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Abstract 

The urban transformation that is taking place in Kiruna, a Swedish town well above the Arctic 
Circle in the sub-arctic climate, is due to the ground deformation caused by iron ore mining 
and it is affecting all the infrastructures of the town. This thesis focuses on the studies about 
the district heating for the town of Kiruna. 

In the field of district heating it is important to have a good knowledge about network 
behavior, especially if network structure is meshed, in order to understand how the flow is 
distributed in each pipe within the network. This thesis describes the development of a 
method for the simulation of district heating networks that makes it possible to analyze and 
study complex networks with meshed structure, something that has not been possible before. 

The thermal losses for each pipe type are required as a fundamental input for the simulation. 
A fictitious pipe series has been created so that its loss matches the losses in the real network. 
It has been found that the created series is close to the series with the highest losses that is 
manufactured today. 

When redesigning the network structure to deal with the urban transformation, an 
investigation is performed regarding how new low energy building can be heated. This 
investigation shows that the only heating system that fulfills the guidelines stated by the 
Swedish authorities about indoor climate is the floor heating. A techno-economical evaluation 
shows that the cheapest heating technology is an air to air heat pump. In order to make district 
heating attractive as a heating source for house owners a vigorous price reduction is needed. 
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1. Introduction 

1.1 An urban transformation 
A legend among the indigenous people in the very north of Sweden told of a mountain of pure 
iron. The mountain was located inland, 140 km above the Arctic Circle, and in the late 18th 
century the mining of the mountain started and has progressively grown to become a booming 
mining industry. Adjacent to the mine a town named Kiruna has developed, and the current 
population is 20’000 inhabitants. The mine in Kiruna is today the world’s largest underground 
iron ore mine and has an annual production of 26 million tons that are mined down to 1’365 
meter under the ground. Although the mining is performed underground, ground deformations 
are created. The town of Kiruna is located in the absolute vicinity 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, prognosis of ground deformation until year 2035 and its progression towards the town. 

As can be seen in Figure 1, large parts of the town have to be relocated due to the expansion 
of the deformation zones in the coming years. One step in the transformation is to redesign all 
the infrastructures such as water- drain supply, electricity- telephone lines, streets and district 
heating piping for the new city structure. As a result, the urban transformation provides both 
great opportunities for using new technologies when new areas are built and challenges to 
create a living and attractive city [1] [2]. 
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1.2 Research questions 
The research questions are part of the frame including the energy issues related with the urban 
transformation. As a starting point the current district heating system for the town is 
considered, and from that the following research question are posed: 

• How will the network redesign affect the network behavior and the optimal heat 

production? 

• Will district heating be an attractive choice for house owners? 

1.3 District heating overview 
A more efficient and environmental friendly production of the thermal energy can be obtained 
when the production is concentrated in specific sites and then the thermal energy is distributed 
through the piping network. The piping network consists of a primary and a secondary 
section, the primary piping going from the heat production sites to the different buildings 
connected to the network while the secondary system consists of the piping within the 
building for room heating and hot water. The two systems are linked by a heat exchanger unit 
that measures the temperature and the flow and converts them into the power demand and 
energy consumption for the building [3] [4]. 

The real growth for district heating in Europe occurred after the Second World War when big 
parts of Europe had to be reconstructed. Individual national building programs in order to 
improve the building standards or to create new housing have been a growing force for 
expansion of district heating systems. As a result, today there are more than 5’000 district 
heating systems in the European Union [3] [4]. 

1948 was the year in which district heating was launched in Sweden based on the Russian 
technology of combined heat and power (CHP) production in order to increase the fuel 
utilization factor for electricity generation. In fact, by using CHP systems 70 – 95% of the 
fuel lower heating value can be exploited, compared to the 25 – 45% for power generation 
only. Since 1948 district heating has continuously been growing and today it has a national 
market share of more than 40% of the building stock. During the development and the 
expansion of a district heating system its network structure can be categorized in four 
different categories as shown in Figure 2, where A represents a young network and D shows a 
mature network structure. As it appears, the maturity of the network can be judged by its 
complexity. In a meshed network the heat can be distributed among several pipes: this 
decreases the load for each pipe allowing the network to be further expanded and, if a pipe 
breaks, other paths can be used [3] [4]. 
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Figure 2, network designs of different complexity, a) network with islands, b) coherent network tree 

structure, c) network with ring, d) meshed network. 

1.4 District heating in Kiruna 
The origin for the district heating system in Kiruna dates back to 1963 when the responsible 
for environmental policy at the time became worried about the bad air quality in the town (the 
measurements showed that the amount of particles in the air was among the highest in the 
country). As a test 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 will 
generate an more efficient heat production. It was soon obvious that soot from oil-burning 
was one of the main reasons for the bad air quality, instead of the mining industry as it was 
suspected [5]. 

In 1980 all the heat production in the town of Kiruna was brought together under a common 
management in the form of an incorporated company named Tekniska Verken i Kiruna AB 
(TVAB). The company is owned by the municipality and today it is responsible for sanitation, 
landfills, roads, drinking water, drains, parks and district heating within the town [5] [6]. 

By 1985, 60% of all apartment buildings and administration buildings were connected to the 
network, mainly because of the economic benefits that district heating was offering, while the 
environmental benefits were considered secondary. By this time oil consumption was reduced 
of about 20 – 50% and the decrease of air particles was more than 80%. The good experience 
with a cleaner environment and a more efficient heat production made apartment buildings 
interested in getting connected to the network. Finally, with the connection of the small 
family houses as well, the district heating system reached the appearance it has today [5]. 
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Today the district heating network consists of 120 km of piping, and more than 95% of the 
larger buildings and one third of the villas are connected to the network. The annual 
distribution losses from the production sites to the consumers are 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. [6]. 

In Figure 3 the layout for the district heating network is shown. The red lines are the feeding 
pipes to the buildings that are connected to the network, while the blue lines show the meshed 
structure of the network. According to Figure 2 the network in Kiruna is a mature one due to 
the much meshed structure. 

 

Figure 3, layout for the district heating network for the town of Kiruna, blue lines representing the 

meshed structure and red lines showing the feeding pipes. 

In Figure 3 heat production sites are marked with factory symbols and boiler sites with boiler 
symbols. A specification for the different heat production sites in the network are listed in 
Table 1. It is 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. 
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Table 1, boiler setup for the different heat production sites within the district heating system in the town 

of Kiruna. 

