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Abstract 
 
With development within district heating leading to more incorporation of decentralized production, lowered 
temperature levels are required to enable these possibilities. Therefore, this study was conducted in 
collaboration with Fortum with the purpose of investigating and quantifying the effects of lowered delivery 
temperatures on mass flow and return temperatures. When these effects had been determined, the limiting 
factors were identified as well as the adjustments needed to enable the lowering delivery temperatures.  
 
This study is divided into two sections: a modeling of four type buildings and two case studies of specific 
areas of the Stockholm district-heating grid. The two sections of the study both use an Excel constructed 
model to examine the effects of the new proposed delivery temperature levels. The first section uses four type 
buildings with varying internal temperature levels to display how different secondary systems react to the 
changes in delivery temperature. The second section contains two case studies of outer parts of the grid 
where actual buildings are modeled. In the case studies the pipes speeds and secondary systems are analyzed 
to determine limiting factors for the lowering of the delivery temperatures.  
 
Overall this study contributes with quantified results of the effects of four lowered delivery temperature 
profiles on different customer systems. Analysis of the delivery temperatures showed that the largest change 
was shifting from the actual delivery temperatures of 2011 to the delivery profile that Fortum currently 
promised to deliver. The pipes of the studied areas were found not to be a limiting factor even in cases where 
the when mass flows increased three fold. The greatest limiting factor was determined to be the internal 
temperatures of the buildings, which set a strict limit and cannot be altered by Fortum without the customers’ 
cooperation.  
 
In conclusion a range of limiting factors were identified that proved to be potential limitations depending on 
the circumstances of a specific case. Depending on the investment needs in a specific case the economic 
viability was deemed to most likely be positive. When implementing lowered delivery temperatures in reality it 
is vital to acquiring data on secondary systems in order to identify the specific limitations of the proposed 
area. In addition an area of more research on the effects of lowered temperatures on the entirety of the grid 
as this study only investigates isolated sections.  
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1. Introduction 
 
This chapter will introduce the background and problem formulation, which form the purpose of this thesis.  
 

1.1 Background 
 
District heating is a common type of heating used in domestic heating, which accounts for about 46 percent 
of the annual heat- and cooling demand in Sweden. In Stockholm, district heating is operated by Fortum, 
who recently launched Öppen Fjärrvärme, or Open District Heating (2013), which is a new market platform 
in which local producers of waste heat such as data server halls and supermarkets can sell their waste heat as 
energy on to Fortum’s grid. These heat sources can generally deliver water of temperatures around 68 
degrees, while temperature levels of the water delivered to customers today can be higher. The temperatures 
promised to customers follows a relationship to outdoor temperature, in which delivery temperatures are kept 
at 65 degrees for outdoor temperatures above zero degrees, and increase linearly up to 100 degrees for 
outdoor temperatures below zero degrees. When delivery temperatures are above 68 degrees, water from 
Öppen Fjärrvärme is today mixed with warmer water to reach the desired temperature. But Fortum is 
interested in lowering the delivery temperatures at cold outdoor temperatures to be able to utilize the new 
heat sources without having to mix water flows. 
 

1.2 Problem formulation 
 
The general effects of lowered delivery temperatures are known: a higher mass flow will need to be supplied 
to customers, which in turn will lead to lowered cooling of the water in the substation, resulting in higher 
return temperatures. But these effects have scarcely been quantified, and how they are affected by the 
properties of the customer buildings requires more research. 
 
Furthermore, the factors limiting the possibilities of lowered delivery temperatures in the district heating 
system need to be established if Fortum or other district heating operators would want to implement 
strategies to enable lowered delivery temperatures. Today, how the limiting factors affect the possible 
temperature levels are unknown, and need analysis in order to understand their impact. 
 

1.3 Purpose 
 
The purpose of this report is to twofold: first an analysis of how lowered delivery temperatures will affect 
mass flow and return temperature from buildings will be conducted, both in theoretical buildings and in two 
real case areas. Second, obstacles and limitations in both customer buildings and grid systems for further 
lowering of delivery temperatures will be identified to discuss what changes can be made to enable lower 
delivery temperatures.  
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Research questions 

To be able to conduct the research, three research questions were created. 
 

1. What are the factors affecting the dynamics of return temperature and mass flow in a district heating 
system? 

2. How do mass flow and return temperature changes together with other aspects of the district heating 
system affect the possibilities of lowered delivery temperatures? 

3. What changes and adjustments can be made to enable lower delivery temperatures, and in what way 
do they enable it?  
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2. Literature review 
 
In this chapter relevant literature regarding district heating infrastructure, thermodynamic processes and 
current initiatives within the field will be reviewed. This information constitutes the base of this study. 
 

2.1. Heating demand of buildings 
 
Heating demand arises from two requirements in a building; the need to heat the space to create thermal 
comfort and the need to heat water. In this chapter, the characteristics of the heating demand of buildings are 
presented. First, the space heating demand is discussed, followed by a discussion on water heating demand. 
 

2.1.1 Space heating 
The heating demand of buildings is strongly related to outdoor temperatures, forming a linear relation with 
higher heating demand at lower outdoor temperatures (Werner & Frederiksen, 2013, p. 92). The heating 
demand is dependent on several factors, for example the losses caused by transmission to the surroundings, 
weather conditions such as wind speeds and solar irradiation. Furthermore, internal factors affect the heat 
demand, for example heat gains from human beings and machinery lower the heat demand, isolation in walls 
affect how much of the heat is transmitted to the outdoors, and desires of the inhabitants affect indoor 
temperature. In Sweden, typical indoor temperatures lies around 21-22 degrees and has done so for the last 
decades, but this varies with geography: in Britain, the national average was 18 degrees in 2005 and 13 degrees 
in the 1970’s.  
 
Heating of buildings is a dynamic process. Due to the nature of heat transfer, temperature shifts do not 
happen instantly, but over time. Indoor temperature will vary as the abovementioned factors change, and the 
time it takes for indoor climate to change is dependent on the properties of the building. If outdoor 
temperature change, the wall temperature of the buildings will start to change before the indoor temperature 
is affected. Depending on the thickness and the thermal conductivity of the material in the walls, the time 
between outdoor and indoor changes will vary. This is what constitutes the so-called time constant of a building, 
which affects how the heat demand of a building depends on temperature shifts.  
 
Heating demand has dropped significantly during the last decades, not only in Sweden but in many countries. 
This trend can be explained by various energy crises, resulting in higher fuel and energy prices, and the 
relatively new interest in energy efficiency. The average heating demand for Swedish apartment buildings has 
diminished over the last 40 years, dropping by 40 percent since 1970, and today the yearly average heating 
demand of apartment buildings is 152 kWh/m2 (Werner & Frederiksen, 2013, p. 59). However the heating 
demand will vary over the course of a year. During summer, there will often be no space heating demand 
mainly due to high outdoor temperatures and solar irradiance. For each building there must therefore exist an 
outdoor temperature for which the space heating demand becomes zero for varying circumstances. This 
temperature is labeled the balance temperature, and is defined as the outdoor temperature at which heat gains 
from solar irradiance and internal heat gains are equal to the heat losses to the surroundings, meaning that at 
this temperature, there is no heating demand. Depending on geographic area and season, this temperature 
varies as solar irradiation varies. Typical values for Europe are between 10-15 degrees (Werner & Frederiksen, 
2013, pp. 43-54).  
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2.1.2 Water heating 
Water is used for many applications in housings such as personal hygiene, kitchen activity and cleaning, while 
hot water specifically is used mainly for personal hygiene and kitchen activity (Wahlström, Nordman, & 
Pettersson, 2008). The yearly average hot water usage of 0.54 m3/m2 equates to a yearly power usage of 30 
kWh/m2 (Andreasson, Borgström, & Werner, 2009). Comparing this figure to the average space heating 
demand of 152 kWh/m2 show that the proportion is approximately 1:5, while other studies have found the 
relationship to be 1:10 (Jonsson, Holtsberg, & Jonsson, 1994) the main part of the total heat demand can be 
attributed to the need to space heating.  The hot water usage varies from building to building and from 
apartment to apartment, depending on the behavior of the inhabitants. However, some general trends can be 
observed when studying larger samples of users.  
 
First, just as with space heating, there is a variation depending on season: hot water usage is generally lower 
during the summer month than during other months of the year. The usage is highest during the period 
between November and February, and declines to a minimum in July, measuring at around 60 to 70 percent 
of the usage during winter months (Werner & Frederiksen, 2013), (Ek & Nilsson, 2011). The reason for these 
variations is explained by several factors. For example, if inlet water is acquired from shallow water catchment 
sources, inlet water temperature can be 12 to 14 degrees higher in warmer periods than in winter. This results 
in higher power requirements to heat the water during colder months. If water is acquired from groundwater 
sources, this phenomenon is absent as groundwater temperature is almost constant over the year. 
Furthermore, behavioral factors affect the power requirements over seasons. How hot and how long people 
shower may vary, thus affecting the power requirements. Lastly, people tend to be away more during warmer 
seasons, for example away on vacation or spending more time outdoors. Obviously, this leads to less power 
requirements, as no water needs to be heated (Frederikssen & Werner, 1993). 
 

 
Second, there are variation in power requirements between weekdays and weekends, as illustrated in Figure 1. 
This is also explained by behavioral factors: as people generally work during weekdays but are free on 
weekends, the usage pattern differs, as shown in Figure 1. Clearly, there is an effect of people showering and 
using hot water later in the morning during weekends, and hot water is used more evenly during the day 
compared to weekdays, where the pattern show peaks early in the morning and in the evening  
(Jonsson, Holtsberg, & Jonsson, 1994).  

Figur 1 - Weekday and weekend water usage patterns for varying seasons Figure 1 - Weekday and weekend water usage patterns for varying seasons 
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2.2 Functionality of district heating 
  
District Heating is a form of heating system in which heat is generated to heat water or steam in a centralized 
production plant, which is then distributed through pipes in the ground to customer buildings. One pipe 
leads the water to the building, where the water passes a heat exchanger, heating water then circulates inside 
the building’s internal heat system, and the water is led back to the heating source. District heating is a 
common form of heating in Sweden. Out of a total of 100 TWh heat energy sold each year, 46 TWh was 
delivered using district heating. In Stockholm, the district heating grid is operated by Fortum, and yearly a 
total of 8 TWh of heat energy is sold, equivalent to about 17 percent of the annual district heating sold in 
Sweden (Fortum AB, 2014).  
 
