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We have to remember that what we observe is not nature in itself, but 

nature exposed to our method of questioning. 

– Werner Heisenberg 

 

https://en.wikipedia.org/wiki/Werner_Heisenberg
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Abstract 

Building energy performance has been important in Fennoscandia ever since 

the early vernacular houses, to combat the cold climate. Due to EU directive 

2010/31/EU on the energy performance of buildings (EPBD recast), building 

energy performance has become even more relevant in northern Europe the 

last decade. Objectives for improving building energy performance may 

include reducing cost and CO2-emissions, increasing energy independency, 

and improving the indoor climate. Different indicators, criteria, and 

evaluations methods may be used to reach these objectives. This dissertation 

addresses indicators, criteria, and evaluation methods used to regulate energy 

performance of residential buildings in Sweden, Norway, Finland, and Russia. 

Four research objectives are covered: (RO1) comparing criteria and evaluation 

methods used to regulate energy performance of residential buildings in 

Sweden, Norway, and Finland, (RO2) studying the perspective of 

professionals with experience in building energy performance evaluation on 

(a) methods for evaluating envelope air leakage of residential buildings in 

Sweden and Finland and (b) potential energy performance indicators in the 

Swedish procurement process of multi-family buildings, (RO3) developing an 

approach for analysing the performance gap between design predictions and 

measurements that can be used to verify compliance with requirements on 

building energy use in practice, and (RO4) comparing the stringency of the 

energy performance criteria for residential buildings between the Swedish, 

Norwegian, Finnish, and Russian national building code. Many differences 

were found between how energy performance of residential buildings was 

regulated in the four countries. In Sweden, measurements were used more for 

evaluating building energy performance than in the other countries. As of 1st 

January 2020, the Finnish building code was characterized by its focus on the 

building heat loss and stringent energy performance criteria compared to the 

other countries. The Norwegian building code was characterized by a 

relatively narrow system perspective on energy performance, with no 

regulation of the energy production efficiency or energy source. The Russian 

building code also had a narrow system perspective but was also characterized 

by its focus on the form factor – the relationship between building volume and 

enclosing area. The practitioners wanted to minimize the influence from 

building operation and user behaviour on energy performance evaluations in 

the Swedish building procurement process of multi-family buildings. Hence, 

they preferred component-focused indicators or indicators with a narrow 

system boundary. An approach has been developed for analyzing the 

performance gap between design phase predictions and measurements. The 

approach can be used to verify the finished building’s energy performance, 

with minimal influence from occupant behavior and building operation.  



iv 
 

Sammanfattning  

Energiprestanda har varit en viktig byggnadsparameter i Fennoscandia ända 

sedan de första bostadshusen, för att bekämpa det kalla klimatet. På grund av 

EU-direktivet 2010/31/EU om byggnaders energiprestanda (EPBD recast) 

har energiprestanda i byggnader blivit än mer relevant i norra Europa det 

senaste årtiondet. Målen med att förbättra byggnaders energiprestanda kan 

inkludera att minska kostnader och CO2-utsläpp, öka energioberoende, och 

förbättra inomhusklimatet. Olika indikatorer, kriterier och 

utvärderingsmetoder kan användas för att uppnå dessa mål. Denna 

avhandling behandlar kriterier, indikatorer och utvärderingsmetoder som 

används för att reglera energiprestanda för bostadshus i Sverige, Norge, 

Finland och Ryssland. Fyra forskningsmål omfattas: (RO1) att jämföra 

kriterier och utvärderingsmetoder som används för att reglera 

energiprestanda hos bostadshus i Sverige, Norge och Finland, (RO2) att 

studera åsikter hos yrkesutövare med erfarehet av att utvärdera byggnaders 

energiprestanda om (a) metoder för att utvärdera luftläckage genom 

byggnadsskalet hos bostadshus i Sverige och Finland och (b) potentiella 

indikatorer för energiprestanda i den svenska upphandlingsprocessen av 

flerfamiljshus, (RO3) att utveckla ett tillvägagångssätt för att analysera 

skillnaden mellan beräkningar vid byggnadens design och mätningar som kan 

användas för att verifiera att energianvändningskriterier efterlevs i praktiken, 

och (RO4) att jämföra energiprestandakriteriernas stränghet för bostadshus 

mellan de svenska, norska, finska och ryska nationella byggreglerna. Många 

skillnader hittades mellan hur energiprestanda för bostadshus reglerades i de 

fyra länderna. Sverige utmärkte sig genom att använda mätningar för att 

utvärdera byggnaders energiprestanda i högre grad än de andra länderna. Den 

1 januari 2020 utmärkte sig de finska byggreglerna genom sitt fokus på 

byggnadens värmeförlust och strikta krav på energiprestanda jämfört med de 

andra länderna. De norska byggrelgerna utmärkte sig genom ett relativt snävt 

systemperspektiv på energiprestanda, där energiproduktionens effektivitet 

och energikällan inte reglerades alls. De ryska byggreglena hade också ett 

snävt systemperspektiv men utmärkte sig också genom sitt fokus på 

byggnadens formfaktor - relation mellan byggnadens volym och den 

omslutande arean. Parterna i den svenska upphandlings-processen av 

flerfamiljshus föredrog att utvärdera komponentfokuserade indikatorer eller 

indikatorer med en snäv systemgräns, för att minimera påverkan från 

byggnadens drift och brukarbeteendet. En metod har utvecklats för att 

analysera skillnaden mellan beräkningar vid byggnadens design och 

mätningar. Metoden kan användas för att verifiera den färdiga byggnadens 

energiprastanda med minimalt inflytande från bukarbeteende och drift.  
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 Preface  

There is an ancient Indian parable about a group of blind men trying to 

determine what an elephant is. They touch different parts of the elephant and 

come to conflicting conclusions. The side of the elephant felt like a wall, the 

leg like a tree trunk, the tail like a rope, the tusk like a spear, the trunk like a 

snake, and the ear like a fan. The story illustrates our tendency to claim 

absolute truths based on our limited perspectives. Just as the men examining 

the elephant, using different indicators and evaluation methods may lead to 

different conclusions about the energy performance of a building. So, what is 

building energy performance? What parts of the “elephant” are relevant to 

regulate in order to improve building energy performance? Comparing and 

analysing indicators, criteria, and evaluation methods use to regulate building 

energy performance may contribute with knowledge towards identifying the 

most efficient strategies in different situations. This dissertation focuses on 

indicators, criteria, and evaluation methods used to regulate energy 

performance of residential buildings in the geographical peninsula of 

Fennoscandia. My hope is that it will contribute towards revealing the elusive 

“elephant” – the energy performance of a heated house.  

I would like to thank my lead supervisor professor Thomas Olofsson for 

patiently guiding me through my education as a researcher. I would also like 

to thank my co-supervisor, Gireesh Nair, from whom I have learned a lot. 

The professional assistance of my other colleagues who contributed to my 

research over the years, the head of department, and administration at the 

department of Applied Physics and Electronics is also gratefully 

appreciated. The studies in this dissertation were partially conducted in 

research projects financially supported by the EU Interreg programs “Nord” 

and “Kolarctic” and the construction industry’s organization for research and 

development in Sweden (SBUF). I would like to thank all the wonderful people 

from our research partners I have been fortunate to meet in these projects.  

I would finally like to thank my family, especially my husband Adam for his 

constant support and encouragement. I look forward to a lifetime of chasing 

dreams together. 

 

Umeå, October 2021 

 

Ingrid Allard Stolterman 
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Terminology 

Building energy performance – a building’s capacity to carry out its 

energy related functions (i.e., energy services such as heating, cooling, and 

lighting).  

Energy performance indicator – expresses the energy performance of a 

building directly (system-focused indicator) or indirectly (component-focused 

indicator), within a specific system boundary.   

Component focused indicator – covers the performance of a 

building component that may influence the energy performance of the 

building (e.g., U-value of windows, envelope air leakage, ventilation 

heat exchanger efficiency, or specific fan power).  

System focused indicator – covers the performance of multiple 

building components operating as a system (e.g., heat loss coefficient, 

or specific net energy use).  

Energy performance requirement – maximum or minimum numerical 

value limits on the energy performance indicators (e.g., maximum 0.4 

W/m2K, minimum 80 %, or maximum 90 kWh/mfloor
2 year).  

Energy performance criteria – used to regulate building energy 

performance in for example building codes or certification schemes. Consist 

of component and/or system focused indicators and the requirements on 

them (e.g., minimum 80 % ventilation heat exchanger efficiency and 

maximum 90 kWh/mfloor
2 year specific net energy use).  

Energy performance evaluation method– method used to evaluate 

indicators of building energy performance (e.g., calculation methods, 

measurement methods, or accounts of design data). The methods may be used 

to verify compliance with building energy performance requirements. 

 

Performance gap - the difference between a building’s energy use predicted 

in the design phase and measured in the operational phase. 

 

Verified energy use – building energy use in the operational phase - 

normalized according to weather, user behavior, and operation. Used to verify 

compliance with requirements on building energy use.  
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Heat loss –heat loss through the building envelope due to heat transfer, 

ventilation, and air leakage. 

Building services – electrical installations, installations for space heating, 

ventilation, and air conditioning (HVAC), and installations for domestic hot 

water. 

Technical installations - installations for building services and internal 

energy production. 

Internal energy production - energy production on the building property, 

producing heat-, cooling- or electricity delivered to the building services e.g., 

a pellet boiler. 

External energy production – energy production outside the building 

property, producing heat-, cooling- or electricity delivered to the building 

services e.g., a nuclear power plant. 

Energy sources – fossil fuels (e.g., coal and gas), nuclear fuel, and 

renewable resources (e.g., solar energy, biomass, geothermal energy, and 

hydropower).  

Energy supply system – system supplying energy to the building services; 

including the energy source, any external and/or internal energy production, 

and the transportation from energy sources to building services. 

 
Net energy – final energy used by the building occupants (e.g., for space 

heating, domestic hot water, or facility electricity). “Free” solar- and internal 

heat gains are deducted from the space heating need.  

Supplied energy - energy supplied to the building property (to the building 

services and/or internal energy production). Energy losses after delivery to 

the building property e.g., in energy production on the property, are included.  

 
Primary energy - primary energy need for the net energy use of the 

building occupants. Energy loss in the distribution and conversion, as well as 

any energy use for extraction and transportation, is included. 
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1. Introduction 

The world population growth rate has been increasing since the beginning of 

the industrial era in the 18th century and world population is expected to 

exceed 9 billion by 2050 [1]. The increasing world population has been 

followed by increasing atmospheric CO2 levels. In 2019, the yearly average CO2 

level was 411 ppm [2, 3]. This is the highest value in 800 000 years, covering 

at least seven ice age cycles [4]. If this trend continues, the concentration of 

CO2 in the atmosphere is expected to reach twice pre-industrial levels (560 

ppm) in the 2050’s [5]. A doubling of the atmospheric CO2 is estimated to 

increase the global average temperature between 2 and 4.5°C [6]. An increase 

in the global temperature of this magnitude would have a large, life-

threatening, impact on both humans and other lifeforms on the planet [7]. 

Naturally occurring causes have been excluded as the strongest drivers of the 

increasing global temperature since the 1950’s, leaving human activity as the 

most probable primary cause [8, 9, 10]. 

The largest source of CO2 and other greenhouse gas emissions is energy use, 

contributing with about 70 % of the total emissions [11]. Buildings are 

responsible for 24 % of the world’s net energy use and 37 % of the net energy 

use in Europe [12]. Residential buildings constitute 75 % of the buildings in 

Europe and account for 27 % of the net energy use [13]. Hence, energy use in 

residential buildings have a significant impact on the increasing CO2-levels 

and the resulting climate change [14, 15, 16]. Avoiding the negative effects of 

climate change is therefore a major motivation for increasing building energy 

performance. Other reasons include energy security concerns, cost savings, as 

well as occupant well-being and comfort. The final energy use per dwelling in 

Norway, Sweden, and Finland is more than 20 % higher than the European 

average [17]. The economic and practical challenges of heating buildings in 

these countries are accentuated due to the cold climate. Efficient energy use 

has therefore always been an important consideration for residential buildings 

in northern Europe. Regulatory policies on building energy performance have 

been found effective for reducing energy use in buildings [18, 19, 20]. 

However, different criteria on building energy performance may influence the 

technological and societal development in different directions, introducing 

different practices and norms of what living conditions, comfort, and a good 

everyday life is [21, 22].  

Regulations and policies for building energy performance has been widely 

researched the last decades [23, 24, 25, 26, 27, 28, 29, 30]. EU directive 

2010/31/EU on the energy performance of buildings (EPBD recast) is one of 

the driving forces for energy efficiency improvement of buildings in Europe 
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[31]. According EPBD recast the energy performance of a building is defined 

as “the calculated or measured amount of energy needed to meet the energy 

demand associated with a typical use of the building, which includes, inter alia, 

energy used for heating, cooling, ventilation, hot water and lighting”, expressed 

by indicators including “an energy performance indicator and a numeric 

indicator of primary energy use based on primary energy factors per energy 

carrier” [31]. However, local building traditions, climate conditions, user 

behavior, access to energy sources, conditions of the existing building stock 

etc. may differ. Different countries may therefore need different regulatory 

approaches to achieve optimal building energy performance. Currently, many 

different indicators are used to assess building energy performance in the 

European countries [32, 33].  

