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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 requirements raise the prospect of using relatively simple and inexpensive heating systems to 
maintain an acceptable indoor environment, even in the face of extremely low outdoor temperatures. To explore the viability of this 
approach, the indoor temperature and air velocity distribution inside the building were studied assuming that it was fitted with one 
of four different heating systems: radiators, an underfloor heating system, a pellet stove, and an air/air heat pump. The radiators 
produced a relatively uniform horizontal temperature distribution throughout the house. The underfloor system provided an even 
more uniform temperature distribution. In contrast, the heat pump created a relatively uneven internal temperature distribution. 
Several locations for the pump were considered, all of which had significant drawbacks. The pellet stove produced a more even 
temperature distribution than the pump but not to the same extent as the underfloor system or the radiators. Overall, point source 
heating systems cost less to fit and operate over a given period of time but produce a less clement indoor environment than 
distributed heating systems. 
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1 INTRODUCTION  

 

The town of Kiruna is located in the very north of Sweden well above the Arctic Circle (Fig. 1) [1] and is home to the world’s 
largest underground iron ore mine [2]. 
 

 
Fig. 1 Location of the town of Kiruna, Sweden. 

 
Mining activities in the vicinity of Kiruna have caused extensive deformations of the land, which are starting to affect the town itself 
as shown in Fig. 2 [3]. As a result, an extensive urban transformation of the area will be required in order to permit the continuation 
of mining operations.  
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Fig. 2 Predicted deformation zones 

 
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 consumption of newly-built houses. Energy that is supplied 
to buildings is used for heating, hot water production and electricity. Notably, 56% of the total energy supplied to the average 
Swedish house is used for space 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 drop below -30°C [7]. 
Consequently, the amount of energy spent on space heating in the average house within the town is significantly greater than the 
Swedish average, meaning that there is considerable scope for reducing the town’s overall energy consumption by constructing 
energy-efficient housing. 
 
Several different heating systems are available for new homes. These include radiators, under-floor heating systems, heat pumps, 
and pellet stoves. All of these systems have different installation costs, with radiators and under-floor heating systems being 
particularly costly to install when constructing a house. The installation costs for air/air heat pumps and pellet stoves are 
comparatively low. However, homes equipped with air/air heat pumps require additional heat sources in order to maintain 
acceptable internal temperatures during particularly cold periods. Under normal conditions, a heat pump can supply 70 – 80 % of a 
house’s space heating requirements during the year and 60% of its peak load requirements. The cheapest way to make up the deficit 
is to use an electric heater, although this significantly increases the house’s electricity consumption.  
 
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% during this period. The government has issued a set of guidelines relating to 
the performance of indoor heating systems and the indoor climate within buildings. The thermal indoor climate parameter, the 
operative temperature (Top) should be in the range of 18°C-26°C in occupied areas, with a maximum difference of 5°C between 
different areas. In addition, the temperature of the floor should not be less than 16°C. The air velocity should not exceed 0.15 m/s 
during heating periods and 0.25 m/s at other times. The maximum tolerable relative humidity is 75% [8]. 
This paper describes an evaluation and comparison of the performance of different heating systems in a low energy building concept 
to that was conducted to assess their ability to satisfy the above requirements. 
CFD (Computational Fluid Dynamics) simulations were used to perform details investigations into the indoor climate within the 
house as a whole. 
 
More specifically, the aims of this work were to: 

 Determine how the indoor climate is affected by different heating systems  
 Evaluate different energy supply systems. 
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2 MATERIALS/METHODS 

 

2.1 Simulated Building 

The investigated building is a 98 m2 single family house with three bedrooms as shown in Fig. 3; the front door opens to the south 
and it is fitted with a balanced ventilation system with a heat exchanger unit for recovering heat from the exhaust air. The overall 
heat transfer coefficients (U-values) for its structural elements are presented in Table 1. It requires 8200 kWh of heat annually and 
can receive at most 2.6 kW of heating energy with which to maintain an indoor temperature of 20°C in the face of an outdoor 
temperature of -30°C. All of its windows have dimensions of 1x1m and the house has 11 windows in total. The calculated time 
constant for the building is 37 hours. The occupied zone (the volume people normally use) of a room is defined as being “enclosed 
by two horizontal levels, one 0.1 m above floor level and the other 2.0 m above floor level; and a vertical level 0.6 m from the 
exterior wall or other external limit, or 1.0 m by windows and doors” [8]. The house is assumed to be subject to the normal Swedish 
building regulations.  