 

As it is shown in Figure 3 and Table 1, waste heat from LKAB mining site (namely from the 
pelletizing plants) can be conveyed to the town district heating network. Actually, LKAB has 
its own internal heat network that is connected to the town district heating network through a 
large heat exchanging station. In Figure 4 the distribution and the usage of the heat generated 
at TVAB and LKAB is presented, showing 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 district heating network. For instance, in 2010 LKAB supplied 19 GWh to the town 
district heating network, representing 7% of the annual demand. 

 

Figure 4, thermal energy flows from TVAB and LKAB, based on the production for year 2010. 

 

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
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However, the interaction between the two networks presents some issues due to the nature of 
the source of the LKAB waste heat. The majority of this waste heat is at a too low 
temperature that is not suitable for transfer to the town district heating 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 then be upgraded by heat pumps, but the redistribution of the heat 
among different purposes would imply the resizing of the heat transfer devices in both the 
heat exchanging station (the capacity of which is also a limiting factor for the interaction) and 
the mine ventilation system. Another important issue that must be taken into account is that 
the annual profile of amount of the available waste heat from LKAB does not match the 
annual profile of the demand from the town district heating network, which obviously follows 
the trend of 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 summer vacations) when the demand from the 
town district heating network is lowest. This suggest the opportunity of installing a large 
seasonal storage for accumulating the heat during the periods of maximum waste heat 
availability but minimum heat demand in order to make the stored waste heat available during 
the colder periods that immediately follow. 

This outline of district heating in Kiruna has presented the basis for the development to the 
renewed district heating system that will be adapted for the new town. The design of the new 
buildings will developed according to the requirements set by the government, and one big 
challenge having a big impact on the district heating network design will be to fulfill the 
European Union directive regarding Horizon 2020. 

1.5 Horizon 2020 and sustainable cities 
The European Union has decided that member states shall ensure that: by 31 December 2020, 
all new buildings are nearly zero-energy buildings and that after 31 December 2018 new 
buildings occupied and owned by public authorities are nearly zero-energy buildings. 
Furthermore, targets were set in order to stimulate the transformation of buildings that are 
refurbished into nearly zero-energy buildings [7]. 

This will results in a decreased energy use within the building stock and the heating demand 
for the new town will be significantly lower than that of the current one. Thus, payback time 
for each consumer in order to be connected to the district heating network will be longer, and 
the types of buildings that were connected earlier maybe will not be suitable for connection in 
this future scenario. 

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

• Sustainability of the 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). 
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The ongoing urban transformation in Kiruna is a good opportunity for knowledge production 
having multidisciplinary and transdisciplinary objectives. In 
research projects (green boxes) are shown, in which the initiative is taken by companies 
outside the academia. In the yellow box a multidisciplinary
developed, in which
objectives. In each project a physical phenomenon or object is studied and analyzed. The 
knowledge production that is achieved in each project would not have been possible without a 
close collaboration of all involved 
and is appealing to a wider target group than the results from each of the single disciplines.
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2.2 Participatory research 
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, involving 
people with different perspectives on the research and being open for feedback and opinions 
from different stakeholders. Leaving one’s own comfort zone will generate benefits like the 
confidence that the research is relevant and the possibilities to find new cooperative partners 
and, by that, new research questions [9]. 

In participatory research there is a tradeoff about which stakeholders are to include or 
exclude, which criticism from the involved actors should be taken into account, which part of 
the research should result in an action and which part should remain at the analysis stage. By 
mastering this balance a good participatory research will be performed. Surveys, interviews, 
document studies, dialogue seminars, focus groups and participatory observations can be used 
as working tools in order to fulfill this. The overall questions that have to be highlighted 
through the complete research, determining if the research is participative or not, are [9]: 
Research on? Research for? Research with? 

2.2.1 Applied participatory research 

Mastering the balance in a participative research sometimes feels like being a spider in a net. 
The vision within the research is to be responsive to all different stakeholders, have 
continuously dialog for information exchange and try to make the best research out of the 
different interests of the stakeholders. Making research on district heating is indeed 
participatory research and, when considering the question related to participatory research, the 
answers are the following: 

 Research on: The district heating system for the town on Kiruna. 

 Research for: TVAB, LKAB, the citizens in Kiruna. 

 Research with: TVAB, LKAB, experts and other collaborating disciplines within 
LTU. 

2.3 Research design 

2.3.1 Present knowledge production 

Energy companies in Sweden can often be seen as islands in an ocean. In this way the 
different energy companies owning a district heating system can be represented as an ocean 
with more than 450 different islands [12]. Each of them is investing hundreds or thousands of 
consultants’ hours each year in investigating different problem statements. This gives them 
further understanding and knowledge regarding their own territory. Collaboration and 
knowledge exchange between different energy companies can be seen as bridges between the 
islands. The amount of bridges is very low, some bridges can be found among groups of 
island, and sometimes a rowboat can be seen going to another island for a study visit. 

The field of research can be seen as a fleet of small ships cruising this ocean from island to 
island in order to write conference or journal paper about or with a particular island. In the 
same way as the boat walkie-talkie is used, research is broadcasted between the boats by 
channels such as Science Direct, Web of knowledge and Scopus: this is done to contribute to 
the field of research and to bring further knowledge and understanding to the involved island 
citizens. The field of research can be divided in two main areas; network description and 
optimization of heat production. 
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Network description is about the simplifications that can be applied to the chosen network and 
how far it can be simplified before the heat production and the return temperature to the plant 
differ too much from reality. Heat production optimization is related to a specific heat 
production site and the objective is to obtain a revenue that is as high as possible or to 
minimize the pollution emissions. 

2.3.2 How this research will improve knowledge production 

In the same way as the stars can illuminate a dark night and help boats to navigate and lost 
island citizens to find their way home, the wish is that the research will be a help for 
everyone, both big and small islands and boats all over the entire ocean. This will be achieved 
by performing a trans-, multi-, and interdisciplinary research merging and expanding the 
knowledge from the two separate areas in the research field together. Allowing network 
modeling, describing complete network structures, accepting any degree of complexity to find 
network behavior (e.g. bottlenecks and non-obvious path), while heat production is optimized 
for a multisite multi source network with accumulator for chosen time period: none of these 
things have been possible before and this should be of use for all Energy Companies and a 
large contribution to the research area. 
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3 Methodology 
In this section a brief state of the art will be presented, mainly about the methods that are 
proposed in the literature to simulate the behavior of district heating networks, and then the 
two main tools that are used to search for answers to the two research questions stated in the 
Introduction are discussed: process integration and CFD. 