Methods used to evaluate building energy performance is another topic that 

has been getting a lot of attention in recent research [34, 35, 36, 37]. Different 

methods can be used to evaluate the indicators of building energy 

performance, from simple methods only accounting for the design properties 

of the building parts to advanced methods based on calibrated simulations or 

detailed measurements. While some European countries require 

measurements of envelope air-tightness (e.g., Belgium) or energy use (e.g., in 

Sweden), several other countries rely only on calculation-based evaluation 

methods [38].  

1.1 Literature review 

There are two main strategies for regulating building energy performance 

today, (1) prescriptive requirement models and (2) performance requirement 

models [39] . In the literature, prescriptive approaches are also referred to as 

“feature specific” [34] and performance approaches as “holistic” [32]. In this 

dissertation, the prescriptive/feature specific approaches are henceforth 

referred to as “component focused” and the performance/whole-building 

approaches as “system-focused”. Component-focused requirements regulate 

the properties and performance of specific components of the building and its 

energy supply system. These components may be building elements (the 

whole building envelope or individual elements such as windows and walls), 

technical installations, or elements of the building design. Component-

focused requirements often require little, if any, analysis to evaluate [39]. 

Whole-building requirements, henceforth “system-focused requirements”, 

regulate the performance of the building as an energy system, including all 

components within a specified system boundary. System-focused 

requirements reflect broader energy efficiency goals and require more 

complex evaluation methods [34, 39].  
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Component-focused indicators of building energy performance may be 

evaluated through calculations (e.g., envelope U-value or form factor) or 

measurements (e.g., envelope air leakage or ventilation heat exchanger 

efficiency). However, compliance with component focused requirements may 

also be verified based on product specifications from the manufacturer, 

determined through measurements in a laboratory setting (e.g., U-values of 

envelope components or specific fan power). System-focused indicators of 

building energy performance (such as specific energy use or heat loss 

coefficient) can be evaluated using calculations, measurements, or hybrid-

approaches based on both calculations and measurements [34]. Measurement 

methods may vary, from measured aggregated monthly data to more detailed 

sub-measured hourly data. Calculations and hybrid evaluation approaches 

may be divided into dynamic and steady-state methods [34, 40]. Dynamic 

calculation methods, such as dynamic simulation, consider the dynamic 

effects of the building and its systems (for example the thermal dynamics of 

the building envelope) [34]. In steady-state calculation methods, such as 

steady state simulation or the energy signature method, the calculation 

complexity is decreased by simplifying or ignoring such dynamic effects [34].  

The models used to analyze building energy performance can be divided into 

prediction models (forward modeling) and regression models (inverse 

modeling) [34, 40]. Forward modeling, such as simulation, predicts the 

energy performance based on known building characteristics and given 

conditions. Forward modeling methods are commonly used in situations 

when building design data is available, such as in the building design phase 

[34, 36]. Inverse modeling, such as the energy signature method, creates a 

model that relates the energy performance to influential factors (for example 

outdoor temperature, floor area, etc.) based on known input and output data 

[34]. Inverse modeling is commonly used in situations when measured data is 

available, such as evaluations of existing buildings. Since operating conditions 

and user behavior may vary and is subject to a lot of uncertainty, compliance 

with energy performance criteria should be verified under 

standardized operating conditions and user behavior [41]. Additionally, 

compliance with energy performance criteria is often verified under 

standardized weather conditions, such as outdoor temperature and solar 

radiation.  

Section 1.1.1 – 1.1.3. presents literature reviews of methods for evaluating 

system-focused indicators of building energy performance. Three methods 

were used in the research presented in this dissertation – dynamic simulation, 

calibrated simulation, and the energy signature method. Section 1.1.1. 

introduces dynamic simulation, section 1.1.2 introduces calibrated simulation, 

and 1.1.3 introduces the energy signature method. These methods were 
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selected as commonly used methods to evaluate building energy use in 

research and practice. Although less complex evaluation methods (for 

example based on steady state calculations or billing data) also are used in 

practice, these methods evaluate the building in less detail and could therefore 

not provide sufficient data quality for the studies. Section 1.1.4 introduces a 

common problem in evaluations of building energy use – the performance 

gap. Section 1.1.5 introduces envelope air leakage, which besides energy use is 

another important indicator of building energy performance.  

1.1.1 Dynamic simulation  

Simulation is a commonly used forward modeling method, evident by the 

many simulation programs developed for this purpose [35, 42, 43]. Forward 

modeling simulation programs create thermodynamic building models using 

fundamental engineering principles, expressed through mathematical 

algorithms [34]. Steady state forward modeling methods assumes no variation 

in the building model over time, using a constant indoor temperature and 

monthly average values for the climate. To take into account temperature 

variations, thermal storage, varying solar and internal heat gains, varying 

building operation etc., dynamic modeling methods are needed. Although 

dynamic models are more complex, they describe how the building works in 

more detail and may therefore provide more accurate results.  

The evaluation results may vary between different simulation programs and 

thereby reduce their usefulness for verifying compliance with requirements 

on energy use [44, 45, 46]. Comparisons against measured data or known and 

accepted analytical or numerical methods may be used to test the accuracy of 

a simulation program [42, 46]. The input data for occupant behavior, building 

operation, and weather parameters can be based on measurements or 

standardized values. When measured input data is used in the simulation, the 

method may be classified as a hybrid evaluation approach since it combines 

measurements and calculations (see section 1.1.2).  

1.1.2 Calibrated simulation 

A detailed knowledge of a building’s physical and operational characteristics 

is the most important factor when developing a simulation model [47]. Such 

knowledge may be gathered through measurements, ranging from simple 

observational audits of the building to high resolution detailed measurements. 

The measured data can be used to calibrate simulation models, either as input 

data or as target for the output [35, 40, 47, 48, 49, 50, 51]. However, there is 

no consensus on the approach for calibrating simulation models and no 

validation criteria exist [47, 52]. The availability of measured data is often 
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limited. Hence, adjusting the input data to match a measured output such as 

energy use becomes a highly underdetermined problem - with more unknown 

parameters and variables than solutions  [47]. In these cases, it may be more 

appropriate to identify a small set of most plausible solutions instead of one 

single solution [53]. The risk of multiple possible solutions can be avoided by 

only using measured input data to calibrate the simulation, instead of 

adjusting the input data to match a measured output.  

1.1.3 The energy signature method  

Single- or multiple variable linear regressions of measured energy use or 

power demand can be used to evaluate the thermal performance of a building 

[35]. One advantage of such regression models is their capacity to discern the 

effects of occupant behavior and address the influence of “free” internal- and 

solar heat gains [37]. A single-variable regression of energy data, known as the 

“energy signature method” [54, 55], is used in paper IV, and V. 

The energy signature method’s regression model relates the measured energy 

use to the difference between indoor and outdoor air temperature. The heat 

loss coefficient (henceforth L) indicates the heat loss of the building envelope 

towards the outdoor air - due to heat transfer, ventilation, and air leakage - 

per hour and degree temperature difference across the envelope [kWh/K]. L 

may then be used to normalize the measured energy data according to the 

weather of a normal year [56]. However, the ventilation heat exchangers 

efficiency, heat supply system efficiency, solar- and internal heat gains etc. 

may not be constant over the year, producing variations in L [57]. To minimize 

these uncertainties, L may be evaluated based on measured energy data for a 

part of the year when the solar heat gains can be neglected (around the winter 

solstice) [58]. Since the efficiency of ventilation heat exchangers and some 

heat supply systems (e.g., pellet boilers) vary with the temperature difference 

between indoor and outdoor air, this efficiency may be considered constant 

for a time period with small climate variations. The time period around the 

winter solstice can be assumed to have small climate variations compared to 

a whole year. Hence, the efficiency of ventilation heat exchangers and/or heat 

production may be approximated to be constant for this time period. In this 

application of the energy signature method, L reflects the building’s thermal 

performance during the measurement period and cannot be used to calculate 

the yearly energy use. Benefits of the energy signature method includes that it 

is easy to use and requires measured data only from 3 months for a robust 

analysis [35, 59]. 
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1.1.4 The performance gap 

Large discrepancies are often found when comparing calculated predictions 

of building energy use with measurements [48, 49, 60, 61, 62]. The difference 

between design phase predictions and measured energy use is known as the 

“performance gap” [41, 63, 64, 65, 66]. The performance gap may be caused 

by deviations from intended design and construction, standard building 

operation and occupant behavior, deviations from normal weather conditions, 

or uncertainties in the calculation and/or measurement method. The 

predicted energy use may not reflect the building’s actual energy performance 

due to errors, assumptions, approximations, and simplifications in the input 

data and in the physical representation of the building and its occupants [41, 

67, 68]. The measured energy use may not reflect the building’s actual energy 

performance due to unintended building operation, unexpected user 

behavior, extreme weather conditions during the measurement period, or 

uncertainties caused by the measurement equipment [41, 63, 67, 69]. Hence, 

neither measured nor predicted energy use is a true representation of a 

building’s energy performance [63]. Many calibration methods have been 

developed to analyze the performance gap [41, 47, 53, 64, 67]. In these 

methods, the prediction model is often calibrated to match a measured energy 

use, to find a possible explanation for the performance gap [47, 51, 52, 70, 71].  

1.1.5 Envelope air leakage  

As the development towards energy efficient buildings has led to lower 

transmission- and ventilation losses, the impact of infiltration on the building 

heat loss has grown. In new residential buildings, air leakage may represent 

up to a third of the energy use for space heating [72, 73]. Accordingly, methods 

for evaluating envelope air leakage are relevant and frequently studied in 

building energy performance research [74, 75, 76, 77, 78, 79]. The Blower-door 

method is widely used for measuring envelope air leakage [77, 80]. However, 

the Blower-door interferes with the building envelope when positioned in an 

opening such as a doorway [81]. Additionally, the air leakage in normal 

weather conditions can only be predicted based on extrapolation of the 

measured data, since the Blower door measures air-leakage flow at higher-

than-normal pressure differences across the building envelope (usually 50 Pa) 

[77, 82]. Raising the required pressure differential may also entail practical 

challenges in some applications, such as large and tall buildings [82, 83]. 

Thus, alternative methods are also being developed and studied [76, 81, 82, 

84, 85]. Reliable methods for evaluating building envelope air leakage in 

practice provide opportunities both to improve and evaluate the energy 

performance of residential buildings.   
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1.2 Knowledge gaps  

Since the 90’s, a variety of studies have been calling for a broadening of the 

building energy performance research [21, 22, 24, 86, 87, 88]. A too narrow 

approach to building energy performance may lead to unintended, and often 

negative, side-effects [86]. Hence, implementing appropriate indicators in the 

criteria is important when regulating building energy performance [24, 87]. 

Building energy performance criteria may need to be adapted to different 

national conditions, standards, and ideals, as well as different goals for the 

built environment, ecological environment, energy security etc. However, the 

consequences of using different indicators, evaluation methods, and 

requirement levels may be difficult to determine. Though policies for 

regulating building energy performance are frequently studied, few scientific 

studies have focused on analyzing and comparing different indicators, 

evaluation methods, and requirement levels used to regulate building energy 

performance.  

The importance and value of comparative studies is increasing with the 

growing internationalization and interconnectivity of the world [86, 89]. 

Comparative studies produce more data, stronger evidence and a wider 

applicability of the results [86]. Cross-country comparative studies may be 

used to explain similarities and differences, generalise from them, and gain a 

greater understanding for national contexts [90]. Comparative analysis of 

energy performance regulations, and their strategies for indicating and 

evaluating building energy performance, may therefore broaden the field of 

energy performance research. Building energy performance criteria are 

regularly updated in most countries to reduce energy use in buildings. Various 

voluntary criteria may also be developed by national organizations or 

municipalities. Reviewing and studying energy performance criteria is one 

way to track and evaluate the development towards higher energy 

performance in the built environment. Comparisons of building energy 

performance criteria may provide opportunities to learn from different 

regulatory strategies and insights into the advantages and disadvantages of 

using different indicators, evaluation methods, and requirement levels. 

Transnational comparisons of building energy performance criteria may also 

facilitate benchmarking and be beneficial to architects and building 

manufacturers who want to adapt their buildings to different national 

markets. Since the energy performance criteria continuously are changing and 

developing, reviews of them also need continuous revision. 

Energy research has downplayed the human dimensions and the role of choice 

relative to “objective” fields such as physics, engineering, and economy [21, 

86]. However, it is necessary to consider why - to what end - we want to 
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improve building energy performance and question the choice of criteria and 

evaluation methods used in regulations to reach these goals. As the political 

scientist Lynton Caldwell pointed out: “If there is a comprehensive energy 

problem, it is a problem of choice and value in a world of finite capabilities. 

