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Förord 

E2B2 Forskning och innovation för energieffektivt byggande och boende är ett program där akademi 
och näringsliv samverkar för att utveckla ny kunskap, teknik, produkter och tjänster.  

I Sverige står bebyggelsen för cirka 35 procent av energianvändningen och det är en samhällsutmaning 
att åstadkomma verklig energieffektivisering så att vi ska kunna nå våra nationella mål inom klimat 
och miljö.  I E2B2 bidrar vi till energieffektivisering inom byggande och boende på flera sätt. Vi 
säkerställer långsiktig kompetensförsörjning i form av kunniga människor. Vi bygger ny kunskap i 
form av nyskapande forskningsprojekt. Vi utvecklar teknik, produkter och tjänster och vi visar att de 
fungerar i verkligheten.  

I programmet samverkar över 200 byggentreprenörer, fastighetsbolag, materialleverantörer, 
installationsleverantörer, energiföretag, teknikkonsulter, arkitekter etcetera med akademi, institut 
och andra experter. Tillsammans skapar vi nytta av den kunskap som tas fram i programmet.   

Big data analys för energieffektivisering av Stockholm är ett av projekten som har genomförts i 
programmet med hjälp av statligt stöd från Energimyndigheten. Det har letts av KTH och har 
genomförts i samverkan med Stockholm Stad, L&T, Stockholm Exergi och Sjöstadsföreningen.  

Energieffektivisering i befintliga fastigheter utgör en central del för att kunna nå klimatmål – såväl 
lokala som internationella. De befintliga underlag som finns att tillgå är dock bristfälligt, vilket gör det 
mycket svårt att avgöra var insatser gör bäst nytta. Detta projekt har tagit fram ett robust dataunderlag 
som gjort det möjligt att kunna precisera var energieffektiviseringsåtgärder gör mest nytta. 

 

Stockholm, 31 November 2018 

 

Anne Grete Hestnes, 

 

Ordförande i E2B2 

Professor vid Tekniskt-Naturvetenskapliga Universitet i Trondheim, Norge 

Rapporten redovisar projektets resultat och slutsatser. Publicering innebär inte att 
E2B2 har tagit ställning till innehållet. 
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Sammanfattning 

Parisavtalet har fastställt mål för att begränsa den globala uppvärmningen till under 2 grader Celsius, 
samtidigt som ambitionsnivån är att hålla den till under 1,5 grader. En stor del av klimatutsläppen är 
förknippade med fastighetsbeståndet, som genom åtstramade direktiv och bygglagar för nybyggda 
fastigheter blir allt mer energieffektiva. Genom Parisavtalets så kallade "Nationally Determined 
Contributions" har 53 länder infört energieffektivitetsåtgärder i fastighetsbeståndet och 38 av dem 
hänvisar till deras offentliga byggregler. Men mer än 80% av de byggnader som påverkas av IPCC: s 
mål finns redan idag i det befintliga byggnadsbeståndet. Istället behövs samordnade insatser som 
möter behovet i det befintliga fastighetsbeståndet med omfattande och genomförbara 
energieffektiviseringsåtgärder som utgör en del av lokala, regionala och nationella klimatplaner. 

Den befintliga kompetensen kring utformandet och genomförandet av storskaliga 
energieffektivitetsåtgärder är bristfällig, vilket resulterar i trubbiga statliga anslag och inkompletta 
färdplaner på såväl kommunal nivå som hos enskilda fastighetsägare. Projektet syftade till att 
överbrygga kunskapsklyftan mellan storskaliga åtgärder, energieffektivitet och klimatplanering. 
Angreppssättet i detta projekt har varit ”big data analys” av energianvändningen för befintliga 
fastigheter,. vilket bygger på begreppet smart urban metabolism som tidigare utvecklats i KTH med 
högupplösta fastighetsenergidata i tid och rum. 

Projektgruppen integrerade flera datakällor kring fastigheter i en unik databas bestående av 130 
miljoner datapunkter med fjärrvärmedata för 15 000 undermätare, 32 000 energideklarationer och 
3D-modeller över hela staden. För hanteringen av databasen utvecklades ett nytt ramverk för urban 
fastighetsenergimodelering (UBEM) som demonstrerades i full skala för tre byggnadsarketyper som 
representerade fastighetstyper i Stockholm med hög effektiviseringspotential. Dessa var: 1) De mest 
förekommande flerbostadshusen (1946-1975), 2) Kontor och 3) Nybyggda flerbostadshus (1996- ...). 
En uppsättning effektiviseringsåtgärder utvecklades av branschexperter och simulerades i de virtuella 
arketypbyggnaderna för fall av varje arketyp. Dessa simuleringar möjliggjorde en god uppskattning av 
resulterande energiprestanda för varje arketyp (representativ byggnad), liksom deras 
systemövergripande konsekvenser, som exempelvis hur de storskaliga renoveringsåtgärderna skulle 
påverka energisystemet, utsläppsminskningar och vilka investeringar som krävs för att genomföra 
dem. 

Ramverket utvecklades, testades och förfinades på ett iterativt sätt i ett nära samarbete mellan KTH,   
energitjänseföretaget L & T, Miljöförvaltningen på Stockholms stad, Sjöstadsföreningen och Stockholm 
Exergi. 

Den replikerbara metoden för att skapa energieffektivitetsplaner möjliggör en koordinerad planering 
av klimatåtgärder för att nå de lokala klimatmålen med storskaliga effektiviseringsåtgärder till lägsta 
investeringskostnad. Fallstudien över Stockholms bestånd har påvisat potentialen i stora databaser 
med urbana fastighetsenergidata, som stöds av tvärvetenskaplig analys och datavetenskap för att 
möjliggöra bättre beslutsfattande och strategisk planering. 

Energieffektivisering; Big data; Klimatplanering; Aktörssamverkan; Interdisciplinär forskning 
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Summary 

The Paris agreement has set targets for limiting global warming to well below 2 degrees Celsius, while 
strongly pursuing limiting it to below 1.5 degrees. A sizeable part of these emissions is associated with 
the building stock and through regulation, newly constructed buildings are required to become 
increasingly efficient in their design. However, more than 80 % of the buildings that are impacted by 
IPCC’s goals, are a part of the existing building stock. As so called “Nationally Determined 
Contributions” 53 countries include building energy efficiency measures and 38 of them refer to their 
governmental building codes. In Asia, the average life span of a building is 30-40 years, compared to 
more than 100 years in Europe. As such, building codes for new buildings will have less of an impact 
in Europe, and coordinated action is instead needed. As such, addressing the existing building stock 
with comprehensive and viable retrofitting strategies that are integral to any mitigation strategy. 

