Norwegian standard
NS 3031 [36]. It refers to several other standards and is also used to
evaluate passive house requirements and for energy certiﬁcation. A
monthly stationary calculation method, a simpliﬁed hourly dynamic
method or detailed dynamic simulations can be used. In addition to
net energy and air-tightness, a heat loss budget (U-values), overall
supplied energy and divided to each energy carrier, primary energy,
energy cost and CO2-emissions should also be reported.
Standardized input values are used to calculate the net energy
when validating building code compliance. If the goal is to calculate
the expected energy use, real input values are used. The supplied
energy is calculated based on tabulated values for system
efﬁciencies, or determined by measuring the supply from different
energy carriers. Measured energy can be used if it covers a 3 yearperiod or if the data is corrected for a normal year. Exported energy
from the building can be deducted. Primary energy, CO2-emissions
and energy cost is calculated by multiplying the supplied energy of
the different energy carriers by a respective factor. Weather data
from the capital is used. This method is tested with different
simulation tools in an article by Haase et al. [37].
3.2.2.3. Passive house. The standard NS 3031 [36] is referred to for
calculation methods. Local climate is used. A follow up in the form
of measured air-tightness is required [9].
3.2.3. Finland
3.2.3.1. Energy performance certiﬁcation. The law on energy
performance certiﬁcation in Finland was introduced 2008 [38].
The calculation method is described in a regulation from Finland’s
environmental administration [39]. The certiﬁcation is applicable
for all new and at the sale or renting of existing buildings. The
certiﬁcation is in most cases valid 10 years and includes energy
performance and technical data. Certiﬁcates issued separately
also include energy saving measures. The assessment is based on
calculations, except for existing buildings with more than
6 dwellings when it is based on actual energy use. The net
energy use is calculated according to the national building code
[21], and corrected for the normal year. The supplied energy is
measured and the buildings net energy is calculated based on
standard or measured values for the annual efﬁciency of the
energy production. For solid fuels, the net energy is calculated
from the net caloriﬁc value. Weather data from Jyväskylä – in the
middle of Finland – is used. The energy performance is presented
on a scale between A and G is used, where class D is equivalent to
the 2008 building code. It is likely that this certiﬁcation method
will be adapted to the new building code regulation in the near
future.
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3.2.3.2. Building code. The 2010 Finnish building code includes a
calculation method for net energy, supplied energy and heating
power [21]. The supplied energy is calculated from the total
energy use, based on standard values for the annual efﬁciency of
energy production inside the building. A monthly balance
method, partly based on the calculation method presented in
the standard SFF-EN 13790 [29], is used, which refers to several
other national standards. The total energy is based on net energy
and does not include energy production losses. Standard values
for heat losses are included in the heating power. Energy for solid
fuels is calculated using the net caloriﬁc value and the amount of
fuel used. The energy for domestic hot water preparation is
calculated from the hot water volume used or based on
circulation ﬂow. Standard values can be used for energy use for
domestic hot water preparation and building appliances if
measurements cannot be done. The energy for electricity
includes energy for appliances, heating and cooling. The
calculation method in the 2012 building code is not yet fully
developed, only drafts exist, but the new building code includes
more requirements for measurements. New buildings should be
equipped with measuring devices to provide information of the
use of different energy sources.
3.2.3.3. Passive house. No follow up is required, but air tightness
measurement is strongly recommended for both the VTT and the
RIL passive house speciﬁcation [9]. Results from the use of the
VTT passive house veriﬁcation method in practice can be found in
Nieminen et al. article [40].
3.2.4. Other
3.2.4.1. Energy signature. The energy signature is a general
method, a good description and analysis of it can be found in
Hammarsten [41]. It is an established method for evaluating the
energy performance of a building in terms of the overall heat loss
coefﬁcient. The analysis is conducted on measured supplied
energy and corresponding outdoor temperatures collected from
at least one heating season, with approximately ten measuring
periods, corrected for the normal year. The supplied energy,
generally on monthly or weekly basis, is plotted against mean
outside temperature. From this analysis, the thermal heat loss
coefﬁcient is calculated from the slope or gradient of the
equation. The supplied energy during the summer period is
approximated to correspond to the energy for domestic hot
water preparation [28]. The energy signature method is best
suited for buildings with a small internal heat load and when
the heating is strongly dependent on the outside temperature.
The method is therefore less suitable for buildings with low
energy use [42]. Low energy buildings are also more affected by
solar radiation and have a shorter heating season, which makes
the curve shorter and harder to interpret. Buildings with a high
time constant need a longer period of measurements [31]. The
method is tested and analyzed in practice in an article by Sjögren
et al. [43], among others.
3.3. Comparison of methods for energy performance analysis
Energy performance analysis is an important aspect to ensure
results from the energy performance requirements. It also plays a
part in increasing the awareness of building energy performance
and creating a foundation to enforce the requirements. As
discussed in the introduction, awareness and enforcements have
been found to be crucial for implementing building energy
performance requirements. Methods to analyze building energy
performance can be based on calculations or measurements, with

a range of combinations in-between. Calculations need to be used
to predict energy performance of a building, but is sometimes also
used to verify building energy performance. Calculations and
standard values do not reﬂect the actual energy use, but measured energy performance and input data on the other hand need
to be normalized for normal year and user behavior.
Energy certiﬁcations have been adopted in European countries,
based on the EPBD directive 2002/91/EC, since 2006. They are
created with the same purpose, but the methods used are largely
based on the countries building codes and therefore different.
This is also the case in the studied countries, see Table 2. The
energy certiﬁcations in Norway are based on calculation as a
standard method, but have an additional requirement on measured energy for existing buildings. These calculations do not
always reﬂect the speciﬁc buildings energy performance very
well, since the alternative of a ‘‘simple evaluation’’ often is used.
The energy certiﬁcations in Sweden and Finland can also be based
on measurements for existing buildings, which could introduce
unwanted impacts from user behavior. Generally, energy performance in new buildings is veriﬁed by calculation in the three
countries, which questions if the certiﬁcations of new buildings
reﬂect their real energy performance. For existing buildings,
veriﬁcation is sometimes done with measurements, which could
create inﬂuences from user behavior that are difﬁcult to interpret.
A monthly stationary method is used for building code
compliance in all three countries. As for the energy certiﬁcations,
calculations can always be used for new buildings and measurements can also be used for existing buildings in Sweden and
Finland. When using a calculation method, the input data can
either be measured or taken from standard values/equations. The
calculation methods in Norway and Finland can be based on
measured input parameters, whereas standard values or equations are used in Sweden. The measurement methods all use
different techniques to normalize the data for a normal year and
user behavior. The review supports the possibility to use the
international standard ISO 13790 as a foundation for a comparable measurement of energy performance, since it is used in the
methods to determine building code compliance in all three
countries, but the use of the standard differs. Overall, it seems
that the methods used to verify building energy performance for
building code compliance are more similar than the concepts of
energy performance itself in the three countries. If a uniform
deﬁnition of energy performance existed, it would then be
possible to compare energy performance across national borders
with only a few adaptions of the methods.
Some form of measurement is required in all three countries
passive house speciﬁcations; only air tightness measurements in
Norway and Finland, but also measurements on energy use in
Sweden. In Norway, the method for energy performance analysis of
passive houses is the same as for determining building code compliance, which facilitates comparisons between passive houses and
‘‘standard’’ houses. In Sweden, the standard method for energy
performance analysis of passive houses in Sweden is based on
measurements and also use measured input values in the calculation
method. The SVEBY and Energy signature method also use measurements to verify energy performance, although the energy signature
method is more challenging for low energy buildings. The methods
based on measurements generally put bigger requirements on
separate and more accurate measurements. Although the methods
for energy certiﬁcation and veriﬁcation of building code compliance
are similar in the three countries, they generally allow use of very
basic measurements of energy, sometimes measuring several buildings, and standard values or equations to determine energy performance. Thus, if the analysis of energy performance is based on
measurements, more detailed measurements might be necessary to
make objective comparisons possible.
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4. Conclusions
Although the three Nordic countries have similar climate
conditions and building tradition, the study shows that there
exist relatively large variations in the deﬁnitions of energy
performance for residential buildings and the handling of parameters related to it, such as normalization area and climate zones.
The different deﬁnitions of energy performance make it difﬁcult
to compare the outcome of the measurement and calculation
methods for analysis of energy performance. The deﬁnitions of
energy performance for passive houses in the three countries are
even more different than the deﬁnitions in the building codes.
This work shows that a discussion on how building energy
performance should be deﬁned and what it aims to measure is
needed to create an international policy for energy performance
and important aspects of this discussion are pointed out.
Same analyzing methods, or parts of methods, are found in
several countries. The methods used to analyze energy performance are more similar than the concepts of energy performance
itself in Sweden, Norway and Finland. If a uniform deﬁnition of
energy performance existed, it would be possible to compare
energy performance across national borders with only small
adaptions of the methods. Energy performance of new buildings
is usually veriﬁed by calculation and existing buildings by
measurements. If the energy performance analysis is based on
measurements, more detailed measurements than required in the
building codes today are necessary to make comparisons possible,
separating energy posts and replacing standard values.
These aspects may be considered in further work to develop a
more accurate and easily comparable policy to evaluate energy
performance for residential buildings in cold climate. The presented
work will be continued by investigating actual building energy
performance outcome, by applying the Finnish, Norwegian and
Swedish building codes to analyze a number of simulated reference
buildings.
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Glossary
Energy need: Heating energy, electricity, internal energy and utilized solar
radiation. No thermal losses included.;
Net energy: Energy (transmitted–retransmitted) from all energy systems, including
the internal energy system losses. Net energy demand: calculated. Net energy
use: measured.;
Supplied energy: Energy (supplied–resupplied) to all energy systems, this also
includes losses from internal energy production. Locally produced energy is
not included.;
Delivered energy: Also include distribution losses from external energy
production.;