Often, district heating utilizes heat generated from processes in which heat is generated together with 
electricity, in so called Combined heat and power plants (CHP). In these plants fuels such as garbage and 
waste, biofuels and fossil fuels are burnt to generate electricity and heat. Hot steam is created, and by letting 
cold water pass the steam, the water vapor in the steam is condensed, releasing energy, which is absorbed by 
the cold water. The heated water can then be used in the district heating process. This process can raise total 
efficiency of power plants plenty fold, not uncommonly from levels of 40 percent to 90 percent, even though 
the power generation is affected negatively when heat generation is added to the process (Carbon Trust, 
2010), (Serup, 2002), (Werner & Frederiksen, 2013, p. 21). Figure 2 illustrates an overview of a district heating 
system. (Johansson P.-O. , 2007, p. 5) 
  

 
 
 
There are two “sides” in the district heating system, denoted the primary and the secondary side. The primary 
side includes the generation plant and the pipe network to customer buildings. The secondary side refers to 
the internal heat systems inside each building. Connecting the two sides is the district heating substation, 

Figure 2 - An illustration of the district heating system 
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often located in the customer building. In the following sections, closer descriptions of substation and 
primary and secondary sides are presented. 
 

2.2.1 Primary side 
The primary side of the district heating system consists of the generation plant, the pipes leading water to 
customer buildings, pumps to circulate water and other components such as various valves. The pipes form 
the district heating grid, consist of a network of pipes in the ground. As more customers are connected to the 
grid, it grows and the structure of the grid can take on different shapes. Typically, small grid networks are 
connected together as the number of customers grows. Depending on the location of the heat generating 
facilities, it can be necessary to utilize big transmission pipes: large pipes used to transport water longer 
distances (Werner & Frederiksen, 2013, p. 425). Figure 3 shows how the grid network in Stockholm has 
developed from 1970 to 2010 (Magnusson, 2011). As can be seen, it first consisted of separate grids that have 
slowly been connected. In the top of the last picture, a transmission line is visible, transporting water from a 
CHP plant to the more southerly located grid areas.  
 

 

2.2.1.1 Pipes 
The grid is made out of two parallel pipes: one for delivering water and one for returning water for reheating. 
Depending on how much water is to be delivered, different sized pipes exist, and the structure is similar to 
that of a tree in the sense that the “branches” get smaller further out in the grid.  The biggest pipes are called 
transmission pipes and lead the water from the CHP plants out into the grid, and the smallest are the so 
called service pipes: the ones that connect the substations to the grid (Werner & Frederiksen, 2013, p. 447).  
 

Figure 3 - The development of Stockholm's district heating grid from 1978-2010 



 14 

Table 1 - Recommended water speeds for pipe dimensions 

Pipe 
 

Svensk Fjärrvärme (m/s) Fortum Värme (m/s) 
 
DN20 - 0.7 
DN32 0.9 0.9 
DN40 0.9 1 
DN50 1 1.2 
DN65 1.2 1.4 
DN80 1.3 1.5 
DN100 1.6 1.8 
DN125 1.8 2 
DN150 2 2.2 
DN200 2.4 2.5 
DN300 2.6 2.6 
DN400 2.7 2.7 
DN500 2.9 2.9 

 
 
Optimization models are usually applied to decide on what pipe dimensions should be used. The power load 
of a new customer is often an uncertainty, and therefore it is common to choose bigger pipes to ensure that 
no under-dimensioning will occur. The limiting factor in the optimization is often water speeds, as volume 
flow is the products of the cross-sectional area of the pipe and water speed. In the table above, recommended 
water speeds for various pipe dimensions both from Svensk Fjärrvärme and Fortum are shown (Svensk 
Fjärrvärme, 2005). The trend is clear: greater pipe diameter yields higher water speeds. These are 
recommended water speeds, but maximum water speed values are also used. In smaller pipes high water 
speeds might cause noise that can be transmitted into buildings. In bigger pipes, the limit is often that 
pressure is proportional to the square of water speed, meaning that at high water speeds, the additional 
pressure required to increase water speed becomes very high. Fortum uses a maximum pipe speed of 2.5 
meter per second in their systems (Sivengård, 2015), (Werner & Frederiksen, 2013, pp. 445-448). 
 

2.2.1.2 Heat losses in pipes 
Due to the nature of heat transfer, energy will flow from a warmer body to a colder body. Therefore, there 
will be heat losses associated with the distribution of water through the pipes, as the surrounding ground is 
always colder than the distributed water. Therefore insolation of the pipes is used, but heat is nonetheless 
transmitted to the surrounding ground. This is visible in winter, when the district heating pipes cause the 
snow to melt (Werner & Frederiksen, 2013, p. 78). The heat losses are dependent on several factors such as 
the dimensions of the pipe, the insolation and the temperature levels of the water and the ground. These 
factors are difficult to calculate for pipes in the ground (Dahm, 2001), and are not inside the scope of this 
report. However, the larger the difference between the ground and the water, the larger the losses are. 
Therefore it is beneficial from a heat loss perspective to have as cold temperatures in the pipes as possible 
(Werner & Frederiksen, 2013, p. 79).  
 

2.2.1.3 Circulation pumps 
Pumps are used to create pressure in the grid, causing the water to circulate. Fortum promises to maintain a 
pressure drop of at least 1 bar to its customers, meaning that the pressure drop should never fall below this 
value in the grid. To ensure this limit, an internal minimum value of 1.5 bars is used. In areas where pump 
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capacity enables a higher pressure drop, the limiting factor upwards is water speed and noise pollution. 
Furthermore, a maximum pressure of 16 bars in the grid is set in the grid (Sivengård, 2015). 
 
The electrical power used to operate the pumps is a cost for the district heating operator, and is a function of 
pressure drop, efficiency of the pump and volume flow, as described in equation (1): 
 

!!" =
∆!!"#!
!!"#!

!!!!!!(1) 
 
However, pressure drop is proportional to the square of the volume flow according to equation (2): 
 

∆! = !− 8!"
!!!! !

!!!!!!(2) 
 
Combining the two equations show that electrical power required for the pumps is proportional to the cube 
of volume flow (Nilsson, 2000): 
 

!!" ∝ !!! 
 
While the pumps require electricity to run and therefore generate an energy need and cost for the district 
heating operator, this power does not necessarily have to be considered as wasted. The mechanical energy 
that is supplied to the pump is converted into kinetic energy in the water, which in turn is converted into heat 
due to frictions the in pipes, valves and substations. The water absorbs this heat, and thus the supplied pump 
power is in the end supplied to the water as heat. In some cases, this friction heat can surpass the heat losses 
from the pipes, resulting in a zero temperature drop in those pipes (Werner & Frederiksen, 2013, p. 436).  
 

2.2.1.4 Delivery temperatures 
On the primary side, water is delivered at different temperatures depending on outdoor temperature. Fortum 
promises specific minimum delivery temperatures to their customers in order for them to correctly 
dimensioning of heat exchangers. These temperatures are presented in the line graph Figure 4. However, the 
delivered temperatures are often higher in reality in order to create higher Delta-T values and thus lowering 
needs for mass flow (Sivengård, 2015). An example of real delivery temperatures is also presented in Figure 4. 
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2.2.2 Substations 
The primary district heating system connects with the secondary internal heating system of the building 
through a district heating substation, usually located inside the building. The substation consists of heat 
exchangers used to exchange heat from the primary system to the secondary system. Each building has its 
own internal heat system used to deliver hot water to taps, to radiators and to the ventilation system.  There 
are several types of connections in which the substation can be designed, for example parallel connection, 2-
step connection and 3-step connection. Depending on connection type, there are at least two circuits of water 
connected to the substation, one for radiators and one for hot water. While all connection types are meant to 
fill the same purpose of heating water, they are separated by the details of the pipe and heat exchanger 
connection scheme. In Figure 5 (Johansson P.-O. , 2007, p. 10), displaying the parallel scheme, it is evident 
that this design only uses two heat exchangers. In contrast to this the 2-step and 3-step connections use three 
heat exchangers, with two heat exchangers in the hot water cycle. Historically in Sweden, step-2 and step-3 
connections were commonly used, but have in most cases been replaced by parallel connection, which are 
now the most common type of connection in Sweden (Werner & Frederiksen, 2013, p. 368), (Svensk 
Fjärrvärme, 2009). 
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In a parallel connection (Figure 5), water from the primary side passes two heat exchangers, one for each 
heating cycle. After the primary water has passed the heat exchangers, it is returned to the heat generation 
facility to be reheated. 
 
The substations contain many components such as various meters, valves and filters (Svensk FJärrvärme, 
2014). However, a detailed explanation of these components will not be conducted in this report. Instead, 
only the heat exchangers and the control valves, controlling the amount of water entering the substation, will 
be discussed in the sections below. 
 

2.2.2.1 Heat exchangers 
In the heat exchanger, the primary side water enters on one side, passing along metal surfaces through which 
heat is transmitted. On the other side of the metal surface, the secondary side water passes, absorbing the 
heat and is thus heated. The cooled primary water then exits the heat exchanger and recirculates to the heat 
generating facility. The heated secondary water similarly exits the heat exchanger on the other side and is then 
circulated through the building to then re-enter the heat exchanger again. Modern substations all use counter 
flow heat exchangers, as counter flow cools the water better than other types of connections, yielding higher 
Delta-T values (see section 2.3 Thermodynamic Processes), and allows the primary delivery temperature to be 
lower (Werner & Frederiksen, 2013, p. 357). Furthermore, almost all heat exchangers in the substations are 
plate heat exchangers, as their design is superior to others, making them compact and cheap (Werner & 
Frederiksen, 2013, pp. 372-373). 
 
The heat exchanger as well as the substation is owned by the customer, who is therefore responsible for 
correct installation and maintenance. Regular maintenance is required to remove fouling due to a 
accumulation of impurities on the heat exchanger plates. The effective lifetime of a heat exchanger can vary 
but for ones used in district heating, the heat exchangers are effective for 15 to 20 years (Sivengård, 2015). 
 

Figure 5 - Illustration of a parallel-connected substation with two heat 
exchangers 
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2.2.2.2 Control valves 
Connecting the substation with the delivery pipe from the primary system is a control valve. How open the 
control valve is at a specific moment is controlled by how much heat is demanded on the secondary side. If 
no heat is demanded, then the valve will close shut, and then gradually open, as heat is needed. When 
dimensioning the valve, the maximum volume flow and the smallest occurring pressure drop is used, as 
falling pressure drop will require the valve to open more if a certain water flow is to be maintained. The size 
of the valve is characterized by a flow coefficient, the so-called KVS-coefficient. The KVS-coefficient is 
defined as the volume flow through the valve when fully opened at a pressure drop of 1 bar. In Figure 6 the 
log-log-diagram below illustrates the maximum volume flow in the relation to pressure drop for valves with 
specific KVS-coefficients (Werner & Frederiksen, 2013, pp. 389-391).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 

 
 

2.2.3 Secondary side 
This chapter will discuss the two cycles of the secondary side: the hot water cycle and the radiator cycle, and 
their respective design and properties. Both these constitute the secondary side of the district heating grid and 
is connected to the substations as discussed above.  
 