It is therefore also a moral and political problem, and for this reason will not 

yield to a purely technical solution.” [91]. Comparing criteria used to regulate 

building energy performance may indicate how their application may differ in 

influencing the built environment. Hence, comparisons of different energy 

performance criteria may help policy makers make an informed decision in 

choosing the criteria best suited to their local conditions and building energy 

performance goals. Some studies have benchmarked the energy performance 

criteria in one specific national regulation against the criteria in another 

national regulation or international standard [92, 93, 94, 95, 96]. Other 

studies have compared different energy certification/rating schemes to each 

other [97, 98, 99]. However, there is a lack of studies that quantitatively 

compare the stringency of energy performance criteria in more than two 

regulations of building energy performance. 

Building energy performance is mainly evaluated either to diagnose the 

building and improve energy performance or to classify the building and 

evaluate compliance with energy performance criteria and targets [34]. 

Compliance with energy performance criteria is often evaluated using 

prediction methods, such as dynamic simulation [63]. However, when 

evaluation methods are used to verify compliance with requirements on 

building energy performance, they become a part of the regulation rather than 

predictive tools [63]. Although a building’s compliance with energy 

performance criteria should only depend on its design and construction, 

different evaluation methods may lead to different results. Hence, the choice 

of evaluation method may change the outcome of compliance evaluations. 

However, few studies have compared methods used to verify compliance with 

criteria on building energy performance. Uncontrolled ventilation from air 

leakage has an impact both on the energy use, construction quality, and 

occupant well-being [77, 100]. National building energy performance criteria 

in Europe frequently include requirements on envelope air leakage, but 

verifying compliance with the requirements through measurements is seldom 

mandatory [101]. Calculations/simulations of building energy use are only 

reliable if the assumed air leakage is verified through measurements [102]. 

Envelope air leakage measurements may therefore also be important for 

verifying compliance with requirements on energy use. However, few studies 

have compared methods used to evaluate envelope air leakage and verify 

compliance with building energy performance criteria. 
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The performance gap between measured and calculated building energy use 

may be caused by deviations from the intended design and construction. Such 

deviations should be taken into account in compliance verifications in order 

to enforce requirements on building energy use. However, the verified energy 

use should not be influenced by the weather conditions, building operation, or 

occupant behavior during the measurement period, or by uncertainties in the 

evaluation methods. Verifying compliance with requirements on system-

focused indicators, such as energy use, may therefore require performance 

gap analysis. If the performance gap is not identified and analyzed, deviations 

from the intended design or issues in the building construction may go 

unnoticed, compromising the energy efficiency of the whole building stock 

[41]. Performance gap analysis may also be used to fix the responsibility 

between contractor and client in the building procurement process, especially 

when evaluations based on measurements show non-compliance with 

requirements on energy use. However, in practice, performance gap analysis 

may be complicated and time-consuming. For example, calibrating a 

simulation model to match the measured energy use may require very detailed 

measured data or result in multiple possible solutions [47, 53]. There is a lack 

of performance gap analysis methods that are both easy to use in practice and 

effective in separating the performance gap caused by deviations from the 

intended design or construction from the performance gap caused by weather 

conditions, building operation, occupant behavior, and method uncertainty. 

Focusing only on energy efficient technologies and buildings has proven 

insufficient to reduce the energy use in buildings, or even counterproductive 

[21, 103]. Although climate change, energy security, and policy tools has 

received increased attention in research, comparative analysis (studying more 

than one country) and human centered research methods (social science 

research methods such as surveys, focus groups etc.) are underrepresented 

[86]. Mistaken assumptions about human behavior – failing to take into 

account the needs of various actors in the field - may decrease the effectiveness 

of energy regulations [22, 88]. Human-centered research methods can be 

used to uncover the needs, attitudes, and experiences of actors influencing the 

technological evolution of the building as an energy system [86]. The 

opinions, expertise, and practical experience of professionals in the field of 

building energy performance evaluation may support the development of 

effective building energy performance criteria and evaluation methods. 

However, little work has been done to compile the perspectives of 

professionals in the field of building energy performance evaluation on 

indicators and evaluation methods used to regulate building energy 

performance.  
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1.3 Scope  

The research investigates (i) indicators, (ii) criteria, and (iii) methods for 

evaluating energy performance of residential buildings in cold climate. The 

aim is to contribute to the understanding of how building energy performance 

is regulated in the studied countries, including differences between them, and 

widen the research field by using both natural and social science research 

methods to study the perspective of practitioners on the practical application 

of energy performance regulations. The geographical focus of the research is 

Norway, Sweden, and Finland. These three countries have similar climate and 

building traditions, resulting in similar building stocks. Single-family 

buildings (including detached, semi-detached, and terraced houses) have the 

major share of the total residential floor area; 86 % in Norway, 55 % in 

Sweden, and 66 % in Finland [104]. Norway, Sweden, and Finland are among 

the top 10 in EU with relatively low energy use in residential buildings [19]. 

To study the energy performance criteria of countries with a wider variety of 

building stocks, the scope is extended to include the national building code of 

Russia. While Russia has a similar climate to Norway, Sweden, and Finland, 

the Russian building stock has relatively poor energy performance and a 

major share of the residential floor area is in apartment blocks (68 % of the 

total floor area) [105, 106]. The stringency of the national building codes is 

compared over the last decade (2010-2020), to study the recent development 

of building energy performance regulations in the studied countries. Building 

properties other than energy performance (such as human comfort, moisture 

etc.) are outside the scope of the research. Exceptions for special types of 

residential buildings, for example holiday cottages or national heritage 

buildings, are also excluded. The dissertation covers four research objectives: 

 
RO1  To compare criteria and evaluation methods used to regulate energy 

performance of residential buildings in Sweden, Norway, and Finland. 

RO2  To study the perspective of professionals with experience in building 

energy performance evaluation on (a) methods for evaluating envelope 

air leakage of residential buildings in Sweden and Finland and (b) 

potential energy performance indicators in the Swedish procurement 

process of multi-family buildings.  

RO3  To develop an approach for performance gap analysis that can be used 

to verify compliance with requirements on building energy use.  

RO4  To compare the stringency of the energy performance criteria for 

residential buildings between the Swedish, Norwegian, Finnish, and 

Russian national building code. 



 

11 
 

Figure 1 illustrates how the research objectives cover indicators, criteria, 

and/or evaluation methods used to regulate building energy performance. 

While all objectives study aspects of building energy performance regulation, 

RO1 investigates energy performance criteria and evaluation methods, RO2 

focus on evaluation methods and the indicators used in energy performance 

criteria, RO3 focus on a specific energy performance evaluation method 

(based on performance gap analysis), and RO4 focus on energy performance 

criteria in national building codes. 

 

Figure 1. Schematic of how the research objectives (RO1 – RO4) relate to 
each other and cover indicators, criteria, and evaluation methods used to 
regulate building energy performance.  

1.4 Structure of dissertation 

The dissertation consists of six papers and one appendix. The papers are 

referred to in roman numerals I-VI, indicating their chronological order. In 

paper I and II, the criteria and methods used to regulate and evaluate building 

energy performance in Norway, Sweden, and Finland are reviewed and 

qualitatively compared. Paper III explores the opinions of professionals in the 

field of building envelope air leakage, comparing methods used to evaluate 

building envelope air leakage in Norway, Sweden, and Finland. In paper IV, 

the opinions of Swedish professionals on seven energy performance indicators 

(such as specific supplied energy use) in the procurement process of 

multifamily buildings are studied. The sensitivity of these indicators to several 

input parameters/variables is also illustrated. Paper V presents an approach 

for performance gap analysis that can be used to verify compliance with 

energy use requirements. In paper VI, the stringency of the national criteria 
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(applicable 1st January 2020) used to regulate the energy performance of 

residential buildings in Norway, Sweden, Finland, and Russia were compared. 

The appendix presents data for an extension of the study in paper VI. This 

data relates to previous versions of the national building codes in Norway, 

Sweden, Finland, and Russia, from 2010 to 2020. The study of previous 

versions of the building codes provides insight into the evolution of the 

national criteria on building energy performance over the last 10-year period 

(2010-2020). Hence, the data in the appendix contributes to RO4 and allows 

for a comparison of the strategies used for regulating energy performance of 

residential buildings in the national building codes of the studied countries 

during the last decade.  

The structure of the dissertation chapters is illustrated in figure 2, where the 

chapters are represented by the parts of the figure numbered 1 – 7. The 

landscape in which the building is placed represents the location of the 

dissertation within the research field, introduced in chapter 1 (“1” in figure 2). 

This chapter presents relevant literature, knowledge gaps, and the scope of the 

dissertation. The building foundation represents the methodological and 

theoretical foundation of the research presented in the dissertation, 

introduced in chapter 2. This chapter covers the research methodology and 

relevant theoretical concepts developed or adapted to the research. The walls 

of the building represent the results of the research in the dissertation, 

summarized and discussed in chapter 3 - 6. The appended papers covered in 

these chapters are indicated by roman numerals in figure 2. Chapter 3 

addresses RO1, which was the starting point of the research in this 

dissertation. Chapter 4 addresses RO2, building on the results of RO1 (from 

paper I and II). Chapter 5 addresses RO3, based partly on the results of RO1 

(from paper I) and partly on the results of RO2 (from paper IV). Chapter 6 

addresses RO4, based on the results of RO1 (from paper I). The roof of the 

building represents conclusions based on the body of research presented in 

the dissertation, presented in chapter 7 along with suggestions for future 

research. 

 

 
 

 

 

 

 

 

 

 
 



 

13 
 

1. 

 

 

 

 
 

 

Figure 2. Illustration of how the chapters in the dissertation are structured. 
The chapters and papers are indicated by numbers and roman numerals, 
respectively. 
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2. Methodology 

 

The theoretical concepts developed and/or adapted in this research are 

presented in sections 2.1 - 2.3. Case studies, simulations, and the energy 

signature method were used in multiple papers in this compilation thesis. The 

case study buildings were selected based on a theoretical sampling, rather 

than random sampling. Theoretical sampling is used to replicate or extend 

theory, fill theoretical categories, or provide examples of polar opposite 

typologies [107]. This allows for a generalization of the results to a theory of 

the studied phenomenon, rather than to a larger population represented the 

case study object [107, 108, 109]. The simulation program used in the studies 

was the multi-zone dynamic simulation program IDA Indoor Climate and 

Energy (IDA ICE), version 4.6.2, developed by Equa [110]. IDA ICE is widely 

used in practice and research [73, 111, 112]. It has been validated against the 

CEN standard EN 15265-2007, showing a deviation of less than 10 % for space 

heating [113]. More information about IDA ICE can be found in [114, 115, 116]. 

Details about the Energy signature model used can be found in section 2.4. 

The different methods and approaches used to study RO1-RO4 are presented 

in section 2.5-2.8, respectively.  
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2.1 Building energy performance regulations 

Building energy performance regulations (in building codes, certification 

schemes, and other performance standards) specify energy performance 

criteria and methods for evaluating compliance with them. The criteria consist 

of a set of energy performance indicators and the numeric requirements on 

these indicators. Figure 3 illustrates how the indicators, requirements, 

criteria, evaluation methods, and building energy performance regulations (as 

used in this this dissertation) relate to each other.  

 

 

Figure 3. Illustration of how the indicators, requirements, evaluation 
methods, and buildings energy performance regulations relate to each other. 
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2.2 Energy performance indicators 

Building energy performance in this research is defined as the building’s 

capacity to carry out its energy related functions i.e., energy services such as 

heating, cooling, and lighting. This capacity can be expressed within different 

system boundaries, including different parts of the building and its energy 

supply system - using different indicators. The building’s capacity to carry out 

its energy related functions can be described using e.g., energy use, heat load, 

or heat loss equations. The output variables in these equations depend on 

input variables (for example the ventilation heat exchanger efficiency) and 

input parameters that are constant (for example the U-value of windows), see 

figure 4. According to this definition, the energy performance of a building can 

be indicated directly through the output variables - as system-focused 

indicators - or indirectly through the input variables and parameters - as 

component-focused indicators. Energy performance criteria can then consist 

of requirements on any combination of system-focused and component-

focused indicators. This definition was used to study building energy 

performance in a wider perspective than energy use, encompassing more 

diverse strategies for regulating building energy performance. Additionally, 

this definition reflects the diverse national practical applications of cost-

optimal energy performance criteria for nearly-zero energy buildings today, 

which utilize requirements on both component-focused and system-focused 

indicators [32].  

 

 

 

Figure 4. Schematic of indicators used to directly (system-focused 
indicators) or indirectly (component-focused indicators) express building 
energy performance.   
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The system boundaries of different indicators may cover different aspects of 

the building and its energy supply system. These aspects include the building 

heat losses through heat transfer, ventilation, and air leakage (henceforth 

“heat losses”), the technical installations producing energy and providing 

services within the building property (henceforth “technical installations”), as 

well as the energy production outside the building property and the choice of 

energy sources (henceforth “external energy supply system”), see figure 5. 