Total energy: Calculated from supplied/net energy using national energy factors
(country speciﬁc).;
Primary energy: Also includes losses external energy production. Calculated form
supplied/net energy using primary energy factors (from deﬁnition of primary
energy).;
Thermal heat loss: Include envelope, air leakage and ventilation losses. [W/K];
Heat transfer coefﬁcient: Include envelope losses. [W/m2 K];
Heat load: Space heating energy and energy for domestic hot water preparation.
[W];
Form factor: The ratio between the buildings enclosing area and internal volume..
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Methods for air tightness analysis for
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Abstract
Envelope air tightness is one factor that has impact on the energy performance of
buildings. The goals of the directive 2010/31/EU, on energy performance of
buildings, raise the importance of building energy performance analysis in the
process. Measurements of air tightness can be useful both when evaluating
building energy performance and developing new building techniques. The aim
of this paper is to review and evaluate methods to measure air tightness in both
new and existing residential buildings in Sweden, Norway and Finland, based on
an international literature study and a survey. The methods are categorized based
on a number of criteria to determine their suitability in different situations.
Advantages and disadvantages of the methods are discussed, as well as
commonly used methods in the three countries. The review shows that the
standard ISO 9972 is used for verification in all three countries, but alternatives
exist that might be more suitable in certain situations. Simpler methods are used
in the building process to increase air tightness. To achieve a comparable
measurement, both common methods and commonly defined units are needed.
Keywords: air tightness measurements, residential buildings, cold climate,
energy use, building regulations.

1 Introduction
Buildings have a significant impact on the environment, through resource and
energy use. Sustainable buildings minimize environmental impact and promote
energy efficiency, economic, and social benefits [1]. To meet the goals of the
directive 2010/31/EU [2], the building sector in Europe faces a transition
towards more energy efficient buildings. The importance is heightened in the
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Nordic countries, where the climate is cold most of the year. Air tightness affects
energy efficiency through involuntary ventilation, insulating capacity of the
envelope materials and efficiency of the ventilation heat exchanger. Air tightness
also affects human health and productivity through indoor air quality,
contaminants and thermal comfort; fire safety; acoustic insulation; and
construction quality through moisture and mold problems. These factors are
discussed in earlier reports on building air tightness [3, 4]. Altogether, air
tightness is an important factor for sustainable buildings. The transition towards
energy efficient buildings will require testing and the importance of air tightness
analysis will increase.
A number of reviews on building air tightness issues have been written, with
different focus. Papers on air tightness standards and trends discuss the
difficulties in comparing air tightness with different units of measure [5, 6].
Common units are air changes per hour, ∆ , air permeability, ∆ , specific
leakage rate, ∆ , and effective leakage area, ELA. The review [3] covers
techniques to measure air tightness of building envelopes in a number of
countries. Normalizationsare also discussed and the use of different pressure
differentials over the envelope. Building volume is used for ∆ , envelope area
is used for ∆ (which makes it a kind of porosity measure) and floor area is used
for ∆ . Infiltration depends on the pressure differential across the envelope, but
air tightness does not. Air tightness is measured with highest accuracy at high
pressures, but this does not give a measure of the infiltration under natural
conditions. 50 Pa is most commonly used for single point measurements,
followed by 25 Pa. 75 Pa is used for single components and 4 Pa to simulate
weather induced pressure. The reviews [7] and [8] cover air tightness criteria and
measurement techniques. The study [9] focuses on tracer gas methods and the
survey [10] on the ISO 9972 air tightness standard in a number of European
countries. The study [4] describes alternative methods to analyse air tightness.
The aim of this paper is to review and evaluate methods to analyse air
tightness in residential buildings in Sweden, Norway and Finland. The goal is to
map and categorize the methods, as a platform for further work. The review is
based on a literature study of regulations, specifications and methods for air
tightness analysis and a survey of the three participating countries.

2 Review
2.1 Methods for air tightness analysis
In this section, 13 methods for air tightness analysis, used in practice as well as
found in literature in the three Nordic countries, are presented.
2.1.1 Ocular inspection
Ocular inspection is the most basic method used to evaluate air tightness in the
building process. The building, or building parts, is visually inspected; cracks
and clear leakage risk-areas are assessed. The inspection is often combined with
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an examination of the drawings and the quality is dependent on the knowledge
and experience of the specialist performing it [4].
2.1.2 Acoustic measurements
The ISO 140 standard [11] describes methods to measure sound insulation in
façade elements and complete facades. A signal with certain frequency content is
generated to measure sound transmissions through openings, holes and cracks
[12]. High sound transmission could suggest air leaks. A transmitter or noise
source, a receiver in the form of a microphone and a frequency analyzerto
display the impulse response [Hz] is needed. Based on wavelength, infrasound
can be used to measure whole buildings, audible sound for building parts and
ultrasound for single cracks. Ultrasounds works only for consistent cracks
through the wall, or the sound is absorbed. For audible sound, a reference value
is also required [4]. The results can be confirmed by comparing a theoretically
calculated sound reduction index, R [dB], to one calculated based on the
measurements. The leakage area can then be calculated [12].
2.1.3 Light measurements
Light measurements are primarily used to inspect ducts, but can also be used to
inspect building envelopes. Lamps emitting white or ultraviolet light are used
and a visual inspection is made of where the light shines through the envelope.
When using white light, the surrounding has to be dark. Only consistent cracks
through the wall can be found using this method [4].
2.1.4 Hand inspection
When using the hand to inspect air tightness, the building is pressurized to a
negative pressure to enhance draughts at points with high leakage. A colder
outdoor than indoor temperature makes the draughts easier to detect. Hand
inspection is often combined with air velocity-measurements [4].
2.1.5 Surface temperature measurements/thermography
Surface temperature measurements, with a surface temperature meter or IRcamera, can be used both on building parts, single zones and whole buildings. A
supplementary measurement of air velocity can be performed when leakage
points are identified. A temperature difference of 5 degrees over the envelope is
required. The infrared radiation measured by an IR-camera is influenced by
leakage, surface emissivity, insolation and thermal bridges [4]. The EN 131 87
standard for thermography is used in Sweden and Norway [13]. In Finland,
surface temperature is measured according to a surface temperature index
defined in the SFS 5511 standard [14] and guidelines from the Ministry of Social
Affairs and Health [15]. Two guidelines are used for thermography [16, 17].
2.1.6 Air velocity measurements
Air velocity measurements are included in the ISO 7726 [18] and 7730 [19]
standards. The European EN 13182 standard [20] describes characteristics of air
velocity measuring devices. In Finland, guidelines for air velocity measurements
exist in an instruction card from the building information group (Rakennustieto
WIT Transactions on Ecology and The Environment, Vol 165, © 2012 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)

314 Eco-Architecture IV
[21]), and from the Finnish Standard Association (SFS [14]). Air velocity target
values, in m/s, are specified by Rakennustieto [22]. The measurements are done
under a negative pressure, when leakage risk areas are known. An anemometer,
with <3% error, is proposed for the measurements [4]. Small flows can be
measured using Laser Doppler Velocimetry [8].
2.1.7 Smoke
There is no international ISO standard for smoke measurements; it is described
in a standard from the American Society of Testing and Materials (ASTM) [23].
A smoke pen or a smoke bottle is usedunder pressurization, and a visual
assessment is made. A positive pressure in the building pushes the smoke out
through any cracks, while a negative pressure sucks the smoke in [4].
2.1.8 Soap bubble method
There is no international ISO standard for this method, but it is described in a
standard from the American Society of Testing and Materials (ASTM) [23].
Measurements are performed under a negative pressurization. The soap bubble
solution is applied to a surface and bubbles are formed where air is leaking out.
Big leaks can be difficult to discover, when thebubbles crack quickly [4].
2.1.9 Tracer gas method
Tracer gas can be used to evaluate air tightness during normal pressure
conditions. Whole buildings and single zones can be measured; multiple zones
with use of multiple gases. The total air change rate is measured, with 5-10%
expected error [8]. A tracer gas and an analyser, to measure the concentration,
are used. Nitrous oxide, N2O, is widely used in Europe [24]. The ASTM standard
E741 [26] describes methods; gas decay, constant injection or constant
concentration. Tracer gas decay is regulated in the ISO 12569 standard [26] and
the Nordtest NT VVS 055 standard [27], used in Finland. The tracer gas is let in,
mixed in the zone to a uniform concentration and then turned off. The average
ventilation rate is determined by measuring initial and final gas concentration
[8]. Measurements in multiple points can account for imperfect mixture of the
tracer gas [24]. Constant injection is regulated in the Nordtest NT VVS 105
standard [28] in Finland. It is more appropriate than tracer gas decay for leaky
spaces [8] and makes it possible to measure changes in the ventilation rate. The
concentration is measured in one point, during a constant gas inlet, and used to
calculate the ventilation rate. The settling time to reach concentration
equilibrium can be long, resulting in large gas consumption [24]. Constant gas
concentration is more appropriate for continuous measurements when the
ventilation rate is unsteady. A feedback control loop is used to regulate the inlet
of tracer gas and provide a stable concentration level. The equipment is
complicated, but the uncertainty is normally <5%.Aninstantaneous tracer gas
measurement can also be performed by injecting a pulse of tracer gas into the air
supply, while measuring the concentration at a point some distance away [8].