 
Table 1. U-values 

Structural element
 

U-value 
(W/m2, K)

Wall 0.109

Roof 0.085

Floor 0.150

Window 0.850

Entrance door 0.900
 

  
 

 
 

Fig 3. Floor plan of the simulated house. 

 
One variable that can be used to describe the thermal environment in a way that accounts for the effects of the various factors that 
affect human comfort is the operative temperature (Top), which is calculated using equation 1. 
 

 2/)..( aop TTRMT   (Eq. 1) 
 

 
25.0)/(..  radITRM  (Eq. 2) 

 
In equation 1, the M.R.T is the mean radiant temperature (Eq. 2) and Ta is the temperature of the ambient air. Another important 
comfort parameter is the dry resultant temperature (Tcomfort) [9], which accounts for the effect of the velocity of the indoor air. It is 
calculated using equation 3. 
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2.2 Numerical setup 

All of the simulations discussed herein were conducted using ANSYS CFX 14.0, a software package for solving PDEs numerically 
using a 3D-finite volume method. The governing equations that were 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 
RMS residuals converge to a level of 10e-5. 
The turbulence model used in the simulations was the standard k model; a scalable wall treatment was used to obtain solutions in 
the near-wall region. The k model is a two equation model: k is the transport equation for the turbulent kinetic energy and  is the 
eddy dissipation [10]. 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 [11]. All of the simulations were allowed to 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 [12] using Roaches GCI method and Richardson extrapolation [13]. Inflation 
layers were used to achieve a better resolution for the near-wall regions, bringing the total number of elements required to simulate 
the entire building up to approximately 1.7 million. 
 

2.3 Boundary conditions 

Boundary setups were predicted for the different building surfaces according to their calculated U-values. The envelope surfaces 
were set using manually calculated heat fluxes. The emissivity for the surfaces was set to 0.9 for all building surfaces except the 
windows, for which a value of 0.5 was used. 
The ventilation air flows were assumed to be equal to the values specified in Sweden’s building regulations [8]. Simulated air 
supply points were located in the living room and the bedrooms, with exhaust devices in the bathroom, kitchen, laundry and the 
storage space (see Fig. 3). The supply and exhaust air flows are presented in table 2; the total simulated ventilation air flow was 34 
l/s. Due to the conservation of mass, the air flows were balanced in the simulations. 
 

Table 2. Ventilation air flows. 

Supply air Volume flow (l/s) Exhaust air Volume flow (l/s) 
Living room 14 Laundry room  11 
Bedroom 1 (master) 10 Kitchen 10 
Bedroom 2  5 Bathroom 11 
Bedroom 3  5 Closet 2 

 
Four different heat sources were modelled: a radiator system, a floor heating system, an air/air heat pump system, and a pellet stove. 
The first two systems were installed in each room of the house, while the latter two were installed in specific locations and 
functioned as point heat sources. Three different locations for the heat pump were considered (see Fig. 3). The air flow through the 
condenser unit was assumed to be 0.164 kg/s and the internal air was assumed to be heated to 35oC in the face of an outdoor 
temperature of -30°C (a value chosen to represent typical winter temperatures in Kiruna). The pellet stove was assumed to be 
installed in the living room.  
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3 RESULTS AND DISCUSSION 

 

