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There is currently an urban transformation taking place in Kiruna, a small Swedish town
located in the very north of Sweden, well above the Arctic Circle in a sub-arctic climate. A 
large part of the town is having to be relocated due to ground deformation caused by iron ore 
mining activity, a process affecting all the town’s infrastructure. This thesis aims to analyze 
holistically the district heating (DH) system for the town of Kiruna and its future challenges.

Energy companies operating a DH system recognize the importance of understanding its
network characteristics in order to obtain an efficient and stable delivery of heat to the end 
users. In this thesis, a method for modeling and simulation of meshed DH networks is 
described, that makes it possible to study and analyze the flow pattern in order to locate non-
obvious paths, along with bottlenecks and overloaded pipes.

A fundamental input to DH simulations is the setting of thermal losses for each pipe segment 
in the model. To achieve this, an artificial series of pipes with all the diameters in the real 
network was created, corresponding to the actual annual network losses. In comparison to
pipes currently manufactured, the artificial series has the least insulation and highest thermal 
losses. The DH network studied in this work originated in the 1960s and is the sum of the 
different piping techniques that have evolved since that time. This has left the thermal
performance of the network close to the worst-case scenario.

A number of heat production sites are connected to the meshed DH network, delivering the 
heat demanded by the end users. Each site consists of several boilers and uses different 
resources. A hybrid evolutionary Mixed Integer Linear Programing (MILP) optimization 
approach has been developed and used for finding the cost-optimal heat production for three 
scenarios in combination with two heating demand levels. One result is that no matter where
the site of the cheapest resource is, that one should always be the favored source; in the case 
where the same resource is viable at different sites, a differentiated heat production should 
occur. The supply temperature from each site was found to be the lowest one possible in order 
to serve all site-supplied end users with a temperature level high enough for hot water
production. The findings suggest a reduction in network temperatures results in a higher cost 
related to pumping, but with a lower cost than the savings due to the reduction in thermal 
losses.

In order to provide the relocated part of the town with DH, a hybrid evolutionary MILP
optimization routine was used to find different alternatives for network expansion layouts.
The result was a multi-objective analysis between the operation cost and installation cost,
showing the complete spectra of all best compromises. In this way, the outcome can be used
to support decision-making, helping network owners in their planning and pipe sizing for new 
areas.

For the construction of the buildings that will form the new city, the Swedish government has 
given a number of recommendations for achieving a comfortable indoor climate in regard to
temperatures and air velocities. An investigation was carried out to analyze the impact of
using three different heating systems: air/air heat pump, air heating and floor heating in a low 
energy family house, where the last two systems were aimed at using heat from the DH
network. The analysis showed that only the floor heating system satisfies the government’s 
recommendations but, with careful planning, an air heating system could also fulfill the 
recommendations. Further, a technoeconomic evaluation showed that the cheapest heating 
cost over 30 years is given by using an air/air heat pump. In order to make DH competitive as
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a heating source, a necessary cost reduction for heat delivered from the DH was found for the
two utilized systems.

Finally, three different building energy performance scenarios were studied in conjunction 
with the urban transformation, linked to the suggested energy measures from the Energy 
Performance Certificates (EPCs). In order to reach the national target, requiring a reduction of 
50% in energy requirements until 2050, all new buildings have to be built to the passive house 
standard and all the measures advised in the EPC have to be carried out. It is worth noticing 
that the scenarios were analyzed as part of a 3D City Model, which was found to be a useful
working tool for staff dealing with energy-related issues.
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A legend among the indigenous people in the very north of Sweden told of a mountain of pure 
iron. The mountain actually existed and was located inland, 140 km above the Arctic Circle.
The mining of the mountain started in the late 18th century and has progressively grown into a
successful mining industry. The town of Kiruna has developed adjacent to the mine, with the 
current population being about 20,000. The mine in Kiruna is owned by the local mining 
company LKAB and is currently the world’s largest underground iron ore mine with an
annual production of 26 million tones. As the mining is carried out underground, down to 
1,365 meters’, ground deformation has occurred. The town of Kiruna is located next to the 
mine and, as a consequence, the ground deformation has started to affect parts of the town, 
see Figure 1 [1] [2].

�
Figure 1 Prediction of ground deformation to the year 2035 and its advance towards the town.

As can be seen in Figure 1, a large part of the town needs to be relocated due to the predicted
advance of the deformation front over the coming years, affecting significant city functions
such as the railway station, fire station, hospital and town hall. The old parts of Kiruna are the 
ones to be affected first, consisting of culturally valuable buildings. It has been decided that a
number of buildings with special historical value will be moved LKAB (by the local mining 
industry) to a designated place close to Loussavaara.

The design of the new town hall and city center has been decided though an architectural 
competition, where a local jury ranked the different contributions and chose a winner. Figure 
2 [1] shows the winning designs.
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The town hall will be a round snow-white building with a central part built as a glimmering
crystal that will function as a landmark and will be illuminated at night. Inside, there will be 
public areas for everyday cultural activities, including exhibitions and meetings. The bottom 
floor will function as a “living room” and gathering place for the people of Kiruna, from 
where the crystal rises to a viewpoint overlooking the city and landscape. The three-level
white ring enclosing the crystal will allow the municipality administration departments more
daylight compared to a square building and give the impression of a building with no front or
back [1].

�
Figure 2 The winning designs chosen for the new city center and town hall.

The visions of the winning designs for the new town ensure that a natural environment will 
be, at most, three blocks away for inhabitants; similarly, the main street with shops and 
services will also be, at most, three blocks away. In order to create an attractive and living city 
center, people will have to find it easy to travel there, which will be achieved by centrally-
placed hubs for railway, cars, snowmobiles, public transport, walking and cycling. Individual
streets and building infrastructure will face the prevailing cold winds from the north, resulting
in effective protection from the elements [1].

The vision of the new town also highlights a number of energy-related challenges, including
the aim of the town to become a carbon neutral community, by maximizing the use of the
excess heat from the mining process. In order to store the waste heat until it is needed, it has 
been suggested that some of the empty mining assets are used to create north Europe’s largest 
heat storage. Apart from the obvious use of wind power and interconnection of the two DH 
systems run by LKAB and TVAB, the use of new technologies for using excess heat have 
been encouraged. In the future, more than 42,000 m2 of floor space will be constructed and 
the use of wood has been recommended as it has a lower environmental impact and functions
as well as concrete [1].
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As part of the town’s transformation, all infrastructure, such as streets, electricity and 
telephone lines, drinking water, sewers and the district heating (DH) network, need to be
redesigned to fit in the new town structure. As a result, this urban transformation provides 
both great opportunities for using new technologies in the new areas being built and 
challenges to create a living and attractive city. The nearby technical university has 
undertaken a great deal of research into these subjects.

�����	 �������#	�������	��	�#�	�����	��������"�����	
The research presented in this thesis is mainly sponsored by the Hjalmar Lundbohm Research 
Center (HLRC) at Luleå University of Technology (LTU). It is a LKAB-financed
organization, which in 2011 received 50 million SEK for research associated with the urban 
transformation. Further economic support has come from ALICE (Attractive Living in Cold 
Climate), a research program financed by the Swedish research council FORMAS and from
the ATTRACT (ATTRACTive and sustainable cities in cold climates) research program, 
which has a budget of 23 million SEK and is mainly financed by HLRC and VINNOVA 
(Sweden’s innovation agency). The program is a collaboration between three different 
university departments at LTU: business administration technology and social science, civil, 
environmental and natural resource engineering, and engineering science and mathematics. In
total, 17 partners from outside the university are involved with the program, all with different 
perspectives and interests. Such a mix of partners requires a high degree of collaboration
expertise and the ability to present and explain advanced research in an understandable way.
For data and information gathering, collaboration with the subcontractors of the involved
partners is needed, making such cooperation even more complex.

��$	 ��������	#�����!	�%��%��&	
A more efficient and environmentally-friendly production of thermal energy can be achieved
when the production is centralized and concentrated at specific sites connected through a
piping network, compared with heat generation distributed between several small boilers. The 
piping network consists of a primary and a secondary section. The primary piping runs from 
the heat production sites to the buildings connected to the network while the secondary 
system consists of the piping within a building, and is used for room heating and hot water
generation. The two systems are linked together by a heat exchanger that is often placed 
inside a sub-central unit, allowing the power demand and energy consumption for each 
building to be ascertained by measuring the mass flow rate, supply temperature and return 
water temperature [3] [4].

DH was launched in Sweden in 1948, based on Russian combined heat and power (CHP) 
production technology, in order to increase the fuel utilization factor for electricity generation. 
Currently, by using CHP systems, 70 – 95% of the fuel lower heating value can be exploited, 
compared to 25 – 45% for power generation only. Since 1948, DH has continuously expanded
and, currently, has a national market share of more than 40% of the building stock. The 
degree of maturity of a DH network can be classified in four different categories as shown in 
Figure 3, where A represents a young network and D shows a mature network structure. The
maturity of the network can be judged by its complexity. In a meshed network, the heat can be 
distributed through several pipes, thus decreasing the load for each pipe and allowing the 
network to be further expanded. Thus, if a pipe breaks, other paths can be used [3] [4].
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Figure 3 Network design development and complexity, ranging from young to mature: a) network with 
islands, b) coherent network tree structure, c) network with ring, d) meshed network.

From a historical perspective, DH technology development is divided into 4 generations, with
each one lasting for 40 – 50 years, using the best available technology at the time [5]:

First generation (1890 – 1930): steam was used as a heat carrier. Still, a few systems use this
technology.

Second generation (1930 – 1970): this was the era where steam was replaced by pressurized 
water having a temperature above 100°C. The DH piping was often placed in concrete 
bunkers and used pipe-type heat exchangers. In general, heavy and material-intensive
components were used. There are still some systems operating from this generation, not least
in Swedish DH systems.

During the second generation (the period after the Second World War), the real expansion of
DH in Europe occurred when large parts of Europe’s building stock had to be reconstructed. 
Individual national building programs to improve building standards or to create new housing 
have been the driving force for expansion of DH systems. As a result, currently there are more 
than 5,000 DH systems operating in the European Union [3] [4].

Third generation (1970 – 2020): this technology was characterized by a reduced supply water 
temperature compared to the second generation, using more material-efficient components,
with the widespread use of pre-factored foam insulated DH pipes with plastic coatings.

Fourth generation (2020 –): the first reference to a fourth-generation DH was at a seminar in 
Iceland in 2008, where the need for DH technology development in order to meet the future 
market demand was highlighted. Currently there is no formal definition of fourth generation 
DH, but historically, development has encouraged lower water temperatures and more 
material-efficient and pre-factored components. A continuation of this is needed to strengthen 
DH competitiveness especially in the European market, to meet the challenges of reduced
heat demand in more energy-efficient buildings and competition from heat pumps and natural
gas systems.
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The origin of the DH system in Kiruna dates back to 1963, when those responsible for 
environmental policy at the time became worried about the poor air quality in the town. 
Measurements showed that the number of particles in the air was among the highest in the 
country. In Figure 4 an old picture taken in 1969 is showing the environment of Kiruna in a
cold winter day, it is possible to see that the smoke from the boilers in the single buildings are
creating an intensive smog in the town. As an experiment to improve the air quality, an old 
heating plant was renewed and more buildings were connected, with the idea that an increased 
working load for the boiler would generate a more efficient heat production. It was soon 
obvious that soot from oil-burning was one of the main reasons for the poor air quality, 
instead of the mining industry as had been suspected [6].

�
Figure 4 Overview of the Kiruna town showing the landscape in a cold winter day of 1969.

In 1980, all the heat production for Kiruna was brought together under a common 
management in the form of an incorporated company called Tekniska Verken i Kiruna AB 
(TVAB). The company is owned by the municipality and is currently responsible for
sanitation, landfill sites, roads, drinking water, drains, parks and DH within the town [6] [7].

By 1985, 60% of all apartment buildings and administration buildings were connected to the 
network, mainly because of the economic benefits that DH offered, while the environmental 
benefits were a secondary consideration. By this time, oil consumption had been reduced by
about 20 – 50%, and the reduction in the number of particles in the air was more than 80%. 
This positive experience of a cleaner environment and more efficient heat production meant 
that landlords were interested in connecting their apartment buildings to the network. Finally, 
with the connection of small family houses as well, the district heating system evolved into 
the current layout [6].
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At present, the DH network consists of 120 km of piping, with more than 95% of the larger 
buildings and one third of single-family houses connected to the network. The annual 
distribution loss from the production sites to the consumers is around 31 GWh (12% of the 
total production). The annual heat production is 270 GWh (with 30 GWh electricity), and it is 
obtained mainly by burning waste, wood chips and peat [7].

Figure 5 shows the layout of the Kiruna DH system, together with the additional blocks for 
the new town center marked in green. The red lines are the feed pipes to the buildings that are 
connected to the network, while the blue lines show the meshed structure of the network. 
From Figure 3, it can be seen that the network in Kiruna is a mature one, due to the highly-
meshed structure.

�
Figure 5 Layout of the DH network for the town of Kiruna, with blue lines representing the meshed 
structure, red lines showing the feed pipes and green lines marking the new town blocks.

In Figure 5, heat production sites are marked with factory symbols and boiler plants with 
boiler symbols. LKAB has its own internal heating network that is connected to the town DH 
network through a large heat exchange station, where waste heat from the mining process 
(mainly from the pelletizing plants) is transferred to the town network.
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Figure 6 shows the distribution and the usage of the heat generated by TVAB and LKAB, and 
indicates that a large amount of heat is dissipated to the environment. At present, the 
interaction between the two networks is subject to daily agreements between TVAB and 
LKAB about the amount of heat that is supplied by LKAB to the town DH network. For 
instance, in 2010, LKAB supplied 19 GWh to the town DH network, representing 7% of the 
annual demand.
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Figure 6 Thermal energy flows from TVAB and LKAB, based on the production for 2010.

However, an increased interaction between the two DH systems currently presents some 
issues due to the nature of the source of the LKAB waste heat. The majority of this waste heat 
is at too-low a temperature and is not suitable for transfer to the town DH network, but it can 
be used for room heating in the underground mine and production site halls. The thermal 
energy from the waste heat could be increased with heat pumps, but the redistribution of the 
heat for different purposes would imply the resizing of the heat transfer devices in both the 
heat exchange station (the capacity of which is also a limiting factor for the interaction) and 
the mine ventilation system.

Figure 7 shows an important issue that arises when the annual profile of the amount of
available waste heat from LKAB does not match the annual profile of the demand from the 
town DH network, which obviously is related to the outdoor temperature. In fact, the peaks of 
waste heat availability occur in the “warmest” months (from May to September, with a 
decrease in the period following midsummer due to site maintenance during the summer
vacation) when the demand from the town DH network is lowest. The use of waste heat
throughout the winter period requires the design of a large seasonal storage for accumulating 
the heat produced over the periods of maximum waste heat availability but minimum heat 
demand.
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Figure 7 Heat dissipated at LKAB and total end user heat demand at LKAB for the year 2012.

This outline of DH in Kiruna is the basis for the development of the renewed DH system that 
will be used for the new town. The design of the new buildings will meet the requirements set 
by the government, with another challenge having a big impact on the DH network design 
being the fulfillment of the European Union directive Horizon 2020.

��+	 
���,��	$-$-	���	�����������	������	
The European Union has decided that member states will, by 31 December 2020, ensure that 
all new buildings are considered to be nearly zero energy and that after 31 December 2018,
new buildings occupied and owned by public authorities will be considered to be nearly zero 
energy. Furthermore, targets were set in order to stimulate the transformation of buildings 
being refurbished into nearly zero energy structures [8].

These Horizon 2020 targets are just a part of the concept of sustainable cities for which 
several definitions can be found. In general, sustainable cities aim to minimize their 
ecological footprint and pollutant emissions, use land efficiently, recycle waste energy and 
materials, and thus minimize the overall contribution to climate change. From the energy
point of view, this concept involves several aspects of energy transformation, transport and 
final use. From the sources to the final users, these aspects can be summarized as follows:

•� Sustainability of energy sources (renewable sources such as biomass, reduced utilization 
of fossil fuels).

•� Energy efficiency in the transformation, transport (e.g. more efficient energy plants, 
reduction of losses in the district heating network).

•� Low energy consumption (e.g. passive and energy-plus buildings, intelligent 
transportation networks, efficient air conditioning).

With regard to the renovation of existing buildings, national targets were set in 2010 that 
stated an energy reduction target of 20% and 50% until 2020 and 2050 respectively, compared 
to the 1995 level [9]. The government recently announced that the target will be changed to a
50% reduction target until 2030 compared to the 2005 level, and that it will be correlated with 
the growth in gross domestic product (GDP).
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In 2006, the law covering EPCs for buildings was passed by the Swedish government with the 
aim of promoting efficient energy use and providing good indoor environments in buildings. 
This law applies to buildings where keeping a habitable indoor climate requires energy 
consumption.

The National Board of Housing, Building and Planning [10] is the controller and regulator of
EPCs in Sweden, with the aim of providing a buyer or renter information about the building 
energy performance ranking from A to G, going from best to worst. An independent certified 
energy expert is the only person allowed to issue an EPC. These experts are managed by
Swedac, which is a Swedish government authority with the objective of making products and 
services safe and reliable.

The EPC database currently stores more than 600,000 approved certificates, where each one is 
a collection of building data consisting of information about:

•� Heated area (A-temp)
•� Heating system
•� Energy used for heating, cooling, hot water and electricity
•� Energy performance
•� Permissible energy demand level when constructing a new building of the same type
•� If the radon content has been measured and its concentration
•� If the periodic and mandatory ventilation inspection has been carried out or not
•� Suggestions for energy measures that are economically profitable
•� The name of the energy expert who issued the certificate
•� A summary of the EPC checks carried out

The EPC is kept by the building owner and, if possible, a printed copy should be placed at the 
entrance of the building making it easy for visitors to read it; this is a requirement for public 
buildings and apartment houses. An EPC is valid for 10 years from the issue date and then has
to be updated after the expiration date. 

As shown in Table 1, there are two versions of the ranking of building energy performance. 
Before January 2014, the energy performance was measured in absolute terms, ranking all 
buildings according to one single scale and their energy used per area unit. From January 
2014, the energy performance of a building is compared to the requirements in energy use for 
a new building of the same type, taking into consideration the building type, how it is heated 
and location. The old and new ranking systems for energy performance (EP) are shown, with 
the new system in line with the one used for energy labeling of products such as electronics 
and white goods.
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Table 1 The different energy performance ratings according to the new and old criteria for the Swedish 
EPC system.

All this combined should result in reduced energy use within the existing building stock; for
new city areas, the heat demand will be significantly lower than that of the current one. Thus, 
the payback time for each consumer connected to the DH network will be longer, and the
types of buildings that were previously connected may not be suitable for connection in the
future.
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As stated in Section 1.1, this research is of interest to a number of academic disciplines and 
several industrial stakeholders, thus implying that a wide and intensive collaboration is 
important. This section describes how the work was structured and carried out, in order to 
carry out research that was beneficial for all partners.
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A university consists of several independent disciplines that can be subdivided into research 
areas and, further, into different research topics. When research work is carried out within a
single research area or subject, the work is defined as “disciplinary” and the working mode as 
“mode 1”. Research that is carried out using academic collaboration between different 
disciplines is defined as working “mode 2” and is described as “interdisciplinary” or 
“multidisciplinary”; when more than two disciplines collaborate, the work is called 
multidisciplinary, see Figure 8, [11]. In the spaces in between research areas, the red circle
represents a research question investigated using common knowledge [12]. In mode 2, a
problem is jointly identified and develops common knowledge and a mutual research process 
that are beneficial to every part of the collaboration.

�
Figure 8 Possible working strategies within academia.

If interest from external actors and academia is taken into account, several actors can be 
regarded as stakeholders, such as companies, experts, community groups and municipalities. 
When the research work is carried out in mode 2 and external actors are involved, the work is 
defined as transdisciplinary. When the right participants are involved, the result from well
executed research in close collaboration with stakeholders will make the acceptance and the 
implementation easier than for work carried out in mode 1 [13]. By working in mode 2, 
combining knowledge and skills, new theoretical results can be accomplished that were not 
possible before; thus, both theoretical and practical benefits can be realized.

Although this work is transdisciplinary and in mode 2, there are still questions and problems
that have to be solved by work carried out in mode 1 [14]. This means that individual 
questions can be solved by a specific discipline, but the outcomes will be pieces in a bigger
transdisciplinary jigsaw that has to be solved collectively.

$����	 �������	 ��&���!�	����������	���	&�� ��!	"���	
DH is a subject of interdisciplinary research, since it is of interest to several disciplines (and 
research areas), in this case energy science (energy engineering), construction engineering and 
management (industrialized and sustainable construction), architecture, and water (urban 
water engineering). Each discipline, with excellence within its research area, has a unique 
perspective so, by combining different knowledge and research methods, results were 
achieved that were not otherwise possible.
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The collaboration between research areas develops all the individuals involved, through the 
discussion of research questions across disciplinary borders, the highlighting of different point 
of views and training in each other’s research methods. In this sense, this research and those 
in the other disciplines involved with the urban transformation are actually part of
transdisciplinary research, mostly working in mode 2, with all the benefits and the challenges 
that involves.

The ongoing urban transformation of Kiruna is a good opportunity for knowledge production 
that has multidisciplinary and transdisciplinary objectives. Figure 9 shows the
transdisciplinary research projects with green boxes (Papers B – E and G), where there is a 
strong collaboration with companies outside academia. Experts involved in the research are
TVAB and LKAB, staff within energy-related areas, Powerpipe, a company manufacturing 
pre-insulated DH pipes, SWECO, a consultancy company delivering data regarding new town 
areas, Nenet, a regional association for energy-related issues, and energy advisors, municipal-
employed experts serving inhabitants and local companies. Interdisciplinary research projects 
are indicated with a yellow box (Paper G), in this case two academic disciplines and 
stakeholders jointly working on the research objectives, both applying a transdisciplinary and 
interdisciplinary working approach. Purely disciplinary research work is marked with cyan 
colored boxes (Papers A and F), where the research work is completed within the academic
area.

In each project, a physical phenomenon or object was studied and analyzed. The knowledge 
production that is achieved in each project would not have been possible without a close
collaboration of all the involved actors. The knowledge generated is more general and is more 
useful to a wider target group than the results from each of the single disciplines.

Figure 9 The academic areas and transdisciplinary actors involved with each paper appended to this 
thesis.

Studying the related work to this thesis, the papers listed in this thesis as V and VI have the 
same level of disciplinarity as Paper G (both transdisciplinary and interdisciplinary), where 
joint research work took place between energy science and the disciplines of architecture and 
water. The experts involved were staff from TVAB and ELGOCELL (which produces
shallow buried, low-temperature, plastic piping solutions for DH networks placed in a foam
box).
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When the area for knowledge generation is expanded in working mode 2 by collaborations 
outside one’s own discipline, the challenge is to step out of the comfort zone, involve people 
with different perspectives on the research and be open for feedback and opinions from 
different stakeholders. Leaving one’s own comfort zone will generate benefits such as the 
confidence to believe that the research is relevant and the opportunity to find new cooperative 
partners and, through that, new research questions [13].

In participatory research, there is a trade-off between which stakeholders to include or 
exclude, what criticism from the involved actors should be taken into account, and which part 
of the research should result in an action and which part should remain at the analysis stage. 
By mastering this balance, good participatory research can be achieved. Surveys, interviews, 
document studies, dialogue seminars, focus groups and participatory observations can be used 
as working tools in order to fulfill this. The questions that have to be highlighted throughout
the research, determining whether the research is participative or not, are: Research on?
Research for? Research with? [13]
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Mastering the balance in participative research can sometimes involve acting as a hub. When 
tasks run in parallel for different stakeholders, information has to be delivered and feedback 
has to be gathered to progress the research. The vision within the research is to be responsive 
to all the different stakeholders, have continuous dialog to facilitate information exchange and 
try to create the best research out of the different interests of the stakeholders. Researching
DH is indeed participatory and, when considering the questions relating to participatory 
research highlighted before, the answers for the main papers (A – E) are:

Research on: The DH system in the town on Kiruna.

Research for: All involved stakeholders.

Research with: All involved stakeholders and all collaborating academic
disciplines.

$�'	 �������#	����!�	
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The energy companies in Sweden that operate a DH system use hundreds or even thousands 
of hours of consultants’ time each year investigating different problems. This gives them 
greater understanding and knowledge regarding their own areas. Some collaboration and 
knowledge exchange between different energy companies has been identified but is, in 
general, found to be very restricted.

Research with objectives involving DH often uses a case study of an existing DH system to 
provide material for conference or journal papers, which are later published in conference
proceedings or a research journal. The majority of research papers are published in closed 
journals, which charge a relatively high yearly or monthly fee and which are of no interest to
the energy companies. This implies that research carried out often only reaches the involved 
stakeholders, so the wider energy industry does not benefit as a whole.
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Research councils and organizations occasionally fund DH research. The Swedish energy 
agency and DH sector together financed a 10-year research program into DH, district cooling 
and CHP production. The knowledge produced from this type of program is hard to find so, in
order for an energy company to be updated with the latest advice and insight, an active and 
continuous collaboration with researchers or councils is required.

The 4DH research center [15], based in Denmark, is a collaboration between universities, 
industry and the public sector, working for development and implementation of fourth
generation DH. They organize an annual conference at which academic work and research is
presented. It is an open conference which allows energy companies and other stakeholders the 
opportunity to learn the latest developments from within the field.
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By carrying out interdisciplinary and/or transdisciplinary research, merging and expanding the 
knowledge from separate areas of the research field, the work and results will reach a wider 
academic audience.

The involvement of several interested parties in the research work will hopefully encourage 
the assimilation of the results and a further dissemination to other potential collaborators.

$�)	 �������#	��"	���	��/����%��	
With a focus on DH, the aim of this work was to increase knowledge relating to DH systems 
with complex network structures, using multi-site, multi-source heat production methods, at 
the start of a large network expansion.

The research objectives are a part of the framework including the energy issues related to
urban transformation. As a starting point, the current DH system for the town, situated in a 
sub-arctic region, was considered, and from that, the following research objectives were 
created:

•� To develop knowledge by analysis of complex DH networks, identifying physical
phenomena that occur.

•� To develop knowledge of optimization of heat generation in multi-site, multi-source 
complex DH networks and when there is an expansion of the network.

•� To develop knowledge about the role of DH in energy related scenarios and the 
challenges in the future energy system.

A further aim was to carry out industry-oriented research where the variables used 
corresponded to those used by the companies, thus generating more relevant research results 
that were easily communicated. Several completed studies within this field have used 
simulated data or extrapolated general data, but this research aimed to, as far as possible, use
measured or real data, and information from relevant staff.
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A review of relevant previous work is presented in this section, with further analysis of the 
state of the art described in each appended paper in this thesis. The different contributions are
presented in alphabetical order in each sub-section, except if there is an interdependence 
between different works.
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A number of studies were found where the objective was to optimize the heat generation, with
economic factors being the main concern.

Barbieri et al. [16] used an evolutionary algorithm for optimal sizing of multi-source energy 
site equipment by using six decision variables for each individual. Every generation contained 
500 individuals with 300 generations set as the upper limit, a crossover fraction of 0.8 and the 
10 best individuals picked as elite solutions. To evaluate the different individuals, a site 
simulation model was used, analyzing four separate cases in five different cities (three in 
China and two in Italy).

Burer et al. [17] carried out a design optimization for a cooling and power generation plant
that supported a small DH system consisting of a superstructure with several different pieces 
of equipment for heating and cooling. In the description of the optimization process, the
authors discussed a newly-developed method for multi-objective optimization called an 
“evolutionary algorithm”, which was considered robust and effective for nonlinear, non-
continuous and mixed real integer problems. Other optimization methods described included
the opportunity to find different Pareto fronts (multi-objective analysis), giving a set of 
solutions instead of a global single optimum.

Fang and Risto [18] carried out a cost optimization for heat generation in a dual heating 
source network by using a genetic algorithm, where the supply temperature from both sites
and mass flow from one site were the variables. The applied network consisted of a tree 
structure with three connections and user nodes, where the heat demand was determined by a
forecast model. It was concluded that, in sparse networks, thermal losses represent the 
dominating term in the total cost, resulting in a lower supply temperature from the heat 
production sites and higher water mass flow rates in the pipes. The opposite was found to be 
true for dense networks.

Henning et al. [19] comprehensively described the MODEST framework, which was used for 
energy system optimization to find minimum system costs (related to heat production and/or 
environmental impact), where the levels of model detail could be chosen. MODEST is 
considered quasi-dynamic, which allows the use of several time periods or linked sub-periods. 
The model and time step correlation were formulated and solved as a Linear Programming 
(LP) problem. If a more accurate solution is needed then MILP is preferred. The DH network 
was represented as one sink node in the framework, containing both the heat demand and 
thermal losses.

Holmgren and Gebremedhin [20] developed a DH LP model in MODEST for minimizing the 
system cost and CO2 emissions over a 10-year period, by analyzing eight different cases 
where a waste incineration plant and usage of surplus heat from industry was used. The 
system cost was specified as the operation cost for all plants (fuel with taxes, operation and
maintenance cost), and new installation costs (capital cost, discount rate and duration time for 
site equipment), with the production of electricity being considered as revenue.



���
�

Jiang et al. [21] developed a Group Search Optimization (GSO) population-based optimizer 
algorithm to optimize the daily operation of a DH station with four energy sources (wind,
solar, electricity and natural gas) with the objective of minimizing the usage of fossil fuel. As
a comparison, a case of a small-scale embedded residential gas-fired boiler was optimized, 
which is currently the most common form of heating system. The heating network and end 
users were both considered but only thermal convection losses were taken into account for the 
DH pipes and a volumetric heat index was used for determining building heat demand.

Morvaj et al. [22] found the Pareto front for minimizing the total cost (building heat source 
and network installation) and CO2 emissions over a 20-year period for an area network of 12
users. When specifying the allowed limit for CO2 emissions, a different network layout was
found to be best. When reducing the CO2 limit, the number of buildings connected to the DH 
network increased. The network was modeled as a MILP problem which was solved by using 
CPLEX; the calculation time using a standard computer was more than 4 days.

Pirouti et al. [23] tried to optimize the operating strategy of a DH network by using PSS 
SINCAL and explored different combinations of flow rates and supply temperatures in order 
to minimize annual total energy consumption and costs. The DH network studied had a simple 
tree structure including one heat production site and seven user clusters. The results showed 
that a variable temperature and flow operation is favorable.

Wang et al. [24] analyzed three different locations for a peak load boiler – at the main plant, 
at a geographically central position and at a peripheral position within the network (i.e. at a 
distance from the main plant). For the two last locations, the pipeline diameters were adjusted 
according to the case-specific hydraulic conditions. For valuation, the network investment 
cost and electricity consumption were calculated and showed that a peak load boiler should be 
placed close to users requiring dense heat loads. However, if electricity from CHP generation 
can be used, the peak load boiler should be placed on site.

Åberg and Widén [25] described a Fixed DH Model Structure (FMS) with the aim of 
minimizing the fuel cost. The overall aim was to create a simple but representative model by 
using as little input data as possible. For this, MATLAB was used with the model being
described as a LP problem; for more complex systems, the use of MILP is preferred. The heat 
delivered to the network was represented as one node in the model, where the total heat 
demand was summed, together with an efficiency factor to account for the thermal losses.
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There are a limited number of papers that focus purely on DH network representation. Most 
focus on simplifications to network structures to produce faster calculation times for the 
models. Thermal network losses have, in the past, been analyzed to a small extent, largely due 
to a lack of interest by network owners.

Bohm et al. [26] analyzed the thermal losses of buried pre-insulated DH pipes during normal 
operation, by using heat flux in situ sensors. They reported that the period between April and 
September is the best time of the year for heat loss measurements, due to small thermal 
gradients in the ground and a stable water temperature in the network. They plotted a graph 
that showed the network thermal efficiency as a function of the line heat demand and annual 
heat losses, concluding that a DH network with low heat loss percentages does not necessarily 
have a low heat loss in absolute terms.
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Bohm et al. [27] described how the heat loss coefficient can be calculated for different types 
of polyurethane foam. The results showed a large difference over time and between each foam 
type. Furthermore, different pipe configurations were analyzed. A distribution pipe with an
egg-shaped insulation casing could reduce the heat losses by 37% and investment cost by 
12% (compared with a pair of single pipes). For service pipes, a configuration with three 
pipes within the same casing could reduce the heat losses by 45% compared with a pair of 
single pipes, and 24% compared to twin pipes.

Dalla Rosa et al. [28] stated that the thermal losses for a DH pipe are mainly dominated by the 
insulation. The soil thermal resistance, the pipe wall and convective heat transfer have a
negligible influence. Analyzing annual average DH temperatures revealed a 1°C heating of 
the soil to a distance of 0.2 – 0.3 m from the pipe center; at distances greater than 0.5 m, the 
effect is less than 0.5°C. It was found that a twin pipe design that reduces thermal losses can 
be established by using a vertical pipe alignment, and centering the supply pipe within the 
casing. This is valid for small twin pipes but for larger twin pipes, the supply pipe should be 
level with a constant distance to the return pipe.

Dalla Rosa and Christensen [29] optimized the heat delivery in a DH network in Denmark, by 
configuring the pipe diameters using a constraint on maximum pressure drop. It was stated 
that the water temperature had a larger impact on thermal losses than the pipe diameter, as a 
lower temperature drop reduces the mass flow and necessary pumping work when more heat 
is conserved. If the most energy-efficient design is used, the primary energy use can be 
decreased by 14% and thermal losses could be halved.

Kemal et al. [30] carried out an overall energy and energy loss evaluation for a pipeline and 
reported that an increased insulation thickness up to 20 cm gave the largest reduction in 
thermal losses, and that the losses were large and primarily affected by the water temperature. 
In the paper, the trade-off between energy and energy loss was related to lowering the supply 
temperature, since it would result in a higher mass flow that would result in more pumping 
and a higher cost.

Larsen et al. [31] detailed the calculation routine that would become the Danish method for
representing a DH network, where the real network structure is transformed into a linear 
structure. The simplifications of network structure are achieved by collapsing small linear 
segments into bigger segments. However, it appears that the linear transformation method is 
not feasible for networks containing loops. It was shown that the size of the representation of
the network could be significantly reduced yet still simulate a realistic temperature 
approximation. Regarding thermal losses, it was stated that they should be kept to a minimum
by reducing the supply temperature from the heat production sites, with a trade-off with
pumping requirement. For calculation of the thermal losses, the inlet temperature was used for 
the whole pipe. An increasing network aggregation will, however, generate a growing 
mismatch in the thermal losses.

Gabrielaitiene et al. [32] compared the Danish method and the commercial software TERMIS 
by modeling the temperature dynamics of a DH system in Denmark. The main difference was
in the estimation of the heat losses because the Danish method accounted for the accumulated
heat in the pipes, which is ignored in TERMIS. Furthermore, the Danish method calculated a
heat loss coefficient based on the thermal resistance method and the influence of the both 
supply and return pipes. As this approach was missing in TERMIS, the estimated coefficient 
was used in order to ensure the same conditions when comparing the methods. It was 
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concluded that the difference between the outcomes was not significant for small and slow 
temperature increases, but pronounced when the flow rate variation was larger.

Loewen et al [33] wrote two German-language papers about a structural simplification 
method for DH networks, which was later referred to as the German method, and described a
case study where a computation time reduction of 85% was possible. The method can treat 
networks containing loops, but with a change to the graphical structure.

Larsen et al. [34] compared two different DH network simplification methods, termed
“Danish Method” and “German Method”, in which small branches in a network are merged 
into bigger branches. The German method is able to deal with the loops in the network by 
using different transformations. It was shown that both methods work well, but more 
simplifications can be applied to the network by using the Danish method while the error is 
the same as that obtained using the German method. It was further stated that both methods 
have drawbacks regarding the thermal losses, with the Danish method generating a heat loss 
difference between the physical and aggregated network, and the German method creating 
negative loss efficiencies in aggregated loops or branches.

Sartor et al. [35] connected two models (one for a CHP plant and another for a DH network) 
for evaluation of three different configurations, where single building heating was compared 
to a centralized heating source with a network distribution. The modeling was far more 
detailed for the plant than for the network of the simulated system. For the heat losses, a 
thermal resistance schema was used and it was stated that a temperature reduction of 40°C 
would halve the thermal losses in the heat transport. The case study showed that heat from a 
DH network is cheaper than if single building boilers are used, even when taking the network 
heat losses into account.

Stevanovic et al. [36] developed a method for predicting the thermal transients in a DH 
network. The simulation was based on the numerical solution of partial differential equations 
describing the spatial and temporal evolution of the temperature of the hot water in the pipes. 
The authors mentioned that a similar function was implemented in TERMIS, but no numerical 
description was available for comparison. Their method was applied to a tree structure 
network for validation against measured data; the results showed good agreement.

Wang et al. [37] presented a method of steady-state thermal simulation within a DH network 
that was based on a matrix approach to the description of network topology. The case study 
described in the paper was a DH network with a structure featuring one large ring. The
parameters determining thermal losses in the model developed for this case study were
calibrated using a genetic algorithm to match the experimental data. The steady-state
simulation of the network relied on the solution of a system of equations, expressed in matrix 
form, describing the enthalpy balances at network nodes only.

'�'	 0��&�� 	����*���	���	����!�	
Over the last decade, research has advanced in this area such that a more complete view of a
DH system can be analyzed, even using a standard computer due to the increased computer 
calculation capacity.

Ancona et al. [38] developed in-house software for the design and analysis of DH networks, 
based on a matrix representation of mass and enthalpy balances at network nodes. The matrix 
system of equations was then solved with an iterative procedure (the Todini-Pilati algorithm) 
to obtain the mass and heat flows in the pipes. In their paper, a tree structure network was 
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used for validation, and also modeled with the commercial software TERMIS for comparison 
of the simulation results.

Ancona et al. [39] estimated the thermal load profile for a three-structure network with 34 end 
users, and described two case studies where the heat consumption was highest in January and 
lowest in October. The in-house software was used for generating a network design for the 
two cases, with the criterion that the temperature drop for the consumers was fixed. The 
annual thermal losses and pumping power was simulated and compared, and a net present 
value for the two cases was calculated by varying the electricity price.

Bordin et al. [40] focused on the development of a decision-making support system for 
finding potential users of an existing DH network, by using graph theory and integer linear 
programming (ILP). A case study network was analyzed where two sets of scenarios were 
considered. In the first scenario, the length of time of connection was varied (5 and 10 years).
In the second, the plant capacity was varied (unlimited and a reduction by 25%) along with
the number of user connections (half of building stock and unlimited). It was concluded that 
there is a general need for further development of DH models including meshed networks and 
multi-source heat production.

Chinese and Meneghetti [41] created a MILP model with the aim of maximizing the annual 
profit, which was calculated as the sum of the revenue from the sale of heat to the end users,
connection fees and cost for additional network parts such as pipes (the same cost is used for 
all pipe diameters) and boilers. A case study was carried out on a small DH system where the 
yearly heating period was set to be from mid-October to mid-April with a daily maximum 
heating time of 14 hours. The total heat demand was found by applying a volume-based heat 
loss coefficient (both for losses that occur due to transmission and air change rate) for each 
building with the heat required for hot water production being added in.

Dalla Rosa and Christensen [42] analyzed a low temperature DH system and concluded that 
its robustness and reliability for heat delivery was most economic for a lower level of line 
energy density. Furthermore, it was paramount to include human behavior in the analysis, as
some behaviors could increase the demand for heating by 50% and the heating power required 
by 60% for a standard energy-efficient building.

Fazlollahi et al. [43] introduced a complex layer structure optimization for different resources, 
conversion technologies, network sizes and energy services by using an evolutionary 
conventional method which was less sensitive to non-convergence problems. The objective 
was to minimize the total operation and environmental costs for an existing energy balance 
and cascade for a case study region. Four scenarios were studied and for two of them, three 
optimal cluster configurations were found. It was further found that the annual operating cost 
could be reduced by almost 30% and a higher thermal efficiency obtained using an 
optimization procedure that selected the resources, chose decentralized versus centralized heat 
production technologies and configured the piping network.

Guelpa et al. [44] published a paper on the optimal operating conditions of DH networks with 
a special focus on the role played by the power required for pumping hot water from the heat 
production sites to the end user. Assessing this contribution to the overall primary energy 
usage requires detailed simulation tools that evaluate the flow distribution and the pressure 
losses in a network having a complex meshed topology. Therefore, a method based on POD-
RBF was proposed to reduce the computational time while maintaining an acceptable 
accuracy. The test case proposed was the largest meshed DH network in Italy, and the 
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reduction in computation time compared to a genetic algorithm method indicated that this 
approach could be used as an effective tool for creating network control strategy for normal 
and abnormal conditions.

Haikarainen et al. [45] used a MILP technique for optimizing the structure and the operation 
of a DH network. The decision variables considered were the types of fuels, the technology, 
the location of the heat production sites, the layout of the distribution pipes, and the capacity 
and location of heat storage utilities, in order to discover the optimal conditions from an 
economic or environmental perspective. A simulated urban area was used as a test case, the 
network layout (and its expansion options) having essentially a tree structure. The 
methodology may not be easily applicable to problems of more realistic size, due to the use of 
binary variables to represent network structure alternatives and the linearization of some key 
physical relationships to allow the optimization to be solved using MILP.

Jing et al. [46] used a genetic algorithm to find optimal network pipe diameters and compare 
the difference between variable speed pumps and conventional central circulating pumps,
with the objective function to minimize the annualized investment cost, depreciation and 
maintenance cost, heat loss cost and operational cost of pumping work. As a case study, a
small tree structure DH network was used, which consisted of 15 pipelines and substations. 
For the two cases, optimal pipe diameters were established and the results showed the same 
configuration, except for two pipes where variable speed pumps used a smaller pipe. The use
of distributed variable speed pumps reduced the annual cost compared to conventional pumps.

Koiv et al. [47] proposed a probabilistic method for determining domestic hot water 
consumption for buildings. Combined with the building heating load, thermal losses, pumping 
power and pipe costs, an optimization of pipe diameter was carried out. The method was
applied to a network with a tree structure comprising ten users and one heat production site. 
Compared with traditional methods of dimensioning, it was concluded that a reduction in 
network construction costs, boiler costs, pumping costs and thermal losses was possible.

Li et al. [48] used the Ebsilon software to simulate in detail a CHP plant and then created a
multi-scale simulation of a low temperature DH network. Customized models were developed 
using the Ebsilon platform for the elements of the network such as heat exchangers and pipes. 
However, the case study covered a hypothetical network with a very simple tree structure,
connecting six user areas to the CHP plant. It was stated that the seasonal energy efficiency, 
pumping work and thermal losses was improved with a low design supply temperature.

Mertz et al. [49] proposed a mixed-integer nonlinear programming (MINLP) formulation for 
the optimization of the structure and the technologies involved in the design of a DH network, 
minimizing the total costs evaluated over 30 years. Their method tested three different 
scenarios, made up of very simple academic cases characterized by two heat generation sites 
and four consumer areas. The first study revealed a cost reduction when using a looped 
network where the end users were cascade-connected, the second study found that optimal
heat production locations were dependent on price level and heating capacity, and the third 
study described the importance of reducing supply temperature for lowering the thermal 
losses.