The existing competence on designing and implementing large scale energy efficiency interventions is 
very limited, resulting in blunt efficiency programs and grants from governmental bodies, 
municipalities, and building companies. This project aimed to bridge the knowledge gap between 
large-scale energy efficiency and climate action planning. This was addressed through big-data 
analysis of the energy use in existing buildings, connecting the concept of smart urban metabolism 
developed earlier in KTH with high resolution spatial and temporal resolution data on the building 
stock. 

The project team integrated building data sources into a unique database consisting of 130 million 
records of district heating data for 15,000 delivery points, 32,000 energy declarations, and 3D models 
throughout the city. To manage  the database a new framework on urban building energy modelling 
was developed (UBBEM) which was demonstrated in full scale for three building archetypes that 
represented parts of building stock with high retrofitting potential. These were: 1) the most typical 
multi-residential buildings (1946-1975), 2) offices and 3) recently constructed multi-residential 
buildings (1996-…). A set of retrofitting packages was developed by industry experts and simulated in 
the virtual archetype buildings for case of each archetype. These simulations enabled the projection of 
the resulting energy performance of each affected building, as well as their city-wide system 
consequences. Among these were integrated analyses on how the large-scale retrofitting measures 
would affect the energy system, emission reductions, and required local investments analyses. 

The method was developed, tested and refined in an iterative manner in tight collaboration between 
KTH, L&T, the Environmental department of the City of Stockholm, Sjöstadsföreningen, and Stockholm 
Exergy. 

The replicable method for generating energy efficiency plans facilitates refined climate action 
planning, towards reaching local climate targets with large scale retrofitting interventions, for the 
lowest investment cost. The case of Stockholm has demonstrated the potential of rich urban energy 
datasets aided by interdisciplinary analytics and data science techniques for better decision-making 
and strategic planning. 

Keywords: retrofitting; big data; climate action planning; stakeholder collaboration; transdisciplinary 
research 
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1 Introduction and Background 
The world is becoming increasingly urbanized, with more than 50% of the global population currently 
living in cities (Wang et al.). Cities only occupy around 2% of the world’s surface, but consume around 
75% of all resources used (Pacione). The International Energy Agency (IEA) predicted in 2008 that 
cities will account for 73% of world energy use by 2030 (IEA) and emit 76% of human-induced CO2 
emissions. Hence energy use by cities is a key aspect to address in achieving environmental and climate 
goals. 

Energy use in cities can be divided into three primary categories: the built environment, transportation 
and industry. The built environment accounts for around 40% of the world’s energy demand (UNEP 
SBCI). Since the energy demand of the buildings in cities is significant, it is important to target those 
when working towards a more sustainable energy future. 

In buildings, about 50% of the energy demand comes from space heating and cooling, and 16% from 
water heating. Together, these end-uses account for almost 80% of direct CO2 emissions from 
buildings (IEA), hence, reducing the space heating and cooling demand combined with 
decarbonization of district heating and electricity generation is recognized as an essential strategy in 
realizing a vision of ‘decarbonized buildings’ (EU Commission). Setting stricter requirements on new 
buildings is one part of the strategy, supported by energy standards for new buildings or building 
energy codes established in around 60 countries for residential and non-residential buildings (IEA; 
Evans, Roshchanka, and Graham). However, the vast majority of building stock in the European Union 
(EU), North America and China already exists and requires energy efficiency improvements (IEA). In 
particular, more than 60% of existing buildings in the EU were built under limited or non-existent 
energy efficiency requirements and most of these will still be part of the building stock in 2050 (EU 
Commission). Thus, energy retrofitting of the existing building stock must constitute an important part 
of energy efficiency strategies (Seo, Foliente, and Ren; Zhou et al.; Frayssinet et al.).  

Although sizeable energy savings can be achieved through ‘conventional’ retrofitting (i.e. singular 
measures such as improving insulation or installing energy-efficient windows), there are multiple 
barriers in implementing large-scale retrofitting plans (Bertone et al.). These barriers include lack of 
concern, lack of awareness of possibilities and benefits, limited access to trusted advice and reliable 
information on technical details and financial models, split incentives between property owners and 
tenants (e.g. when improvements in energy efficiency are used to justify a rent increase) and financing 
constraints (Webber, Gouldson, and Kerr); (EU Commission). These barriers can partly explain the 
reported information gap between city authorities who introduce retrofitting schemes and the 
property owners or other individual energy consumers who must finance these schemes (Rysanek and 
Choudhary). Therefore, city authorities and large property owners need methods and tools that allow 
faster identification and evaluation of energy efficiency potential on a large scale (Cerezo Davila, 
Reinhart, and Bemis). 

Large-scale identification of energy efficiency measures potential would enable mapping of the 
building stock, revealing cases where economically driven retrofitting is viable (Moschetti et al.). This 
might stimulate the retrofitting market and increase the pace of retrofitting. It could also provide 
information to decision makers and legislators, facilitating introduction of new policies supporting the 
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retrofitting market (Persson and Grönkvist). There are many models available for identification of 
optimum retrofitting packages for individual buildings based on their geographical, architectural and 
operational characteristics (Rysanek and Choudhary). In contrast, models targeting large-scale 
retrofitting strategies are rarely addressed in research, possibly because of a lack of high-resolution 
data on actual heat energy use by individual buildings (Gupta and Gregg). However, the cities of today 
are becoming smarter and more information-intense, as reflected in a number of recent studies on big-
meter data within energy contexts (Deakin and Reid). Many of these studies focus on smart meters and 
electricity consumption, e.g. Gouveia et al. (Gouveia, Seixas, and Mestre) showed, for a limited sample 
of 19 households, how air temperature and electricity consumption could be understood through 
using smart meters. Other studies report on retrofitting and optimization of electrical equipment (Ye 
and Xia). An Irish study of 4232 households showed how metering data could be used for targeted 
energy efficiency programs addressing electric power consumption (Beckel et al.). Another Irish study 
using metering data from more than 5000 households examined how social factors influence 
electricity consumption (Tong et al.). Use of metering data has also been extended beyond electric 
power, e.g. a Brazilian study included water consumption in a smart metering project (Fróes Lima and 
Portillo Navas), while a wider study analyzed data from more than 8 000 000 gas and electricity meters 
in London and Chicago to identify improvements for energy-related practices (Mohammadi and 
Taylor). Combined with smart metering data, the current extensive digitalization initiatives provide 
new possibilities to combine information from multiple big data sources in order to perform large-
scale identification of tailored measures to increase the energy performance of individual buildings. 