3.1 Radiator system 

The figures below show the predicted values of selected output variables for the entire house in a horizontal plane located 1 m above 
the floor. Figures 4 to 9 show the predicted values of two variables that play key roles in determining the indoor thermal climate: the 
temperature and the movement of the indoor air. The maximum level (red colour) used in the figures indicates a predicted value that 
is greater than or equal to the maximum value shown on the scale for the figure. 
Fig. 4a shows that the differences in temperature between the different rooms of the house were relatively small when using 
radiators as the heat source; the positions of the radiators are indicated by the red areas. The bathroom was cooler than the rest of the 
house because the heat flux from its radiator was too low for effective heating. 
Fig. 4b shows that the air velocity field generated when using radiators was relatively uniform, with the highest velocities occurring 
directly above the radiators. Overall, the indoor air velocities were low and well within the boundaries defined by the Swedish 
building code.  
 

 
a) b) 

Fig 4. Results for the radiator simulations. a) Temperature distribution, b) velocity field. 

 

3.2 Floor heating system 

The floor heating system produced very small internal temperature gradients as shown in Fig. 5a. In this case, the heat is supplied 
via a very large surface whose temperature is very similar to that of the air, so the resulting temperature distribution is even 
smoother than that obtained using radiators. The velocity field (Fig. 5b) is characterized by small gradients and generally low air 
velocities. 
 
 
 

a) b) 
Fig 5. Results for the underfloor heating simulations. a) Temperature distribution, b) velocity field. 
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3.3 Air/air heat pump system 

Simulations were conducted with a heat pump unit located in three different places: above the entrance to the house, in the living 
room, and in the laundry as shown in figures 6 to 8. When the pump is placed above the front door (Fig. 6), it blows heated air into 
the living room. A more favorable distribution of heat throughout the house would be expected if the warm air were more evenly 
distributed along the hallway, so additional simulations were performed in which the pump was positioned in the living room (Fig. 
7) or the laundry (Fig. 8). In all three cases, the temperature distribution inside the house was rather uneven, with a maximum 
temperature difference of around 4°C in the occupied zone. The highest temperature in the living room occurred when the unit was 
placed above the front door or in the laundry. With the pump in the living room, the highest temperature occurs in the hall, which 
people only occupy transiently. However, this layout yields the lowest variation in internal temperature, which is positive for the 
thermal climate. It would probably be impractical to place the unit in the living room however due to its noisy operation. The 
bathroom is cooler than the rest of the house in all cases because it is only heated via the transfer of air from the hall.  
In all three cases, the internal air velocities exceed the upper limit of 0.15 m/s permitted by the building code, although since the 
internal temperature is high, this is unlikely to cause discomfort. In practice, heat pumps are usually installed above the front door. 

 
a) b) 

Fig 6. Results for the simulations with a heat pump above the front door. a) Temperature distribution, b) velocity field, location of unit above entrance door 

 
a) b) 

Fig 7. Results for the simulations with a heat pump in the laundry room. a) Temperature distribution, b) velocity field, location of unit in living room 
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a) b) 

Fig 8. Results for the simulations with a heat pump in the living room. a) Temperature distribution, b) velocity field, location of unit in laundry 
 

 

3.4 Pellet stove 

The pellet stove (WDH0.37*1.0m) was placed on the floor in the living room. The resulting internal temperature 
differences (Fig. 9a) were quite small, around 1-1.5ºC. However, it should be noted that the figure shows the temperature 
distribution in a horizontal plane but since the heat is transferred via natural convection, the vertical temperature gradient is much 
steeper than the horizontal gradient. The bathroom is cooler than the rest of the house for the same reason as it was in the heat pump 
cases. The air velocity is highest in the vicinity of the stove due to convection. However, the air velocities were generally low and 
evenly distributed, and well below the limits imposed by the building code.  
 

a) b) 
Fig 9. Results for the pellet stove simulation. a) Temperature distribution, b) velocity field. 