Energy use is a commonly used system-focused indicator of building energy 

performance, used for example in EPBD recast. However, the system 

boundaries used for energy use indicators may vary. The system boundaries 

of the energy use indicators studied in this dissertation - net energy, supplied 

energy, and primary energy - are presented in figure 5. Primary energy is 

calculated by multiplying the supplied energy with weighting factors that 

represent the energy losses from energy source to supplied energy. However, 

sometimes only fossil energy sources are included in the calculation (instead 

of all primary energy sources) [117].  

 

Figure 5. Energy flows from primary energy sources (including heat gains 
from the sun and occupants) to the energy emitted from a building. System 
boundaries for the studied energy use indicators in green, blue, and red. 
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2.3 Performance gap analysis 

Burman, Mumovic, and Kimpian [41] propose a methodology for bridging the 

performance gap between predicted and measured energy use. In their 

approach, compliance with requirements on energy use of an operated 

building is verified by using standard input values for weather, building 

operation, and occupant behavior in a calibrated simulation (reverting it to 

the standardized conditions stipulated for compliance verification), see figure 

6. In this methodology, the performance gap is divided into (1) a procurement 

gap and (2) an operational gap. The procurement gap is the difference 

between the buildings intended performance, predicted in the design stage, 

and the verified performance in the operational phase, under normalized 

conditions for weather, building operation and user behavior. The operational 

gap is defined as the difference between the verified performance and the 

measured energy use, which is caused by unintended building operation 

and/or occupant behavior. However, this methodology does not specifically 

take into account the uncertainties of the prediction and measurement 

methods. 

 

Figure 6. Building energy performance measurement and verification plan in 
[41]. 

Uncertainties associated with modelling methods and tools for energy use 

predictions are major sources of the performance gap [41]. Uncertainties in 

the measurement methods or the models used to normalize and analyze 

measured data may also cause a performance gap. A “method gap” is therefore 
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added to the procurement- and operational gap defined by [41], to address the 

performance gap caused by uncertainties associated with the evaluation 

methods. Accordingly, the performance gap is divided into (1) a procurement 

gap, (2) an operational gap, and (3) a method gap (figure 7).  

 

Figure 7. Causes for the performance gap between design phase predictions 
and measurements of energy use in the building’s operational phase.  

 
Errors with opposite effect on the evaluation results may compensate for each 

other, thereby hiding inaccuracies in the evaluation model [67]. Accordingly, 

if the procurement gap, method gap, and operational gap compensate for each 

other, parts of the performance gap between predicted and measured energy 

performance may be “hidden” – making it appear smaller than it actually is. 

Figure 8 a-d shows some examples of different ways the procurement gap, 

method gap, and operational gap may compensate for each other. 

Performance gap analysis may be used to identify any hidden parts of the 

procurement gap, to achieve more robust verifications of the finished 

building’s energy performance. 

 

 

Figure 8a - d. Examples of how the performance gap may appear smaller 
than it actually is due to the procurement gap, method gap, and operational 
gap (in red, green and blue, respectively) compensating for each other. 
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2.4 Energy signature regression model 

The regression model used in the Energy signature method in this research is 

derived from the energy heat balance for a building, adapted from ISO 52016-

1 [118]: 

 
Qlosses = Qsources → QT + QV + QAL = αQSH + QHG   (1) 

where QSH is the net energy use of the space heating supply system [kWh]. The 

heat gains (QHG) [kWh] represent contributions to the space heating from all 

other sources: the energy use for household appliances (βQHA), domestic hot 

water (γQDHW), facility appliances (δQFA), solar radiation (QS) and heat gains 

from the occupants (QO). α, β, γ and δ indicate the proportion of QSH, QHA, 

QDHW, and QFA that contribute to the space heating. 

If the building heat loss per hour [kWh] through heat transfer (QT), ventilation 

(QV), and air leakage (QAL) is assumed to follow a linear regression, Eq. (1) can 

be expressed as: 
 

L(Ti – To) + G + QDHS = αQSH + βQHA + γQDHW + δQFA + QS + QO (2) 

 
where L is the heat loss coefficient [kWh/K], Ti and To are the indoor and 

outdoor temperatures [K], G is the heat transfer from the building foundation 

to the ground [kWh], and QDHS are the heat gains from dynamic heat storage 

in the building [kWh]. By using selective measurements (a time period with 

negligible solar radiation and average values for periods longer than the 

building’s time constant) and pre-processing the data (so that the remaining 

heat gains can be considered evenly distributed for all outdoor temperatures) 

QDHS, α, βQHA, γQDHW, δQFA, QS, and QO may be neglected or considered 

constant (eliminating their influence on L). L may then be evaluated by fitting 

the data to a linear regression according to Eq. (3), 

 
L(Ti – To) + m = QSH    (3) 

where m [kWh] is the combined effect of heat transfer from the building 

foundation to the ground and constant contributions to the space heating 

from the sun, occupants, facility appliances, household appliances, and 

domestic hot water.  
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2.5 Comparison of energy performance criteria and 
evaluation methods 

The initial review and comparison of the energy performance criteria and 

evaluation methods used in Sweden, Norway, and Finland (presented in paper 

I and II) cover criteria and methods defined in official documents, documents 

from private organizations, and scientific papers. The sources were selected to 

map and explore the building energy performance criteria and evaluation 

methods used for residential buildings in Norway, Sweden, and Finland at the 

time of the study (2012). The scope was limited to residential buildings, 

excluding any exceptions for holiday cottages, very small buildings etc.  

Energy performance criteria in the national building codes were included in 

the review in paper I, to represent minimum requirements for building energy 

performance in the studied countries. Two versions of the Finnish building 

code and Swedish passive house regulation were included in the study, since 

these regulations were in the process of being updated at the time of the study. 

To illustrate the span between these minimum requirements the existing ‘‘best 

practice” for minimizing heating demand in buildings, national passive house 

regulations in the three countries were also included. The passive house 

building technique, first standardized by the Passive House Institute (PHI) 

[119], was chosen to represent “best practice” since it aims to supply the 

buildings heating demand primarily from solar- and internal heat gains. Ten 

methods for evaluating building energy performance in Sweden, Norway, and 

Finland were identified in paper I. These methods generally focused on the 

evaluations of a system-focused indicator, since these are more complex to 

evaluate than component-focused indicators.  

In paper II, thirteen methods used specifically to evaluate envelope air leakage 

in Norway, Sweden, and Finland were identified and reviewed. Descriptions 

of the methods can be found in paper II. The evaluation methods were 

categorized as either quantitative or qualitative (quantifying air leakage flow 

or identifying air leakage points in the envelope) and compared based on how 

they were standardized (nationally, internationally etc.), their applicability to 

different building life phases, their suitability for different building types, and 

the pressure differential they use over the building envelope. The quantitative 

methods were further compared based on the quantity of air leakage they 

measure and the uncertainty of the results.  
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2.6 The perspective of building energy performance 
evaluation professionals 

The opinions and experiences of professionals in the field of building energy 

performance evaluation were studied in paper III and IV. In paper III, a survey 

was used to investigate the methods for evaluating envelope air leakage 

identified in paper II. To limit the number of survey questions and improve 

the response rate, two rarely used methods were excluded and similar 

methods were studied as a group. Accordingly, four qualitative methods 

(Ocular inspection/Light measurements, Thermography, Hand 

inspection/Air velocity measurements, and Smoke method), three 

quantitative methods (Tracer gas method, Ventilation system pressurization, 

Blower door pressurization), and two experimental methods (Pulse 

pressurization, and Acoustic measurements) for envelope air leakage 

evaluation were studied. When applicable, the methods were studied for three 

building life phases (in the construction phase, new/uninhabited buildings, 

and existing/operated buildings). The quantitative methods were additionally 

studied for five different building types (single-zone buildings, multi-zone 

buildings, high-rise buildings, leaky buildings, and air tight buildings).  

An online survey was used to explore the opinions of professionals in the field 

of envelope air leakage evaluation in Sweden and Finland. The professionals 

were identified through non-random sampling, purposively targeting 

members of a specific population, which is typically used for exploratory work 

[120]. A digital survey tool, Zeffi [121], was used to administer the survey. To 

limit the response-time and increase the response rate, only close-ended 

questions were used. The respondents were asked to rate statements about 

eight methods for evaluating envelope air leakage on a sliding five-point Likert 

scale, where 1 denotes total disagreement and 5 denotes total agreement with 

the statement. The statements were rated in Zeffi using a graphical 2D-

interface, allowing for simultaneous ratings of two statements. The 

professionals were asked to assess the methods performance and ease of use, 

as well as their future potential and likelihood of use. The survey results were 

analyzed both graphically and by transforming the Likert scoring to a scale 0-

100 and calculating the Root Mean Square of the assessed ratings on the two 

axes of the 2D graphical interface. 10 respondents completed the survey. 

Hence, the statistical material from the survey was limited. However, the 

respondents assessed their experience and expertise on the methods to be 

relatively high and their ratings were in relatively high agreement (see paper 

III). This indicates that the results still may provide some guidance on the 

evaluation methods studied.  
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Alternative indicators for regulating building energy performance in the 

procurement process of multi-family buildings in Sweden were investigated 

in paper IV. A group process for collecting and aggregating expert insight - the 

Delphi method [122] – was used to study the opinions of practitioners in the 

Swedish procurement process of multi-family buildings (employed at 

construction companies or organizations, property management companies, 

or at a municipality office. A modified Delphi model was used, with an initial 

face-to-face focus-group workshop and fewer than three survey rounds [123]. 

Characteristic of a ranking type Delphi method was also used [124], asking the 

participants to rank sets of items/issues etc. The Delphi method is not 

intended to produce statistically meaningful results, rather a synthesis of the 

participants’ opinion based on knowledge transfer and group dynamics [125, 

126]. The approach produces a “snapshot of expert opinion (…) which can be 

used to inform thinking, practice and theory” [127]. The reliability of the 

results increases with the size of the expert group [128]. However, the increase 

in reliability is small after reaching eight to twelve participants [129]. The 

participants of the Delphi study were identified through a “cascade” method 

(chain-referral, starting with the personal contacts of the researchers), which 

has been reported to increase the response rate [130]. A preparation phase of 

the Delphi study, involving a few key experts in the area of consideration, may 

be used to refine and improve the questions of the first survey and explore any 

difficulties in managing administrating the study [125, 130, 131]. To this end, 

an exploratory workshop was held with a few key practitioners. The workshop 

was also used to identify relevant energy performance indicators to include in 

the study.  

15 practitioners, active in the procurement process of Swedish multifamily 

buildings, were included in the Delphi study. All practitioners had at least 1 

year experience in the field of energy and buildings, while over half of them 

had an experience of more than 10 years. Seven energy performance 

indicators, chosen based on the results of the exploratory workshop, were 

studied: (1) the envelope air leakage [l/sm2], at 50 Pa; (2) the heat transfer 

though envelope components (henceforth U-values of envelope components) 

[W/m2K]; (3) the average envelope U-value [W/menv
2 K]; (4) the specific heat 

loss (henceforth SHLWDT) [W/m2] as defined by the Swedish Centre for Zero-

energy [132]; (5) the heat loss coefficient (henceforth L) [kWh/K] as evaluated 

using the Energy signature method, see section 1.1.3; (6) the specific net 

energy [kWh/m2,year] used for space heating and cooling, domestic hot 

water, and facility appliances; and (7) the specific supplied energy [kWh/m2, 

year] for space heating and cooling, domestic hot water, and facility 

appliances, as defined in the Swedish building code at the time of the study 

[133].  
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The workshop was followed by two rounds of surveys with feedback to the 

participants in-between (figure 9). In the first survey, 12 close-ended 

questions were combined with 5 open-ended questions. The open-ended were 

used to explore and identify challenges experienced by the building 

practitioners of using specific supplied energy, the commonly used indicator 

at the time of the study, to evaluate energy performance in the building 

procurement process. This was specifically requested by the experts in the 

exploratory workshop. However, only 5 open-ended questions were used to 

limit possible negative effects on the response rate. The close-ended questions 

were used to study the building practitioners’ opinions on the indicators used 

to regulate energy performance in the building procurement process. In the 

second survey, 16 close-ended questions were used. In the second survey, the 

building practitioners were asked to re-evaluate their opinions as well as rank 

the identified challenges of using specific supplied energy in the building 

procurement process according to relevance/importance. The building 

professionals were also encouraged to comment on and/or motivate their 

response to each question. The close-ended questions in the surveys included 

seven-point Likert scales, multiple choices, and ranking ratings from 1 to 3. 

 
Figure 9. The methodology combining the Delphi study with a case study in 
paper IV. 
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A case study was used to complement the Delphi-study (figure 9). A newly 

built Swedish multi-family residential building was chosen as the case study 

object, representing the building type the participants of the Delphi study had 

most experience working with (working in the procurement processes of 

Swedish multi-family buildings). Data for the case study building can be found 

in paper IV. The case study was used to illustrate the studied indicators 

sensitivity to variations in 15 input variables/parameters, related to external 

conditions (such as weather), the building envelope (such as envelope U-

value), technical installations (such as specific fan power), building operation 

(such as indoor temperature), and occupant behavior (such as energy use for 

household appliances). The indicators envelope air leakage and U-values of 

envelope components were not studied in the case study, since the envelope 

air leakage primarily depends on how the building envelope is constructed in 

practice the U-values of envelope components were assumed to behave 

similar to the envelope U-value. The studied indicators were evaluated for the 

case-study building through simple arithmetic calculations, dynamic 

simulation, and the energy signature method. Since supplied energy is 

measured for billing purposes, supplied energy data is generally more 

available than net energy data in practice. To study this alternative, L was 

evaluated based on supplied energy data in the case study. A local sensitivity 

analysis was applied to study the influence on the indicators of each of the 15 

input variables/parameters.  