2.2.3.1 Hot water cycle 
On the hot water secondary side, the hot water is mixed with incoming cold water to create the desired water 
temperature, and then used for tap water. However, in order to reduce both unnecessary water usage and 
waiting time for hot water at the tap, hot water recirculation systems are used. These systems circulate hot 
water in the pipes even when no taps are opened, so that whenever a tap is opened hot water is accessible 
directly instead of being heated only when the tap is open. The circulating water is held at constant 
temperatures over the year, maintains a temperature of at least 50 degrees; otherwise there would be a risk for 
bacterial growth in the water, and a maximum temperature of 60 degrees, as there is a risk for scalding at 
higher temperatures (Johansson P.-O. , 2007). For the user to acquire a specific water temperature, hot water 

Figure 6 - Diagram of KSV-coefficient in relationship to volume flow 
and pressure drop 
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is mixed with entering cold water to create a mixture with the desired temperature. Therefore the returning 
water temperature varies with water usage: the less usage the higher returning water temperature. There are 
heat losses associated with the hot water circulation, so even though no hot water is tapped, the circulating 
water will loose a few degrees as it passes the pipes. This loss is equal to about 3 to 5 degrees, meaning that 
delivery water of 60 degrees will return with a temperature of 55 to 57 degrees (Wollerstrand J. , 2002) 
(Svensk FJärrvärme, 2014). 
 

2.2.3.2 Radiator cycle 
On the radiator side (left side of Figure 5), an outdoor meter is connected to a regulator, which adjusts the 
primary mass flow, thus regulating the amount of water entering the radiator heat exchanger and thereby 
controlling the amount of heat exchanged.  The heated water leaves the exchanger and cycles through the 
radiators where it heats the space area in the building and is thereby cooled. Thereafter, the water is reheated 
in the heat exchanger. In this cycle, the water temperature can reach higher levels than 60 degrees. The exact 
temperatures depend on how the internal system is designed, outdoor temperatures and what options the 
substation is set for, described in the next section. 
 
Compared to the hot water cycle the radiator heating system is designed to deliver the required heat using 
varying water temperatures in the outflow from the radiator heat exchanger  (Johnsson, Rossing, & Walletun, 
2009). Secondary heat systems are designed for constant mass flows, so as outdoor temperatures fall the 
power requirements of the system increase and therefore so will the temperatures of the water in the radiator 
cycle (see chapter thermodynamics on details about thermodynamic relationships between power, mass flow 
and temperatures) (Johansson P.-O. , 2007). Figure 7 illustrates an example of secondary temperatures in the 
radiator cycle with constant mass flow. As seen, secondary supply temperature (Tss) increases with colder 
outdoor temperatures, and so does secondary return temperature (Tsr). The difference between the two 
temperatures, the so-called Delta-T value, also increases with colder temperatures. Furthermore, the figure 
illustrate a building with a balance temperature of 16 degrees, since at that outdoor temperature, the two 
radiator cycle temperatures are equal, meaning there is no heat transmitted in the radiator cycle, and thus 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 - Example of secondary supply and return 
temperature curves in relationship to outdoor temperature 
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there must be no demand for space heating. The two lines are not entirely linear due to the nature of the heat 
transfer, which in the case of radiators is a combination of natural convection and radiation, both of which 
follow non-linear relationships depending on the average surface temperature of the radiator (Werner & 
Frederiksen, 2013, p. 376). 
 
To design the radiator cycle, the Design Outdoor Temperature (DOT) of the geographical area is used as a 
reference temperature. The DOT is the lowest outdoor temperature to be considered when deciding the 
dimensioning heat power of the building, and is calculated from the time constant of the building and 
frequency of low outdoor temperatures in the area (Werner & Frederiksen, 2013, pp. 43-54). At the DOT, the 
heat system must to be able to transmit the amount of heat to maintain desired indoor temperatures while 
maintaining specific temperatures of the supply and return temperature in the secondary side of the heat 
exchanger. These temperatures are regulated by guidelines that are stipulated by Boverket, the Swedish 
administration of community planning. The level of these temperatures have varied historically; for many 
years it was common to design secondary systems with 80 degrees supply and 60 degrees return flow in so 
called 80/60-systems. In such a building, the temperature of the water entering the radiator cycle would thus 
be 80 degrees if the outdoor temperature was -17 degrees, and the returning water would have been cooled of 
by 20 degrees, meaning that the return temperature would be 60 degrees. For warmer outdoor temperatures 
the two temperatures would fall following a pattern similar to the one illustrated in Figure 7. In 1982 
however, it was decided that the dimensioning temperatures should be lowered to 60 or 55 degrees delivery 
temperature (Werner & Frederiksen, 2013, p. 381). Today, the guidelines suggest 60/40-systems or 60/45-
systems, but other variants exist. (Svensk FJärrvärme, 2014) This means that buildings built after 1982 use 
lowered radiator cycle temperatures. Figure 7 therefore illustrates a 60/40-system.  
 
However, when designing a heating system, dimensioning parameters are only estimations. For example, the 
estimated maximum radiator power value is used to choose the size of the heat exchangers. Due to these 
estimations, the design does not always reflect reality. Therefore, the actual properties of the heat system 
differ from how it was dimensioned: the temperature levels the system was designed for might therefore not 
always be utilized in reality. Thus, the label 80/60 and 60/40 does not reflect the exact temperature levels at 
DOT, but only what the heat system was dimensioned for. Adjustments to the building might have been 
made, such as installments of better insulated glass in the windows, or internal mass flow might have been 
adjusted, thus affecting the temperature levels. Furthermore, the preferences of the inhabitants might affect 
how the heat system is set. The secondary supply temperature curve can be adjusted manually in the 
substation, and if inhabitants complain about the indoor temperatures, it is not uncommon that the curve is 
adjusted, thereby affecting the real temperatures used in the system (Johansson L. , 2015), (Sivengård, 2015), 
(Ljunggren, 2006). 
 
There are also guidelines to how the radiator cycle should functions regarding the difference between the 
secondary and primary return temperatures. Due to the counter-flow design of the heat exchanger, the 
primary water will pass the entering secondary water just before it leaves the heat exchanger. Here, the 
difference between the two temperatures will be the smallest. According to the guidelines from Svensk 
Fjärrvärme, the Swedish trade organization of district heating, this difference is to be three degrees maximum 
at DOT. This is to ensure that the system is run efficiently (Svensk FJärrvärme, 2014) Due to the nature of 
heat transfer, this difference will reach its peak at the coldest outdoor temperatures and decrease with 
outdoor temperatures. 
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2.3 Thermodynamic processes 
  
This section will focus on the thermodynamic processes that occur in the district heating substations and heat 
exchangers. The thermodynamic processes in the heat exchangers are described by equation (3) and (4) 
(Werner & Frederiksen, 2013, p. 88), (Holman, 2010, p. 531): 
 

! = !! ∗! ∗ Δ!!!!!!(3) 
! = ! ∗ ! ∗ !"#$!!!!!(4) 

Where 
! = Power [W] 
!! =  Specific heat per unit mass, 4.18 for water [kJ/kg°C] 

! = Mass flow [kg/s] 
Δ! = Difference between fluid temperatures [°C] 
! =  Overall heat transfer coefficient [W/m2°C] 
!  = Area [m2] 
!"#$ = Logarithmic mean temperature difference [°C] 
 
Both equations explain the heat exchanging process in the radiators and heat exchangers. Equation (3) 
indicates that for an increasing value of power, either the value of mass flow, Delta-T or both must increase. 
This means that if mass flow is constant, the value Delta-T must vary with varying powers, as is the case in 
buildings. In the district heating system, the value of the primary delivery temperature is fixed, depending on 
outdoor temperature, in both the radiator and the hot water cycle, and thus it is the return temperature that 
must decrease if Delta-T varies.  
  
Equation (4) is another relationship explaining the relationship of the heat exchanging process. Power is 
dependent on the overall heat transfer coefficient U, the area A and the Log Mean Temperature Difference 
(LMTD). In this context, the area is either the surface area of the radiators or the surface area in the heat 
exchangers. The overall heat transfer coefficient can be calculated from equation (5) (Holman, 2010, p. 34): 
  

1
! =

1
! +

!"
! + 1

! !!!!!(5) 
 
Where 
! =  Overall heat transfer coefficient [W/m2°C] 
! = Heat transfer coefficient [W/m2°C]  
! = Thermal conductivity [W/m°C] 
!" = Thickness of heat exchanger plates [m] 
 
The heat transfer coefficient is dependent on the Nusselt number, which is in turn dependent on Reynold’s 
and Prantdl’s number. These relationships are explained by equation (6): 
 

!" = !!∗!! = ! ∗ !"! ∗ !"! !→ !! = ! !! ∗ ! ∗ !"
! ∗ !"!!!!(6)      
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Where 
!" = Nusselt number [-] 
!" = Reynold’s number [-] 
!" = Prantdl’s number [-] 
!,!, ! = Constants [-] 
! = Characteristic length of heat exchanger [m] 
 
However, for the applications in this report, a simplified relationship between alpha-value and mass flow is 
expressed by (7) (Wollerstrand, Ljunggren, & Johansson, 2007). 
 

! = ! !! ∗!!!!!!!(7) 
 
Where 
! = Constant, assumed to be 0.7 for plate heat exchangers 
!! = Constant 
 
The overall heat transfer coefficient forms a relationship with one alpha value for each mass flow according 
to equation (8). Equation (9) is created by inserting (7) into (8), and thus the overall heat transfer coefficient is 
estimated: 
 

1
! =

1
!!
+ 1
!!
!!!!!(8) 

 
!
! = !

!
!!
∗ ! !

!!!
+ !

!!!
!!!!!(9)   

 
Where 
!!! = Primary mass flow 

!!!= Secondary mass flow 
 
The last parameter in equation (4), !"#$, describes the relationship between the four temperatures of the 
water entering and leaving the heat exchanger, or the relationship between the temperatures of entering and 
leaving water in the radiator and the indoor temperature. The temperature difference between the hot and 
cold fluids differs inside the heat exchanger as the water is heated or cooled, and the !"#$ is used to 
calculate the average temperature difference between the two fluids. In the same way, it can be used to 
calculate the average temperature difference between radiators and indoor air. The !"#$ is given by 
equation (10) (Holman, 2010, p. 533): 
  

!"#$ = !!,! − !!,! − (!!,! − !!,!)
ln! !!,! − !!,!!!,! − !!,!