 

3.5 Operative temperature 

Figures 10a-c show the predicted Top distributions for three different heating systems: a) underfloor heating, b) a Heat pump, and c) 
a pellet stove. The underfloor heating system generates an isothermal operative temperature distribution inside the house. In 
contrast, there is much more variation in Top when using a heat pump located above the front door; similar results were obtained for 
the other heat pump locations considered. 
The pellet stove produces a relatively uniform Top distribution, with a lower temperature level in the bedroom area. The Top values 
are more homogenous than the air temperatures shown in Fig. 6 due to the contribution from thermal radiation. In all cases, the use 
of the low energy building concept, which incorporates well-insulated envelope surfaces and four glass windows with very low U 
values, significantly raises the temperatures of the house’s internal surfaces and thereby decreases the negative effects of radiation. 
The Top distributions for all three of the studied cases were well within the limits required by the building code.  
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Fig 10. The operative temperature distribution for a) the underfloor heating system, b) the heat pump system, c) the pellet stove. 
 

3.6 Comfort temperature 

The comfort temperature variable accounts for the effects of air movement as well as the internal temperature and thermal 
radiation. In all of the studied cases, the internal air velocities were low and therefore had little effect on the indoor climate. 
Consequently, there was little variation in the operative temperatures. The predicted Top and Tcomfort values for the floor heating 
system are identical. However, the heat pump system requires an intake air temperature of +35 °C to maintain heat balance, which 
means that the movement of the air increases the amount of heat supplied to the occupants of the house. This explains the 
difference between the results shown in Figures 11b and 10b. The pellet stove system produces a comfort temperature in the 
bedroom that is slightly below the corresponding operative temperature due to natural convection.  

a) b) 

c) 
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Fig 11. The comfort temperature distribution for a) the underfloor heating system, b) the heat pump system, c) the pellet stove. 

 

3.7 Vertical temperature gradients 

Hot air expands, so the warmest air will rise towards the ceiling. Conversely, air that is cooled by contact with relatively cold 
surfaces will descend towards the floor. These processes create vertical temperature gradients in each room, whose 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 yield smaller gradients. In addition, low energy buildings with modest 
heat losses produce less pronounced gradients than do ordinary houses.   
To evaluate the vertical temperature distributions produced by the different heating systems considered in this work, the temperature 
was calculated at all points along a vertical line located 1 m from the window in the living room (Fig. 3). This location was selected 
because it was considered likely to accurately illustrate the differences in the vertical temperature distributions produced by the 
studied heating systems. 
Fig. 12 shows the room air temperature gradient for an outdoor air temperature of -30°C. In the occupied zone (0.1-2.0 m above the 
floor), the radiator system creates a gradient of 2.3°C, while the floor heating system produces an almost uniform temperature 
distribution. The heat pump system (with the pump located above the front door) produces a gradient of 2.6°C and the pellet stove 
gives the steepest gradient of all (5.2°C). In the heat pump simulation, the highest temperature occurs at a height of 1.7m above the 
floor. This is due to the pronounced movement of the air caused by the pump (Fig. 6). The pellet stove primarily transfers heat to the 
air via natural convection, which is why its vertical temperature gradient is comparatively steep. To estimate the average vertical 
temperature gradient throughout the house, simulations were conducted to predict the temperatures in two horizontal planes, one 
located 0.1m above the floor and the other 2.0m above the floor. The difference in mean temperature for these two planes was used 
as an indicator of the house-wide vertical temperature gradient. The mean difference for the radiator system was 1.8°C and there 
was little variation in this value throughout the building. A similar mean difference was observed for the heat pump system. 
However, in this case, there was a greater degree of local variation, with the difference ranging from almost zero in some places to 4 
°C in the vicinity of the condenser unit. The floor heating system produced a negligible temperature difference throughout the 
house. Finally, the mean difference when using the pellet stove was 3.4 °C, with the largest difference being 6°C in the vicinity of 
the stove in the living room.  

a) b) 

c) 
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Fig 12. Vertical temperature gradients produced by the four heating systems 