The aim of this study was to develop, demonstrate and evaluate a data-driven approach to planning 
city-wide building retrofitting. The significant advantage of the proposed novel data-driven UBEM-
based approach is the use of high-resolution metered data for a fact-based modelling of the energy 
performance for the building stock. This report contributes to the literature on the city scale building 
energy modelling with respect to utilizing large datasets that have become available recently, 
particularly high-resolution metered data on the heat energy use. The contributions of this study are 
two-fold. First, a novel method for strategic planning of building energy retrofitting based on the city-
wide building energy modelling framework is presented. This method makes it possible to assess 
changes in the total energy demand from large-scale retrofitting and explore the impact on the supply 
side. The level of detail provided by the method makes it suitable for the development of customized 
strategies by city authorities and large housing institutions targeting retrofitting investment options 
that meet certain criteria. Second, the method is demonstrated for the case of retrofitting ‘Million 
Program’ buildings in Stockholm that had been regularly highlighted for their high energy retrofitting 
potential (Liu et al.; Johansson, Olofsson, and Mangold; Mangold et al.). Heat recovery ventilation and 
energy-efficient windows were chosen as retrofitting options. Analysis of three retrofitting scenarios 
from multiple perspectives (energy, environment, economic) was used to reveal the benefits and 
drawbacks of each retrofitting measure and to make strategic decisions based on information about 
related trade-offs. The results of the analyses will be used as input to the City of Stockholm’s ongoing 
work on its climate strategy. Finally, the study has exemplified the effects of ongoing digitization on 
the method energy sector in cities, has demonstrated the growing value of urban energy data, 
particularly for the urban strategic planning. 
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1.1 GHG Impacts of Large-Scale Retrofitting on the Energy System 
Energy systems are extremely complex. In recent years, access to computing power and data has 
enabled unique opportunities to understand dynamics within and between different components of 
these systems. It is therefore vital to understand the effect of energy efficiency on the emissions of 
carbon dioxide (CO2) from district heating in the Stockholm region after the coal-fired power plant 
KVV6 has been closed. 

Stockholm has a unique district heating system (see, for example, Levihn, 2017) and is one of the first 
examples of fourth generation district heating (4GDH, see Lund et al, 2014). Production is mainly based 
on waste-fired cogeneration, bio-cogeneration based on residual products from forestry, large-scale 
heat pumps, hot water boilers through pellets and bio-oil, as well as tip and reserve boilers based on 
fossil oil. Today, there is also a coal-fired cogeneration plant that is intended to be closed by 2022 at 
the latest. 

After the coal-fired power plant has been closed, residual fossil CO2 emissions are mainly derived from 
fossil fractions in the waste incineration (for example, plastics in household waste) and the remaining 
tip and reserve oil boilers which today have fossil oil as fuel. In addition, indirect effects on CO2 
emissions occur through the consumption of electric power in the heat pumps and production of 
electricity (which replaces other electricity production in Northern Europe) in the cogeneration plants. 

The effect of energy efficiency is therefore dependent on which plants are affected. After the coal-fired 
power plant has been closed, the largest single source of CO2 emissions disappears. Since there are 
limitations on transmission capacity between different parts of district heating systems in Stockholm, 
the effect is partly due to where energy efficiency is affected purely geographically and in addition how 
much at what temperature. 

1.2 Energy Performance Certificates – A Key Enabling Source of Knowledge 
about the Building Stock 

Regulations, audits and certification are three basic policy instruments for energy efficiency in 
buildings (Pérez-Lombard et al.). Energy performance certificates (EPCs) have emerged as a core 
instrument for achieving energy efficiency in buildings since the early 1990s. The general idea behind 
EPCs is to influence the building market through informing actors in the building sector (building 
owners, occupants, real estate agents etc.) about the energy performance of buildings (Maldonado).  

Over the 10-year period since European Union (EU) member states first launched the EPC data 
collection process, EPC databases have become one of the main sources of information about building 
energy, but certain concerns have been raised about data quality (Arcipowska et al.). The performance 
gap, i.e. the difference between estimated and actual energy performance (de Wilde; Majcen, Itard, and 
Visscher), may be preventing adoption of bottom-up energy efficiency measures (Kelly, Crawford-
Brown, and Pollitt). Swedish EPC data is no exception, e.g. in 2011 Claesson () suggested that they 
contain uncertainties and more recently (Mangold, Österbring, and Wallbaum) reported detailed 
discrepancies for the building areas featured in EPCs. Others (Hårsman, Daghbashyan, and Chaudhary) 
have shown that the estimated average variance in Swedish EPCs is ±20% for energy consumption 
assessments and ±80% for energy conservation potential assessments. 
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The current exponential increase in available building energy and environmental monitoring data 
(Ahmad et al.) is generating great potential for applications based on data science, a fusion of 
mathematical and statistical analysis with information technology tools for extracting and exploiting 
the knowledge and information contained in data. Data analysis techniques have been shown to be 
useful for addressing building energy problems (Molina-Solana et al.). Yet, as with any other scientific 
method, the quality of the input data and the research questions analyzed are crucial for the quality of 
the results. Recent studies point to a wider spectrum of possible applications for EPC data than 
originally intended, for instance in studies of energy demand in buildings and related causalities 
(Brøgger and Wittchen) and in creating overview and validating models of building stock (Mangold, 
Österbring, and Wallbaum). 

For EPC data to add value for policy making, monitoring, market and research analysis, advanced 
quality measures should be introduced and effective use of EPC data should be promoted (Arcipowska 
et al.). However, recent EPC data quality studies usually focus only on data accuracy and consistency 
issues, which do not cover all necessary levels of validation (Simon) and thus do not expose essential 
data quality issues that prevent broader application of the EPC data. 

In this study, we analyzed how EPC data have been utilized in previous building energy studies, based 
on a literature review, and devised a new approach to EPC data quality assurance based on six 
validation levels, which allows to refine understanding of known problems and reveal unexpected 
problems with data quality through triangulation of data quality problems by using auxiliary datasets 
beyond EPC. The approach was tested for Swedish EPC data that can be commended for their 
representative coverage of the national building stock, well-established structure and digital 
organization, as well as regular quality assurance measures and quite open mode of access for a wide 
public. Thus, analysis of the case of Sweden could provide useful insights to other European countries 
developing the EPC policy instrument. We show that EPC data have wider applications than initially 
intended by the EPC policy instrument, this places stronger requirements on the quality and content 
of the data. 