!!!!!(10) 

 
 



 23 

Where 
!!,! = Primary delivery temperature [°C] 

!!,! = Secondary supply temperature [°C] 
!!,! = Primary return temperature [°C] 

!!,! = Secondary return temperature [°C] 
 

2.4 Anticipated effects of lowered delivery temperatures 
 
There are known positive effects of lowered delivery temperatures in the grid. First, heat losses are lowered. 
As heat is transmitted from warm to cold, there will be transmission losses from the hot water in the grid 
pipes to the colder surrounding ground. The amount of heat loss is dependent on the temperature difference 
between the temperature of the water and the ground (Holman, 2010): the greater the temperature difference 
the greater the transmission. Thus, lowered temperatures result in lowered heat losses. Furthermore, lowered 
delivery temperatures enable more electricity to be generated in the CHP plants. The cold water passes a 
condenser, absorbing heat from the steam. As the required temperature after the condenser is lowered, lower 
condenser pressure is needed, which in turn enables a higher electricity generation (Nilsson, 2000). Lastly, the 
lower temperatures enable waste heat sources with lower temperatures to be connected to the grid, see 
section 2.9 on Open District Heating. 
 
However, there are also negative effects of lowered delivery temperature. If delivery temperature is lowered 
while power, secondary temperature levels and UA-value are kept constant; the last temperature will increase 
according to equation (2). Therefore, the lowered delivery temperature will result in higher return 
temperatures in a substation, and ultimately in the district heating grid. In a district heating context, low 
return temperatures are desirable. Low return temperatures enable more heat to be absorbed from the steam 
in the CHP-plant, thus increasing the efficiency of the plant. Also, low return temperatures are beneficial as it 
enables more waste energy to be recycled from industrial processes known as waste heat recycling. In various 
industrial processes, fluids and gases of various temperature levels are released to the surroundings as waste, 
and thus the energy is not absorbed or utilized further. In Sweden, it is common that district heating 
operators buy this heat from industries and use it for heating the district heating water. The most common 
industries for industrial waste energy recycling in Sweden are pulp- and paper industries, petroleum refineries, 
chemical industries and metal refineries (Werner & Frederiksen, 2013, p. 15). Typical for these heat sources 
are the high temperatures, often well above 100 degrees, but lower temperatures exists as well (Linqvist Land 
& Feldhusen, 2002). The industrial waste energy is cheap compared to the traditional heat generating process 
it replaces, thus there are economic benefits with high recycling usage for the district heating operators. A 
study of the economic effects of lowered return temperatures of Swedish district heating companies reveal 
that on average, each lowered degree result in a cost reduction of 1,5 SEK/MWh. The higher amount of 
industrial heat recycling, the higher the economic benefits of low return temperatures (Nilsson, 2000) 
(Werner & Frederiksen, 2013, pp. 455-456). If instead return temperatures were increased, as would happen if 
delivery temperatures were lowered, these positive effects would be turned into negative effects.  
 
Furthermore, lowered delivery temperatures will lead to a decreased Delta-T value in the grid, explained by 
equation (1). The effects of this would be higher mass flows, as more water would have to be delivered to the 
substations to raise the secondary temperature to the desired level, which in turn would lead to an increase in 
required pump power. Even though some of the power will be transformed into heat, which will be absorbed 
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by the water, the increase in pump power will lead to increased costs for the operator. (Nilsson, 2000) 
(Werner & Frederiksen, 2013, p. 436) 
 
According to a study aiming at quantifying the economic effects of both lowered delivery and return 
temperatures in the Umeå district heating grid, both reductions result in positive economic effects. A decrease 
of one degree of delivery temperature increases profits with around SEK 700,000, due to higher electricity 
production and lowered losses that would yield higher returns than the costs due to increased pump power. A 
decrease of one degree return temperature would increase profits with SEK 1,250,000, generated from 
increased heat being absorbed in the CHP plants, lowered distribution losses, lowered pump power and 
lowered heat pump power used to recycle low temperature heat from industry, sewers and waters (Ödin, 
2007). Thus, a decreased return temperature is more profitable than a decreased delivery temperature. 
However, it is worth mentioning that the simulations of the lowered delivery temperature did not include a 
resulting increase in return temperature, which would affect the economic results. The study briefly discuss 
that if a one degree reduction of delivery temperature would increase the return temperature with 0,05 
degrees, the profit of SEK 700,000 would sink to around SEK 638,000. Therefore, it is uncertain if a decrease 
in delivery temperature would be profitable, or if the associated costs of higher return temperatures would 
surpass the increased profits, as the figure ratio 0.05:1 is not scientifically tested, and it is unknown whether 
an increased return temperature create a linear cost increase, or if the costs would increase exponentially for 
higher return temperatures. 
 

2.5 Lowering internal delivery temperatures 
 

2.5.1 Installation of fans 
Johansson and Wollerstand (Johansson & Wollerstrand, 2010) investigated the possibility to use a fan to 
increase cooling of the internal water flow. The report discusses how the implementation of the fan would 
lead to lowered return temperatures, making it possible to decrease the supply temperature without affecting 
the flow whilst also decreasing the return temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 Figure 8 - Effects of increased cooling due to application of fans 
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Depending on the size and running conditions of the fan, the increased cooling resulted in the effects 
demonstrated in Figure 8. The figure shows a building with internal temperature levels at 60/40 degress, 
where the internal mass flow has been kept constant. The red lines show the internal supply temperature 
levels and the blue line the internal return temperatures. The figure shows that with a fan that uses 0.1 percent 
of the heat output at DOT temperatures it is possible to reduce both the internal supply and return 
temperatures up to 6 degrees. When the fan has a larger power usage of 1 percent of the heat output at DOT 
conditions the temperature levels drop by 10-11 degrees (Johansson & Wollerstrand, 2010).  
 

2.5.2 Lowered power needs 
Another method for lowering the internal supply temperatures in users space heating systems is to lower the 
heating demand. A lowered heating demand creates a decreased need for high LMTD between the radiator 
temperature and indoor climate, thus enabling a lowered supply temperature. Investments for decreasing the 
power demands can be done on both a larger and smaller scale. The simplest and most cost efficient 
alternative is to see over the current system and running conditions. Due to a lack in supervision, systems are 
often running at suboptimal conditions which minor maintenance could easily correct (Lindén, Eriksson, & 
Sjöholm, 2009).   
 
Studies have also been conducted focused on lowering power needs through load adjustment in time. 
(Lindén, Eriksson, & Sjöholm, 2009) (Wollerstrand, Ljunggren, & Johansson, 2007) These methods can 
utilize the heat capacity of the building to store heat during times of lower usage, which are later utilized 
during times of high demand. This effectively cuts the max supply temperature needed for the highest 
temperatures. Another inexpensive method of is the lowering of indoor climate temperatures, which today 
are around 21-23 degrees for apartment buildings (Lindén, Eriksson, & Sjöholm, 2009). The Swedish 
Association of Public Housing Companies (SABO) gives a recommendation of 18-20 degrees indoor 
temperature (SABO, 2014). With each degree of lowered indoor temperature leading to 3 percent power 
savings (Lindén, Eriksson, & Sjöholm, 2009) this method can be applied during the coldest hours of the year 
to decrease the need for the highest internal supply temperatures. 
 
More costly and long-term investments include decreasing the heat losses of buildings. This is achieved 
mainly through improvements in the building envelope, which includes the insulation and windows of the 
building. These investments are large but governmental institutions such as the EU and Swedish parliament 
are applying increased pressure with reforms such as the Energy Efficiency Directive (Hatt, 2014). 
 

2.5.3 Increased secondary water flows 
A third approach to lowering the internal supply temperatures is to change the internal mass flow of the 
radiator cycle. An increase in water flow results in a decrease in the Delta-T of the internal system. Thereby 
enabling the possibility to lower the supply temperature without affecting the LMTD to the indoor 
temperature. For example an 80/60 system could be run as a 75/65 system by doubling the secondary mass 
flow (Wollerstrand, Ljunggren, & Johansson, 2007). Drawback to this approach is that increases in water 
flows can lead to unwanted sound pollution due to the high water speeds.  
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2.6 Over-dimensioning 
 
Over-dimensioning can occur in several parts of the internal heating system including the heat exchanger, 
internal pipes, pumps and radiator size. Oversized heat exchangers allow for better heat transfer between the 
primary and secondary side and thereby lower return temperatures. Larger pipe sizes lead to the possibility of 
larger flows, which also pump oversizing does. Larger surface area of the radiator proportionally increases the 
heat transfer coefficient of the radiator system.  
 
The reason that significant oversizing occurs is because each of the components are chosen with a safety 
margin in mind. Firstly total heating demand needs to be estimated and in order for this figure not to be 
under the actual value there is often a safety margin added. This initial oversizing then affects the rest of the 
components. However the person responsible for the piping doesn’t expect the heating demand to be 
overestimated so they also add capacity to the piping in order not to be the failing link in the chain. The same 
dynamics can be stated for the other components. In addition to the safety margin there is also the question 
of the components only being manufactured in an interval of sizes. For example smaller radiators come in 
sizes where the interval between sizes is around 20-25 percent and because one is not going to choose a 
radiator below the needed size the radiators will only therefore be 0-25 percent oversized.  
 
Buildings can also undergo improvements that diminish heat losses leading to a lowered heating demand. 
During these improvements the heating systems are seldom replaced with newer smaller systems making the 
older systems even more oversized. These changes in total heating demand affect all the other components, 
creating a compounded effect. Heating systems today are at the least 10 percent oversized and often up to 
100 percent or more. (Wollerstrand, Ljunggren, & Johansson, 2007) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 - Temperature levels in case of 100 percent over-dimensioning of heat system 
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The consequences of the over-dimensioned systems are that if the system was run with the internal 
temperatures that it was designed for the system indoor climate would become overheated. The over-
dimensioning results in the system managing to heat the desired space at much lower outdoor temperatures. 
Thereby if a system is oversized by 100 percent the range over which the system delivers heat is doubled 
creating a DOT of -47 degrees. The red lines show the dimensioned supply and return temperatures of the 
system and the yellow lines show the new system temperatures that would occur resulting in the 80/60 
system running as a 55/45 system.  
 
The oversized system can be set up to run in different ways depending on which is most preferable. First the 
system can be set up like the figure above with the mass flow of the system running at twice the original 
speed due to the oversizing of the pump. Secondly it could be set up to run with the temperature levels equal 
to the designed 80 degrees resulting in a return temperature of 32 degrees and a Delta-T of 48 degrees. In this 
set up the mass flow is lowered by a factor of five from the 55/45-system setup. This setup is becoming more 
common as customers try to reap the benefits of lowered return temperatures. Especially as older buildings 
undergo energy improvements there is a possibility to lower the return temperature through raised supply 
temperatures. Lastly the system can also be adapted to run with the original Delta-T of 20 degrees, which 
results in temperature levels of 60/40. This setup would result in a secondary mass flow that is half of the 
original mass flow.  
 