3.1 State of art 
In [13] a method for modeling and simulating a district heating network is described, which is 
named the Danish method, so that the real network structure is transformed into a linear 
structure. The simplifications to network structure are done by collapsing small linear 
segments into bigger segments, but it appears that by using this kind of linear transformation 
the modeling of networks containing loops is not feasible. In the paper it is shown that the 
representation of the network can be heavily reduced and still the simulation achieves a good 
approximation of the network behavior. For comparison the Danish method is evaluated 
against a method named the German method [14], according to which small branches in the 
network are merged into bigger branches. The German method is also able to deal with the 
loops in the network by using different transformations. In the paper it is shown that both 
methods work well, thus more simplifications can be applied to the network by using the 
Danish method while the error is the same as that obtained with the German method. In [15] 
the Danish method is used for modeling the temperature dynamics of a district heating system 
in Denmark and compared with the commercial software TERMIS. It was found that the 
difference between the outcomes was not significant for small and slow temperature 
increases, but pronounced when the flow rate variation is larger. In a low temperature district 
heating system it is important to include the human behavior, because, as described in [16], 
the heating demand can be increased by 50% and the heating power by 60%. 

As shown in [17], the thermal losses of twin and triple pipes for district heating can be 
reduced by 6% to 12% without increasing the investment costs, if an optimal design is used. 
When the design of the insulation shape is considered [18], the use of an egg shaped 
insulation can reduce the thermal losses of a twin pipe by 5%. In [19] the overall losses for a 
district heating system are taken into account and it is stated that the losses are large and 
primarily dependent on the water temperature. In the paper the problematic related to low 
supply temperatures is also discussed, since they would  require higher mass flow in the pipes 
and therefore higher pumping costs. 

In [20] the future scenario caused by a lower heating demand from residential buildings has 
been analyzed, and 6 district heating systems in Sweden have been modeled and optimized 
with a lower overall demand. It is shown that this will result in a reduced use of fossil and 
biomass fuels, and at the same time the amount of electricity generated in the CHP systems 
per unit of produced heat is improved in all cases except one. 

3.2 Process integration 
The broad definition of “process integration” given by the International Energy Agency in 
1993 sounds 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”. 
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Process integration therefore refers to system-oriented and integrated approaches to the 
analysis of energy systems in order to optimize them according to energetic, economic and 
environmental criteria, often considering several of these aspects at the same time. Among the 
approaches that can be used in process integration some of the most are worth to be 
mentioned here, such as Pinch Analysis [21], Exergy Analysis [22] and Mathematical 
Programming [23]. 

The purpose of Pinch Analysis is to integrate the heat transfers among 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. Exergy 
Analysis is used to evaluate system performance according to the Second Law of 
Thermodynamics, comparing the energy quality in the system products and that in the 
resources that are used to generate them. 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. Mixed-integer linear programming 
(MILP) [23] is a widely used category of constrained optimization techniques that searches 
the optimal solution to problems that are defined by objective function and constraints which 
linearly depend on a set of real and integer variables. A MILP optimization problem has the 
following general formulation: 

minimize ),( yxfZ =  

subject to: 
0),( =yxh  

0),( ≤yxg  

}{ 1.0,0 ∈≥ yx  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 variable and y is any binary or integer variable. Any non-
linear problem can be reduced to a mixed-integer linear problem by approximating the non-
linear functions with piecewise linear functions (with integer variables marking the 
considered linear segment), the advantage being that the search algorithm is guaranteed to 
find an optimal solution. 

ReMIND [23] [24] [27] is a license-free software that is used as a graphical interface to set up 
models for MILP optimization problems. Model visualization is based on block diagram(s) in 
which in general nodes represent physical units/processes and branches represent different 
kinds of flows that are exchanged by the nodes (Figure 9). Originally, the MIND software was 
created and developed at Linköping University (LiTH) in the 1990´s, but it has been further 
developed into the “ReMIND” version by Luleå University of Technology (LTU) and the 
Swedish metallurgical research institute Swerea MEFOS in the early 2000´s. The graphical 
interface in which the model is set up is then linked to the CPLEX software by an interface 
that translates the data and the relationships inserted in the ReMIND model into a set of 
mixed-integer linear equations that are the mathematical expressions of the objective function 
and the constraints of the optimization problem. 
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The CPLEX software finally solves the problem and makes the solution available in a text 
format that can be imported into an Excel worksheet. 

 

Figure 9, user interface for the ReMIND software. 

In this research process integration is used to analyze and optimize the interaction among the 
district heating 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 behavior of the district heating network is simulated in Simulink [26], by building a 
discrete model in order to calculate the distribution of the mass flow rates of the hot water in 
the network pipes and the thermal losses in the overall network for given values of the 
demands from the final users. 

This information is used to evaluate the total energy request to the heat production sites. Their 
operation schedule is then determined by solving the optimization problem that has been set 
up using the ReMIND [24] models of each of them, in which the data about available fuels 
and boilers are specified. The CPLEX [25] solver then returns the schedule that corresponds 
to the minimum operating costs for the given target on heat production. 

3.3 Computational Fluid Dynamics 
CFD (Computational Fluid Dynamics) is a well-known simulation tool that is used to 
numerically reproduce the kinematic, physical, thermodynamic and chemical conditions of 
fluid flows thanks to the ever growing computational capabilities of computers. The 
considered control volumes can be subdivided into millions of cells in which properties such 
as pressure, temperature, flow velocities, flow rates, species concentration, turbulence are 
evaluated at the center, the faces or the nodes of the cells by solving iteratively differential 
equations for mass and energy balances and algebraic equations for the numerical models of 
physical phenomena such as turbulence, heat transfer, rates of chemical reactions. 
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In this research CFD is used to investigate the thermal indoor climate for the prototype of a 
low energy building that represents the kind of housing that will be built in the urban 
transformation of Kiruna. The volume inside the building is subdivided into about 1.7 million 
cells to simulate the conditions of the air (temperature and velocity in particular, as these are 
the factors that mostly affect the quality of the living environment) in the different rooms as a 
result of different heating systems. 