1.3 Urban Building Energy Modelling (UBEM) 
New information and communication technology (ICT), internet of things (IoT), proptech, and 
digitalization in all sectors of society are driving an exponential increase in the volume of information 
and the rate of information sharing at ever-decreasing cost (Barahona and Pentland). This 
development has created a ‘big data’ challenge for conventional approaches to building energy 
simulations, calling for new ways for handling and utilizing the data (Sanyal and New). The recently 
developed urban building energy modelling (UBEM) (W. Li et al.), a hybrid of top-down statistical and 
bottom-up engineering approaches (Kavgic et al.; Swan and Ugursal), can resolve this challenge. 
According to Reinhart and Cerezo Davila (Reinhart and Cerezo Davila), UBEM will become an 
important planning tool for urban planners, energy utilities and other policy makers. 

In order to enable the synthesis of many models with similar characteristics necessary for 
development of city-wide models, UBEM can utilize a building archetypes approach that makes a 
satisfactory compromise between accuracy and speed of simulation (Q. Li et al.). This approach has 
been employed to analyze the current state of building stock and the aggregated impact of new energy 
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efficiency policies and measures using regional and national bottom-up building stock models 
(Ballarini et al.; Mata, Sasic Kalagasidis, and Johnsson; Lauster et al.). 

In this study, we developed a UBEM that combines energy signatures and building energy simulations. 
Swan and Ugursal (Swan and Ugursal) argue that energy signatures (defined as reduced-order 
physics-based regression models) are a useful tool because they are simple, requiring only energy use 
data, and ensure comparability across large numbers of buildings. In model development we used 
DesignBuilder, an interactive interface for the energy simulation program EnergyPlus that has been 
widely applied for modelling building heating, cooling, ventilation and other energy flows (Clément). 
Calibrated engineering models combined with building energy simulations tools enable reliable 
simulations of various measures in order to evaluate their potential outcomes in terms of energy 
savings and emissions reductions (Fumo). As noted by (Foucquier et al.) such hybrid approach is ‘a 
nice trade-off between physical and machine-learning based methods.  
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2 Implementation 
This project spanned from August 2015 through October 2018. By virtue of its aim, it was designed 
and conducted in a close transdisciplinary collaboration between the core team of researchers from 
KTH together with the experts of the partners (Environmenal department of the City of Stockholm, 
Lassila & Tikkanoja FM AB, Stockholm Exergi AB, Sjöstadsforeningen, Fastighetsägarna Sverige AB). 
The project research team was assembled with researchers with expertise in energy technology, 
environmental science, data science, mathematical modelling, investment analysis and facilitation of 
stakeholder dialogue. 

At the stage of conception in autumn 2015, two major datasets had been integrated by the project 
team: 1) measured heat energy use from Stockholm Exergi AB and 2) declared building energy 
performance from Boverket’s database Gripen. A round of orientation meetings were held by the 
project team to agree on the planned approach to the data-based analysis of the building energy 
retrofitting potential, which was further developed in an iterative manner from reviews of results 
internally by research team and discussion of them with societal partners as pictured in figure 1. 

 
Figure 1. Base data analysis workflow (Pasichnyi et al. 2019). 

For the 1st iteration of the modelling framework development that was going during 2017, ‘Million 
program’ buildings were selected as the most relevant type of buildings to be used as an initial training 
subset of the Stockholm’s building stock. The detailed description of the developed method is provided 
in Pasichnyi et al. (2019). 

At the same time the anonymization of provided data was identified to be a strong obstacle for linking 
data on actual heat energy use and energy declarations which could be positively solved through using 
a small additional portion of data from Stockholm Exergi. Yet as this data could be provided only on 
condition of another legal agreement on data security and mode of the possible usage for this data, it 
triggered a long process of negotiations between legal departments of the parties involved. Luckily 
due to the good will of involved actors a compromise was found, and the piece of data required for 
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dataset linking the datasets was made able under extremely regulated conditions. Still, at the 1st 
iteration the two datasets were used separately which implied certain limitations on the level of detail 
and consistency of the first results. 

The method of the study is based on big-data analysis of properties combined with analysis models for 
energy systems. Analysis of this kind are unusual, since access to measurement data is often limited. 
An example of previous study is Shahrokni et al (2014). The main features of the method are described 
in detail in Pasichnyi et al (2017). 

1. Metadata from energy declarations was used as a basis for describing building sheet types in a 
simulation model that analyzes the effect of measures on individual buildings. The energy declarations 
contain data on the type of building, commissioning year, area, building shell, energy consumption, 
energy-related installations and technology and more. The simulations of various energy efficiency 
measures on different types of “archetypes” building shells were mainly carried out by Dr. Jörgen 
Wallin at Energy Engineering at KTH. 

2. Timed resolution data from Stockholm Exergy was used to characterize the buildings in relation to 
the archetypes produced under point 1. The measurement data covers 85% of the buildings in the 
Stockholm municipality. 

3. By combining points 1 and 2 with reference data from previous projects, a simulation model was 
built to describe the effect of energy efficiency on each individual building covered by the 
measurement data, which was calibrated against climate data from SMHI. Through this model, changes 
in the energy signature of individual buildings could be determined. 

4. The changed energy signatures were used as input to Minerva, which is Stockholm Exergy’s model 
for simulating changes in the energy system in Stockholm. The model is used in all major decision and 
strategy work and is thus well calibrated. The model is similar to Optima (used in e.g. Levihn 2014 and 
Levihn et al 2014), but with substantially greater technical detail and time resolution, and with 
simulation of distribution restrictions between different subnetworks in Stockholm. 

In the end, three building archetypes were used based on the share of the total proportion of heated 
surface in Stockholm and homogeneity between the buildings represented by the archetypes. The 
three archetypes were determined to: 

• Residential buildings erected in 1946-1975 

• Residential buildings constructed after 1995 

• Office buildings 

The deviation between modeled energy consumption and measured consumption according to 
measurement data less than 1.2%, whereby modeling according to points 1 and 2 above well 
represents actual energy use. The analyzed energy efficiency measures included: 

• Heat recovery from ventilation (FX + VP) 

• Switch to energy efficient windows (U = 0.78) 
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• Indoor temperature adjusted to 21°C 

• Adapted ventilation (0.35 l/s.m2) 

All measures were not possible for all buildings but depend what technical equipment and other 
conditions the building has. 

2.1 Data 
The proposed framework utilizes data about measured building heat energy use and data from energy 
performance certificates and reference and climate databases. 

Measured heat energy use data for the case of Stockholm was obtained from the main heat generation 
utility in AB Stockholm Exergi and is thus limited to the building stock connected to the city’s DH 
network, which accounts for approximately 85% of the total heated area. For initial framework 
development, data for one calendar year (2012) was provided, representing 15 068 district heating 
delivery points in the city of Stockholm with hourly precision. 