Pengfei et al. [50] questioned the current recommended pressure drop levels when designing 
DH networks, that is 30 – 70 Pa/m in China and 100 Pa/m for a large part of Europe. A case 
study network was optimized, using five temperature levels and four operating strategies. The
objective was to minimize the total annual costs for pipe investment (pipe diameter, length, 
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material, insulation thickness, construction and installation), and operating and maintenance 
(repair, depreciation, management cost, labor cost and heat distribution cost (heat loss and 
pumping cost)). The results showed that an operating strategy using variable mass flow rate is 
preferable to a constant flow rate. It was also found that, for each operating strategy and level 
of outdoor temperature, there was an optimal pressure drop level.

Tol and Svendsen [51] carried out a comparative investigation into different design scenarios 
for a low energy DH network with sub-central units serving a district of Roskilde (Denmark). 
Among the considered solutions, the choice between a branched and a looped topology was
analyzed together with optimized pipe dimensions. The authors observed that a branched 
topology only allowed a unidirectional flow from the heat source to the user areas, while a 
looped topology provided greater reliability of the supply although the direction of the flow 
was determined by the dynamics of the consumption in the user areas. The simulations of the 
two network layouts were carried out using the commercial software TERMIS.

Wu et al. [52] used three different heating scenarios with five buildings (a store, hotel, 
apartment, office and hospital) where the objective function was the weighted trade-off
between economic and environmental aspects. In the first scenario, each building used a
conventional heating system with the electricity demand met by the utility grid and heat 
demand met by a gas boiler. In scenario two, a heating network between the buildings was
integrated. In the third scenario, a thermal storage tank was added to each building. For 
optimization of each scenario, MILP programming was used. Scenario two resulted in an
optimal piping layout between the buildings.
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In order to evaluate the thermal indoor climate, Computational Fluid Dynamics (CFD) has 
been used in a number of studies. CFD uses computationally-intensive software to run
detailed analyses.

Chinag et al. [53] carried out a CFD simulation of an existing office space with radiant 
cooling of the ceiling and a mechanical ventilation system. This room was also used for 
model validation. The simulation showed clearly different cooling patterns dependent on
whether the room was occupied or not. A fully occupied room with radiant cooling covering 
60% of the ceiling area and no air exchange could not reach an indoor temperature of 18°C.
By supplying a small amount of cooled air significantly reduced the indoor temperature, with 
an even better effect being achieved by supplying the air at floor level.

Fanger and Christensen [54] created a draft chart where the percentage of the population
dissatisfied with the indoor climate was found to be a function of mean air velocity and 
temperature. One hundred people (an equal number of males and females) were tested in a 
draft chamber, and data collected on the test subjects’ reaction to different draft conditions.
No significant difference in their reactions could be found between the genders. It was found
that the head region was the most draft-sensitive part of the body and that further work should 
include human sensitivity to air turbulence.

Fanger et al. [55] developed an empirical expression for predicting the percentage of a 
population that would be unhappy in drafts, being a function of turbulence intensity, air 
temperature and velocity. Two group of 25 males and females were exposed to various air 
movement scenarios in a test chamber in order to find the correlations between the different 
variables. It was also found that the impact of turbulence was the major reason for perceived 
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unpleasant indoor climates and that it should be part of the standard used for evaluation of the 
indoor climate.

Karlsson and Moshfeg [56] combined CFD and building simulation software to evaluate
energy demand and indoor climate in an existing well-insulated terrace house which was also
used for validation. Nine cases were studied in terms of heating and cooling demand, indoor 
temperature and a percentage level of population dissatisfied with the indoor climate. The 
results suggested that the occurrence of overheating during the summer could be mitigated
with an effective ventilation system but, in warmer climates, there was a need of a cooling 
system.

Karlsson and Moshrfeg [57] used a holistic approach for whole-building CFD simulation of a 
well-insulated existing building, which was also used for validation. Four cases were
considered: summer, winter and an autumn scenario where two air flow rates were modeled,
all accounting for the additional heat from four people, and a TV, fridge and freezer. Only 
small temperature variations and rather low air velocities were found, but the importance of 
even heat distribution was noted. The results also showed that a relatively small heat load 
resulted in a local temperature increase and a system for removing excess heat was needed.

Myhren and Holmberg [58] used CFD to simulate the indoor climate in two empty office 
rooms during winter with different ventilation systems in combination with four modified
heating systems. For validation, one of the simulated rooms was actually built, and measured
values showed good agreement with the simulated ones. In modern offices with double-glazed
or triple-glazed windows, downdrafts are not an issue as heaters are favorably placed close to 
floor level and under air supply devices.

Risberg et al. [59] carried out a CFD simulation of a simplified low energy building in order 
to create guidelines for full-scale building models. The findings were validated against 
measurements from an existing building. It was found that it was important to include the
effect of radiation (even for small changes in surface temperature). The authors recommended 
that the standard k-ε turbulence be used (numerically stable with accurate results and 
acceptable computational time) and a grid edge size of 0.1 m. A radiator can be simplified as 
a heating surface in the model, generating a lower number of grid elements with no loss of 
accuracy.

Rodrigues et al. [60] generated a number of simulated buildings with one, two and three 
levels, which were then analyzed for a number of different climates. It was shown that 
building shape, by itself, was not enough to determine building energy performance. Relative
compactness and window-to-wall ratio were proposed as more representative indices. The 
authors also recommended that when architects and urban planners compare different design 
solutions, the thermal performance should be included.

Rohdin and Moshfeg [61] explored three different k-ε turbulence models using CFD
simulations of an industrial packaging facility. They found that the renormalized turbulence 
approach agreed best with measured temperatures. Temperature and air velocity distribution 
for summer and winter were simulated using CFD and the annual energy use calculated with 
IDA ICE software. It was observed that a reduction in the airflow increased overall comfort 
and ventilation effectiveness (and, thus, electricity and DH savings).

Rohdin et al. [62] evaluated a set of passive and traditional buildings, built at the same time, 
in terms of energy use and thermal comfort, by taking measurements, and by using a post-
occupancy survey and simulation software (IDA ICE and CFD). The concept of draft ratio
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was also introduced, which uses physical parameters for judging the risk of unacceptable 
drafts. In general, the residents in the passive houses were satisfied with the thermal indoor 
comfort. It is worth noting that some residents commented about cold floors (especially on the 
ground floor), and high indoor temperatures during the summer (no blinds are installed); a
wider temperature range was observed compared to the conventional buildings.

Shahid and Naylor [63] analyzed horizontal venetian blinds for single-glazed and double-
glazed windows by using CFD simulation. Validation was achieved using data for convection 
and heat transfer reported in literature. A table of results was presented for two tip-to-window 
distances in combination with four blind angles and their resulting thermal performance. The
blind tip-to-window spacing was found to have a significant effect on the energy performance 
of the window.

Sorensen and Nielsen [64] comprehensively described several aspects of modeling indoor air 
movement and temperature distributions by using CFD. Different turbulence and boundary 
conditions were discussed together with the choice of different scheme and grid sizes. Finally, 
several recommendations were made both for carrying out simulations and reporting results 
from CFD simulations.

Zhai et al. [65] extensively reviewed turbulence models used for CFD simulation for air 
distributions in enclosed environments. They highlighted both positive and negative aspects 
of the different approaches. Turbulence models were classified and divided into 
subcategories, for each group, of model type. The authors suggested the best approach for 
such simulations.
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As large amounts of data can now be visualized graphically, a holistic overview can be
generated to support decision-making. By combining different parameters, other aspects of 
the data can be analyzed.

Caputo and Pasetti [66] showed that, in order to create effective municipal energy plans, the 
availability of energy data and awareness of energy usage are the basis of effectively 
implementing measures to reduce energy use in the building stock. However, the authors 
highlighted organizational issues and problems with interoperability and data collection. Also,
there is no common model for gathering knowledge of the building stock and no obligation
for municipalities to make energy plans. The authors proposed a new strategy, requiring a
concerted effort at both national and local levels, to gather all the required data into a new 
Municipal Energy Model (MEM).

Swan and Ugursal [67] classified the approaches for modeling energy consumption in the 
residential sectors as top-down or bottom-up. The top-down approach treats the entire 
residential sector as one energy sink. The bottom-up approach adopts two methodologies (the 
statistical and engineering methods) for extrapolating the energy consumption for a 
representative set of buildings at a regional or national level.

Kavgic et al. [68] described top-down and bottom-up approaches for modeling, and critically
analyzed the bottom-up approach by analyzing nine case models. Several shortcomings were
highlighted, a major one being the lack of transparency and quantification of inherent 
uncertainties. However, they reported that the bottom-up approach can quantify the impact of 
different combinations of technology.



�	�
�

'�+��	 ��%����"���	��	$�1'�	"�����	��	����!*	���	
Agugiaro [69] presented a semantic 3D city model based on the CityGML standard. The 
model was based on sub-optimal datasets in order to estimate the energy performance of all 
residential buildings and thus obtain a city-wide energy mapping. The estimation could be 
further improved by using better and more updated datasets. The process required a 
significant amount of manual work and could not be entirely automated since some of the 
datasets had issues with quality.

Caputo et al. [70] developed a method for characterizing the energy performance and 
evaluating the effects of different strategies on the built environment in a city or a 
neighborhood. The main phases involved the collection and analysis of available data for the 
built environment and the implementation of a city building database. The city of Milan was
used as a case study to test the developed method.

Carrión et al. [71] proposed a method for estimating the energetic rehabilitation state of 
buildings using an automated process, based on the Feature Manipulation Engine (FME). 
Their virtual 3D city model included measured energy data in order to determine energy-
relevant characteristics of the buildings, such as the volume, the assignable area, the building 
type and the surface-to-volume ratio (S/V). With the help of evaluated characteristics, the 
energy performance in kWh/m2 and energy use could be estimated for other buildings and 
their rehabilitation state could be derived.

Dall’O’ et al. [72] developed a city model using the available documentation for the building 
stock, such as cartographic information, thematic maps and geometric data, in a medium-sized 
town. Building energy performance data were collected using energy audits on 93 sample 
buildings using a statistical approach, and were then compared with the actual use of energy. 
The GIS integration of data allowed a comprehensive framework to be constructed for the 
visualization of the energy performance of the building stock in 2D, although a great deal of
manual work was required to integrate the building and energy audit information.

Fonseca and Schlueter [73] presented an integrated model for 4D visualization of energy 
consumption in city districts and neighborhoods. The model was optimized for use at
neighborhood scale but could be applied to larger urban areas such as whole cites. The 
authors concluded that the 4D visualization could be a catalyst for discussions of urban 
planning and could allow a more intuitive description of energy use phenomena in buildings.

Hong et al. [74] investigated the visualization of monitored energy data using the 3D GIS tool 
Google Earth. They highlighted the need for data integration in the monitoring, diagnostic and 
retrofitting phases of a building. The article did not specify how the data aggregation and 
integration should be carried out or the potential for automation, or which stakeholder or actor 
should use the proposed platform.

Howard et al. [75] created a 2D model of the energy use (kWh/m2) in the New York City 
building sector for space heating, domestic hot water and electricity for cooling. They
concluded that energy models of urban patterns of demand could be used by planners and 
policymakers to identify methods of developing a future urban energy infrastructure 
complying with the local energy efficiency and emission targets.

Kaden et al. [76] proposed a method of estimating the city-wide total energy demand of
buildings, using statistical data and a 3D city model. The study concluded that CityGML is 
suitable for such estimations, where building surface, volume and story height are specified. 
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In addition, data for building age, height and usage were combined to produce an improved 
energy calculation.

Lee [77] presented a multiple objective output method, using fuzzy measures and fuzzy 
integrals, to find the energy performance for a number of office buildings in Taiwan for the 
months August and September. The method included heated floor area, temperature, number 
of occupants, rain hours, and was suggested as being an efficient alternative method for 
evaluating and ranking the energy performance of buildings.

Mattinen et al. [78] presented a GIS method for estimating and visualizing the energy use and 
greenhouse gas emissions from a residential building stock, using a bottom-up approach. The 
generated maps showed variations in emission intensities, both correlated to building sizes 
and year built, and indicated that emission hot spots were located in areas with many single-
family houses. Furthermore, the authors stated that the method could be used for evaluating
the emissions reduction resulting from different energy measures and behavior changes.

Ratti et al. [79] combined methodologies from digital elevation models (used in an urban
scale context) and models used for building energy consumption calculations to evaluate
energy generation simulations over extensive urban areas. The results showed that urban 
geometry has a relatively small effect on energy consumption compared to the impact that can 
be attributed to system efficiency or users’ behavior.

Singh et al. [80] analyzed residential building stock using survey data, including information 
on various parameters such as a building’s age and structure, type of heating system, the fuel 
used, building insulation, energy use etc. The goal was to identify residential areas with high 
energy use and propose measures, such as increasing the insulation, to make the buildings 
more energy efficient. The areas were visualized at the district level in a 2D GIS environment, 
but the values presented were based on detailed information at the building level.

Strzalka et al. [81] compared two models for predicting the heat energy demand of a whole 
city block. The more detailed model showed a better agreement with measured data. The 
heating temperature set-point was found to have a strong influence on the building modeling
the smaller the building was. It was concluded that 3D city models are useful for urban scale 
simulations but that the models need to be semantically enriched using a specific method (e.g. 
CityGML).

Tornberg and Thuvander [82] presented a GIS model of the energy use per unit of floor area 
in Gothenburg (Sweden), using data from real estate companies and aggregated district-level 
data from the local energy supplier for the period 2000 – 2001. The energy data from the three 
real estate companies were limited to 680 buildings, so a statistical approach was developed to 
create a more complete model using complementary data from Statistics Sweden and building 
data from the Swedish national survey. However, a good deal of manual work was still 
needed in order to aggregate and integrate the data in the GIS model.
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Dall’O’ et al. [83] analyzed existing building EPCs, made necessary by the European 
Directive EPBD. In many countries, the EPC datasets are managed centrally using an energy 
cadaster, allowing the information in the archives to be used for various purposes. By using 
EPCs that provide individual information on a building’s energy performance, a flexible 
method was developed by the authors for categorizing and sorting building stock to allow for
performance evaluation.
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Fabbri et al. [84] saw the EPCs as an opportunity to observe and statistically analyze the 
energy performance of entire zones of a city instead of only single buildings. This could be 
used as a way to support both bottom-up and top-down model approaches. Furthermore, the 
GIS map projection offered a good data model for the evaluation of energy indicators and the 
energy characteristics of buildings related to city, town or district. The map projection is a 
tool to combine several types of building data. However, automated aggregation or
stakeholder use were not discussed in the article.

Mangold et al. [85] stated that the data in the EPCs were useful for describing the energy 
performance of the building stock. The data quality was evaluated and the authors proposed
improvements, especially in the estimation of the heated area, the so-called A-temp, of 
buildings. Stepwise regression analysis was carried out on the EPC data and a set of A-temp 
equations was presented, according to building type, age and whether there was a basement.

Wahlström and Hårsman [86] described the EPC as a document with various attributes, but 
several issues were found and proposals for data quality improvement were presented. Three 
additional sets of data were added to the EPCs, showing what socio-economic information 
influences energy use (i.e. size of family, age of householder). By combining the EPC with 
data from other sources, knowledge about the energy performance and conservation of the 
building stock could be obtained.
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The state of the art of DH research continuously progresses and has, over the last decade,
become more complex. At the beginning of this millennium, the focus was towards
mathematical descriptions of network modeling and network thermal losses. By the second 
decade, more complex issues such as nonlinear optimizations and complete network 
descriptions have emerged involving heat production and network design.

Papers about heat production optimization often describe simple network configurations or 
DH models that are based on simplified assumptions, so they do not require any advanced 
network simulation tools. Different approaches have been used for finding the optimal heat 
generation, the most common ones being linear programming, which is fast and guarantees 
finding the global optimum, and for nonlinear problems, evolutionary algorithms which have
proven to be useful but are time-consuming and do not guarantee finding a global optimum.

Papers that describe a DH network often take into account the thermal losses that occur when 
heat is transferred from production sites to the end users. There are a number of ways in 
which heating losses are treated in different papers, from descriptions of pure thermal losses 
to how such losses are implemented in DH network modeling.

Published papers about DH network analysis and design mostly focus on simple tree structure 
networks and their optimal design. The papers do not include any deeper analysis of the 
networks’ behavior. There is a lack of literature about flow pattern analysis for meshed
networks and the problems related to the simulation of mass and heat flows in them.

In the research, there are a number of pieces of software described that deal with network 
simulation. Both NetSim [87] and COMSOL [88] are both worth mentioning. They were
developed while this research work was being carried out, for modeling large networks with 
high levels of complexity, and have been shown to be excellent for research.
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Different visualization techniques with various applications are presented in this thesis that 
help the evaluation and support in decision-making. These techniques range from handling 
single room simulations up to showing selected energy-related issues for entire cities.

It has been generally concluded that CFD is a suitable tool for the simulation of air 
temperatures and velocities for single rooms up to complete buildings, when evaluating the 
indoor thermal climate. To help with the setup of such simulations, there are a number of
papers that recommend the choice of turbulence models, grid size and boundary conditions. In 
addition to existing measures for thermal climate, the concept of draft ratio has been
introduced, which is a more complex way of determining the quality of the indoor climate.

In studies of urban environments, the use of GIS-based city models in both 2D and 3D has 
become increasingly popular for visualizing the energy performance of individual buildings 
up to aggregated districts, based on either measured values or energy audits. EPCs are
considered to be a potentially useful data source for statistical and performance evaluation 
and, in combination with other parameters, could be suited to visualization techniques. City-
wide models of the energy performance can be used to help energy managers with 
communication and support for decision-making, and to encourage end users to adopt energy 
saving measures. However, the creation of these models requires the collection, aggregation 
and integration of large amounts of data with many different file formats from various
sources. The process of aggregating and integrating this information requires a great deal of
manual work, with the risk of errors.
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This section gives a brief summary of the five main tools that were used for answering the 
research questions and aims stated in the introduction. A section about data collection 
describes how data related to the research was gathered. The research was based on well-
known principles and methodologies, with Matlab/Simulink being used for process 
integration of the DH system in combination with MILP and evolutionary optimization. With 
regard to visualization, both CFD and Extract Transform Load (ETL) with Feature 
Manipulation Engine (FME) were used in this research, with CFD being used to study a
single building unit, and FME used for an entire town.

)��	 �������	����!������	
The broad definition of “process integration” given by the International Energy Agency in 
1993 is as follows:

“Systematic and general methods for designing integrated production systems, ranging from 
individual processes to total sites, with special emphasis on the efficient use of energy and 
reducing environmental effects”.

Process integration therefore refers to system-oriented and integrated approaches to the 
analysis of energy systems in order to optimize them according to energy-related, economic 
and environmental criteria, often considering several of these aspects at the same time. 
Approaches that can be used in process integration include Pinch Analysis [89], Energy
Analysis [90] and Mathematical Programming [91].

The purpose of Pinch Analysis is to integrate heat transfers between the components of 
complex systems, taking into account the heat loads of the thermal streams that need heating 
and cooling, and the temperature ranges at which heat is required or made available. This 
results in the determination of energy targets that are used to compare the theoretical potential 
for the heat transfer with the real heat exchanger network that accomplishes it. Energy
Analysis is used to evaluate system performance in accordance with the Second Law of 
Thermodynamics, comparing the energy quality in the system to that in the resources that are 
used for heat generation. Mathematical Programming is the applied branch of Optimization 
Theory, which is the numerical translation of optimization methods into executable 
algorithms to solve different types of problems.

)����	 ������	����"�,�����	
Optimization problems can be categorized according to the nature of the objective function(s),
the nature of the constraints and the nature of the decision (independent) variables. MILP is a 
widely-used form of constrained optimization technique that searches for the optimal solution 
to problems that are defined with an objective function and by constraints that linearly depend 
on a set of real and integer variables. A MILP optimization problem has the following general 
formulation:

minimize � � � �� �

subject to:
� �� � � 	


 �� � � 	

� � 	� �  	�� �����������

where Z is the objective function to be minimized and h, g are the specified constraints for the 
system. x can be any continuous variable and y is any binary or integer variable. Any 
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nonlinear problem can be reduced to a MILP problem by approximating the nonlinear
functions with piecewise linear functions (with integer variables marking the boundaries 
between linear segments), the advantage being that the search algorithm is guaranteed to find
an optimal solution.

)���$	 0��������	����"�,�����	
There are cases for which the linearization of the objective function and/or the constraints 
does not result in an accurate representation of the real-world problem, or is not possible at 
all. Some type of nonlinear programming approach has to be implemented instead, where the
general problem can be formulated in the same way as for a MILP problem except for the 
binary and integer variable:

minimize � � � �� �

subject to:
� �� � � 	
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Nonlinear optimization cannot guarantee that the global optimum will be found, due to the 
curvature introduced into the shape of the objective function and/or into that of the boundaries 
of the feasibility region defined by the constraints. In fact, traditional procedures searching for 
the optimal solution may become trapped in a local optimum, especially when the problem 
features several of them (e.g. multi-modal problems), while the true global optimum remains 
undiscovered [91]. In order to avoid this, advanced optimization techniques should be used
[92], which are designed to give a better chance of finding the global optimum or at least its 
neighborhood, compared to the traditional methods.

Since the 1960s, genetic, or more generally, Evolutionary Algorithms have been specifically 
designed to overcome this issue. This kind of optimization algorithm has been designed to 
mimic the way in which living beings evolve to adapt to the surrounding environment:

•� Biological individuals correspond to the candidate solutions of the optimization 
problem.

•� The fitness of the individuals to the surrounding environment correspond to the 
objective function of the problem.

•� Biological DNA corresponds to a codified representation of the values of the decision 
variables that characterize a candidate solution.

•� DNA crossover and mutation, which in real life are the mechanisms used to generate 
new individuals, are imitated by random mathematical operators acting on the codified 
representation of the candidate solutions to generate other candidate solutions.

•� Natural selection is imitated by, at the least, partially deterministic criteria to choose the 
individuals that participate in the mating and generation of offspring and/or to choose 
the individuals that survive along the search process.

Unlike traditional optimization techniques, evolutionary algorithms are designed to work with 
a set of solutions (population), which are evolved through the iterations of the algorithm 
(generations), rather than with a single current solution that is updated at every iteration. This 
feature makes them particularly suitable for multi-objective optimization, when the search is
targeted at finding the whole set of best possible compromises between conflicting objectives 
(the so-called Pareto front).
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Figure 10 A flow chart for an evolutionary algorithm [93].

A general flowchart for a multi-objective evolutionary algorithm process is shown in Figure 
10 with the different steps:

•� Reading input file: the optimization starts by reading the input file, describing the 
algorithm and relevant data for the routine.

•� Create initial population: an initial population (generation “zero”) of candidate
solutions is created by randomly choosing the parameter values, within allowed limits.

•� Evaluate and Pareto rank each chromosome: the initial population is evaluated and the 
individuals ranked according to their fitness before the actual iterative procedure is 
started.

•� Create mating pool with most fit individuals: the fittest individuals from the current 
population are used to form a mating pool consisting of pairs of candidate solutions.

•� Perform crossover and mutation on mating pool: crossover and mutation operators are 
applied to each pair to generate one new candidate solution. The crossover operator is 
meant to merge the features of the parent individuals into the new one somehow, while
the mutation operator is used to alter some feature of an existing individual randomly to
explore the search space and avoid trapping the algorithm in local optima.
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•� Evaluate Children: the new candidate solutions (offspring population) are evaluated in 
the same way as the initial population.

•� (μ + λ) selection: all individuals from the current and offspring populations undergo the 
selection process that determines which individuals survive to form the current 
population for the next generation of the algorithm.

•� Max # gens: the procedure is repeated until some termination criterion is met, such as a 
fixed maximum number of generations or some convergence condition.

)���'	 2����3��/����%�	����"�,�����	
In multi-objective optimization problems, a number of objectives that are different in nature 
and usually incommensurable have to be minimized/maximized at the same time. Usually the 
objectives conflict, and their interaction results in a set of solutions which represent the best 
compromises among the objectives (this is known as the Pareto optimal set). Since none of 
the solutions in this set can be considered to be better than the others with respect to all the 
objectives, the goal of multi-objective optimization is to find as many Pareto optimal 
solutions as possible.

In general, a multi-objective optimization problem is defined as:
minimize � � � �� � ���� � � ��� ��� � � ��   !

subject to:

" � � 	� # � ��� � $

Figure 11 shows that the objective function F maps vectors x = (x1; … ; xn) in a region N of 
the decision variable space N to vectors y = (y1; … ; ym) in a region M of the objective 
function space [92].

�
Figure 11 Schematic mapping of multi-objective function vectors between different regions.

The solution to a multi-objective optimization problem is formed by a set of decision variable 
vectors in N (the number of these vectors may be infinite). The corresponding vectors in M 
represent the best trade-offs in the objective function space. These trade-offs are determined 
according to the concept of Pareto dominance, which leads to the following definitions:

•� Pareto Dominance: a vector y in the objective function space is said to dominate 
another vector y’ in the same space if, and only if, all the components of y are less than 
or equal to those of y’ and there exists at least one component of y that is strictly less
than the corresponding one in y’.
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•� Pareto Optimality: a solution x in the region N of the decision variable space is said to 
be Pareto optimal with respect to the whole set of solutions in N if, and only if, there is 
no other solution x’ in N for which y’ = F(x’) dominates y = F(x)

•� Pareto Optimal Set: for a given set of objective functions F : N → M, the Pareto 
optimal set is defined as the set of all the Pareto optimal solutions in the region N of the 
decision variable space.

•� Pareto Front: for a given set of objective functions F : N → M, the Pareto front is 
defined as the set of the vectors mapped by F from the Pareto optimal set to the 
objective function space.

Multi-objective evolutionary algorithms are powerful tools for searching the best 
compromises among conflicting objectives, since they evolve a population of solutions from a 
random initialization to the Pareto optimal set. The search for widely different Pareto optimal 
solutions is not, however, an easy task. The selection mechanism of the algorithm may cause 
premature convergence of the population towards restricted portions of the Pareto optimal set 
or even towards solutions that do not belong to it. Therefore, the maintenance of genetic 
diversity within the population is mandatory in order to find true and diverse Pareto optimal 
solutions [92].

In this research, process integration was used to analyze and optimize the interaction between
the DH network and the different heat production sites (the ones owned by TVAB and the 
waste heat made available by the LKAB mining site) in order to obtain a more efficient and 
less expensive utilization of the primary fuel sources.

)���)	 �������	�����������	����&���	
The simulations of the DH system were carried out in the MATLAB/Simulink environment, 
which has been designed for modeling, simulation and analysis of any kind of dynamic 
system. The software provides a graphical interface through which models are built by the 
user in the form of block diagrams, as shown in Figure 12, which shows the gain and 
saturation of a simple sine wave model being analyzed.

The basic idea is that the block diagram representing the system can be created in a Simulink 
window by selecting, dragging and placing blocks using a mouse in the same way the diagram
would be drawn on paper. Inside each block, some mathematical operations are carried out, so
that a block has a number of outputs, the values of which depend on a number of inputs (all 
inputs and outputs have a corresponding port on the sides of blocks). Arrows connect the 
ports of different blocks and carry quantities (also called “signals”) from an output to an 
input. These quantities/signals are actually seen by the software as numerical values (e.g.
scalars, vectors and sometimes more complex structures).

Simulink has a comprehensive library of predefined blocks that can carry out different types
of mathematical operations, from the very simple to the most complex ones shown (see 
library browser in Figure 12). The user can also customize special blocks and link them to the 
execution of external routines written in the MATLAB language, C++ or Fortran. Blocks are 
organized in a hierarchical way, so some low-level function blocks and their connections can 
be grouped within a particular block, called the Subsystem block, that is used to visualize the 
model at a less detailed level.
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Figure 12 A snapshot of the Simulink environment with the block library browser [94].

The integration between MATLAB and Simulink is virtually seamless, so the user can store 
the results of a Simulink simulation in the MATLAB workspace for visualization and 
successive expansion, execute batched Simulink simulations from MATLAB script files, or
use MATLAB language commands to create and/or modify Simulink models [94].

The discrete model of a complex meshed DH system was built in Simulink in order to 
calculate the distribution of the mass flow rates of the hot water in the piping network. This 
distribution is strictly and nonlinearly dependent on the local pressure and temperature of the 
hot water at piping junctions, which in turn are a function of the pressure losses in the pipes 
(pipe length and diameter), the thermal losses in the pipes (water temperature in the supply 
and return pipes, surrounding ground temperature), the hot water demand of the end users 
(heat demand and supply temperature) and the heat generated at the production sites.

All model data management was carried out using MATLAB, with some scripts loading the 
relevant data into the Simulink model before the simulation and storing the outcomes in a data 
structure afterwards. MATLAB was also used for the visualization of the results by creating 
simple data plots or complex maps of the DH system that showed different physical 
quantities.

MATLAB is the programming language in which the optimization procedures examined in 
this thesis were implemented, both for the minimization of DH network operating costs 
(Paper D) and for the multi-objective cost optimization of network expansion (Paper E). The 
main evolutionary optimization algorithm proposed candidate solutions that had to be 
simulated using the Simulink model of the DH system in order to obtain the necessary 
information to evaluate the corresponding objective function values. The Simulink model is 
therefore tightly coupled to the MATLAB script in which the algorithm is implemented, since 
it receives the values of the decision variables as input and supplies the data required for cost 
evaluations as output.
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CFD is a well-known simulation tool that is used to numerically reproduce the kinematic, 
physical, thermodynamic and chemical conditions of fluid flows. The control volumes 
considered can be subdivided into millions of cells in which properties such as pressure, 
temperature, flow velocities, flow rates, species concentration, and turbulence are evaluated at 
the center, the faces or the nodes of the cells by iteratively solving differential equations for 
mass and energy balances and algebraic equations for the numerical models of physical 
phenomena such as turbulence, heat transfer, and rates of chemical reactions.

In this research, CFD using Ansys Fluent software [95] was carried out in order to investigate 
the thermal indoor climate for the prototype of a low energy building that represents the type
of housing that will be built in the urban transformation of Kiruna. The volume inside the 
building was subdivided into millions of cells to simulate the air conditions (temperature and 
velocity in particular, as these are the factors that mostly affect the quality of the thermal
living environment) in the different rooms as a result of different heating systems.

The most important physical models involved in the simulation were those related to the heat 
transfer, since the heat fluxes through the boundaries of the control volume (external walls, 
windows, doors, ceiling and floor) were the main boundary conditions for the description of 
the air-based thermal conditions inside the building. The heat required to maintain the 
temperature inside the building at an acceptable level as prescribed by the criteria stated by 
the Swedish authorities could be supplied by hot air streams (in the air heating and heat pump 
design solutions) or by setting a positive heat flux from the floor (in the floor heating 
solution). Radiation also played an important role in evaluating the correct temperature on the 
internal wall surfaces, which would be much colder if just the convective heat transfer was
taken into account.

The circulation of the air inside the building, which is the other criterion used to evaluate the 
comfort of the heating system, also depended on the supply and exhaust air streams of the 
ventilation system. These streams were described by boundary conditions applied to incoming
and outgoing air mass flow rates.
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Data sources from EPCs and GIS contain a large amount of information which has to be 
treated correctly to avoid errors in the generation of geographical models. In this research, the 
established ETL technology was used for the creation of a repeatable process to generate a 3D 
city energy model at various levels [96].

For the transformation, FME was used, which is a spatial ETL that consists of an extensive 
toolbox of transformers (e.g. clipping, joins, spatial joins and filters) for extracting, 
transforming and loading data into the preferred output format. FME can perform data
conversion across 350+ different spatial data formats [97].

An example of workflow using FME is shown in Figure 13 [98] where:

•� Export: data from the oracle database is extracted in the CityGML format.
•� Join: FME is used for merging complementary attributes.
•� JAVA calculations: calculation routine using the merge data in order to find key values.
•� Conversion: FME is then used for converting the data into a format suitable for the 

ESRI database.
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•� Thematic visualization: ArcGIS is used as a visualization tool for the generic data
created so different aspects can be studied.

�
Figure 13 A schematic flow diagram for creating a city model using ETL and FME [98].

A large variety of software can be used to visualize the results of FME depending on the 
destination format set by the user. Formats such as ArcGIS, as in the example, can be used 
along with Google Earth, Microsoft Power Map (maps for demonstrating visualization of EPC 
data), and Excel (scenario evaluation in conjunction with the urban transformation) which was 
used in the work for Paper G.

)�)	 ����"�����	���	����	!��#����!	
Data collection and information gathering is important when carrying out applied research 
such as this, but it is often a time-consuming process that requires a good deal of effort.

)�)��	 ��������	#�����!	�*���"	�����	
Compared with papers published in the field where models were created based on statistical
data and assumptions, the DH system model in this work was purely based on existing data
which led to a model more consistent with the real world.

•� Consumption database: this stored daily heat consumption for all end users connected 
to the network, in terms of kWh or MWh, supply water temperature, return water 
temperature and heating power. In the case of a missing data series, the accumulated 
heat consumption was used and, by calculating the difference before and after the 
missing data, an average consumption could be found for the period.

•� Production database: the main production site (TVAB) had an extensive measurement
system installed with a recording resolution of, in some cases, one second. By locating
relevant meters and exporting their key value data and performance, evaluation was 
simplified.

•� Staff: operating personnel possessed site-specific knowledge for running the boilers and 
their power ranges, and there were engineers responsible for the network. It was 
important to keep asking the staff questions about fuel prices and changes to the system.
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In order to create a 3D city energy model, information from different sources is needed,
meaning that data from both national levels and local databases have to be extracted. For the 
evaluation of the model performance, a questionnaire was carried out at a workshop among
energy advisors in northern Sweden.

•� National databases: these are often information banks managed by the government and 
contain data for an entire country. This means that relevant data have to be filtered for
the actual city or region.

•� Local databases: these are often information banks that can be found in the 
municipality or companies in the city or region. The local database structure can differ 
to that of the national database resulting in a need for mapping the relevant data fields 
when information is merged.

•� Questionnaires: these can now be carried out online using a computer or smartphone, 
giving the opportunity to discuss and evaluate the results instantly with the focus group.

Data and information from other actors and sources than those mentioned above were used,
but those described here were the main sources of relevant data for the research work related 
to this thesis.
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In this section, the methodologies described above are reviewed from the perspective of their 
strengths, weakness and new ways in which they are applied.

Process integration is now a concept used worldwide for describing and optimizing processes 
from a local boiler scale up to site scale. In this work, the range for process integration was
expanded to cover a whole city. Process integration is often used for single process 
optimization; in this case, it was based on an equilibrium simulation model.

For the optimization routine, a combination of MILP and Evolutionary methodologies was
used. Although both of these have been described previously in published papers and are 
widely acknowledged in the field, using them in combination has not been described in 
current research publications. Two issues related to nonlinear optimization is the guarantee 
that the global optimum will be found and that genetic evolution requires long computation 
times when compared to pure MILP optimization which quickly finds the global optimum.

To evaluate a building’s indoor thermal climate, CFD was used as it has been proven suitable
for this type of simulation. In order to carry out a simulation, many parameters and conditions 
have to be set up and the software is often computationally intensive. By using CFD for
evaluation of different heating systems for a whole building, it has been applied in a novel 
way.

With the use of ETL technology and FME software, the data management for generating the 
city energy model was carried out with well-established tools, but when working with large 
amounts of data, it is a problem to make it error-free. The public software Google Earth was
one of the visualization methods used, so that the results could be made public to a wider 
range of recipients compared to licensed software.

When investigating the databases, really large datasets were found at both national and local 
levels. At present, the available space for data storage is no longer a large problem with 
rapidly expanding server capacity and decreasing costs. Although this research was
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theoretical and empirically based on datasets, personal information and opinions are also
important to obtain detailed knowledge which would have been impossible to learn just from
measurements alone.

With the rapid development of information technology, web-based questionnaires can now be 
effectively used and responded to by using a smartphone or computer. This means that the 
results can be shown instantly and discussed directly with a focus group, without the time-
consuming compilation of answers that would have been necessary otherwise. However, there 
is a problem where there is a lack of telecommunication coverage or where some of the 
participants do not have a smartphone or computer.
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The research presented in this thesis has been described in a number of papers that have been 
published at scientific conferences or journals, Paper E is accepted for publication in Applied 
Sciences. Each of these papers is represented by a box in Figure 14.

Figure 14 The research field for the DH system in Kiruna: green boxes represent the papers about 
network modeling, cyan boxes papers represent standalone contributions.

The green boxes in Figure 14 represent a series of five papers (Papers A to E) describing the 
analysis and optimization of the Kiruna DH system, and the arrows show the relationships
between them. The first paper (A) presents the “Modeling Method” developed for creating 
DH models using process integration. Process integration is a tool normally used within 
industries such as mining, steel and chemical industries, but has now been used here in a
novel environment. The second paper (B) is about “Heat Losses”, and describes an 
investigation into the correlation between the annual thermal losses for all single pipes and the 
total thermal losses for the overall DH network in Kiruna. Papers A and B are the foundation
for development and analysis of the complete DH model of the current system, which is the 
subject of Paper C (“DH model”). In turn, the DH model developed in Paper C is the basis for
Paper D (“Optimized heat Production”) and Paper E (“Optimized network Configuration”),
each one describing the use of a different version of the developed optimization algorithm. 
For Paper D, the heat production was optimized by adjusting heating power and supply water 
temperature from each site in the studied multi-site network. Each heat production unit was
represented as a set of boilers with their fuel resources and heat production optimized for each 
site in order to find the lowest overall cost. Paper E describes the optimization of the network 
configuration for the additional part of the DH network associated with the urban 
transformation, determining the optimal piping layout and the diameters of each pipe 
segment. A multi-objective approach was applied in this case, where the operation cost was
correlated with the investment cost generated by the construction cost of the new part of the 
network and the installation of a new boiler.
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Papers F and G are separate contributions, increasing the knowledge of the future challenges 
from the energy infrastructure. Paper G has three parts, the first stating the requirement for a
simulation tool as a result of a workshop survey with energy advisors, the second describing 
the graphical visualization of the data from EPCs for Kiruna and the third evaluating six 
different future scenarios about energy usage reduction. Paper F describes CFD simulations
for evaluating three different heating systems (floor heating, air heating and an air/air heat 
pump) for a low energy building in the Kiruna sub-arctic climate. A technoeconomic
evaluation was made of the different systems, where DH was used for the floor heating and 
air heating, and to generate the electricity for the air/air heat pump system. At the end, the 
competitiveness of DH against electricity was examined and the required price level reduction 
of the energy delivered by DH system was found.

In the following sections, the main content and contribution for the appended papers are 
summarized, with Papers A – E (about DH system analysis) being described in the same 
section and Papers F and G (as part of the overall DH system evaluation and challenges) 
being described in two separate sections.
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Paper A described the development of a method of modeling and simulating a meshed DH 
systems, since the nature of the meshed structure of the network requires an appropriate
model to simulate the distribution of the heat flows in the network piping. This distribution is 
physically determined by the local pressure at piping nodes, so the pressure at these piping
nodes is one of the fundamental variables that has to be calculated by the model. This 
necessitates knowing the friction coefficients for the different pipe diameters.

The other important aspect of the simulation was the implementation of the heat losses in the 
network. As hot water flows into the piping from the heat production sites, its temperature 
falls from that of the original supply. This decrease is a function of the thermal loss 
coefficient of the pipes (determined in Paper B), and of the operating conditions (mass flow 
rate in the pipe and ground temperature). So, the temperature of the hot water at piping nodes 
is the other fundamental variable that has to be calculated by the model.

There are two sets of parameters at the boundaries of the DH network. Upstream, at the heat 
production sites, the pumping pressure and the supply temperature must be specified. 
Downstream, at the end users, the thermal demand must be specified (this includes building 
heating and the hot water demand, which is mainly determined by human behavior and must 
be taken into account). The heating power requested by the end users will affect the mass flow 
rate of energy extracted from the network, as a result of the effect on supply temperature at 
the node where the extraction takes place (which is a function of the thermal losses along the 
network) and the temperature drop in the heat exchanger (which is a function of both the heat 
demand and the local supply temperature).
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The model of the district heating network was created in the Matlab/Simulink environment as 
shown in Figure 15. The model has four types of feature:

•� Heat production sites (gray factory blocks): a fixed amount of heating power (in kW) is 
made available by these blocks at a given temperature level (Ts), except for the main 
site (TVAB plant) which behaves as the equilibrium site for the system. In order to 
make the model converge, the total end user demand and thermal losses in the network 
have to be met exactly by the production plants, and the equilibrium heat production site 
delivers, at a given temperature, the amount of heating power that is necessary to satisfy 
this constraint.

•� Network pipes (red blocks): these blocks represent the different pipe segments in the 
network for which diameter and length are known. From these data, the hydraulic 
friction and the heat transfer coefficient, along with the pressure and thermal losses for 
each pipe, are calculated as a function of the mass flow rate and the difference between 
hot water temperature and ground temperature.

•� Piping nodes (purple blocks): these represent the piping joints where the equilibrium 
values of the local pressure and temperature are found from the balance of the inflows
and outflows of mass and energy, respectively.

•� End user group (blue blocks): these represent a group of users for which the heating 
power demand is specified on a daily basis, together with the thermal and pressure 
losses for the area. The temperature drop due to the group of users is calculated as a 
function of the heat demand and the local supply water temperature.

�
Figure 15 Overview and details of the Simulink model of the physical DH network.

In order to validate the model, a 59-day period was simulated over which the supply water 
temperature from the main site was known. The simulated pressures and temperatures were 
then compared with the available measurements to adjust the main coefficients for the 
hydraulic friction and heat transfer in the pipes.

In order to create a model that would be useful to energy companies, the selected input 
variables were the supply water temperature and the heating power at each site, except for the 
main production site where the heating power was found by the model in order to satisfy the 
constraint of the balance between the sum of the required end user demands, the thermal 
losses and the sum of the heat generated at all sites. The calculation of flow distribution also 
required a reference pressure level to be set at some point in the model and, in the case of the 
Kiruna DH network, the northern outlet of the TVAB plant was chosen as the reference, while 
the pressure level at the eastern outlet was variable.
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The evaluation of thermal losses is an important aspect when modeling DH networks. Paper B
describes an empirical investigation of the losses within the DH network for the town of 
Kiruna. The aim was to determine the overall health status of the network and to create a pipe
diameter-dependent series of thermal losses that could be used in the Kiruna DH model.

The available data for this evaluation were extracted from the GIS database at TVAB, from 
which the overall length for each pipe diameter class was totaled. As shown in Figure 16, the 
main pipe sizes for the feeding branches (red columns) and the meshed part (blue columns) 
were 50 – 80 mm and 150 – 175 mm, respectively. There was a significant lack of pipe
diameter data, with 14% of the feeding pipes and 40% of the meshed pipes having an 
unknown diameter.

Two strategies were applied for dealing with this missing data: the average method, which 
assigns the average diameter to all pipes of unknown diameter, and the percentage method, 
which distributes the pipes with unknown diameter across all the classes of pipe diameters 
according to the frequency of the different classes.

�
Figure 16 Distribution of pipe length as a function of diameter and category.