The most important physical models involved in the simulation are of course those related to 
the heat transfer, since the heat fluxes through the boundaries of the control volume (external 
walls, windows, doors, ceiling and floor) are the main boundary conditions for the description 
of the air 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 can 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 plays an important role to evaluate the correct temperature on the 
internal wall surfaces, which would be much colder if only the convective heat transfer were 
taken into account. 

The circulation of the air inside the building, which is the other criteria to evaluate the 
comfort of the heating system, also depends on the supply and exhaust air streams of the 
ventilation system. These streams are described by boundary conditions on incoming and 
outgoing air mass flow rates. 
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As a fundamental input for this final step, a study regarding the heating alternatives for future 
buildings in Kiruna is performed (Paper C) and will be used in the developed model. 
Moreover, in the redesigned network new piping paths and consumers will be added while 
other paths and current consumers will be disconnected due to the ground deformation. 
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4.1 Paper A: Evaluation of losses in district heating system, a case 

study 
In Paper A “Evaluation of losses in district heating system, a case study” an empirical 
investigation was performed about the thermal losses within the district heating network for 
the town of Kiruna, the main aim being the evaluation of its health status. 

The overall length for each class of pipe diameters was determined at first. As shown in 
Figure 11 a lack of diameter information was found in the piping database for 14% of the 
feeding pipes and for 40% of those in the main meshed structure. 

 

Figure 11, distribution of pipe lengths as a function of the diameter and the type in network structure. 

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

In order to evaluate how large the thermal losses are in the real pipes, some manufacturer’s 
data about the annual heat losses for four different pipe series having different insulation 
characteristics were used for comparison. Those heat losses, however, had to be increased by 
9% to adjust them to the colder climate in Kiruna. Figure 12 shows that, no matter which 
strategy was used to assign values to the unknown pipe diameters, the pipe series with the 
minimum insulation was the one among the four in manufacturer’s data that was closest to 
match the overall annual losses in the real network. As a result, the health status of the district 
heating network in Kiruna was considered close to a worst case scenario. 
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4.2 Paper B: A Method for Simulation and Optimization of District 

Heating Systems with Meshed Networks 
In paper B “A Method for Simulation and Optimization of District Heating Systems with 
Meshed Networks” the development of a method in order to model, simulate and optimize 
meshed district heating systems is described.  

The nature of the meshed structure of the network requires a convenient 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 piping nodes is one of the 
fundamental variables that have to be calculated by the model. This requires the knowledge of 
the friction coefficients for the different pipe diameters.  

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

The conditions at boundaries of the district heating network are two types. Upstream, at the 
heat production sites, the pumping pressure and the supply temperature must be specified. 
Downstream, at the final users, the thermal demand must be specified (this includes building 
heating and the hot water request, which is mainly determined by human behavior and must 
be taken into account). The heat requested by the users will depend on both the mass flow rate 
that is extracted from the network and the temperature of the hot water at the node in which 
the extraction takes place (which is a function of the thermal losses along the network). 

The model of the district heating network is built in the Simulink environment (Figure 14). 
The blocks in the diagram represent network pipes (red blocks), piping nodes (purple blocks) 
and the groups of final users (blue blocks). The pressure and temperature at each piping node 
are calculated using differential equations that express the mass and energy balances in the 
block. In the pipe blocks the mass flow rates and the associated thermal losses are calculated 
as a function of the local pressures at the ends of the pipe. In the user blocks the thermal 
demand of the consumer group is specified and the requested mass flow rate is calculated as a 
function of the temperature in the extraction node.  
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With this model it is possible to simulate the system behavior and obtain the flow pattern in 
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that exceed the recommended flow of thermal energy) and the non
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Figure 15, example of the ReMIND model for a heat production site with electricity generation and heat 

storage. 

The equations relative to each heat production site are then solved by the CPLEX software in 
order to minimize the operating costs for the overall heat production. The optimization of the 
heat production for a multi-source multi-fuel district heating system is something that has not 
been studied extensively in the field of district heating system research, as the modeling and 
simulation of a network with a meshed structure. 

The operating procedure used in the proposed method is summarized in the schematic view 
illustrated in Figure 16. Each step is explained in the following, using the same step 
numbering as in the figure. 

Step 1: The district heating network model is created in Simulink and an initialization file is 
run containing all the input data about the demands of the consumers, reference heat 
and pressure losses in the pipes as a function of diameter and insulation 
characteristics. 

 
Step 2: The simulation of the district heating network 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 sites is created in ReMIND 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. 
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The results from an example of application of the proposed method are shown in Figure 17 
for a chosen part of the district heating network in the town of Kiruna. The color scale for the 
flows in the loop of the meshed network is based on the ratio between the simulated flow and 
the flow of thermal energy recommended by the pipe manufacturer. This visualization makes 
it possible to identify the overloaded pipes and the non-obvious paths in the network. 

 

Figure 17, visualization of heat flows in a chosen loop of the district heating system in the town of Kiruna. 
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Table 3, setup and calculation of total heat and hot water production cost in the operation lifetime. 

 

A calculation has been also carried out to find at which price levels of district heating and 
electricity floor and air heating are economically comparable with the air heat pump. In 
Figure 19 the break point for the design solutions using district heating (floor and air heating) 
are marked with lines, the price for district heating 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 district heating price is above the selected line, then the air 
heat pump is most beneficial. In the same way if the price level for district heating is lower 
than selected line then district heating is beneficial. The current ratio between electricity and 
district heating 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. 

 

Figure 19, percentage representation of the district heating price compared to the electricity price, in 

order to determine which heating source is most beneficial. 
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System installation Con. + ins. fee COP Heating Hot water Technical life time Total cost
System [Euro] [Euro] [Euro/kWh] [Euro/kWh] [Years] [Euro/ 30 year]
Air heat pump 2800 - 2.3 0.052 0.12 15 34524
Air heating 910 4400 - 0.1 0.1 30 43410
Floor heating 4495 4400 - 0.1 0.1 30 46995
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This calculation shows that the current district heating price in Kiruna is quite expensive 
although it is almost average in a national perspective. The reason why district heating based 
design solutions (air or floor heating) are not competitive is that the district heating system in 
Kiruna almost entirely uses fuels (see Section 1.4) in order to produce the requested heat 
instead of exploiting the waste heat from the local industry. In fact, the lowest price for 
district heating in Sweden is found in Luleå, where the local steel industry (SSAB) makes a 
large amount of waste heat available for 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 level of the local 
district heating. 
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5 Conclusions 
The evaluation of losses in a traditional Swedish district heating shows that the losses are 
large and can be represented by a pipe series close to the series that are manufactured today 
with minimum insulation. 