Energy performance certificate (EPC) data was obtained from the national building energy 
declarations database maintained by the Swedish Board of Housing, Building and Planning (Boverket). 
The imported dataset represented 15 947 energy declarations for 42 190 buildings in Stockholm, with 
223 million m2 total heated area, and contained information on building type, construction year, floor 
area, envelope form, energy use per source, energy system installations etc. 

Reference data on standardized use and building envelope information was obtained from the Sveby 
project (SVEBY) and the book “Så byggdes husen” (Björk, Kallstenius, and Reppen). 

Climate data were extracted from the Swedish Meteorological and Hydrological Institute (SMHI) Open 
Data Catalogue (SMHI). Hourly and daily ambient temperature measurements from SMHI’s 
Observatorielunden station (climate number 98 210/98 230) were used. 

Most of the data used was imported into PostgreSQL1, a widely used free and open-source RDBMS2 
well supported in various platforms, research and office software.  

 

1https://www.postgresql.org  
2Relational database management system 

https://www.postgresql.org/
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3 Results 
In this chapter, we outline the projects three key results. 

3.1 A New Understanding of the Quality Swedish Energy Performance Certificates 
and Applications to Urban Energy Data 

Systematic mapping allowed us to examine EPC data applications by time, geographical spread, data 
features & auxiliary data used, problem domains addressed and complexity of employed data analysis. 
This proved useful for understanding the state-of-the-art for EPC data usage and identifying potential 
for new EPC data applications. Apart from ‘traditional’ areas of EPC data applications (mapping 
building energy performance or analysis; effect of EPC on real estate market), more novel areas of 
application have appeared recently (building energy retrofitting, energy planning, investment 
analysis, market popularity of retrofitting solutions). There has also been a noticeable increase in the 
complexity of studies, as is evident from the growing number of EPC data quality & validation studies, 
more frequent employment of auxiliary datasets and more advanced data analysis techniques applied. 

EPC data can be used for the vast majority of building energy studies, i.e. building energy use analysis 
and prediction, design of new buildings and energy- and cost-efficient retrofitting of existing buildings, 
occupant behavior and building operation, where EPC data quality is significantly application-driven. 
Redesigning building performance evaluation and certification tools so that they target specific policy 
objectives may increase their effect (Kelly, Crawford-Brown, and Pollitt). The FAIR (findable, 
accessible, interoperable, usable) guiding principles for scientific data management and stewardship 
(Wilkinson et al.) should be used to steer such redesign from a data management perspective. 

The proposed data quality assurance approach employs auxiliary datasets beyond EPC data to 
triangulate data quality problems, in contrast to conventional methods of EPC data quality assessment 
(EU Parliament). This helps to refine understanding of known problems and reveal unexpected 
problems. The approach can be used both in initial data quality control by data collectors (e.g. Boverket 
in Sweden) and at the stage of data cleaning and editing by individual data users (e.g. researchers). 
The former is reported to be by far the cheaper option (Chapman).  

The EPC instrument could be further improved by adding and refining the quality of its features. For 
example, Swedish EPCs could be expanded with information on transparent and opaque areas, as 
envisaged by the general EPBD requirements and as implemented in other national EPC databases 
(Dall O et al.; Di Corso et al.; Khayatian, Sarto, and Dall'O). Such improvements would make possible 
automated building simulation workflows for urban building energy modelling. Assuring 
interoperability and transforming data structure in compliance with the linked data standards (Hu et 
al.; Johansson, Olofsson, and Mangold) is another core area of improvement. Linking the EPC data to 
FDH data in this study demonstrated the benefits of validation based on the independent sources for 
city-wide retrofitting planning in Stockholm. Similarly, Jenkins () showed that using metered energy 
consumption data can improve the accuracy of EPCs and related applications. Moreover, Brøgger and 
Wittchen () demonstrated that preserving primary data at disaggregated level is required .  
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It is clear that EPC data can have wider applications than initially intended by the EPC policy 
instrument. For example, EPCs can be used by local and national authorities and cities to improve 
energy planning and strategic decision-making, while building owners and managers would have a 
better understanding of their energy-related expenses and be able to adopt an evidence-based 
approach to the necessary energy efficiency interventions. EPC data can also be used by energy 
technology, consultancy and utility companies to shape their products and services, e.g. energy 
counselling or building retrofitting. Finally, EPC can serve as an important source of information for 
local communities and citizens in their activities targeting sustainable energy and climate goals. 

Overall, the broader scope and larger number of applications than initially intended by the EPC policy 
instrument increases its impact, but at the same time places stronger requirements on the quality and 
content of EPC data. 

3.2 Urban Building Energy Modelling Framework 
A new method for strategic planning of building energy retrofitting based on a city-wide building 
energy modelling framework was developed. This method makes it possible to assess the change in 
total energy demand from large-scale retrofitting and explore its impact on the supply side. The 
method uses high-resolution actual energy use datasets and advanced analytics techniques to 
construct an UBEM of high detail and to identify buildings and retrofitting measures that have the 
highest potential. This can improve the quality of decision making through analysis of city energy 
strategies from multiple perspectives. The resulting framework’s nine phases are described here 
through the case of the project. 

3.2.1 Data import 
The measured heat energy use data was provided in the form of the MS SQL Server database dump. 
The data was imported into PostgreSQL and then normalized, splitting data on metering, heat delivery 
points and heat delivery points categories into separate tables. The EPC data was provided in the form 
of a text data file that was read in directly from the RStudio. The reference data was imported manually 
at Stage 5 (“Building energy simulations”). The climate data was imported into PostgreSQL. 

3.2.2 Data Pre-Processing 
Missing values were treated in two ways. In cases where imputation was easy to apply and did not 
pose a risk of distribution distortion (e.g. single missing point in temperature time series), mean/linear 
imputation was applied, and the sample was retained for further analysis. In all other cases the 
complete sample approach was applied, excluding corresponding objects from further investigation.  

Outliers were treated in a similar way as missing values. Extreme values and anomalies were first 
identified with basic physical (e.g. 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 ≥  0 for DH consumers) or statistical (e.g. 𝑥𝑥 ∈
[−3𝜎𝜎; 3𝜎𝜎]) thresholds. Some additional errors were identified through checking the energy balances 
for each building. Errors were then corrected to the closest marginal values where applicable, or 
otherwise discarded. 
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3.2.3 Segmentation 
To exemplify the method a single homogeneous cluster of multi-family residential buildings 
constructed in the period 1946-1975 is provided for further analysis. These buildings were largely 
constructed within the ‘Million Program’ and are the most widespread type in Stockholm, representing 
26% of the total and 33% of the residential building stock in the city (figure 2).  