 

 
 

2.7 Outdoor temperatures 
Outdoor temperature levels vary from year to year leading to different heating demands and max power 
needs. The figure below shows the hourly temperatures for central Stockholm at Observatorielunden during 
the period 2007 to 2014. The measurements have been collected from Fortums database. The chart illustrates 
the differences in temperature levels between selected years. 

Figure 10 - Left: 100 percent over-dimensioned heat exchanger and mass flow lowered 80% 
               Right: 100 percent over-dimensioned heatexchanger and mass flow halved 
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In Figure 12 the same time period and temperatures as in the chart above are shown, with the difference 
being that they are sorted from lowest to highest. All values are collected from Fortum’s database. The chart 
demonstrates the amount of hours that certain temperatures are reached. Noteworthy is how few hours the 
temperature falls below DOT conditions of -17 degrees. There are 66 hours of the 70,128 hours where 
temperatures fall below -17 degrees, composing only 0.09 percent of the total hours. Furthermore the 
temperatures fall below -10 degrees 1.3 percent of the hours and below 0 degrees 18.4 percent of the hours.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

     
 

 

Figure 11 - Hourly outdoor temperatures in Stockholm for years 2007-2014 

Figure 12 - Sorted outdoor temperatures in Stockholm for years 2007-2014 
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2.8 Fourth generation district heating 
 
The term fourth generation district heating was first applied at the IEA seminar in Reykjavik 2008. The 
purpose was to stress the importance of which technical improvements needed to be made in order to meet 
the challenges of tomorrow.  
 
First generation - used steam as an energy carrier and characterized systems build up to the 1930s. 
 
Second generation - shifted towards using pressurized water as a energy carrier usually with temperatures over 
100 degrees. The technology dominated the market up to the 1970s and was characterized by heavy material-
intensive components.  
 
Third generation - this generation of district heating is the standard today and has been since the 1980s. During 
this period lower delivery temperatures are used in combination with a greater extent of prefabricated 
components (Lauenburg, 2014). 
 
The general trend in the evolution of district heating systems has been in the direction of lowered delivery 
temperatures as well as better more efficient materials and components. The fourth generation of district 
heating aims to lower supply temperatures, firstly to satisfy lowered heating demands and secondly to enable 
the decentralized production and recycling of excess heat at lower temperatures (Werner & Frederiksen, 
2013). With a constant development in building structure and low energy houses the heating demand will 
decrease, causing the current systems to become oversized at the current temperature levels. Therefore to 
maximize the usage of the system with as little losses as possible the delivery temperature levels can be 
lowered (Ottosson et. al, 2013). 
 
In addition to lowered heating demands, the strive for increased efficiencies in the energy system calls for an 
improved recycling of unused energy, mainly in the form of heat. The main purpose of district heating main 
is to recycle heat and distribute it to places of demand. However with today’s temperature levels, recycling of 
waste heat is only lucrative from energy production and industrial processes where the temperature levels are 
very high. The system does not utilizing a large amount of the small-scale waste heat production which is 
available at lower temperatures. The main reason that this decentralized production is not economically viable 
is that the cost of raising the temperature to the levels of the grid outweighs the benefits (Sivengård, 2015). 
 
Therefore to enable utilization of more waste heat the fourth generation of district heating aims to decrease 
the supply temperatures. Successful Danish attempts of low temperature grids have been carried out with 
max supply temperatures as low as 50 degrees. (Ottosson et. al, 2013) A negative aspect concerning these 
trails is that it requires an adapted solution for the hot water cycle, where temperatures by law need to be held 
above 50 degrees. 
 

2.9 “Öppen fjärrvärme” - Open district heating 
 
Fortum Värme recently launched (2013) what they call a new business model for recycling waste heat, which 
the company calls Öppen Fjärrvärme. Together with Stockholm Stad and several companies, Fortum Värme 
will enable the recycling of waste heat from sources located in cities and other urban areas, for example from 
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data server halls and supermarkets. This will increase competition and help increase sustainable development 
(Svensk fjärrvärme, 2014). What is new compared to already existing industrial waste recycling is that the new 
system consists of an open market system, where anyone can sell their waste heat to Fortum. This is opposed 
to individual closed contracts, which traditionally have been used when dealing with waste heat recycling 
(Nordberg, 2014). This new market model enables trade between large scale production in the CHP plants 
and small scale production in other buildings (Svensk fjärrvärme, 2014), reforming Fortum Värme’s business 
from solely generating and distributing heat to also incorporate trading with energy (Fortum, 2014). As of 
2015, several companies have launched Öppen Fjärrvärme pilot projects. For example Internet provider 
Bahnhof has connected two server halls and supermarket chain Coop has connected one store (Nordberg, 
2014). The potential is greater however, as the yearly waste heat from server halls in Stockholm alone is 
estimated to the equivalent of the heating demand of 60,000 apartments (Fortum, 2014).  
 
The new business idea is not without technical difficulties: one is that the suppliers’ heat pumps are only able 
to deliver temperatures of around 70 degrees, while today, temperatures to the customers can be much higher 
for certain outdoor temperatures (see section 2.2.1.4). Today this is solved by mixing the delivered water into 
either outgoing or returning water (Nordberg, 2014). However, it would be beneficial for Fortum Värme if 
the supplied water would be hot enough to be delivered directly to customers, as this would be the most 
profitable way of utilizing the waste energy (Sivengård, 2015).  
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3. Case study areas 
 
This section presents backgrounds and facts about the two areas in southern Stockholm chosen for analysis 
of the effects of lowered delivery temperatures. The areas are located in Kärrtorp and Skarpnäck, and contain 
seven connected substations each. As can be seen in the aerial photos below (Apple Inc., 2015), the 
Skarpnäck area consists of several blocks of buildings, while Kärrtorp consists of individual buildings. The 
substations in Skarpnäck are therefore bigger, with greater mass flows and power loads as they supply heat to 
more apartments. The shaded areas mark buildings that are not included in the analyzed grid networks, and 
the encircled number represent each building or building complex in Table 2.  
 

 
Table 2 shows the dimensioning of the buildings’ heat exchangers for both radiator and hot water cycles 
together with the temperature levels of secondary temperatures, according to Fortum’s installation 
information. As described above, the heat exchangers in Skarpnäck’s substations proved to be bigger. 
Furthermore, information about the secondary temperatures was provided. All buildings in Kärrtorp were 
reported to run with secondary supply temperatures of 80 degrees, while the same values ranged between 60 
to 80 degrees in Skarpnäck. The secondary return temperatures ranged between 35 to 60 degrees in both 
areas. Information about heat exchangers was missing for building number one and seven in Skarpnäck. 
Because these values were needed in the simulations, values had to be assumed for these buildings, see 
section 4.1 Assumptions. Lastly, building four in Skarpnäck is a school, meaning that the hot water usage will 
be different for this building. Therefore this building was treated differently in the simulation, see section 
4.5.2. 
 

 
 
 
 
 
 

 

Figure 13 - Aerial photos of case areas Left: Skarpnäck  Right: Kärrtorp 
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Table 2 - Installation form data for buildings in Kärrtorp and Skarpnäck 
 Kärrtorp Skarpnäck 

Building no. 
Radiator heat 

exchanger (kW) 
Water cycle heat 
exchanger (kW) 

Radiator heat 
exchanger (kW) 

Water cycle heat 
exchanger (kW) 

1 182 230 - - 
2 72 160 460 252 
3 275 160 570 299 
4 72 160 350 245 
5 84 75 486 243 
6 84 75 110 146 
7 159 205 - - 
 
 
The two figures below show the power demand of the two areas in 2011 (Fortum database). As can be seen, 
the power demand of Skarpnäck was larger than for Kärrtorp. 
  
 
   
 
 
 
 
 
 
 
 
 
 

   

Figure 14 - Power demand of the two case areas 2011 
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3.1 Pipe systems 
 
In Figure 15 A-B below, the pipe systems in each area are shown. The maps have been collected from 
Fortum’s database. In both pictures, the blue lines represent the pipes, the red symbols represent valves and 
the green ones represent measurement points. The black dots in Figure 15-A are the same symbols as the 
crossed circles in Figure 15-B, and represent customers’ substations. The black lines drawn over some pipes 
indicate the end of one pipe dimension and the start of another. The numbers represent each pipe in Table 3 
below, which display the dimension, inner diameter and cross-sectional area of each pipe. The contours of the 
buildings are outlines with light-red colored lines. In the map of Skarpnäck, there is a dashed line 
encompassing three blocks of buildings, indicating that they are all supplied with hot water from the same 
substation, located near pipe number 13.  
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Kärrtorp 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3 shows the dimensions of each pipe in the two areas. In general, Skarpnäck have bigger pipes, both 
the service pipes delivering water to the buildings and the bigger transport pipes. This is not unexpected, as 
the power loads of Skarpnäck are greater than those of Kärrtorp. 
 

Table 3 - Pipe dimensions for case areas 
Kärrtorp Skarpnäck 

Pipe Dimension Inner 
diameter 

(mm) 

Cross-
sectional 
area (m2) 

Pipe Dimension Inner 
diameter 

(mm) 

Cross-
sectional 
area (m2) 

1 DN150 160.3 0.0202 1 DN65 70.3 0.0019 
2 DN50 54.5 0.0023 2 DN150 160.3 0.0202 
3 DN125 132.5 0.0138 3 DN150 160.3 0.0202 
4 DN40 43.1 0.0015 4 DN65 70.3 0.0019 
5 DN65 70.3 0.0019 5 DN65 70.3 0.0019 
6 DN50 54.5 0.0023 6 DN150 160.3 0.0202 
7 DN100 107.1 0.0090 7 DN65 70.3 0.0019 
8 DN80 82.5 0.0053 8 DN150 160.3 0.0202 
9 DN100 107.1 0.0090 9 DN65 70.3 0.0019 
10 DN40 43.1 0.0015 10 DN50 54.5 0.0023 
11 DN100 107.1 0.0090 11 DN150 160.3 0.0202 
12 DN50 54.5 0.0023 12 DN150 160.3 0.0202 
13 DN40 43.1 0.0015 13 DN125 132.5 0.0138 
14 DN40 43.1 0.0015 - - - - 
15 DN40 43.1 0.0015 - - - - 

 
The information displayed in these maps and tables was used in the simulations of the two areas. How they 
were used is described further in the section 4.5.2, and the results are presented in section 5.2.  

Figure 15 - Pipe maps of the two case areas A:Skarpnäck  B:Kärrtorp 
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4. Methodology 
 
This chapter elaborates on the methodology of the research presented in this report. In addition to literature 
research the methodology included excel models used to calculate the effects of varying delivery 
temperatures. The purpose of the models were to calculate the increases in mass flow and primary return 
temperature due to lowered delivery temperatures and to model the effects of the increased mass flow in 
pipes and control valves. Also calculations were conducted to understand how over-dimensioning affected 
the system.  
 