The two resulting distributions of total length for each pipe diameter class were used with 
thermal loss data from manufacturers to determine the annual thermal losses [99]. The 
thermal loss data were for four pipe series (1 to 4) that had increasing insulation, each series 
consisting of a wide range of diameters. By multiplying the length of each pipe diameter and 
the specified losses for every pipe series, a comparison with the real annual thermal losses 
was possible. It was suggested that, due to the colder climate in Kiruna, the losses for each 
series were increased by 9%, so four additional pipe series were considered. Figure 17 shows 
the calculated annual thermal losses of the two pipe diameter distributions with the eight 
different pipe series (original and adjusted). It was shown that, no matter which strategy was
used to assign values to the unknown pipe diameters, the pipe series with the lowest insulation 
was the one that matched the overall annual losses in the real network the closest. 
Accordingly, the health status regarding thermal losses of the DH network in Kiruna was
considered to be close to a worst-case scenario compared to the current technology standard. 
Most of the DH networks in Sweden have had a similar development history as that in Kiruna, 
suggesting that the overall health status might be bad for all DH networks in Sweden.
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�
Figure 17 The two strategies used to distribute the unknown pipe diameters compared with the annual 
losses in the real network and for each manufactured pipe series.

In order to represent the annual thermal losses of the real network exactly, a fictitious pipe 
series was created where heat losses for each pipe diameter were specified (Figure 18). The 
model automatically set the corresponding thermal loss coefficient when a diameter was
selected for a given pipe segment.

�
Figure 18 The fictitious pipe series created to match the thermal losses in the DH network of Kiruna.
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A complete model of the DH network for the town of Kiruna was developed (based on Papers
A and B) and was simulated with only the main TVAB site active during the period 1st 
January to 31st March 2010 (the coldest period in the winter). An example of results from the 
simulated time period is shown in Figure 19, which shows the flow pattern for the coldest day 
using:

•� Pipe color, which illustrates the pipe load level compared to the one recommended by 
the pipe manufacturer. This makes it possible to identify overloaded pipes in the 
network.

•� Black arrows, which show water flow direction in each pipe segment.
•� Red arrows, which identify the pipes in which the flow direction changes during the 

simulated time period.
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•� Blue circles, which indicate the sinks in which two flows from opposite directions meet, 
and half blue circles, which indicate sinks that move or disappear due to changes in pipe 
flow directions.

•� Blue dashed lines, which enclose chains of pipe segments in which non-obvious paths 
occur. In the largest rectangle, the water is transported 1.9 to 4.7 km further than 
necessary (depending on the position of the sink) in the second largest rectangle 0.9 km 
further and in the smallest 0.4 km further. This information makes it possible to plan
flow paths better and avoid the unnecessarily low supply water temperatures that are 
obtained when the longer distance flow (which has been exposed to more cooling) is 
mixed with the shorter distance flow at a higher temperature.

�
Figure 19 Aggregated flow pattern for the 59 simulated days of the DH network in Kiruna, showing pipe 
load, non-obvious paths, pipes with flow change directions and sinks where two flows meet.

Local supply water temperature and pressure maps for the DH network were also produced 
from the simulations. Figure 20 and Figure 21 show the supply temperature and pressure map, 
respectively, for the coldest day of the winter when the heat demand was the highest. They
show that the maximum temperature drop in the meshed part of the network was about 9°C 
and the maximum pressure drop was 1.2 bar.
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�
Figure 20 Temperature distribution in the meshed part and the user areas in the DH network for the town 
of Kiruna.

�
Figure 21 Pressure distribution of the meshed part in the DH network for the town of Kiruna.
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Paper D describes the optimization of six different heat production scenarios to find the 
minimum overall operating cost for generating and delivering the heat in the multi-source and 
multi-fuel DH network of Kiruna (Figure 5). Table 1 summarizes the specification for the 
different heat production sites in the network, and shows the type of boiler and fuel together 
with the minimum and maximum capacities and efficiencies. It can be seen that most of the 
heat supplied to the network comes from the combustion of different kinds of fuels in specific 
or multi-fuel boilers.

Table 2 Boiler setup for the different heat production sites within the DH system in the town of Kiruna.

This paper describes further development of the model presented in Paper C, but with the
addition of a hybrid evolutionary-MILP algorithm implemented in Matlab, based on the 
generic workflow described in section 4.1.2. Figure 22 shows the two-level nested 
optimization procedure, where the lower level is a traditional MILP optimization (within the 
dashed line) and the upper level is an evolutionary algorithm (outside the dashed line).

The optimization procedure is started by loading the DH model and the Matlab script that 
contains the iterative algorithm. At the beginning, an initial population is randomly selected 
and then evaluated in order to be the first “current population” that is used to initialize the 
main iterative part of the procedure.
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The “current population” consists of 100 individuals, each one of them being a candidate 
solution to the optimization problem represented by a different set of decision variables values 
(supply water temperature and heating power generated at each site, except for the main site 
TVAB which delivers the heat that is necessary to counterbalance the overall heat demand 
and the thermal losses). An “offspring population” is created by mixing the decision variable 
values of pairs of parents, randomly picked from the “current population”, with a crossover 
operator. A mutation ratio of 0.02 is also introduced to explore the search space when the 
nonlinear problem optimum is hard to find.

�
Figure 22 Working schema for the developed hybrid evolutionary-MILP algorithm.

The individuals in the “offspring population” are then simulated (“Simulation of network 
model”) with their unique sets of decision variable values. The “sum of all costs and penalty 
terms” (the objective function to be minimized) is calculated as the sum of the cost due to the 
pumping work required to make the hot water flow around the network and the cost for the 
heat generation in the various sites, which is optimized by the MILP algorithm at the lower
level of the procedure. A penalty term is added to the objective function value of the offspring 
individuals that do not satisfy the constraints of the required temperature level at the end users
or the allowable pressure ranges.

All the 200 individuals from the “current population” and the “offspring population”, together 
with the associated objective function values, participate in the “selection” step. A general 
ranking of the 200 individuals is carried out according to [92] to select the 100 that have the 
lowest overall operating cost and are most diverse compared to the other individuals (this is 
done to prevent a premature convergence of the search process). These 100 “best” individuals 
become a “new population”, which replaces the “current population” when a new generation 
is started. In total, several hundred generations are processed until a final stable result is 
achieved and the optimization algorithm ends.



	�
�

The optimization was carried out for three different cases of site availability: a first case 
where all sites were available for heat production, a second case where the excess heat from 
LKAB was not available (when the outdoor temperature falls below -10°C, LKAB needs all 
the heat internally), and a third case where both LKAB and the large electricity boiler at the 
Bath site were not available (TVAB has restrictions on the use of it due to the boiler size). 
These three cases were combined with two heat demand levels (49 MW, which is the peak 
heating demand during the winter period, and 39 MW, which represents the average heat 
demand during the winter period) to give a total of six scenarios.

Table 3 shows the resulting optimal operation conditions for all heat production sites within 
the DH system in Kiruna for all six scenarios. It is apparent that the School site is never used 
and the Ferrum site is used in just one case (they are both sites with oil boilers), so that the 
most convenient heat production is always achieved by using the cheapest fuel no matter the 
location of the site in the network.

Table 3 The optimal conditions for minimizing the overall operating cost for the DH system in Kiruna for 
three different cases of site availability and two heat demand levels.

From a detailed analysis, it was found that the dominating factor in the overall operating cost 
is the cost of heat generation. As a result, the supply temperature of the water in the network 
is the lowest possible, provided that the constraint on the temperature to the end users is
satisfied in order to minimize both the heat losses throughout the network and the heat 
generated for a given heat demand.

The details of the flow pattern for each scenario were obtained by simulating the DH network 
model with the optimal decision variable values found by the optimization algorithm. The 
flow patterns for the scenarios with a heat demand of 49 MW (peak heat demand) are shown
in Figure 23, Figure 24 and Figure 25 for each case of site availability. The lowest pipe load 
was found in the “all plants” scenario when the heat generation was distributed most across
the network, while the highest pipe load was found in the “no LKAB, Bath” scenario when 
the heat generation was concentrated at fewer sites.
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�
Figure 23 Flow pattern for case “all plants”- 49MW.

�
Figure 24 Flow pattern for case “no LKAB”- 49MW.
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�
Figure 25 Flow pattern for case “no LKAB, Bath”- 49MW.	
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An expansion of the DH network is needed because of the construction of the new town 
center (see the green areas in Figure 5). Both the existing and the additional parts of the 
network will still be operating during the construction period. Figure 26 shows a simulated
network expansion that includes several possible design solutions for meeting the demands of 
end users, who are represented as red squares with their related heating demand (an average 
for the winter period). A new bio-boiler is planned to be built in conjunction with the new city 
center (“new boiler” in Figure 26), in order to meet the increase in the heating demand during 
the period in which both the new and old buildings will be heated until the old ones are 
abandoned.

The hybrid evolutionary-MILP algorithm described in Paper D was modified and adjusted for 
a multi-objective optimization of the design solution for the network expansion. The decision 
variables became the capacity of the new boiler and the diameter of the pipes belonging to the 
simulated structure shown in Figure 26, where a pipe with diameter zero means that that pipe 
was not present in the design solution.

The objectives to be minimized simultaneously were the operating cost (fuel consumption for 
heat generation and pumping power for hot water delivery) and the installation cost (the 
construction of the new piping segments and the new boiler). It was found that there were six 
optimal network layouts, no matter the boiler capacity. Figure 27 shows the optimization pipe 
configuration Pareto front with the optimal piping layouts identified using six different colors. 
The structures of the six optimal piping layouts are shown in Figure 28.
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�
Figure 26 The location of the additional boiler, new city center (green blocks), heat power and delivery 
points to end users (red squares), the simulated network that was used for optimization (black lines).

�
Figure 27 Optimized pipe configuration Pareto front, different layouts represented with the same color.
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�
Figure 28 Optimized pipe layouts with their color representation.

�
Figure 29 Optimized layout Pareto fronts for different boiler capacities, showing a minimized operation 
cost with a boiler heating size of 16 MW.

The same optimization was repeated for fixed capacities of the new boiler, with the results 
shown in Figure 29. It was found that a 16 MW boiler size had the lowest operating cost for
meeting the heat demand of a typical winter’s day in Kiruna. The temporary increase in 
operating cost between 10 and 13 MW is due to interaction between the two bio-mass boilers 
at TVAB, when one is at minimum load and the other has to work at a reduced load before it 
is shut down and the load level is increased in the remaining active boiler. The increase in 
operating cost for new boiler sizes greater than 16 MW is due to the waste boiler at TVAB no
longer operating at full load.
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Instead of finding a single optimal solution, which could be achieved by converting the
investment cost for the new piping and boiler into a cash flow, a multi-objective approach was
applied to give the network owner a complete view of possible design solutions and their 
consequences in terms of both operating and installation costs. In this way, the optimization
method developed is a useful tool for decision support.
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Paper F describes the study of a low energy building (Figure 30) that is representative of a 
standard building in the new town of Kiruna, using CFD simulations Three scenarios were
considered with different heating sources: floor heating, air heating (both are assumed to be 
connected to the DH system), and an air/air heat pump (which is powered from the electricity
grid).

The building was equipped with a supply (red circles) and exhaust (blue circles) ventilation 
system where the devices were located in the ceiling. In the case of air heating, the supply air 
devices in the ceiling were replaced with devices located close to the floor (red triangles) and 
the exhaust air flow rate adjusted accordingly. The air/air heat pump (red rectangle) was
located above the entrance door, which was found to be the most favorable placement. A 
vertical line (+) was placed in the living room to collect the simulated data about the vertical 
temperature gradient which was then compared between the different heating systems. The 
simulation results were compared according to the recommended criteria set by the Swedish 
National Board of Housing, Building and Planning, for the so-called occupied zone. The 
occupied zone is defined as the building volume normally occupied by people, excluding a
distance of 1 meter from windows/doors and 0.6 meter from exterior walls (green hatched 
zone). The space above 2 meters and below 0.1 meter is also excluded.

�
Figure 30 Floor plan of the investigated building with the locations of the specified supply/exhaust 
ventilation devices, air heat pump, measured vertical temperature gradient and the occupied zone.
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The simulation was carried out using the ANSYS CFX 15.0 software. A 3D model of the 
building was created to specifications detailed in Table 4 for the external surfaces of the 
building and ventilation flow rates. The outdoor temperature was set to -30 °C, which occurs 
frequently in Kiruna, together with an indoor temperature of 20°C; thus, a temperature 
difference of 50°C had to be maintained by the heating system. In order to calculate the 
thermal indoor climate, the building volume was divided into approximately 1.7 million cells, 
the characteristic length of mesh grid elements being around 0.1 m, and the standard k-ε used
as the turbulence model.

Table 4 Simulation setup for building envelope surfaces and ventilations flow rates for each run.

An alternative approach to quantifying the thermal indoor climate is by the use of a draft ratio, 
which takes into account the air turbulence intensity, temperature and velocity. When the ratio 
is above 15%, the indoor climate is seen as unsuitable. Figure 31 shows the resulting draft
ratio map at a height of 1 meter above floor level for each heating system, red color spots 
indicating an area with an unpleasant indoor climate. It is apparent that floor heating produces
a draft ratio below 15% everywhere, whereas air heating and the air/air heat pump create 
several red zones of poor indoor climate.

Table 5 shows the aggregated simulation results for each heating system, indicating whether 
the different criteria for achieving a pleasant indoor thermal climate have been fulfilled. The
floor heating system is the only heating system that fulfills the conditions without any 
modification. The air/air heat pump exceeds the recommended air velocity in the entrance hall 
and living room, and it appears to be impossible to locate the system such that it meets the 
criteria. The air heating system has two main issues. First, when an air inlet device is placed 
within the occupied zone (as in bedroom 1), both the limit values for the room temperature 
difference (*) and air velocity (**) are exceeded. Second, the air transfer between rooms is 
forced through the doorway, creating local accelerations in the air velocity that exceed the 
limit condition. It seems likely that the recommended criteria could be satisfied by placing the 
air inlet and air transfer devices outside the occupied zone.
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�
Figure 31 Draft ratio map at 1.0 m above floor level for floor heating, air heating and air/air heat pump.

Table 5 Summary of the heating system performance according to the criteria defined by the Swedish 
National Board of Housing, Building and Planning.

Table 6 Setup and calculation of total heat and hot water production cost over the operational lifetime.

In order to investigate which of the three alternatives was most beneficial, a 
technoeconomical evaluation was carried out. The results in Table 6 show that, over a 30-year 
period, the air/air heat pump is the most favorable solution from an economic point of view.

A calculation was also carried out to find at what price levels of DH and electricity floor and 
air heating were economically comparable with the air heat pump. In Figure 32, the break 
point for the design solutions using DH (floor and air heating) are marked with lines, the price 
for DH being shown on the ordinate axis as a percentage of the electricity price. The values in 
the figure should be seen as average price levels for the studied period. If the DH price is 
above the selected line, then the air heat pump is most beneficial. In the same way, if the price 

Summary Top  > 18°C dT < 5°C Tfloor  > 16°C vair  < 0.15 m/s
Floor heating
Air heating       *       **
Air heat pump
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level for DH is lower than the selected line, then DH is beneficial. The current ratio between 
electricity and DH price in Kiruna (0.12€ and 0.1€ respectively) is marked in the figure with a 
triangle at 83%, so that a reduction to 64% of the electricity price is needed for the air heating 
system to break even, and to 56% for the floor heating system to break even.

�
Figure 32 Percentage representation of the district heating price compared to the electricity price, in 
order to determine which heating source is most economic.

This calculation shows that the current DH price in Kiruna is quite expensive although it is 
almost average from a national perspective. The reason why DH-based design solutions (air 
or floor heating) are not competitive is that the DH system in Kiruna uses fuels of different 
types in order to produce the requested heat, instead of exploiting the waste heat from the 
local industry. In fact, the lowest price for DH in Sweden is found in Luleå, where the local 
steel industry (SSAB) makes a large amount of waste heat available to the town network. 
Hopefully, an increased collaboration between TVAB and the plants owned by LKAB in 
Kiruna will make it possible to exploit more waste heat from the mining site and to lower the 
price of the local DH.
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The main objective of the work described in Paper G was the creation of a 3D energy 
visualization tool to support planning and decision-making about the town of Kiruna. The 
data management is based on the ETL (extract-transform-load) technique as shown in Figure 
33. The information was extracted from databases maintained by Lantmäteriet, Swedish 
National Board of Housing, Building and Planning, Statistics Sweden and LKAB. The data 
was treated using FME software to carry out the extraction, transformation and finally the 
loading into visualization software. In order to create the 3D energy model, six transformation 
steps were needed:

1.� 3D model creation: the point cloud for each building was extracted from the 
Lantmäteriet database, and a 3D building map was automatically created.

2.� Energy/cost aggregation: the EPCs for the town of Kiruna were extracted with all their 
attributes, and a weighted average cost per saved kWh added.

3.� Property joins: the 3D model from step 1 was merged with the EPC data created in step 
2, and data from the property register was inserted according to addresses.
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4.� Spatial zones joins: this step joined spatially boundary zones, both at a national level 
(Swedish demographic zones) and the mining subsidence sectors.

5.� Merging & model export: this step was used for filtering, supplementing of attributes 
and aggregating the zone values. A new attribute was also created stating whether 
buildings had a valid EPC or not.

6.� Visualization and Analysis: in the final step, the data were displayed for the users. Excel 
was used to analyze the aggregated statistics of the mining subsidence, Power Map to 
analyze the energy use, savings and composition of the spatial boundary zones, and 
Google Earth to visualize the energy use of each building and their full EPC description 
with all attributes.

�
Figure 33 Schematic flow diagram for the data management using ETL and data treatment using FME 
from the different databases to the visualization of energy use in the town of Kiruna.

�
Figure 34 The Google Earth prototype which was presented at an Energy advisor workshop, showing the 
energy use as colored blocks enclosing each building for a particular area in Kiruna.
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The first part of the paper describes the creation of a visualizing prototype (Figure 34) by
using Google Earth, and a demonstration of it for the municipality Energy advisors in the 
north of Sweden at a workshop.

The workshop involved a two-section survey created with the Mentimeter software [100].
First, the daily work of the Energy advisors was investigated and, second, their opinions of
the prototype demonstrated were examined. For the first section, it was found that:
•� Energy advisors mainly work for municipal residents, communicating through mail or 

telephone on a weekly basis.
•� Energy advisors need a large variety of information for their work, and judging which 

information is most important is not always clear.

For the second section, it was found that:
•� Energy advisors consider the presented tool as a useful working tool that could be used 

by real estate and energy companies as well.
•� It provided a better view compared to previous tools in the field, but the main barriers 

for using the tool were legal and economic issues.
•� It was also considered as a helpful tool for communicating with stakeholders, in 

particular residents and real estate companies.

The second part of the paper describes further development of the prototype which was then 
implemented for the whole town of Kiruna. The town was divided into demographic zones 
and EPC data implemented for each sector. All zones for the complete town are shown in
Figure 35, with the energy performance indicated with colored squares, the amount of energy 
used as the height of the column and heating source type as colored part of the column.

�
Figure 35 Kiruna town divided into demographic zones. For each zone, the energy performance is shown 
as colored squares and the type of energy source as part of the column.
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The third part of the paper describes the urban transformation resulting from the ground 
deformation approaching the town. It was divided into three steps (the boundaries of the zones 
to be relocated are shown by the red, yellow and blue lines in Figure 35) and was studied by 
analyzing six different future scenarios:

1.� Buildings that are relocated due to the urban transformation will be built according to the 
Swedish National Board of Housing, Building and Planning energy standard for climate 
zone 1.

2.� Buildings that are relocated due to the urban transformation will be built according to 
Min-energy standard for climate zone 1.

3.� Buildings that are relocated due to the urban transformation will be built according to 
passive housing standards adopted to Swedish climate zone 1.

1+.�Scenario 1 and implementation of energy efficiency measures suggested in the EPCs.
2+.�Scenario 2 and implementation of energy efficiency measures suggested in the EPCs.
3+.�Scenario 3 and implementation of energy efficiency measures suggested in the EPCs.

Each scenario was compared to the national energy saving target for 2020 (20% reduction of 
energy usage, the reference being 1995) and 2050 (50% reduction). It was found that 
scenarios 1+, 2+ and 3+ reached the target for 2020 on time, while only scenario 3+ achieved
the target for 2050.

�
Figure 36 Trends of the reduction in energy use for the six scenarios compared to the national goals.

+�)	 ���������!	��"�� �	��	�����	��""��*	
This section provides short comments for each appended paper in order to highlight the most 
significant strengths and weaknesses and to give an overview of which issues could be of 
interest for further development.

���

���

���

���

���

���

���

���

���

���

�	�

�	�

��

�

	

� ���� ���� ��	� ��	� ���� ���� ���� ���� ���� ���� ����

��
��
��
��
��
��
���

��
��
�	
��

�

�

���

��������	������ ��������	��������������������������������
������������������ ��������������������������������������������
����������������� ��� ������������������ ���� ������������������������
�!��� ���"����#�"���"������ �!��� ���"����#�"���"������



���
�

The approach followed to develop the network model did not take into account the 
concentrated pressure losses occurring in places such as corner and bends, but a conversation 
with the developers of the most commonly-used software for DH network simulations 
revealed that they also ignore these losses, because the distributed losses are much more 
significant in long pipe segments.

When analyzing the measured data gathered from the sub-central units, both outliers and 
missing data were discovered, which generated uncertainty in the basic information for the 
simulations and optimizations. This was, however, considered to be a minor issue. The 
missing data could easily be related to communication problems with the database, but the 
reason behind the occurrence of outliers is still unsolved and requires further investigation. 
Recently, a new wireless measurement system was installed and, at present, it is in operation
covering the complete network of Kiruna, so hopefully these problems have already been 
resolved.

It was shown that the overall annual thermal losses in the Kiruna DH network are best 
described by pipe series 1 i.e. the one with the least amount of insulation. On the other hand, 
TVAB is planning to build the expansion of the network to the new areas using pipe series 2. 
This decision does not have any clear reason behind it and a technoeconomic evaluation could 
be carried out with the model developed in this work, in order to compare the savings in heat 
losses and the additional cost for more expensive pipes over a specified lifetime.

Since it was shown that the surrounding ambient soil temperature and pipe insulation are the 
dominating factors in the calculation of the network thermal losses, the modeling approach 
could be further developed to involve a variable ground temperature according to the 
simulated time of the year.

For the minimization of the heat generation cost at a production site, the MILP technique 
required a linear representation of the fuel consumption cost versus boiler power for each 
boiler in the network; this was created by specifying boiler efficiency at two different power 
levels. For the holistic modeling and optimization approach presented in this work, a linear 
variation of fuel consumption cost was considered sufficient. If higher accuracy is needed, a
piecewise linearization of the fuel consumption cost could be implemented.

Whenever non-linear optimization is used, the reliability of the resulting optimum can be 
questionable, so a review of the results is vital to guarantee that the best solution has really 
been found. This can be done by analyzing the closest areas around the decision variables 
values of the resulting optimum. The optimization results show that the supply water 
temperature from each boiler site should be reduced as much as possible, although this could 
cause unpleasant sounds in the pipes and sub-central units which may generate complaints 
from the people living in the neighborhood.

The CFD simulations of the thermal indoor climate were carried out ignoring the influence of
heat generated by humans, household appliances, solar radiation or other equipment. In this 
way, the simulation could be considered as being conservative, since all additional heat 
sources will reduce the required heating power. The analyzed heating systems are supposed to 
deliver just the right amount of heat that is required to compensate for the heat losses, in order 
to reach an indoor temperature of 20°C as an average value. The fluctuations in the heating 
power that are expected to occur due to hysteresis in the temperature sensors should be 
examined in order to determine how this affects the indoor climate.
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During the development of the energy visualization tool for the town of Kiruna, a great deal
of data has been used from various sources. One large issue was the uncertainty in the 
information in some cases e.g. when the data had not been updated since the building was 
constructed. The EPCs for single-family houses are filled in only when the house is sold, and 
that resulted in a limited amount of data. For the town development scenarios, an average 
energy saving potential was calculated from the available information and used for the 
different building stocks. All the suggested energy measures assumed implementation at the 
same rate until 2050, which resulted in a yearly energy reduction of about one percent on the 
complete building stock; this is a source of significant uncertainty.
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This section contains a final discussion with an overall perspective on the research work 
carried out in this thesis, the knowledge that has been developed and the contributions to the 
research field. Finally, a number of conclusions are drawn about the presented results and 
how they fulfill the stated research objectives.

.��	 ����������	���	�����	��"�� �	
Most of the remarks about the research work carried out in this thesis have been already 
included in each chapter separately but, in these final remarks, the presented work is 
discussed from the wider perspective of the challenges DH has to overcome in order to remain
an attractive heating source for households.

As mentioned in the remarks about the state of the art, simulations of networks with high 
levels of complexity could be carried out using several different software techniques, yet the 
computational time required to find convergence in a large detailed network model can be up 
to ten minutes. This is acceptable for single simulations, but it would result in an optimization 
time of around 19 weeks if a population of 100 individuals were to be evolved over at least
200 generations. With the model developed for the Kiruna network using the Matlab/Simulink 
environment, the convergence of the simulation occurred in approximately 30 seconds. The 
computational time required by the optimization process would be about one week, but it
could be further reduced to two days with parallel computing.

The hybrid evolutionary-MILP routine is currently used for the minimization of the overall 
operating cost with a constant heating demand. A challenge would be to carry out a dynamic 
optimization so that the interaction among the demand levels at different time steps could be 
optimized, with the possibility of investigating the use of a storage tank in the DH system. 
The main concern related to this challenge is that the number of decision variables having to
be examined escalates together with the time needed for the optimization. In order to develop 
a generic dynamic optimization routine, the control of the interaction between the time steps
has to be planned carefully for achieving acceptable optimization times.

More detailed CFD simulations of the air heating system should be carried out to explore the 
possibility of using air inlet devices placed on the ceiling and air transfer between adjacent 
rooms, in order to reach the national recommendations for an acceptable thermal indoor 
climate. If air heating was accepted as a favorable heating system by homeowners, the 
required reduction of the DH price level would not be as significant compared to the one 
associated with floor heating.

The different scenarios for the development of Kiruna reaching the national energy saving 
targets by 2050 clearly show the need for implementation of all the suggested energy 
measures in the EPCs and for having all new buildings built to the passive standard. Even 
though Kiruna can use the town relocation as an opportunity to reach the stated targets, they 
are still going to be difficult to achieve, so the question arises about how other cities in 
Sweden are going to be able to do the same.

This work offers some help in the pursuit of the Horizon 2020 targets relating to the reduction 
of pollutant emissions. This is made possible by the use of more sustainable energy sources, 
more efficient heat transportation and use of low energy buildings. It has been proven recently 
that it is possible to build houses with passive standards in the sub-arctic climate of Kiruna, 
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but it seems hard at present to accomplish the construction of a zero-energy building in the 
town. Accordingly, all new buildings will unavoidably need some additional heating source.

The use of DH as the heating source for new buildings is not an obvious choice for 
homeowners when there are several other competing technologies. As a consequence, DH is 
in need of further development and the creation of smart heating systems is vital for its 
survival. This creation cannot happen in just one step but requires a joint effort to address the
factors relating to cheaper installation costs and the reduction of the DH price level:

•� A holistic society perspective of the energy flows is necessary in order to find potential 
waste heat recovery that can be used to replace fuel consumption. Excess heat from 
industry could make a DH price level reduction possible.

•� Conversion of existing parts of a network from high to low supply temperature, in order 
to reduce the thermal losses and increase heat transportation efficiency, could be 
possible. Less heat would have to be generated for the same demand from the end users
and so a cost reduction could be possible.

•� When new town areas are built, DH piping should be placed with other infrastructure at
a shallow depth, using materials that do not require experts to install, in order to lower 
the installation cost for the network.

•� A wider use of prefabricated components manufactured in large series can reduce the 
cost for installation and service. However, standardized elements could penalize system 
efficiency, because they are not optimized for the specific purpose.

By adding soft parameters, DH could be seen as a service by which the connected buildings 
are heated and supplied with hot water without any concerns on behalf of homeowners, and in 
this way a higher cost level compared to other heating sources could be acceptable. In order to 
adopt this philosophy, changes have to be made because, at present, homeowners are
responsible for maintaining and servicing the DH equipment inside the buildings.

.�$	 (��&���!�	������������	��	�#�	�����	��	�������#	
A comparison of the state of the art with the outcomes and conclusions from this work reveals 
a number of contributions to the specific field of research, which are described in this section.

The main focus of the research was the development of a modeling and optimization approach 
in Matlab/Simulink that is applicable to complex networks. The modeling methodology 
complements the existing ones well, the Danish and German methods for network 
simplification having been reserved for more complete network modeling. The evaluation of 
the thermal losses in the network and the investigation of the network health condition 
compared to the current standard is a strategy that has not been described in other research 
work.

Network analysis in state-of-the-art research is often applied to simple tree networks while, in 
this work, a complete complex network was analyzed as a whole with a complete view of it
presented for further evaluation. In the area of network design, several analysis techniques are 
used in commercial and in-house software, such as linear and nonlinear programming. The
use of genetic optimization is used in a few cases, so the hybrid evolutionary-traditional 
approach developed for this research expands the related knowledge.
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In the field of heat generation, genetic optimization algorithms are more common, but still 
linear programming dominates. No research was found in the literature review about detailed 
heat generation optimization in multi-source multi-site complex networks, so this work has
improved the research field further and shown the advantages of using evolutionary algorithm 
in combination with MILP.

CFD simulations have been used previously for low energy buildings, but this work is novel 
in that the results were compared to national recommendations for achieving a comfortable
indoor thermal climate. A further contribution is that DH was evaluated against an air/air heat 
pump in order to identify it as a viable heating source.

Currently, state of the art research uses GIS and creates city models to investigate energy-
related issues, but EPC-related research appears scarce. The combination of a city model and 
EPCs has proven useful as a working tool for energy advisors and for evaluating scenarios 
about city development, which is a positive knowledge contribution to the field.

.�'	 �����������	
From the appended papers, a number of conclusions can be drawn both in general terms and 
for the specific case of the town of Kiruna. The conclusions can be grouped in reference to the
research objectives stated in section 2.4:

To develop knowledge by analysis of complex DH networks, identifying physical phenomena 
that occur.

In general:
•� Matlab combined with Simulink forms a suitable tool for modeling and simulating 

meshed DH networks.

In the case of Kiruna:
•� The level of the overall thermal losses in the network is equivalent to the pipe series that 

is currently manufactured with the least insulation.
•� The network simulations revealed a number of issues on the overall flow pattern map 

for the meshed network, on which non-obvious paths and overloaded pipes were 
identified.

To develop knowledge of optimization of heat generation in multi-site, multi-source complex 
DH networks and when there is an expansion of the network.

In general:
•� A hybrid evolutionary-MILP routine is suitable for the optimization issues related to 

multi-site and multi-resource networks.

In the case of Kiruna:
•� An optimized heat production is obtained that specifies the heating power from each 

boiler and the supply temperature for each site, the use of the cheapest fuel always being 
favored. The supply temperature should the lowest possible since the cost for fuel 
consumption has a more significant effect than the cost for pumping power.

•� For the network expansion, a number of optimal configurations for the layout and the 
diameters of the new piping segments have been found together with the optimal size of 
a new boiler.
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To develop knowledge about the role of DH in energy related scenarios and the challenges in 
the future energy system.

In general:
•� A city model in 3D is a beneficial working tool for the personnel working on energy 

related issues to use.
•� For a low energy building in a sub-arctic climate, floor heating is the only heating 

system that fulfills the recommendations specified by the Swedish government.

In the case of Kiruna:
•� A reduction of 23 – 33% in the DH price level is needed in order to make it a 

competitive heating source for new buildings.
•� In order to reach the national energy reduction target by 2050, all relocated buildings 

have to be built in accordance with passive standards and all suggested energy measures 
in the EPCs have to be implemented.

In the context of holistic energy system analysis with the focus on DH for Kiruna, this work 
can be seen as a crucial piece of nationwide research.
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This research has resulted in several conclusions and findings, but there are two areas that are 
candidates for further work:

•� Further development of a joint DH model for the town network and LKAB internal 
network for optimizing the extent of the collaboration and the interaction between the 
two networks.

•� Commercialization of the hybrid MILP-Evolutionary algorithm, by implementation in
a commercial software used for DH network simulation.

Contacts with TVAB and LKAB for financing further research work are ongoing, the aims
and objectives for each partner being listed separately and jointly as desirable outcomes. The
commercialization of the algorithm has been included as a work package in an application the 
overall aim of which is to use a holistic approach in creating a small-scale DH in conjunction 
with renovation of a church town in the north of Sweden.

Should these initiatives be approved, the research philosophy aims described in section 2 will 
be followed to include more contributions to the participative research, by involving 
stakeholders and other academic disciplines in the creation of a smart heating system.
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a b s t r a c t

There are two main methods nowadays for modeling district heating systems, but a key disadvantage of
both is that a real network containing loops cannot be described without artificial simplifications in order
to eliminate those distinguishing features. However, loops are very common in mature networks that
have developed a meshed structure, and make the distribution of mass and heat flows quite characteris-
tic. For this reason, a new process integration method for modeling complex district heating systems con-
taining loops is described in this paper. This method makes it possible to analyze how loops and
bottlenecks affect the behavior of the network, as well as the distribution path of the thermal energy
in it. The district heating system in the town of Kiruna (located in the north of Sweden) has a complex
design with several loops and part of it is used in the paper as an example of application.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Iron ore has been mined for over 120 years in the town of Kir-
una, in northern Sweden, at the local mining company LKAB. The
mine, located close to the town, is currently the largest under-
ground iron ore mine in the world. As a result of the vast mining
operation, a deformation zone has developed at ground level and
is currently approaching the town. The town, with a population
of about 20,000 people, is going through an urban transformation
and parts of it are about to be relocated as shown in Fig. 1 [1].

The relocation of the town affects all its main infrastructures,
the district heating system (DHS) being among the affected ones.

DH technology is well established in Sweden and its share of the
total heat demand for housing and business premises was 50% in
2005 [2], among the highest in Europe. Swedish municipalities tra-
ditionally operate their own DHS [3]. In Kiruna, the DHS is oper-
ated by TVAB (the local energy company), which also owns the
DHS and the related heat production plants, as is shown in Fig. 2.

In order to study how the DHS will be affected by the urban
transformation, a model of the current DHS has to be created. Now-
adays there are two commonly used methods to create such a
model: the Danish method [4] and the German method [5]. Both
these methods use the principle of merging smaller branches into

bigger branches, incorporating the heat loads of the removed
branches into the preserved ones.

An example of how these methods work is shown in Fig. 3. In
the center of the figure the complete DHS for a town in Denmark
is shown, whereas the left and right sides of the figure show the
simplifications introduced according to the rules defined in the
Danish and German methods, respectively, in order to reduce the
numbers of network nodes.

A more detailed analysis of the two methods makes it apparent
that the Danish method is not capable of handling DHS loops at all,
while the German method requires to modify the loop structure
into a series of pipes [6]. As can be seen in Fig. 2, the structure of
Kiruna DHS mainly consists of a number of loops so that neither
the Danish nor the German method could be applied without caus-
ing significant issues in the subsequent analysis of network flow
distribution. In fact, for a given set of user demands the heat and
mass flow distribution in the branches of a network with multiple
loops is mainly determined by the local pressure at the nodes that
are at the ends of the branches. The information about the pressure
is therefore critical and any simplification method reducing the
topology of a network with multiple loops to one with a tree or lin-
ear structure will unavoidably lose it, making it impossible to
understand the real distribution of the flows in the network.

It is worth noting that there is a lack of published papers in the
literature regarding DHSs featuring loops and the related bottle-
neck issues that characterize them. Furthermore, only a few papers
are published about the analysis of multi-source production plants

http://dx.doi.org/10.1016/j.enconman.2014.10.002
0196-8904/� 2014 Elsevier Ltd. All rights reserved.
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or DHSs and the problem of expanding or redesigning a DHS to
connect new consumers [7–10].

The aim of this paper is to illustrate a new method, developed
with process integration techniques, that:

� Allows the modeling of DHSs with loops, without introducing
any simplification or modification to their physical structure.
� Allow the modeling of DHSs containing of multiple sources of

thermal energy production.
� Allows the redesign of the DHS structure, in particular to add or

remove consumers.
� Gives the possibility to study DHS flow distribution and find

bottlenecks in DHSs with loops.

Kiruna DHS will be used in the following as an example of appli-
cation to better show the procedure for building the model and the
results that can be obtained.

2. Method description

2.1. Process integration techniques

Process integration is often used to study the links among dif-
ferent parts within the control volume of complex systems. For
instance, it is commonly applied to sectors like pulp and paper,
steel and mining industries, where a typical control volume can
be a product unit, a set of material flows or an entire production
site for specific reference periods such as weeks or a steady state
single time step [11–13]. In this work the spatial boundaries of
the control volume include an entire city with ancillary facilities,
as shown in Fig. 4, and the considered time period is one complete
year subdivided in daily time steps.

Basically, there are three main methodologies that can be applied
in process integration: Pinch Analysis, Exergy Analysis and Mathe-
matical Programming [10,13–16]. Pinch Analysis focuses on the

Nomenclature

Abbreviation
DH district heating
DHS district heating system
TVAB tekniska verken i kiruna AB

LKAB luossavaara kirunavaara AB
CHP combined Heat and Power
MILP mixed integer linear programming

Fig. 1. The map of the town of Kiruna showing the locations of the mine deformation zone and the terrain chosen for building relocation [1].
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hot and cold streams within the control volume, and in particular on
their heat load requirements and temperature ranges, to determine
some targets about the internal heat transfer and the heat exchanger
network that realizes it. Exergy Analysis considers the system effi-
ciency in terms of energy quality, by comparing the Exergy content
in the consumed resources and in the obtained products. Mathemat-
ical Programming, which is used in this work, specifies thermody-
namic, chemical, and other kinds of relationships from a
mathematical point of view and specified objectives is optimized
under constraining conditions. This can be done by using different
representation methods such as linear programming (LP, only linear
relationships among real variables), mixed-integer linear program-
ming (MILP, linear relationships among real and integer variables),
nonlinear programming (NLP, generic relationships among real vari-
ables) and mixed-integer nonlinear programming (MINLP, generic
relationships among real and integer variables). As discussed by
Henning [17], and Larsson and Dahl [16], a sufficient level of detail
in the analysis can be obtained by using a mixed integer-linear rep-
resentation of an energy system, since MILP makes it possible to

describe and approximate non-linearity by using discrete linear
relationships and constraints. The representation of the system is
therefore improved with respect to LP [16] and this enhances the
precision of the results.

Mathematical Programming allows to deal with optimization
problems having a single or multiple objectives (in the latter case
the objectives are optimized against one another and a Pareto front
is obtained as a result of the conflicting trends). A MILP optimiza-
tion problem has the following general formulation:

minimize Z = f(x, y)
subject to:
h(x, y) = 0
gðx; yÞ 6 0
x P 0; y 2 f0:1g or integer

where Z is the objective function to be minimized and h, g are the
specified constraints for the system. x can be any continuous vari-
able and y is any binary or integer variable [13].

Fig. 2. The scheme of the DHS network in the town of Kiruna with the production plant sites.

Fig. 3. Simplification of a DHS network performed using the Danish and German method [4].
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2.2. The DHS model in the Simulink and reMIND software

The model of the DHS consists of two main parts developed in
different software environments. The physical model of the net-
work is built in the Simulink/Matlab environment and is used to
simulate the distribution of heat and mass flows within the net-
work, in order to calculate the overall thermal energy that has to
be supplied to the network to satisfy a given set of user demands.
ReMIND software is then used to optimize the required heat pro-
duction, so that a schedule can be arranged about the plants and
fuels to be used in order to achieve operating cost minimization.

2.2.1. The physical model of the network in Simulink
In the present case, a detailed understanding of DHS structure

and operation is essential for developing a good model. The Simu-
link model [18] of the physical DH network reproduces the original
structure of the network without any need of altering its multiple
loop topologies. The model allows to calculate the distribution of
the mass flow rates in the network pipes by considering the local
pressure at pipe junctions, which is determined as a function of
pipe pressure loss coefficients and of pipe mass flow rates them-
selves. The heat losses throughout the network are also modeled
by considering the temperature of the water at pipe junctions. In
fact, the enthalpy flow delivered by a given pipe to the down-
stream junction is set to be equal to the one entering the pipe from
the upstream junction minus the thermal power lost in the pipe
itself. As a result, the temperature of the water in the pipe junc-
tions diminishes as the distance from the heat production sites
increases (on the contrary, the return temperature is considered
constant in the entire network).

The physical modeling of both pressure and heat losses in the
network and the simulation of the real mass flow rates in the pipes
and of pressure and temperatures in pipe junctions makes it possible
to calculate backwards the heat that must be supplied at the produc-
tion sites, starting from the enthalpy flow requested by the users.

The analysis of the results makes it possible to understand:

� The flow distribution of the DHS.
� Where bottlenecks occur.

A test case for a simple DH network is shown in Appendix A to
better clarify the inputs and outputs of the model and to illustrate
with some numbers the calculations that are performed.

2.2.2. The optimization of heat generation in reMIND
Originally the MIND software was created and developed at

Linköping University (LiTH) in the 1990s. From the early 2000s,
further development of the software has been carried out by Luleå
Universi ty of Technology (LTU) and the Swedish metallurgical
research institute Swerea MEFOS. This resulting in a new version
named reMIND [16], which is a software that has a graphical user
interface used to set up models based on Mixed Integer Linear Pro-
gramming (MILP).

The model of the heat production sites is created in the reMIND
software both visually and mathematically [19]. This visualization
is based on nodes, which in general often represent physical units,
and branches, which can represent different kinds of flows (e.g.
energy, electricity, fuel [13]). Nodes can be subdivided into sinks,
sources and equation nodes. In the case of the DHS production
sites, sink nodes represent the heat requirements to be fulfilled,
source nodes represent the different fuel available for the boilers
and equation nodes describe the relationships among different
branches, i.e. the different viable options for the production site
to satisfy the heat requirements.

The overall set of equations regarding the production sites are
optimally solved by the CPLEX software in order to minimize the
operating costs for heat production according to the following
objective function:

min
X

timesteps

X
plants

X
Fuels

cf Ef

 ! !

where cf is the specific cost of fuel f and Ef is the heat produced
using that fuel. Of course, the objective function is minimized under
the constraint that the sum of the thermal energy amounts pro-
duced by the different fuels in the different plants must match
the total demand of the consumers plus the overall heat losses in
the network as calculated by Simulink physical model of the DHS.

In Appendix A the optimization problem is also solved for the
test case of the simple DH network in order to show the input data
in the reMIND model of the heat production sites and the output
from the CPLEX solver.

2.3. Workflow for the proposed method

Data handling and the implementation of data into large mod-
els are common problems when working with process integration.

Fig. 4. Control volume for the considered DHS in the Kiruna case.
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A procedure for dealing with the implementation of data into the
model, and then for solving the optimization problem and analyz-
ing the result has been developed by interfacing different soft-
wares: Simulink/MATLAB, reMIND, Microsoft Excel with Visual
Basic for Applications (VBA) and CPLEX [20].

A schematic view of this procedure is shown in Fig. 5 and each
step is explained below, following the same order of the figure.

Step 1: The DHS model (see Sections 2.2.1 and 3.1) is created in
Simulink and initialization file is run containing all the in data
about the demands of the consumers, reference heat and pres-
sure losses in the pipes as a function of diameter and insulation
characteristics.
Step 2: The simulation of the DHS model is run in Simulink and
the results about the heat required from the production sites
are exported as an Excel file.
Step 3: The model of the production plants is created in reMIND
(see Section 3.2) software and is then exported to an XML
(Excel) document from reMIND.
Step 4: The Excel document that describes the model is then
filled with process data (heat required from the Simulink model

and data about boiler fuels), which are automatically read by
VBA macros.
Step 5: The XML document is then imported back to the reMIND
software. The reMIND model is now filled with process data for
every time step.
Step 6: The model is exported from the reMIND software to
CPLEX, in the form of a system of mathematical relationships.
CPLEX solves this equation system for a minimum or maximum
value of the specified objective function.
Step 7: The result from CPLEX is written to a SOL-file, which
contains the optimized result in text format, that is imported
into Excel, where the solutions can be presented and analyzed.