 
Figure 2. Distribution of features for the archetype 1 (multi-family residential, 1946-1975) building cluster: a) 
energy performance, kWh/m2/year; b) year of construction; c) heated area 𝑨𝑨𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕; d) number of floors; 
e) number of basement floors; f) number of stairwells; g) spatial distribution. 
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The considered building subset can be split into a number of subsets, e.g. by construction age or 
number of floors as proposed by (Wang:2015). The total number of buildings was 5400, the number 
of DH heat delivery points was 2402 and the total heated area 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 was 14.18 million m2.  

The characteristics of the virtual archetype building for the constructed cluster were obtained through 
weighted averaging of the features of all buildings in the cluster by the heated area, while its heated 
area was set to the mean 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 2876 m2. 

3.2.4 Characterization 
Each heat delivery point was characterized with the energy signature (ES) model derived from fitting 
measurements of the actual heat energy consumption (figure 3). The energy signature method proved 
useful in this case, as it described the energy performance of the investigated building type reflecting 
the characteristics of the building set-up, with or without imposed energy-saving measures. 

 
Figure 3. Distribution of parameters in the characterization models (each dot represents a model): 
a) balance point temperature 𝜽𝜽 vs base load 𝒄𝒄; b) balance point temperature 𝜽𝜽 vs energy performance 
coefficient 𝜷𝜷; c) base load 𝒄𝒄 vs energy performance coefficient 𝜷𝜷. 

 

3.2.5 Building Energy Simulations 
Based on the descriptive statistics from the segmentation stage and the input reference data, a base 
case building energy simulation model for the virtual archetype building was created. It was then 
calibrated to correspond to the aggregated ES from the characterization stage (figure 4). 
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Figure 4. Energy signatures for the virtual archetype 1 (multi-family residential, 1946-1975) building. 

 

3.2.6 Scenarios 
Three retrofitting packages were selected for analysis in this study. The first comprised installation of 
heat recovery ventilation, the second installation of energy-efficient windows and the third installation 
of both heat recovery ventilation and energy-efficient windows. As was shown by (Brown, Olsson, and 
Malmqvist) 83% of the calculated stock-wide embodied global warming potential for refurbishment 
measures arises from only two types of measures - for ventilation and windows. 

The first selected measure chosen was exhaust air heat recovery (scenario S1). The reason for choosing 
this measure was that 93% of the buildings in this particular subset are fitted with exhaust air-type 
ventilation without heat recovery and heat losses from ventilation are usually significant. Besides, this 
measure is often implemented by professional building owners and is considered profitable. The heat 
recovery system implemented in the simulation model was designed to have a temperature efficiency 
of 50%.  

The second measure selected was changing windows (S2). It is known to be an energy-saving measure 
that is not economically justified based on energy savings. In the model, the U-value of the windows 
was changed from 2.7 to 0.8 W/m2 K. 

The third package (S3) was intended to show how combining measures affected the cumulative energy 
performance and influenced the economics of building retrofitting. 

Information regarding costs for implementation of the different energy-saving measures was taken 
from the renovation catalogue Repab3 and adapted to different building sizes.  

 

3 Repab Underhållskostnader 2015, Incit AB, 2014, Sverige 
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3.2.7 Aggregation 
Energy. The results of building energy simulations for the virtual archetype building with 
implementation of selected retrofitting packages were scaled out to the entire archetype building 
cluster, to obtain individual projections of the energy performance for all metering points considered. 
A summary of the heat energy consumption by the building cluster analyzed (multi-family residential 
buildings constructed in 1946-1975) in different selected scenarios is provided in figure 5. Installation 
of heat recovery ventilation (S1) had greater energy-saving potential than switching to energy-
efficient windows (S2). Implementation of the combined retrofitting package (S3) reduced the heat 
energy demand by 18%, or 334 GWh per year. 

 
Figure 5. Energy-saving potential of the archetype 1 (multi-family residential, 1946-1975) buildings 
for the baseline and three selected retrofitting packages. 

 
Emissions. Hourly projections on changes in the energy demand were then used to account for associated 
emissions changes for each of the retrofitting strategies (S1-S3). Using the Minerva model, local emissions 
changes for the year 2025, with forthcoming changes in DH production structure included, were computed (figure 
4). The estimates for CO2 emissions changes obtained using the Minerva model (2025) and current (2016) 
emissions factors for various allocation schemes are compared in (figure 6b). For heat production, energy mixes 
for DH Stockholm and Sweden were considered, while for electricity production Swedish average, Nordic 
average, Nordic residual and Nordic marginal data were used.  
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Figure 6. Emissions changes for the three retrofitting packages (S1-S3). a) Projections for 2025 obtained using 
Minerva, a physical model of district heating (DH) production after phase-out of coal-based combined heat and 
power in 2022 and introduction of new production facilities, and b) comparison of estimated changes in CO2 
emissions in 2025 from Minerva (local and global) and the current system (2016), obtained using emission 
factors for the various allocation schemes. 

It was found that while the installation of heat recovery ventilation had a positive environmental effect 
from an ’accounting’ perspective (local energy mixes), the effect from a ‘long-term’ marginal 
perspective was negative for both 2016 and 2025. This can be explained by the substitution effect of 
this measure when the reduction in heat energy use is partly compensated for by increased electric 
energy use and the fact that the environmental profile of heat production by local DH is better than 
that of Nordic electricity production. At the same time the environmental effect of energy-efficient 
windows was found to be positive in all cases. 

Economic. A general picture of the investments associated with the different retrofitting options (S1-
S3) is provided in figure 7. Overall, installation of heat recovery ventilation (S1) proved to be 
economically viable (NPV>0, IRR>15%, r=4%). This resulted in competitive reduction of 2.85 MW 
through retrofitting buildings from 493 (21%) metering points with heat recovery. 
For energy-efficient windows (S2) as well as combining this option with heat recovery (S3) it was hard 
to reach positive economic conditions for the vast majority of the building stock. S3 provides an 
example as even at a reduced discount rate and demand for IRR (NPV>0, IRR>0%, r=0%) buildings 
from only 7 (0.3%) metering points met the investment criteria resulting in only 86.3 kW conserved. 

For investors prioritizing multiple investments, the generally higher PVQ for heat recovery ventilation 
measures (S1) shows that multiple investments in ventilation should be preferred over investments 
in energy-efficient windows (S2) or a combined package (S3). It should be noted, though, that the effect 
on property value which could tilt the result, was not included in the analysis. 
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Figure 7. Investment indicators for the three retrofitting packages considered (S1-S3). Sensitivity analysis of the 
investments for different discount rates (r = 4%, 8% and 20%) is provided for NPV>0 and IRR>0. 