The first model presented in the next chapter was used to calculate the hourly mass flow and primary return 
temperature values for one building. This model used data from Fortum’s database and specific properties of 
the building inserted by the user to calculate how both the radiator cycle and the hot water cycle would 
respond to lowered delivery temperatures. This model was used first to simulate four type buildings; 
theoretical buildings created to represent various types of existing apartment buildings in Stockholm, and to 
calculate how the lowered delivery temperatures in combination with their internal heat systems would affect 
the primary mass flows and return temperatures. Secondly, this model was used to calculate the same effects 
but in two real areas in Stockholm, one containing seven apartment buildings in Kärrtorp and one containing 
seven apartment complexes in Skarpnäck. For these two areas, further excel models were created to simulate 
the effects the increased mass flow would have on their respective grid systems and substation control valves. 
Lastly, excel models were also created to analyze the impact of over-dimensioning on the systems. 
 

Source explanations: 

Throughout this chapter some sources will be referred to that are explained here for the reader. 
 

● Fortum’s database: Fortum saved large amount of customer data in a database called HEMERA, 
from which data on delivered power, temperatures and mass flows can be collected. Also, outdoor 
temperatures are collected from the database. 

● Grid network software: Fortum’s grid system can be overviewed in a geographic information system 
(GIS), from which also data on pipes, shunts and meters can be accessed.  

● Installation forms: whenever a new customer is connected to Fortum’s system or a heat exchanger is 
exchanged for a new one, an installation form is received by Fortum, containing information about 
the exchanger and its components, together with information about the secondary temperature levels 
the building’s heat system is dimensioned for. 

● Installation instructions: Svensk Fjärrvärme, the Swedish trade organization for district heating 
companies, issue installation recommendations for both the construction and dimensioning of new 
building and their heat systems, and for the dimensioning of new substations and their components. 
It has been assumed in this report that all heat systems and substation components adhere to these 
installation instructions. 
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4.1 Assumptions 
 
To avoid this study to rely on too many assumptions, various scenarios were used throughout the simulations. 
However, assumptions had to be made to create a functioning model that would encompass all factors 
affecting the properties of the heat systems. 
 
Water usage 5:1 
The ratio of power usage of the radiator cycle to the hot water usage is used when splitting the type buildings 
average usage into average usage of the two cycles. This is set to 5 to 1 through the average radiator power 
usage of 152 kWh/m2 per year and hot water usage of 30 kWh/m2 per year. 
 
Constant secondary radiator mass flow 
The secondary mass flow is assumed to be constant because systems are designed to have a constant mass 
flow. Radiator valves can affect the flow of the secondary mass flow however if secondary supply curves are 
designed correctly heating systems should maintain a constant flow.  
 
Secondary radiator curves follow the pattern and have not been adjusted 
The secondary supply curves of the radiator cycle are assumed to follow a generic pattern taken from the 
literature. Therefore all of the buildings are assumed to have identically shaped curves with different 
temperature levels. This assumption was necessary because no information of the individual buildings’ 
secondary temperature curve was available.  
 
Constant water temperature of 10 degrees 
The incoming water to the hot water cycle was assumed to have a constant temperature of 10 degrees Celsius 
throughout the year. This figure was taken through several interviews with different personnel at Fortum. A 
constant temperature is assumed because the ground temperature is relatively constant at the depths that the 
pipes are located.  
 
All buildings have the same internal supply temperatures 
For the case studies in the secondary supply temperature scenarios, the temperature levels are the same for all 
of the area's buildings. In reality these temperatures are most likely not identical but due to lack of 
information on the secondary systems the chosen temperature levels were necessary.   
 
All buildings have the same primary delivery temperatures 
Each area is assumed to have identical delivery temperatures within the area for the actual case even though 
temperatures can vary slightly due to usage behavior and heat losses. For the proposed delivery profiles the 
temperatures are assumed to be the same in both areas because it is these temperatures that are being tested. 
 
All heat exchanger info is current 
There is risk that the installation forms retrieved from Fortum’s customer database can in some cases be out 
of date. It is however impossible to know which ones are outdated and therefore the assumption was made 
that the dimensioning power on the collected forms is current. These values should not differ even if a new 
heat exchanger is installed because the required power is constant. 
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Assumptions about 2 buildings’ dimensioning power 
The dimensioning temperatures of two buildings in the case studies had no installation information and 
therefore needed to be assumed. This assumption was done by looking at the rate of over-dimensioning in 
the rest of the case study area and taking an average value.  
 
Parallel-connected heat exchangers 
In both the hot water and radiator cycles the heat exchangers are assumed to be connected in parallel. This 
assumption was made because it is the most common connection design in the Stockholm area and since no 
information the the connection design was available the most common design was chosen. The differences in 
the results to the second most common design (A triple design) are according to sources at Fortum minimal. 
 
Constant supply temperature for the hot water system 
The supply temperature for the hot water systems is assumed to be the same for all the buildings at 55 
degrees Celsius. This temperature is the standard temperature used for all buildings and unless the 
temperature has been adjusted, the supply temperature should be 55 degrees Celsius. 
 
5 degree drop in recirculation 
In the hot water cycle the temperature drop during the recirculation cycle is assumed to be 5 degrees Celsius. 
This temperature drop is based on the figures presented in the literature. 
 
Usage behavior assumed to be the same 
Usage behavior is assumed to be the same for all of the buildings in form of hot water usage curves. The 
curves are based on average trends from real buildings in Stockholm. Even though the shapes of the usage 
curves are identical between buildings, the magnitude is weighted depending on the calculated water usages.  
 
T-balance temperature 
A t-balance of 15 degrees Celsius is used both in the division of the initial return flows and creation of 
radiator supply temperature curves. This assumption was set in collaboration with Fortum and is backed up 
in the literature.  
 

4.2 Limitations 
 
Hourly values 
The model was constructed to operate with a time interval of one hour, which limited the amount of detail in 
the results. Firstly this limitation was necessary because the amount of data outputs with smaller time intervals 
would be too large to handle for the modeling tools used in this study. This was especially true when the 
desired modeling scenarios were to span over an entire year. Secondly the data collected from customer 
systems was only broken down into hourly figures, which meant that no analysis of customer usage patterns 
on a more detailed level could be carried out.  
 
This limitation had greatest impact on the hot water usage figures, which in reality are instantaneous and can 
vary greatly throughout an hour. This means that the true instantaneous max power usages would not be 
simulated in the model. However because the case study's’ flows are accumulated. These max usages would in 
reality be smoothed out. 
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Only extremities of the grid 
The scope of the case studies was limited to the extremities of the grid. This scope was chosen because the 
modeling of more intricate areas of the grid was deemed too complicated for the aim of this study. The end 
points in the grid also gave a realistic scenario where the studied areas could be cut off from the rest of the 
grid and run separately at the proposed temperatures.  
 
This limitation meant that the effect on the system as a whole could not be studied. For example the increase 
in flow in the larger pipes was not modeled and the feasibility of lowering the delivery temperatures in the 
whole system could not be determined.  
 
2011 - one year 
Another chosen limitation was to only model one specific year, which was done to gain a perspective of a 
realistic year with actual values and temperatures. 2011 was chosen to be the modeled year due to the 
availability of data for this year from the Fortum customer databases. In addition to this the year contained 
conditions where temperatures fell below the DOT temperature (-17). This enabled the study to test how the 
systems would react during the dimensioning conditions.  
 
Pressure levels and pump capacity 
No information on the pressure levels in the chosen areas was available and therefore the additional pump 
requirements and maintaining of pressure levels could not be determined. This limited the study to investigate 
the feasible speeds instead of the actual pressure levels in the modeled pipes. The pressure levels of the area 
were not available because only the most vulnerable points in the grid are monitored. Even if the pressure 
levels of the case study areas was available pump capacities of the grid were not known which meant that 
analysis of the capabilities of the currents pumps could not be determined. Thereby insight into the need for 
larger pumps could not be gathered. 
 
Only residential buildings 
The study chose to only focus on residential buildings and how they would react to lowered delivery 
temperatures. This limitation was set firstly because the majority of the connected buildings in the Fortum 
grid are residential buildings. Secondly, residential buildings tend to have an easier predictability of power 
usage compared to non-residential buildings where the usage depends mostly on the type of business that 
occupies the space. 
 
Valve dimensions 
A final limitation was the available information on the case study buildings valve dimensions. The valve 
dimensions where only available in the Kärrtorp area, which limited the valve analysis to the only scrutinize 
the Kärrtorp buildings.  
 

4.3 Model 
 
This chapter will elaborate on the quantitative model that was used to estimate the effects of lower delivery 
temperatures in the grid. The chapter will present the inputs, followed by a description of the functionality of 
the model and lastly the final outputs. 
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4.3.1 Model overview 
To make it easier for the reader to understand the layout of this chapter and the functionality of the model, 
the input values that the model required from the user are explained in the following section, together with 
how the model uses these input values. The user input values distinguish the buildings from one another, and 
were used in the model to simulate the effects of various delivery temperatures for a specific building. These 
input values are presented in the list below: 
 

● Average total power usage of the building over the year. Different buildings use different 
amounts of heat power, and to correctly model a specific building, this was an important property.  

● Dimensioning power of water and radiator heat exchangers. The properties of the heat 
exchangers also play an intricate role in how a specific building’s heat system works and responds to 
varying delivery temperatures. Therefore, the power the heat exchangers were designed to be able to 
transmit under specific conditions was needed. 

● Split of power between radiator and hot water cycles.  The behavior of the inhabitants and the 
characteristics of the building affect how the delivered heat power is divided between radiator cycle 
and hot water cycle. This was also an important aspect that distinguished the buildings from one 
another. 

● The radiator supply and return temperatures at DOT.  Another important aspect of the 
buildings were the secondary radiator temperature levels. These temperatures vary between buildings, 
and are thus another property that distinguishes a building from other buildings. As the radiator heat 
systems design is based on the temperature levels at DOT, these temperatures needed to be 
identified and put into the model. 

 
These user input values were then inserted into the model, which contained several or “functions”. These 
functions contained generic relationships for determining radiator and water power, radiator temperatures 
and heat exchanger properties. By inserting the user inputs the functions created individual data related to the 
specific building being modeled. This data was then used by the model to calculate the differences in mass 
flows and return temperatures. In section 4.3.3, the model is explained in more detail. 
 

4.3.2 Inputs 
 
This section will elaborate on the inputs of the model. First the primary side inputs will be presented, 
followed by the secondary side and finally a description of the heat exchanger inputs. 