2.4. Model validation

Model validation may result in difficulties during the develop-
ment of a large model with a huge amount of process units or
sub-processes and complex material connections. The usual way
of dealing with this is to start building small sub-models that are
easy to validate and control. The validation includes both the
verification of the numerical solution from the model, and the

Fig. 5. Workflow for developed PI-procedure showing the seven steps and the interfaces among different softwares.
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verification that the created model describes the problem ade-
quately [16]. After their validation, the sub-models are combined
into the overall model. However, this procedure is not suitable
when a complex DHS is modeled and instead another way of per-
forming the validation is used. At first a single loop of the network
is modeled and simulated, then the simulation is validated by find-
ing the expected flow pattern according to experimental data. Later
other loops are added and validated in the same way until the
complete network is finally modeled.

3. Application of the method to Kiruna DHS

The structure of the DHS owned by TVAB and serving the town
of Kiruna is shown in Fig. 2. Where loops are marked with blue
color and the production plants connected to the grid are high-
lighted, which large production plants are marked with factory
symbols and small production plants with boiler symbol. The pro-
duction plants and their maximum power and heat capacity are
listed in Table 1 with corresponding fuel source.

The largest production plant, called ‘‘TVAB’’ in Fig. 2, consists of
two biomass boilers, one oil boiler and one CHP waste boiler. The
electricity from this CHP plant is delivered to the grid, whereas
the electricity required internally is bought from the grid. Apart
from the main production plant, there are four boiler houses
located in the DHS, which are used as backup units when needed.

In 2010, TVAB produced 14 GW h of waste heat that was
released to the surroundings. The waste heat comes from the incin-
eration of municipal waste that has to be in operation all year
regardless of the heat demand. During summer, the heat demand
of the system is lower than the heat produced. In the LKAB net-
work, the waste heat surplus production (2010) was 160 GW h.
The municipal DHS is connected to the LKAB internal DHS so that
heat can be transferred between the two systems.

Both TVAB and LKAB own several old oil boilers that are in need
of replacement in the near future. To meet this challenge, TVAB
and LKAB have started a prestudy in order to investigate the possi-
bility of using a common production site containing two biomass
boilers. The new production plant will deliver heat to both DHSs.

In order to illustrate and clarify the methodology presented in
Section 2, a part of the DHS in Kiruna is chosen as case. The steps
below are in the same order as in Fig. 5.

3.1. Step 1–2: physical modeling with Simulink

It has been mentioned in the previous section that the main
advantage of the DHS model built in the Simulink environment is
that it is possible to create a good representation of a DHS with
loops and multiple sources of thermal energy by stating the

thermo-fluid dynamic relationships and the mass and energy bal-
ances in network components, without the need of introducing
any modification to the physical structure of the real DHS.

Model development starts from the identification of existing
loops (blue color) and consumer feeding branches (red color1) in
the network (Fig. 2). In Fig. 6 the basic structure of the model has
been given a more linear shape, of modeling reasons, and the inter-
sections in loops are marked with circles. No critical design changes
have been done to the system structure, and this makes it easy to
identify spatial positions while working with the model.

The next step in the modeling is to add in connected consumers
in order to create a complete network. The consumers are grouped
into different blocks, each block consisting of the consumers
located between two loop intersections or production plants. In
this case, a block can represent from 0 to 400 consumers and, since
energy consumption is measured, the heat demand of each block is
kept equal to that of the real DHS, i.e. the energy balance is main-
tained by summing up the demands of the consumers in each
block. If the resolution of the model has to be increased, the con-
sumer blocks can be divided into smaller blocks. Fig. 7 is generated
by adding house symbols to Fig. 6 in order to represent the con-
sumer blocks.

The schematic network shown in Fig. 7 is the one that has to be
modeled in Simulink. Fig. 8 shows how one particular loop, the one
highlighted in green in Fig. 7, is converted into a block diagram in
the Simulink graphical interface.

The different kinds of blocks (node, pipe, user, heat source) are
explained below:

Node: this block represents the physical location of the junction
between/among two or more pipes of different diameter, and also
the location at which users extract from the network the heat they
require. In this block the mass and enthalpy balances including all
the incoming and outgoing flows are calculated, and the values of
the pressure and temperature are updated accordingly during the
transient leading to the steady state solution for each day of the
considered period. Fig. 9 shows the typical diagram of the calcula-
tions performed in this kind of block. The input signals about the
mass and enthalpy associated with the flows entering and leaving
the node are sorted and summed to determine the corresponding
unbalances. The mass unbalance is then amplified and used to cor-
rect the current pressure value in the node and enthalpy balance is
amplified and used to correct the current temperature value in the
node. The values of node pressure and temperature are then
returned to any pipe or user connected to the node.

Pipe: this block is used to represent a physical pipe of the net-
work. In this block the mass flow rate flowing in the pipe is calcu-
lated as a function of the pressure in the nodes at the ends of the
pipe, pipe geometry (diameter and length) and the specified fric-
tion loss coefficient. The enthalpy flows entering and exiting the
pipe (which differ because of the heat losses in the pipe itself)
are also calculated as a function of the mass flow rate, the node
temperature at flow entrance and the specified heat loss coefficient
(see [21] for further details about heat loss calculations). The val-
ues of the mass and enthalpy flows are then returned to the per-
taining nodes with the appropriate signs.

User: this block represents a group of real consumers that
extract the heat flow they require from a network node. Their
demand is actually specified in terms of enthalpy flow (considering
a constant return temperature for the entire network), so that the
mass flow rate flowing from the node block to the user block varies
according to node temperature, which is in turn the result of the
heat losses in the network. User heat requirements are in fact

Table 1
The boilers serving the DHS for the town of Kiruna with the corresponding fuel
sources and heating power.

Fuel Capacity (MW)

TVAB
Biomass boiler 1 Peat, wood, wood chips 7
Biomass boiler 2 Peat, wood, wood chips 7
Flue gas boiler Flue gas 3
Oil boiler Oil 20
Waste boiler Waste 30
Electric turbine Through Waste boiler 7
LKAB Waste heat 15

Boiler house
1 Oil 8
2 Electricity 10
3 Oil 13
4 Oil + electricity 7 + 1.2

1 For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.
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Fig. 6. Scheme of the multiple loop structure of the DHS in the town of Kiruna.

Fig. 7. Consumer blocks in the multiple loop structure of the DHS in the town of Kiruna (the loop marked in green is the one modeled in the Simulink software as example of
application). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the specified boundary conditions at the ‘‘downstream’’ end of the
network.

Heat source: this block is used to represent a heat production
site. In this block, the supply pressure and temperature at the heat
production site are specified and are considered constant (as they
are the boundary conditions at the ‘‘upstream’’ end of the net-
work). All the enthalpy flows in the pipes departing from a heat
production site are summed up in order to determine the heat that
the production site must supply.

The arrows in the diagram represent the numerical information
that is exchanged by the blocks. The output arrows from the pipe
or user blocks carry the mass and enthalpy flow values to the per-
taining nodes, which receive them as inputs. In turn, the output
arrow from a heat source block or a node block carry the pressure
and temperature values to the pipes and users that are connected
to that node. Because of this critical exchange of information (pipe
mass and enthalpy flows vs. node pressure and temperature), it is

therefore clear that the fundamental structure of physical DHS
model relies on the strict alternation of pipe and node blocks along
the representation of network topology (see Fig. 8).

3.1.1. Analysis of consumer data
TVAB company stores all its consumer data in a database. The

highest resolution available from this database is on a daily basis.
For the current project, all consumer data in the year 2010 was
exported from the database into an Excel spreadsheet.

The lack of this kind of process data causes validation problems
for the DHS model. The actual data for heat consumption may be
not complete for the considered time period since sometimes the
connection to the consumers heating meter fails, and this result
in series of missed measurements as shown in the second column
of Table 2. One common way to handle this problem is discussed in
[22]. When consumer data is lacking for one or more days, the
daily report is suspended and the consumption difference with

Fig. 8. The Simulink model of the DH network loop marked in Fig. 7.

Fig. 9. Block diagram inside a node block of the Simulink physical model of a DHS.
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the first available measurement that follows is equally divided
among the days in which the measurement was not available, as
shown in the last column of Table 2. However, information about
consumer dynamics is lost during the period in which the mea-
surements are missing.

3.2. Step 3–5: filling process data in the reMIND model

The reMIND model of the heat production sites consists of sev-
eral sub-diagrams of nodes connected by branches see Fig. 10. Each
production site (only boilers in the Kiruna case) has a main equa-
tion block in which the capacity limits and the conversion effi-
ciency are specified. The equation block receives as input the fuel
flows from the source blocks (according to the types of fuels that
can be used in that particular site, e.g. waste, peat, oil, bark, mixed
wood, electricity, etc.) and sends the produced heat flow to the sink
block in which the demand of that particular site is specified.

It is worth noting that at the main production site (TVAB plant)
the waste boiler is a CHP unit with combined heat and power pro-
duction, and a short term heat storage tank used for hot water pro-
duction on a daily basis (the maximum capacity of the tank
roughly corresponds to just one day of the yearly average network
demand).

The data required by the reMIND model for the optimization are
divided into two categories:

� The values that are specified in the model (boiler conversion
efficiencies, fuel heating values, fuel unit costs including unit
cost of bought electricity);
� The values that are imported via the VBA routines (unit revenue

for sold electricity and heat production site demands according
to Simulink DHS model).

3.3. Step 6–7: optimization and post processing

When the process data are imported to the reMIND model, the
equation system for the minimization of the operating cost is gen-
erated and then exported to the CPLEX software which solves the
optimization problem. The outcome for the whole year (2010) is
generated in an Excel document, in which the values of the heat
flows in the DHS pipes were also previously gathered from the
Simulink simulation. This document, of which a 10 days excerpt
is shown in Table 3, is the basis to analyze the flow distribution
and the bottlenecks in the DHS. Flows that have reached, or are
close to, the capacity recommended by the manufacturer can be
found [23], and of course these flows are, or are close to become,
bottlenecks in the distribution of the thermal energy within the
DHS.

When the flow in a pipe is close to or exceeds its recommended
capacity the flow distribution in the network is affected by greater
pressures losses then in the case in which the bottleneck is
removed and replaced by a pipe having bigger diameter. This is
because the overall flow has to split over the parallel branches
under the same pressures difference between the initial and final
junctions, so that reducing the flow resistance of the bottleneck
will increase the flow in that branch and reduce the flow in the
other branches, raising the pressure in the final junction.

The data contained in the Excel document can be visualized as a
video sequence to study the time history for the system flow distri-
bution. In Fig. 11 the energy flows are shown from this video
sequence in one day for the loop depicted in Figs. 7 and 8.

To better understand the visualization, four colors are used for
displaying the magnitude of the energy flows:

� Red: The energy flow has reached recommended capacity as
specified by the producer.
� Yellow: The energy flow is between 70% and 100% of the recom-

mended capacity of the pipe.
� Green: The energy flow is between 30% and 70% of the recom-

mended capacity of the pipe.
� Black: The energy flow in less than 30% of the recommended

capacity of the pipe.

The direction of the energy flows is shown by making the dis-
played color fade to gray along flow direction. This visualization
presents a second opportunity to analyze the DHS flow distribu-
tion. Two pipes have reached a capacity greater than 70% of the
recommended one (the pipes that convey most of the thermal
energy requested by the northwestern part of the town from
the TVAB plant). All the other pipes in the loop do not exceed
70% of the recommended capacity and those that are close to
the eastern end of the loop do not even reach 30% of that. This
means that the two main heat flows departing from TVAB plant
reconnect in the northeastern corner of the loop to feed eastern
part of the town.

The part of the excel document containing the results from the
CPLEX solver show the optimal amounts of thermal energy that
have to be produced in the different plants of the multisource net-
work, and can be visually analyzed in the same graphical interface
as histogram bars for the different shown close to the correspond-
ing production plants.

4. Discussion

Sustainability, environmental friendliness, new technology and
flexible and efficient energy system are keywords in the urban
transformation process in the town of Kiruna [24]. A high level
of integration between the DHSs in industry and community is
also a strategic feature. The potential to include technologies

Table 2
Measured consumption for one DHS consumer in the town of Kiruna during one
month (in the third and fourth column it is shown how accumulated consumption is
used for filling lacking information in data series).

Consumer 127100

Date Meter indication
(kW h)

Consumed
energy

Complete data
series (kW h)

2010-01-01 432121.5 – –
2010-01-02 No data 563.2 140.8
2010-01-03 No data 140.8
2010-01-04 No data 140.8
2010-01-05 432684.7 140.8
2010-01-06 No data 390.5 130.2
2010-01-07 No data 130.2
2010-01-08 433075.2 130.2
2010-01-09 No data 1205.7 109.6
2010-01-10 No data 109.6
2010-01-11 No data 109.6
2010-01-12 No data 109.6
2010-01-13 No data 109.6
2010-01-14 No data 109.6
2010-01-15 No data 109.6
2010-01-16 No data 109.6
2010-01-17 No data 109.6
2010-01-18 No data 109.6
2010-01-19 434280.9 109.6
2010-01-20 No data 212.8 106.4
2010-01-21 434493.7 106.4
2010-01-22 434607.4 133.7 133.7
2010-01-23 434753.5 146.1 146.1
2010-01-24 434918.7 165.2 165.2
2010-01-25 435076.6 157.9 157.9
2010-01-26 435205.2 128.6 128.6
2010-01-27 435331.0 125.5 125.5
2010-01-28 435445.5 114.5 114.5
2010-01-29 435614.2 164.8 164.8
2010-01-30 435809.0 194.8 194.8
2010-01-31 435996.7 187.7 187.7
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which can provide waste heat as a source for thermal distribution is
increased by this improved collaboration. One important outcome in
the Kiruna case is that fossil-based heat production is reduced sig-
nificantly. The DHS in Kiruna is very complex because it contains
several loops and production units. Thorough documentation is
needed to guarantee that the system description is correct.

The new method presented in this paper differs in many crucial
ways from the traditional Germany and Danish methods. In fact, it
makes it possible to describe and analyze optimized heat produc-
tion in DHS while preserving the original net structure. This is

the essential condition that is required to determine the flow dis-
tribution in a network with multiple loops, since the mass flow
rates in loop branches are determined by the local pressure in
the nodes at the ends of the branches. The methodology allows also
a multisource network model to be created in which several pro-
duction plants are implemented and different kinds of fuels are
introduced. The developed physical model of a DHS is suitable to
analyze large and complex networks thanks to its full modularity,
so that it is always possible to add pipes, user and node blocks in
order to represent any real topology.

Fig. 10. ReMIND model of one heat production site in the DHS.

Table 3
Simulation results from the Simulink physical model showing the enthalpy flows in the pipes of the loop in the DHS of Kiruna used as example of application.

Energy
flow (nr.)

Rec. capacity
(kW)

Date

2010–01-01 2010–01-02 2010–01-03 2010–01-04 2010–01-05 2010–01-06 2010–01-07 2010–01-08 2010–01-09 2010–01-10

AB:1 45000 (kW) 33671 33675 32804 33804 34590 34160 34048 34048 24938 2555
AB:2 45000 33540 33541 32671 33351 34448 34013 33901 30689 24842 22482
Y1 10000 2151 2190 2209 2291 2314 2255 2350 2136 1626 1392
Y2:1 5000 2151 2190 2209 2291 2314 2255 2350 2136 1626 1392
Y2:2 5000 1754 1796 1816 1870 1896 1845 1940 1771 1353 1176
Z1 18000 5641 5676 5669 5730 5779 5725 5803 5250 4243 3746
Z2 10000 3528 3561 3554 3616 3667 3616 3693 3338 2623 2286
Z3 7500 3146 3179 3172 3234 3284 3231 3308 2994 2342 2043
Z4 5000 2783 2815 2808 2870 2919 2866 2943 2670 2079 1813
Z5 5000 2102 2134 2128 2189 2237 2182 2260 2052 1582 1391
Z6:1 5000 1909 1940 1934 1995 2043 1989 2066 1879 1441 1271
Z6:2 5000 1632 1663 1657 1718 1767 1714 1791 1632 1239 1099
Z7:1 5000 1623 1654 1648 1709 1758 1704 1782 1622 1230 1090
Z7:2 5000 1162 1197 1200 1264 1288 1244 1298 1176 888 775
Z7:3 10000 1145 1180 1183 1247 1271 1227 1281 1159 871 758
Z9 10000 598 538 503 566 574 608 508 536 481 372
Z10:1 10000 954 999 1029 1049 1068 1028 1125 1032 760 663
Z10:2 5000 1379 1421 1450 1498 1514 1466 1563 1425 1061 906
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In order to model a large energy system like multisource DHSs,
an organized procedure is needed [16], and the developed method
is based on clear operating steps that help to handle such systems
in an efficient way. However, a full physical description of a large
system tends to be computationally intensive to handle [5], and
indeed the computational effort required by the simulation obvi-
ously increases with the complexity of the network. Still, the sim-
ulation of the physical model of the DHS for an entire town can
nowadays run on ordinary laptops.

The aim of this work was to develop a model for analyzing mass
and heat flow distribution and to identify bottlenecks in the DHS.
As shown in this paper those aims are fulfilled. Due to the fact that
the real network topology can be easily reproduced in the physical
model, the redesign of the DHS will be performed smoothly when,
for instance, new pipes (with their lengths, diameters and friction
loss coefficients), new nodes and new consumers (with their heat
demands) will be included and other components will be removed.
The analysis of the redesigned DHS will be carried out in the same
way as for the existing DHS. Therefore, it will be easy to compare
the new outcome with the original simulation and optimization
results.

The visualization also presents another opportunity to analyze
the mass and heat flow distribution in the DHS in order to locate
the bottlenecks. A graphical interface has been generated to show
the information about network behavior, which is illustrated by
different colors showing the heat loads in the pipes.

5. Conclusions

The conclusions from this paper are:

� The proposed process integration method using the Simulink
and reMIND software environments is a useful tool for studying
the pattern of thermal energy distribution in an existing DHS
with loops.

� The outcome quantifies the flows in the DHS pipes and is used
to study the thermal energy distribution in loops, in order to
highlight the bottlenecks in the system and to obtain the opti-
mal heat production for the different supply plants.
� The method uses consumer data for existing city areas from a

database which is editable. New city areas and consumers can
be included in the same way.
� The graphical visualization output that has been developed

makes it easier to analyze the DHS flow distribution, and how
bottlenecks influence the network during a specified time
period.
� The method offers the possibility of building DHS models that

are faithful representations of the physical network (i.e. without
introducing artificial changes to the structure of the model),
and, accordingly, gives the opportunities to redesign the DHS
in the future for different scenarios of urban development.

Future work

The model of the Kiruna DHS will form a basis for developing a
sustainable infrastructure for the town with an optimized heat
production and distribution. Different models will be created with
the intention of studying different urban transformation scenarios.

In a long-term perspective this future work aims to:

� Create a model that describes the whole DHS including existing
energy production plants.
� Develop a model for a redesigned DHS that includes the changes

related to the partial relocation of the town.
� Create a complete model of the DHS for the town by connecting

the model of the municipal DHS to a similar model of the indus-
trial DHS.
� Include a new production plant in the complete DHS model.
� Analyze the potential for seasonal storage in the complete

model.

Fig. 11. Visualization of heat flows in the loop marked in Fig. 7.
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Appendix A

In this appendix a simple test case is presented to better clarify
the inputs and outputs of the two models used in the proposed
process integration procedure to simulate and optimize DHS with
meshed networks, i.e. the physical model of the DH network in
the Simulink environment and the reMIND model of the heat pro-
duction sites which is used to define the optimization problem
solved by CPLEX. The numbers for the main inputs and outputs
are also given to show some indications about the results of the
calculations that are performed.

In the test case the network, which is represented in Fig. A1, is
composed by one heat production site, one loop and three groups
of users, two of them being supplied along the loop whereas the
third is located at the end of a branch that departs from one of
the loop nodes.

Fig. A1 shows the inputs and outputs to each component of the
network (heat production site, pipes, nodes, groups of users) and
also the numbers that were assigned as inputs and the numbers
that were calculated as outputs by the simulation in Simulink.
The inputs to the heat production site are the pressure at the
pumping station of the site (which is given the reference value of
0 kPa) and the supply temperature, while the output is the thermal

power that has to be produced by the site. The inputs to a pipe are
the length, the diameter, the friction coefficient and the heat loss
per unit length in reference conditions (the temperature difference
with the return flow, the external temperature and the recom-
mended maximum mass flow rate as given by the manufacturer),
while the outputs are the pipe mass flow rate and the incoming
and outgoing thermal flows associated with that. The nodes of
the networks only have outputs, which are the pressure and the
temperature in the nodes. Finally, the input to the groups of users
is the thermal request, while the output is the mass flow rate that
is taken from the network to satisfy that request.

Fig. A2 shows the inputs and outputs of the optimization
problem that is solved in CPLEX to minimize the operating costs
in the heat production site according to the model built in reMIND.
The heat production site is assumed to have two boilers, one fed

Fig. A1. Inputs and outputs of the physical model of the DH network for a simple test case.

Fig. A2. Inputs and outputs of the operating cost minimization problem for the
same simple test case.
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with biomass and the other fed with urban waste. Fuel unit
costs and heating values and boiler efficiencies and maximum
capacities are given as inputs to the solver, as well as the amount
of thermal power that has to be produced according to the results
of the simulation of the physical model of the network. The outputs
are the thermal powers to be produced in each boiler in order to
minimize the operating costs. In this simple test case it is clear
that using the waste boiler is more convenient since a revenue
is generated by burning waste, but the thermal power requested
is greater than the capacity of the waste boiler so that the
exceeding thermal power has to be supplied by the biomass
boiler.
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The first commercial DHS was built at Lockport, New York in 1877. Since then DHSs has been 
built in almost every country in Europe. The use of DH has been increasing in Germany, Denmark, 
Holland, Belgium, and especially in Sweden and Russia since the beginning of the 20th century [1],
[2] and [3]. DH will have a central role in the future energy system, as heat production is more and 
more centralized and optimized [4].
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The heat is produced in a heating plant and then it is transported to the connected buildings by a 
primary pipe network. In the connected buildings heat is exchanged in a heat exchanger to 
secondary pipe network where the heat is finally used by the consumers [1]-[5]. In Sweden the 
primary and secondary network is a two-pipe system. The primary network that transports the heat 
from the heating plants to the buildings represents the main source of losses in the network. 

The losses in the primary network are the third largest heat demand in a DH network after the heat 
demand for the building and hot water production. As a rule of thumb the total annual losses in the 
network amount to around one tenth of the annual produced heat [6]. These losses should be kept at 
a minimum to obtain a high efficiency in the network [5]-[7].

The four largest parameters that affect the losses in a DH network are [6]:
•� The amount of insulation around the pipes
•� The pipe dimension
•� Supply and return temperature
•� The geographical distribution of the heat demand.

The amount of insulation and pipe dimension are determined when the network is created. When 
planning for new DHS areas, the following steps are performed:
•� Pilot study for understating the existing system, possibilities for rebuilding and incorporating 

new parts to existing network, heat demand for the new area, etc.
•� Calculations of heat transports capacity, power limits, heat losses, etc.
•� Drawings to the contractor for executing the new piping.

In the planning step, heat loss data from pipe producer are used. These data are calculated according 
to current standards.

DH is a well-established technology in Sweden and there are DHS in the most Swedish towns [8]-
[9]. In the town of Kiruna, in the north of Sweden, the DHS contains 190 km of pipes. The DHS in 
Kiruna originates from the 1960th and has constantly been developed and maintained since then. 
Therefore the network contains pipes based on different standards through the decades.

The losses for a network are calculated as the difference between produced heat at the plant and 
heat consumed by consumers. The losses for the DHS in Kiruna in the year 2010 are given in Table 
1.

Table 1. Total losses
Produced 259 GWh
Consumed 228 GWh
Losses 31 GWh

This gives a percentage loss of 12%, and according to [1],[6],[10]-[12] that percentage is normal for 
a Swedish DHS. General methods targeting the determination of losses are scarce in the literature.

The characteristics for the network in Kiruna can be summarized as follows:
•� Origin from 1960th

•� Continuously developed
•� Continuous maintenance
•� Total losses of 12%

In overall these characteristics specify a normal Swedish DHS, and the DHS in Kiruna can be
considered as a typical Swedish DHS.
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The aim of this paper is therefore to:
•� Identify and quantify the heat losses in the Kiruna DHS.
•� Present a method for evaluation and determine the losses in the system.
•� Evaluate the proposed methods.

*(����+!"�
*('(�����#�"����),�)!$�
TVAB, the owner of the DHS in the town of Kiruna, is a company owned in turn by the 
municipality.

The complete structure of the DHS is shown in Fig. 1. The pipes in the figure are colored after 
category. 
•� Red pipes: are feed pipes that go from the backbone network to the consumers. 
•� Blue pipes: the backbone network that consists of circuits (loops) in the network.

Fig. 1.  The complete DHS for Kiruna

The DHS is divided into different blocks, as shown in Fig. 2. It consists of 31 blocks; a block 
represents the pipes between two connection points in the backbone network, as in Fig. 2. The 
dotted cyan colure lines are the border between different blocks (block names are shown in green 
letters).

Fig. 2.  Blocks in the DHS for Kiruna

Figure 2�
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From a geographic information system map, received from TVAB, the available information about 
the piping in the system was obtained, see Fig. 3. By pinpointing a pipe and using the identify 
function in the GIS-program, its length and diameter can be obtained.

Fig. 3.  GIS-map for Kiruna

There was a lack of data in the map regarding length and diameter for a number of pipes. The lack 
of length was solved by exporting the GIS-map to a DWG-file and by using a CAD-system the 
length for a particular pipe can be estimated.

*(-(������#�$��!.�,),��� )�+�&$/$! $�")�#�����
No established method is presented in the literature to treat the lack of diameter data from the GIS-
map. Two methods have been developed here for dealing with that: the average diameter method 
and the percentage method. These methods are applied and their outcomes are compared and 
evaluated.

The average diameter method: An average diameter for the known loop and feed pipes was 
calculated by weighting the known diameters according to the length (1). The two calculated 
diameters are then used for all the unknown pipes of the two different categories.

��������	
� �
��������������

���������
(1).

This method is an elementary and rough way of treating the lack of data.

The percentage method: The percentage distribution of pipes with known diameters in each block is 
used to distribute the diameters to the unknown pipes in that block using equation (2).

�������� ! �
"���

#$$
� %��� !&�'�()� * %��� !��� (2).

This method does not change the percentage diameter distribution in the blocks. Comparing the two 
methods it can be seen that the percentage method gives a more probable distribution of the 
unknown pipes, instead of considering that all unknown pipes have the same diameter.
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Loss specifications for pipes have been obtained from one of the largest preinsulated pipe-producer 
in Sweden and Europe, [13]. According to the product catalogue of the company there are four
different series of pipes.

After discussion with the pipe company more information regarding the pipe series was obtained. 
The current standard regulates how the losses are calculated and specifies the amount of insulation 
for the different series and diameter. Pipe series 1 has the thinnest insulation and series 4 the 
thickest [14].

The insulation consists of polyurethane with cyclopentane and carbon dioxide (CO2) as cell gases. 
Over time the CO2 diffuses out from the insulation and the capability decreases. To increase the 
insulation capability a gas is normally introduced in the insulation material. The blowing agent was 
earlier Freon which had extremely good insulation properties. When Freon was banned 2001 the 
insulation capability decreased with c.a. 20 %. Today the insulation capability for the pipes has 
been restored at the same level of the old Freon insulated pipes [14].

The specified calculated losses for the pipe series are based on the annual average outdoor 
temperature in Sweden (+4.7°C [15]). The average temperature for the town of Kiruna is -1.2°C 
[16] because Kiruna is located in the north of Sweden. Due to this temperature difference the 
specified losses must be adjusted by +9.5 % [14]. In Fig. 5 the losses for each pipe series are shown 
as adjusted and unadjusted.

Fig. 5.  Specified losses

The types of pipes that were used to build the initial networks are different from those that are used 
today. As an example, in the 70s and in the 80s an asbestos cement pipes were commonly used in 
district heating networks. These pipes have much higher losses compared to those that are used 
today. Preinsulated pipes with plastic jacket appeared on the market in the beginning of the 70s and 
became of common use in the 80s. However, some network owner refused to accept the new 
technique and only in the 90s all owners used the new type of pipes [14].
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The installed preinsulated pipes, which became common in the 80th, were normally insulated 
according to series 2, but energy companies have become more focused on the pipe losses in their 
networks. Today the most common series that energy companies buy is number 3 or number 4. The 
choice of series is determined by the economical aspect such as payoff time as a function of the 
losses. The lifetime for a pipe is up to 100 years and the payoff time is allowed to be long, usual 
around 10 years [14]. For smaller diameters (20 – 150 mm) double pipe construction, which is 
available in series 1 - 3, is more efficient regarding heat losses compared to single pipes. With 
double pipe construction the heat loss is reduced by 40 – 50% and the payoff time is normally 5 – 8
years [14]. The available network data do not specify pipe material, age and whether the pipes are 
single or double. The most common pipe type in the network in Kiruna is single type, so we applied 
losses for single pipes.

-(����&%���
-('(�������!%%���)!$�
A part of the database of the different pipe diameters and length for each block is showed in Table 
2. The row labeled “unknown” shows for each block the total length of pipes for which diameters 
have not been specified in the GIS-map.
Table 2. Data collection from GIS
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In Fig. 5 the length percentage is shown versus diameter for all pipes in the network. The amount of 
unknown feed and loop pipes are 14% and 40% in total.

Fig. 5.  Total length according to diameter

The annual losses for loop and feed pipes with known dimension are calculated from data in Figs 4
and 6 shows the annual losses for loops and feeds when applying different pipe series. The total 
losses from loops and feeds are added and compared to the real losses in the DHS in the year 2010
(30´974 MWh).

Fig. 6.  Losses according to series

In Fig. 6 the amounts labelled as “Diff. real losses” represent the amount of losses lacking to match
the losses in the real system. These differences must then be supplied by the losses from the 
unknown pipes in the system. To calculate the losses for the unknown pipes the average diameter
method and the percentage method were applied.

-(*(����+!"�'���+���1���2��")#�$�)!$�#��+!"�
By using equation 1 the calculated average diameters were 200 mm for loop pipes and 80 mm for 
feed pipes, which is consistent with [6]-[17]. The losses for pipes with unknown diameter are then 
calculated by multiplying the length of the pipes with the loss for the average diameter of loops and 
feeds. Calculations are performed for each pipe series and added to the losses of the pipes with 
known diameter. The resulting sums are then compared with the real losses in the network.
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Fig. 7.  Losses with all pipes average method

-(*(����+!"�*���+��,����$��2��#��+!"�
Equation 2 has been applied to each block, and Table 3 shows the calculations for block C as an 
example. The length of unknown pipes is zero after the re-distribution and all classes of pipe 
diameters have increased their total lengths compared to the original value. The percentage diameter 
distribution of the pipes before and after is the same.

A special case occurs if a block has unknown pipes only. In that case the average diameter method 
is used and the unknown pipes get the value of the average diameter of the overall network.

Table 3. Distribution of unknown for block C
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By combining loss data from Fig. 4 and the new distribution given in Table 3, calculated losses 
were obtained for the different series of pipes. The calculated losses for each series are compared to 
the real losses in the network in Fig. 8.

Fig. 8.  Losses with all pipes % method

-(0(������)$2�,),�����)���3�
To be able to implement a correct description of DHS losses in a model, a fictitious series (series X) 
that exactly fits system losses have to be created. Two series X are created by using the diameter
distributions obtained from the two methods.

The loss data for series 1 (the one which gives the most similar network losses according to Figs 8 
and 9) were adjusted to reproduce exactly network losses by the fitting procedure shown in Table 4.

By using the average diameter method for pipe distribution an adjustment of 3.08% is obtained and 
by using the percentage method an adjustment is 4.92% is obtained. The calculated adjustment is 
the factor that should correct the calculated losses of pipe series 1 to obtain a pipe series X that 
correctly matches the losses in the real network. Fig. 9 shows that both series X are between series 1 
adjusted and series 1, which is the series with the highest losses.

Series X and their corresponding diameter distributions can be used for determine the losses in each 
block in the DHS. As an example, Table 5 shows for each block the losses in loops and feeds using 
the series X obtained with the percentage method.

0(��$�%��)��
According to Figs 7 and 8 none of the series specified by the pipe company fits the losses in the 
network, regardless if series losses are adjusted as the producer recommended or not. Both specified 
methods to determine the unknown pipe diameters shows that series 1 and series 1 adjusted are the 
series that are closest to represent the losses in the system. This shows that a normal Swedish DHS 
is a worst case scenari
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Table 4. Finding pipe series X
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Fig. 9.  Both series X and adjacent series
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Table 5.  Losses for each block
�� ������� �� �� �������
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4,�5�� 0-�.
��/���� 0-�.
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��/���� 0-�.
��/����
'� ���� �� �������� 6� �� ���� �������
4� ������� ������� 2�  ������ ��������
7� ����  � �������� )� ������� ����� �
�� ������� � ����� 8� ������� �� �� �
9� ����� � �� ���� �� ������� ������
!� ������� ���� � :�  ������ �������
;� ������ ����� -� ������ �����
<� ������� ����� *� ������ �� �� �
=� ������� ������ >� ������� �������
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B� ������� ��� �� ''� ������� ��������
C�  ����� ������� '4� ������� �������
D� ������� ������ �� �� �� ��

Table 5 shows that 11.5 % of the piping for loops and 41.2 % for the feeds are unknown. When 
calculating the average pipe diameter for the loops and feeds the unknown pipes are excluded. The 
amount of unknown pipes affects the certainty in calculating the average pipe diameter for the loops 
and feeds. However, the small difference between the two series X indicates that the unknown pipes 
must be evenly distributed in the system. 

When creating the model for the DHS in Kiruna the percentage method distribution will be used. 
Because of that the unknown pipes are more likely to be accurately distributed than the case in 
which all unknown pipes are assigned the same diameter. For each block equation 2 will be used to 
redistribute the length of the unknown pipes to diameter classes. The losses for each block 
regarding loops and feeds (see Table 5) will be implemented in the model.

When replacing or rebuilding areas in a DHS, series X can be used for making calculation regarding 
payoff time due to change in pipe losses.

4(��)��&��)!$�
Representatives from the pipe company informed that when planning for new piping in Kiruna they 
recommend to use series 3 or 4. This paper shows that a normal DHS in Sweden can roughly be 
represented by series 1. Losses for series 1 are much higher than the losses in the recommended 
series 3. The mismatch is partially explained because the standard about the insulation capacity for
the different pipe series has changed during time. 

Series X specifies average losses for different pipe diameters. The creation of series X does not take 
into account when the pipe was made and which standard was current during that period. As a
consequence, an older pipe with a given diameter has higher losses than a new pipe with the same 
diameter. This can result in an error when calculating the losses for the blocks in the network. A 
block with many old pipes will have too small predicted losses compared to its actual losses,
because series X specifies just one loss factor for each diameter.

On the other hand, when calculating losses for the piping a lot variables should be taken into 
account, such as filling height, distance between pipes, thermal conductivity in the ground and 
insulation, supply and return temperature, surrounding temperature, [6]. If these are considered, it is
easy to find uncertainty sources. The filling height can differ if extra soil is added on top of the 
pipes or if it wasn’t possible to make the trench deep enough. The thermal conductivity of the 
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ground can differ depending on ground kind. The surrounding temperature can differ according to
where the piping is placed. Piping below streets has higher losses than piping beside the street. In
the winter the piping beside the street is covered with snow that acts as insulation, whereas the 
ground frost goes deeper below the street. How this kind of uncertainties affects the losses is hard to 
say and calculate.

District heating pipes are made of steel and buried in the ground. Moist and water in the ground can 
make the pipes rust if there is a leakage in the pipe jacket. This will cause holes in the piping walls, 
which will result in leakages and heat losses. In this paper, the losses for the network are calculated 
as the difference between produced and consumed energy, so the loss due to leakages are included 
in the calculated loss.

In a district heating network both single and double pipes are normally present. In this article a 
method for specifying a loss series for single pipes are presented. By using same method a loss 
series for the double pipes can be created and used in the same way as the loss series for single 
pipes.

When a consumer is disconnected from the network a short circuit is made at the end of the pipe to 
maintain a small flow in the pipe, so that the water in the pipes does not freeze during the winter. 
This short circuit is just a small pipe connected between supply and return pipes. The short circuit is 
not regulated in any way and the flow is constant all over the year. Pipe ends that are left in the 
ground for further development of the network are also equipped with a small short circuit to 
prevent the pipe from freezing. The short circuits in the network of Kiruna are not taken into 
account. These short circuits are losses in the system and are included in the calculated losses, in the 
same way as the leakage.

Usual heat and flow meters that are used for measuring small energy quantities have poor accuracy 
and the resulting error is that the actual consumption is underestimated. As a consequence, poor 
measurement makes the calculated system losses too high compared to the real ones [14]. 
Documentation about this error has not been found and thus a compensation for this has not been 
considered in this article.

5(��!$�%&�)!$��
The conclusions of this paper are
•� Both methods can be used for calculating the thermal losses in every district heating system in 

Sweden.
•� Losses in a normal Swedish district heating system are a worst case scenario compared to 

European standard.
•� This kind of analyses is important to be performed in every district heating system to calculate

the payoff time when rebuilding the network
•� The methods can be used to determine losses for DHS modeling.
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a b s t r a c t

The flow distribution in a district heating network tends to become no longer obvious when system
design is developed and its complexity increased. As a consequence, the network owner, often the local
energy company, is in need of a simulation program to have the possibility of analysing network beha-
viour and expand the understanding about the operation of district heating system. In this paper, a sim-
ulation tool developed in MATLAB/Simulink is applied in order to analyse the flow distribution in the
district heating network of the town of Kiruna (Sweden). The network in Kiruna has been developing
since the 60s and is today a complex network with a meshed structure, i.e. it is formed by a set of loops
from which secondary branches depart. The simulation tool is part of a methodology that has specifically
been developed to analyse the flow pattern in such kind of networks without altering their physical struc-
ture, and it is expected to be a valuable tool for the redesign of the network in the forthcoming relocation
of some of the urban districts. The results about the current network configuration show that only a few
pipes in the network are exceeding the levels of heat flow recommended by pipe manufacturers. The lar-
gest drops in pressure and temperature from the heat production site to the nodes serving the main con-
sumer areas are within 1.2 bar and 9 �C in the days of highest demand.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

District heating is a technology used for supplying a town dis-
trict or a complete town with the heat generated in large produc-
tion plants. By concentrating and scaling up the heat production
instead of using single house boilers, a lower specific heat produc-
tion cost can be obtained as well as a higher boiler efficiency and
the possibility to co-generate electricity. Moreover, waste heat
from nearby industries can be exploited as a suitable heat source
by simply connecting the supplying facilities to the piping net-
work. However, the thermal losses due the long range distribution
of heat must be taken into account, since 8–15% of the produced
heat is lost in the pipes of a typical district heating network [1,2].

The actual growth of district heating systems dates back to the
period after the Second World War, when a large part of Europe
had to be rebuilt [1]. The existing ones are often large and have
an essential market share, as the outcome of a strong focus on
the delivered amount of heat. More than 5000 district heating sys-
tems are in operation today within the European Union. The largest
market shares, with over 40% of the building stock, are found in

Denmark, Sweden, Finland, Poland, Estonia, Latvia and Lithuania
[2].

The history of Swedish district heating started in 1948 in Karl-
stad, the underlying energy policy being the reduction of the pri-
mary energy consumption by making use of the concept of
combined heat and power (CHP) generation [2]. Yet, the actual
growth of the Swedish district heating technology occurred from
the half of the 60s to the half of 70s, when the government imple-
mented ‘‘Miljonprogrammet” (‘‘The million program”) [1]. The
objective of the program was to create one million of new dwell-
ings for families by building new city areas, which mostly con-
sisted of apartment blocks [3]. These new areas had a significant
density of heat demand and no need for retrofitting, so it was
straightforward to connect them to a district heating system [1,2].

Studies about the historical development of district heating net-
works show that the evolution of their design usually goes through
to four different stages, which are shown in Fig. 1 in order of
increasing complexity: (a) a network made of islands, (b) a coher-
ent network having a tree structure, (c) a network with a ring, and
(d) a meshed network (i.e. a network in which the nodes have
many redundant connections, so that it is formed by a set loops
from which secondary branches depart). In a simple network with
a tree structure and only one heat production site the path of the
hot water within the distribution pipes is univocally determined.
When the network design evolves, its structure tends to become

http://dx.doi.org/10.1016/j.enconman.2016.05.060
0196-8904/� 2016 Elsevier Ltd. All rights reserved.
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meshed in order to reduce the heat load in the pipes by means of
the redundant connections. In a network with one or several piping
loops the hot water has a number of alternative paths from the
heat production sites to the consumers, so that the impact of a line
break can be reduced. In the same way the alternative paths within
the network can be used when some parts of the system are or
become undersized [1,2].

The simulation and analysis of the hot water flow patterns in
meshed district heating networks are not easy tasks because of
the complexity of network structure. Consumer heat demands
are of course the most important variables determining the pat-
terns of mass and heat flows, but the energy company providing
the heat delivery to the consumers has also two main concerns.
The first is to guarantee that the temperature of the hot water sup-
plied to the users is kept above a certain level. The second is that
the pressure drop due to the flows in the pipes should be limited
in order to keep the pumping power at the heat production sites
within acceptable levels.

1.1. Description of the case study

Kiruna is a town in the north of Sweden located 146 km above
the Arctic Circle and close to the world’s largest underground iron
ore mine [4]. Deformation zones due to the mining activity have
started to affect the town, which must now undergo a deep urban
transformation in order to maintain the mining production. As
shown in Fig. 2 one third of the town is going to be affected by
the subsidence in the next two decades, and a plan for a substantial
relocation of town districts has already been decided [4,5].

The infrastructures for the community must be reviewed and
redesigned as a consequence of this urban transformation, and
among them the district heating network, which provides heat to
the majority of the town buildings. The district heating network

in Kiruna, owned by the local municipality company Tekniska Ver-
ken i Kiruna AB (TVAB), was started in 1963 and has been devel-
oped and expanded since then.

Fig. 3 shows the present structure of the district heating net-
work in Kiruna. It is an evolved network structure, quite typical
of Swedish district heating networks, that can be classified to be
in the meshed stage according to Fig. 1. Thick lines are used in
Fig. 3 to highlight the pipe segments belonging to the loops in
the meshed part of the network (the small empty circles being
the junction nodes at the ends of the pipe segments), while thin
lines represent the main branches departing from the piping loops
to feed the consumers. Consumers are grouped into user areas that
are marked in the figure by labels made of letters and numbers,
and the location of the main heat production site is also shown
with the factory symbol labelled ‘‘TVAB”.

The urban transformation of the town will require both an
extension and some demolition of the current network. In fact, as
shown in Fig. 3, a significant portion of the town center, i.e. the
northern districts of Kiruna, will be rebuilt in a new location in
the eastern part of the town according to the urban transformation
plan.