WIT Transactions on Ecology and The Environment, Vol 165, © 2012 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)

Eco-Architecture IV

315

2.1.10 Fan pressurization
The fan pressurization method is used to evaluate air tightness. A fan is mounted
in an opening and the air flow thorough the fan required to achieve specific
pressure differences is measured. Adoor mounted fan, “Blower door”, is often
used. The power-law formula is the most common model used to characterize air
leakage, based on the relationship between air flow and pressure difference [3].
2.1.10.1 According to standard ISO 9972/EN 13829 The ISO 9972/EN 13829
standard [29] presents a fan pressurization method, referenced to in the general
ISO 13790 standard [31] on energy performance of buildings. Itdefines a
procedure for a stationary fan pressurization test with a blower door.The method
is designed for one-zone buildings. Buildings with multiple zones can be
regarded as one by opening doors etc. Individual components are not addressed.
For large or leaky buildings, the buildings ventilation system can be used instead
of a blower door. The air flow and induced pressure difference is measured, in
steps ≤10 Pa. Pressures between 10 and 50 Pa are prescribed for small houses,
but pressures up to 100 Pa are recommended. Two tests with at least five data
points should be performed, one with positive pressure differentials and one with
negative. The overall uncertainty will be <15% in most cases.Changes in the
building envelope, caused by the pressure, can increase the uncertainty. The
measured data can be calculated to ∆ , ∆ or ∆ [29]. Two variants of the
method, A and B, are described in the standard. A is a test of the building in use
and the envelope should represent normal conditions during the season when the
heating or cooling system is in use. Method B is a test of the envelope, all
adjustable openings should be closed and remaining intentional openings sealed.
Method B is primarily used in Norway [10] and Finland. In Finland, air tightness
testing is also regulated by a national standard [31]. Method A is used for small
buildings and single residential buildings in Sweden, B for larger buildings.
2.1.10.2 Extrapolation of data points A50 Pa pressure differential can be
difficult to achieve with standard fan equipment in large or leaky buildings.
Extrapolation to 50 Pa from lower pressures is then recommended to make
comparisons possible between buildings [4]. Extrapolation is also used to
transform the air leakage at 50 Pa to a pressure range experienced by the building
in natural conditions. Studies show that results from measurements from higher
pressure ranges safely can be extrapolated to natural pressure [32]. The
uncertainty using only 2 measurements is 13% [33].
2.1.10.3 Pressure testing of single zones or apartments In large buildings,
single zones or apartments can be measured and taken to represent the whole
building. Measurements can be done in three ways: calculated for total
immersive area; calculated for the envelope surface toward the outside; or
calculated on the envelope surface towards the outside with a balancing pressure
created in nearby apartments. The third alternative, called balanced fan
pressurization [7], is more accurate but requires more equipment. Air leakage
can vary between apartments within the same building; larger apartments are
often leakier since they have more walls towards the outside [3, 4]. Articles on
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this method are published by international organizations like ASHRAE. The
uncertainty of the measurements is within 15% [34].
2.1.10.4 Individual building components Building components can be tested
under pressurization, most accurately in a laboratory. Standardized procedures
often exist for windows and doors, but laboratory measurements are less
appropriate for wall or roof components. A chamber or extra wall can be used on
site. Internal leakages can be eliminated if the room outside the chamber or wall
is pressurized to a balancing pressure [4]. Whole building pressurization can be
used to evaluate leakage path distribution, by selectively sealing different paths.
This is known as reductive sealing. A pressure compensating flow rate meter,
operating on a zero pressure principle, can be used for the reductive sealing, test
chamber or extra wall. Internal leak flows will then be minimal [7].
2.1.10.5 Transient pressurization The transient method is a dynamic approach.
When the volume is pressurized and air supply is turned off, the pressure
decreases in a characteristic way for the degree of air leakage. The result is a
continuous function between pressure and air leakage. A pressure pulse could be
used to create the initial pressure. Taking temperature changes into account, the
transient method agree well with the static pressurization method. Changes in the
building envelope caused by the pressure can increase the uncertainty. Unknown
volume changes can be determined by a second measurement with an additional,
known, leakage flow. A test measurement of an attic floor shows an uncertainty
<15% at high pressures, but the technique requires more testing for whole
buildings. Heat flow between air and solid materials created by the pressure
change may also affect the leakage rate. Because of this, the transient method
could be used to determine the overall surface heat transfer coefficient [35].
2.1.11 Pressurization with building system
The buildings ventilation system can be used for the pressurization, by turning of
the return and exhaust air. The method is described in the Canadian standard,
CAN/CGSB-149.15-96 [36]. A control system for the ventilation system is
required to change the pressure with accuracy [4]. The air flow can be measured
with tracer gas if meters cannot be installed in the ventilation system [8]. The
method can be used for whole buildings or single zones serviced by their own air
handlers. With single zones, all adjacent zones also need to be pressurized.
Pressure differentials should be between 10 and 60 Pa, with a series of 5-10 Pa
intervals. Measurements of air volume flow, using air flow measuring probes,
have been shown to have an uncertainty of 2,1–6,3% [37].
2.1.12 AC pressurization
With AC pressurization, a piston is used to create a fluctuating pressure, by
inducing a small sinusoidal change of the internal volume. The pressure is
measured and the phase relationship between this and the velocity of the piston is
used to evaluate the air leakage. The method only works for laminar flow and
large leaks can go undetected. This technique is currently not in use; it is
complicated, but can be used when a fan is impossible to use. It also allows
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building air tightness to be analysed at low pressure differentials with a minimal
interference from climatic forces [3, 7]. The resulting pressure from the volume
change is around 4 Pa and the error for measuring air flow corresponding to a
pressure difference of 5 Pa is estimated to 5% [38].
2.1.13 Pulse pressurization
Pulse pressurization is another dynamic air tightness measurement. A pressure
pulse is introduced on the inside, with a pressurized air tank, and the pressure
drop is measured. The method works only for laminar flow, which limits the use
to small homes or apartments since unsteady flow can develop from pressure
differences in the measured space [3]. The method is not very accurate, but
installation of heavy equipment is avoided. The measured pressure decay is fitted
to theoretical values to determine the leakage characteristics [7]. The initial
pressure pulse could also be induced from closing a door or by an airbag [35].
2.2 Comparison of methods for air tightness analysis
Tables 1 and 2 present a summary of the studied methods. The methods are
categorized based on a number of criteria to help determine their suitability in
different situations: first according to standardization; as generally known
methods, methods defined by national or international standards or experimental
methods. The standardization affects how the method is used today and how
good it would work as a common measurement of air tightness in the three
Nordic countries. The methods are also categorized based on their aim to
improve or to verify building air tightness and based on their application – in the
building process (including refurbishments), for new, or for existing buildings.
Measurements in the building process are often qualitative and used to improve
air tightness, while new or existing buildings more often are analyzed
quantitatively to verify air tightness. Another classification is based on what the
methods are best suited to measure – building parts, single zones or apartments,
whole buildings or large buildings. The measured quantity, unit, pressure
differential, normalization used and uncertainty are also presented for each
method, to enable comparisons. Finally, an assessment of the methods
technological complexity is made, where low represents methods with simple
methodology and simple or no necessary equipment and high represents methods
with complex methodology and/or a lot of equipment required.
In the building process, there are several methods to analyze building air
tightness – from simple methods, without either pressurization or complex
equipment, to more advanced methods with both pressurization and measuring
equipment of different kind. Simple methods (e.g. ocular inspection) are often
enough to identify and fix the worst leaks at an early stage. Depending on the
required accuracy level, two or more methods can be combined (e.g. smoke and
air velocity measurements). Leaks are easy to fix when they are identified at an
early stage, but become more difficult and expensive to fix later in the building
process or in connection with a final, quantitative, air tightness test.
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Standardization General
National
International
Experimental
Aim
Improve (qualitative)
Verify (quantitative)
Building phase In the building
processc
New building
Existing building
Measured space Building components
Single zones
Whole buildings
Multi- zone buildings
Measured
qΔp
quantity of air wΔp
tightness
nΔp
ELA

Acoustic
x
x
x

x
x
x

Surface
temperature

Air
velocity

x
x
x
x

Smoke

x
x
x
x

Soap
bubble

x
x
xa
x
-

Tracer
gas

x
x
-

Building
system pressure

x
x
-

AC pressure

x
x
-

Pulse
pressure

x
x
x
x
x
m2
Any

x
x
x
x

x
x
x
x
x
x
x
x
1/h m3/h,m2
≈4 Pa

x
x
x
x
2,1-6,3%g
5%h
-i
x
x
x
h
For measuring the volume flow
i
Uncertainty is unknown
j
The constant concentration method imply
higher complexity

x
x
xe
x
x
x
1/h
10 – 60 Pa

x
x
x
xb
x

Measurement methods for air tightness.

Light Hand

Table 1:
Ocular
x
x
x

x
x
x
x
x
x
-

x
-d
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
Hz/dB
°C
m/s
1/h
Nega
>±5 Pa
Negative
Positive/
Nega
tive
Negative
tive
x
5-10%f
x
x
x
x
x
x
x
xj
e
If the zone has its own ventilation system
f
The constant concentration method has lower uncertainty, 5%,
and the uncertainty of the experimental pulse pressurization method is not known
For volume flow measurements using airflow measuring probes

x
x
x

g
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Unit
ΔP
Normalization Volume
used
Floor area
Envelope area
Uncertainty
Technology
Low
complexity
Medium
High
a
The pulse injection method
b
Qualitatively
New construction or refurbishments
For anemometers
c

d
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Table 2:

Standardization

Aim
Building phase

Measured
space

Measured
quantity of air
tightness

Fan pressurization methods for air tightness.