 

3.2.8 Testing and Optimization 
Sensitivity analysis was performed for the discount rates used for making economic projections (figure 
7). As the main goal of the example case study was to provide the accounting function of the framework 
to analyze different ‘what-if’ scenarios, the development of optimization module which would allow to 
fit portfolios of buildings and measures to various targets has been planned for the future work. 

3.2.9 Communication 
Communication of the modelling results was organized in three tiers: i) project team of researchers; 
ii) project representatives of non-academic stakeholders and associated researchers; and iii) a broad 
academic audience. Tier (i) was characterized by high intensity, short frequency, large amount and low 
adaptation of exported information. Tiers (ii) and (iii) were characterized by low intensity, long 
frequency, small amount and high adaptation of exported information. 
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3.3 Building Retrofitting Potential and its Effects on Stockholm’s Energy System 
The method was empirically tested in the case of retrofitting ‘Million Program’ buildings in Stockholm 
with heat recovery ventilation and energy-efficient windows. The results revealed that large-scale 
introduction of these two retrofitting measures would: a) reduce the annual heat energy demand of 
the building stock in question by 18%; b) have variable impacts on the environmental performance of 
urban energy systems; and c) be only partly economically viable. These outcomes are partly explained 
by availability of an advanced DH system in Greater Stockholm. The results of the analysis have been 
used as input to the City of Stockholm’s ongoing work on its climate strategy. 

As a result, the heat power requirement is dependent on outdoor temperature. Since the duration (how 
many hours per year) for different temperatures varies, where the greatest duration is around 5° C 
(measured at the Observatorielunden in Stockholm), the effect of changed energy signature of the 
property stock depends on the temperature at which the change is changed. 

A common way of describing energy systems is the duration load chart. The charts show the duration 
of power requirements. In other words, how much power is required, how many hours per year. 
Duration charts also show which plants produce at different power requirements. 

Figure 8 shows a duration chart for district heating production in Stockholm, and how this change if 
the three building stocks covered within the framework of this analysis are fully implemented. That is, 
if what is technically feasible is carried out at all houses erected in 1946-1975 and after 1995 and in 
addition all office buildings in Stockholm. A total of 711 GWh of district heating would then be saved. 

As the duration chart shows, a little effect takes place on the CHP plants in Stockholm. The reason is 
that when the energy efficiency measures have the greatest effect (the area between the two right 
edges in the figure is the largest), from 500 - about 5000 h in the duration diagram, the other more 
expensive production is regulated down the system. The largest energy saving would be in the form of 
reduced operation of heat pumps, pellets and bio-oil. The effect on the fossil oil tip is also limited. 

It is worth noting that the amount of waste incinerated is not affected by the energy efficiency 
measures. Measures to reduce emissions from waste incineration should therefore be focused on the 
possibilities for increased material recycling, which should also be included as requirements when 
designing new buildings. 
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Figure 8. Duration chart for district heating production in Stockholm in 2025. The difference before and after 
energy efficiency consists of the area between the two load curves. The dominant marginal production at different 
power requirements is indicated to the right of the diagram. 

 

In total, the savings of 711 GWh would result in a reduction of 7.4 kton CO2. In addition, approximately 
70 GWh of electricity (net) is saved through reduced use of mainly heat pumps. It is important to point 
out that measures such as exhaust air heat pumps can mean increased electricity consumption locally 
in the property. This is not included in the analysis but should be added to understand the exact impact 
of the added electricity needs and corresponding GHGs. The effect of 1 MW of energy savings for each 
measure is summarized in Table 1 below. After a more careful analysis of the effects of the individual 
measures, it is clear that some of these measures are not additional (the sum of their effects 
individually is higher than combining them). One example is where the combined reduction of CO2 per 
MWh of stored heat for heat recovery and more efficient windows is lower than for the measures 
separately. Dependencies are based on dynamics between different building components. 
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Table 1. The effect of 1 MWh reduced district heating delivery through energy efficiency measures on local CO2 
emissions and net reduced electricity consumption 

Residential 1946-1975 kg CO2 net electric power MWh 
Heat recovery ventilation (FX+HP) 11,042 0,141 
Energy efficient windows (U = 0.78) 11,538 0,121 
Combined 10,420 0,146 
      
Residential post 1995     
Heat recovery ventilation (FX+HP) 13,811 0,109 
Energy efficient windows (U = 0.78) 18,588 0,151 
Adapt indoor temp to 21°C 10,483 0,129 
Combined 14,029 0,111 
      
Offices     
Energy efficient windows (U = 0.78) 9,852 0,147 
Adapt indoor temp to 21°C 12,198 0,025 
Adapt ventilation (0.35 l/s.m2) 10,011 0,144 
Combined 10,709 0,103 
      
All combined 0,010 0,098 
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4 Discussion 
Most of the buildings that will exist in 2050 by when we need to have aggressively reduced our GHGs, 
have already been built. Local and national governments need better tools to galvanize this large-scale 
retrofitting. This project validates the underlying opportunity, that utilities, and other data sources, 
combined with an interdisciplinary framework, can provide decision-support to create effective 
policies and grants with a surgical level compared to the current instruments. The framework 
developed in this study allows the effects of applying various retrofitting options to a large part of the 
urban building stock to be analyzed. Considering the available scenarios from multiple perspectives 
(energy, environment, economic), as done here for the empirical case of Stockholm, made it possible 
to identify the benefits and drawbacks of each retrofitting measure and to make strategic decisions 
with information about related trade-offs. For example, installation of energy-efficient windows (S2) 
had good energy reduction potential and a positive environmental effect but could not compete with 
heat recovery ventilation (S1) in terms of investment attractiveness and economic viability in general. 
The level of detail provided by the framework means that it can be applied for development of 
customized strategies for large management institutions targeting retrofitting investment options that 
meet certain criteria, e.g. meeting particular targets for reduction of final heat energy use and CO2 
emissions with a fixed amount of capital investment. 
The framework’s architecture and the underlying data analysis methods ensure good scalability. This 
allows for analysis of multiple building archetypes and scenarios in the case example of Stockholm. 
After setting the core framework, building energy simulation is the only effort-demanding stage for 
such an extension. The proposed method can also be applied in other geographical locations and 
contexts, although at the moment the availability and quality of input data might be considered a 
bottleneck for its wider utilization. However, the recent trend for rapid urban digitization indicates 
positive prospects for modelling frameworks of this type (Liu et al.). 
The possibility of large-scale energy retrofitting of ‘Million Program’ buildings in Sweden has been 
frequently discussed (Liu et al.; Johansson, Olofsson, and Mangold; Mangold et al.). In the context of 
Stockholm, this study showed that wide-scale implementation of only two measures (heat recovery 
ventilation and energy-efficient windows) would reduce final energy use by 334 GWh, which is only 
~3% of total city heat energy demand. However, while the positive environmental effects and 
investment attractiveness of this combined package were not very impressive in the case of Stockholm, 
the outcome would depend on local contexts, e.g. in European cities with less efficient, fossil-based 
heating systems. We demonstrated the possibility of applying different perspectives in accounting of 
GHG emissions, how this can significantly affect the key environmental performance indicator of CO2 
emissions for a particular set of measures. These results have also illustrated the short- and long-term 
effects of large-scale retrofitting on the heat supply, that can be used to analyze the interplay of supply 
and demand in urban energy strategies. 
A significant advantage in this study was the great availability of metered data of high resolution, which 
allowed us to construct a fact-based model of the energy performance for the building stock analyzed. 
However, using datasets of high volume and veracity also required advanced analytic approaches for 
data cleaning, multi-thread computations, etc. Use of multiple data sources also imposed a number of 