Before considering the redesign of a complex meshed network
it is important to have a good knowledge about the behaviour of
the current network, in order to be able to analyse how the expan-
sions and the demolitions will affect the rest of the network. Opti-
mized heat production is also important to obtain both for the
current and the redesigned network.

The same group of authors has already proposed in [6] a
broader process integration procedure the ultimate aim of which
is the optimization of the operating cost of heat production in a
multi-source meshed network. The procedure, however, was just
outlined in that work and its advantages were discussed by
comparing it with other methodologies used to determine the flow

Fig. 1. Evolution of network designs: (a) a network made of island, (b) a coherent network having a tree structure, (c) a network with a ring, and (d) a meshed network [2].
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pattern in district heating networks with less complex topologies.
Only a small portion of the Kiruna network was simulated to show
proof of concept. In [7] an analysis of the thermal losses in the
district heating network of Kiruna is performed to prepare a funda-
mental portion of the data required by the simulation model
(see Section 2.2 for further details).

The aim of this paper is to make a step forward in the imple-
mentation of the procedure proposed in [6]. In this paper a com-
plete and detailed model is developed to simulate the meshed
district heating network for the town of Kiruna. The results from
the model are first validated against the available experimental
data in the TVAB measurement database, proving that the method-
ology outlined in [6] for the simulation of meshed district heating

networks is effective and reliable. Then the results are also anal-
ysed in order to:

� Understand the pattern of mass and heat flow and find non-
obvious paths in the network;
� Identify the critical pipes which are close to or exceed the heat

load recommended by pipe manufacturers;
� Quantify the magnitude of the thermal and pressure losses in

the network from the distributions of temperature and
pressure.

The information obtained from the simulation results will be
the basis for considering the possible alternatives in the future

Fig. 2. The front of the subsidence affecting the town of Kiruna [4].

Fig. 3. The district heating network in the town of Kiruna: piping loops are shown with thick lines and the main branches feeding the consumers with thin lines.
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redesign of the network, which is one of the fundamental tasks in
planning the urban transformation. The tool used for this analysis
is particularly suitable thanks to its modular structure that easily
allows the addition and the removal of network elements to the
simulation model.

1.2. Previous work and motivation

In the specific field of district heating few papers can be found
regarding the simulation of networks featuring a complex meshed
structure, most of them dealing with simpler tree configurations.
The literature about the flow patterns in meshed networks counts
more studies in the electric or electronic engineering field (see, e.g.,
[8]), however the problem about the simulation of the patterns of
mass and heat flows in district heating network is more complex
and cannot be solved with an electric analogy.

Among the studies regarding specifically the simulation of the
behaviour of district heating networks, Larsen et al. [9] compare
two aggregated methods, named ‘‘the Danish method” and the
‘‘German method”, that were conceived to reduce the computation
effort required when a large number of pipes of different lengths
and diameters is involved. However, the strategies to reduce the
number of the pipes alter the topology of the network, and for this
reason both methods can be applied only to networks having a tree
structure, whereas they are totally inappropriate for networks with
a ring or meshed networks (the redundant connections create
alternative paths for the delivery of the heat supplied at the pro-
duction sites, and the mass flow rates along these paths are gov-
erned by the pressure losses in pipes).

Stevanovic et al. [10] develop a methodology to predict the
thermal transients in the pipes of district heating systems. The
simulation is based on the numerical solution of partial differential
equations describing the spatial and temporal evolution of the
temperature of the hot water in the pipes, and the district heating
network in Zemun (Serbia), which has a tree structure, is used as a
case study to validate the results against measured data. Gabriela-
tiene et al. [11] also present a work dealing with thermal transients
in the pipes, which is based on a quasi-dynamic approach that is
applied to tree structure of the district heating network in
Naestved (Denmark).

Studies that are more focused on the optimization of district
heating network operation usually neglect a detailed simulation
of network behaviour, either because the structure of the network
is too simple or because the physical model for the delivery of heat
from the production site is overly simplified. Åberg and Widén [12]
present a study on the cost optimization of heat generation in dis-
trict heating systems, but their method is not coupled to a detailed
description of the structure of the network and only takes into
account the overall heat demand. Pirouti et al. [13] aim at optimiz-
ing the operating strategy of a district heating network by explor-
ing different combinations of flow rates and supply temperatures
in order to minimize annual total energy consumption and costs.
The case study, the district heating network of Ebbw Vale (Wales,
UK), has a simple tree structure including one heat production site
and seven user clusters. Kecebas and coworkers have presented a
series of investigations (see, e.g., [14,15]) about the exergetic, eco-
nomic and environmental aspects related to geothermal district
heating systems in Turkey, which have a very elementary tree
structure. Haikarainen et al. [16] formulate an mixed-integer linear
optimization problem for the minimization of the investment and
operating costs in a district heating network by manipulating the
design parameters of the heat production sites and of the network,
including its structure. The case study is a speculative scenario rep-
resenting the typical conditions of a small town in southern Fin-
land, its network layout (including the expansion options
considered by the optimization algorithm) being essentially that

of a tree structure. Moreover, the use of binary variables and the
linearization of many physical relationships in the simulation
model of the network may make the methodology not entirely reli-
able for problems of more realistic size.

More attention has been paid in recent studies to the simulation
tools and/or to the complexity of the case study. Tol and Svendsen
[17] perform a comparative investigation of different design sce-
narios for the low-energy district heating network serving a dis-
trict of Roskilde (Denmark). Among the considered solutions the
alternative between a branched and a looped topology is analysed.
They observe that a branched topology only allows a unidirectional
flow from the heat source to the user areas, while a looped topol-
ogy provides greater security of supply although the direction of
the flow is determined by the dynamics of the consumption in
the user areas. The simulations of the two network layouts were
performed with the commercial software Termis.

Ancona et al. [18] have developed an in-house software for the
design and analysis of district heating networks, based on a matri-
cial representation of mass and enthalpy balances at network
nodes. The matricial system of equations is then solved with an
iterative procedure (the Todini–Pilati algorithm) to obtain the
mass and heat flows in the pipes. The case study shown in paper
is a network with a tree structure, which is also modelled with
the commercial software Termis to compare the simulation results.

Li et al. [19] have used the Ebsilon software to simulate in
details a CHP plant and then set up a multiscale simulation in
which a low temperature district heating network is integrated.
Customized models are developed in the Ebsilon platform for the
elements of the network, such as heat exchangers and pipes, how-
ever the case study is about a hypothetical network with a very
simple tree structure connecting six user areas to the CHP plant.

Recently, Wang et al. [20] present a method for the steady-state
simulation of the temperatures within a district heating network
that is based on a matricial approach to the description of network
topology. The case study shown in the paper is the district heating
network of Harbin (China), which has a structure featuring one
large ring, and the parameters determining thermal losses in the
model developed for this case study are calibrated using a genetic
algorithm to match the experimental data. The steady state simu-
lation of the network relies on the solution of a system of equa-
tions, expressed in matricial form, describing the enthalpy
balances at network nodes only. There is no mention at all about
the mass flow rate balances at network nodes, which should
depend on the pressure at the nodes and the pressure drops in
the pipes to correctly reproduce the pattern of mass flows within
the network. The solution of the resulting matrix simulation model
is claimed to be quick thanks to the use of matrix operations, but
these purely mathematical algorithms are not physically linked
to the real network behaviour. The risk is that the solution proce-
dure may not converge if the initial guess is too distant from the
steady-state solution, especially when multiple alternative path
exist from the heat source(s) to the user areas.

From this overview of past and recent works, it appears that
there is lack of suitable tools, if not of physical models, for the
detailed simulation of complex case studies featuring meshed dis-
trict heating networks. Contrary to the aforementioned examples,
the cost optimization procedure outlined in [6] does not sacrifice
the full coupling with such a detailed simulation, which is also nec-
essary due to the presence of several piping loops and multiple
heat production sites. Thus, the methodology used in this paper
is firmly based on the physical phenomena that govern the pattern
of the mass and heat flows within a meshed network, as it will be
discussed in details in Section 2.1. This guarantees that all the
quantities required for the analysis of network behaviour (mass
and enthalpy flows, pressure, temperature) are coherently taken
into account and that the models of all the elements forming the

66 M. Vesterlund et al. / Energy Conversion and Management 122 (2016) 63–73



network (pipes, junctions, user areas) operate according to the real
characteristic curves. The simulation results are going to provide
fundamental information for the calculation of the objective func-
tion of the cost optimization procedure, such as the heat request at
each production site (which depends on the demands of the user
areas, the pattern of heat flows and the thermal losses in the pipes)
and the pumping power required at each production site to push
the supply streams of hot water into the network.

2. Methodology

This section describes the methodology used in the paper and is
divided into two parts. The first part describes the model devel-
oped in MATLAB/Simulink [21] to simulate the behaviour of a
meshed district heating network, while the second part is about
the gathering of the information required to setup the model for
the simulation of the Kiruna case.

2.1. The model of a meshed district heating network

The nature of the meshed structure of the network requires a
convenient model to simulate the distribution of the mass and heat
flows in the network piping. In fact, the pattern of the mass flows is
physically governed by the local pressure at piping nodes, which is
therefore one of the fundamental variables that have to be calcu-
lated by the model. The other important aspect of the simulation
is the evaluation of the thermal losses in the network, since the
temperature of the hot water reaching the consumers is lower than
the original supply temperature at the heat production sites. The
temperature of the hot water at piping nodes is then the other fun-
damental variable that has to be calculated by the model.

The developed Simulink model reproduces the original struc-
ture of the network without any need of altering the several loops
that characterize its topology. The blocks in the diagram (see a
detail of it in Fig. 4) represent network pipes (red1 blocks), piping
junction nodes (purple blocks) and the groups of final users (blue
blocks).

Piping node blocks represent the physical location of the junc-
tion between/among two or more different pipes of different diam-
eter, and also the locations at which some heat is extracted from
the network loops by a branch feeding a user area. The pressure
and temperature at each piping node are calculated using differen-
tial equations that express the mass and enthalpy balances in the
block including the contributions from all the incoming and outgo-
ing flows (which are calculated in the pipe blocks). The mass and
enthalpy unbalances are used to update the values of pressure
and temperature at the node during the fictitious transient leading
to the steady state behaviour of the network.

In the pipe blocks the mass flow rates and the associated
enthalpy flows (which are affected by the thermal losses) are cal-
culated. The mass flow rate ð _mÞ is first determined as a function
of the pressure drop (Dp) through the pipe using Eq. (1). This
requires the knowledge of the Darcy friction factor (f), which can
be calculated using as a standard equation in the literature, and
of the length (L) and the diameter (D) of the pipe.

Dp ¼ f
L

D5

8 _m2

qp2 ð1Þ

The associated enthalpy flow extracted from the upstream node
ð _QupÞ is evaluated as:

_Q up ¼ _mcðTup � Tref Þ ð2Þ

where c is the specific heat of water, Tup is the hot water tempera-
ture at the upstream node and Tref is a reference temperature for the
calculation of the enthalpy flows. The enthalpy flow that reaches
the downstream node ð _QdownÞ will be lower because of the thermal

losses in pipe ð _QlossÞ,
_Qdown ¼ _Q up � _Q loss ð3Þ

These losses are considered to be proportional to the thermal

losses evaluated for the pipe in reference conditions ð _Qloss;ref Þ
according to the following equation:

_Qloss ¼ Tup þ Treturn

2
� Tamb

� � _Q loss;ref

65
ð4Þ

where a difference of 65 �C between the average temperature of the
water in the supply and return pipes (Tup and Treturn, respectively)
and the ambient temperature Tamb is considered in the reference
conditions.

Since the quantities calculated in one type of blocks are needed
by the other type of blocks and vice versa, a critical exchange of
information must occur between pipe and node blocks, i.e. pipe
mass and enthalpy flows vs. node pressure and temperature. It is
therefore apparent that the fundamental structure of the model
relies on the strict alternation of pipe and node blocks along the
representation of the meshed network topology, as it is shown in
Fig. 4.

The conditions at the boundaries of the district heating network
model are of two types. At the sources, i.e. the heat production
sites, the quantities that must be specified are either:

� the pumping pressure and the supply temperature (this kind of
boundary condition must be used at least in one of the heat pro-
duction sites to set a reference for the pressures in the whole
network)
� or the mass flow rate entering the network and the temperature

at which it is supplied.

At the sinks, i.e. the final users, the heat demand of the group of
consumers ð _QdemandÞ must be specified, but also the thermal losses
in the area served by the corresponding feeding branch have to be
taken into account ð _Qloss;areaÞ. These losses, which are calculated by
using Eq. (4) and a reference loss for the area to be specified, cause
a difference between the temperature at the local network node
Tnode and the temperature at which the hot water is supplied to
the users in the area (Tuser,s, which is lower). The mass flow rate
_muser extracted from the node from which the feeding branch

departs is calculated as

_muser ¼
_Q demand

cðTuser;s � Tuser;rÞ ð5Þ

where the temperature difference Tuser,s � Tuser,r is the water tem-
perature drop in the area due to users’ demand. This temperature

drop is calculated as a function of the demand _Qdemand and the user
supply temperature Tuser;s by using a characteristic response surface
that is specific for each user area. In this way it is apparent that the
mass flow rates extracted from the network by the users depend
not only on the demand of the groups of consumers, but also on
the temperature of the hot water at the node in which the extrac-
tion takes place (which is in turn a function of the thermal losses
along the network and the distribution pattern of heat flows).

2.2. Model setup for the Kiruna case

The data required to build a model that is specific for the Kiruna
case have been mainly provided by the local municipality company

1 For interpretation of color in ‘Figs. 4 and 6’, the reader is referred to the web
version of this article.
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(TVAB) in the form of measurement database and a geographical
information system (GIS) map. The latter is a virtual map of the
network in which information can be stored [6], and the data
extracted from it are related to:

� The location, the length and the diameter for each pipe in the
network. Pipe diameters are then used to determine the friction
coefficient and the reference thermal losses of the pipes. Some
lack of data about pipe diameters has been fixed by distributing
the pipes of unknown diameter among the classes of pipe diam-
eters according to the frequency of the different classes. A ficti-
tious pipe series was then created to adjust the reference
thermal losses of the pipes in order to match the overall heat
losses in district heating network of Kiruna (this procedure
has been described in details in [7]).
� The classification of pipes into those belonging to the loops of

network topology and those belonging to the branches feeding
the consumers (see Fig. 3).
� The location of the consumers, so they can be grouped into user

areas according to the main feeding branches departing from
the network loops (Fig. 3).

The data extracted from the measurement database on a daily
basis are:

� Consumer heat consumption.
� The supply temperature at the main heat production site (in

this paper only one heat production site is considered, the main
TVAB facility, and a reference pressure is also assigned to it in
order to fulfil the source boundary condition).
� The supply temperature, heat demand and temperature drop

for each user. These data were used at first to build the charac-
teristic response surfaces for the single users by means of a fit-
ting algorithm, then the outcomes from the single users were
weighted according to their heat demands in order to obtain
the characteristic response surfaces for each user area.

2.3. Validation of the model for the Kiruna case

The results from the model were validated against the supply
temperatures in the user areas for a period of 59 days (see Section 3
for more details). The user supply temperatures were extracted
daily at the single users from TVAB measurement database and

were then averaged within each user area in order to obtain a tem-
perature value that is representative for the whole area in each day
of the considered period.

The comparison between the user supply temperatures ðTuser;sÞ
predicted by the model for each user area and the averages calcu-
lated from the measurement database is shown in Fig. 5. For each
user area in the abscissae (the labels of user areas are those shown
in Fig. 3), the diagram reports the mean (blue bar) and the magni-
tude of the standard deviation (error bar) of the statistic distribu-
tion of the 59 values representing the difference between the
predicted and the experimental temperature data in the days of
the considered period. A positive difference means that the model
overestimates the user supply temperature in a given area.

Although the mean of the temperature difference is close to
zero in most of the user areas, the standard deviation appears to
be rather high. This can be justified by the following
considerations:

� It was not possible to get any information about the operation
of the secondary heat production sites (this might also explain
the significantly negative mean of the difference in some areas,
since all of them are close to a secondary site).
� The information about pipe diameters in the GIS map is not

complete, and this has required some assumptions to fill the
missing data (see [7]).
� The temperatures in the measurement database are registered

without decimal digits.
� The data about user consumption are frequently missing in the

measurement database, so the gaps are filled by equally divid-
ing the differences between two subsequent available readings
(see also [7]). This also affects the calculation of the weighted
average for the user supply temperature in an area based on
the demands of the single users.

3. Results

The model of the meshed district heating network in Kiruna has
been simulated on a daily basis in the months of January and
February 2010. These are usually the coldest winter months and
during this period the heat demand from the network users is
the highest, so the highest heat flows are expected to occur in net-
work piping. In order to study and analyse the network behaviour a
graphical interface was created in MATLAB, which reads the result

Fig. 4. Detail of the block diagram of the Simulink model for a meshed district heating network.
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generated from the simulation and visualizes them in the ways
that are presented in the following.

3.1. Analysis of the flow pattern in the meshed part of the network

The visualization of the pattern of the heat flows in the meshed
part of the network is shown in Fig. 6 for one of the coldest winter
day in the simulated period. The different colors are used to repre-
sent the value of the ratio between the actual heat flow in the pipe
and the recommended heat flow specified by the manufacturers

[22]. Black arrows are used to show the direction of the flow in
the pipes, whereas blue circles are used to mark the nodes that
have only incoming flows in the meshed part of the network. These
nodes are a sort of ‘‘end points” for the flow pattern, since they are
fed by two streams of hot water coming from opposite directions
within a piping loop (the two streams mix at the node and then
feed the user area served by the node). The pattern of flow direc-
tions does not change at all in the simulated days for the vast
majority of the pipes, except for those indicated by the red arrows.
The change in flow direction occurs in just two of the days for the

Fig. 5. Statistic distributions of the difference between the predicted and the real (daily averaged) user supply temperature in the user areas over a period of 59 days. The blue
bar represents the mean of the distribution of the difference, the error bar the magnitude of the standard deviation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6. Flow pattern for one of the coldest winter day in the district heating network of Kiruna.

M. Vesterlund et al. / Energy Conversion and Management 122 (2016) 63–73 69



single pipe in the northern district of the town, whereas it occurs
frequently in the loop at the south eastern periphery of the town.
These changes in flow direction cause either the appearance of a
new end point or a change in the position of an existing end point
(in both cases these end points are shown as half-full blue circles).

3.1.1. ‘‘Non-obvious” paths
The typical flow pattern in the network shows that there are

three different sections in which the heat delivered to a given point
in the network (an end point of the flow pattern or simply a junc-
tion in the meshed part of the network) is actually transported
through a longer route than needed. These ‘‘non-obvious” paths
(marked with dashed blue rectangles in Fig. 6) are shown in
Fig. 7. In fact, two alternative paths are used in each section accord-
ing to the flow direction arrows in order to reach the node marked
in blue from the node marked in red. By summing the lengths of
the pipes along the shorter and the longer alternative path, it
appears that the route for the delivery of the heat could be reduced
by 447, 903 and 1875 or 4707 m if only the shorter alternative
were used (the lengths of the paths can change in the loop at the
southeastern periphery of the town as a consequence of the two
alternative locations of the end point of the flow pattern). It is
likely that the temperature drop along the longer path will be
higher because of higher heat losses and the lower (split) mass
flow rate associated with the heat flow, so that the temperature
in the blue node will be lower once the hot water from the longer
and the shorter paths is mixed.

3.1.2. Critical pipes
The visualization in Fig. 6 allows one to identify the critical

pipes that are close to or exceed the heat load recommended by
the manufacturers. In the 59 simulated days five pipes exceed
the heat flow recommended by pipe manufacturers for at least
one day and they are already shown in red in Fig. 6. Three of them
belong to the ‘‘backbone” of the network (see also Fig. 3) that starts
from the TVAB heat production site and convoys a large share of
the generated hot water to the northern districts of the town
(the current location of the city center). The forth one is still con-
nected to the backbone but is far away from the main heat produc-
tion site, while the last one is a pipe that apparently must have
been undersized in one or the network loops (in fact, it is sur-

rounded by pipes that do not exceed 70% of recommended heat
flow).

In addition to the five mentioned red pipes, there are two pipes
that reach a ratio of 90% (orange color in Fig. 6) in the days charac-
terized by the highest loads. As shown in Fig. 6, these are again
located along the ‘‘backbone” of the network.

It should be noted that the peak of the heat load in a pipe is of
course more likely to occur in one of the coldest winter days, but a
particular distribution of the heat demand among the user areas
may also be the cause.

3.2. Temperature and pressure distributions

The temperature and pressure distributions can be seen in Fig. 8
and 9, respectively, for the day in which the heat load in the net-
work was the highest.

Fig. 8 shows both the temperature distribution in the meshed
part of the network (the colors in the nodes and in the piping
loops) and the temperatures of the hot water supplied to the user
areas (the colors in the areas enclosing the main feeding branches).
Of course the highest temperature is the supply temperature at the
TVAB heat production site (108.8 �C). The maximum temperature
drop within the meshed part of the network is about 9 �C and it
is found at the end point in the southeastern loop of the network.
The average temperature of some of the user areas is however
lower (even if they are close to the TVAB facility). The reasons
for a marked reduction of the hot water temperature are the high
heat losses accumulated along the route towards a far node/area or
mass/enthalpy flows that are too low with respect to the heat
losses in the pipe or in the user area, or both.

Fig. 9 shows the pressure distribution in the meshed part of the
network (the colors in the nodes and in the piping loops) starting
from the TVAB heat production site, which has been assigned a ref-
erence pressure boundary condition. It is apparent that the lowest
pressure regions are the northern districts of the town (the pres-
sure drop from the TVAB site is about 1.2 bar in the day of the high-
est heat demand).

4. Discussion

The district heating network in Kiruna has the typical structure
of a network in the last stage of its design evolution (meshed net-

Fig. 7. Detail of the non-obvious paths indicated with dashed blue rectangles in Fig. 6.
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work) and the analysis of the flow pattern confirms the benefit sta-
ted in the introduction about distributing heat through several
pipes instead of one. Some sections with non-obvious paths are
also found, but this is an inherent drawback of this type of network
topology. In fact, non-obvious paths are the unavoidable result of
the redundant connections forming the piping loops in the net-
work. In a network topology in which these redundant connections
are absent, such as a network having a tree structure, the hot water
is always delivered through the shortest path along the piping lay-
out just because there exists only one path between the heat pro-
duction site and the user areas.

The ratios between the actual and the recommended heat flows
in the pipes show that the current network is generally oversized.
The few pipes that are close to or above the recommended heat
flows in the days of the highest demand are the pipes departing
from the TVAB heat production site along the ‘‘backbone” deliver-
ing heat to the northern districts of the town, which are also those
that will be partially relocated due to the urban transformation.
Only one isolated pipe in a secondary loop of the network seems
to be a minor bottleneck, i.e. the section of the pipe is clearly
undersized with respect to the heat flow that usually goes through
it. The size of the current network therefore allows for margins of
expansion, in particular towards the eastern areas of the town
where the new districts will be built.

The pattern of flow directions in the meshed part of the network
was found to be almost completely insensitive to the variation of
heat loads in the user areas. This is probably due to the time reso-
lution of the simulations, which were performed using a daily
basis. A finer (e.g., hourly) resolution may reveal that inversions
of flow direction occur in a higher number of pipes and/or more
frequently.

The local values of pressures and temperature obtained with
the model show a fairly good agreement with the real ranges of
pressure and temperature drops along the meshed part of the net-
work. However, a detailed comparison between the real and the
simulated values cannot be performed because of frequent and
extended lack of data in the TVAB measurement database and
GIS-map.

The developed model has proved to be suitable for the analysis
of the pattern of mass and heat flows in district heating networks
with a complex meshed structure. The main shortcomings of the
underlying methodology are related to the choice of performing
steady-state simulations only. This means that the model is not
able to simulate temperature transients in the piping, and it is
quite bounded to the time resolution of the available data (e.g.,
the daily heat consumption in each user area in the presented case
study). For the same reason thermal storage tanks cannot be added
to the model as network components. On the other hand, the main
advantage is the complete modularity in the configuration of the
block diagram, which will be useful for investigating how the net-
work is affected by the addition of other heat production sites
(multi-source network).

It will also be appropriate to use this simulation model in the
redesign of the network due to the urban transformation in Kiruna.
At least one loop adjacent to the southeastern loop is expected to
be added to network structure in the area where the new town dis-
tricts will be built (Fig. 3). This will become an area with high den-
sity of heat demand, although the overall heat demand in the
network is expected to be lower due to the higher energy efficiency
of the new buildings. More hot water will have to be pumped from
the eastern outlet of the TVAB site through the southern branch of
the southeastern loop to reach the new district, and this is feasible

Fig. 8. Temperature distribution for the meshed part of the district heating network and the user areas.
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because in this branch most of the pipes currently have loads that
are below 30% of the recommended heat flow. This will also result
in the absence of end points of the flow pattern in the southeastern
loop. Further simulations will in any case be required to verify that
the two branches of the southeastern loop can deliver the addi-
tional heat demand without being overloaded. On the other hand
some branches of the loops in the northern town districts will be
dismissed, and this will reduce the heat load in the pipes of the
current backbone of the network. The pressure drop in the pipes
feeding the new town districts should not be critical, are their dis-
tance from the TVAB heat production site is shorter than that of the
point in which the current maximum pressure drop is found at the
northern end of the network. In the southeastern loop the temper-
ature drop caused by the thermal losses should be lower because of
the higher mass flow rate of hot water through the pipes, on the
contrary the temperature drop should increase in the northern
portion of the network due to the lower amount of hot water
reaching those areas.

5. Conclusions

The tool developed in MATLAB/Simulink is a valuable instru-
ment to simulate and analyse the behaviour of meshed district
heating networks. The pattern of mass and heat flows as well as
pressure and temperature drops along network pipes can be repro-
duced and visualized to identify critical sections. The strategy of
using a small number of predefined blocks make the models fully
modular, so that the tool can be applied to different levels of net-
work complexity. Another fundamental strength is that the way
in which the predefined block are connected and the operation

they perform prevents the necessity of introducing artificial mod-
ification to the original structure.

The district heating network in Kiruna is a meshed network fea-
turing several loops and will have to be redesigned in the near
future to comply with a major urban transformation. This work
was conceived as basic study on the behaviour of the current Kir-
una district heating network and as a preliminary step towards the
multidisciplinary investigation involved in its redesign.

The simulation of the current network behaviour shows that:

� The results show a good agreement with the experimental data
from the measurement database;
� Few pipes have a peak load that is close to or exceeds the heat

flow recommended by pipe manufacturers. All except one
belong to the backbone of the network, the load which will be
heavily reduced when the northern districts of the town will
be relocated;
� The directions of the water flow inside the pipes are almost

completely stable in a daily basis analysis;
� In a few loops the heat is transported through a longer sequence

of pipe segments to reach the same destination, but this is an
inherent drawback of the redundant piping connections in
meshed networks;
� The largest drops in pressure and temperature in the meshed

part of the network are within acceptable ranges (about
1.2 bar and 9 �C during the days of peak load);
� While the meshed part of the network has a smooth tempera-

ture distribution, large temperature drops occurs in the feeding
pipes to the users, so that consumer areas may be supplied with
water having an average temperature which is quite lower than
that at the nodes supplying them.

Fig. 9. Pressure distribution for the meshed part of the district heating network.

72 M. Vesterlund et al. / Energy Conversion and Management 122 (2016) 63–73



The future development of this work involves the introduction
of the satellite heat production sites in the network model and
the coupling of the detailed simulation of network behaviour with
a hybrid evolutionary/traditional algorithm in order to fully imple-
ment the procedure outlined in [6] for the minimization of the
operating costs.
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a b s t r a c t

The level of complexity for a district heating network increases with the maturity of the network, and
this affects the pattern of the distribution of the hot water from the heat production sites to the end
users. The majority of district heating systems are also multi-source networks, typically supported with
heat from one main production site and other smaller satellite sites that are activated when required. In
general, local energy companies have a lack of knowledge regarding how a meshed network behaves
when different production sites are operated. The schedule of heat generation at the different sites is
often based on staff experience and some general rules of thumb.

In this paper a method for modeling and simulating complex district networks is further developed in
order to optimize the total operating costs of a multi-source network, with constraints on the pressure
and temperature levels in the user areas and on the heat generation characteristics at each production
site.

The optimization results show that the usage of the cheapest resources is preferred to a distributed
generation of heat, even if some of the pipes may exceed the recommended thermal load capacity. The
main site water supply temperature is found to be the lowest allowed by the constraint on the tem-
perature of the water supplied to the end users, since the decrease of the costs associated with the lower
thermal losses in the network is not counterbalanced by the increase of those associated with the
pumping power of a larger water mass flow rate.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The evolution of district heating (DH) systems has been going on
for more than 100 years, and in the beginning the first generation of
DH networks used to transport steam as heat carrier. Today DH
systems are at the end of the third generation, which is charac-
terized by a water supply temperature around 100 �C, material-
efficient components, pre-insulated pipes with extruded foam
and plastic jacket. DH is definitely a well-developed technology
that is used in most larger cities in central and northern Europe [1].

Each DH system has its own piping network in order to trans-
port heat from the production sites to the end consumers. Fig. 1
shows that often the piping network is started as a set of small
separate heating islands that successively grow together into one

larger network with an increasing degree of complexity, the extent
of the complexity being directly correlated with the maturity of the
network. The advantage of using a meshed network (the last stage
of network maturity) is that the thermal load for the single pipes is
reduced and alternative paths can be used in case of pipe failure.
However, the disadvantages are an increase in the thermal losses
due to the larger heat dissipation area and the difficulty to deter-
mine the pattern of the water mass flow rate within the network
[2].

More than often, heat generation in a DH system is planned
according to the experience of the staff running the production
facilities and some general rules of thumb. There is a general lack of
knowledge in determining the optimal heat production plan for a
system involving multiple sources (usually one main production
plant supported by satellite, or just back-up, boiler plants) and a
meshed piping network. The challenge is to be able to evaluate how
the total heat production cost is affected by the heat output, the
supply temperature, the thermal efficiency of each heat production
site combined with the thermal and pressure losses in the piping
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network for a given scenario characterized by the demand from the
end users and the environmental conditions.

A literature review in the field of optimized heat production in
meshed DH networks proves that current knowledge is still
insufficient. Several studies apply optimization to simple network
configurations, or the models of the DH network are built under
simplified assumptions, so they do not require detailed simulation
tools.

For instance, Åberg and Wid�en [3] present a study on the cost
optimization of heat generation in DH systems considering
different fossil and renewable fuels and different types of conver-
sion units for heat generation, but in their method, the DH network
is described as a black box characterized only by the overall heat
demand of the users (a similar approach was also used by Chinese
and Meneghetti [4]). Sartor et al. [5] concentrate on the optimal
operation of combined heat and power plant connected to DH
networks, and their modelling is far more detailed on the plant side
than on the network side of the simulated system.

Pirouti et al. [6] aim at minimizing the capital costs and energy
consumption in a DH network by varying the flow rates and supply
temperatures. However, their case study, the DH network of Ebbw
Vale in Wales, UK, consists of a simple tree structure including just
one heat production site and seven user clusters. An in-house
software has been developed by Ancona et al. [7] for the design,
analysis and optimization [8] of DH networks, which are described
with a matricial representation of mass and enthalpy balances at
network nodes. The mass and heat flows in the pipes are obtained
by solving the matricial system of equations with an iterative
procedure (the Todini-Pilati algorithm). The case study shown in
the two references features a network with a tree structure sup-
plied by a single heat production site.

A group search optimizer (GSO) algorithm is used by Jiang et al.
[9] to optimize the daily operation of the DH station of a small-scale
system integrating different energy sources such as wind, solar,
electricity and natural gas. Koiv et al. [10] propose a newmethod for
optimizing the size of DH network pipes based on a probabilistic
estimation of user consumption. The application of the method is
shown for a networkwith a tree structure comprising ten users and
one heat production site.

A mixed-integer linear optimization problem is formulated in
Haikarainen et al. [11] for optimizing the structure and the opera-
tion of a DH network. The decision variables considered are the
types of fuels, the technology and the location of the heat pro-
duction sites, the layout of the distribution pipes, the capacity and
the location of heat storage utilities, in order to obtain optimal
conditions from an economic or environmental perspective. A hy-
pothetical urban area in southern Finland is used a test case, the
network layout (and its expansion options) having essentially a tree
structure. The methodology may not be easily applicable to prob-
lems of more realistic size, due to the use of binary variables to
represent network structure alternatives and the linearization of
some key physical relationships to make the optimization problem
a mixed integer linear one.

Fazlollahi et al. [12] demonstrate that the annual operating cost
can be reduced by almost 30% and a higher thermal efficiency can
be obtained with an optimization procedure that selects the re-
sources, decentralized vs. centralized heat production technologies
and the configuration of the piping network. Wang et al. [13] find
that the optimal location for a peak load boiler is a peripheral po-
sition within the network (i.e. far away from the main plant) close
to an area that is dense of end users. On the other hand, the peak
load boiler should be placed within the main plant if the electricity
from combined heat and power generation can be used on site.
Fang and Risto [14] perform the optimization for a multi-source
system with two heat production sites, the DH network being
simply represented as a sink. It is concluded that in sparse net-
works thermal losses represent the dominating term in the total
cost, which results in a lower supply temperature from the heat
production sites and higher water mass flow rates in the pipes.

Bordin et al. [15] highlight a general need for further develop-
ment of DH models including meshed networks and multi-source
heat production, and present preliminary results showing the po-
tential to solve realistically sized networks.

Mertz et al. [16] proposed a mixed-integer nonlinear formula-
tion for the optimization of the structure and the technologies
involved in the design of a DH network, minimizing the total costs
evaluated over multiple reference periods for the heat demand in
the system. They emphasize the importance of the roles of heat
losses and pressure drops in the compromise that decides thewater
supply temperature in the optimal network Their method is how-
ever tested for a series of very simple academic cases characterized
by two heat generation sites and 4 consumer areas. Morvaj et al.
[17] use a mixed-integer linear approach to the multi-objective
(economic and environmental) optimization of the topology,
design and operation of an urban distributed energy system
including a heating network. Different scenarios about the available
technologies, layout limitations and operating constraints are
investigated, but some fundamental hypotheses (e.g., the constant
supply and return temperatures in the heating network) show that
the focus of the work is not on a detailed simulation of DH network
behaviour.

Recently, Guelpa et al. [18] have published awork on the optimal
operating conditions of DH networks with a special focus on the
role played by the power required for pumping the hot water from
the heat production sites to the end user. Assessing this contribu-
tion to the overall primary energy usage requires detailed simula-
tion tools to evaluate the flow distribution and the pressure losses
in network having a complex meshed topology, so a reduced model
based on proper orthogonal decomposition and radial basis func-
tions is proposed to cut down the computational time while
maintaining an acceptable accuracy. The test case proposed is the
large meshed DH network of the city of Turin, the largest network
in Italy, and the reduction in computation time compared to a full
fluid-dynamic model indicates that this approach could be used as

Fig. 1. Evolution of network designs, a) network with islands, b) coherent network
with tree structure, c) network with ring, d) meshed network [2].
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effective tool for network control strategy in normal and mal-
functioning conditions.

The present group of authors has already outlined a method-
ology [19] for dealing with the issues deriving from the complex
nature of multi-source meshed DH networks. This methodology
was applied in Ref. [20] to the simulation and the analysis of the
behaviour of a complex meshed DH network with a single heat
production site. The further step introduced in this paper is the
coupling of this simulation and analysis procedure with a hybrid
evolutionary-MILP algorithm for the optimization of the operation
of a multi-source meshed DH network. The objective of the opti-
mization is to minimize the total cost related to the heat generation
at multiple production sites and its delivery to the end users. As in
the previous works, the DH network of Kiruna, a small town located
in northern Sweden, is used as a case study to illustrate the
methodology. In the following sections of the paper the specific
case study is introduced, the methodology about the simulation
model of complex meshed network is described, the optimization
problem and the algorithm used to solve it are presented, the re-
sults from the optimization runs are discussed, and finally some
conclusion are drawn.

2. Case study

The town of Kiruna is located in the very north of Sweden,
150 km above the Arctic Circle, and it is well within the sub-arctic
climate zone, with an annual average temperature between �1.5
and�3 �C. This results in a substantial need for room heating in the
buildings where the 18,000 inhabitants of Kiruna spend their lives.

The DH network in Kiruna has its origin in the 1960s, when large
real estate boilers were connected to other surrounding buildings.
In 1980 all heat production was centralized and entrusted to the
local energy company Tekniska Verken i Kiruna AB (TVAB). By the
middle of the 1980s more than the half of the multifamily and
administrative buildings were already connected to the DH
network. By the end of 1990s the network had grown approxi-
mately to its current size, supplying heat to 30% of the small houses
and 95% of the premises. Today the network delivers 250 GWh per
year of heat through 120 km of pipes, providing room heating and
hot water to the about 1700 end users that are connected. Fig. 2
shows the current network, which apparently is a mature
meshed network with a complex structure (the piping forming the
meshed part of the network is marked in blue in the figure while
the feeding branches are marked in red).

Heat can be supplied to the network from six different sites,
which are also shown in Fig. 2: TVAB (the main heat production
site, with waste, biomass and oil boilers), Glacier (oil and electricity
boilers), School (oil boilers), Bath (electricity boiler), Ferrum (oil
boilers) and LKAB (waste heat from iron ore mining). Table 1
summarizes the type, the minimum/maximum capacities and the
efficiencies of the boilers in the six sites. The network data recorded
in the year 2010 show that during the coldest day of the year a peak
demand of about 49 MWoccurred for room heating and hot water,
the temperature of the water supplied to the end users being in the
range between 90 and 99 �C.

3. Methodology

The methodology used in this paper is based on the procedure
for modelling complex meshed district heating networks that has
already been developed and applied to the Kiruna case in Ref. [20].
A hybrid evolutionary-MILP optimization algorithm is then coupled
to the model of the district heating network in Kiruna to minimize
the total operating cost due to the heat generation at the produc-
tion sites and its delivery to the end users.

3.1. The model of the DHS

The model for the simulation of meshed DH networks has been
developed in the MATLAB/Simulink environment [20]. The main
idea behind the model is to obtain a completely modular simula-
tion tool, so that complex network configurations can be repre-
sented by combining few categories of blocks in a custom diagram.
The blocks have to be connected in a specific way in order to ensure
a correct exchange of information among them, as it appears from
the brief summary of block categories that is offered in the
following (more details about the model and the main equations
involved can be found in the Appendix):

Node blocks: A node block represents a junction in the piping
network. In this block mass and enthalpy balances are evaluated
both for the supply and the return network according to the
incoming and outgoing flows from/to the other blocks (pipes, users,
heat production sites type II), in order to determine the local
pressure and temperature at the node.

Pipe blocks: A pipe block represents a segment of the piping
network, which is made of a supply pipe and a return pipe. From
the information about the pressures and temperatures at the nodes
connected by the pipe, the mass flow rate in the pipe and the
associated enthalpy flows are determined for both the supply and
return network. The incoming and outgoing enthalpy flows differ
because of the thermal losses in the pipes, which are calculated as a
function of the temperature of the water entering the pipes.

User blocks: A user block represents a group of consumers, the
demand of which is specified. It has to be connected to a node
block, from which the temperature of the supply network is
retrieved. The heat demand and the water supply temperature are
used to calculate the temperature drop due to the delivery of heat
(according to a characteristic surface that is specific for the repre-
sented group of consumers), and hence the water mass flow rate
that is taken from the supply network and discharged to the return
network. The enthalpy flow to the return network also takes into
account the thermal losses in the branch of the network that feeds
the represented group of consumers.

Heat production site blocks: A heat production site (which may
comprise several different thermal facilities in the same site, e.g., a
group of boilers fed by different fuels) can be represented in two
ways. Type I: The block is characterized by the assigned values of
supply pressure and temperature of thewater at the production site
(therefore it has to be connected to a pipe block, and at least one of
these blocks has to be included in the model to set a reference for
the calculation of pressure along the network). The heat supplied
by the site is one of the simulation outputs and can be calculated
from the mass flow rate of the water that is taken from the site and
the return temperature of the water that is sent back to the site.
Type II: The block is characterized by the values assigned to the
amount of heat that is supplied into the network and to the tem-
perature at which it is supplied. The block has to be connected to a
node block, which provides the temperature of the water taken
from the return network in order to calculate the mass flow rate of
the water that is heated in the site.

The model for the meshed DH network in Kiruna is made of 6
heat production site blocks (1 type I, TVAB, and 5 type II), 85 pipe
blocks, 75 node blocks and 44 user blocks.

3.2. The optimization problem

The objective of the optimization problem presented in this
paper is the minimization of the total operating cost of the DH
system in Kiruna. This cost is made of two terms, the cost for
generating the requested heat, which is equal to the overall de-
mand of end users plus the thermal losses along the network, and
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the cost for making the water circulate in the piping network,
which is the sum of the costs for the pumping power required at the
heat production sites to introduce the supply water mass flow rates
into the network. In turn, the cost for the generation of heat is equal
to the sum of the costs for the resources (fuels, waste heat or
electricity) consumed in the boilers at the production sites, the
resource input in energy terms being greater than the heat output

according to the efficiency of the boilers. The relationship between
the consumed resource and the heat output in each boiler is
considered linear and is determined using the boiler efficiencies at
maximum and minimum loads reported in Table 1. In this way, the
cost for resource consumption at the heat production sites is also
linear with the heat generation (see further implications of this in
Section 3.3 about the algorithm used to solve the optimization
problem). The objective function to be minimized can then be
expressed in the following way:

Ctot ¼
X
site

X
res

cresQres;site þ
X
site

celPpump;site þ
X

Cpenalty (1)

where c are the specific cost of the resources (in Euro/kJ, subscript el
stands for electricity), Qres,site is the amount of a resource consumed
in a site (expressed in kW), Ppump,site is the power (in kW) used to
drive the pumps of the heat production sites. The order of the
specific costs for the resources, from the cheapest to the most
expensive, is the following: municipal waste (which is negative
since TVAB actually gets paid for burning it), biomass, waste heat
from LKAB, electricity and oil, the relative magnitude of specific
costs being roughly in the proportion�1:0.6:1:2.5:4.5, respectively.
The twelve decision variables of the optimization problem are:

- the water supply temperature at the main heat production site
(TVAB);

- the pressure at the eastern outlet of TVAB site (TVAB site has
two outlets, the northern one towards the city centre and the
eastern one towards the airport. The northern outlet has been
considered as the reference for the calculation of pressure along
the network);

- the amounts of heat supplied by the other heat production sites
(LKAB, Glacier, Ferrum, School and Bath);

- the water supply temperatures at the other production sites.

Fig. 2. A scheme of the DH network in the town of Kiruna: piping loops are shown in blue and consumer feeding branches in red [20]. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 1
The main features of the six heat production sites of the DH network in Kiruna.