General
National
International
Experimental
Improve
Verify
In the building
processa
New building
Existing building
Building
components
Single zones
Whole buildings
Multi-zone
buildings
qΔp
wΔp
nΔp
ELA

Unit
Pressure
difference
Normalization
used
Uncertainty
Technology
Complexity
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Volume
Floor area
Envelope area

Low
Medium
High
a
New construction or refurbishments
b
For 2-point measurements

Standard
EN 13829
x
x
-

Extrapol
ation
x
x
-

Single
zones
x
x
-

Building
components
x
x
x
x

Transient
method
x
x
-

x
x
-

x
x
-

x
x
-

x

x
x
x

x
x
-

x
x

x
-

-

x
-

x
x
x
1/h
m3/h,m2
50 Pa

x
x
x
1/h
m3/h,m2
25 Pa

x
-

x
x
x
1/h
m3/h,m2
0-200 Pa

x
x
x
1/h
m3/h,m2
>100 Pa

x
x
x
15%
x
-

m3/h,m2
50 Pa

x
x
x
x
x
x
x
x
x
x
13%b
15%c
<15%d
x
x
x
x
c
For the balanced fan pressurization method
d
For higher pressures

The standardized method, ISO 9972, is commonly used for quantitative
verification of air tightness of new and existing buildings in all three countries.
Since it is an international standard, the use of this method promotes
comparisons of building air tightness between countries. But the method can be
difficult to use in large or tall buildings, very leaky buildings or buildings where
it is impossible to seal or close required openings. Big or tall buildings include
both new and existing buildings, but very leaky buildings or buildings where the
openings are difficult to seal are more often found in existing buildings. Because
of this, alternative methods are more often used on existing buildings.
The results from the quantitative air tightness measurements can be presented
in different ways. Air change rate, normalized by internal volume, is most
commonly used worldwide. A reason for this is that it is also used for ventilation
measurements. For buildings with natural ventilation, these also include the air
leakage. Air permeability is normalized by the enclosing area. The distinction of
enclosing area can be ambiguous for apartments; surfaces only towards the
outside or surfaces both towards the outside and towards inner spaces are used in
different cases. The specific leakage rate is normalized by the floor area, which
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is calculated slightly differently between the countries. To achieve a comparable
measurement of air tightness, both common measurement methods and
commonly defined units of measurement are needed.
Measuring air tightness with low pressure differentials over the envelope may
result in higher uncertainty due to influence from the wind. Measurements with
high pressure differentials on the other hand do not directly measure the
infiltration at natural conditions. Measurements should be performed over a
range of pressures to make the extrapolation to lower pressure differentials more
accurate. There are also ways to determine infiltration at natural pressure, with as
little climatic interference as possible (e.g. AC pressurization).

3 Conclusion
The methods can be classified based on their aim, application in different stages
of the buildings lifecycle, suitability for different kinds of buildings and
measured quantity. The standard ISO 9972 is used for verification of air
tightness in all three countries, but alternative methods exist that might be more
suitable in certain cases. Simple methods can be used to identify leaks in the
building process; two or more can be combined to increase accuracy. To achieve
a comparable measurement of air tightness, both common measurement methods
and commonly defined units of measurement are needed. This review will be
used in further work to compose recommendations for different buildings and
situations. Some of the recommended methods will also be tested in real
situations, to evaluate the recommendations and possibly improve the methods.

4 Nomenclature
∆
∆
∆

ELA

air permeability
specific leakage rate
air change rate/ACH
effective leakage area

[m3/hm2][l/sm2]
[m 3/hm 2]
[1/h]
[m 2]

envelope area
floor area
internal volume
floor area
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SUMMARY:
Evaluation of building air tightness based on field measurements is an important aspect in the process
to provide good indoor environment and energy efficient buildings. The measurements are generally
conducted by experts. To improve field methods for evaluation of building air tightness, experience of
these experts can be useful.
The scope of this paper is to problematize usefulness of methods for airtightness measurements, how
and when methods are used and potential for future development. Surveyed Swedish and Finnish
experts have valued the performance and usefulness of methods in the perspective of being used for
singe family, multifamily, new, inhabited, under construction, renovation, leaky and air-tight
buildings. They also valued the future potential, as well as their own level of experience and expertise,
of the methods.
Although the results of the survey were based on a small set of collected data, it indicated that the
experts favored methods with their highest assessed experience and expertise, i.e. Blower door and
Surface temperature measurements/Thermography. Potential of future development within
quantitative and component methods was assessed to be positive in general and in particular for the
favored methods.

1. Introduction
Uncontrolled ventilation from air leakage has an impact on the indoor environment and the building
energy efficiency. In that context, the air tightness is generally an important issue calling for
evaluation. However, that evaluation is not an easy task (Sherman 2004, Sikander 2008, Gränne 2001,
Bankvall 2013). Evaluation of building airtightness, based on field measurements for new buildings,
buildings under construction, as well as for inhabited buildings is often conducted by trained experts.
For their use there are several available methods. Based on the conditions in question and the demands
on the evaluation, each method demonstrates its strengths and drawbacks, described in the literature
(Allard 2012, Nirvan 2010, Lee 2011, Sherman 1992, Hassan 2013). The reported evaluations were
often based on experimental conditions. It can be assumed that the experts’ experience from field
measurements can differ from what is documented under controlled laboratory conditions. Field
experiences can supplement the experimental findings in general but also be useful for future
development of field measurements.
In this paper we have investigated how a number of Finnish and Swedish experts value their expertise,
the performance and usefulness, and expected future use of a selected number of identified methods
for measuring airtightness. The scope of the paper is to problematize usefulness of the methods, how
and when they are used and their potential for future development. The intension was for the findings
of this pre-study to be used for a future similar, but more qualitative, investigation.
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2. Survey background
The survey was based on statements and answered using a parametric Likert scale, with the range 1 to
5, in accordance with an increasing level of agreement. The survey was conducted on a selected set of
methods and specified conditions of building types and life stages, introduced in this section.
2.1 Surveyed methods
The surveyed methods are arranged in three different groups: quantitative methods, component
methods and experimental methods, see table 1 below. The methods in the quantitative group are used
for verification of air tightness. The methods in the component group are used to enhance air tightness
of building components, e.g. a wall. The methods in the experimental group are not used
commercially today, but may have advantages and future potential.
Table 1. The methods analyzed in the study, arranged in categories.
Quantitative
1. Fan pressurization - blower
door: A common method that uses
a mounted fan to maintain a
defined pressure inside the
building, in order to estimate the
air permeability and is
standardized in (ISO 9972/EN
13829).
2. Fan pressurization - ventilation:
A method that uses the fan in the
ventilation system to maintain a
defined pressure inside the
building, in order to estimate the
air permeability and is
standardized in (ISO 9972/EN
13829).

3. Tracer gas: SF6 or N2O, is
diffused in the building or a single
zone. With time the tracer gas will
become diluted by inflowing air.
Based on the gas decay and
knowing the building geometry,
the air permeability can be
calculated, described in (NT VVS
055).

Component
4. Ocular inspection/light
measurements: Ocular (visual)
inspection of air tightness on the
test object. It requires experience
and knowledge by the user. Ocular
inspection is not standardized
(Allard 2012).

Experimental
8. Acoustic measurements:
Pressurization operates by inducing
a sinusoidal volume change pulse
of about 1 Hz. By measuring the
pressure pulse, information about
air leakages can be extracted and is
described by (Sherman 2004)

5. Surface temperature
measurements/thermography:
Surface temperature measurement
determines the temperature
distribution, performed with a
surface thermometer or an IR
camera. It demands a temperature
difference > 5°C (Nordtest 1997),
standardized in (SS EN 13187).

9. Pulse pressurization, SECA:
Pulse pressurization or sudden
expansion of compressed air
(SECA) can be obtained from e.g.
a compressed air tank. A power
law equation predicts a finite
recovery time for the decay and
can be used with the measurements
to calculate leakage and volume
(Lee 2011).

6. Air velocity measurements/hand
method: Carried out with
suppressed pressure inside the
building. The anemometer (or
hand) is moved along the analyzed
area and air velocity (leakage) can
be detected and is described in
(ISO 7726, ISO 7730).
7. Smoke methods: With an
overpressure, inside air leakages
can be detected using smoke
released with a smoke pen, bottle,
machine or pistol smoke and is
described in (ASTME 1186).

2.2 Surveyed building types for the quantitative methods
Five building types where investigated with the quantitative methods: Single-zone, Multi-zone, High
rise, Leaky building and Air tight buildings. Single-zone buildings are defined as single family
buildings. Multi-zone buildings are for example apartment buildings or other houses with single-zone
living compartments that border both to the outside and another single-zone. High rise buildings are
defined as buildings with four floors or more. This definition is based on building conditions in the
northern parts of Europe. Leaky buildings are buildings with high air permeability and air tight
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buildings have low air permeability. The latter are often some kind of energy efficient building, such
as a passive house.
2.3 Surveyed life stages for the methods
The different life stages of buildings, considered for component and experimental methods, are listed
in table 2 below, with comments. Component methods can be used for all building types without
significant mutual disadvantages. Experimental methods are considered too untested to analyze with
respect to building type, and thus with concern of the questionnaire length, the questions for
experimental methods related to all building types. New buildings are buildings which are built, but
the inhabitants have not moved in. Forecast and background questions were asked considering all life
stages and building types simultaneously.
Table 2. The life stages considered and comments.
Life stage