2.7 An approach for performance gap analysis  

An approach for performance gap analysis (between design phase predictions 

and measurements in the operational phase) was presented in paper V. The 

approach may be used to verify compliance with requirements on energy use 

in the buildings operational phase - ensuring a good performance of the 

building envelope and technical installations in the finished building and 

solving responsibility conflicts that may arise between the contractor and 

client in the building procurement process. The approach was illustrated and 

tested in a case study. A majority of the building stock in Norway, Sweden, and 

Finland consists of single-family buildings. A single-family case study building 

was therefore chosen to represent the most common object of building energy 

performance evaluations in these countries. Data for the case study building 

can be found in paper V. The case study building was evaluated using dynamic 

simulation, calibrated dynamic simulation, and the energy signature method.  

Two indicators of building energy performance were evaluated in the 

developed approach: the specific net energy for space heating and facility 

appliances (QSH+FA) [kWh] and the heat loss coefficient (L) [kWh/K] 

evaluated based on net energy use data. These indicators were chosen partly 
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because they had a better potential to meet the needs of the practitioners in 

the Swedish procurement process of multi-family buildings than the specific 

supplied energy. L was chosen because it is less influenced by the building 

operation and occupant behavior than the specific supplied energy and QSH+FA 

was chosen because the net energy use is less influenced by the heat supply 

system than the supplied energy (section 4.2). These two indicators were also 

chosen because they can be evaluated both through design phase calculations 

and measurements in the operational phase. A local sensitivity analysis was 

used to study the remaining performance gap after the calibration, since it has 

a low computational cost and is easily applied and interpreted [134]. 

2.8 Comparison of energy performance criteria in the 
national building codes 

The relative stringency of the energy performance criteria in the building 

codes of Norway, Sweden, Finland, and Russia were compared. The criteria 

were compared in the versions of the national building codes in effect at three 

points in time: 1st January 2012, 1st January 2016, and 1st January 2020. In 

Norway, the energy performance criteria in the 2010 building code were in 

effect both 1st January 2012 and 1st January 2016. The energy performance 

criteria in the 2012 Russian building code were in effect both 1st January 2016 

and 1st January 2020. Hence, only two versions of the national building code 

in these two countries were studied. The building code versions in effect 1st 

January 2020 (2017 Norwegian building code, 2019 Swedish building code, 

2017 Finnish building code, and 2012 Russian building code) are presented in 

paper VI, while the earlier versions of the building codes (2010 Norwegian 

building code, 2011 and 2015 Swedish building code, 2010 and 2012 Finish 

building code, and 2003 Russian building code) are presented in the 

appendix.  

The energy performance criteria were compared using two case study 

buildings. The energy performance criteria in the studied building codes were 

differentiated for single-family and multi-family buildings (sometimes further 

divided in sub-categories, such as terraced houses). Hence, one typical multi-

family building and one typical single-family building were selected as case 

study buildings, both built to building standards around 2010 in Sweden. Data 

for the case study buildings can be found in paper VI. Additionally, the criteria 

in the Swedish and Finnish building codes were differentiated for different 

heat supply systems (electricity, district heating, fossil fuels, and renewable 

fuels). Accordingly, four alternative heat supply systems were studied for each 

case study building – a heat pump, a pellet boiler, an electric heater, and 

district heating - resulting in a total of eight case study scenarios. The energy 

performance of the buildings was evaluated according to the criteria in the 
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studied building codes, through simple arithmetic calculations and/or 

dynamic simulation. The building design data, any assumptions needed, and 

the heat supply system scenarios were the same in all evaluations, see figure 

10. However, national standard input data (NSid) according to each country 

was used for input variables/parameters related to weather, building 

operation, and occupant behavior. The NSid used for each version of the four 

countries building codes can be found in paper VI and the appendix. The case 

study buildings’ compliance with the requirements on energy use in the 

studied building codes was influenced by the different NSid. The influence of 

the NSid on the case study buildings’ compliance with the requirements on 

energy use was therefore studied, evaluating each energy use indicator using 

the eight different NSid and comparing the results.  

Figure 10. A schematic of the method used for the evaluating the case study 

building’s energy performance according to the different building codes in 

paper VI and the appendix. 
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3. Energy performance criteria and 
evaluation methods for residential 
buildings in Norway, Sweden, and 
Finland 

 

The chapter summarizes and discusses the results of the first research 

objective - to compare criteria and evaluation methods used to regulate energy 

performance of residential buildings in Sweden, Norway, and Finland. The 

review and comparison of energy performance criteria in the national building 

codes and passive house regulations in Sweden, Norway, and Finland are 

presented in section 3.1 (paper I). The review and comparison of methods for 

evaluating building energy performance in the same countries are presented 

in section 3.2 (paper I). Lastly, the review and comparison of evaluation 

methods specifically for envelope air leakage are presented in section 3.3 

(paper II).  

3.1 Energy performance criteria 

The indicators used to evaluate building energy performance in each 

regulation, and the aspects of the building as an energy system they cover, are 

presented in table 1. Different indicators were found to be used in the studied 

regulations, not only between the studied countries but also between the 
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building codes and passive house regulations within the countries. The 

national passive house regulations in the three countries were developed on 

the initiative of a research institute, a standardization organization, and two 

industry organizations. The criteria in the studied passive house regulations 

carried some trait of the original passive house criteria from the PHI, such as 

requirements on envelope air leakage and specific net energy for space 

heating or specific heat loss. However, the passive house regulations were also 

indicated to be influenced by the national building codes, in their use of energy 

performance indicators and parameters such as floor area and indoor 

temperature. The criteria in the studied passive house regulations were also 

adapted to the cold climate in the Nordic countries in different ways - through 

more lenient requirement levels than the PHI regulation and through 

different requirements for different climate zones and/or outdoor average 

temperatures. The studied building codes and passive house regulations all 

shared a strategy of using requirements on both component and system-

focused indicators of building energy performance. The indicators used in all 

nine regulations covered the building heat losses to some extent, while seven 

of them also covered parts of the technical installations and external energy 

supply system. All regulations except the Finnish 2010 building code and the 

Swedish 2009 passive house regulation had a requirement on specific energy 

use. However, the system boundary and the energy use included varied 

between the specific energy use indicators in the studied regulations, see 

figure 11 and table 1. Hence, the energy use requirements could not be 

quantitatively compared without further study. 

Indicators of energy use may be influenced by the occupant behavior, through 

internal heat gains, energy use for household appliances and domestic hot 

water, etc. However, such influences need to be eliminated in order to verify 

compliance with requirements on energy use. Although it is important to 

identify and remedy inefficient building operation, compliance with 

requirements on energy use should be verified at normal building operation 

(indoor temperature, ventilation rate, etc.). In calculation-based evaluation 

methods, the influences from occupant behavior and building operation can 

be eliminated by using standardized input data for these 

variables/parameters. However, the standard input data specified in the 

studied regulations were found to vary (paper I, table 13). The influence from 

the climate on the energy use indicators was also handled differently in the 

regulations: using climate zones with different requirements, a requirement 

calculated based on the average outdoor temperature a normal year, or 

evaluating all buildings based on the weather for a normal year at a fixed 

location (paper I, table 1). The floor area used to calculate the specific energy 

use was also defined differently in the studied regulations (paper I, table 1). 
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Figure 11. Patterns describing what is included in the performance indicators 

presented as bars in table 1.  

Due to the differences in how the energy use was normalized in the studied 

regulations (for weather, occupant behavior, building operation, and floor 

area) the requirement levels on energy use could not have been compared even 

if the indicators had the same system boundaries and included energy use for 

the same purposes.   

3.2 Evaluation methods  

Ten methods were identified for evaluating building energy performance in 

Norway, Sweden, or Finland: three methods in the national building code of 

respective country, two in national passive house regulations, three in 

national energy certification schemes, one developed by a Swedish branch 

organization (SVEBY), and one method commonly used in both research and 

practice in Sweden (the Energy signature method). The methods are 

summarized in table 2. As may be expected, the methods in the building codes 

and passive house regulations focused on evaluating the system-focused 

indicator used in each regulation. The SVEBY method and the Swedish energy 

certification scheme also focused on evaluating the system-focused indicator 

in the Swedish building code. However, the system-focused indicator 

evaluated in the Norwegian and Finnish energy certification schemes differed 

from the system-focused indicators used in these countries’ national building 

codes. The energy signature method is primarily used to evaluate the heat loss 

coefficient towards the outdoor air. However, the energy signature method 

may also be used to evaluate indicators of energy use.   

Specific primary energy for space heating and cooling, domestic hot water, and facility appliances 
[kWh/m2] 

Specific net energy for space heating [kWh/m2] 

Specific net energy for space heating and cooling [kWh/m2] 

Specific supplied energy for space heating and cooling, domestic hot water, and facility appliances 
[kWh/m2] 

Specific net energy for space heating, domestic hot water, facility appliances, and household 
appliances [kWh/m2] 

Specific primary energy for space heating and cooling, domestic hot water, facility appliances, and 
household appliances [kWh/m2] 

Specific heat loss, with deduction for solar- and internal heat gains [W/m2] 

Specific heat loss [W/m2] 

Heat loss coefficient [W/K] 
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a Solar- and internal heat loads can be deducted 
b Heat loss due to the temperature difference across the building envelope  
c Heat loss due to the temperature difference across the building envelope towards the outdoor air 
d For space heating, domestic hot water, household appliances, and facility appliances  
e For space heating 
f For space heating & cooling, domestic hot water, household appliances, and facility appliances  
g For space heating & cooling, domestic hot water, and facility electricity 
h Complement in the building design phase 
i Standard method 
j For existing buildings 
k For existing buildings with more than 6 dwellings  
l For buildings of “low complexity”  
m If no measurements are available 
n The length of the periods depends on the building time constant, minimum 7 days 
o Based on SMHI energy index  
p Based on degree days  
q Based on NS-EN 15603 
r Based on the outdoor design temperture  
s Based on the energy signature method 
t Optional 
u Based on measurements (on site or from SMHI) or data for a normal year  
v Assumed to be equal to the energy use for heating during summer 
x If more than 3 kWh/m2 
y Weighted based on calculated energy use or using the energy signature method 
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As seen in table 2, the approaches of the identified methods for evaluating 

building energy performance differed. However, all of the studied methods 

used both calculations and measurements – combined, in different situations, 

or for different building types. The evaluation methods used in the building 

codes, passive house regulations, and certification schemes in Norway and 

Finland were primarily calculation based (although the input data for the 

calculations primarily should be based on measurements in Finland). 

However, the evaluation methods in the Swedish building code, passive house 

regulation, energy certification scheme, and SVEBY protocol were primarily 

measurement based. Hence, the evaluation methods used in Sweden were 

indicated to be more measurement-based than the evaluation methods used 

in Norway and Finland.  

Calculations were more commonly used than measurements in the studied 

evaluation methods. Steady state calculations were the standard approach in 

the Norwegian and Finnish methods and could be used according to the 

Swedish building code, passive house regulation, and energy certification 

scheme. However, the evaluation methods in the Swedish building code and 

energy certification scheme only used calculation-based evaluations as a 

complement to measurements, for preliminary evaluations. Additionally, 

dynamic simulations were recommended over steady state calculations. Since 

dynamic simulation models are more detailed than steady state calculations, 

the reason for this recommendation may be the better capacity of dynamic 

simulations to predict the measured performance of the finished building.  

Standardized input data was more commonly used than measured input data 

in the calculation-based methods. The measurement-based alternatives were 

generally simple, allowing aggregated measurements of energy use for 

different purposes or even for multiple buildings. However, a wider use of 

measurements was indicated to correspond to more complex evaluation 

methods (demanding both more detailed measurements and design phase 

calculations). Because of the performance gap between predicted and 

measured energy use, evaluating energy use based on measurements may be 

challenging. However, in order to verify the energy performance of the 

finished building, the evaluation needs to reflect any deviations from the 

intended design and construction. This would require some form of 

measurements or observations of the finished building. 
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3.2.1 Evaluation methods for envelope air leakage 

13 methods for evaluating envelope air leakage were identified: (1) Ocular 

inspection, (2) Light measurements, (3) Thermography, (4) Hand inspection, 

(5) Air velocity measurements, (6) Smoke method, (7) Soap bubble method, 

and (8) Acoustic measurements, (9) Tracer gas method, (10) Ventilation 

system pressurization, (11) Blower door pressurization, standardized in EN 

13829 [135], (12) AC pressurization, (13) Pulse pressurization. The methods 

are summarized in table 3. 
 