Site/resource Power [MW] Efficiency [%]

Min Max Min Max

TVAB
Bio-boiler 2 6 77 80
Bio-boiler 2 6 71 83
Oil bolier 4 10 82 94
Waste boiler 5.1 27 85 101
Glacier
Oil boiler 0.6 1.2 82 84
Oil boiler 1.2 2.3 83 85
Oil boiler 1.2 2.3 84 86
Electric boiler 0.4 1.2 89 91
Bath
Electric boiler 3 10 89 91
Ferrum
Oil boiler 1.1 2.2 82 84
Oil boiler 1.1 2.2 83 85
Oil boiler 1.5 3 84 86
School
Oil boiler 1 2 80 82
Oil boiler 1 2 81 83
Oil boiler 1 2 82 84
Oil boiler 1.8 3.5 83 85
Oil boiler 1.8 3.5 84 86
LKAB
Waste heat 1 15 92 98
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The considered range for water supply temperatures is between
75 �C and 110 �C at all heat production sites.

Some constraints are also considered about the values of pres-
sure and temperature along the DH network. The maximum pres-
sure difference within the supply network (considering the height
of the nodes) is not supposed to exceed 12 bars, while the tem-
perature of the water supplied to a group of consumers is not
supposed to go below 65 �C. Penalty terms (Cpenalty in Eq. (1)) are
added to the objective functionwhen these constraints are violated.
The magnitude of the penalty terms is proportional to the entity of
constraint violation (e.g., if the maximum pressure difference
within the supply network is 14 bars, then the constraint on it is
violated and the exceeding 2 bars are multiplied by a fixed coeffi-
cient of proportionality to get a penalty cost term related this
constraint that is added to the objective function. On the other
hand, if the maximum pressure difference within the supply
network is lower than 12 bars, then the penalty cost term related to
this constraint is zero). The coefficients of proportionality are
chosen appropriately for each constraint in order to guarantee that
the objective function value for any candidate solution violating a
constraint is always higher than the minimum of the total oper-
ating costs among the candidate solutions that satisfy the
constraints.

3.3. The optimization algorithm

The minimization of the total operating cost for the DH network
in Kiruna is performed by a hybrid evolutionary-MILP optimization
algorithm, which has been specifically developed for the solution of
this problem. The algorithm is organized hierarchically in two
nested levels (i.e. the lower level algorithm performs its search
process within each iteration of the upper level algorithm). The
overall search process is driven from the upper level by an evolu-
tionary algorithm that is a modified (single-objective) version of
the algorithm proposed in Ref. [21]. The procedure implemented in
the hybrid algorithm is illustrated in Fig. 3 and is briefly described
in the following.

At the beginning of each iteration of the upper level algorithm a
set (current population) of candidate solutions is available. The
usual genetic operators (crossover and mutation) are then applied
to the decision variables of a pool of parent pairs that are randomly
extracted from the population in order to generate a new set of
candidate solutions (offspring population).

The evaluation of the objective function value associated with a
given candidate solution starts with the simulation of the network
operating conditions identified by its decision variable values. The
simulation returns important information, namely the pressures
and the mass flow rates in the network, from which the pumping
power at the heat production sites can be determined, and the heat
output at the TVAB site. Note that this is the only heat output that is
not fixed by the decision variables, so it must be equal to the dif-
ference between the overall user demand and the output of the
other sites, plus the thermal losses along the network. The infor-
mation about the heat output of the production sites is then passed
to the lower level optimization algorithm, which solves for each site
a MILP problem that minimizes the costs for the heat generation in
the site by selecting the loads of the available boilers. The results
are returned to the upper level algorithm, which has finally all the
pieces of information to evaluate the total operating cost for the
candidate solution.

At the end of the iteration of the upper level algorithm, the
solutions of the current population and those of the offspring
population undergo a selection step in order to form the population
(new population) for the next iteration. The selection criterion is of
course based on the ranking of the objective function values, but

also on the genetic diversity of the solutions in order to avoid a
premature convergence to sub-optimal solutions.

The algorithm was run with a population of 100 solutions, and
300 to 400 generations were usually sufficient to get a clear indi-
cation that the search process had converged around the current
best solution.

3.4. Limitations of the model

The DH network model considers only a steady state picture of
network operation, with daily averaged figures for both the thermal
demand of the end users and the hot water supplied from the heat
production sites. No dynamic effect can be captured by the model,
including ramps for the variation of thermal load of the boilers at
the heat production sites and the use of short- or long term thermal
storage to smooth the peaks and the valleys of thermal demand
time history.

In the specific application to theDHnetwork in Kiruna, end users
were grouped into the same areawhen they belong to the same tree
structure of pipes that starts with a feeding branch departing from
one of the loops of the network. A finer resolution, with several
smaller user areas as “leaves” of those tree structures, is of course
possible in order to get more details about mass flow rates, pres-
sures and temperatures in a large number of shorter and thinner
pipes that are very close to the actual location of the end users.

Fig. 3. Scheme of the hybrid evolutionary-MILP optimization algorithm used in this
paper for the minimization of the total operating cost of the DH network in Kiruna.
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4. Results and discussion

4.1. Optimized heat generation

The optimization of the total operating cost of the DH network
in Kiruna is performed considering six cases, which result from the
combination of two levels of end user demand and three scenarios
involving different sets of available heat production sites.

The selected levels of end user demand are 49 MW, which is the
peak daily averaged demand recorded in 2010, and 39 MW, which
is a common demand level that is registered in about 40% of the
days in the three coldest month of the winter period.

In the first of the three considered scenarios (“all plants”) all the
heat production sites are considered to satisfy the network thermal
requirement. However, under particular conditions the LKAB
company can refuse to sell to the network the waste heat from the
iron mining facilities, in order to use it internally. Since LKAB can
cover a large share of the network requirement with a relatively
cheap resource, this situation is worth to be represented in a spe-
cific scenario (the second, “no LKAB”), in which all the heat pro-
duction sites but LKAB are considered as potentially active. A third
scenario is finally considered, in which the 10 MWelectric boiler of
the Bath site is also inactive (“no LKAB and Bath”). In fact, it is ex-
pected that the Bath site will be often used instead of the oil boilers
because of the lower price of electricity and the large capacity of the
electric boiler, so in this third scenario at least some of the oil
boilers (which are present at TVAB, Glacier, School and Ferrum
sites) should be forced into operation.

Table 2 summarizes the results of the optimization runs,
showing the details of the operating conditions of the heat pro-
duction sites (boiler heat output and temperature of the water
supplied to the network) that minimize the total operating cost for
heat generation and delivery in the six considered cases. Note that
the difference between the sum of the amounts of heat generated at
the production sites and the end user demand is equal to the

thermal losses in the network.
It appears that in all cases the largest share of the network heat

requirement is covered by the waste boiler and the biomass boilers
at the TVAB site, which are always active and at full load since
municipal waste and biomass are the two cheapest resources.
When LKAB site is active (“all plants” scenario) the rest of the
requirement is covered with waste heat from the iron mining fa-
cilities and, in the case of peak end user demand, with Bath electric
boiler as well.

When LKAB site is inactive (“no LKAB” scenario) Bath and
Glacier electric boilers are used at partial or at full load. If their
capacity is not sufficient to satisfy the network requirement, the
large TVAB oil boiler comes into play. In case Bath electric boiler is
also unavailable (“no LKAB and Bath” scenario) and the end user
demand is 49 MW the network requirement quota exceeding the
capacities of Glacier electric boiler and TVAB oil boiler is covered by
smaller oil boilers at Glacier and Ferrum sites.

These results clearly show that the minimization of the total
operating cost for the Kiruna DH network privileges the cost of the
resources over a distributed generation of heat. Cheapest resources
are always used first in the boilers with the highest efficiency, the
efficiency being a function of the load with highest efficiency at
maximum boiler capacity. Only when one of the two most expen-
sive resources has to be used in more than one boiler at partial load
(e.g. electricity in the “no LKAB”-39 MW case or oil in the “no LKAB,
Bath”-49 MW case), then the share of the load that has to be
coveredwith that resource is split by the optimizer among different
heat production sites in different city locations. A better
geographical distribution of heat generation in the network would
probably be achieved if all the secondary heat production sites had
at least one electric boiler of small-to-medium size (from 3 to
5MW), and in that case the results may be similar to those obtained
in Ref. [13].

The optimal temperatures at which the hot water is supplied to
the network at the heat production sites are generally in the upper

Table 2
The optimal conditions that minimize the total operating cost of the DH network in Kiruna for all the six considered cases.

49 MW (all plants) 39 MW (all plants) 49 MW (no LKAB) 39 MW (no LKAB) 49 MW (no LKAB,
Bath)

39 MW (no LKAB,
Bath)

Site/resource Max
[MW]

Power
[MW]

Temperature
[�C]

Power
[MW]

Temperature
[�C]

Power
[MW]

Temperature
[�C]

Power
[MW]

Temperature
[�C]

Power
[MW]

Temperature
[�C]

Power
[MW]

Temperature
[�C]

TVAB 39 100.7 39 104.3 47 98.9 39 103.2 49 99.6 48 103.2
Bio-boiler 6.0 6 6 6 6 6 6
Bio-boiler 6.0 6 6 6 6 6 6
Oil boiler 10 0 0 8 0 10 9
Waste boiler 27.0 27 27 27 27 27 27
Glacier 0.7 106.3 e e 1.2 76.1 0.8 82.4 3.4 86.2 1.2 79.8
Oil boiler 1.2 e e 0 0 0 0
Oil boiler 2.3 e e 0 0 0 0
Oil boiler 2.3 e e 0 0 2.2 0
Electric boiler 1.2 0.7 e 1.2 0.8 1.2 1.2
School e e e e e e e e e e e e

Oil boiler 2.0 e e e e e e

Oil boiler 2.0 e e e e e e

Oil boiler 2.0 e e e e e e

Oil boiler 3.5 e e e e e e

Oil boiler 3.5 e e e e e e

Bath 5.6 75 - - 10 97.2 8.9 75.7 X X X X
Electric boiler 10.0 5.6 - 10 8.9 X X
Ferrum e e e e e e e e 6.1 83.2 e e

Oil boiler 2.2 e e e e 1.1 e

Oil boiler 2.2 e e e e 2.0 e

Oil boiler 3.0 e e e e 3.0 e

LKAB 15 88.4 11.5 83.8 X X X X X X X X
Waste heat 15.0 15 11.5 X X X X
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half of the range set in the optimization problem (above 90 �C and
up to 105 �C). This should correspond to low water mass flow rates
in the pipes, but nevertheless high flow rates are found in some
cases (see Section 4.2). A careful analysis of the results show that
the optimum is always very close to a condition in which at least
one of the constraints on the temperature of the water supplied to
the end users would be violated. This indicates that:

- The decrease of the pumping costs due to lower watermass flow
rates at higher water supply temperatures is not sufficient to
overcome the savings from the lower fuel consumption at lower
water supply temperatures as a consequence of the reduced
heat losses in the network. For instance, starting from the
optimal conditions found for the “all plants”-49 MW case, a
decrease of 1 �C in the water supply temperatures at the heat
production sites results in a saving of about 17 Euros/day in fuel
consumption costs against an increase of about 2.5 Euros/day in
the pumping costs.

- There are few user areas which particularly suffer from signifi-
cant thermal losses (as it has been confirmed by TVAB). In light
of the above-mentioned trends of fuel consumption and
pumping costs, these user areas have a decisive role in deter-
mining the optimal water supply temperatures. In fact, they
practically impose that the whole DH network is operated at
temperatures that are at least 10e15 �C higher than those that
would be sufficient for the large majority of the user areas.

This result confirms both the findings in Ref. [14] and the relatively
high water supply temperatures that are currently used in the real
network (see the simulations in Ref. [20]).

It is reasonable to affirm that the water supply temperatures
should assume the lowest possible values that comply with the
constraint on the temperature of the water supplied to the end
users (which has to be greater than 65 �C). This is however difficult
to achieve in just some hundred generations of the hybrid opti-
mization algorithm, since the objective function is much more
sensitive to a variation of the amount of heat generated in the sites
than to a variation of the water supply temperatures.

4.2. Network behaviour

Each scenario considered above can be visualized with data
post-processing techniques in order to study several features of the
flow patterns in the meshed part of the supply network, such as:

- the directions of the flows and the thermal loads in the pipes,
- non-obvious paths followed by the hot water (paths that are
longer than needed are used to transport the water from one
bifurcation of the meshed network to an end user along a loop),

- bottlenecks (pipes through which a high mass flow rate is
forced, also characterized by excessive thermal loads),

- and sinks (the nodes which have two ormore flows as inlets, the
only outlet being the user group served by the node).

Figs. 4e6 show the visualization of flow patterns for three cases
with peak end user demand (the other three cases are not shown
here for sake of brevity). In the figures, the active heat production
sites are shown in red, while the inactive ones are shown in black.
The pipes of the meshed network are coloured according to the
ratio between the actual pipe thermal load and the capacity rec-
ommended by the manufacturer, with a colour scale that ranges
from black (0e30%) to red (above 100%). The direction of the flow is
indicated with black arrows on the pipe segments. The sinks are
also shown as blue circles.

There is a significant difference in the features of the flow

patterns between the scenario in which LKAB site is active (Fig. 4)
and the other two in which it is inactive (Figs. 5 and 6). In the “all
plants” scenario with peak end user demand the LKAB site in-
troduces into the northern part of the network a considerable water
mass flow rate. This results in a general reduction of the thermal
loads in the pipes, in particular along the “backbone” of the
network, i.e. the piping transporting the hot water from the
northern outlet of the TVAB plant to the northern districts of the
town. It is apparent that in Figs. 4 and 5 the main pipes along the
backbone and some of their ramifications have a load between 70%
and 100% of the recommended capacity (yellow and orange col-
ours). Overloaded (red) pipes are present in the network at LKAB
site outlet (Fig. 4), in a minor loop in the north-eastern part the
network (Figs. 5 and 6), at the outlet of the Bath site (Fig. 5) and in
parts of the southern loop of the network (Figs. 4 and 5), all being
the consequence of undersized diameters in the design procedure.

Another difference caused by the operation of the LKAB site is
the inversion of the flow direction in the pipes going south from the
node at which the LKAB hot water enters the meshed network. This
causes the formation of a third and fourth sink in the network,
immediately south of the Ferrum site, where the water coming
from the LKAB site meets that coming from the TVAB site along the
backbone in Fig. 4. The hot water coming from the Bath site has also
a similar effect on the flow directions in the piping going east from
the site, with a third sink appearing in Fig. 5 where the water
coming from the Bath and TVAB sites meet.

It is also worth noting that the sink in the large southern
network loop, i.e. the sink where the water mass flow rates coming
from the two outlets of the TVAB site meet, changes its position
from the easternmost node of the network (Fig. 4) to one of the
nodes along the branch between the TVAB and Glacier sites (Figs. 5
and 6). This creates a long non-obvious path from the northern
outlet of the TVAB site to the sink, since the distance between the
eastern outlet of the TVAB site and the sink is shorter by several
hundred meters.

5. Conclusions and future work

A case study about the optimization of multi-source DH net-
works has been presented in this paper for the town of Kiruna. A
modular modelling and simulation tool for complex meshed net-
works is used to investigate the conditions that minimize the total
operating costs for not only the generation of heat at the production
sites but also for its delivery to the end users. A hybrid
evolutionary-MILP algorithm has been developed and coupled to
DH network model simulations in order to solve this specific
optimization problem.
The results of the optimization show that:

- due to the specific characteristic of the DH network in Kiruna a
distributed heat generation is not able to reduce the total
operating cost. The cheapest resources are consumed in the
most efficient boilers irrespective of their location inside the
network.

- The influence of the pumping power terms on the total oper-
ating cost is also minor, the optimal supply temperature at the
heat production sites being the lowest compatible with the
service to the end users in order to reduce as much as possible
the thermal losses along the distribution network.

- The features of the flow patterns within the meshed part of the
network are significantly affected by the hot water produced at
the LKAB site using the waste heat from the iron mining
facilities.

Futureworkwill be devoted to add new features to themodel, to
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make it even more flexible in representing the structure and the
operation of real DH networks and to make its interface more user-
friendly. The idea is to develop the overall methodology into a
software that can be used by local energy companies to search for
more cost-effective strategies in the operation of the DH networks
they manage, by selecting more convenient supply temperatures,
boiler loads and fuels.

Another possible use of such software would be the evaluation
of potential design alternatives to the size and layout of the pipes

and to the capacities of the heat production sites in order to reduce
the operating costs. That would allow obtaining a more rational
pattern of flow distribution (without excessive pressure drops due
to overloaded pipes) and a lower fuel consumption (a more
distributed heat generation would result in lower thermal losses).
The final step would be to analyze and optimize alternative sce-
narios including new heat production sites and deep changes to
network structure while planning for future expansions to a DH
network.

Fig. 4. Flow pattern of case “all plants”-49 MW.

Fig. 5. Flow pattern of case “no LKAB”-49 MW.
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Appendix

A Simulink model was developed to simulate the distribution of
the mass and enthalpy flows in the pipes of a meshed DH network.
Due to the particular nature of meshed networks, twomain aspects
must be taken into account and reproduced numerically:

- the distribution of the mass flow rates of hot water in the
network depends on the local pressure at piping junctions;

- the temperature of the hot water progressively decreases due to
the thermal losses in the pipes as the hot water is transported
from the heat production sites to the final users through the
supply pipes and then back from the final users to the heat
production sites through the return pipes.

Accordingly, the two fundamental variables that must be calculated
by the model are the local pressure and temperature at the piping
junctions in the network.

The developed Simulink model reproduces the original struc-
ture of a meshed network without any need of altering the several
loops that characterize its topology, and at the same time it fully
takes advantage of the opportunity to build a modular represen-
tation of the real network using just few component types. The
Simulink diagram of the model for a DH network is made of four
types of blocks (see a detail of it in Figure A1): pipe blocks (in red)
and node blocks (in purple), which are used to define the physical
layout of the network, and heat production site blocks (with the
factory symbol) and user area blocks (in blue), which are used to

define the boundary conditions of network operation. Each type of
block is briefly described in the following.

Pipe blocks

Pipe blocks represent a piping segment made of a supply pipe
and a return pipe of constant diameters. In these blocks the cal-
culations to evaluate the mass and enthalpy flows in both pipes are
performed separately with the same set of equations. The mass
flows at the inlet and outlet of each pipe are the same, but the
associated enthalpy flows are not, since the temperature of the
water at the outlet of a pipe is always lower than that at the inlet
due to the thermal losses.

The mass flow rate ( _m) through a pipe is obtained from the
difference of the local pressure (Dp) between the nodes at its ends
according to Eq. (A1), which also requires specific information
about the pipe such as the length (L), the diameter (D) and the
Darcy friction factor (f, evaluated using a standard equation in the
literature)

jDpj ¼ f
L
D5

8 _m2

rp2 (A1)

Please note that the direction of the mass flow rate, and the
definition of upstream (inlet) and downstream (outlet) node for the
calculation of the enthalpy flows, is subject to change according to
the sign of Dp.

The enthalpy flow from the upstream node ( _Qup) is evaluated as:

_Qup ¼ _m c
�
Tup � Tref

�
(A2)

being c the specific heat of water, Tup the hot water temperature at
the upstream node and Tref a reference temperature for the calcu-
lation of enthalpy flows. The enthalpy flow to the downstream
node ( _Qdown) is then determined by subtracting the thermal losses
in the pipe ( _Qloss),

Fig. 6. Flow pattern of case “no LKAB, Bath”-49 MW.
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_Qdown ¼ _Qup � _Qloss (A3)

The actual thermal losses are calculated with respect to those in
a reference condition supplied by the manufacturer ( _Qloss;ref under
a temperature difference DTref) according to the following equation:

_Qloss

.�
Tup � Tground

�
¼ _Qloss;ref

.
DTref (A4)

where Tground is the temperature of the ground surrounding the
pipe.

Node blocks

A node block corresponds to a physical junction between/
among two or more different piping segments of different diam-
eter, or to a location fromwhich a feeding branch departs to supply
a user area with some hot water that is extracted from the network
loops. A node block actually comprises two nodes, one connecting
the supply pipes and the other connecting the return pipes, and the
same set of equations are used to perform separately the calcula-
tions related to both nodes.

The local pressure and temperature at a node are determined
using differential equations expressing the balances of all the mass
and enthalpy flows (which are calculated in the pipe blocks)
arriving to and departing from the node.

kp
dp
dt
¼
X
pipes

_m (A5)

kT
dT
dt
¼
X
pipes

_Q (A6)

The built-in Simulink solver is used to find the equilibrium
pressure and temperature that satisfy these balances after a ficti-
tious transient that leads to the steady state behavior of the
network.

As it appears, node blocks rely on the information about the
quantities calculated in pipe blocks and vice versa. This exchange of
information, i.e. pipe mass and enthalpy flows vs. node pressure
and temperature, is critical for the simulation process, so the model
is essentially built on the strict alternation of pipe and node blocks
(see Figure A1). This closely resembles the real topology of a
physical network, which is based on the alternation of piping
segments and junctions.

Heat production sites blocks

These blocks represent the plants at which the hot water is
generated and are used to mathematically specify the boundary
conditions of network operation at the sources of mass flow rates
that are pumped in the network. There are two sub-types of heat
production site blocks according to the quantities that are imposed
as boundary conditions.

In the first sub-type supply pressure and temperature are
specified (this kind of boundary condition must be used at least in
one of the heat production sites to set a reference for the pressures
in the whole network). This block is to be connected to one or more
pipe blocks, since it provides information on the local pressure and
temperature as node blocks do. The amount of heat generated at
the site is an output of the block, and is calculated from the spec-
ified supply temperature (Tsupply), themass flow rate leaving the site
( _msite, as calculated by the piping block(s) connected to the site) and
the return temperature (Treturn, obtained from the enthalpy flows

returning to the site):

_Qsite ¼ _msite c
�
Tsupply � Treturn

�
(A7)

In the second sub-type the amount of heat generated at the site
and the temperature at which it is supplied are specified. This block
is to be connected to a node block, since it provides information on
a mass flow and its associated enthalpy flow as pipe blocks do. The
mass flow rate of water taken from the return node of the junction
and going back to the supply node of the same junction is an output
of the block, and is calculated from the specified amount of heat
generated at the site ( _Qsite), the specified supply temperature
(Tsupply) and the temperature at which the water is taken from the
return node of the junction (Treturn, calculated by the node block
connected to the site):

_msite ¼
_Qsite

c
�
Tsupply � Treturn

� (A8)

In both cases, the pumping power required to supply the
network with the hot water from the site is obtained from the
water mass flow rate heated by the site ( _m) and the difference Dp
between the local supply and return pressures at the site/junction:

Ppump ¼ _m
Dp
r
=hhyd (A9)

being r the density of the water and hhyd the hydraulic efficiency of
the pump(s).

User area blocks

A user area block represents a group of consumers fed by the
network and is used to mathematically specify the boundary con-
ditions of network operation at the sinks of themass flow rates that
are supplied by the network. The heat demand of the group of
consumers ( _Qdemand) must be specified, but this is not sufficient to
determine the difference between the enthalpy flows entering and
leaving the block because the thermal losses from the tree of
feeding branches have to be considered as well. These losses are
calculated for the supply and return pipes using an equation similar
to Eq. (A4) with a reference loss for the area to be specified. As a
result, a difference exists between the supply and return temper-
atures at the junction fromwhich the main feeding branch departs
and the supply and return temperature at the users, so that
Tnode,supply > Tuser,supply > Tuser,return > Tnode,return. The mass flow rate
_muser that is needed to supply the heat requested by the user area
(and that is extracted from the junction from which the feeding
branch departs) is calculated as

_muser ¼
_Qdemand

c
�
Tuser;supply � Tuser;return

� (A10)

where the temperature difference Tuser,supply - Tuser,return is the water
temperature drop in the area due to users' demand. This temper-
ature drop is calculated as a function of the demand ( _Qdemand) and
the user supply temperature (Tuser,supply) by using a characteristic
response surface that is specific for each user area. In this way it is
apparent that the mass flow rates extracted from the network by
the users depend not only on the demand of the groups of con-
sumers, but also on the temperature of the hotwater at the junction
in which the extraction takes place (which is in turn a function of
the thermal losses along the network and the distribution pattern
of water mass flows).
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The pressure losses in the user area are calculated again using
Eq. (A1), with the assumption that the pipes in the tree of feeding
branches are reduced to a single pipe of equivalent diameter and
length.
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Fig. A1. Detail of the block diagram of the Simulink model for a meshed DH network.
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Abstract: The urbanization of new areas beyond the existing perimeter of a town implies the
expansion of several infrastructures, including the district heating network. The main variables
involved in the design of the district heating network expansion are the layout of the new pipes, their
diameters, and the capacity of the new heat production sites that are required to satisfy the increased
demand of room heating and hot tap water. In this paper, a multi-objective evolutionary algorithm is
applied to the minimization of the costs related to the expansion of the district heating network of
the town of Kiruna, in northern Sweden. The results show that the spectrum of the optimal design
compromises between investment costs for the new pipes and the new heat generation site on one
side, and operating costs due to overall fuel consumption and pumping power in the network on
the other. The presented methodology is a tool meant for the decision makers in the company who
own the district heating network, to evaluate all the possible best design alternatives before making
a decision.

Keywords: multi-objective optimization; network structure; complex network; district heating

1. Introduction

The first generation of district heating (DH) systems appeared in Europe in the beginning of the
19th century, and subsequently, there has been continuous development that has led to the current
transition between the third and the fourth generation. A DH system is often set up by connecting
the boilers of different buildings into small networks; the boilers in the buildings are then replaced by
one or more common boilers concentrated in a heat production site, subsequently the different small
networks are connected, and so on [1]. DH systems in eastern European countries have followed a
different path. They are centrally planned and built with CHP plants as basic heat sources that also
supply electricity to the local market, in order to increase overall energy efficiency [2].

The typical stages in the evolution of a Swedish DH network are shown in Figure 1. A similar
process occurs with the urbanization of new areas beyond the existing perimeter of a town, when DH
is still considered as the best alternative among the technologies providing room heating and hot tap
water, and therefore the network is expanded to supply new user areas. In this case, the features that
should be evaluated carefully to minimize both the investment and operation costs of the expanded
network are: the layout of new piping loops and branches, the diameters of the new pipes, and the
capacity of the new heat production site(s) that may be needed to meet the increase in the final user
demand. However, rigorous design methodologies and guidelines to determine these features in
an optimal way are not well established because of the progressive nature of network expansion,
so that the configuration of a network is often the result of several different interventions performed at
different times, and largely on the basis of the sole expertise of network designers and operators.
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Figure 1. The typical stages of the development of a district heating (DH) network in Sweden:
(a) separated islands; (b) tree structure; (c) ring structure; (d) meshed structure [1].

In principle, a trade-off always exists when selecting the proper size for a DH pipe. Pipes with
smaller diameters are cheaper than the larger ones, but, for a given mass flow rate through the pipe,
a smaller pipe has a higher flow velocity that results in a larger pressure drop and therefore in a
greater requirement for pumping power. One design criterion is to determine the pipe diameter by
fixing the pressure drop per unit length (often in the range between 50 and 200 Pa/m), but selecting a
constant value of this parameter for the whole network may result into overly large variations of flow
velocity (in order to avoid this, the Swedish District Heating Association has recommended pressure
drops per unit length that are a function of pipe diameter). A more reliable design procedure is to use
optimization algorithms to determine the most suitable pipe diameters. Figure 2 shows a simplified
representation of how pipe investment cost and pumping power cost vary with pipe diameter [1]. It is
apparent from this that a trade-off can be found. However, thermal losses should be taken into account
as well, since larger pipe diameters correspond to larger heat transfer surfaces and higher thermal
losses, which in turn result in an increase of operational costs due to a higher fuel consumption to
satisfy a fixed level of user demand.

Figure 2. Pipe investment cost and pumping power cost as a function of pipe diameter [1] (thermal
losses are not considered to find the trade-off).
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A literature review in the field of structure optimization for meshed DH networks shows that
current knowledge is still insufficient. Previous studies are usually performed on networks with
a small number of heat production sites and/or users, or the tools that are used for the numerical
simulations are based on heavy simplifications in the physical description of network behaviour.

For instance, Mertz et al. [3] found the optimal structure for a very simple DH network connecting
four consumers and two heat production sites (it should be noted that the piping layout of the supply
network piping may not be mirrored by that of the return network, so the number of potential
configurations was much larger than usual). The network was modeled in the GAMS environment
and mixed integer non-linear programming was used to find optimal solutions by minimizing the
overall sum of the operating costs (pumping power and fuel consumption) and the investment costs
(trench excavation and piping, heat production sites, and heat exchangers). The authors pointed out
the importance of optimizing the network configuration together with some key design parameters,
such as the capacity of the heat production sites.

Haikarainen et al. [4] used MATLAB and mixed-integer linear programming in CPLEX to optimize
the structure and the operation of a DH network in southern Finland. The terms of the total cost to be
minimized were the investment costs related to the construction of new network components and the
operation costs at each heat production site. The network was comprised of six heat production sites
(plus two potential sites) and 26 potential user areas that were connected by a piping superstructure
having a tree layout. In spite of that, the network model required about 600 binary and 6300 continuous
variables. Heat storage and heat pump options were included in the model, so the optimal solution
also indicated which sites/user areas were economically viable to connect to the DH network.

Morvaj et al. [5] obtained the Pareto front of the design solutions that minimized total costs
(the sum of investment and operation costs) and CO2 emissions over a 20-year period for a network
with 12 users. A detailed time description of user demand and boiler operation was considered,
so the mixed-integer linear model of the network consisted of more than 84,000 constraints and
70,000 variables (out of which about 3500 were integers). Some non-linear aspects of network behavior
(e.g., thermal losses) were simplified to retain a linear formulation. The multi-objective optimization
problem was solved by CPLEX using the ε-constraint method, and more than four days were required
to solve the problem on a common personal computer. Different network layouts were found for
different limits on CO2 emissions, and the number of buildings connected to the DH network increased
as the limit on CO2 emissions was lowered.

Wu et al. [6] compared three different scenarios for a district energy network supplying the
thermal and electric demand of five buildings (a store, a hotel, an apartment, an office and a hospital).
In the first scenario each building used a conventional heating system where heat demand was satisfied
by a gas boiler, while the electricity demand was satisfied by the grid. In the second scenario CHP units
were installed in the buildings and a network was used to transport heat among the buildings. Finally,
in the third scenario a thermal storage tank was also added in each building. Mixed integer linear
programing was used for the optimization of each scenario, and the results from the second scenario
indicated an optimal piping layout. However, this layout only showed how the heat surplus from
some buildings should be distributed to other buildings, since the considered model of the network
did not take into account a detailed description of pressure drops and thermal losses in the pipes.

Bordin et al. [7] develop a methodology named the District Heating Network Design Problem,
which was based on a mixed-integer linear description of the network and used CPLEX to solve
the optimization problem. A town in Emilia-Romagna (northern Italy) was considered as a case
study, with a tree-shaped network superstructure consisting of 20 existing and 12 potential users,
and 4.3 and 1.9 kilometers of pipes for existing and potential users, respectively. The economic
objective function included the terms for heat exchanger costs (depending on user demand), new
piping costs (depending on diameter and length), pumping costs and the revenue from the heat sold
to the consumers. Two scenarios were analyzed, the first considering a 10-year period in net present
value calculations, while in the second a 5-year period was considered together with lower piping costs
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and increased connection fees. In both scenarios it was possible to identify profitable and unprofitable
consumers. Thermal losses in delivering the hot water to the consumers were not considered by the
model, and a fixed temperature drop was set in the heat exchangers, although it has been shown that
the supply water temperature is strongly correlated with these two aspects [1].

Pengfei et al. [8] investigated the pressure drops per unit length that are currently recommended
in the design of DH networks (30–70 Pa/m in China and 100 Pa/m in most of European countries).
A tree-shaped DH network in the Hebei province (China) was used as a case study, considering the
demand for five outdoor temperatures combined with four operating strategies. The objective of the
optimization problem was to minimize the sum of several annualized cost terms, among which the
heat distribution cost (related to pumping and heat losses) and the pipe investment cost (related to
pipe diameter, length, material, insulation thickness). The results showed that the pressure drops for
unit length corresponding to the minimum annualized total costs were lower for the control strategies
in which the mass flow rate in the primary side was kept constant (30–50 Pa/m) than for those in
which the mass flow rate in the primary side was varied as a function of heat demand (60–100 Pa/m).

Zeng et al. [9] used a genetic algorithm to compare the difference between distributed variable
speed pumps and a conventional central circulating pump, in a district heating and cooling system,
the objective being the minimization of the annualized total costs. The case study was the system for
Binjiang business center in Changsha (China), which has a tree-shaped piping structure connecting
16 stations. The optimal pipe diameters found by the algorithm were almost the same in both cases,
except for two pipes that had a small diameter when variable speed pumps were used. The option of
optimizing piping layout was not considered in that work.

In the present paper a methodology was proposed to deal with design optimization problems
regarding new piping layouts for DH networks that already have a complex meshed structure. As with
a series of previous works by the same group of authors, the town of Kiruna, located in the very
north of Sweden, was used as a test case. The DH network of this town, which has a mature meshed
structure and several heat production sites, has been the starting point for developing a general
methodology (outlined in [10]) for modelling and optimizing DH networks of similar complexity using
MATLAB and Simulink. A detailed analysis of network behaviour was performed in [11], and local
temperature and pressure maps together with the pattern of hot water flow distribution were shown
in the results. An optimization of network operation, minimizing the costs due to heat production and
distribution along the network, was presented in [12], and the results specified for different levels of
user demand the amounts of the different fuels that should be burnt in the boilers of the different heat
production sites.

The original contribution of this paper is a further step consisting in the implementation of
a multi-objective evolutionary algorithm for the design optimization of the structure of a DH
network when a new network is to be built from scratch or an existing one has to be expanded.
This multi-objective approach was something unconventional, and it aimed at identifying all of the
design solutions that represent the possible best compromises between investment costs (new pipes
and heat production sites) and operation costs (heat production and delivery to the final users).
This allows the decision makers to have more information about the solutions to the design problem
at hand. Moreover, the algorithm was interfaced with a realistic (not oversimplified) model of an
existing DH network formed by several piping loops (not a tree structure in which the pattern and the
amounts of the mass flow rates are obvious) and contained several heat production sites (not only a
central site).

In the following sections of the paper the case study is described, the main features of the planned
expansion to the current DH network in the town of Kiruna are described, the optimization problem
and the algorithm used to solve it are presented, the Pareto front of the optimal solutions is showed
and discussed, and finally some conclusions are drawn.
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2. Case Study

The town of Kiruna holds 18,000 citizens, and is located in the very North of Sweden, 150 km
above the Arctic Circle. The climate is frigid in that region, with an annual average temperature well
below 0 ◦C. The DH network in Kiruna was commenced from the 1960s and is owned by the municipal
energy company Tekniska Verken i Kiruna AB (TVAB). It supplies room heating and hot tap water to
1700 customers (30% of the small houses and 95% of the premises), currently delivering 250 GWh/y
through 120 km of pipes with a peak demand of 49 MW.

Figure 3 shows a sketch of the current DH network in which the meshed part of the network
is marked in blue and the feeding branches in red. The network has several heat production sites:
the larger ones are marked with factory symbols (TVAB is the main one, while LKAB represents
the waste heat from the nearby iron mining facility) and the smaller boiler houses are marked with
boiler symbols.

Figure 3. A sketch of the district heating (DH) network in Kiruna: pipes belonging to structure loops
are shown in blue, consumer feeding branches in red, new heat production plants with factory and
boiler symbol, and new building blocks in green.

The Expansion of the Existing District Heating Network

The town of Kiruna is currently undergoing a deep urban transformation due progressive
geological deformation caused by iron mining activity. Some of the town districts are planned for
relocation to safer zones, and a new town center, which should host 7500 person equivalents, is already
under construction within a ground area of approximately 420,000 m2. The new building blocks are
shown as green polygons in Figure 3. While the new areas are being built, the old ones will still be
used, so that there will temporarily be a higher heat demand to be satisfied. A new bio-oil boiler,
indicated as “New Boiler” in Figure 3, will be installed, the capacity of which was among the variables
of the design optimization problem.

According to the plans prepared by Kiruna municipality and TVAB, the piping that serves the
new town center will have two connections to the existing network, one at the North East corner of
the large south-eastern loop (just close to the location of “New Boiler”) and the other at the feeding
branches of the user area that is immediately West of the new town centre.

Figure 4 shows the hypothetic piping superstructure that is considered in this paper to supply the
buildings of the new town center. These buildings, which are shown as green polygons, are grouped
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into five user areas, and the delivery junctions of these user areas are shown as red double squares.
The potential pipes of the superstructure, which are shown as black lines, are placed to connect a series
of nodes, shown as black dots, and the delivery junctions of the user areas. The nodes are intermediate
piping junctions that are placed to provide a number of alternative paths for the hot water to reach
the delivery junctions of the user areas. One of the purposes of the design optimization is precisely to
select which alternatives will be implemented in the final piping layout.

The black pipe heading North from the southeastern loop of the existing network has been already
built and has a diameter of 400 mm, whereas the existence of, and the diameter of the other pipes in the
superstructure, are among the variables of the design optimization problem, and will be determined
as the solution of that problem. For sake of simplicity, the series of pipe segments connecting the end
of the built 400 mm pipe to the feeding branch of the user area immediately West of the new town
center are considered to belong to one single pipe, and all have the same diameter.

It is worth noting that the considered superstructure was conceived with the following spatial
constraints: the connections with the existing network (as planned by TVAB and Kiruna municipality),
the 400 mm pipe already built, and the delivery junctions to the new user areas (that are located
approximately in the barycentre of each area). The layout of the pipes and nodes in the considered
superstructure follow the criterion of minimizing distances among these fixed locations, as longer
than necessary pipe segments would not be part of the optimal design solution anyway due to higher
investment costs.

Figure 4. The piping superstructure considered for the expansion of the DH in the town of Kiruna.
The existing pipes are shown in blue (loops) and red (feeding branches), new building blocks in green,
delivery junctions for the new user areas as double red squares, superstructure pipes as black lines,
and piping nodes as black dots.

3. Methodology

This section describes the methodology used to set up and solve the design optimization problem
about the expansion of the DH network in Kiruna. The procedure mainly relied on a modelling strategy
for complex meshed DH networks that has already been developed in [10], used for the simulation of
the DH network in Kiruna in [11], and successively refined for the optimization of the operation of
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the same DH network in [12]. In this paper, the model of the DH network in Kiruna was expanded
with the piping superstructure described in the previous section, and coupled to a multi-objective
evolutionary optimization algorithm in order to identify the solutions that were the possible best
compromises between investment and operation costs.

3.1. The Model of the District Heating Network

The strategy proposed in [10] to build the model of a complex meshed DH network in the
MATLAB/Simulink environment is simple and powerful at the same time. Its strength is given by
the modularity of the approach, with a small number of block types (pipe, node, user area, heat
production site) that can be combined into a custom diagram in a very flexible way, even for the most
complex layouts.

A detailed numerical representation of the behaviour of a meshed DH network requires the
calculation of the local pressure and temperature of the water at all network piping junctions. In fact,
these are fundamental to determine the mass and heat flow rates in the network, which are in turn
affected by pressure drops and thermal losses in the pipes. The model takes into account all these
aspects without any major simplification to the physical nature of the phenomena. This is essential to
evaluation of the terms by which the operating costs of the DH network depend, i.e., the pumping
power required to make the water circulate in the network, and the fuel consumption at the heat
production sites (the total heat generated has to be equal to the overall demand of the users, plus
thermal losses along the network piping).

The reader is referred to [12] for a detailed description of model blocks, the interaction among
them and the equations that are solved inside each block type. It is worth reminding here that the main
idea behind the model is the exchange of information between the blocks in which mass and heat flows
are calculated as a function of local pressures and temperatures (pipe blocks of course, but also user
area blocks and heat production sites), and the blocks in which the local pressure and temperatures are
determined as the values resulting from the balance among mass and heat flows (node blocks).

Thanks to the modular nature of the model, the implementation of network expansion was
straightforward. All the pipe segments of the superstructure shown in Figure 4 were added to the
model of the DH network in Kiruna already used in [12], as well as to the intermediate junctions and
the five new user areas. A heat production site block was also added at the North East corner of the
southeastern loop of network to represent the new bio-oil boiler. Comparing the number of blocks of
each type with the model used in [12], the model for the expanded DH network in Kiruna consisted of
six plus one heat production site blocks, 85 + 25 pipe blocks, 75 + 12 node blocks and 44 + 5 user blocks.

The lengths of the new pipes are set, but not their diameters, which are received as inputs from
the optimization algorithm when a particular design solution is evaluated (except for the 400 mm pipe
that has already been built). In case a pipe does not exist in that particular design solution, its mass
and energy flows at inlet and outlet are set to zero so they do not contribute to the balances in the
junctions at pipe ends. The capacity of the new bio-oil boiler is also set according to the particular
design solution evaluated by the optimization algorithm.

3.2. The Optimization Problem

The two objective functions to be minimized in the multi-objective optimization problem
presented in this paper were the investment cost for the expansion of the DH network in Kiruna
(Cinv in Equation (1)) and the operating cost to run the network after the expansion had been completed
(Cop in Equation (2)).

Cinv = ∑
pipe

cpipe
(

Dpipe
)

Lpipe + Cboiler (1)

Cop = ∑
site

∑
res

cresQres,site + ∑
site

cel Ppump,site (2)
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The investment cost is made of two terms: (i) the cost related to the pipes; and (ii) the cost related
to the new bio-oil boiler. The investment cost for the pipes is expressed as the sum for all the pipes
existing in the considered design solution of the cost per unit length of the pipe (cpipe, which depends
on pipe diameter Dpipe and includes purchase, digging, welding and installation) multiplied by pipe
length (Lpipe). The investment cost for the new bio-oil boiler (Cboiler) depends on its capacity.

As in [12] the operating cost consists of two terms: (i) the cost for generating the requested heat,
which is equal to the overall demand of end users plus the thermal losses along the network; and
(ii) the cost for making the water circulate in the piping network, which is the sum of the costs for the
pumping power required at the heat production sites to introduce the supply water mass flow rates
into the network. In turn the cost for the generation of heat is equal to the sum at all heat production
sites of the unit costs of the resources consumed in the boilers of the site (cres in SEK/kJ, where res
could be municipal waste, bio-oil, biomass, electricity and oil) multiplied by the resource input in
thermal power terms (Qres,site in kW, which is greater than the heat output according to the efficiency
of the boilers). It is worth noting that this term is calculated on the resource input required to generate
the amount of heat supplied by the sites, so it implicitly takes into account the heat losses along the
network and boiler efficiencies. The cost term related to the pumping power is expressed as the sum
all heat production sites of the unit cost of electricity (cel in SEK/kJ) multiplied by the pumping power
consumed at the site (Ppump,site in kW).

The decision variables of the optimization problem are:

• The diameters for each pipe segment in the superstructure shown in Figure 4. These are 18 discrete
variables that can assume the values of 0 (the pipe does not exist), 100, 200, 300 and 400 mm;

• The capacity of the new bio-oil boiler. This is another discrete variable that can assume the values
between 7 and 18 MW at 1 MW intervals.

Some constraints were also imposed to the values of the local pressures and temperatures in
order to ensure the correct operation of the DH network. The maximum pressure difference within
the supply network is not supposed to exceed 12 bars, considering the height of the nodes, while the
temperature of the water supplied to a group of consumers is not allowed to be lower than 65 ◦C
(for further details see [12]).

3.3. The Optimization Algorithm

The multi-objective optimization problem defined in the previous section was performed
by the evolutionary optimization algorithm proposed in [13], which was particularly suitable
to distribute the population of solutions along the optimal Pareto front, thanks to its original
diversity-preserving mechanism.