Comment

1. Under construction or renovation

Not used for quantitative questions

2. New building

Climate envelope is finished but inhabitants have not
moved in

3. Inhabited Building

Inhabitants are living in the building

3. Questioner
The questionnaire used for the survey is developed by a Finnish marketing company (ZEF 2013) and
utilizes a graphical 2D-interface.The results are reported in Fig 1-3, below, where the smaller circle
with a number (1..n) is referring to the evaluated questions. The position of the point is based on the
average of all who have answered the question. Around each circle there is a darker area/ellipse,
calculated with a standard deviation formula. It shows, in a graphical way, how much answers from
the respondents (experts) vary from each other. The smaller the ellipse is, the more persons agree on
that topic. The model of the ellipse also tells you in which direction/criteria (horizontal/vertical)
agreement is smaller or bigger.
The questions were categorized into three levels; Background, Recommendations and Forecast, all
further introduced in this section.
3.1 Background: Expert awareness questions
The background question is supposed to give information about expertise and practical experience of
the methods among the participants. This shows which methods are most commonly used within the
expert group. The background question was stated as: “I assess my expertise and practical experience
to be good”. Therefore, both information on expertise (which may be only theoretical) and practical
experience will be gathered. This information may be used for qualitative assessments of the answers
in combination with the other questions.
3.2 Recommendations: Method recommendation questions
The recommendations are supposed to indicate which methods that is appropriate to use under certain
circumstances. The circumstances, or scenarios, depend on building type and life stage. The
recommendation question was stated as: “I would recommend this method by the terms of ease of use
and performance for this building type and life stage”. The question was modified to apply to the
different building types and life stages.
3.3 Forecast: Future method use questions
The questions were asked about the potential and future use of the investigated methods. The forecast
question was stated as: “I believe there is likelihood of use and potential of performance for this
method in the future”. The term ‘future’ is used since the exact date is not important.
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4. Results
The survey was conducted on a number of identified Finnish and Swedish experts. In total 16 Finnish
and 4 Swedish experts were asked to participate. Finally, 8 Finnish and 2 Swedish experts completed
the survey.
In this section, the results are illustrated in graphs based on the method categories: quantitative,
qualitative and experimental. The results are also presented as quantitative scoring based on the Root
Means Square of the assessed value of x-axes (0-100) and of the y-axes (0-100), where the Likert
scoring of 1 to 4 was transformed to a scale 0-100. The calculated scoring is referred to as “high” if it
is larger than 67. The scoring is referred to as “low” if it is less than 33. “Medium” is used if the
scoring it is between 45 and 55. A scoring of 55 to 67 is referred to as “above medium”, and a scoring
of 33 to 45 is referred to as “below medium”.
4.1 Qualitative methods
For the three investigated quantitative methods, the experts assessed their expertise and practical
experience of fan pressurization with a blower door as high, marked with circle (1) in Fig 1a. The
expertise and practical experience of fan pressurization using ventilation (2) and the tracer gas method
(3), in Fig 1a, was assessed below medium.
When the experts assessed recommendations for the three methods, blower door (which the experts
were most familiar with) gained high and the best score, applied to all investigated types of new
buildings; i.e. single-zone, multi-zone, high rise, leaky, and air tight, see the circle with (1,4,7,10,13)
in Fig 1b, as well as for all investigated types of inhabited buildings, see (1,4,7,10,13) in Fig 1c. The
performance and ease of use of fan pressurization using ventilation was assessed above medium and
lower for all investigated types of new buildings, see circle with (2,5,8,11,14) in Fig 1b, as well as for
all investigated types of inhabited buildings, see (2,5,8,11,14) in Fig 1c. The tracer gas method was
rated below medium and lowest for all investigated types of new buildings, see circle with (3,6,9,
12,15) Fig 1c , as well as for all investigated types of inhabited buildings, see (3,6,9,12,15) Fig 1d.
The investigation of potential and future use indicated that the by experts favored blower door method
gained a high score. Fan pressurization using ventilation was rated lower, but high, and the tracer gas
methods was rated below medium, see Fig 1d.
An overall indication of the investigation of qualitative methods is that the assessment was rated
according to the experience of the experts, i.e. blower door method, which the experts seamed
accustomed to, were found superior in all investigated situations.

FIG 1a. Expertise and practical experience of
fan pressurization with a blower door, fan
pressurization using ventilation and the tracer
gas methods

FIG 1b. Performance and ease of use for
qualitative methods: Recommendations for
single-zone, multi-zone, high rise, leaky as well
as air tight and new buildings

Full papers - NSB 2014

page 10

FIG 1c. Performance and ease of use for
qualitative methods: Recommendations for
single-zone, multi-zone, high rise, leaky as well
as air tight and inhabited buildings

FIG 1d. A forecast of potential and future use of
fan pressurization with a blower door, fan
pressurization using ventilation and the tracer
gas methods

4.2 Component methods
The experts assessed their expertise and practical experience of ocular inspection/light measurements
and surface temperature measurements/thermography to be good and above medium, see circle with
(1,2) in Fig 2a. The experts assessed their expertise and practical experience of air velocity
measurements/hand method and smoke methods to be medium, see (3,4) in Fig 2a.
The experts assessed a high recommendation for surface temperature measurements/thermography for
buildings under construction or renovation, new buildings and inhabited buildings, see circle with
(2,5,6), as well as ocular inspection and light measurements for a building under construction or
renovation, see (1), in Fig 2b. The recommendation of air velocity measurements/hand method and
smoke methods, for a building under construction or renovation were assessed above medium, see
(3,4) in Fig 2b.
The experts made a forecast of potential and future use of component methods. The scoring of
potential and likelihood of use were ranked similar as the scoring of expertise and practical
experience. The forecast of ocular inspection/light measurements and surface temperature
measurements/thermography was scored high, see circle with (1,2) Fig 2c. Air velocity
measurements/hand method and smoke methods was scored above medium, see (3,4) Fig 2c.
The results indicate that the experts in general assessed high rating for methods they are accustomed
to, i.e. the favored ocular inspection/light measurements and surface temperature
measurements/thermography.
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FIG 2a. Expertise and practical
experience of ocular inspection and
light measurements, surface
temperature measurements and
thermography, air velocity
measurement/hand method, and
smoke methods

FIG 2b. Recommendations for
buildings under
construction/renovation, new
buildings or inhabited buildings for
component methods

FIG 2c. A forecast of potential and
likelihood for component methods

4.3 Experimental methods
The expertise and experience of the experts was assessed below medium for acoustic methods see (1)
in Fig 3a. The expertise and experience of pulse pressurization or sudden expansion of compressed air
(SECA) was assessed low, see (2) in Fig 3a.
The experts recommendations of acoustic measurements was rated above medium for new buildings,
see (2) in Fig 3b and medium for new buildings and inhabited buildings, see circle with (1,4) in Fig
3b. Sudden expansion of compressed air (SECA) was assessed below medium, lowest for buildings
under construction and new buildings, see circle with (3,5) in Fig 3b.
The experts assessed the likelihood of future use and potential of performance for acoustic
measurements above medium, which can be interpreted as a small optimism for the future, see (1) in
Fig 3c. The forecast for pulse pressurization or sudden expansion of compressed air (SECA) was
assessed lower, medium, see (2) in Fig 3c.
It can be assumed that the experts have limited practical experience of these methods and
consequently the interpretation of the results has less significance.

FIG 3a. Expertise and experience
of experimental methods

FIG 3b. Performance and ease of
use for experimental methods

FIG 3c. Potential and likelihood of
use for experimental methods

4.4 General results
The identification of experts for survey in this pre-study was based on mapping procedure supported
by the national research institutes. It was found difficult to identify Swedish and Finnish experts of the
investigated field measurement methods. For the study, 20 experts were identified and the
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participation rate was 50%. From a statistical perspective that is small. For a larger study it would be
beneficial with a more comprehensive mapping of experts.
Although the statistical material was limited, the standard deviation in the rating of the experts was
relatively small, illustrated as the darker area around each circle in Figs 1-3. Additionally, the experts
claimed their own expertise to be rather high. For the three categories of methods: quantitative,
qualitative and experimental, the expert rating of recommendations were in accordance with their
rated expertise and practical experience, which in general is rated medium to high. This indicates that
the surveyed experts have sufficient expertise to answer the questionnaire. Thus it is assumed that the
results can at least be used to give some guidance and some general trends can be discussed. An
overall illustration of the results is presented in Tab 3.
Tabel 1. Summary of the results for the investigated methods. The calculated root mean square can be
found within the brackets.
Categories

Methods

Quantitative

Fan pressurization blower door
Fan pressurization –
ventilation
Tracer gas

Component

Experimental

Expertise &
Experience
High (70)

Below medium
(43)
Below medium
(42)
Ocular inspection/light Above medium
measurements
(64)
Surface temp measur./ Above medium
Thermography
(66)
Air velocity measureMedium
ments/hand method
(54)
Smoke methods
Medium (48)
Acoustic
measurements

Below medium
(41)

Pulse pressurization,
SECA

Low(16)

Recommendations
High for all applications (74)
Above medium for all
applications (56)
Below medium for all
applications (43)
High for buildings under
construction (74)
Best component method, high
for all stages (78)
Above medium for buildings
under construction (65)
Above medium for buildings
under construction (56)
Above medium for new build.,
medium under construction
and inhabited buildings (55)
Below medium for new and
inhabited buildings(38)

Future
forecast
High (83)
High (71)
Below
med. (44)
High (69)
High (75)
Above
med. (64)
Above
med. (59)
Above
medium
(66)
Medium
(54)

The results showed an obvious correlation between high assessed recommendations and future
expectations and high assessed experience and expertise of, e.g. Blower door and Surface temp
measurements/Thermography. According to the experts, the potential for future development of
quantitative and component methods reflects the recommendations of the favored methods. However,
for experimental methods, the experts express a positive expectation of development, although the
present recommendation was moderate. The rating of the future forecast in the study corresponds to
the rated expertise and practical experience. The experts also indicated a general difficulty to measure
air tightness in high rise and multi zone buildings, regardless of the method used.
Some overall suggestions of explanation can be proposed. The experts seems to prefer methods they
are accustomed to before selecting method from actual condition, such as building type and the life
stage of the building. Additionally, there is a general positive expectation from the experts in terms of
a general large and growing future potential of field measurements in general for all three method
categories.