3.8 Overall thermal comfort. 

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 consumption, higher 
internal surface temperatures (in both the envelope and the windows) and lower air velocities than are found in conventional 
Swedish houses. In general, the heating systems examined in this work provided acceptable indoor thermal environments even in 
the face of very cold outdoor conditions (-30°C). The floor heating system generates an almost perfect temperature field with low 
air movement and near-ideal operative and comfort temperatures. In particular, the air velocity field generated by the underfloor 
heating system is characterized by very low speeds, which is very beneficial in terms of the comfort temperature. The radiator 
system creates an indoor environment that is very similar to that obtained using the underfloor heating system. Local heat 
distribution systems (i.e. heat pumps and pellet stoves) generate larger differences in temperatures and air velocities within the 
building: when using the heat pump, the internal air velocities exceed the maximum acceptable values specified in the Swedish 
building code, and the pellet stove creates temperature differences that exceed the regulatory limits. It should be noted that the 
simulations assumed that all of the house’s internal doors were open (aside from that leading to the bathroom); if any doors were 
closed, these differences would become much more pronounced.  
The simulations discussed herein were performed under the assumption of steady state conditions. This is reasonable for all of the 
studied systems other than the pellet stove. In practise, pellet stoves generate quite large temperature transients due to difficulties 
associated with their control systems; this would increase the severity of their already rather pronounced temperature differences. 
The larger temperature gradients observed when using heat pumps and stoves occur because these heat sources increase the strength 
of natural convection. This increases the amount of energy required to heat the house. Heating the house to 1 °C above the optimal 
temperature increases its heat demand by 5% (~400 kWh/year); local temperature variations in different rooms have similar effects. 
However, it should be noted that these extreme conditions generally do not persist for extended periods of time.  
 
 

3.9 Techno- economical analysis 

In Sweden, most buildings are heated via the local district heating network. On the secondary side (i.e. in the buildings), the heat 
from the network is typically distributed using radiators or underfloor heating systems. Kiruna has a well-developed district heating 
system to which most of the town’s buildings are connected; it supplies 80% of the town’s heat requirements. This system primarily 
generates heat by burning a mixture of fuels, including waste, biomass and oil, together with some electric heating. The district 
heating system is considered to be a sustainable and environmentally friendly heat production technology. Air/air heat pumps 
consume electricity, which is an energy source that would ideally be conserved. In contrast, pellet stoves burn processed biomass 
produced from residual wood. The cost of the energy consumed by different systems is an important factor when comparing their 
utility; Fig. 13 shows the variation in the prices of the energy sources used by the heating systems considered in this work for the 
period between 2000 and 2012 [14-16]. 



12th International Conference on Sustainable Energy technologies (SET-2013) 
 26-29th August, 2013 

Hong Kong 
 

 

 
Fig 13. Prices of different energy sources in Sweden for the period 2000-2012, in €/kWh (inc. taxes) 

 
The initial cost of connecting a house to the district heating network in Kiruna is around 4,400 € [17]; based on current tariffs, the 
heat supplied by the system costs consumers 0.099 €/kWh [18]. This is approximately equal to the national average cost of heat 
supplied by district heating systems [19]. The cost of purchasing and installing an air/air heat pump is around 2,400 € (1,500 € for 
materials and 900 € for the installation) [20]. Based on average daily temperature measurements for the period between 2008 and 
2011 [7] and the relationship between the COP and the outdoor temperature [21], the average COP for a heat pump during the 
heating season is around three. At the current electricity price of 0.16 €/kWh [22], this is equivalent to a heat price of 0.053 €/kWh. 
It costs around 5,200 € to purchase and install a pellet stove (3,500 € for materials and 1,700 € installation) [23] and its fuel 
currently costs 0.07 €/kWh [24]. Both air/air heat pumps and pellet stoves are assumed to have operational lifetimes of 15 years and 
so both would need to be re-installed once during a thirty year period. 
 
In addition to space heating, the energy consumed in producing hot water must be considered. This is normally done electrically in 
houses that have an air/air heat pump or a pellet stove. 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 of heating for this household using the systems considered in this work over a thirty 
year period are shown in Fig. 14. These figures include the initial cost of installing the heating system as well as the cost of energy 
for space heating (8203 kWh/year) and hot water production (4,500kWh/year). The trendlines shown in Fig. 13 were used to predict 
future energy prices.  
 