The comparison indicated that the methods used to evaluate building 

envelope air leakage in Norway, Sweden, and Finland may be suited to 

evaluate different types of buildings and for different purposes. While 

qualitative methods often are used to identify leaks and improve envelope air 

tightness in the construction phase, compliance with requirements on 

envelope air leakage is often verified using quantitative methods. Simple 

qualitative methods (such as Ocular inspection) may be enough to identify the 

worst leaks at an early stage. The more complex qualitative methods may be 

used to identify leaks that are more difficult to detect. Among the quantitative 

methods, the Fan/Blower door pressurization method is standardized and 

most commonly used in Norway, Sweden, and Finland. However, the 

standard allows many different units to express envelope air leakage and two 

alternative measurement approaches. Hence, the Blower door pressurization 

method may not produce comparable results. The uncertainty of the method 

is influenced by the blower door’s capacity to create a uniform pressure 

differential across the building envelope. Other quantitative methods may 

therefore be used in situations when it is difficult for the blower door to 

achieve the required pressure differential. 
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4. Opinions of professionals on energy 
performance indicators and envelope air 
leakage evaluation methods   

 

This chapter summarizes and discusses results of the second research 

objective - to study the perspective of professionals with experience of 

building energy performance evaluation on (a) methods for evaluating 

envelope air leakage of residential buildings in Sweden and Finland and (b) 

potential energy performance indicators in the Swedish procurement process 

of multi-family buildings. The perspective of Swedish and Finnish envelope 

air leakage evaluation professionals on different methods for evaluating 

envelope air leakage, studied in paper III, is presented in section 4.1. The 

perspective of Swedish energy performance evaluation professionals on 

indicators used to regulate energy performance in the procurement process of 

multi-family buildings in Sweden, studied in paper IV, is presented in section 

4.2. 

4.1 Methods for evaluating envelope air leakage 
 
The results of the survey studying the perspective of Swedish and Finnish 

professionals on different methods for evaluating envelope air leakage are 

presented in table 4. Overall, the experts rated the studied methods’ 

performance and ease of use in accordance with their self-assessed expertise 
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and practical experience to a high extent. The studied building types and 

building life phases influenced their ratings to a lesser extent. The 

respondents rated Thermography highest among the qualitative methods, in 

terms of performance and ease of use. The Blower door method got the highest 

average rating in terms of performance and ease of use among the quantitative 

methods. The performance and ease of use of all methods except the 

experimental Pulse pressurization method was on average assessed higher for 

new/uninhabited buildings than for existing/operated buildings. The Blower 

door method was recommended most for use in new single-zone buildings 

among the studied building types, while the Tracer gas and Ventilation system 

pressurization methods were recommended most for use in new leaky 

buildings. However, the results indicated a relative difficulty for the 

quantitative methods to evaluate high-rise and multi-zone buildings.  

 

The future potential and likelihood of use of all studied quantitative methods, 

as well as the qualitative Smoke and Acoustic measurement methods and 

experimental Pulse pressurization method, was assessed to be higher than 

their current performance and ease of use. The future potential and likelihood 

of use of the Blower door method was rated highest among the studied 

methods, with very high agreement among the experts.  

Table 4. Root mean square values calculated based on the survey results for 
the studied envelope air leakage evaluation methods. 

           Question  
 
Method 

Expertise 
& 

experience 

Performance & ease of use Future  

Construction 

phase a 

New 
buildings 

Existing 
buildings 

potential 

Qualitative methods      
Ocular inspection/ 
Light measurements 64 74 - - 69 

Thermography 66 77 85 73 75 
Hand inspection/ 
Air velocity measurements 54 65 - - 64 

Smoke method 48 56 - - 59 

Quantitative methods      
Tracer gas method 42 - 43b 42b 42b 

Ventilation system           
pressurization 43 - 56b 55b 71 

Blower door pressurization c 70 - 77b 72b 83 

Experimental methods      
Pulse pressurization 16 - 37 39 54 
Acoustic measurements 41 53 64 48 66 

a New construction or refurbishments  
b Average for all building types  

c According to standard 13829 
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4.2 Energy performance indicators in the Swedish 
procurement process  

The Delphi study indicated that the building practitioners experienced issues 

with using specific supplied energy to regulate energy performance in the 

building procurement process. These issues were mainly related to the 

verification of compliance with requirements on this indicator. Compliance or 

non-compliance with requirements on specific supplied energy is not only a 

result of the contractor’s work (building design, construction, and choice of 

technical installations) but also of the building operation, and occupant 

behavior. One of the practitioners stated: “Although energy use should be 

measured since there is an interest (from the client) to know the cost of 

heating the building, the (building) energy performance is of course 

something else.” This statement reflects a common view among the 

practitioners that specific supplied energy does not evaluate the performance 

of the building as an energy system as much as how this system is operated 

and used by the occupants. When compliance with requirements on specific 

supplied energy is verified based on measurements, the practitioners 

expressed that they risked being held responsible for non-compliance caused 

by the building operator and/or occupants, sometimes even facing fines. The 

practitioners rated the need for using alternative indicators to regulate energy 

performance in the procurement process of Swedish multifamily buildings on 

average as 5.9 on a 7-point Likert scale. The difficulties evaluating the energy 

performance delivered by the building contactor using the indicator specific 

supplied energy experienced by the practitioners may pose an obstacle to 

regulating the energy performance of multifamily buildings in Sweden.   

75 % of the respondents agreed that calculations in the building design phase 

should be used to evaluate compliance with energy performance criteria. 

However, several respondents pointed out that the input data for occupant 

behavior and building operation needs to be regulated in detail. If not, 

compliance with the requirements on system focused indicators such as 

energy use may be achieved through input data “tampering” instead of 

through the building design, construction, and the performance of technical 

installations. 93 % of the respondents agreed that measurements should be 

used to verify compliance with energy performance criteria. They expressed 

an interest in getting feed-back on their work, to find out if the intended 

energy performance was achieved in the finished building. However, the 

practitioners preferred to measure component focused indicators (such as air 

leakage or heat exchanger efficiency), on their own or as a complement to 

system-focused indicators such as energy use, since they are less influenced 

by the building operation and occupant behavior. Among the studied 

indicators, L [kWh/K] (the building’s heat loss coefficient - due to heat 
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transfer, ventilation, and air leakage - towards the outdoor air), specific 

supplied energy [kWh/m2,year], and specific net energy [kWh/m2,year] have 

the advantage that they may be evaluated through both calculations and 

measurements, making comparisons possible between predictions in the 

design phase and the energy performance of the finished building. The 

practitioners valued robust results (i.e., low influence from building operation 

and occupant behavior) over the cost and time demand of energy performance 

evaluations for compliance verifications. The importance of a low influence 

from occupant behavior was on average rated 6.3 on a 7-point scale, while the 

importance of a low influence from building operation was rated 5.4.  

In the case study, the studied indicators sensitivity to variations in 15 input 

variables/parameters, presented in table 5, was illustrated. The input data 

variations and a presentation of the case study building can be found paper 

IV. In table 6, the studied indicators are ranked from “most sensitive” to “least 

sensitive” to the parameters studied in the case study, for each parameter 

category in table 5. The practitioners’ rankings of the studied indicators are 

also presented, according to the indicators’ sensitivity to the parameter 

categories in table 5 and according to their preference for using the indicators 

in the Swedish procurement process of multi-family buildings. The 

practitioners’ rankings of the indicators sensitivity to the studied parameter 

categories were in high agreement with their ranking based on the case study 

results. 

 

Table 5. The 15 input variables/parameters varied in the sensitivity 
analysis of the studied indicators in the case study.  

Paramter category Parameter Unit 

External conditions 1. Weather data (outdoor air temperature, relative 
humidity, wind speed, and solar irradiation) 

(°C) (%) (m/s) 
(W/m²) 

Building envelope 2. Nr. of floors (-) 

 3. Window to floor area ratio  (-) 

 4. Envelope U-value  (W/m2K) 

 5. Envelope air leakage at 50 Pa  (l/smenv
2 ) 

Technical installations 6. Heat supply system efficiency  (%) 

 7. Ventilation heat exchanger efficiency  (%) 

 8. Specific fan power (kW/(m3/s)) 

Building operation 9. Indoor temperature  (°C) 

 10. Ventilation rate  (l/sm2) 

 11. Supply to exhaust air rate ratio  (-) 

Occupant behavior 12. Energy use for household appliances  (W/m2) 

 13. Energy use for domestic hot water  (kWh/m2year) 

 14.Nr. of occupants  (-) 

 15. Airing  (l/smenv
2 ) 
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The case study indicated that L [kWh/K] and the envelope U-value [W/m2K] 

were influenced most among the indicators by the parameters related to the 

building envelope. Adding floors to the multi-family building increased the 

envelope U-value. High-rise buildings have a higher share of walls and 

windows in their envelope area than low-rise buildings. Since it is more 

difficult to achieve low U-values of walls and windows than of the roof and 

foundation, requirements on the maximum envelope U-value may incentivize 

low-rise buildings. However, requirements on maximum U-values of 

envelope components are neutral to low-rise and high-rise buildings, since 

they do not account for the ratio of walls to windows in the building envelope. 

Adding floors also resulted in a smaller form factor – the ratio of envelope area 

to floor area or enclosed volume - for the case study building. The smaller form 

factor resulted in a decreased heat loss per floor area, which decreased the 

studied indicators normalized per floor area - SHLWDT [W/m2], specific net 

energy [kWh/m2,year], and specific supplied energy [kWh/m2,year]. 

However, adding a floor also increased the envelope area and heat loss, 

increasing L [kWh/K]. A small form factor is easier to achieve in buildings 

with a large enclosed volume or floor area, making it easier to minimize the 

ratio of envelope area to enclosed volume or floor area. However, a small 

enclosed volume or floor area makes it easier to minimize the envelope area 

and heat loss. Hence, requirements on SHLWDT, specific net energy, and 

specific supplied energy were indicated to incentivize large buildings (i.e., 

many dwellings and/or a large floor area per occupant), while requirements 

on L were indicated to incentivize small buildings (i.e., few dwellings and/or 

a small floor area per occupant).  

Some participants of the Delphi study preferred the energy performance 

indicators used in the building procurement process to have a low sensitivity 

to the technical installations (rated 4,4 on a 7-point scale), since the 

installations typically have a shorter lifespan than the envelope. In the case 

study, L and the specific supplied energy, in order, were influenced by the 

parameters related to the technical installations most among the studied 

indicators. This was mainly due to the parameter heat supply system efficiency 

(within the building property). If L was evaluated based on net energy instead 

of supplied energy - removing the influence of the heat supply system 

efficiency - L was instead influenced by the technical installations on par with 

the SHLWDT, and specific net energy. The specific net energy and specific 

supplied energy were influenced most among the studied indicators by the 

building operation, occupant behavior, and weather data.  

Instead of specific supplied energy, the practitioners preferred component 

focused indicators of energy performance or indicators with a narrower 
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system boundary, such as U-values, envelope air leakage, SHLWDT, or L (see 

table 6). However, the Swedish policy makers have not complied with their 

wishes. Since the study was conducted, the Swedish building code has instead 

developed towards a wider system perspective on energy performance, 

evaluating specific primary energy instead of specific supplied energy. The 

practitioners’ two top rated indicators - SHLWDT and the envelope U-value – 

were not influenced by the occupant behavior at all. The envelope U-value is 

additionally not influenced by the building operation. L was rated as least 

preferred by the practitioners. However, the practitioners’ low confidence in 

L may be caused by a lack of experience and familiarity with this indicator, 

since it is not commonly used to regulate energy performance in the 

procurement process of Swedish multifamily buildings today. It may also be 

influenced by the experts’ negative experiences of evaluating specific supplied 

energy based on measurements, since L also is evaluated based on measured 

energy use. However, the case study indicated that L was influenced more by 

the parameters related to the building envelope and less by the parameters 

related to building operation, occupant behavior, and external conditions than 

the two energy use indicators. The sensitive of L to the performance of the 

technical installations may be decreased by evaluating it based on net energy 

data instead of supplied energy data.  
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5. An approach for performance gap 
analysis to verify compliance with 
requirements on building energy use 

 
 

This chapter summarizes and discusses results of the third research objective 

- to develop an approach for performance gap analysis that can be used to 

verify compliance with requirements on building energy use in practice. The 

chapter introduces the developed approach for performance gap analysis, 

published in paper V. The approach is outlined in section 5.1 and the results 

of its application to a single-family case study building are presented in section 

5.2.   

5.1 The approach  
 

The developed approach for performance gap analysis consists of five steps, 

presented as a flow chart in Figure 12. In step 1, QSH+FA [kWh] is evaluated 

through dynamic simulation in the building design phase and L [kWh/K] is 

evaluated with the energy signature method based on the simulated energy 

data. In step 2, L is evaluated with the energy signature method based on 

measured energy data for four months of the heating (or cooling) season. 