The flowchart of the multi-objective evolutionary algorithm was sketched in Figure 5. A set
(old population) of design solutions is available at the beginning of each iteration (generation) of the
algorithm (the old population is randomly initialized before the first iteration). A pool of parent pairs
that are selected at random from the old population is formed, and genetic mathematical operators
(crossover and mutation) are applied to the decision variables of the pairs in this pool to create a new
set of candidate design solutions (offspring population).

It is worth noting that in this specific application of the algorithm, the design solutions that
were apparently unfeasible (e.g., there are pipes with dead ends, or user areas not served), were
automatically removed from the offspring population in order to avoid their evaluation and, therefore,
save computational time.

The investment and operating costs associated with a given candidate solution were evaluated by
simulating the expanded network model with the piping configuration and the capacity of the new
bio-oil boiler that are defined by the values of its decision variables. The simulation identified key
quantities to determine the pumping power at the heat production sites and the heat output at the
TVAB site (note that this must be equal to the difference between the overall user demand and the
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output of the other sites, plus the thermal losses along the network). The cost for generating the heat
requested from the TVAB site was determined by solving a nested mixed integer linear programming
(MILP) optimization subproblem that distributed in the most convenient way the thermal load among
the boilers in the TVAB site. After this post-processing step all the information required to evaluate the
operating cost was available, whereas all the information required to evaluate the investment cost was
already available from the knowledge of the decision variable values.

The iteration of the algorithm ended with a selection of set of design solutions (new population)
that was passed to the next iteration (in which it became the old population). All the design solutions of
the old population and those of the offspring population were considered according to their objective
function values (Pareto ranking), but also according to their genetic diversity, in order to avoid a
premature convergence to a limited region of the true Pareto front.

Figure 5. Flowchart of the multi-objective evolutionary algorithm used to solve the design optimization
problem about the expansion of the DH network in Kiruna..MILP: mixed integer linear programming.
TVAB: Tekniska Verken i Kiruna AB company.

The number of individuals was set at 100 in order to have a sufficient variety of features within
the population to be evolved by the algorithm, given the number of decision variables. The iterative
search procedure was terminated after 250 generations, when it was clear that the population of
design solutions had converged to the Pareto front of the best possible compromises between the
two objectives.

4. Results and Discussion

The multi-objective design optimization minimizing the investment and operating costs for the
expansion of DH network in Kiruna was performed considering not the peak thermal load, but a
frequent demand level that registered in about 40% of the days in the three coldest months of the
winter period. This was the demand level that has already been considered for half of the operation



Appl. Sci. 2017, 7, 488 10 of 14

scenarios optimized in [12], and amounted to 39 MW for the existing user areas (including room
heating and hot tap water). The planned new user areas will require an additional 11.4 MW in the
same outdoor conditions (see the demand for each area in Figure 3).

Table 1 shows the values for the heat output and the supply temperature at the heat production
sites that were taken from the optimal results of the “39 MW no LKAB” case in [12]. The new bio-oil
boiler is supposed to run at full load at the capacity set by the optimization algorithm, whereas the
heat output of the TVAB site is the result from the overall balance of the heat loads in the network
(it must be equal to the difference between the overall user demand and the output of the other sites,
plus the thermal losses along the network).

Table 1. Setup of the heat production sites in the model of the expanded network in Kiruna (see also
the results of the “39 MW no LKAB” optimized case in [12]).

Site Heat Output (MW) Tsupply (◦C)

TVAB balancing heat loads 103.2
LKAB inactive
Bath 8.9 75.7

Ferrum inactive
Glacier 0.8 82.4
School inactive

New Boiler to be optimized 100

Figure 6 shows the Pareto front of the design solutions representing the optimal compromises
between the operating costs (expressed in SEK/s on the ordinates of the diagram) and the investment
costs (expressed in MSEK on the abscissae).

Figure 6. Pareto front of the optimal design solutions that represent the best compromises between
investment and operating costs for the expansion of the DH network in Kiruna. The markers are
colored according to the configuration of the piping layout in the design solution (which are shown in
Figure 8).
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It was immediately apparent that the front was far from continuous, it rather appeared quite
scattered. This was a direct consequence of the discrete nature of the decision variables of the
optimization problem. For the same reason, the shape of the front was not perfectly convex.
In particular, it showed a major concave region close the lowest investment costs, just before the
operating costs started to grow significantly.

The design solutions belonging to the Pareto front were able to be sorted into different groups
according to the capacity of the new bio-oil boiler. Each group occupied a well-defined portion of
the front (see Figure 6), as it is logical to expect. In fact, a higher capacity of the new bio-oil boiler
resulted in higher investment costs, obviously, and in lower operating costs, since the pumping power
required to deliver the hot water to the new user areas is reduced when more and more hot water is
produced close to the new town center, and for the same reason the thermal losses are also reduced.
Surprisingly, not all of the considered bio-boiler capacities had a corresponding group of optimal
design solutions along the Pareto front. For example, the group of solutions with a 10 MW bio-oil
boiler was immediately adjacent to the group with a 13 MW boiler, while there was no optimal design
solution having a bio-oil boiler with a capacity of 11 or 12 MW.

This anomaly could be clarified if the investment and operating costs of all the design solutions
forming the new population in last generation of the optimization algorithm were re-evaluated for
all the considered capacities of the new bio-oil boiler. The results of this re-evaluation are plotted in
Figure 7. It can be seen that there exists a Pareto front of optimal compromises between the investment
and operating costs for each of the considered bio-oil boiler capacities (dashed lines are plotted in
Figure 7 along each of these fronts to help the reader identify them). According to the concept of Pareto
dominance, it is logical that the overall Pareto front shown in Figure 6 is the envelope of the Pareto
fronts for a fixed value of the new bio-oil boiler capacity.

Figure 7. Pareto fronts of the best compromises between investment and operating costs for each of the
considered capacities of the new bio-oil boiler (dashed lines do not represent the actual fronts, they are
just added to help the reader locate the solutions having a given boiler capacity).

It is apparent in Figure 7 that the fronts obtained for 11 and 12 MW do not contribute to forming
the envelope of the Pareto fronts, because the design solutions belonging to these fronts result in
higher operating costs for similar investment costs if compared to some of the optimal design solutions
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having a bio-oil boiler with a higher or lower capacity. The reason for these higher operating costs is
due to the distribution of the heat loads among the boilers at the TVAB site. As the capacity of the new
bio-oil boiler is raised from approximately 10 MW, the load of one of the two biomass boilers at the
TVAB site is reduced until it reaches its operational minimum. At this point, the load of the second
biomass boiler, which was running at full load, would have to be reduced in order to compensate a
further reduction of the heat output requested from the TVAB site. In this situation, the operating costs
would increase due to the low combined efficiency of the two biomass boilers running at minimum
and partial load, until a further increase in the capacity of the new bio-oil boiler (around 13 MW)
allows the shutdown of one of the two boilers, so that the other can return to operate at full load.

Both Figures 6 and 7 shows that the minimum of the operating costs is around 0.85 SEK/s, which
is found for a new bio-oil boiler capacity of 16 MW. Again this is due to the way in which the boilers
at the TVAB site are used to balance the thermal loads in the DH network. When the capacity of the
new bio-oil boiler is larger than 16 MW, the municipal waste boiler at the TVAB site has to reduce its
load. Since TVAB is actually paid to burn the municipal waste, this load reduction causes a significant
increase in the operating costs, as can be seen in Figure 7 from the Pareto fronts obtained with new
bio-oil boiler capacities of 17 and 18 MW.

The investment and operating costs of the optimal solutions in Figure 6 can be further analyzed
to understand which terms provide the most significant contributions. The new boiler investment
cost is of course a function of its capacity and goes from 60.2 MSEK for 7 MW, to 84 MSEK for 10 MW
and up to 128.9 MSEK for 16 MW. It always is the larger share of the overall investment cost, while
the investment for the piping layout is almost constant, around 33.1 MSEK, at least for the optimal
solutions having a low operating cost. On the other hand, the solutions having a much higher operating
cost and a new boiler capacity of 7 MW feature piping layouts with smaller pipe diameters, and in this
case the piping investment costs could go down to 25.6 MSEK. Nearly all of the operating cost comes
from the cost for heat generation, which rises from 0.834 to 0.867 SEK/s as the capacity of the new
boiler is reduced from 16 to 7 MW. The pumping cost has a marginal influence (from 0.015 SEK/s at
16 MW to 0.03 SEK/s at 7 MW) until it grows significantly, up to 0.16 SEK/s, when the diameters of
the pipes in the layout are reduced.

A deeper analysis of the optimal design solutions along to the Pareto front in Figure 6 has pointed
out that they all belong to six piping layout configurations. These six layouts are shown in Figure 8
in different colours (blue, yellow, red, cyan, green and magenta), and the markers representing the
optimal design solutions in Figure 6 are filled with the colours corresponding to these layout categories.
It may happen that the same piping layout appears more than once in the Pareto front with the same
capacity of the bio-oil boiler, this means that there must be some variations in the diameters of the
pipes for the same layout.

It is worth noting that piping loops are not present in any of the six layout configurations. In fact,
the possible advantages of piping loops (e.g., providing alternative paths to deliver the hot water in
case of some portion of the network has to be bypassed due to a failure) are not taken into account in
the considered objective function, so their presence would only increase investment costs rise. The six
configurations in Figure 8 show just minor differences about:

- the way the hot water is delivered to two of the five new user areas (the second and the third
from West to East), in series (from West to East in the blue and yellow configurations, from East
to West in the cyan and green configurations) or in parallel (with a common pipe in the magenta
configuration, with separate pipes in the red configuration);

- the way the hot water is delivered to the two east-most user areas, in parallel (blue and cyan
configurations) or in series (the other four).

As a final remark to the results, it is worth mentioning that the proposed methodology offers the
opportunity to obtain the full spectrum of the best possible compromises between the investment and
operating costs. Naturally, these two costs, which are expressed in different measurement units, could
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have been weighted into a single objective function according to standard accounting techniques, given
the life time of the project and the fixed charge rate. However, a single objective optimization would
have reduced the amount of information available to the decision makers to a single design solution
(the optimal one found by the optimization procedure). The knowledge of the whole spectrum of
optimal design solutions makes it possible for the decision makers to make more strategic choices
based on other considerations, e.g., forecasts on the future trend of fuel cost, availability of capitals, or
options for future design modifications that were not included in the present planning process.

Figure 8. The six piping layout configurations of the optimal design solutions along the Pareto front
in Figure 6. The colours of the markers in Figure 5 correspond to the colours of the piping layouts in
this figure.

5. Conclusions

This paper has presented a methodology for the multi-objective optimization of the design of DH
networks when the configuration of the new piping layout and the capacities of new heat production
sites have to be decided. A modular modelling and simulation tool for complex meshed networks was
coupled to an evolutionary algorithm to search for the Pareto front of the best compromises between
the investment and operating costs. The real case of the expansion of the DH network in the town of
Kiruna (Swedish Lapland) was used as an example of application.

The results of the design optimization for this specific case have shown that:

• The appearance of the set of the optimal design solution is quite scattered, due to the discrete
nature of the decision variables of the optimization problems, and different groups of solutions
can be identified according to the capacity of the new bio-oil boiler, which was among those
decision variables.

• There is little variety in the optimal design configurations of the piping layout feeding the new
user areas. Significant changes in the values of the operating and investment costs instead are
due to different diameters of the piping segments, rather than variations in the piping layout.

• The minimum operating cost is obtained for a large capacity of the new bio-oil boiler that should
be installed close to the new user areas. This means that a more distributed heat generation,
resulting in lower thermal losses and requiring lower pumping power (in this case however, the
investment costs are higher, due to the larger capacity of the new heat production site).

The multi-objective nature of the design optimization problem set up with this methodology
allows the decision makers to be aware of the whole spectrum of the best compromises between
investment and operating costs. Then, the design solution to be adopted can be selected in a more
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conscious way, perhaps also using a broader perspective including other aspects, compared to a case
in which only one solution is obtained as the result of a single objective optimization procedure.
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a b s t r a c t

Computational Fluid Dynamics (CFD) simulations were used to study the indoor climate in a low energy
building in northern Sweden. The building's low heat requirement raise the prospect of using a relatively
simple and inexpensive heating system to maintain an acceptable indoor environment, even in the face
of extremely low outdoor temperature. To explore the viability of this approach, the indoor climate in the
building was studied considering three different heating systems: a floor heating system, air heating
through the ventilation system and an air heat pump installation with one fan coil unit. The floor heating
system provided the most uniform operative temperature distribution and was the only heating system
that fully satisfied the recommendations to achieve tolerable indoor climate set by the Swedish au-
thorities. On the contrary, air heating and the air heat pump created a relatively uneven distribution of
air velocities and temperatures, and none of them fulfills the specified recommendations. From the
economic point of view, the air heat pump system was cheaper to be installed but produced a less
pleasant indoor environment than the other investigated heating systems.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The town of Kiruna is located in the very north of Sweden well
above the Arctic Circle (Fig. 1) and is home to the world's largest
underground iron ore mine [1].

Mining activities in the vicinity of the town have caused
extensive deformations of the ground, which are starting to affect
the town itself as shown in Fig. 2. As a result, an extensive urban
transformation of the area will be required in order to allow the
continuation of mining operations [2].

Ideally, urban transformations should make the transformed
region more climate-positive and energy efficient [3]. In order to
achieve these goals in Kiruna, it will be important to reduce the
energy utilization for newly built houses. The energy supplied to
buildings is used to satisfy heating, hotwater and electricity de-
mands. Notably, around 60% of the total energy supplied to the
average Swedish house is used for room heating [4]. This value can
however be greatly reduced by building low energy houses [5].
Nine passive houses located in Sweden has been investigated and
compered with conventional buildings. The specific annual energy
use for heating was in line with the predictions at a value of around

21 kWh/m2
floor area and year [6]. Swedish building regulations

state a maximum allowed value of 55 kWh/m2
floor area and year

in the same region [7].
Due to its northerly location, Kiruna has a sub-arctic climate

with winter temperatures that often drops below �30 �C [8].
Consequently, the amount of energy spent on room heating in the
average house within the town is significantly greater than the
Swedish average, meaning that there is a considerable margin for
reducing the town's overall energy consumption by constructing
energy-efficient housing.

The low energy building concept is based on the use of well-
insulated envelopes made from components with low U-values
and with relatively small quadruple-glazed windows. This results
in reduced heating requirements, energy utilization, higher inter-
nal surface temperatures and lower air velocities than those found
in conventional Swedish houses.

Several heating alternatives are available for new homes, as
example radiators-, floor- and air heating systems and point source
units like a stove or fan coil. Each one of them has different
installation cost. Radiators and floor heating systems with district
heating is particularly costly to install, in fact when constructing a
house these systems are around four times higher than the cost for
an air heat pump system with single fan coil unit. Table 1 shows
which heating source that is coherent with each different heating
system.

* Corresponding author. Tel.: þ46 920 491662.
E-mail address: daniel.risberg@ltu.se (D. Risberg).
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The indoor thermal climate is primarily affected by the tem-
perature and velocity of the air and the incident radiation, as well as
the relative humidity to a lesser extent. The humidity of the out-
door air is very low in Kiruna during the winter, and so the relative
humidity of the heated indoor air may be as low as 10% RH during
this period.

In this paper the performance of a floor heating system and an
air heating system with district heating was compared with an air
heat pump system with one fan coil unit in a low energy building
concept. These were evaluated and compared, and an analysis of
their operation was performed to assess their ability to satisfy a
good thermal indoor climate. The criteria were set according to the
Swedish building regulations. Actually the low energy building
concept has been studied with several different heating systems
[9], but for sake of brevity only three of them are considered here.

CFD (Computational Fluid Dynamics) simulations were used to
perform detailed investigations of the indoor climate within the
complete conditioned volume of the house.

Different studies concerning CFD simulation in buildings have
been published. The research work has been focused on the

computational setup for ventilation in a plane of a room [10].
Different k-ε turbulence models for 3D geometry were investi-
gated in Ref. [11]. A review of different turbulence models used in
buildings was done in Ref. [12]. In a single room installation,
altered heating systems have been modeled and the indoor
climate studied [13], simulation of the indoor climate in an office
room with cooling ceiling has also been performed [14]. For the
whole building a passive house in Lindas in the south of Sweden
with an air heating system has been investigated with CFD tech-
nique, air velocities and temperatures in the building were
investigated [15,16].

More specifically, the aims of this work were to:

� Use CFD models in order to evaluate temperature and velocity
field within an entire building.
� Investigate how the indoor climate is affected by using different
heating systems.
� Evaluate the economical aspect of the different heating systems.
� Make conclusions about the investigated heating systems and
rank them according to different perspectives.
� Evaluate the possibility to use district heating as a heating
source for low energy buildings.

2. Method

2.1. Simulated building and boundary conditions

The investigated building, shown in Fig. 3, is a single family
house with three bedrooms (floor area of 98 m2) equipped with a
balanced ventilation system featuring a heat exchanger unit for
recovering heat from the exhaust air (the temperature efficiency is
76%). The building is oriented so that the entrance door opens to the
south. Window dimension is 1 � 1 m and the house has 11 win-
dows in total. The overall heat transfer coefficients (U-values) for
each structural element are presented in Table 2. Boundary setups
were assigned to the different building surfaces according to their
calculated U-values. The emissivity for the surfaces was set to 0.9
[17] for all building elements but the windows, for which a value of
0.84 [18] was used (Table 2). An annual heat demand of 8200 kWh
was estimated from the building specifications, and the annual hot
water production was set to 4500 kWh [19]. The peak heat supply
was estimated to be 2.6 kW with an indoor temperature of þ20 �C
and an outdoor temperature of �30 �C. The time constant was
calculated from building specifications and typical furniture setup
and was found to be 37 h.

2.2. Swedish building regulations

Swedish regulations state that buildings should be designed so
that a satisfying indoor climate is obtained. A set of general rec-
ommendations are issued in order to set limits for achieving a
tolerable indoor thermal climate and the following criteria should
be fulfilled within the building occupied zone [7], these issues can
be omitted if the building constructor proves that a satisfying in-
door climate will be achieved.

1. Operative temperature (Top) not lower than 18 �C.
2. Maximum difference of 5 �C in each room (within the occupied

zone both horizontal and vertical).
3. Floor temperature in the range of 16e26 �C.
4. Air velocity not higher than 0.15 m/s during the heating period

and 0.25 m/s during the rest of the time.

the occupied zone (the volume where people normally live) be-
ing defined as the volume “enclosed by two horizontal planes,

Nomenclature

C cost (Euro)
c cost (Euro/kWh)
E energy demand (kWh)
DR draught rating (%)
Irad radiation intensity (W/(m2 sr))
Iu turbulent intensity (%)
M.R.T mean radiation temperature (Ta)
Nr number (pcs.)
Ta ambient air temperature (�C)
Top operative temperature (�C)
v velocity (m/s)
s Stefan Boltzmann constant (kg/(s3 K4))

Fig. 1. Location of the town of Kiruna, Sweden.
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one 0.1 m above floor level and the other 2.0 m above floor level;
and vertical boundaries that are 0.6 m distant from the exterior
walls or other external limits, or 1.0 m from windows and doors”
[7].

The criteria listed above were used as evaluation parameters in
order to assess the performance of the different heating systems
considered.

2.3. Analysis parameters

Air temperature should not be the only parameter used to define
the thermal indoor climate, but indeed it is the most commonly
used. An indoor climate can be described as the aggregated expe-
rience for each individual person, affected by different variables
such as air temperature, temperature of surrounding surfaces,
relative humidity and air velocities [20]. In this paper the operative
temperature (Eq. (1)) is calculated, which includes the ambient air

Fig. 2. Predicted deformation zones.

Table 1
Interaction between energy supply systems and energy distribution systems.

Energy distribution
systems

Energy supply systems

District
heating

Electrical
boiler

Heat
pump

Biofuel
boiler

Water based Floor heating ✓ ✓ ✓ ✓

Radiator ✓ ✓ ✓ ✓

Air heating ✓ ✓ ✓ ✓

Point source Fan coil X X ✓ X
Stove X X X ✓

Fig. 3. Floorplan of investigated building specifying the location of the supply/exhaust ventilation devices, the air heat pump and the investigated vertical temperature gradient.

Table 2
Data for building elements.

Structural element Area [m2] U-value [W/m2, K] Emissivity

Ceiling 98.0 0.085 0.9
Wall 87.1 0.109 0.9
Window 11.0 0.850 0.84
Entrance door 2.1 0.900 0.9
Floor 98.0 0.150 0.9
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temperature (Ta), air velocity (v) and the mean radiation temper-
ature (Eq. (2)) that is as a function of the radiation intensity (Irad)
from each surface. Due to relatively low air velocities in buildings,
the operative temperature is a useful parameter in order to describe
the indoor climate, since it includes the parameters that affect
mostly the climate from a human perspective.

Top ¼
(�

M:R:T þ Ta
ffiffiffiffiffiffiffiffi
10v
p �.�

1þ
ffiffiffiffiffiffiffiffi
10v
p �

ðv � 0:1 m=sÞ
ðM:R:T þ TaÞ=2 ðv<0:1m=sÞ

(1)

M:R:T ¼
�
Irad$p
s

�0:25

(2)

In the definition of operative temperature the air velocity is one
of variables, and a change at low velocities (but greater than 0.1 m/
s) affects the operative temperature more than a variation at high
velocities. In this study low velocities were expected and another
way of determining the quality of the indoor climate is to verify the
appearance of draught. Draught is not stated as a regulation to be
fulfilled, but is an important factor for indoor climate experience.
The part of the human body that is most sensible to draught is the
face and a sitting person experiences draught more than a walking
one. A parameter called Draught Rating (Eq. (3)) was introduced by
Fanger at al [21]. as an empirical expression based on ambient air
temperature, air velocity and turbulence intensity (Iu). The result is
meant as a statistic parameter that describes the share of a popu-
lation that will be dissatisfied by draught. When the DR value is
over 15% (i.e. 15% of a population), the indoor climate can be seen as
unsuitable [22].

DR ¼ ð34� TaÞðv� 0:05Þ0:62ð0:37vIu þ 3:14Þ ð%Þ (3)

Thus, Draught Rating can be considered as a useful parameter
for a more advanced evaluation of the indoor climate.

2.4. Numerical setup

All the presented simulations were conducted using ANSYS CFX
15.0, a software package for numerically solving partial differential
equations (PDEs) using a 3D-finite volume method. The governing
equations that are solved in the simulations are those related to
conservation of mass, momentum and energy. The calculations
were performed using a second order upwind discretization
scheme inwhich the normalized RootMean Square (RMS) residuals
converge to a level of 10�5. The simulations were performed under
the assumption of steady state conditions, which applies to all the
studied systems.

The turbulence model used in the simulations was the standard
k- 3model; a scalable wall treatment was used to obtain the tem-
perature and velocity profiles in the near-wall region. The k- 3model
is a two equation model: k is the transport equation for the tur-
bulent kinetic energy and 3is the eddy dissipation [23]. The influ-
ence of buoyancy was predicted using the Boussinesq
approximation. The radiation between different building surfaces
was evaluated using the P�1 thermal radiation model [24]. All the
simulations were run until a steady-state solution was achieved for
a given set of outdoor conditions. A grid consisting of elements with
a length of 0.1 m was selected based on the results of previous
studies [25] using Roaches GCI method and Richardson extrapola-
tion [26]. Inflation layers were used to achieve a better resolution at
the near-wall regions, bringing the total number of elements
required to simulate the entire building up to approximately 1.7
million.

2.5. Heating system setup

The three different distribution systems chosen for the simula-
tions were: a floor heating system, an air heating system, and an air
heat pump system. A schematic sketch of the different heating
systems is shown in Fig. 4. The floor heating system is installed in
each room of the house, the air heating system uses the floor air
devices in the rooms as sources of supply air, and one air heat pump
was installed above the entrance door and operates as a concen-
trated heat source (see Fig. 3). The air flow through the condenser
unit was set to 0.164 kg/s, which can be seen as a standard setup for
a typical air heat pump. The internal air was calculated to be heated
up to 35 �C when the outdoor temperature became �30 �C. It
should be noted that the simulations assume that all the internal
doors in the house are open (except for the one leading to the
bathroom).

The ventilation air flow was set according to Swedish building
regulations [7]. Air supply devices are located in the living room
and the bedrooms, with exhaust devices in the bathroom, kitchen,
laundry and the storage space (Fig. 3). The supply and exhaust air
flows are presented in Table 3; the total simulated ventilation air
flow is 34 l/s. Normally the supply air temperature for air heating
system is in the range between 40 and 50 �C [27], so a temperature
of 45 �C is selected. In order to fulfill the heat demand, ventilation
flows have to be adjusted according toTable 3. To be consistentwith
the conservation of mass, the air flows (supply and exhaust) were
balanced in the simulations. For normal constructions the supply
air flow is set to 90% of the exhaust air flow in order to create a
negative pressure inside the building compared to the
environment.

3. Results

3.1. Operative temperature gradients

Hot air has a lower density, so warmer air will rise towards the
ceiling. Due to continuity, air that is cooled by contact with rela-
tively cold surfaces will descend towards the floor. These processes
create vertical temperature gradients in each room and their
steepness depends on the nature of the heating system used.
Convective heat supply systems produce more pronounced vertical
temperature gradients whereas those that rely on radiation for heat
transfer result in smaller gradients. In addition, low energy build-
ings with modest heat losses produce less pronounced gradients
than ordinary houses.

To evaluate the vertical operative temperature distribution ob-
tained with the different heating systems considered in this work,
calculations all along a vertical line located 1 m from thewindow in
the living room was performed (Fig. 3). This location was selected
because it was considered likely to accurately illustrate a typical
vertical operative temperature distribution produced by the stud-
ied heating system.

Fig. 5 shows the operative air temperature gradient for an out-
door air temperature of �30 �C. In the occupied zone (from 0.1 to
2.0 m above the floor) the floor heating system produced an almost
uniform temperature distribution. The air heating system produced
an operative temperature gradient of 1.2 �C and the air heat pump
with the condenser located above the entrance door produced a
temperature difference of 1.4 �C. In the air heat pump simulation,
the highest temperature occurs at a height of 1.7 m above the floor.
This is due to the significant movement of the indoor air caused by
the condenser fan (Fig. 5).

To estimate the vertical operative temperature gradient
throughout the house, two horizontal planes were created, one
located 0.1 m above the floor and the other 2.0 m above the floor,
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where the lowest and highest temperature was expected to be
found. The highest temperature difference for these two planes was
used as an indicator of the vertical temperature gradient for the
overall house (in fact, if the gradient for the complete building is
within the stated temperature range, then the gradient for each
room is also fulfilled).

It was found that the operative temperature differences for the
floor heating system are lower than 0.4 �C and there is little vari-
ation in this value throughout the building. A maximum difference
of 4.3 �C is observed for the air heat pump system. Regarding the air
heating system, the maximum difference is 20 �C in the vicinity of
the air inlet device in bedroom 1, otherwise the temperature dif-
ference is lower than 3.8 �C. By this it is shown that the floor
heating system and the air heat pump system fulfill the regulation

stated by the authorities, but the air heating system does not. It can
also be established that the air supply device in bedroom 1 has an
inappropriate location when it is placed inside the occupied zone.

3.2. Floor temperature

As previously stated, the floor temperature should be in the
range of 16e26 �C, in Table 4 the values of floor temperatures for
the different heating systems is shown.

All systems are within the specified temperature levels and
therefore fulfill the criterion. In all three cases the lowest temper-
ature was found close to the entrance door, outside the occupied
zone. For the air heating system, regions with cold spots are found
around the inlet devices, which are also outside the occupied zone
except for the device in bedroom 1.

3.3. Operative temperature, air velocity

To find the lowest operative temperature of the indoor air a
horizontal plane at a height of 0.1 m is used for verifying if the
heating system fulfills the stated criteria. In order to find the
highest air velocity within the occupied zone different plane levels
were tested and evaluated, and it is found that a horizontal plane in
the range between 1.95 and 2 m is the most representative. Fig. 6 to
8 shows the simulated operative temperature and indoor air ve-
locities for the entire house at the specified planes. The minimum
level (blue color) in the left contour plot and the maximum level
(red color) in the right contour plot are used to indicate values that
are outside the range specified by the criteria.

3.3.1. Floor heating system
Fig. 6a shows that the differences in temperature over the entire

house are very small when using floor heating as the heat

Fig. 4. Schematic figure of the different heating systems.

Table 3
Ventilation air flows for different heating systems [9].

Supply air Volume flow Exhaust air Volume flow

Heat pump,
floor heating
[l/s]

Air heating
[l/s]

Heat pump,
floor heating
[l/s]

Air heating
[l/s]

Living room 14 21 Laundry
room

11 16.5

Bedroom 1 10 15 Kitchen 10 16.5
Bedroom 2 5 15 Bathroom 11 16.5
Bedroom 3 5 15 Closet 2 16.5

Fig. 5. Vertical operative temperature gradients produced by the different heating
systems at a position marked in Fig. 3.
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distribution. In this case, the heat is supplied via a large surface the
temperature of which is almost similar to that of the air, so the
resulting temperature distribution is smooth. Fig. 6b shows that the
air velocity field generated from floor heating system is charac-
terized by small gradients and generally low air velocities.

The simulation shows that all values of the operative tempera-
ture and air velocity are within specified ranges when using a floor
heating system.

3.3.2. Air heating system
The air heating system gives a uniform horizontal operative

temperature distribution, although some warmer and colder re-
gions are found close to the air inlets (Fig. 7a). The bathroom is
colder than the rest of the house because it is only heated via the
transfer of air from the hall. The temperature difference between
the supply air and the indoor air will cause a column of air rising
towards the ceiling quite close (less than 1 m) to the device. Air
velocities that exceed the stated values were found mainly in the
vicinity of air inlets and door openings.

The simulation showed that the operative temperature is within
the boundaries when using an air heating system. The air velocity
exceeds the stated value at several locations within the occupied
zone. As a result of this, the air supply devices should be placed
outside the occupied zone when planning a house with an air
heating system. In particular, air transfer devices should be
installed above the occupied zone between the rooms in order to
lower the air velocities within the occupied zone.

3.3.3. Air heat pump system
Simulations were conducted with an air heat pump unit located

in the entrance hall as shown in Fig. 3 (in practice heat pumps are
usually installed above the entrance door). This layout yields the
lowest variation in operative temperature compared to other
simulated locations of the air heat pump, which is positive for the
thermal climate.

In this case, the operative temperature show the most unevenly
distribution among the three considered systems (Fig. 8a). More-
over, the internal air velocities exceed the upper limit of 0.15 m/s
mainly in the hallways and in the living room.

The simulation showed that the operative temperature of the air
heat pump system is within the boundaries set by the authorities.
The air velocity exceeds the recommended maximum level at
several locations within the occupied zone. It is hard to find a
location for an air heat pump that fulfills the stated criteria.

3.4. Draught rating

In Fig. 9 the Draught rating is shown for a horizontal plane at
1 m above the floor, which was chosen as representative of the
height for the face of seated person [28]. With the floor heating
system the effect of draught is small and values above 15% appears
only outside the occupied zone (Fig. 9a). With the air heating sys-
tem high values are shown close to the ventilation supply devices,
where the velocity is high (Fig. 9b). Finally, with the air heat pump
system large areas inside the living room show values above 15%
(Fig. 9c).

3.5. Economic evaluation

In order to enlarge the perspective about the criteria according
to which the considered heating system should be ranked, a
techno-economic evaluationwas performed. The energy supply for
the air heat pump is electricity and for the other systems the hot
water from district heating was chosen.

In Sweden, most buildings are heated by a local district heating
system. On the secondary circuit (i.e. in the building), the heat is
typically distributed using radiators or floor heating systems. Kir-
una has a well-developed district heating system to which most of
town buildings are connected; it supplies 90% of the town's total
heat requirement. This system primarily generates heat by burning
a mixture of fuels, including waste, biomass and oil, together with
some electric heating. The district heating system is considered to
be a sustainable and environmentally friendly heat production
technology. Air heat pumps consume electricity, which is an energy
source that ideally should be conserved. The cost of the energy
consumed by the considered systems is an important factor when
comparing their convenience.

The initial cost of connecting a house to the district heating
network in Kiruna is around 4400 V and, based on current tariffs,
the heat supplied by the system costs consumers 0.10 V/kWh. This
is approximately equal to the national average cost of heat supplied
by district heating systems. The system installation cost is 4495 V

for floor heating [29] and 910 V for air heating (it is the additional

Table 4
Simulated floor temperature for the different heating systems with an outdoor air
temperature of �30 �C.

Floor temperature Operative room temperature
gradient

Minimum
[�C]

Average
[�C]

Maximum
[�C]

Maximum [�C]

Floor heating 17.9 21.6 22.3 0.4
Air heating 16.1 18.3 19.0 20 (3.8)
Air heat pump 17.8 19.4 21.4 4.3

Fig. 6. Floor heating system, a) operative temperature distribution at 0.1 m, b) air velocity field at 2.0 m.
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Fig. 7. Air heating system, a) operative temperature distribution at 0.1 m, b) air velocity field at 1.95 m.

Fig. 8. Air heat pump system, a) operative temperature distribution at 0.1 m, b) air velocity field at 2.0 m.

Fig. 9. Draught rating distribution for a) floor heating system, b) air heating system, c) air heat pump system.
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cost compared to a traditional ventilation system). The operation
lifetime for both system is assumed to be 30 year.

The cost of purchasing and installing an air heat pump is around
2800 V (2100 V for materials and 700 V for the installation) [30].
Based on average daily temperature measurements for the period
between 2008 and 2011 [8] and data from an independent testing
organization [31], which was testing 17 different air heat pumps for
three different locations in Sweden, an average annual COP of 2.3
was calculated for an air heat pump located in Kiruna. At the cur-
rent electricity price of 0.12 V/kWh, this is equivalent to a heat cost
of 0.052 V/kWh. The air heat pump was assumed to have an
operational lifetime of 15 years and therefore would need to be re-
installed once during a 30 year period.

In addition to room heating, the energy consumed for pro-
duction of hot water must be considered. This is normally done
by using electricity in houses that have an air heat pump. The
studied house has three bedrooms and is assumed to be occu-
pied by a typical Swedish household of two adults and two
children. On average, this household would require 4500 kWh/
year for the production of hot water [19]. Cumulative costs for
the household using the systems considered in this work over a
period of 30 years were calculated according to Eq. (4). The
equation includes the initial cost of installing the heating system
(Cinst), how many times it has to be replaced (Nrunits, one for the
air- and floor heating system and two for the air heat pump
system), any applicable connection fees (Cconnection), as well as
the unit cost of energy for room heating (cheat) and hot water
production (chotwater). The setup and result using Eq. (4) are
shown in Table 5.

X
Operation lifetime

C ¼ NrunitsCinst þ Cconnection þ Eheatcheat

þ Ehotwaterchotwater (4)

3.5.1. District heating price level
As shown in Table 5 the air heat pump system is the least

expensive over a 30 year period and the most expensive heating
system is floor heating. In order to make the air and floor heating
systems attractive from the economic point of view, their cost has
to match with the cost for an air heat pump system. In Fig. 10, the
yearly cost for the different systems can be seen.

The unit cost of heating for both air and floor heating systems is
allowed to be higher than that of the air heat pump system, because
of the higher unit cost for making hot water with electricity. The
district heating price for the air and floor heating systems has to be
reduced by 23 and 33%, respectively, to match the total cost of an air
heat pump system.

3.5.2. District heating compared with electricity price level
In order to have a break even with the air heat pump the unit

cost of energy for an air heating system should be 64% of the
electricity price and only 56% for the floor heating system in order
to have the same total cost as the air heat pump system for a period
of 30 year. In these calculations the development of market prices
was not taken into account, but if electricity and district heating
prices maintain their ratio the results are still valid.

When the price variation of electricity is taken into account,
limit values for the district heating price can be found belowwhich
floor and air heating system are more convenient. Considering any
given electricity price, the set of the corresponding limit values
forms a curve for the considered system (floor or air heating), as
shown in Fig. 11. The current price for district heating is 83% of the
electricity price and this makes the air heat pump amore profitable
heating system to install from an economical perspective. In order
to make air heating or floor heating system more appealing with
current electricity price the cost for district heating has to decrease
along the dotted line in Fig. 11.

As can be seen in Fig. 11, with a low electricity price the instal-
lation and connection fee represent the dominant part of the total
cost, which are an advantage for the air heating system and a
drawback for the floor heating system.With an increased electricity
price the energy cost will be the dominant part of the total cost
during 30 years, and the limit ratio between the district heating and
electricity prices tends be somewhat higher than 60% as the fixed
part of the total costs become relatively unimportant.

4. Discussion

The urban transformation of Kiruna will necessarily involve the
construction of many new buildings. If the builders and planners
only consider the total cost of construction and operation when

Table 5
Setup and calculation of total heat and hot water production cost for the operating lifetime.

Demand

Heat [kWh] Hotwater [kWh]

Building 8200 4500

System System installation Con. þ ins. fee COP Heating Hot water Technical lifetime Total cost Yearly cost

[Euro] [Euro] [Euro/kWh] [Euro/kWh] [Years] [Euro/30 year] [Euro/year]

Air heat pump 2800 e 2.3 0.052 0.12 15 34,524 1151
Air heating 910 4400 e 0.1 0.1 30 43,410 1447
Floor heating 4495 4400 e 0.1 0.1 30 46,995 1567

Fig. 10. Yearly cost for the different heating system.

D. Risberg et al. / Building and Environment 89 (2015) 160e169 167



selecting the heating systems for these homes, they may install air
heat pumps or alternative heating systems rather than using the
district heating service. However, by using the district heating
service it becomes possible to fit water-based heating systems in
the homes, which provide the best indoor thermal environment as
discussed in the previous sections. In public buildings and indus-
trial facilities, the use of the district heating systems is practically
more convenient; to minimize network losses and installation
costs, such buildings should be grouped together when rebuilding
the town.

In the current situation there is only a partial cooperation about
the heat transfer between Kiruna's district heating network and the
local mining industry, which produces large quantities of waste
heat. As a result, the margin for reducing the cost for heat gener-
ation in the town is likely to be considerable by expanding this
cooperation. This would further increase the attractiveness of using
district heating technology in new housing.

In Table 6 a performance summary for the considered heat
systems is shown according to the stated recommendations set by
the Swedish authorities, indicating with an X the advices that are
not fulfilled.

The floor heating system generates an even distributed tem-
perature field with low air movement and near-ideal operative
temperatures. Local or sub-local heat distribution systems (i.e. air
heating and heat pump) generate larger differences in tempera-
tures and air velocities within the building, the internal air veloc-
ities exceed the maximum advised values specified in the Swedish
building code. The air heating system exceeds the temperature
difference (as marked with an asterisk in Table 6) in bedroom 1,
where the air inlet device is placedwithin the occupied zone.When
planning for a house with air heating it is important to place the air
inlet devices outside the occupied zone and air transfer devices
installed between rooms in order to reduce the air velocity below
the limits of the stated criteria.

The larger temperature gradients observed when using air
heating and air heat pump systems occur because these heat
sources increase the strength of natural convection, and it should
be noted that if some doors were closed even higher temperature
differences would be created.

Air heat pump manufacturers suggest that the size of the heat
pump should be calculated so that it can cover 100% of the
maximum heat requirement, even in sub-arctic climate. This was
the sizing criterion that was adopted for the simulation of the air
heat pump system.

Besides the discussed parameters, the quality of indoor climate
includes also the absence of odors and polluting substances,
lighting and low noise levels which are not included in this work.
Maintenance and availability are other factors that must be
included in the final decision about the heating system to be
installed.

5. Conclusions

The results show that only floor heating system fulfills the
recommendations set by the authorities to achieve a tolerable
thermal indoor climate in a low energy building located in a sub-
Arctic environment.

The investigated heating systems can be ranked as follows ac-
cording to the quality of the indoor thermal environment, starting
with the best:

� Floor heating system.
� Air heating system.
� Air heat pump system.

A local concentrated heat source such as in air heating and air
heat pump systems provides a poorer indoor climate in terms of
operative temperature variations, air velocity, and Draught rating.
The floor heating system creates almost negligible temperature
gradients with very low air motions.

From an economical point of view the air heat pump is the
cheapest alternative for heating buildings, over the studied period
district heating with air and floor heating system is 22% respec-
tively 33% more expensive than the air heat pump. To make district
heating an economically attractive heating source for households a
dramatic increase in the cost of electricity or a significant reduction
in price for district heating is needed.
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a b s t r a c t

Enhanced dissemination of information regarding energy saving and climate change targeted toward
property owners is considered to be an important strategy in order to reach the Swedish national target
of energy efficiency in the building sector by 2050. Here the municipality energy advisors and the
national register for energy performance certificates can facilitate the mitigation of energy use in the
building stock. So far few studies have focused on the practical road map to the national target of energy
use on the city/district level and to the communication aspects with stakeholders in the creation of
energy city models.

In this paper a city energy model is developed based on the requests and need for visualization from a
group of energy advisors. Six different scenarios are studied in order to analyze the possibility of reaching
the energy targets specified by the government in the town of Kiruna. The results show that: (1) it is pos-
sible to automatically create city energy models using extract, transform and load tools based on spatial
and non-spatial data from national registers and databases; (2) city energy models improve the under-
standing of energy use in buildings and can therefore be a valuable tool for energy advisors, real estate
companies and urban planners. The case study of Kiruna showed that the proposed energy saving mea-
sures in the energy performance certificates need to be implemented and new buildings in the urban
transformation must be of high energy standard in order to reach the national target in Kiruna.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Buildings account for 30–40% of the primary energy use and
corresponding carbon footprint in most countries, and the building
sector has been identified as one of the most important for energy
savings. The heated floor area for the building stock in Sweden is
estimated to 650 million m2, of which 46% are detached family
houses, 27% are multi-family residential buildings and the remain-
ing 27% are commercial and service buildings [1]. The Swedish
national target for energy efficiency in the building sector is to
decrease the energy use by 20% in 2020 and further to 50% by
2050, compared with the level in the year 1995. These reductions
are in line with the EU targets supporting the decrease of the global
CO2 levels demanded by the Intergovernmental Panel on Climate
Change (IPCC).

The Energy Advisors’ Program has been pivotal in implementing
energy saving measures in the Swedish building stock. Founded by

the Swedish government in 1998, the program assigns an energy
and climate advisor to all 290 municipalities in Sweden [2] to pro-
vide impartial guidance and information on various energy con-
cerns, for both residential and commercial consumers [3]. A
recent study revealed that while the Swedish energy advisors have
been successful in improving the energy efficiency of detached
houses, the program has limitations related to the extent to which
the behaviors of end-users can be influenced, and the energy advi-
sors’ working conditions, knowledge, and communication skills [2].

Since the beginning of 2009, apartment and commercial build-
ings have been required to make energy performance certificates
(EPCs) in accordance with the Swedish Building Act (2006:985).
The EPCs should also be made for detached houses when sold or
rented out. The EPCs are prepared by an independent energy
expert and stored in the National Board of Housing, Building and
Planning’s EPC register. The certificates contain information on
energy use, floor areas, service systems and suggestions for energy
saving measures. Currently, the national register contains about
550,000 EPCs of detached houses, apartment buildings and
facilities (public, commercial or industrial) that have been

http://dx.doi.org/10.1016/j.enconman.2016.02.057
0196-8904/� 2016 Elsevier Ltd. All rights reserved.
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completed since the Swedish Building Act (2006:985) was
introduced.