 

 

 

27 

BIG DATA ANALYS FÖR E NERGIEFFEKTIVISERING AV STOCKHOLM 

consistency problems to be solved (linking metered and EPC datasets, matching similar features etc.), 
but it allowed us to perform a number of cross-validation checks during the whole modelling process. 
The study has also justified the growing value of urban energy data and consequent emergence of such 
new functions of urban energy utilities as data collection and provision. Hence cities with more 
centralized energy systems and homogenous energy datasets can be expected to have an additional 
advantage in developing fact-based understanding of urban building energy use and more precisely 
targeting policies related to building energy efficiency. At the same time possible conflict of interests 
between data providers (energy utilities) and data users (city authorities and building owners) 
induces a higher risk of lock-ins that would require additional efforts in finding paths for ‘win-win’ 
data collaboration between all stakeholders involved. 
The method presented also has some limitations that should be acknowledged. Due to the availability 
of high-resolution metering data it was possible to obtain a precise individual characterization model 
for each building analyzed. Still the resulted models are affected by the behavior the single virtual 
archetype building which is only partly compensated through proportional scaling of effects made 
depending on the initial energy signature parameters for each building, As the fundamental object for 
metering factual heat energy use by the DH utility is not standalone physical buildings, but metering 
points, this resulted in a lower level of resolution for the metered dataset and consequently led to the 
necessity for uniform distribution of results obtained for separate metering points to corresponding 
buildings. However, in the vast majority of cases each metering point had connections from buildings 
of the same type, so this did not have a significant influence on the accuracy of the model obtained. 
While residents’ behavior was not explicitly distinguished as one of the factors affecting cumulative 
building heat energy demand, it was embedded in the actual energy use meter data. Hence residents’ 
behavior was accounted for through calibration of the physical building energy simulation model with 
statistical characterization models and standardized occupant input data. However, issues such as 
social acceptance of retrofitting and possible rebound effects for energy saved from retrofitting were 
beyond the scope of this study. 
In future work, we plan to explore the following refinements to the method: First, there is a potential 
for reducing exclusion of buildings at the data pre-processing stage by applying more advanced 
techniques for treating missing values (“Missing-data imputation,” 2009). Second, a shift from 
nomenclature-based to data-driven segmentation should allow more relevant virtual archetype 
buildings to be constructed and should provide statistical quality control on the information reduction 
happening in the model transition from the ‘single building’ to the ‘archetype/set of buildings’ modes 
and back. Third, the building energy simulation stage has good potential for automation and 
improvement of model resolution through accounting for individual building geometry for each 
processed building, as proposed recently (Cerezo Davila, Reinhart, and Bemis). Fourth, for such sparse 
urban areas as Greater Stockholm, more advanced urban climate modelling (as presented e.g. by (Yang 
and Chen) could benefit the overall accuracy of the model. Fifth, developing an even more holistic view 
on the retrofitting process from an industrial ecology perspective could be achieved by applying a life 
cycle perspective and including into the analysis the building renovation process itself, with its 
embodied energy use and related GHG emissions as proposed by (Brown, Olsson, and Malmqvist).  
It is worth pointing out that, in development of modelling frameworks, there is a permanent trade-off 
between further model improvement and associated gains in requirements and applicability. 
Moreover, the complexity related to refinement of such frameworks is largely related to organizational 
issues of data availability, quality and consistency, rather than the methodology per se.  
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Pasichnyi, O., Wallin, J., Shahrokni, H., Kordas, O: “Data-driven Building Archetype Generation for 
Urban Building Energy Modelling”, in: Ulgiati, S., Vanoli, L. (Eds.). Presented at the Biennial 
International Workshop on Advances in Energy Studies, Naples, pp. 148–154. doi:10.3217/978-3-
85125-513-3, 2017. 

5.2 Other Publications 
• Posters (Appendix 6.1) 

o Pasichnyi, O., Levihn, F., Shahrokni, H., Wallin, J., Kordas, O.: “Big energy data for improving 
energy performance of cities: the case of Stockholm”, presenteras vid 
 KTH Energy Dialogue, Stockholm, Sweden, 2016 
 Autumn StandUp Academy, Stockholm, Sweden, 2016 
 E2B2 forksarskonferens, 2016 

o Pasichnyi, O., Levihn, F., Shahrokni, H., Wallin, J., Kordas, O.: “Big energy data for citywide 
building retrofitting in Stockholm”, presenteras vid 
 KTH Energy Dialogue, Stockholm, Sweden, 2017 
 E2B2 forksarskonferens, 2017 
 Spring StandUp Academy, Stockholm, Sweden, 2018 

• Reports 
o Pasichnyi, O., Levihn, F., Wallin, J., Shahrokni, H., Kordas, O.: “Metodbeskrivning och 

beräkningar utav energieffektiviserings effekt på Stockholms fastighetsbestånd”, 2018. 
o Pasichnyi, O., Wallin, J.: “Stockholm City Heating Demand. Electricity perspective”, 

http://urbant.org/stockholm-heat-energy-demand/, 2018. 
• Prototype of Decision-Support tool Oden (Bilaga 6.2) 
• Video on the historical efficiency of the City of Stockholm’s building portfolio 

https://youtu.be/FVdEx-2Dnok  

http://urbant.org/stockholm-heat-energy-demand/
https://youtu.be/FVdEx-2Dnok
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6.2 Prototype of Decision-Support Tool Oden 
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