Measured input data is used to calibrate the design phase simulation, to avoid 

an underdetermined calibration problem with multiple possible solutions as 

far as possible. The simulation is then further calibrated to match L evaluated 
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based on measured data. Although the calibration to match L is an 

underdetermined problem, L is influenced by fewer input parameters and 

variables related to occupant behavior and building operation (see section 4.2) 

than indicators of energy use. Hence, the number of possible solutions is 

smaller than for calibrations to match a measured energy use and the building 

contractor has authority over a more of the of the input parameters and 

variables. 

 

 

Figure 12. Flow chart of the proposed approach for performance gap 
analysis, used to verify building energy performance. 
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In step 3, the method gap is identified by comparing QSH+FA simulated by the 

calibrated simulation to QSH+FA calculated (Eq. 3) based on L evaluated by 

energy signature analysis of the energy data simulated by the calibrated 

simulation, for the same time period as the measurement period. If there was 

no method gap, the calculation of QSH+FA based on energy signature analysis 

of energy data from the calibrated simulation would produce the same result 

as the calibrated simulation. Step 4 is a local sensitivity analysis, used to study 

influential input parameters and find possible causes for any remaining 

performance gap in QSH during the four-month measurement period. Based on 

the results of the sensitivity analysis, additional input data may be measured 

to improve the calibration if needed. In step 5, the measured input data for 

building operation and occupant behavior is replaced with standardized input 

data in the calibrated simulation. Hence, the identified operational gap is 

excluded while the identified procurement gap is taken into account, verifying 

the energy performance of the finished building expressed through L and 

QSH+FA. 

5.2 The case study  

The data used to evaluate the case study building is presented in paper V. The 

energy signature analysis of the measured data resulted in a higher L and 

QSH+FA than the design phase simulation. Hence, the design phase simulation 

indicated a better building energy performance than the energy signature 

method. This performance gap may be caused by deviations from intended 

building design, construction, and operation and/or uncertainties in the 

simulation and energy signature method. Calibrating the design phase 

simulation to match L evaluated based on measured data eliminated any 

performance gap in the heat loss per degree temperature difference across the 

building. However, the calibration also increased the performance gap in 

QSH+FA, Oct 21 – Feb 21 from 470 kWh to 1190 kWh, see table 7. This was mainly 

caused by operational differences identified through the measured input data. 

In the verified performance, when normalized input data was used for the 

building operation, the performance gap in QSH+FA, Oct 21 – Feb 21 decreased to 240 

kWh. Accordingly, even though the identified procurement gap decreased the 

performance gap in QSH+FA, Oct 21 – Feb 21, the identified operational gap increased 

the performance gap even more in the calibrated simulation. The method gap 

in QSH+FA, Oct 21 – Feb 21 was indicated to be 40 kWh, increasing the performance 

gap further, to 1230 kWh. 

The identified operational gap and method gap influenced the evaluation 

results in opposite direction to the identified procurement gap. Hence, the 

operational gap and method gap canceled out parts of the procurement gap in 

the performance gap between the design simulation and energy signature 
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analysis of the measured data. Since parts of the procurement gap may be 

canceled out in the total performance gap this way, a procurement gap may 

exist even when the total performance gap appears to be small or non-existing. 

Performance gap analysis may therefore be important even when there is no 

apparent performance gap. After the calibration and method gap analysis, the 

remaining performance gap in QSH+FA, Oct 21 – Feb 21 was indicated to be caused by 

a higher simulated constant heat gain or a lower simulated constant heat loss 

than indicated by the measured data. Of the parameters studied in the 

sensitivity analysis, the ground insulation, specific fan power, gain factor for 

the household appliances (β), and number of occupants were indicated to be 

most likely to cause the remaining performance gap. Out of these, only the 

ground insulation and specific fan power may cause a procurement gap. 

Additional measurements of these parameters may therefore be performed to 

improve the accuracy of the verified energy performance.  

The design phase simulation gave an estimate of the case study buildings’ 

energy performance that was close to the verified performance. However, the 

verified performance was able to provide a more reliable estimate of the 

building energy performance, taking into account the uncertainties of the 

evaluation methods and the identified deviations from intended design and 

construction. Calibrating the simulation to match L was found useful towards 

identifying the procurement gap. Considering the introduced method gap in 

the performance gap analysis was also facilitated the identification of the 

procurement gap. The approach only requires measured data from a few 

months and is therefore relatively easy to use in practice. However, the 

possibility to eliminate the procurement gap in the proposed approach, and 

thus the accuracy of the performance verification, depends on the availability 

and uncertainty of the measured data.  

Table 7. Evaluation results for the case study building, using the developed 
approach for performance gap analysis. 

   Design 
phase 

simulation 

Calibrated 
simulation 

Energy Signature 
method based on 

measured data 

Verified 
performance 

L  [kWh/K] 2.99 3.10 3.10 3.07 

QSH+FA,  

Oct 21 – Feb 21  
[kWh] 8 470 7 750 8 940a 8 700 

QSH+FA  [kWh/year] 12 500 11 000 - 12 800 

QSH+FA [kWh/m2, year] 58.5 51.8 - 60.1 

a For a normal year, calculated based on Eq. (3) in section 2.4. 
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6. Energy performance criteria in the 
national building codes of Norway, 
Sweden, Finland, and Russia  

 

This chapter summarizes and discusses results of to the fourth research 

objective - to compare the stringency of the energy performance criteria for 

residential buildings between the national building codes of Sweden, Norway, 

Finland, and Russia. The chapter covers the results of the quantitative 

comparison of the national energy performance criteria in these countries 

over the decade 2010 – 2020. The most recent versions of the four national 

building codes are presented in paper VI, while the earlier versions of the 

building codes are presented in the appendix. 

6.1 Energy performance criteria 

Two case study buildings (presented in paper VI) were used to compare the 

energy performance criteria in the national building codes. The case-study 

buildings’ compliance with the energy performance criteria in the studied 

national building codes is summarized in table 8. More detailed evaluation 

results can be found in paper VI and the appendix. The case study buildings 

did not comply with the 2010 Norwegian building code when heated by 

electric heater. Among the studied heating scenarios, the criteria in the 2010 

Norwegian building code were least strict for buildings heated by pellet boiler 
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or district heating. The requirement on heat from other than electricity or 

fossil fuels in the 2010 Norwegian building code prevented heating solely by 

electric heater, which was indicated to be stringent compared to the other 

studied building codes. For example, the 2010 Norwegian building code did 

not even allow for passive houses heated by a small electric heater in the 

ventilation system. This may explain why the requirement on heat from other 

than electricity or fossil fuels was removed in the 2017 Norwegian building 

code. The energy performance criteria in the 2017 Norwegian building code 

were not differentiated for different heat supply systems and more lenient on 

electric heating than its predecessor. However, the results otherwise indicated 

the 2017 Norwegian building code to be more stringent than its predecessor. 

The criteria in the 2017 Norwegian building code were additionally indicated 

to be stringent compared to the criteria in the 2010 Finnish building code, the 

2012 Russian building code, the 2011 and 2015 Swedish building codes, and 

the 2019 Swedish building code (except when the single-family building was 

heated electric heater).  

The case study buildings complied with all three versions of the Swedish 

building code, except when the single-family building was heated by an 

electric heater. The results indicated that the criteria in the 2011 and 2015 

versions of the Swedish building code were lenient compared to the other 

building codes, although less so for the single-family building when heated by 

electric heater. The 2019 Swedish building code was indicated to be more 

stringent than its predecessors. However, compared to the other building 

codes the 2019 Swedish building code was still indicated to be lenient in many 

of the studied cases. Among the studied heating scenarios, the criteria in all 

three versions of the Swedish building code were least strict for buildings 

heated by heat pumps.  

The case study buildings complied with the 2010 Finnish building code, but 

not with the 2012 or 2017 Finnish building code. Hence, the stringency of the 

energy performance criteria in the Finnish building code was indicated to 

increase over the studied time period. The energy performance criteria in the 

2010 Finnish building code were not differentiated for different heat supply 

systems. However, among the studied heating scenarios, the criteria in the 

2012 and 2017 Finnish building code were most strict for buildings heated by 

electric heater and least strict for buildings heated by heat pumps among the 

studied heating scenarios. The requirements on specific primary energy for 

buildings heated by electric heaters and the heat loss coefficient in the 2012 

and 2017 version of the Finnish building code were indicated to be stringent 

compared to the criteria in the other studied building codes. In the 2017 

version, the requirement on Specific fan power was also indicated to be 

stringent. Hence, the results indicated that the criteria in the 2012 and 2017 
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versions of the Finnish building code were stringent compared to the other 

building codes.  

The case study buildings complied with the 2012 Russian building code, but 

not with the 2003 Russian building code. The 2003 Russian building code was 

stricter for buildings heated by electric heaters and less strict for buildings 

heated by heat pumps. The requirement on the building form factor – the 

ratio of envelope area to enclosed volume - in the 2003 Russian building code 

was indicated to be stringent.  However, the results indicated all other criteria 

in the 2003 and 2012 Russian building code to be lenient compared to the 

criteria in the other building codes. 

Table 8. The two buildings’ compliance with the energy performance 
criteria in the studied building codes, where “√” marks compliance, “-” 
marks non-compliance.     

 Single-family building Multi-family building 
                      
Building code 

System-focused 
indicators 

Component-focused 
indicators 

System-focused 
indicators 

Component-focused 
indicators 

Norway 2010 √a √ √a √ 

Norway 2017 √ √ √ √ 

Sweden 2011 √a √ √ √ 

Sweden 2015 √a √ √ √ 

Sweden 2019 √a √ √ √ 

Finland 2010 √ NA √ NA 
Finland 2012 - √ - √ 
Finland 2017 - - - - 

Russia 2003 √ - √ - 
Russian 2012 NA √ NA √ 

a The building did not comply when heated by electric heater 

Many versions of the national building codes in Norway, Sweden, Finland, and 

Russia used a combination of requirements on component- and system-

focused indicators in their energy performance criteria. This is a strategy for 

avoiding sub-optimizations of energy use while still guaranteeing a minimum 

performance of key components and allowing for different design solutions. 

However, the most stringent requirement in the building codes was often 

indicated to be on other indicators than energy use. Hence, other indicators 

than energy use may have had most influence on the energy performance of 

residential buildings in the studied countries during the studied time period. 

All studied building codes used one or more requirement on the performance 

of the building envelope (such as U-values, form factor, and heat loss 

coefficient). The single-family and multi-family building’s compliance with 

the requirements on indicators of building envelope performance in the 

studied building codes is illustrated in Figure 13 A and B, respectively.  
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The requirements on building envelope performance in the 2017 Finnish 

building code were indicated to be stringent compared to the other studied 

building codes, while the requirements in the 2012 Russian building code were 

indicated to be lenient. 

6.2 Requirements on specific energy use  

All studied building codes used a requirement on specific energy use, except 

for the 2010 Finnish building code and the 2012 Russian building code. The 

single-family and multi-family buildings’ compliance with the requirements 

on specific energy use in the studied building codes is illustrated in figure 14 a 

and b, respectively. The energy use included in the studied indicators of 

specific energy use (such as for space heating and cooling, domestic hot water, 

facility appliances, and household appliances) and illustrations of the 

indicators’ system boundaries (net-, supplied-, or primary energy use) can be 

found in paper VI and the appendix.  

The requirements on specific energy use in the 2017 Norwegian building code 

and 2017 Finnish building code were indicated to be strict among the studied 

versions of the four counties’ building codes. The maximum variation in the 

“result-to-requirement” ratios due to the differences between the NSid, for 

each specific energy use indicator, is presented in table 9. The NSid caused 

variations up to 132 percentage points in the “result-to-requirement” ratios 

for the studied energy use indicators. However, these variations were largely 

caused by the Russian NSid, which differed a lot from the NSid in the studied 

Scandinavian countries. Excluding the Russian NSid, the “result-to-

requirement” ratios varied up to 21.5 percentage points for the single-family 

building and 16.6 percentage points for the multi-family building. The NSid 

influenced the evaluated energy use more for the single-family building than 

for the multi-family building and increased with the updated versions of the 

Norwegian, Swedish, and Finnish building codes. Since the specific energy use 

requirements were increasingly more stringent in each updated version of the 

building codes, the influence of the NSid was indicated to increase with the 

stringency of the specific energy use requirements.  

The influence of the NSid on the studied indicators of specific energy use was 

indicated to increase with the requirement stringency. This indicates that the 

NSid need to be taken into account when studying the stringency of 

requirements on specific energy use in the future. The 2017 Finnish building 

code and the 2017 Norwegian building code were indicated to have most 

stringent requirements on specific energy use among the studied building 

codes. However, compliance with the specific energy use requirement in the 
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Norwegian and Finnish building code is primarily evaluated through 

calculations, while compliance with the requirement in the Swedish building 

code primarily is evaluated through measurements. Since the performance 

gap may result in a higher measured energy use than calculated, buildings in 

Sweden may need to be deigned with a “safety margin” to the requirement. 

Hence, the specific energy use requirement in the Swedish building code may 

be more stringent in practice than indicated by the results of this study. 

Although many versions of the studied building codes had a requirement on 

specific energy use, requirements on other indicators were often more difficult 

for the case study buildings to comply with.  