4.3.2.1 Primary side inputs 

Delivery profiles 
As the purpose of this thesis was to analyze the effects of lowered water temperatures in the district heating 
grid, variations of the real delivery curve containing lower temperatures were created. All in all, five delivery 
profiles were created, an “actual delivery profile” and four alternative delivery profiles (DP), containing 
lowered delivery temperatures. Two actual delivery profiles were created, one for each case area (Kärrtorp 
and Skarpnäck) and were used only in the simulation of the case areas, while the four alternative delivery 
profiles were simulated both in the type buildings and case areas.  
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The actual delivery profiles were created from real delivery temperatures for the two case areas. The actual 
delivery profile in Kärrtorp was composed of real delivery temperatures to one of the buildings in that area 
and vice-versa. The first of the alternative delivery profile consisted of the temperature curve presented in 
Fortum’s installation instructions. These temperatures are the lowest temperatures that Fortum promises to 
deliver in order for customers to correctly dimension their heat exchangers. This delivery profile is called 
delivery profile 100, as the maximum temperature delivered is 100 degrees, and will henceforth be denoted as 
DP 100 in this paper.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Lastly three other temperature profiles were set in collaboration with Fortum, see Figure 16. As seen in the 
figure, these profiles have the same shape as DP 100, but the slopes are altered, decreasing the maximum 
temperature level in the grid from 100 degrees to 90, 80 or 75 degrees. These delivery profiles will henceforth 
be denoted DP 90, DP 80 and DP 75. Additional delivery profiles with even lower temperatures were 
deemed not functional in reality, as the delivery temperatures would then in some cases be lower than the 
internal temperature levels. 
 

Temperature data 
Hourly outdoor temperatures were needed as these values form the basis for radiator heat demand. From 
Fortum’s database, the temperatures in Stockholm of 2011 were collected, as shown in Figure 17 A-B. The 
data contained hourly outdoor temperatures for Stockholm together with hour of day and weekday. The year 
2011 was chosen as it contained lower temperature values than more recent years, which were interesting to 
incorporate in the analysis.  
 

Figure 16 - Delivery profiles 100, 90, 80 and 75 sorted by outdoor temperature 

40 

50 

60 

70 

80 

90 

100 

110 

-20 -15 -10 -5 0 5 10 15 20 

D
le

ve
ry

 T
em

pe
ra

tu
re

 (
°C

) 

Outdoor Temperature (°C) 

Delivery profiles 

DP 100 DP 90 DP 80 DP 75 



 41 

 
Figure 17-B shows the outdoor temperatures sorted to better illustrate the amount of hours at different 
outdoor temperatures. In total, temperatures fell below zero degrees during 1358 hours, or 15.5 percent of 
the year. During 121 hours or 1.4 percent the temperature fell below -10 degrees and only during 20 hours, or 
0.2 percent, the outdoor temperatures fell below -15 degrees. The average temperature was 8.4 degrees. 
 

4.3.2.2 Secondary side inputs 
The secondary side is defined as the customers’ internal systems, which include the hot water and radiator 
cycle. In the following chapters, the methods for creating radiator and hot water power curves and secondary 
temperature curves are explained. 
 

Radiator cycle power 
The power that the radiator system consumes is directly correlated to the outdoor temperature. As outdoor 
temperatures decrease the required heat for the building increases proportionally to create a linear 
relationship. However, the magnitude of the curve differs from house to house. To find the correct curve for 
a specific building, the following method was used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17 - Outdoor temperatures in Stockholm during 2011  A:Cronoligical  B:Sorted 

Figure 18 - Generic power demand curve and example curve for model 
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First, a T-balance value of 15 degrees was set., which meant that at 15 degrees and above, no heat was 
required. Second, using the temperature data of 2011 a generic power demand curve was created that would 
generate an average radiator power demand of 1 kWh per hour, represented by the red line in Figure 18. 
Lastly, the average power demand of the specific building was calculated. The generic power demand curve 
could then be multiplied with the average radiator power to create a power demand curve for the specific 
building. The blue line in Figure 18 illustrates the power demand curve for a building with an average radiator 
power demand of 10 kWh per hour. Thus, a linear equation for the power demand of the building’s radiator 
cycle was created.  

Hot water cycle power 
Three domestic apartment buildings were chosen at random from Fortum’s database to create a hot water 
consumption pattern that could be applied as a generic usage curve. To do this, the power consumption of 
the hot water first needed to be isolated in for each data point. To achieve this the radiator power 
consumption was subtracted from the total power consumption.  The total power consumption was known 
for each hour, as this was available in the Fortum’s database. However, the hourly radiator consumption 
needed to be estimated. The method for isolating the radiator consumption is described in section 4.5.2. With 
the radiator consumption and the total consumption for every hour known, the hourly hot water power 
consumption could be calculated using the relation below: 
  

Hot water power consumption = Total power consumption – Radiator power consumption 
  
When the hot water consumption had been isolated the values were categorized based on the month and 
weekday of the data point. The data revealed the anticipated differences: there was a variance between 
weekend and weekdays, and also a clear difference between summer months and other months. In order to 
combine the buildings’ data and construct an average curve each building’s data sets needed to be normalized. 
This was done by dividing the hourly power value by the yearly average power usage, which created a usage 
pattern for each building.  
 
When this was done, the usage patterns of the three buildings were combined to create an average usage 
pattern for weekdays and weekends. The consumption patterns for the three buildings are shown in Figure 19 
A-B together with their combined average. 
 

 Figure 19 - Hot water usage  A:Weekdays  B:Weekend 
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To incorporate the seasonal variance in the usage patterns, a seasonal multiple was used, representing the 
differences in monthly average usage (see section 2.1.2). However, the lowest value of hot water power usage 
was assumed to be caused by the hot water recirculation. It was furthermore assumed that the hot water 
recirculation required the same amount of power all year round. To not affect this power value with the 
seasonal multiple, the power requirement of the hot water recirculation was subtracted from the power value 
of each hour. After that, the remaining power value was multiplied with the seasonal multiple, and lastly the 
hot water recirculation power was added back to the power value. The resulting seasonal variance is 
illustrated in Figure 20 A-B below, where the weekday usage patterns of months January, April, July and 
September are shown. As can be seen, the lowest value, occurring at three a.m., is the same for all months 
while it differs all the other hours.  

 

 
 
In addition to the weekday and seasonal variances a randomized factor was multiplied with the consumption 
to mirror realistic usage variations. The random factor varied between 0.75-1.25, representing a change 
ranging from -25 percent to 25 percent. The lowest value was however kept constant to represent the hot 
water recirculation.  

Radiator cycle temperatures 
In order to model the effects of varying temperatures in the radiator cycle, the temperatures of the radiator 
water at different outdoor temperatures needed to be estimated. Different buildings have different secondary 
supply temperatures, depending on the heat system and what adjustments have been made in the substation. 
Depending on the amount of cooling in the radiator cycle, the returning water temperatures also vary for each 
building. Because these temperatures vary with each building, the model required the possibility to handle 
different curves.  
 

! = !! ∗! ∗ Δ!!!!!!(3) 
 

From equation (3) it is shown that as power increases, so must either mass flow and or Delta-T. As discussed 
in the literature review, secondary mass flow can vary, and thus also the secondary temperatures. However, as 
the exact variations of secondary mass flow of a building is impossible to calculate without more information 
about the specific building, the relationship between variations in mass flow and Delta-T is unknown. In 

Figure 20 - Left(A): Seasonal variation in hot water heating demand  Right(B): Resulting weekday power demand for 
varying seasons 
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order to create the temperature curves, internal mass flow was therefore assumed to be constant (see 4.1-
Assumptions and 4.2-Limiations). Furthermore, only the secondary supply curve needed to be set, as the 
secondary return curve was determined by the internal mass flow, which was set to create the desired Delta-T 
value at DOT, see section 4.3.3.2.  
 
The model needed to be able to create a supply curve of any internal temperatures. To do this, a general 
curve shape of the secondary supply curve was taken from Figure 7 presented in section 2.2.3.2. This shape 
was deemed adequate as it represent a good example of the real temperature dynamics of secondary radiator 
systems with constant mass flow. Using regression analysis, a polynomial to the 6th degree of the supply 
curve in the figure was calculated. Again, outdoor temperature of 15 degrees was selected as the balance 
temperature (see section 4.1) and the desired indoor temperature was set to 21 degrees. Using the secondary 
delivery temperature at DOT as input and the polynomial equation, the model could now generate any curve.  
Figure 21 illustrate the curves for input temperatures 80, 70, 60 and 50 degrees. The vertical line represents 
the DOT of -17 degrees.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hot water cycle temperatures 
In the hot water cycle, it was assumed that the heat exchanger heated the water to a constant temperature of 
55 degrees for all hours, as this lies between the lowest temperature allowed, 50 degrees, and the highest 
temperature allowed, 60 degrees. When no water was tapped, it was furthermore assumed that there was a 
five degrees drop in the recycling water system as a result of heat losses in the pipes, meaning that the 
temperature of the returning water would be 50 degrees. Lastly, if there was water being tapped, the incoming 
water replacing the tapped water was assumed to have a constant temperature of 10 degrees over the year.  
 