Based on the national register for EPC and other statistics, the
Swedish Energy Agency and the National Board of Housing, Build-
ing and Planning published a report in 2013 proposing new strate-
gies for reaching the national target of energy efficiency in the
building sector by 2050. A significant proportion of the existing
building stock was constructed before 1980 and uses about 80%
of the energy supply in the building sector. Therefore, besides
developing stricter energy standard requirements for new build-
ings, it is estimated that about 75% of the existing building stock
is required to be replaced or extensively renovated in order to
reach the national target for 2050 [4]. For example, the annual
energy use for space heating and hot water production per unit
of heated floor area, a normalized measure of buildings’ energy
use, is approximately 125 kWh/m2 in Sweden. There is a sufficient
technical potential for reaching the national target of energy use,
but better communication and cooperation with actors having
the possibility to implement changes are needed in order to do it
[5]. Mata et al. [6] had a similar conclusion and claimed that energy
saving measures can reduce the final energy demand of the Swed-
ish residential sector by 53%.

The enhanced dissemination through multiple channels of
information regarding energy saving and climate change targeted
toward property owners (and in particular the information about
the measures for reducing energy use in connection with renova-
tions) is considered to be an important strategy in order to reach
the 2050 target on energy use [7]. It is recommended that national
statistics regarding energy use should have the possibility to com-
pare and monitor the results of different energy saving measures
[8]. The statistics can then be used for energy efficiency work
and the energy use in regions can be analyzed and provide infor-
mation for the energy management [9].

Geographic Information System (GIS) can be applied to visual-
ize the energy supply and use in buildings’, from a city level [10]
to a regional-national scale [11]. Different visualization techniques
exist: thematic 2D map [12], the so-called ‘‘hit maps”, which are
aggregated data in 3D charts [13], and 3D city models with seman-
tic objects [14]. A more extensive literature review regarding the
visualization of energy use and the potential applications of EPC
data is offered in Section 2.

So far few studies have focused on how EPC can be used for road
maps and communication aspects to reach the national target of
energy use on city/district level. Previous studies in Sweden have
mostly been focused on a national level, although the EPC reposi-
tory contains data at individual building levels. Also, the possibility
of integrating EPC data with other national, regional and local
sources of data of the built environment should be investigated
in order to map and predict the energy use of future urban trans-
formations. Ideally, this integration should be automated to facili-
tate an up-to-date model of the energy use in the city. Therefore,
the aim of this study is to evaluate:

� How can the data from the national EPC register regarding
energy use of buildings be automatically aggregated, integrated
and visualized in a city model?
� How can such a model support energy advisors in their work to

disseminate information regarding energy saving and climate
change targets to property owners?
� How can the model be used to examine the possibilities/strate-

gies to reach the national energy target for buildings in 2050 on
the city level?

The paper is structured as follows. First, a literature review is
performed in the field of the visualization of energy use in build-
ings and the use of the national EPC register as data source. Second,

a prototype of an energy city model is developed and presented in
a workshop with a group of energy advisors. The objective of the
workshop is to discuss the current working methods and how
the energy advisors could use more advanced city models in their
advisory role to support the national energy targets. Then, the
method for aggregation, integration and operation of the energy
city model is further developed and applied as a case study for
the town of Kiruna, which is located in the north of Sweden above
the arctic circle. Large parts of the town are going to be moved
because of ground deformations created by the mining activities.
Based on the predicted urban transformation of Kiruna, the possi-
bility for the city to reach the 2050 national targets is evaluated
and discussed. Finally, the main findings are summarized in the
concluding section of the paper.

2. Literature review

Swan and Ugursal [15] classify the modeling approaches for
energy consumption in the residential sectors as top-down or
bottom-up. The top-down approach treats the entire residential
sector as one energy sink. The bottom-up approach adopts two
methodologies (the statistical and engineering methods) for
extrapolating the energy consumption for a representative set of
buildings on the regional or national level. Some shortcomings
for the bottom-up approach are presented by Kavgic et al. [16],
who make a critical analysis of the method. However, the
bottom-up approach can quantify the impact of different combina-
tions of technology measures.

Caputo and Pasetti [17] show that, in order to create effective
municipal energy plans, availability of energy data and awareness
are the basis for scouting, implementing and monitoring imple-
mented measures for reducing energy use in the building stock.
However, organizational issues and problems with interoperability
and data collection are highlighted. Also, there is no common
model to gather knowledge of the building stock or obligation for
municipalities to make energy plans. They propose a new strategy
using a concerted effort at both national and local levels, gathering
all the required data into a new Municipal Energy Model (MEM).

2.1. Development of 2D/3D models of energy use

Howard et al. [18] created a 2D model of the energy use (kWh/
m2) in the building sector for space heating, domestic hot water
and electricity for cooling in New York City. They concluded that
energy models of urban patterns of demand can be used by plan-
ners and policy makers to identify directions for the development
of a future urban energy infrastructure complying with the local
energy efficiency and emission targets.

Mattinen et al. [19] presented a method for estimating and visu-
alizing the energy use and greenhouse gas emissions from the res-
idential building stock using a bottom-up approach. The method
was tested in a case district where GIS was used to visualize the
use of energy and the emissions of greenhouse gases. Finney
et al. [20] showed that a comprehensive mapping of heat sources
and sinks can be used to link smaller systems to create a CHP-
based (combined-heat-and-power) city-wide network of energy
generation and delivery. Ramachandra and Shruthi [21] show that
GIS is suitable in the decision-making process for identifying and
analyzing potential locations for energy conversion plants. In addi-
tion, other relevant data can be added as layer information and
Pantaleo et al. [22] emphasize the importance of a total perspective
of urban energy systems, in order to evaluate urban planning sce-
narios and energy policies. Lee [23] presents a method using fuzzy
measures and fuzzy integrals to find the energy performance of
office buildings. The method includes heated floor area, tempera-
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ture, number of occupants, rain hours, and is suggested as an effi-
cient method for evaluating and ranking buildings’ energy perfor-
mance. Aydin et al. [24] present a GIS-based methodology for
identifying show locations of preferred energy sites, using mathe-
matical tools of Fuzzy Set Theory.

Singh et al. [25] analyzed the residential building stock of Liege
(Belgium) using survey data, including information on various
parameters such as the building’s age and structure, type of heat-
ing system, the fuel used, building insulation, and energy use.
The goal was to identify residential areas with high energy use
and propose measures such as increasing the insulation to make
the buildings more energy efficient. The areas were visualized on
the district level in a 2D GIS environment, but the values presented
were based on detailed information on the building level.

Tornberg and Thuvander [26] presented a GIS model of the
energy use per unit of floor area in Gothenburg (Sweden), using
data from real estate companies and aggregated district-level data
from the local energy supplier for the years 2000–2001. The energy
data from the three real-estate companies were limited to 680
buildings, so a statistical approach was developed to make a more
complete model using complementary data from Statistics Sweden
and building data from the Swedish national survey. Still, a lot of
manual work was needed in order to aggregate and integrate the
data in the GIS model.

Caputo et al. [27] developed a method for characterizing the
energy performance and evaluating the effects of different strate-
gies on the built environment in a city or a neighborhood. The main
phases involved the collection and analysis of available data of the
built environment and the implementation of a city building data-
base. The city of Milan was used as a case study to test the devel-
oped method.

Hong et al. [28] reviewed the possibility of visualizing moni-
tored energy data using the 3D GIS tool Google Earth. They high-
lighted the need of data integration in the monitoring,
diagnosing and retrofitting phases of a building. The article does
not clarify how the data aggregation and integration should be per-
formed or the potential for automation, as well as what stake-
holder or actor should use the proposed platform.

Carrión et al. [29] proposed a method for estimating the ener-
getic rehabilitation state of buildings using an automated process
based on the Feature Manipulation Engine (FME). Their virtual
3D city model included measured energy data in order to deter-
mine energy-relevant characteristics of the buildings, such as the
volume, the assignable area, the building type and the surface-
to-volume ratio (S/V). With the help of evaluated characteristics,
the energy performance kWh/m2 and energy use could be esti-
mated for other buildings and their rehabilitation state could be
derived. Kaden and Kolbe [30] proposed methods to create a
city-wide total energy demand estimation of buildings using statis-
tical data and a 3D city model. The study concludes that CityGML is
suitable for city-wide energy demand estimations.

Rodrigues et al. [31] argue that the building energy perfor-
mance cannot be stated by its shape. Instead, when architects
and urban planners compare different design solutions the thermal
performance should be included. Ratti et al. [32] also showed that
urban geometry has a relatively small effect on energy consump-
tion compared with the impact that can be attributed to system
efficiency or occupants’ behavior.

Agugiaro [33] presents a semantic 3D city model based on the
CityGML standard. The model is based on sub-optimal datasets in
order to estimate the energy performance of all residential build-
ings to obtain a city-wide energy mapping. The estimation can
be further improved by using better and more updated datasets.
The process required a significant amount of manual work and
could not be entirely automated since some of the datasets had
quality problems.

Strzalka et al. [34] created a method of forecasting the heat
energy demand of a whole city block, which was validated with
measured data. It was concluded that 3D city models are useful
for urban scale simulations but that the models need to be seman-
tically enriched according to a specific ontology (e.g. CityGML).

Dall’O’ et al. [35] developed a city model using the available
documentation on the building stock, such as cartographic infor-
mation, thematic maps and geometric data, in a medium-sized
town in Lombardy (Italy). Building energy performance data were
collected using energy audits on 93 sample buildings using a statis-
tical approach, and were then compared with the actual use of
energy. The GIS integration of data allowed a comprehensive
framework to be constructed for the visualization of the energy
performance of the building stock in 2D, although a lot of manual
work was required to integrate the building and energy audit
information.

Fonseca and Schlueter [36] presented an integrated model for
4D visualization of energy consumption in city districts and neigh-
borhoods. They concluded that the 4D visualization could be a cat-
alyst for discussions of urban planning and allowing a more
intuitive description of energy use phenomena in buildings.

2.2. Energy models based on EPC data

Dall’O’ et al. [37] used already available building energy perfor-
mance certificates (EPCs), introduced by the European Directive
EPBD. EPC provides individual information on buildings’ energy
performance. In many cases the EPC data sets are managed cen-
trally by an energy cadaster and the information in the archives
may also be used for other purposes. Wahlström and Hårsman
[38] describe the EPC as a document with various attributes. By
combining the EPC with data from other sources the knowledge
about the energy performance of the building stock is obtained.
Mangold et al. [39] state that the data generated from EPCs is use-
ful in order to describe the energy performance of the building
stock. The data quality was evaluated and they proposed improve-
ments, especially in the estimation of the heated area, A-temp, of
buildings.

Fabbri et al. [40] saw EPCs as an opportunity to observe and sta-
tistically analyze the energy performance of entire zones of a city
and not only of single buildings. This could be a way to support
both bottom-up and top-down model approaches. Furthermore,
the GIS map projection offers a good data model to evaluate energy
indicators and buildings’ energy characteristics related to city,
town or district. The map projection is a tool to link several kinds
of building data. However, considerations about automated aggre-
gation or about stakeholder use were not discussed in the article.

The use of city models (using 2D/3D GIS) has been increasingly
popular in the visualization of the energy performance of individ-
ual buildings or districts, from either measured values or energy
audits in studies of urban environments. City models of the energy
performance can be used to provide energy managers with com-
munication and decision support tools, and to motivate end users
to adopt energy saving measures. However, the creation of these
models requires the collection, aggregation and integration of data
with different formats from many sources. The process of aggregat-
ing and integrating this information requires a lot of manual work,
with the risk of becoming error-prone.

3. Workshop with energy advisors

In Sweden one of the duties of the energy advisors is to dissem-
inate information regarding energy saving measures to end users
and property owners on the municipality level as part of the
national strategy for energy savings [3]. Therefore, energy models
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on the city level can be an important tool for energy advisors to
identify and target users and property owners with high energy
use.

A preliminary prototype was developed and published in Goo-
gle Earth showing buildings’ annual energy performance (kWh/
m2 and year) for the town of Kiruna. Each building was stylized
and colored according to the different energy classes from A (best)
to G (worst) defined by the National Board of Housing, Building
and Planning. The energy use was visualized in both the 3D view
(Fig. 1) and Google Street view (Fig. 2). Google Earth was selected
due to its portability on multiple platforms and devices that are of
importance if city energy models are going to be developed and
used by energy advisors, property owners and others with access
to the Internet [13].

In order to get information and feedback of its use, the energy
city prototype was demonstrated and evaluated in a workshop
with a focus group of 15 energy advisors from the counties of Nor-
rbotten and Västerbotten. The demonstration of the prototype was
followed by an evaluation session where the participants were
asked to fill in a web-service enabled questionnaire that displays
the collected results in graphs or tables. Responses to each ques-
tion were presented in real time to be discussed with the partici-
pants in the focus group to enhance the evaluation of the
prototype.

The questionnaire included 12 questions or statements belong-
ing to two categories. In the first category, the respondent had to
distribute 100 points among a number of alternatives, except for
one question in which only one of the alternatives could be chosen.
In the second category the respondents had to express how much
they agreed with a specific statement on a 5 point Likert scale. The
first six questions (in part 1 of the questionnaire) aimed to get a
deeper understanding of the energy advisors’ current work proce-
dures. This included how they collaborate and communicated with
different stakeholders and the importance of different types of
used information. The remaining six questions (in part 2)
addressed the potential use of the demonstrated prototype, the
most significant challenges for incorporating such a system in
practice, and the understanding and ease of communication with
external stakeholders using the demonstrated system in compar-
ison with other existing tools. The purpose was to identify the best
potential use of a city energy use model not only for the energy

advisors, but also property owners, energy companies, and resi-
dents (although this is from the point of view of the energy advi-
sors, who were the only interviewed party).

Results from the first part of the survey (Fig. 3) related to energy
advisors’ current activities indicate that:

� The energy advisors communicate mostly with owners of
single-family houses.
� The energy audits (EPCs) are the most important information

used by the advisors, but building information is also used.
� The communication methods used are mainly phone and email

(although energy advisors would like to increase the impor-
tance of personal visits or meetings).
� Normally, the energy advisors are contacted by citizens once or

twice a week for help regarding energy related questions.

When the results from the questionnaire were revealed, the dis-
cussion centered primarily on the poor communication among the
energy advisors and energy companies (the energy advisors in the
focus group spend less than 5% of their time communicating with
the energy companies). A few of the energy advisors requested bet-
ter collaboration not only with energy companies, but also with
other companies and industries manufacturing energy efficient
products. These products can be suggested to house owners as pos-
sible investments in order to reduce their energy use.

In the second part, the demonstrated city energy prototype was
evaluated. In Fig. 4 the results related to the energy advisors’
impression of the demonstration were shown and indicated that:

� Other stakeholders in addition to the energy advisors could
benefit from the use of a city energy model, e.g. real estate com-
panies and the energy companies.
� Legal and economic issues are the main barriers to implementa-

tion of the system.
� The system seemed to support best the advisors’ contact with

the external stakeholders, of whom citizens (i.e. individual
homeowners) and real estate companies were identified as
most important.

It was discussed whether the tool could be used to identify
neighborhoods with high energy use and for targeting initiatives,

Fig. 1. Google Earth prototype showing a particular area in the town of Kiruna, where the colored blocks enclose each building and represent the energy use; the red point
shows the position and the black lines the view direction shown in Fig. 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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for example, neighborhoods where direct electricity is still used as
heating source. The respondents recommended that in order to
avoid legal and privacy issues, a permission system should be
implemented giving rights on different levels from city and district
levels to access buildings and energy properties for each user. They
also suggested that the use of such a tool should start with visual-

ization of the energy use of buildings owned by the municipality
(such as schools, city halls, sports arenas and public premises),
because they are associated with fewer privacy issues than pri-
vately owned property.

There were discussions regarding the limitations of accessing
geographical information data in certain municipalities, and the

Fig. 2. Street view of the developed prototype specified in Fig. 1.

Fig. 3. Questions and answers from part 1 of the questionnaire, regarding the daily work as energy advisor. Question 1:1–1:5 show the average of the 100 points distributed
by the 15 advisors. In question 1:6 only one answer was to be selected and the number of people along the y-axis amounted to the 15 advisors attending.
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quality of the information, which is largely dependent on the size
of the municipality. Furthermore, the respondents noted that GIS
information is less important for a small community. as commu-
nity members often have local knowledge of the properties. Addi-
tional limitations that were discussed included the cost of
collecting property data.

The focus group supported the ability of the tool to provide an
overview of buildings’ energy use, as well as its usefulness in order
to communicate among stakeholders, especially decision-makers
and energy advisors. One energy advisor commented that, ‘‘[en-
ergy] is an abstract concept, [and it is] good to find simple ways
to communicate energy [issues] to laymen”.

Another highlighted aspect is that it would be valuable to show
historical energy levels by regions and neighborhoods as a motiva-
tional tool for stakeholders to implement energy saving measures.
Emphasis was also placed on the importance of including other rel-
evant city information such as the drain system and its connec-
tions, and other environmental indicators, such as radon
pollution levels (which are mentioned in the EPCs, and strictly con-
nected to the energy consumption of the required ventilation
system).

4. A method for generating city energy models

The workshop highlights the need for better tools for energy
performance visualization to support the communication with
property owners and other stakeholders. Also, the information
available from the EPC register is the most important source of
information for the energy advisor. The literature review indicated
that studies of the energy use at the city/district level have been
used to visualize the energy performance of buildings but also to
evaluate the effects of different strategies on the built environ-
ment. However, the creation of these models still requires a lot
of manual work; thus such a process is likely to become error
prone. Therefore, extract transform and load (ETL) technology have

been applied to create repeatable processes for generating city
energy models in 3D on various levels.

The use of ETL technology has been applied in other disciplines,
such as business intelligence, to manage big sets of data from dif-
ferent sources. The ETL tools are generally used to establish repeat-
able processes to extract data from multiple heterogeneous data
sources, transform collected data, and finally load the data accord-
ing to a given structure back to the database or to the target appli-
cation. The process removes mistakes and corrects missing data,
provides documented measures of confidence in the data, captures
the flow of transactional data for safekeeping, adjusts data from
multiple sources to be used together, and structures data to be
usable by end-user tools [41]. The ETL technology can provide
solutions to problems of interoperability in the AEC industry, as
reported by Gröger and Plümer [14] for 3D city models and Grilo
and Jardim – Goncalves [42] for building data.

The ETL tool FME (Feature Manipulation Engine) was used to
integrate spatial information with building and energy data [29].
FME can read and write about 300 different file formats and con-
tains a toolbox of transformers (such as clipping, joins, nearest
neighbor operations between vector objects) for extracting, trans-
forming and loading the data into a selected output format. These
transformers can be connected to create automated information
processes that can be re-used using a published workbench on a
cloud service or a server. The information process developed in
the case study is schematically shown in Fig. 5 and described
below.

1. 3D model creation: This step automatically processes and cre-
ates 3D buildings from aerial Lidar data by extracting point
clouds of each building using the building footprint from the
National Property map. The building’s height is then calculated
as the difference between the highest points (Lidar data) that lie
within the footprint and the ground level (geotiff). The ground
height model provided by Lantmäteriet (the Swedish Mapping,

Fig. 4. Questions and answers from part 2 of the questionnaire, the energy advisor’s impression of how the energy visualization tool can be used. Questions 2:1, 2:2 and 2:6
show the average of the 100 points distributed by the 15 advisors. In questions 2:3–2:5 only one answer was to be selected and the number of people along the y-axis
amounted to the 15 advisors attending.
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Cadastral and Land Registration Authority) is available for the
whole country. This implies that this kind of 3D model creation
can be automated for all cities in Sweden. Furthermore, a new
building type attribute that matches the one stored in the EPC
register (1-2 family building, multifamily building or facility)
was created to substitute the existing attribute for the property
data from Lantmäteriet.

2. Energy/cost aggregation: The declarations of the EPC from the
National Board of Housing, Building and Planning, contain
energy use, areas, other attributes and in particular a section
about suggestions for different energy reducing measures with
cost estimates per saved kWh. These suggestions are aggre-
gated for each declared EPC, and Eq. (1) was used in order to
calculate a weighted average cost per saved kWh.

Cweighted cost saved=kWh ¼
P

Ccost saved=kWh � Q savedP
Q saved total

ð1Þ

The aggregated energy savings (
P

Q saved total), total costs
(
P

Ccost saved=kWh � Q saved) and weighted cost per saved kWh
(Cweighted cost saved=kWh) were stored as some of the attributes for
the each building object of the model (see step 3). The descrip-
tion of the energy saving measures was also concatenated, but
used only in the Google Earth model.

3. Property joins: The 3D model created in step 1 is full of informa-
tion about the EPCs (step 2) and the national property register
of real estates. The aggregated EPCs were connected with the
national property register using the building addresses as com-
mon identifier. This was done because the building IDs in the
EPCs were missing and/or wrong for many buildings in the
dataset. The building objects in the 3D model are full of relevant
information from the real estate property register such as type
of building, year built and re-built, property address and name,
living and local area together with information from the aggre-
gated EPCs such as energy performance and type of heating sys-

tem. This created two kinds of buildings in the 3D city model;
buildings with information about both real estate property data
and energy data and buildings that only contained real estate
property data.

4. Spatial zone joins: This process provides the possibility to join
spatially boundary zones, on both the local and the national
level. A national grid pattern of 250 by 250 m was used (speci-
fied as the Swedish demographic zones from Sweden statistics)
for the aggregated map analysis, which gives a normal spatial
join where each building is represented by its center point.
The mining subsidence zones were also spatially joined with
the building footprints in order to create a period attribute
showing when the building should be demolished. The period
and building type attributes were used later on in the aggrega-
tion phase to divide the whole building stock in Kiruna into 12
groups.

5. Merging and model export: This is the step of the process in
which filtering, supplementing of attributes and aggregation
of zone values (computation of average and sums) were per-
formed. Regarding supplementing, a new attribute was created
to classify buildings into buildings with EPCs and buildings
without EPCs. For buildings without EPCs the attribute A-
temp (heated building area) was estimated by multiplying the
living or local area by the constant of 1.2 [43]. Buildings that
did not contain information about the living and/or local area
were filtered out. Three aggregation levels were used, buildings,
Sweden demographic zones and mining subsidence zones.
Accordingly, three kinds of export types were prepared in this
step for the visualization and data analysis.

6. Visualization and analysis: This is the step where the data were
analyzed by the authors. Microsoft Excel was used to analyze
the aggregated statistics for mining subsidence and for spatial
validation. Microsoft Power Map was used to analyze the
energy use, savings and composition for the statistical squares

Fig. 5. Schematic overview of the developed automated extract, transform and load information process for generating energy city model for the town of Kiruna.
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as 3D charts. Google Earth was used to visualize the energy use
for individual buildings where the attributes included the full
metadata description of the EPCs.

5. Applied case study and results

The methodology described above was applied to the complete
city of Kiruna, in order to show how a city energy model can be
used to evaluate the city energy performance and the possibility
of reaching the government target for energy saving.

Kiruna has approximately 18,000 inhabitants and the latitude of
the city (150 km north of the Arctic Circle) results in an annual
average temperature between �1.5 and �3 �C. Due to the sub-
artic climate, a substantial amount of energy is used to heat
buildings.

The city holds the largest underground iron ore mine in the
world, with the ore body going under the city (Fig. 6), and as the
mining continues going deeper, ground deformations are starting
to affect the town. An essential part of the city buildings has
already been scheduled to be demolished, replaced or relocated
in incremental steps. The buildings that are to be demolished will
be replaced by more energy efficient buildings in the near future,
following the energy criteria that will have a positive impact on
the town’s energy performance [44].

Currently there are no city maps or models developed for visu-
alization and evaluation of the energy use in the building stock of
Kiruna. The available data regarding energy use are neither stan-
dardized nor stored in databases, and this limits the access and
possibilities to articulate energy saving strategies regarding com-
munication and decision-making support to important stakehold-
ers in the urban transformation of the city. Therefore, the
prototype model in Google Earth was further developed to include
the mining subsidence forecasts from the mining company in addi-
tion to the statistics available from local and national registries
regarding geographic information, property data and energy use.
The following section explains how this data was integrated to cre-
ate the energy city model.

5.1. Model data integration

The model integration was done by using two different spatial
joins according to Fig. 5. First, all building footprints were replaced
by a center point, which was spatially joined with the statistic
squares. This was done to validate the EPC spatially, visualize the
overall energy use by areas and identify the areas in which it is
economically feasible to implement energy saving measures.

Second, another spatial join was made for all the footprints to
obtain an attribute that indicates whether they are within the
three ground deformations zones (data obtained from the local
mining company LKAB). This made it possible to aggregate the data
according to ground deformation zone and type of building to get
the overall statistics like average energy use and the total amount
of A-temp. Fig. 7 represents all buildings that will be affected by
ground deformation by the years 2013, 2023 and 2035. If a build-
ing footprint went across two adjacent zones, the building was
placed in the earlier affected zone.

5.2. Target setting and model validation

To examine strategies to reach the national energy saving target
for buildings by the year 2050 (a reduction of 50% from the level in
1995), the model was used to analyze the outcome of different sce-
narios of energy saving measures. Excel and 3D visualization using
Power Map for the areas/districts and Google Earth for buildings
were used in the analysis of the different scenarios. The EPCs from
2008 to 2014 were collected and used for representing the energy
use of the building stock in Kiruna. According to the Swedish
Energy Agency and the National Board of Housing, Building and
Planning [4] the energy use in Swedish buildings was reduced by
10% on average from 1995 to 2010. The year 2010 was therefore
selected as starting date for the analysis.

The city energy model is shown in Fig. 8 together with the min-
ing subsidence zones forecast (2013: red, 2023: yellow, and 2035:
blue). As a first step to verify the integration between the geo-
graphical information and the EPC data, the buildings’ graphical
representation was set to include the EPC data as a table in the
description. The connection between the national property register
and the list of EPCs particularly needed to be controlled and veri-
fied due to the lack of clear building IDs in the data. An EPC can
contain many buildings, each of which can have several addresses,
and this was solved by splitting the energy use and A-temp by the
number of buildings (in these cases the collected buildings were of
the same type and size).

Then the spatial representation of the EPCs for each building
type (1-2 family dwellings, multi-family dwellings and facilities)
was examined. In Fig. 9 the aggregated number of energy declara-
tions of multifamily buildings made in each of the demographic
zones in Kiruna is compared with the total number of multifamily
buildings found in the national real estate property register.

Fig. 9 shows that a majority of the multifamily dwellings in Kir-
una are provided with EPCs and that the data is spatially well rep-
resented. It can also be seen that the number of dwellings and the
number of EPCs dwellings are similar, which indicates that the
matching procedure to identify the dwellings found in the property
register with the ones in the EPCs seems to work. The matching
procedure was further applied on 1-2 family dwellings and facili-
ties, but it was seen that the lack of data caused this matching to
be less accurate.

5.3. Analysis of the building stock energy use in Kiruna

To investigate the energy performance and building composi-
tion inside and outside the mining subsidence zones, energy data
from the EPCs were collected and inspected using Google Earth
(Figs. 1, 2 and 8), Power Map (Figs. 10–12), and Excel as summa-
rized in Table 1. The total annual energy use is estimated to be
246 GW h by using the EPC values for the energy performance
and A-temp of each type of building stock. This corresponds well
to the 214 GW h that the local energy company delivers to 90%
of all town properties as district heating [45].

The total number of buildings with EPCs in Kiruna was 28% by
the end of 2014 (most of the buildings without EPCs are 1-2 family

Fig. 6. This section of the mine shows that the iron ore body goes under the town of
Kiruna (shown in the upper left part of the drawing) and that ground deformations
will affect the town more and more every year.
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dwellings outside the subsidence zones, as shown in Table 1). Most
buildings in the mining subsidence zones consist of multifamily
dwellings or facilities with an annual energy use between 168
and 234 kWh/m2. The proportion of the overall multifamily dwell-

ings and facilities that are going to be replaced is large, approxi-
mately 40%, compared to only 4% of 1-2 family dwellings. The
mining subsidence influences mainly the central part of Kiruna,
which explains why only a few 1-2 family dwellings are affected,

Fig. 7. The town of Kiruna with the Swedish demographic zones (black squares) and the mining subsidence front. The red, yellow, and blue zones are the areas affected by
2013, 2023 and 2035 respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. The building stock in Kiruna shown as colored blocks according to the energy performance certificate (A–G) levels, the mining subsidence zone forecasts (2013, 2023
and 2035 as red, yellow and blue respectively) and one of the demographic zone (black square). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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since the majority of the single family houses are located in
residential areas east of the city center. The overall energy perfor-
mance, especially for facilities and multifamily dwellings, is worse
compared with the requirement for new buildings. Hence, the
opportunity to reduce the energy use during the urban transforma-
tion of Kiruna is significant. The main energy supply for the multi-
family houses located in the affected zones is district heating, as
shown in Fig. 10, and district heating also provides the largest pro-
portion of the energy used by the building stock in Kiruna.

Some of the 1-2 family houses have heat pumps as heating
source. Normally, these buildings have a better energy perfor-
mance compared with similar buildings heated by district heating.
A heat pump often needs a complementary heating source, e.g.
electrical heater or biofuels, during the coldest period of the year.
The ratio between the use of biofuels and other sources is however
low, mostly between 1% and 10% of the total heating demand. Local
combustion of biomass (mainly wood) may have a negative impact
on the neighborhood in terms of air pollution. The EPC only covers
bought energy, which means that the use of biomass can be higher
than the values stated in the EPCs, but the total amount of bioen-
ergy is relatively small and will not affect the overall results to a
significant extent.

Table 1 shows that 1-2 family dwellings for some zones have
better performance than multifamily dwellings. The area marked
with the black square in Fig. 10, where a large number of 1-2
and multi-family dwellings is located, is zoomed in Fig. 11 showing
the energy use per resident as a performance indicator and com-
paring it with energy performance (which is expressed as kWh/
m2). It can be seen that the energy use per capita is almost the
same for different building types. The floor area per capita is lower
for multifamily then 1-2 family dwellings, while the energy use is
more or less the same, and this indicates once more that multifam-
ily dwellings have a worse energy performance.

Fig. 12 shows the energy use and the aggregated cost for energy
saving measures in the demographic zones in Kiruna. A good strat-
egy would be to start to implement the proposed energy saving
measures in the areas with large energy use (high blue columns)
and low cost per saved kWh (low red columns).
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Fig. 9. The aggregated number of EPCs for each of the demographic zones in Kiruna
(blue line) and total number multifamily dwellings for each zone according to the
national property register (red columns). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Energy supply source (columns) and energy performance (colored squares) aggregated on the demographic zones in Kiruna. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Energy performance (colored squares) and energy use per resident (columns), 1-2 family and multifamily dwellings are situated within the purple and light blue lines
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Energy use (blue columns) and cost per saved kWh (red columns) aggregated on the demographic zones in Kiruna. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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5.4. Result of future scenarios and strategies

When the buildings that are scheduled to be demolished within
the mining subsidence zones are replaced with new and more
energy efficient units, the overall energy use in Kiruna will
decrease. The reduction will be estimated in this section, in order
to assess whether it is possible to reach the national energy reduc-
tion target with only the urban transformation. In fact, the local
mining company LKAB has promised to replace the buildings
within the mining subsidence zones. The composition of the build-
ing stock will remain the same, i.e. multi-family, 1-2 family dwell-
ings and facilities will be replaced one by one according to areas
listed in Table 1. Moreover, most of the buildings in the affected
subsidence zones use district heating, which is also chosen as the
main energy source for the new replacement buildings in all of
the future scenarios.

Three different urban transformation scenarios are defined
below using three different energy performance requirements
(specified in Table 2):

1. The new buildings are built according to the Swedish energy
standards for climate zone 1 [28].

2. The new buildings are built according to Min-energy standards
adapted to climate zone 1 [29].

3. The new buildings are built according to passive housing stan-
dards adapted to Sweden’s climate zone 1 [29].

These three basic scenarios are further combined with the
energy efficient measures proposed in the EPCs of the remaining
building stock, which results in a total of six scenarios: The first
three scenarios feature no measure to save energy in the existing
building stock, while the three last scenarios take into account
the energy saved from the proposed measures in the EPCs. An aver-
age value for the outcome of the energy saving measures in the

three different building types was used to represent the potential
energy savings in the existing building stock.

In order to find the energy use in the i-th urban transformation
scenario Eq. (2) was used:

ðQÞscenario i ¼ ðQÞunaffected þ ðQÞnew ¼

¼
X1;2;3

j

�qpresent;j � ðAÞunaffected;j

� �

þ
X1;2;3

j

qscenario i;j � ðAÞnew;j

� �
ð2Þ

in which j is an index representing the three building categories,
�qpresent;j is the present average energy consumption per square meter
in the j-th category and qscenario i;j are the energy consumptions per
square meter of the new building in the j-th category that can be
read in Table 2.

From the EPCs of the unaffected buildings, the different sug-
gested energy measures are averaged for each building type
according to Eq. (3).

�qsavings;j ¼
Q suggested savings

� �
j

ðAÞj
ð3Þ

In the scenarios in which the energy saving potential in the unaf-
fected buildings is taken into account, the term �qpresent;j in Eq. (2)
is replaced by the difference ð�qpresent;j � �qsavings;jÞ.

The first goal in the national road map for the reduction of
energy use is to reach 20% savings by the year 2020. Fig. 13 shows
that the 1+, 2+ and 3+ scenarios are able to reach that goal. The
final target in year 2050 is only achieved by scenario 3+, which
means that all the replaced buildings have to be passive standard
and that all the suggested energy measures have to be carried out.

6. Discussion

The aim of this study is to investigate the creation and use of a
city model of the energy performance of the building stock in order
to support decision-making in fulfilling environmental goals.

6.1. Creation of 3D city models of the energy use

This paper presents a method to integrate EPCs with building
property information in order to visualize and analyze the energy
use of buildings. The information model was created using an
FME with the ability to extract information from various data

Table 1
Summary of important attributes in the four town zones, the three subsidence zones (red, yellow and red) and the unaffected zone (white). Each zone is further divided into the
three building types. Columns show number of units, period in which they will be affected by ground deformation, area, percentage of that building stock type in the zone, energy
performance and percentage of the units with EPCs.

Table 2
Energy demands for the new buildings supplied with district heating for scenarios 1–
3.

Scenario 1-2 dwellings Multifamily
dwellings

Facilities

1. BBR22 130 kWh/m2

Atemp

115 kWh/m2 Atemp 105 kWh/m2

Atemp

2. Min-energy 83 kWh/m2

Atemp

78 kWh/m2 Atemp 78 kWh/m2

Atemp

3. Passive
house

63 kWh/m2

Atemp

58 kWh/m2 Atemp 58 kWh/m2

Atemp
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formats, both standardized and non-standardized. The possibility
to join, aggregate and transform the data extracted from the differ-
ent sources overcomes many of the difficulties associated with
interoperability issues as reported by [46] for buildings and [47]
for infrastructure. Still, the process requires a number of transfor-
mations in order to integrate the extracted data in the 3D city
energy model. Several of the built-in transformers in FME were
applied in order to format the data according to the requirements
of the analysis in Excel, Power Map and Google Earth. This transfor-
mation process removes some of the intelligence/semantics of the
original data, e.g. not all information and relations are present in
the exported XLS and KML files used in the analysis and presenta-
tion of data. Instead of providing an integration of information
through the use of standardized format, the integration process
is ‘‘standardized”. This offers a method for customizing informa-
tion deliveries on the fly using original data sources according to
defined requirements. The flexibility and customization are kept
in the process rather than in the delivery of a specific city energy
model with a standardized schema and format.

The possibility to automate the transformation process provides
new opportunities to create urban models on the fly. Nationwide
maps where the user is free to select an area to download have
been introduced in Europe in recent years. The INSPIRE directive
by the EC in 2007 was intended to establish an infrastructure for
spatial information in Europe in order to support community envi-
ronmental policies [48]. In Sweden, basic height and vector data of
buildings and infrastructure is provided by the Swedish University
of Agricultural Sciences. However, a solution for the visualization
and analysis of EPC data in Sweden has not yet been developed.
As shown in this paper, it would be possible to set up an automated
cloud service for the visualization and analysis of buildings with
EPCs in the Swedish cities. This possibility also overcomes the eco-
nomic barrier, which was one of the main barriers identified by the
energy advisor of the use of a 3D energy city model. The EPC data
was also identified as the most important source of information for
the energy advisors.

Aggregation and validation of the resulting energy model is
another issue of concern. To anonymize the EPC data, especially
when it comes to the energy use in 1-2 family dwellings, we used
the Sweden statistics zoning of public data (250 � 250 m). This

type of zoning seems to work for multifamily dwellings since most
of these buildings already have EPCs. This was also spatially vali-
dated by comparing the buildings’ property register with the num-
ber of multifamily dwellings with EPCs in the statistical zones. In
residential areas where the majority of the building stock consists
of 1-2 family dwellings, some of the zones contain very few build-
ings with EPCs. This was to some extent compensated by using
average values of similar units with EPCs and estimating A-temp
from the data of the building property register. Also, the total
energy use of the building stock was compared with the energy
supplied by the local energy company to verify that this estimation
was reasonable.

6.2. Use of 3D city energy models to support energy advising

First a preliminary 3D city energy model was created and eval-
uated by energy advisors in the counties of Norrbotten and Väster-
botten. The model demonstrated the potential to provide useful
support for energy advisors as an efficient visual tool that can
assist in the explanation of energy performance to multiple stake-
holders, both laymen and experts. The workshop with the energy
advisors also suggested that 3D city models could be used by other
actors such as energy or real estate companies. This requires, how-
ever, that a large variety of detailed information is shared among
the stakeholders without violating the privacy of citizens. It was
therefore recommended that the model should be initially imple-
mented by managers of public buildings to assess and compare
energy use in buildings such as schools, libraries and sports facili-
ties. These buildings can then provide role models for the imple-
mentation and use of detailed energy models. In the more
advanced 3D city model containing the EPC data the energy advi-
sors can be more pro-active and target residential areas with high
energy use to provide energy saving proposals with low invest-
ment costs per saved kWh.

Better systems and processes to inform property owners of
energy saving measures are also mentioned as a key activity in
order to reach the national goal of 50% reduction of the energy
use by 2050 in a report from the Swedish Energy Agency and the
National Board of Housing, Building and Planning [4]. The develop-
ment of 3D city energy models can be done on a national level to

Fig. 13. Trends of the reduction in energy use for the six scenarios compared to the national goals. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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support the local energy advisors and to make more use of the
EPCs. Since the process is fully automated and the data from EPCs,
the Swedish statistics and the Lantmäteriet are standardized, the
proposed process can easily be extended to provide 3D city models
of the energy use for all urban areas in Sweden. A recommendation
is given about the further investigation of ethical aspects, since the
3D city models in Google Earth used in this study can be combined
with Street View and other data sources which can potentially vio-
late the privacy of citizens.

6.3. Strategic use to support decision making in fulfilling
environmental goals

The results from future scenarios of the energy use in Kiruna
showed that strategies for energy saving in the existing building
stock need to be developed in order to fulfill the national environ-
mental goal. Despite the large impact on the urban transformation
caused by the mining activity, it will be difficult to reach the goal
only by setting higher requirements on the energy efficiency of
replacement buildings. Unfortunately, the energy price cannot
alone motivate capital-intensive investments in energy saving
[49], so other policies, regulations, incentives and improved infor-
mation services must be developed in order to target buildings
with high energy use. Here the 3D city model based on the EPCs
can be used to visualize and analyze the energy use, and to provide
a richer source of information for providing cost efficient energy
saving proposals. The presented model also provides a tool for
monitoring the result of new policies, regulations and other incen-
tives on buildings, at the district, city, county and national levels.
Kiruna can be considered as a favorable case for energy saving
when a large part of the building stock has to be rebuilt, but still
it will be hard to fulfill the national energy saving targets. Then
the question is how the other municipalities, which are less
favored, will be able to fulfill the targets.

There are still some issues regarding the data quality in the EPC
register in Sweden. Mangold et al. [39] found that A-temp was under-
estimated by 15% in Gothenburg’s buildings. A larger A-temp would
result in a better energy performance of the buildings [39], with con-
sequences for the analysis of the different presented scenarios.

It is strongly believed that the presented city energy model is a
good tool for various stakeholders in our society for understanding,
discussing and taking decisions on how our society should reach
the energy goals set up by the government. Therefore, these mod-
els should be developed for the whole country, possibly as an ETL-
based cloud service provided by Lantmäteriet and Boverket (the
National Swedish land survey and Board of Housing, Building and
Planning). The benefit of using such models has been widely
demonstrated in this study.

7. Conclusions

The main conclusions from the paper are:

� The proposed FME process was able to automatically integrate
the EPC data on buildings in the building property register in
more than 95% of the cases using only the street address. This
confirms that the creation of similar 3D energy city models in
Sweden can be automated to a large extent. Also, a method
for validating the spatial representation of the energy use was
developed comparing the EPCs with the building property reg-
ister using demographic zones. The spatial validation shows
that more than a half of multifamily dwellings and facilities
have already got EPCs, while only a minor part of the 1-2 family
dwellings have. However, the impact is minor on energy saving
evaluations.

� City energy models improve the understanding of energy use in
buildings and can therefore be a valuable tool for energy advi-
sors, real estate companies and urban planners. The integration
of EPCs in the models represents an important source of infor-
mation about the energy use available for stakeholders.
� The different scenarios show that all through the urban trans-

formation the energy advisors need to facilitate the implemen-
tation of proposed energy savings in the EPC of the existing
building stock, and that new (replacement) buildings must be
of high energy performance standard to reach the national tar-
get by the year 2050.

A full-scale implementation of the proposed process in Sweden
is possible, since the data used is standardized and available in the
whole country. The combination of a model that can be used for
communication and analysis as proposed in this paper offers stake-
holders a powerful tool for evaluating both the current state and
future scenarios.
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Appendix A.

Fig. A1 shows an example of the aggregated results that are
extracted from the energy model in Google Earth’s visualization
of software. The attribute box shows a sample of the about 200
attributes that are available; these data are accessible for all the
extruded building volumes in the energy city model of Kiruna
(see Fig. A2).

Building ID: the unique building identification number accord-
ing to the national register.

Building use: what the building is used for/as according to
Lantmäteriet.

Building height: the height of the building from ground level.
Property name: the name of the specific property.
Address: the building address.
Period: period in which the building will be affected by ground

deformation.
Area: building floor area that is heated to more then 10 �C.
Building type: the category the building belongs to according to

the EPC building type attribute.
Year of construction: the year in which the building was

constructed.
Primary heat source: the main heat source for the building.
Energy use reference building: the energy use for a new building

of the same category (kWh/m2).
Percent of reference building: the ratio between the existing

building and the requirements for a new built reference building
(i.e. 100 indicates the same energy use, in this case the building
in the figure uses 33% more then the reference building).

Energy class: the energy class of the building is determined
according to the following ranges:
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A = EP is 6 50% of the requirements for a new building.
B = EP is > 50% to 6 75% of the requirements for a new building.
C = EP is > 75% to 6 100% of the requirements for a new
building.
D = EP is > 100% to 6 135% of the requirements for a new
building.
E = EP is > 135% to 6 180% of the requirements for a new
building.
F = EP is > 180% to 6 235% of the requirements for a new
building.

G = EP is > 235%% of the requirements for a new building.

All building extrusions are colored according to the specific
energy class in a scale from green (best, A) to red (worse, G).
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