Table 9. The maximum variation in the “result-to-requirement” ratios for 
the energy use indicators when evaluated using the eight different NSid, in 
percentage points (pp) 

  Including Russia 2003  Excluding Russia 2003  
Building code Indicator                      

 
Single-family 

building 
Multi-family 

building 
Single-family 

building 
Multi-family 

building 

Norway 2010 Specific net energy a 99.3 68.5 11.0 8.43 

Norway 2017 Specific net energy a 118 82.9 13.1 10.2 

Sweden 2011 Specific supplied energy b 26.6e 15.1e 15.3e 8.53e 

Sweden 2015 Specific supplied energy b 26.6e 17.0e 15.3e 9.61e 

Sweden 2019 Specific primary energy b 54.5e 34.0e 21.5e 16.6e 

Finland 2012 Specific primary energy c 126e 97.1e 11.4e 9.8e 

Finland 2017 Specific primary energy c 132e 98.1e 18.6e 8.9e 

Russia 2003 Specific net energy d 25.5 20.7 
a For space heating, domestic hot water, facility appliances, and household appliances 
b For space heating and cooling, domestic hot water, and facility appliances  
c For space heating and cooling, domestic hot water, facility appliances, and household appliances 
d For space heating 
e Average for the four heating scenarios 

The stringency of the energy performance criteria in the Norwegian, Swedish, 

and Finnish building code generally increased over the time period 2010-

2020. However, the stringency of the criteria in the Russian building code 

decreased. This may be due to an ongoing transition period in the Russian 

regulatory framework for building energy performance. Among the studied 

heating scenarios, pellet boilers or district heating was favored in the 2010 

Norwegian building code, heat pumps in all three versions of the Swedish 

building code, the 2012 and 2017 Finnish building code, and the 2003 Russian 

building code. Although both buildings were built around 2010, they complied 

with the energy performance criteria in the versions of the Norwegian, 

Swedish (except the single-family building when heated by electric heater), 

and Russian building codes applicable 1st January 2020. This suggests a 

possibility to incorporate more stringent criteria in these building codes. 
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7. Conclusions and future work   

 

Indicators, criteria, and evaluation methods for regulating energy 

performance of residential buildings in Fennoscandia have been studied in 

this dissertation. However, the results may be relevant to building energy 

performance regulation outside this geographical area as well. For example, 

the developed approach for performance gap analysis may be used in other 

countries with a cold climate or (with some adaptions) to analyze cooling in 

warmer countries. The insights gained into the studied energy performance 

indicators, criteria, and evaluation methods may also inform the general 

discussion about regulating building energy performance.  

In the initial comparison found both differences and similarities between the 

criteria and evaluation methods used to regulate energy performance of 

residential buildings in Sweden, Norway, and Finland. However, the 

differences between the indictors were too big to quantitatively compare the 

requirements on energy use in the studied regulations. Simple steady state 

calculations or aggregated measurements were indicated to be the most 

commonly used methods to evaluate indicators of building energy use in 

Norway, Sweden, and Finland. Steady state calculations and aggregated 

measurements are both simple methods and do not consider the performance 

gap between design phase predictions of energy performance and 
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measurements in the operational phase. The evaluation methods were more 

measurement based in Sweden than in Norway and Finland.  
 

The practitioners in the Swedish procurement process of multi-family 

buildings experienced problems with influence from occupant behaviour and 

building operation when evaluating the specific supplied energy indicator. 

The practitioners wanted to evaluate building energy performance both in the 

building’s design phase and in the operational phase. However, they preferred 

to use indicators of building energy performance with minimal influence from 

occupant behaviour and building operation such as component focused 

indicators or indicators with a narrow system boundary. Although the 

practitioners rated the heat loss coefficient (L) last among the studied 

indicators, L may fulfil many of their needs since it can be evaluated both in 

the design and operational phase, has a high sensitivity to the performance of 

the building envelope and a relatively low influence from occupant behaviour 

and building operation. 

Envelope air leakage is another indicator that may fulfil the needs of the 

practitioners in the Swedish procurement process of multi-family buildings. 

Envelope air leakage is often measured with the Blower door pressurization 

method in Norway, Sweden, and Finland. The envelope air leakage 

professionals in Sweden and Finland indicated that they had both most 

experience and most confidence in this method. However, the envelope air 

leakage professionals indicated that they experienced some difficulties 

evaluating existing/operated buildings and quantifying envelope air leakage 

in high-rise and multi-zone buildings.  

An approach for performance gap analysis was developed that may be used to 

verify the finished building’s net energy use and L. The developed approach 

facilitates the verification of the energy performance delivered by the building 

contractor, reflecting any deviations from the intended design and 

construction while minimizing the influence from occupant behavior and 

building operation. The case study indicated that performance gap analysis 

may be required to verify the energy performance of the finished building even 

if the performance gap seems small or non-existing.  

For buildings heated by electricity, the criteria in the 2010 Norwegian building 

code were most stringent among the studied version of the Swedish, 

Norwegian, Finnish, and Russian building codes. However, in the three other 

heating scenarios, the criteria in the 2017 Finnish building code were 

indicated to be most stringent, with a focus on the building heat loss. The 

criteria in the 2012 Russian building code were indicated to be least stringent, 

followed by the 2011 and 2015 versions of the Swedish building code. The 
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criteria in the most recent Swedish and Finnish building code disincentivize 

the use of electric heaters and favor heat pumps over pellet boilers and district 

heating, while the most recent Norwegian and Russian building code had no 

requirements regulating the energy production efficiency or choice of energy 

source. 

7.1 Future work 

The most stringent requirement in many versions of the Swedish, Norwegian, 

Finnish, and Russian building codes between 2010 and 2020 was not on 

indicators of energy use, but on other indicators of energy performance. 

Alternative indicators such as component focused indicators or indicators 

with a narrower system boundary, was also preferred by the practitioners in 

the Swedish procurement process of multifamily building. The use of 

alternative indicators to energy use in building energy performance regulation 

and evaluation may therefore deserve more attention in future research.  

 
Improvements in the studied methods for measuring envelope air leakage, or 

development of new methods, for evaluating existing/operated buildings and 

quantifying envelope air leakage in high-rise and multi-zone buildings may be 

required in order to use envelope air leakage to regulate building energy 

performance. The approach for performance gap analysis developed in this 

dissertation may be further improved by determining a minimum set of 

measured input parameters/variables and/or a maximum unexplained 

performance gap after the calibration. Such requirements could make the 

approach easier to use for evaluating building energy use in practice, and may 

be studied in future research. The approach could also be adapted to evaluate 

supplied or primary energy use, with additions to take into account the 

efficiency of the energy production in the evaluations. Improving and testing 

evaluation methods for alterative indicators to energy use may therefore also 

be an area for future research. 

Differences in stringency were found between the energy performance criteria 

in the national building codes of Norway, Sweden, Finland, and Russia 2010-

2020. These differences may in theory influence the built environment in 

different directions. For example, residential buildings in Russia may have a 

smaller form factor (large volume per envelope area) compared to the other 

countries and residential buildings in Finland may have a smaller building 

heat loss. However, the results do not confirm if these differences actually 

influence the energy performance of residential buildings in practice. The 

practical influence of the differences between the energy performance criteria 

could be quantified by verifying and studying the energy performance of 

residential buildings in these countries, built during the same time period. 
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Hence, the practical influence (on building design a construction) of using 

different indicators, requirement levels, and evaluation methods to regulate 

energy performance may be studied further by comparing the regulated 

buildings.  

Comparisons of criteria in more energy performance regulations (besides the 

studied Norwegian, Swedish, Finnish and Russian building codes), using 

other combinations of indicators and other requirement levels, may also 

further support policy makers to make an informed decision when setting 

energy performance criteria for residential buildings. Continued quantitative 

comparisons of energy performance criteria is therefore another suggestion 

for future research. The NSid were indicated to play an increasingly important 

role in the regulation of specific energy use in the building codes of Norway, 

Sweden, and Finland. The practitioners in the Swedish procurement process 

of multi-family buildings indicated that insufficient regulation of NSid may 

make evaluations vulnerable to input-data “tampering” to achieve compliance 

with the energy use requirements. Hence, the NSid used to evaluate 

compliance with requirements on building energy use are indicated to be an 

important aspect to study in future research.   
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Appendix  
Previous versions of the national building codes in 

Norway, Sweden, Finland, and Russia 

This appendix presents results of an extension of the study in paper VI. 

Previous versions are studied of the national building codes in Norway, 

Sweden, Finland, and Russia - in effect 1st January 2012 and 1st January 2016. 

The energy performance criteria in the 2010 Norwegian building code were in 

effect both 1st January 2012 and 1st January 2016. The energy performance 

criteria in the 2012 Russian building code studied in paper VI were also in 

effect 1st January 2016. Hence, only one previous version each of the 

Norwegian and Russian national building codes were studied. The previous 

versions of the studied building codes were studied using the method 

presented in paper VI - the same case study buildings, heat supply system 

scenarios, and simulation tool. The energy performance criteria in the studied 

previous versions of the building codes are presented in section A.1. The 

national standard input data (NSid) used to evaluate the performance of the 

case study buildings according to the previous building code versions are 

presented in section A.2. 

A.1 Energy performance criteria in the national building 
codes 

Six previous versions of the national building codes in Norway, Sweden, 

Finland and Russia were studied:  

• The Norwegian 2010 building code [137]  

• The Swedish 2011 [138] and 2015 [133] building codes  

• The Finnish 2010 [139] and 2012 [140] building codes  

• The Russian 2003 building code [141] 

 
The building codes of Norway, Sweden, Finland and Russia use different 

combinations of component and system focused requirements on energy 

performance for residential buildings (table A3 – A6). The 2010 Norwegian 

building code and 20003 Russian building code provide two alternative ways 

for evaluating building energy performance where (i) both system focused and 

component focused indicators are used (alternative 1), and (ii) only 

component focused indicators are used (alternative 2). The system boundaries 

of the energy use indicators in the studied building codes are presented in 

figure A1, the energy use included in table A1. 
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Figure A1. Illustration of the system boundaries, in dotted lines, for the 
specific energy use indicators in the studied building codes. 

Table A1. Types of energy use included in the energy use indicators in the 
studied building codes* 

Building code 2010  
Norwegian 
building code 

2011 & 2015 
Swedish 
building codes 

2012  
Finnish 
building code  

2003 Russian 
building 
code 

                 Indicator 
Energy  
use included 

Specific  
net  
energy 

Specific 
supplied 
energy 

Specific 
primary 
energy 

Specific net 
energy 

Space heating X X X X 
Space cooling -a X X - 

Domestic hot water X X X - 
Facility appliances X X X - 
Household appliances X - X - 

* The 2010 Finnish building code does not have energy use indicators 

a Space cooling is not allowed in Norwegian residential buildings as per the Norwegian building code 

[142].  

A.2 National standard input data  

National standard input data (NSid) according to the studied building codes, 

presented in table A3, was used to evaluate the system-focused energy 

performance indicators. Since the 2010 Finnish building codes had no energy 

use indicator, fewer NSid was needed to evaluate the buildings according to 
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this building code. The NSid was gathered using the method described in paper 

VI.  

A.3 Results 

The results of the energy performance evaluations of the two buildings 

according to the studied national building codes are presented in tables A3-

A6. Additionally, a “result-to-requirement” ratio - between each evaluation 

result and the corresponding building code requirement - is presented in the 

tables, denoted “Ratio”. A “result-to-requirement” ratio >1 or <1 for maximum 

and minimum requirements, respectively, indicate that the buildings were 

unable to meet that specific requirement (highlighted in the tables A3-A6). As 

in paper VI, the influence of the NSid on the energy use indicators was also 

studied. The maximum variation in the energy use indicators when varying 

the NSid (between the data sets in table A2) is presented in table A7.  

Both case study buildings complied with the 2010 Finnish building code. 

However, the buildings did not comply with the Heat loss coefficient 

requirement in the 2012 Finnish building code. In the electric heater scenario, 

they additionally did not comply with the specific primary energy 

requirement. The buildings complied with the 2010 Norwegian building code, 

the 2011 Swedish building code, and 2015 Swedish building code when heated 

by the heat pump, pellet boiler, and district heating. However, when heated 

by the electric heater both buildings exceeded the requirement on electric 

power demand in the Swedish building codes and the requirement on Heat 

from other than electricity or fossil fuels in the 2010 Norwegian building code. 

The case study buildings did not comply with the form factor requirement in 

the 2003 Russian building code.  

The NSid caused > 15 pp variations in the “result-to-requirement” ratios for all 

studied energy use indicators, see table A7. These variations can partly be 

explained by the Russian NSid related to occupant behavior. The Russian NSid 

for internal heat gains, energy use for household appliances, and energy use 

for domestic hot water was multiple times high er than in Norway, Sweden, 

and Finland, see table A2. This had an especially large influence on the 2010 

Norwegian specific net energy indicator (>123 pp variation in the “result-to-

requirement” ratio) and the 2012 Finnish specific primary energy indicator (> 

68 pp variation in the “result-to-requirement” ratio), since the energy use for 

household appliances is included in these indicators.    
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