5. Conclusions
The study was made on a rather small set of participating experts and should thus be interpreted as a
pre-study. The investigated methodology was found applicable and useful and some trends and
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findings were found that can be subject for future studies, e.g. of how and when the methods are used
as well as future expectation.
For an interpretation in more detail, a future extended investigation is proposed, where more effort
should be taken to get a larger set of experts, perhaps including more countries. Further, the study in
this paper was conducted on a single survey. To collect more information and get more comprehensive
results, it could be based on a methodology such as the Delphi method. In a future study experience
based on findings in the literature could also be used to complement the findings from the surveyed
experts.
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Abstract
In order to evaluate compliance with requirements on building energy performance, it is necessary to
find strategies to process discrepancies from the results of forward simulations in the design stage
and of measurements in the operated stage. The gap between designed performance and measured
performance is referred to as the “performance gap”. It can be divided into a procurement gap (between intended design and verified performance) and an operational gap (between verified performance and non-normalized measurements).
In this work we introduced a methodology for performance gap analysis, based on separating the
procurement- and operational gap. An important component to do this is calibrations of calculations
using measured data. The suggested methodology allows for more detailed verifications of building
energy performance and can be used to study how indicators reflect the performance gap. The proposed methodology is tested using data from a well-documented and measured operated single family building, in sub-arctic climate in Sweden.
The indicators studied in the verification were carefully analyzed. The methodology was found reliable based on the obtained results and a sensitivity analysis. An overall observation is that the applicability of the methodology depends on the accuracy of the hybrid method. The accuracy of the
performance gap analysis per definition depends on the available information of the operated building, and consequently to access to extensive measured data.
Key-words: performance gap, building energy performance, energy performance evaluation, calibrated simulation, measurements

1. Introduction
When comparing predicted- with measured building energy performance, large discrepancies are
often found. This phenomenon has become known as the “performance gap” (1) (2). This performance gap has been the focus of many research articles. Morck et al. (3) has compared calculated
and measured energy performance of Danish buildings and discuss the possible explanations of the
gap between them. Bridging the gap would allow for a more detailed verification of building energy
performance and has inspired many methods of adjusting – calibrating – simulation models based on
measured data. Wall (4) have studied effects on the building energy performance of changes made
between the design stage and the final building, using measured data to stepwise alter the design
stage simulation according to each change. Costa et al. (5) have developed a toolkit for monitoring,
analysis and optimization. It is based on an energy simulation model, calibrated with measured input
data, and “key factors” for optimal building operation. In the IPMV protocol (6), presenting options
for verification of energy savings, calibration is the fourth; where the first two concerns isolated retrofits and the third is whole building measurements. Maile et al. (7) have developed a method for
comparing simulated and measured data by iteratively adjusting the simulation model. They identi1

fied three categories of performance problems: simulations problems, operational problem and
measurement problems. Similarly, Burman el al. (8) divides the performance gap into
1. Procurement gap, deviation between the buildings intended design- and verified energy performance, i.e. between the performance calculated based on data available in the design
stage of a building and the performance evaluated based on measured data available in the
operated stage of a building and normalized according to climate, building operation, and
user behavior.
2. Operational gap, deviation between the buildings verified- and measured energy performance, i.e. between the normalized performance evaluated based on measured data available in the operated stage and non-normalized measurements.
The aim of this work is to introduce a methodology for performance gap analysis, based on the division into procurement gap and operational gap, to bridge the performance gap and get more detailed verifications of building energy performance. The methodology is tested using data from a
well-documented single-family building. The scope of the study is to illustrate how performance gap
analysis can be used to study the influence of the procurement- and operational gap on the evaluated indicators. The learnings can be useful when selecting methods to evaluate that buildings meet
expected policy and regulation demands.

2. Methodology
In this section, the methodology for performance gap analysis is introduced. It is based on three procedures to process data: calculation in the building’s design stage, hybrid where data from the buildings operated stage is added, and finally measurements in the operated stage. These methods are
used to evaluate compliance with expected policy and regulation demands on building energy performance. The procurement gap is analyzed by comparing the results of a calculation of a building
energy performance in the design stage to the results of a hybrid method used to evaluate the buildings energy performance in the operated stage. The operational gap is analyzed by comparing the
results of the hybrid method with a measurement method. The evaluation process is followed by an
analysis, where the assessment was investigated in terms of suitability for different indicators, reflection of different parts of the performance gap, and potential for accuracy when ensuring compliance
with requirements.
The methodology is tested in this study, using data from a single-family building. For this building, the
results of a design stage simulation, a calibrated simulation, and measured data analyzed by the energy signature method were compared. Figure 1 illustrates the methodology, applied to this building,
in a flow chart. The three procedures to process input data in the methodology are introduced in
more detail in sections 2.1-2.3 below. The data used in the three procedures are presented in section
3.
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Figure 1. A flow-chart of the performance gap methodology
2.1 Calculation based evaluation (design stage)
Calculation methods for energy quantification (used for modeling and prediction) have been reviewed in several studies (9) (10). The European standard EN 15603 introduces a method for energy
quantification based on calculations, where energy is calculated and weighted according to different
metrics (primary energy, cost, emissions etc.) (11). Simulation is a commonly used, and thereby influential, calculation-based method. The U.S. Department Of Energy (DOE) currently has a directory
with over 140 simulation tools used all over the world (12).
The calculation method used in this study was a dynamic simulation, using the dynamic multi-zone
simulation program IDA Indoor Climate and Energy (IDA ICE). IDA ICE is developed by Equa (13), as an
application to the IDA Simulation Environment. It is a general purpose simulation tool with mathematical equations, for e.g. CO2 , humidity and energy, written in the Neutral Modeling Format (NMF).
The differential equations are solved with a numerical integration method using backwards differentiation, where equations modeling airflow and thermal transfer can be solved simultaneously. IDA
ICE is widely used in the Scandinavian countries, both by consultants and in research (14) (15) (16).
IDA ICE has been validated against the CEN standard EN 15265-2007, showing a deviation of up to 10
% for space heating (17). It has been compared to other simulation tools (18) (19), found to perform
well (20), and is well-documented (21) (22) (23). The design stage simulation of the measured building was performed using building specific input data from blue-prints and product specifications,
standardized values from the Swedish building code, and some assumptions.
2.2 Evaluation using hybrid methods (operated stage)
Surveyed data from operated buildings can be used in calculations, to calibrate the results or identify
modelling parameters. Such approaches can be referred to as hybrid methods for energy performance evaluation in literature (24). The hybrid method to calibrate simulations with data from a
buildings operated stage is frequently studied (4) (5) (25) (6). However, Coakley et al. (26) found no
consensus on the approach to be used or the validation criteria necessary, when reviewing current
approaches to calibration of building energy performance simulations. They state that calibration is
3

“at best an optimization process used to identifying multiple solutions within a parameter space identified from a knowledge-base of templates of influential parameters. At worst, it is based on an adhoc approach in which the analyst tunes the myriad of parameters until a solution is obtained.” (26).
In the latter case, when input data is tuned to match a measured energy use, calibration is a highly
under-determined problem, with a non-unique solution. Mustafaraj et al. (25) have developed a
calibration methodology in two levels, where the first level corresponds to a “as-built” simulation
and the second level consists of an iterative process to identify the most influential parameters.
These parameters are then refined in the simulation using direct or indirect measurements. Reddy et
al. (27) propose a calibration methodology identifying a small set of most plausible solutions, instead
of a single solution. He notes that since the monitored data often is limited, sensitivity analysis is
important in order to identify influential parameters and make sure these are determined with sufficient accuracy.
The hybrid method used in this study was a calibrated dynamic simulation, performed by replacing as
much of the standardized input data and assumptions as possible in the earlier simulation with
measured input data, available from previous measurements (28). Nearly all standardized input data
in the Swedish building code and some of the assumptions and standard values from IDA ICE could
be replaced, se section 3. Local weather data from the years of the measurements was not available,
so the normalized climate data could however not be replaced. To evaluate the accuracy of the calibration, the results were therefore compared to the energy signatures analysis of the measured energy performance (see section 2.3), where the measured data had been normalized according to
normal climate.
To evaluate the influence of the input parameters, a local sensitivity analysis was applied in the procedure. The limitations of a local sensitivity analysis on a complex simulation model is that only a
small part of the input values possible value-space is explored, interactions between the dependent
variables cannot be considered, and the self-verification of the sensitivity analysis is not possible (29).
Local sensitivity analysis is, however, the simplest method to use and still very useful in building performance analysis despite its limitations (29).
After the sensitivity analysis, the results of the calibrated simulation were normalized based on normal user behavior and building operation. This was done to allow for comparison with requirements
in policies and regulations, which are set assuming normal climate, building operation and user behavior.
2.3 Measurement based evaluation (operated stage)
The energy signature is a regression based data-driven method for processing energy data, evaluated
in a number of studies (30) (31) (32) (33). Schultz (32) identifies user behavior and solar heat gains as
sources of errors for energy signature analysis. For low-energy buildings, where internal- and solar
heat gains are a big part of the energy use, these errors become amplified (34). Hammarsten (30)
also lists solar heat gains, together with the factors included in the mathematical model, to be important factors in the energy signature method. A simple but practical version of the energy signature method, where some parameters were neglected in the mathematical model, had earlier been
used to evaluate the buildings energy performance (28). The energy signature method, used to normalize the data from end-use sub-metering by normal year, was therefore used as the measurementbased method in this study.
4

The analysis in this work is based on the simplified theoretical model for the energy signature used in
(28), where the difference of in- and outdoor temperature, Ti – To, is plotted against the temperature
dependent part of the measured energy according to equation 1.
𝑄ℎ𝑒𝑎𝑡 = 𝐾(𝑇𝑖 − 𝑇𝑜 ) + 𝑚

(equ 1)

where Qheat is the space heating in kWh, which in this case includes facility electricity since they were
aggregated in the measurements. K is the thermal heat loss in kWh/°C, and m is the temperature
independent part of the space heating, which could be affected by the ground loss or impact from
solar/internal heat gains.
In this model, solar- and internal heat gains are neglected, including the un-surveyed energy use of a
fireplace. The ground loss and the buildings thermal energy storage are also neglected. The outdoor
temperatures for the normal year were calculated using a Fourier-series estimation developed by
Anderlind (39), based on temperatures from SMHI during the period 1961-1990. The results of the
energy signature analysis of the measured data are presented in section 4.3.
From the energy signature, the buildings overall heat transfer coefficient (U-value) was estimated
according to:
𝑈=

𝐵−𝜌𝐶𝑝 𝑞𝑣𝑒𝑛𝑡 (1−𝜂)−𝜌𝐶𝑝 𝑞𝑙𝑒𝑎𝑘

(equ 2)

𝐴𝑒𝑛𝑐𝑙

where B is the thermal heat loss in kW/°C (through heat transfer, ventilation, and air leakage), ρ is
the density of air in kg/m3, qvent is the ventilation air flow in m3/s, Cp is the specific heat capacity of air
in kJ/kg°C, η is the heat exchangers temperature efficiency, and Aencl is the enclosing area. According
to EN ISO 13789:2007 (40), qleak can be calculated according to:
𝑞𝑙𝑒𝑎𝑘 =

𝑄50 𝑒
𝑓 𝑞 𝑞
1+ ( 𝑆− 𝐸 )2
𝑒

(equ 3)

𝑄50

where Q50 is the air leakage at 50 Pa overpressure in l/s, qS and qE are the supply and exhaust air flow
in l/s, and f and e are tabulated wind coefficient constants (40).