The developed method for simulation of meshed district heating network is tested, validated 
and is proven working as stated. The method is an original contribution to those already 
proposed in the research field. 

Nowadays there are several heating sources among which a house owner can choose, it is 
shown that the floor heating system was the only fulfilling the guidelines stated by the 
Swedish authorities is. If an air heating system is used, a good planning of the air inlet devices 
and air transfer devices in the building areas is needed in order to fulfill the guidelines. 
District heating would be attractive as a heating source for house owners if the district heating 
price were reduced by 23% in the case of air heating or by 33% in the case of floor heating. 
The Energy Companies are facing a big challenge to deal with this issue, in order to keep their 
market share of the building stock. 

  



32 

 

  



33 

 

6 Future work 
The future development of this research will follow the lines already drawn in Figure 10. The 
upcoming contributions are shown as the two large green boxes that span over the two areas 
of the research field, since they require and merge the knowledge from both areas. 

The first step is about the development of a comprehensive model of the current district 
heating system in Kiruna, which will be the final result of the application of the proposed 
method. This model is to be used the ground for the further research about the future of the 
district heating network in Kiruna, both in terms of new scenarios about the urban 
transformation of the town and of new design solutions for the interactions with the local 
mining industry for the exploitation of its waste heat. 

The following step, which is about the detailed definition of these future scenarios to be 
studied, is still to be conceived as it will mainly be a result of the contributions to the 
participative research (see Section 2.2) by the involved stakeholders and other academic 
disciplines. The contributions are going to define: 

• The type and the extent of the collaboration with LKAB, the design solutions for the 
interaction of the two heating networks, where and how the heat storage can be 
operated to exploit as much as possible the waste heat from the mining industry. 

• How the different town infrastructures (phone and data cables, drinking water, drains, 
electricity, district heating) will reach the buildings that will be constructed in the new 
town areas. 

• The municipality plans for the new building areas and the architectural solutions that 
will be used to develop them. 

• The ideas from TVAB about how to supply these new building areas and the 
consumers in them with the new parts of the district heating network. 

The proposed method will be then used to analyze some of these future scenarios and 
compare them to current situation in order to assess the consequences of the urban 
transformation that Kiruna is about to face. 
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Abstract: 

To be able to create a model that accurately describes a district heating system, it is important to identify the 
thermal losses and how they are distributed. However, general methods targeting the determination of 
losses are scarce in the literature. In the current case the losses for a district heating system in Kiruna, a 
town in northern Sweden, has been estimated in the year 2010 to be 12%, which is in the range for a typical 
Swedish network. Unfortunately, detailed information of the thermal losses is lacking. 
In this paper two methods to determine loss distribution in a district heating system are presented. 
Two databases of pipe lengths and diameters have been compiled for two piping categories, loops and 
feeds. Any missing data regarding pipe diameters in the map has then been determined with the two 
different methods. 
In the first method average pipe diameters for loops and feeds are calculated. All pipes with unknown 
diameter are then assumed to have the average one. The second method considers a percentage based 
distribution of known diameters and assigns the same distribution to the missing pipe diameters. The losses 
were estimated in the whole system according to the data from a pipe producer catalogue, in which losses 
are calculated according to current European standard. The results show that the losses in the system are 
similar to the losses caused by pipes with the lowest insulating capacity. 
By using the two methods two fictitious pipe series reproducing exactly the losses in the system are created 
by scaling the calculated losses of the catalogue pipe series which would give the most similar losses (the 
one with the lowest insulating capacity). This adjustment was +3.1% by using the first method, and +4.9% by 
using the second method. 
The major conclusion of this study is that, both methods can be used for calculating the distribution of 
thermal losses in the district heating system of Kiruna; moreover, this kind of analysis can be an important 
tool for analyzing investments in the district heating network in Kiruna. 

Keywords: 

District heating, Evaluation, Losses, Pipe series, Case study. 

Nomenclature 
Abbreviation 

DH  District Heating 

DHS  District Heating System 

GIS  Geographic Information System 

TVAB  Tekniska Verken i Kiruna AB 

1. Introduction 
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], 
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[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]. 

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 
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• Continuously developed

• Continuous maintenance

• Total losses of 12%

In overall th
considered as a typical Swedish DHS.

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.

2. Method

2.1. System description

TVAB, the owner of the DHS
municipality

The complete 
category.  

• Red pipes: are feed pipes that 

• 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 diff
represents the pipes between two connection points in the backbone network, as i
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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). 

���	����ℎ! =
%���

#$$
∗ %���ℎ!&�'�()� + %���ℎ!���    (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. 

2.4. Data from pipe producer 

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. 
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Fig. 5.  Specified losses
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today. As an example, in the 70s and in the 80s an asbestos cement pipes were commonly used in 

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 

, were normally insulated 
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 
payoff time as a function o

losses. The lifetime for a pipe is up to 100 years and the payoff time is allowed to be long, usual 
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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 

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 

, were normally insulated 
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 
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losses. The lifetime for a pipe is up to 100 years and the payoff time is allowed to be long, usual 
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“unknown” shows for each block the total length of pipes for which diameters 



PROCEEDINGS OF ECOS 2013 - THE 26TH INTERNATIONAL CONFERENCE ON 

EEEEFFICIENCY, CCCCOST, OOOOPTIMIZATION, SSSSIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS 

JULY 16-19, 2013, GUILIN, CHINA 

 

7 
 

 

Diameter [mm] 

Block 

A 

Block 

B 

Block 

C 

Block 

D 

Block 

E 

Block 

F 

Block 

G 

Block 

H 

Block 

I 

 

  

Lo
o

p
s 

Unkown 

  

117,6 606,8 

 

135,1 

   

    
100 151,1 

 

92,2 

  

253,1 180,2 

   125 

  

558,0 102,6 

      150 918,3 274,2 376,2 

     

239,3 

 175 

    

441,1 

     200 

  

347,4 

       250 271,2 

         300 

          350 

          400 

          
500               162,0       

           

    

F
e

d
d

s 

Unknown 2777,2 307,6 3496,6 602,0 170,5   18,2     

 

  
20 35,3 

 

47,0 3,0 

    

41,8 

 25 1616,7 48,0 334,1 

 

11,0 

     32 96,9 2,4 34,0 

  

10,0 

  