 
Fig 14. Cumulative costs for different heating systems.   Fig 15. Cumulative costs of the district heating and air pump systems assuming   

different energy prices 

 
As can be seen in Fig. 14, the costs of using a pellet stove exceed those of using the district heating system over a 30 year period. 
Given that pellet stoves also require maintenance, the district heating system appears to be the better option. In the case of Kiruna, 
the cheapest option is the air/air heat pump. However, if the price of electricity were to increase by 35%, the air/air heat pump and 
district heating options would have the same cumulative cost over the 30 year period. 
 
Fig. 14 also shows that the dominant contributor to the cost of district heating is the operating cost rather than the initial cost. For 
comparative purposes, the thermal losses for the network in Kiruna are 12%, which indicates that reducing the thermal losses in the 
network will not bridge the price gap. The biggest cost aside from the cost of energy is the cost of getting connected to the network. 
This can be reduced when building new homes by colocation with other networks such as those for drinking water, drains, and 
electricity. The construction cost makes only a minor contribution to the total cost over the 30 year period.  
 
The data shown in Fig. 14 are based on electricity prices for the Nord pool spot market, while the cost of district heating is obtained 
from the local tariffs in Kiruna. Figure 15 shows the cumulative costs for the district heating system and heat pump if one instead 
assumes that the cost of district heating is equal to that in Luleå [25], which has the lowest prices for district heating in Sweden, and 
the cost of electricity is equal to that in Germany. Under these conditions, the heat pump becomes much more expensive because the 
German price for electricity for 2012 was 203% greater than that in Sweden.  
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The operating cost for district heating in Luleå is 0.06 €/kWh (2013) [25]; at that price level, the cost of district heating and the 
air/air heat pump are almost equal over 30 years but the district heating system provides a more consistent indoor temperature and 
lower indoor air velocities. 
 
The urban transformation of Kiruna will necessarily involve the construction of a lot of new housing. If the builders and planners 
only consider the total cost of construction and operation when selecting heating systems for these homes, they may install heat 
pumps or alternative heating systems rather than using the district heating service. However, by using the district service it becomes 
possible to fit water-based heating systems in the homes, which provide a much better indoor thermal environment as discussed in 
section 3.8.  In public buildings and industrial facilities, the use of the district heating system is more economically practical; to 
minimize network losses and installation costs, such buildings should be grouped together when rebuilding the town. 
 
There is a very high level of cooperation between Kiruna’s district heating network and its local industries, which produce large 
quantities of waste heat. As such, there is likely to be considerable scope for reducing the cost of heat generation in the town, which 
could potentially reduce the cost of using its district heating system to the levels seen in Luleå. This would further increase the 
attractiveness of using district heating technology in new housing. 
 

4 CONCLUSIONS 

The results presented herein show that acceptable indoor climates can be achieved efficiently in low energy buildings located in a 
sub-Arctic environment. 
The best indoor thermal environments are achieved using radiators and underfloor heating systems, which distribute heat to each 
room directly.  
Local point heat sources such as an air/air heat pump or a pellet stove provide a less pleasant indoor climate in terms of the 
temperature variation, air velocity, and radiation.  
The floor heating system creates almost negligible temperature gradients with very little air motion.  
The pellet stove creates the largest temperature gradients and the heat pump generates substantial fluctuations in air velocity. 
Both of the point heat sources require more energy to achieve a given level of heating due to their uneven temperature and air 
velocity distributions.  
All of the studied heating systems were capable of meeting the temperature and air flow criteria recommended by the government 
with the exception of the heat pump, which generated air velocities in excess of the recommended values.  
In Kiruna, the total cost of heating using a heat pump is likely to be lower than that for the district heating system or a pellet stove.  
District heating systems will not be economically attractive for household use in the absence of a dramatic increase in the cost of 
electricity or a significant reduction in the cost of the heat they supply. Such a reduction could potentially be achieved by a 
collaboration between the district heating system and local industries that produce large quantities of waste heat. 
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