3. Input data for the simulations
3.1 Building specific input data
The single-family residential building used to test the methodology in this study is located in Umeå,
at latitude N 63°50’, in subarctic climate. It was built as a low-energy building, with a heated floor
area of 213 m² and an envelope area of 542 m2. It is partly built in two stories, with stud walls of 285
mm mineral wool and a wooden panel. The window to envelope area ratio is 6.5 %, with a larger
window area towards the south. The roof is insulated with 600 mm loose wool and covered with
concrete roof tiles. The foundation is a concrete slab with 300 mm foam insulation. The heating system is a geothermal heat pump, which provides heat for space heating, through an under-floor heating system on the ground floor and by radiators on the first floor, and domestic hot water. The heat
pump has a maximal power of 10 kW, which is about 47 W/m², and is connected from the garage to
the house through a culvert. According to the manufacturer, the geothermal heat pumps coefficients
of performance 5 for space heating and 3 for hot water. There is also a wood-fueled fire place with
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doors, used occasionally for comfort. The ventilation system is a supply- and exhaust system with a
rotating heat exchanger, which has 80 % temperature efficiency according to the manufacturer.
3.2 Assumptions and standardized input data from IDA-ICE
Standard input data in IDA ICE were chosen for thermal bridges, 20.86 W/K, and heat losses; 4% of
heat delivered to zones and 1.16 W/m2 supply air duct losses, 50 % of both contributing to the space
heating. In IDA ICE, the U-value for the walls was determined to 0.17 W/m2K, for the roof to 0.06
W/m2K, and for the floors to 0.10 W/m2K, based on the specified construction information in section
3.1. The climate data used in the simulations are average date over the period 1961-1990 from Meteonorm 7 (35) – software with a global meteorological database. Lastly, the following assumptions
were made:
- the U-value for windows and doors is 1.28 W/m2K
- the set-point for the supply air temperature is 18˚C, to allow for maximum heat recovery
- no heating-coil for post-heating of the supply air
- 60 % fan efficiency for the ventilation fans
- a suburban wind profile
3.3 Input data from the Swedish building code (BBR)
According to the applicable Swedish building code for the measured building, BBR (36), if the indoor
temperature is unknown, the heating set point for the indoor temperature should be set to 22C for
all residential buildings. The recommended specific fan power for buildings with supply and exhaust
ventilation systems with heat recovery is 2 kW/(m3/s) and the recommended maximum air leakage
for residential buildings is 0.6 l/sm2 (2.2 m3/hm2) at 50 Pa overpressure. The last two recommendations apply to residential buildings with less than 100 m2 floor area, with a window area smaller than
20 % of the heated floor area1 and with no cooling. This means that they can be ignored for all other
buildings, but they are used as guidelines for the simulations in this study. The local climate is used
for energy performance verification according to the Swedish building code. According to recommendations of input data for energy calculations from the Swedish National Board of Housing, Building and Planning (37), the ventilation rate should be 0.35 l/sm2 (1.26 m3/hm2) for residential buildings. Their annual standard for household energy, for small residential buildings, is 2500 kWh + 800
kWh per person. Of this, 70 % is said to become internal heat gains. For the measured building this
becomes 3.05 W/m2. Their standard number of occupants for small residential buildings larger than
120 m2 is 4, each occupant being present 14 h/day and emitting 80 W, of which 100 % becomes internal heat gains. Their standard domestic hot water use for small residential buildings is 16 m3 per
person and year, with an energy use of 55 kWh/m3. For the measured building, this is equivalent to
an energy use of 3520 kWh/year for hot water, of which 20 % becomes internal heat gains.
3.4 Surveyed data
The air tightness for the measured building used for the calibration was 37 l/sm2 (1.3 m3/hm2) at 50
Pa overpressure. The temperature efficiency of the heat exchanger was measured to 70 %. The ventilation rate was measured to 0.52 ACH, which corresponds to 1.4 m3/hm2. The heat pumps coefficient
of performance was measured to 3.5 in average. The indoor temperature was measured to 20.5C in
average. During the measured period, two adults and two children inhabited the building. The energy

1

Heated over 10°C, measured internally
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use for domestic hot water was measured to an average of 3030 kWh/year, over the two years. The
household energy was measured to 2.86 W/m2 in average.
3.5 Measured energy data
The measured building net energy use, as reported by Östin et al (28), are used in this study and is
compiled in table 1. The facility electricity and the space heating energy were aggregated in the
measurements, but domestic hot water and household energy (heat/electricity used for household
appliances) were measured separately. The space heating energy supplied by the fire place was not
measured. The measurements were collected during two years, when the building was occupied.
During the measured period, two adults and two children inhabited the building. The energy use for
domestic hot water was measured to an average of 3030 kWh/year, over the two years. The household energy was measured to 2.86 W/m2 in average.
Table 1. Measured specific energy use for the measured building, for 2011 and 2012.
2011
2012
2
a
Net energy for space heating and facility electricity [kWh/m ]
78.4
80.1a
2
Net energy for domestic hot water [kWh/m ]
14.6
13.8
Household energy [kWh/m2]
28.6
21.5
Supplied energy according to BBR [kWh/m2]
26.6b
26.3b
a Normalized according to normal year with the Energy signature
b Energy for space heating, cooling, domestic hot water and facility electricity

4. Results
In this section, a comparison of the indicators evaluated by the three different approaches is presented. This is, the simulation in the design stage, the calibrated simulation, and the energy signature
method. The indicators studied were chosen according to the Swedish building code (BBR) (36): supplied energy and overall U-value. The supplied energy in BBR includes energy for space heating,
space cooling, domestic hot water, and facility electricity, but not household energy. To allow for
more detailed comparisons, the indicator net energy was also studied. The accuracy of the calibrated
simulation and possible errors are finally discussed in a sensitivity analysis.
The results for the studied indicators are presented in table 2. Both simulations resulted in higher
values of the overall U-value than the estimation based on the energy signature method. However in
both cases, the net energy for space heating and facility electricity was simulated lower, than the
estimation based on the energy signature method. The simulation in the design stage resulted in a
lower total net energy than the calibrated simulation and energy signature method. The calibrated
simulation resulted in the highest values of both total net energy and of supplied energy.
The indicators evaluated by the energy signature presented in table 2 are averaged values from
measurements in 2011 and 2012, given in table 1. When estimating the overall U-value in this study,
the household energy was included in the energy signature analyses in order to take some of the
internal heat gains into consideration. Using the buildings enclosing area and the wind coefficients
f=15 (for more than one side of the building exposed to wind) and e=0.7 (suburban landscape, trees
and other buildings) in equation (2), the overall U-value was estimated to 0.17 W/m2K in average for
the two years. The energy signatures estimation of supplied energy according to the Swedish building
code (BBR) (36) in table 2 was calculated from its estimation of net energy, based on the heat pumps
measured average coefficient of performance 3.5 (see section 2.4).
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Table 2. Results based on the investigated approached on data from the measured building
2

Overall U-value [W/m K]
Net energy
For space heating &
2
[kWh/m ,year]
facility electricity
For domestic hot water
For household energy
Sum
Supplied energy, according to BBR
2
[kWh/m ,year]

Simulation
0.23
70.3

Calibrated Simulation
0.23
76.5

Energy Signature
a
0.17
a
79.3

16.6
26.8
113.7
b
29.1

16.6
26.8
119.9
b
36.4

14.2
a
25.1
a
118.5
abc
26.5

a

a Energy for space heating, cooling, domestic hot water and facility electricity
b The calibrated and simulated values identical, since the additional information for the calibration did not relate to the
buildings transmission losses
c Average of 2011 and 2012, see Table 1
d Calculated from the net energy based on the heat pumps measured average COP (3.5)

4.1 Sensitivity analysis
In the calibration procedure, the simulation was calibrated as closely as possible to the measured
data, before the indicators were normalized according to normal building operation and user behavior. The results of the calibrated simulation before the normalization are presented in table 3. As
seen in table 3, the net energy for space heating and facility electricity evaluated in the calibrated
simulation deviated roughly 12.5 % from the energy signatures estimation before the normalization.
The reported inaccuracy for space heating in IDA ICE (17) and the uncertainties in the energy signature model, discussed in section 2.3, could explain a part of the deviation.
The Supplied Energy from the Calibrated Simulation also deviates from the estimation based on the
Energy Signature (Table 3). However, in the calculation of the Supplied Energy from the Net Energy
estimated by the Energy Signature, using the COP factor 3.5, the facility electricity could not be separated from the space heating since they were aggregated in the measurements. This caused an uncertainty in the Energy Signatures estimation of Supplied Energy. If the simulated use of facility electricity (13.8 kWh/m2 per year) is assumed in the calculation of Supplied Energy based on the Net Energy from the Energy Signature, the Energy Signatures estimation of the Supplied Energy would instead be 36.6 kWh/m2 per year - which is more in line with the Calibrated Simulation (Table 3.).
Another difference between the calibrated simulation results and the estimations of the indicators
based on the energy signature method, in table 3, is in the overall U-values. The deviation (higher
simulated U-values than estimated based on the energy signature) is opposite to the difference between simulated and measured net energy for space heating and facility electricity.
Table 3. Results from the non-normalized calibrated simulation and Energy Signature
method.