58,8 

 40 162,7 3,9 296,4 

  

45,8 6,6 

 

26,0 

 50 356,5 28,2 405,0 147,4 48,2 63,2 

  

271,1 

 65 900,3 78,7 181,5 

  

101,8 

    80 1127,7 

 

14,1 134,1 

 

67,4 

    100 399,9 

 

537,5 14,9 103,6 

     125 1609,5 

 

658,1 

 

142,6 

     150 230,4 

         175 

          200 

          
250 78,8                     

                          

 

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). 
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Fig. 6.  Losses according to 
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unknown pipes in the system. To calculate the losses for the unknown pipes the average 
method and the percentage method

3.2. Method 1: The average dimension method

By using equation 1 the calculated average di
feed pipes, which is consistent with 
calculated by multiplying t
feeds. Calculations are performed for each pipe 
known diameter. The resulting sums are then compared with the real losses in the net

Fig. 7.  Losses with all pipes average method

3.2. Method 2: The percentage method

Equation 2 
example. The length of unknown pipes is zero after the re
diameters have increased their total lengths compared to the original value. The percentage diameter 
distribution of the 

FFICIENCY, CCCCOST, 

osses according to 

the amounts 
the losses in the real system. The
unknown pipes in the system. To calculate the losses for the unknown pipes the average 
method and the percentage method

3.2. Method 1: The average dimension method

By using equation 1 the calculated average di
feed pipes, which is consistent with 
calculated by multiplying t
feeds. Calculations are performed for each pipe 
known diameter. The resulting sums are then compared with the real losses in the net

osses with all pipes average method

3.2. Method 2: The percentage method

quation 2 has been applied to
The length of unknown pipes is zero after the re
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By combining loss data from 
were obtained for the different series of pipes. The calculated losses for each series are compared to 
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Fig. 8.  Losses with all pipes % method

3.4. Creating pipe series X
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A special case occurs if a block has unknown pipes
is used and the unknown pipes get the value of the average 

Distribution of unknown for block C

    

Diameter 

mm 
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150 
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400 
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20 

25 

32 

40 

50 

65 

80 
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By combining loss data from 
were obtained for the different series of pipes. The calculated losses for each series are compared to 
the real losses in the network
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se occurs if a block has unknown pipes
is used and the unknown pipes get the value of the average 

Distribution of unknown for block C

Distribution 

of unknown

Lenght

% m

- 

 6,7 7,9

40,6 47,8

27,4 32,2

  

25,3 29,7

  

   

   

   

   

   

 - 

 1,9 65,5

13,3 465,8

1,4 47,4

11,8 413,3

16,1 564,7

7,2 253,1

0,6 19,7

21,4 749,5

26,2 917,6

  

   

   

     

ig. 4 and the new distribution given in 
were obtained for the different series of pipes. The calculated losses for each series are compared to 
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se occurs if a block has unknown pipes only. In that case the average 
is used and the unknown pipes get the value of the average 

Distribution of unknown for block C 

Distribution 

unknown After distribution

Lenght Lenght

m m

  

7,9 100,1

47,8 605,8

32,2 408,5

 29,7 377,2

65,5 112,5

465,8 799,9

47,4 81,4

413,3 709,8

564,7 969,7

253,1 434,6

19,7 33,8

749,5 1287,0

917,6 1575,7

  

  

  

  

and the new distribution given in 
were obtained for the different series of pipes. The calculated losses for each series are compared to 
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After distribution 

Lenght 

 m % 

 100,1 6,7

605,8 40,6

408,5 27,4

  

 377,2 25,3

  

   

   

   

   

   

   

 112,5 1,9

799,9 13,3

81,4 1,4

709,8 11,8

969,7 16,1

434,6 7,2

33,8 0,6

1287,0 21,4

1575,7 26,2
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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. 

Table 4.  Finding pipe series X 

      Series 1   Series X average method   Series X %-split method 

 

Diameter Lenght Losses 

 

Length Losses 

 

Length Losses 

 

mm m kWh/m, year MWh/year 

 

m kWh/m, year MWh/year   m kWh/m, år MWh/år 

Lo
o

p
s 

Unknown 2265 448 1015 

 

0 0 0   0 0 0 

100 677 302 204 

 

677 311 211   820 317 260 

125 1410 350 494 

 

1410 361 509   2153 367 791 

150 6217 413 2568 

 

6217 426 2647   6745 433 2923 

175 444 431 191 

 

444 444 197   444 452 200 

200 4584 448 2054 

 

6849 462 3163   5424 470 2550 

250 2056 431 886 

 

2056 444 913   2067 452 935 

300 85 494 42 

 

85 509 43   85 518 44 

350 557 480 267 

 

557 495 276   557 504 281 

400 1276 509 650 

 

1276 525 670   1276 534 682 

500 162 720 117 

 

162 742 120   162 755 122 

  

  

 

  

 

    

 

      

 

F
e

e
d

s 

Unknown 30998 289 8958 

 

0 0 0   0 0 0 

20 335 179 60 

 

335 185 62   720 188 135 

25 5547 182 1010 

 

5547 188 1041   10917 191 2085 

32 1613 186 300 

 

1613 192 309   2407 195 470 

40 1974 214 422 

 

1974 221 435   3100 225 696 

50 5148 239 1230 

 

5148 246 1268   8962 251 2247 

65 8482 281 2383 

 

8482 290 2457   16032 295 4726 

80 3992 289 1154 

 

34990 298 10423   5814 303 1763 

100 6091 302 1839 

 

6091 311 1896   10319 317 3270 

125 6374 350 2231 

 

6374 361 2300   9352 367 3434 

150 4483 413 1852 

 

4483 426 1909   6836 433 2962 

175 0 431 0 

 

0 444 0   0 452 0 

200 197 448 88 

 

197 462 91   744 470 350 

250 79 431 34 

 

79 444 35   112 452 51 

    

30049 

   

30974 

   

30974 

   

Real losses 30974 

  

Real losses 30974 

  

Real losses 30974 

   

Diff 925 

  

Diff 0 

  

Diff 0 

       

Adjust value 1,03076 

  

Adjust value 1,04915 

              Adjust % 3,076     Adjust % 4,915 

 

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. 
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Fig. 9.  Both series X and adjacent series

Series X and their correspondi
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.