2

Overall U-value [W/m K]
Net Energy
For space heating &
2
[kWh/m ,year]
facility electricity

Non-normalized
Calibrated Simulation
0.23
a
70.5
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Energy Signature
b

0.17
b
79.3

For domestic hot water
For household energy
Sum
Supplied Energy, according to BBR
2
[kWh/m ,year]

b

14.3
25.1
a
109.9
ca
34.6

14.2
b
25.1
b
118.5
bcd
26.5

a

Only normalized according to climate, not according to building operation or user behavior
Mean value for the two measured years
Includes space heating, cooling, domestic hot water and facility electricity
d
Calculated from the net energy based on the heat pumps measured average COP (3.5)
b
c

In order to estimate cause and effect for deviations in different input parameters, a univariate sensitivity analysis was performed by using IDA ICE for the parameters: air tightness, household energy,
ventilation rate, thermal bridges, and heat recovery efficiency. The influence of different assumed
deviations (10%, 40%, and 70 %) in these parameters on the simulated net energy [kWh/m²] is shown
in table 4. Possible errors in the evaluated indicators caused by these parameters, and other sources
of errors relevant to the calibration, are discussed below.
Table 4. The influence on the simulated net energy [kWh/m²] for examples of absolute deviation [%]
in each parameter.
Parameter

10%

40%

70%

Air tightness [l/sm²]

0.381

1.52

2.67

Household energy use [W/m²]

1.14

4.56

7.99

Ventilation rate [ACH]

3.16

12.6

22.1

Thermal bridges [W/K]

1.16

4.63

8.10

Heat recovery efficiency [%]

3.35

13.4

23.5

4.1.1 Air tightness
The air tightness has a relatively small influence on the accuracy of the simulation of space heating
according to the analysis. For the particular study it has been measured for the measured building,
which should restrict the error for this parameter to the margin of error in the measurement. However, pressure effects of the wind also contribute to the envelope air leakage. A simulated wind profile for open landscape, instead of the suburban, increased the simulated net energy corresponding
to a 45 % error in the simulated air tightness (just above 40% in table 4).
4.1.2 Household energy
The household energy has a medium influence on the accuracy. It has been measured for the measured building, which should restrict this error for this parameter to the measurements margin of
error.
4.1.3 Ventilation rate
The ventilation rate has a big influence on the accuracy. The ventilation rate has been measured for
the measured building. Uncontrolled ventilation through the fire place chimney could however increase the simulated net energy. The airflow 1 l/sm2 through the chimney corresponds to a 2.5 %
error in the simulated ventilation rate (much less than 10% in table 4).
4.1.4 Thermal bridges
Thermal bridges have a medium influence on the accuracy. Since the measured building is new and
built with a low-energy ambition, the thermal bridges are more likely to be smaller than typical. The
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standard values for good thermal bridges in IDA ICE decreased the simulated net energy corresponding to a 37 % error in the simulated thermal bridges (about 40% in table 4).
4.1.5 Heat recovery efficiency
The heat recovery efficiency has large influence of on the accuracy. It has been measured for the
measured building, but there were a lot of missing data (e.g. January - March and July - October
2011). The measurements indicated that the heat exchanger might not have been working properly
in October and had a lower efficiency in general in spring and autumn. A 50 % use of the heat exchanger from April 1 to November 1 increased the simulated net energy corresponding to a 15 %
error in the simulated heat recovery efficiency (just above 10% in table 4).
4.1.5 Other sources of errors
The effects of natural ventilation (airing) were neglected in the simulations. As input data for energy
calculations, The Swedish National Board of Housing, Building and Planning recommends airing with
one window, 20 % open, one hour every other day during the winter season and every day during
autumn and spring (37). This recommendation increased the simulated net energy 0.9 kWh/m2.
The margin of error for the measured net energy is affected by heat gains from the unmeasured fire
place, lowering the measured space heating. Identifying outliers assumed to correspond to use of the
fire place, based on a measured temperature difference of 4°C between two rooms in the measured
building, and excluding these data from the energy signature increased its evaluation of net energy
0.5 kWh/m2.
Excluding outliers estimated to correspond to the use of the fire place, as described above, and considering the three darkest months to minimize solar heat gains increased the estimated overall Uvalue based on measurements to 0.19 W/m2K.
Other factors that affect the indicators are solar heat gains, post-heating of the ventilation air, and
the climate data. The effects have not been estimated in the conducted sensitivity analysis limited to
building physical indicators.

5. Discussion
The performance gap between calculation- and measurement-based methods can be caused by a
number of reasons which can be organized in four categories. Firstly, it can be caused by operational
differences, between standardized values and real user behavior, control setting and climate. Secondly, it can be caused by procurement differences, between design- and verified construction and
component function/effectiveness. Thirdly, it can be caused by uncertainties in the calculation method, caused for example by the model specification, the amount of parameters included, or errors in
the input data. Fourthly, it can be caused by uncertainties in the measurement method, caused for
example by the frequency and resolution of the measurements, the accuracy and robustness of the
equipment, or the normalization method.
Dynamic whole-building simulation software can be used to analyze many different indicators, e.g.
net- or supplied energy, overall U-value, overall heat loss, and CO2-emissions. The dynamic simulation method can promote different indicators, depending on the choice of simulation tool, and is a
flexible method for energy performance evaluation when it comes to the choice of indicators. The
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dynamic simulation program used in this study, IDA ICE, focuses on Supplied Energy. Used in this
study, the simulation in the buildings’ design stage gave a rough estimate of the energy performance,
not reflecting any procurement gap. The provided energy indicators do not reflect the operational
gap, since standard values are used for the climate, building operation, and user behavior. This
makes the indicators comparable to requirements on them, which are set assuming normal climate,
building operation and user behavior, but also do not reflect the possible procurement gap. Since
only data from the design stage was used, any changes in the design between the design stage and
operated stage cannot be reflected.
Hybrid methods, such as the calibrated simulation used in this study, combine the benefits of calculation- and measurement based methods. With a calibrated simulation, it can be possible to identify
causes for the performance gap, separating the procurement gap from the operational gap, and
transform measured data into comparable indicators. To minimize the margin of error in a calibration, sophisticated simulation tools with many controllable variables and detailed measured input
data with low margins of error for many parameters are however required. In this study, it was not
possible to separate the operational gap and procurement gap entirely from the two evaluation
methods margins of error, and therefore not possible to identify all causes for the procurement- and
operational gap. The calibration was instead further studied in a sensitivity analysis. The calibrated
simulation method in this study provided more detailed information on the measured buildings energy performance than the design simulation or energy signature alone, which makes a more accurate estimation likely. The energy indicators provided by the calibrated simulation did not reflect the
operational gap, making them comparable to requirements on them, and reflect some of the procurement gap.
The energy signature method uses the buildings heat balance for the evaluation of the indicators.
Some loads in the building heat balance are difficult or impossible to measure e.g. heat gains from
use of bio fuels, solar heat gains, and internal heat gains from residents. Simplified energy signature
models, as the one used in this study, where such loads are neglected, are easier to use but also increase the indicators margin of error – especially for low energy buildings with potentially high internal heat gains such as the building in this study. For energy indicators, the uncertainty is further increased by variations in efficiency of the heat exchanger or heat production system over the year
[32]. For the overall heat loss coefficient, the energy signature can be performed based on measured
data for a part of the year when this efficiency is constant and the solar heat gains can be neglected
[33], leaving only the uncertainty of the internal heat gains. The energy signature method is therefore well suited to analyze building energy performance in terms of overall heat loss coefficient. In
this study, the method gave a rough estimate of the buildings energy performance. The provided
energy indicators reflect the procurement gap, since the evaluation is based on data from the buildings operated stage. The Energy Signature method normalized the indicators according to normal
climate, but they still reflected the operational gap caused by user behavior and building operation.
This makes them less comparable to requirements on them compared to the indicators from the
simulations.

6. Conclusions
In this work, it has been illustrated how the gap between calculated and measured energy performance can be analyzed to study the effects by the procurement- and operational gap on indicators
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evaluated by different methods. This can allow for more knowledgeable evaluations of building energy performance.
Calculations in design stage can easily produce comparable indicators of building energy performance, with the use of standardized input data for climate, building operation and user behavior.
Design stage evaluations can however not include any possible procurement gap. Non-normalized
measurements on the other hand, include both the operational- and procurement gap, and measurement based evaluations therefore have to solve the problem of eliminating the operational gap to
achieve comparable indicators of the buildings energy performance. This requires post-processing of
the measured data, e.g. normalization of the climate with the energy signature method. Calibrated
simulations can additionally facilitate normalizations of the measured data according to standardized
user behavior and control settings, providing comparable indicators that also reflect the procurement gap. The identification outcome of the procurement and operational gaps depends on the detail of the available measured data and the accuracy of the simulation program. Comparing the calibration to non-normalized measured data minimizes the gap caused by uncertainties in the measurement method, but this requires access to weather data from the year of measurement, which is
not always available. In cases when much of the performance gap remains unexplained, calibration
to the measured total energy use would result either in a guess or in a large number of multiple solutions. In these cases, the performance gap can instead be further studied in a sensitivity analysis.
For the proposed methodology, the accuracy of the hybrid model is essential for the applicability.
The accuracy of the evaluation depends on the available information of the operated building. In this
work a well-documented measured building offered rather good opportunities for calibration. In a
future work it could be interesting to further study strategies of providing surveyed data to improve
and optimize the proposed methodology.
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