Table 5.  L

  

 

Loops

Block MWh/m, year

A 568,40

B 118,82

C 608,44

D 260,50

E 199,24

F 122,98

G 57,10

H 122,37

I 103,69

J 33,72

K 103,75

L 163,42

M 214,50

N 102,99

O 49,50

P 197,99

 

4. Analysis

According to Figs
network, regardless if 
methods to determine the unknown pipe diameters shows that 
series that are closest to represent the losses in the system
is a worst case scenario.

Table 5 shows that 11.5 % of the piping for loops
calculating the average pipe 
amount of unknown p
and feeds. 
must be evenly distributed in the system. 
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oth series X and adjacent series

Series X and their correspondi
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.

Table 5.  Losses for each block

Losses 

Loops Feeds

MWh/m, year MWh/m, year

568,40 2727,10

118,82 118,59

608,44 1717,00

260,50 249,60

199,24 154,85

122,98 78,54

57,10 5,57

122,37 0,00

103,69 93,15

33,72 0,00

103,75 42,40

163,42 0,00

214,50 407,50

102,99 69,41

49,50 190,97

197,99 63,92

4. Analysis 

According to Figs 7 and 8 none of the 
network, regardless if 
methods to determine the unknown pipe diameters shows that 

that are closest to represent the losses in the system
is a worst case scenario.

Table 5 shows that 11.5 % of the piping for loops
calculating the average pipe 
amount of unknown p

 However, the small difference between the two series X indicates that the unknown pipes 
evenly distributed in the system. 

OST, OOOOPTIMIZATION, 

oth series X and adjacent series

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.

osses for each block 

    

Feeds 

  MWh/m, year 

 

Block

2727,10 

 

Q 

118,59 

 

R 

1717,00 

 

S 

249,60 

 

T 

154,85 

 

U 

78,54 

 

V 

5,57 

 

W 

0,00 

 

X 

93,15 

 

Y 

0,00 

 

Z1 

42,40 

 

Z2 

0,00 

 

Z3 

407,50 

 

Z4 

69,41 

 

AA 

190,97 

 

AB 

63,92     

7 and 8 none of the 
network, regardless if series losses
methods to determine the unknown pipe diameters shows that 

that are closest to represent the losses in the system
is a worst case scenario. 

Table 5 shows that 11.5 % of the piping for loops
calculating the average pipe diameter
amount of unknown pipes affects the certainty in calculating the average pipe 

the small difference between the two series X indicates that the unknown pipes 
evenly distributed in the system. 
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ng 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.

Losses

Loops 

Block MWh/m, year

324,82 

402,00 

632,76 

260,82 

323,62 

416,20 

13,88 

93,90 

612,27 

 707,63 

 453,07 

 0,00 

 944,27 

 356,62 

 217,19 

  

7 and 8 none of the series
series losses are adjusted as the producer recommended or not. Both specified 

methods to determine the unknown pipe diameters shows that 
that are closest to represent the losses in the system

Table 5 shows that 11.5 % of the piping for loops
diameter for the loops and feeds the unknown pipes are excluded. The 

ipes affects the certainty in calculating the average pipe 
the small difference between the two series X indicates that the unknown pipes 

evenly distributed in the system.  

PROCEEDINGS OF ECOS 201

IMULATION AND ENVIRO

11 

ng 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. 

Losses 

Feeds 

MWh/m, year MWh/m, year 

366,30 

1915,37 

868,54 

294,14 

73,51 

676,77 

0,00 

194,84 

821,71 

253,00 

3286,75 

879,93 

4697,54 

1829,71 

110,82 
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are adjusted as the producer recommended or not. Both specified 
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are adjusted as the producer recommended or not. Both specified 

1 and series 1 adjusted are the 
 normal Swedish DHS 
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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. 

5. Discussion 

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 
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. 
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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. 

6. Conclusions 

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

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
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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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ABSTRACT 

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. The floor heating system provided the most uniform operative 
temperature distribution and was the only heating system that fully satisfies the 
recommendations to achieve tolerable indoor climate set by the Swedish authorities. 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 is cheaper to be installed but produces a less 
pleasant indoor environment than distributed heating systems. It is also shown that a vigorous 
price reduction is needed for district heating, no matter if air- or floor heating system is chosen, 
in order to compete with the heat pump system. 

Nomenclature 

C Cost (Euro) 

c Cost (Euro/kWh) 

E Energy demand (kWh) 

DR  Draught rating (%) 

rad
I   Radiation intensity (W/(m2 sr)) 

Iu  Turbulent intensity (%) 

. .M R T   Mean radiation temperature (Ta) 

Nr Number (pcs.) 

aT  Ambient air temperature (ºC) 

op
T   Operative temperature (ºC) 

v  Velocity (m/s) 

σ   Stefan Boltzmann constant (kg/(s3 K4)) 
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Ideally, urban transformations should make the transformed region more climate-positive and 
energy efficient [4]. 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, hot water and electricity demands. Notably, 56% of the total energy supplied to the 
average Swedish house is used for room heating [5]. This value can however be greatly 
reduced by building low energy houses [6]. 
 
Due to its northerly location, Kiruna has a sub-arctic climate with winter temperatures that 
often drops below -30°C [7]. 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 and energy utilization, higher internal surface 
temperatures and lower air velocities than those found in conventional Swedish houses. 
 
Several different heating systems are available for new homes, as example radiators, floor and 
air heating systems, heat pumps, and pellet stoves. All of these systems have different 
installation costs, with radiators and floor heating systems being particularly costly to install 
when constructing a house. The installation costs for air heat pumps and pellet stoves are 
comparatively low. 
 
The indoor thermal climate is primarily affected by the temperature and velocity of the air and 
the incident radiation, as well as the relative humidity to a lesser extent. The humidity of the 
outdoor 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 three different heating systems in a low energy building 
concept is evaluated and compared, and an analysis of their operation is performed to assess 
their ability to satisfy a good thermal indoor climate according to the criteria specified in the 
Swedish building regulations. Actually the low energy building concept has been studied with 
several different heating systems [8], 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. 
 
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. 
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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 recommendations 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 [11], these issues can be omitted if the building constructor proves 
that a satisfying indoor climate will be achieved. 
 

1. Operative temperature (Top) not lower than 18°C. 
2. Maximum difference of 5°C among the single rooms. 
3. Floor temperature in the range of 16 to 26°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) being defined as the volume 
“enclosed by two horizontal planes, 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” [11]. 
 
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 
experience for each individual person, affected by different variables such as air temperature, 
temperature of surrounding surfaces, relative humidity and air velocities [12]. In this paper the 
operative temperature (Eq. 1) is calculated, which includes the ambient air temperature (Ta), air 
velocity (v) and the mean radiation temperature (Eq. 2) that is as a function of the radiation 
(Irad) from each surface. Due to the relatively low air velocity 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. 
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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. [13] 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 population 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 [14]. 
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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 relating to the 
conservation of mass, momentum and energy. The calculations were performed using a second 
order upwind discretization scheme in which the normalized Root Mean 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-ε model; a scalable wall 
treatment was used to obtain the temperature and velocity profiles in the near-wall region. The 

k-ε model is a two equation model: k is the transport equation for the turbulent kinetic energy 

and ε is the eddy dissipation [15]. The influence of buoyancy was predicted using the 
Boussinesq approximation. The radiation between different building surfaces was evaluated 
using the P-1 thermal radiation model [16]. 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 0.1m was selected based on the results of previous studies [17] using Roaches GCI 
method and Richardson extrapolation [18]. 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 heat sources chosen for the simulations were: a floor heating system, an air 
heating system, and an air heat pump system. 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 is installed above the entrance door and operates as a 
concentrated heat source (see Fig. 3). The air flow through the condenser unit is set to 0.164 
kg/s, which can be seen as a standard setup for a typical air heat pump. The internal air is 
calculated to be heated up to 35oC when the outdoor temperature is -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 are set according to Swedish building regulations [11]. 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 Tab. 2; 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 [19], so a temperature of 45°C is 
selected. In order to fulfill the heat demand, ventilation flows have to be adjusted according to 
Tab. 2. To be consistent with 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. 
 



Table 2. Ventilation air flows for different heating systems [9]. 

 

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 relatively 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 buildings with modest heat losses produce less 
pronounced gradients than ordinary houses. 
 
To evaluate the vertical operative temperature distribution obtained with the different heating 
systems considered in this work, calculations all along a vertical line located 1 m from the 
window 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 studied heating system. 
 
Figure 4 shows the operative air temperature gradient for an outdoor air temperature of -30°C. 
In the occupied zone (from 0.1 to 2.0 m above the floor) the floor heating system produces an 
almost uniform temperature distribution, the air heating system produces an operative 
temperature gradient of 1.2°C and the air heat pump with the condenser located above the 
entrance door produces a temperature difference of 1.4°C. In the air heat pump simulation, the 
highest temperature occurs at a height of 1.7m above the floor. This is due to the significant 
movement of the indoor air caused by the condenser fan (Fig. 4). 
 

Supply air Exhaust air
Heat pump, 
Floor heating Air heating

Heat pump, 
Floor heating Air heating

[l/s] [l/s] [l/s] [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

Volume flow Volume flow



 
Figure 4. Vertical operative temperature gradients produced by the different heating systems at a postion 

marked in Fig. 3. 

 
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, 
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 variation 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 difference 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 

The criterion about the floor temperature states that it should be in the range between 16 and 
26°C. Tab. 3 shows  the values of floor temperature for the different heating systems. 
 
Table 3. Simulated floor temperature for the different heating systems with an outdoor air temperature of       

-30°C. 

 
 
All systems are within the stated temperature levels and therefore fulfill the criterion. In all 
three cases the lowest temperature is 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. 
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The cost of purchasing and installing an air heat pump is around 2,800 € (2,100 € for materials 
and 700 € for the installation) [25-26]. Based on average daily temperature measurements for 
the period between 2008 and 2011 [7] and data from an independent testing organization [27], 
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 
current electricity price of 0.12 €/kWh [28-29], this is equivalent to a heat cost of 0.052 
€/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 production 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 occupied by a typical Swedish 
household of two adults and two children. On average, this household would require 
4,500kWh/year for the production of hot water [5]. 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 Tab. 4. 
 

� �
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Table 4, Setup and calculation of total heat and hot water production cost for the operating lifetime. 

 

3.5.1 District heating price level 

As shown in Tab. 4 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 at least to match with that 
of the air heat pump system. Table 5 shows the reductions in the price level of the district 
heating that are needed in order to have the same total cost of the air heat pump system. 
 
Table 5. The required price level and needed reduction for district heating in order to meet the total cost 

for air heat pump over the operating lifetime. 

 

Heat Hotwater

Building 8200 4500

System installation Con. + ins. fee COP Heating Hot water Technical life time Total cost

System [Euro] [Euro] [Euro/kWh] [Euro/kWh] [Years] [Euro/ 30 year]

Air heat pump 2800 - 2.3 0.052 0.12 15 34524

Air heating 910 4400 - 0.1 0.1 30 43410

Floor heating 4495 4400 - 0.1 0.1 30 46995

Demand

[kWh]

System Heating Hot water Total Reduction

[Euro/kWh] [Euro/kWh] [Euro] [%]

Air heat pump 0.052 0.12 34524 -

Air heating 0.077 0.077 34524 23

Floor heating 0.067 0.067 34524 33

Cost



As seen in Tab. 5 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. It can be seen that 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 

Using the electricity price that is paid for the air heat pump system as reference and 
comparing it with the unit costs of energy that would be desirable for air and floor heating 
(Tab. 5), a ratio for each heating system can be obtained (Tab. 6). 
 
Table 6. Maximum district heating prices and their ratio with current electricity price. 

 

 
As seen in Tab. 6 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 of the air heat pump system in a 30 year period. 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 below which 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, 9. The current price for 
district heating is 83 % of the electricity price and this makes the air heat pump a more 
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. 9. 
 
As can be seen in Fig. 9, with a low electricity price the installation and connection fee 
represent the dominant part of the total cost, which is 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. 
 
 

Energy in Ratio

System [Euro/kWh] [%]

Air heat pump 0.12 -

Current DHS price 0.1 83

Air heating 0.077 64

Floor heating 0.067 56



Fig 9. Limit ratios of district heating and 
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The floor heating system generates an almost perfect temperature 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 temperatures and air velocities within 
the building, the internal air velocities 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 Tab. 7) in bedroom 1, where the air inlet device is placed within 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 
odours 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 according 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. 
 
It seems hard for the district heating system to be an economically attractive heating source for 
households in the absence of a dramatic increase in the cost of electricity or a significant 
reduction in the cost of the heat it supplies. Such a reduction could potentially be achieved by 
collaboration between the district heating system and local industries that produce large 
quantities of waste heat. 
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