Thus, the water entering the heat exchanger would be a mix of recycling water of 50 degrees and incoming 
cold water of 10 degrees, and the temperature of the mixed water would vary between 10 to 50 degrees. The 

Figure 21 - Examples of secondary supply temperature curves 
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proportions of the two water flows being mixed would depend on water usage. The equation describing the 
resulting temperature is given by (11) (Holman, 2010): 
 

!! ∗ !! + !!! ∗ !! = !!!"! ∗ !!!!!!(11) 
 
Where 
!! = Mass flow of cold water [kg/s] 
!! = Mass flow of hot water [kg/s] 
!!"! = Mass flow of mixture [kg/s] 
!! = Cold water temperature, set to 10 [°C] 
!! = Hot water temperature, set to 50 [°C] 
! = Mixed water temperature [°C] 
 
If water usage was zero, then all water in the cycle would return to the heat exchanger with a temperature of 
50 degrees as mc = 0. If taps were turned on, some of the cycling water would be removed from the cycle 
and replaced by incoming cold water. Up to a certain point of water usage, the hot water recirculation would 
be sufficient to provide water, and after that, all water would be tapped meaning that mh = 0, which means all 
water entering the heat exchanger would be 10 degrees.  To calculate the proportions of cold and hot water 
entering the heat exchanger, equations (12) and (13) were used: 

 
c! ∗m! ∗ 45+ !c! ∗m! ∗ 5 = P!!!!!!!!!!!!!!(12) 
m! ≤ m!,!"# !→ !m! = m!,!"# −m!!!!!!!(13a) 
m! > m!,!"# !→ !m! = 0!!!!!!!!!!!!!!!!!!!!!!!!!!!!(13b) 

 
Where  
!!= Mass flow being usage [kg/s] 
!!= Recycling mass flow [kg/s] 
!!,!"#= The maximum recycling mass flow, occurring when there is zero water usage [kg/s] 
 
In equation (10), the value 45 is the temperature difference between the water temperatures 55 and 10 
degrees, to which the cold water was to be heated. Similarly, the value 5 is the difference between 55 and 50 
degrees. In equation (11), mvvc, max is the mass flow of the recycling hot water, assumed to constant, when 
there was no hot water usage. As hot water usage was low, the recycling water would be sufficient to supply 
the water. When Mu was equal to or larger than Mvvc,max, which happened at higher water usages, all water 
entering the heat exchanger is 10 degrees. Mvvc is the amount of water not being tapped, thus depending on 
the water usage. By combining the two equations, the values of Mvvc and Mu could be calculated for each 
hour, as the power value was known for all hours and Mvvc,max is constant. Figure 22 illustrate how the mass 
flow values depend on power. The x-axis is the power usage, varying from the lowest value of the hot water 
recirculation to the highest value 11.3 times higher. Now, using equation (9), the return temperature for each 
hour could be calculated, as shown in Figure 22.  
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4.3.2.1 Heat exchangers 

Sizing of heat exchangers 
The sizing of the heat exchangers plays an intricate role in how the model reacts to different delivery 
temperatures and the resulting return temperatures. To model reality as closely as possible the sizing 
instructions from Svensk Fjärrvärme were used as a template in sizing the building’s heat exchangers. The 
sizing requires a power usage as well as primary and secondary temperatures for the dimensioning case of the 
heat exchanger.  

Dimensioning conditions 
As stated above, the heat exchanger is dimensioned following the dimensioning cases as described by Svensk 
Fjärrvärme’s guidelines. The dimensioning case that Svensk Fjärrvärme uses are displayed in Table 4. For the 
radiator cycle the dimensioning case is set to DOT conditions whereas the hot water cycle uses conditions 
present during summer months.  
 
 

Table 4 - Dimensioning temperatures for the heat exchangers 

 Radiator temperatures (°C) 
*Example: 60/40 

Hot Water temperatures (°C) - 
All buildings 

 Primary Secondary Primary Secondary 

Supply 100 60* 65 55 

Return 43* 40* 22 10 

 
The hot water heat exchanger dimensions are determined from the limiting case during the summer when the 
primary delivery temperature is at its lowest (65 degrees), putting the most pressure on the heat exchanger. 
The desired supply temperature on the secondary side is constant throughout the year at 55 degrees. The 

Figure 22 - Dynamics of water temperatures in the hot water cycle depending on usage 
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secondary return temperature uses the lowest possible case, with no recalculated water and therefore a return 
temperature of 10 degrees. The deciding factor for the size and UA-value of the heat exchanger is the 
difference between the secondary return and the primary return temperatures. In the sizing instructions the 
primary return temperature is set to 22 degrees, thus creating a 12-degree difference (See Table 4).  
 
The radiator temperatures are set from DOT conditions, which is when the most power is transferred 
through the heat exchanger. The primary supply temperature is set to 100 degrees which is the lowest delivery 
temperature promised by Fortum at DOT conditions. The secondary temperature levels depend on the 
design of the heating system; in s an example of a common 60/40 degrees building is displayed. The primary 
return temperature is 3 degrees higher than the secondary return temperature (as explained in section 4.5.2 
Radiator Return Temperature), resulting in 43 degrees in this example. 
 
Apart from the temperatures, the power usage at the dimensioning conditions is also needed to set the UA-
value. For the radiator cycle the power usage is the estimated power usage at DOT conditions. The 
dimensioning power for the hot water cycle is set by the number of apartments of the building. This 
dimensioning power can be seen on the right y-axis in comparison to the number of apartments on the x-axis 
in Figure 23. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Calculations 
To calculate the UA-value, the inputs described in the previous section are inserted into the LMTD power 
equation (4). 
 

! = ! ∗ ! ∗ !"#$ = ! ∗ ! ∗ !!,! − !!,! − (!!,! − !!,!)
ln! !!,! − !!,!!!,! − !!,!

 

Figure 23 - Installation recommendations for hot water cycle heat 
exchanger 
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However, because the U-value can vary depending on the mass flows through the heat exchanger (see 
equation (9)), the found UA-value is only correct for the dimensioning conditions. To make the obtained UA-
value usable for conditions other than the dimensioning conditions the relationship between the U-value and 
mass flows needed to be set. The relationship between the mass flows and the U-value can be described 
through equation (9): 
 

1
! = !

1
!!
∗ ! 1

!!
! +

1
!!
! !!!!! 

 
 
Due to insufficient data of the heat exchanger’s area, the U-values could not be isolated from the UA-value 
obtained in equation (10). Therefore a relationship between the UA-value and the mass flows was needed, 
which was done by using this fact that heat exchanger area A is constant, which leads to equation (14):  
 
 

1
! ∗

1
! =

1
! ∗ !

1
!!
∗ ! 1

!!
! +

1
!!
! !!= ! 1!" =

1
!!
∗ 1
!!
! +

1
!!
! !!!(14) 

 
 
The constant value c1 needed to be calculated, as this value would be constant for any given hour, while the 
other parameters would vary. Secondary mass flow was assumed to be constant over the year, and was 
calculated in equation (3) using the temperature levels of the dimensioning case and the dimensioned power 
value found in the installment details. The primary mass flow in the dimensioning case was calculated in the 
same way, as was the UA-value of the dimensioning case, which was calculated using the LMTD power 
equation (4). For the type buildings, the radiator power value at DOT was taken from the specific power 
demand curve as described in section 4.3.2.2. For the case areas, the power value was set to the dimensioned 
power value according to the installment details. Thus, the constant value c1 was calculated. 
 

4.3.3 Model functionality 
The simulations were run using the spreadsheet software Microsoft Excel. This approach was used because 
of Excel’s capability to handle large amounts of data whilst still having the functionality to carry out the 
required calculations. As the calculations are run for each hour, 8760 rows were included representing each 
hour of the year. Each row was divided into four sections, general inputs, radiator cycle calculations, hot 
water cycle calculations and combined flow calculations, which are summarized in Table 5. In the radiator 
calculation cycle, the properties of the radiator cycle for each hour are calculated. Respectively, the properties 
of the water cycle are calculated in the hot water calculation cycle, and the combined mass flow and return 
temperatures are calculated in the combined flow calculations. For each run of the model all five delivery 
profiles were simulated simultaneously.  
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Table 5 - Overview of model parameters 

General Inputs 
Radiator Calculation 

Cycle 
Hot Water Calculation 

Cycle 
Combined Flow 

Calculations 

• Date 
• Hour 
• Outdoor Temperature 
• Delivery Temperature 

• Power usage 
• Secondary Supply 
• Secondary Return 
• Secondary Mass Flow 
• Primary Mass Flow 
• UA Value 
• Return Temperature 

• Power usage 
• Secondary Supply 
• Secondary Return 
• Secondary Mass Flow 
• Primary Mass Flow 
• UA Value 
• Return Temperature 

• Mass Flow 
• Return Temperature 

 

4.3.3.1 General inputs 
The first cells consisted of the general inputs, which were not specific for any of the two power cycles. These 
included first of all the time steps broken down into a date and the specific hour of the day. In addition to the 
time steps the general inputs included the outdoor temperature and the primary delivery temperature. The 
outdoor temperatures were identical across the delivery profiles whilst the delivery temperatures varied 
depending on which delivery profile was simulated. 
 

4.3.3.2 Cycle calculations 
The radiator and hot water cycles have identical properties and the calculations therefore follow the same 
principles. The general cycle calculation will be described below, with the differences between the two 
specific cycles explained as they occur.   

Power 
The first property of the thermodynamic process is power, which refers to the amount of heat being 
transferred between the primary and secondary system sides during the simulated hour. For the radiator cycle 
the power is determined based on the outdoor temperature and the average radiator power usage of the 
building, as explained in section 4.3.2.2 (Radiator Cycle Power). The water cycle power is dependent on the 
usage pattern created in section 4.3.2.2 (Hot Water Cycle Power) and is decided by the hour, weekday and 
season, which is then also weighted by the average hot water usage of the building.  

Secondary supply temperature 
The secondary supply temperature is the temperature of the water leaving the heat exchanger on the 
secondary side. The radiator supply temperatures follow the supply curve created in section 4.3.2.2. For the 
hot water cycle the temperature is kept constant at 55 degrees for all hours.  

Secondary return temperature 
The secondary return temperature is the temperature at which the water returns from the internal systems of 
the building. In the radiator cycle this temperature is calculated through the power equation solved for the 
return temperature Tr: 
      

! = !! ∗! ∗ Δ!! = ! !! ∗! ∗ !! − !! !→ !!!! = !! −
!

!! ∗!
! 
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The secondary return temperature for the hot water cycle is calculated for each hour based on the 
relationship to the power usage explained in section 4.3.2.2. 
 

Secondary mass flow 
As stated in section 4.1 (Assumptions) the internal mass flow of the radiator cycle is assumed to be constant. 
This mass flow is determined by the power demands and internal temperatures used at the dimensioning 
conditions.  

! = ! !
!! ∗ Δ!

 

 
The hot water cycle uses the same power equation to set its mass flow. However, because the secondary mass 
flow of the hot water cycle can vary, the mass flow is calculated in every row. 

Primary mass flow 
The calculation of the primary mass flow is identical in both the radiator and hot water cycles and is 
calculated with the power equation as described in the above section of secondary mass flow.   

UA-value 
The next property that needs to be set is the UA-value of the heat exchanger where the U-value varies 
depending on the mass flows that pass through it. The same equation used to set the c1-constant in the 
dimensioning of the heat exchanger is now used to set the UA-value. 
 

1
!" =

1
!!
∗ 1
!!
! +

1
!!
! !!! 

  ! 
Primary return temperature 
The last calculation estimated the primary return temperature, and uses the LMTD power function solved for 
the primary return temperature as described in equation (15): 
 

! = ! ∗ ! ∗ !!,! − !!,! − !!,! − !!,!
ln !!,! − !!,!

!!,! − !!,!
!!!!!→! 

→ !!!!!!!,! = !
!!,! ∗ !" − ! ∗!

!" ∗ !!,! − !!,! ∗ !
!!,!∗!"

! !!!,!∗!"!
!

!" !!!!(15) 
 
Where: 
!!,! = Primary delivery temperature [°C] 

!!,! = Secondary supply temperature [°C] 
!!,! = Primary return temperature [°C] 

!!,! = Secondary return temperature [°C] 
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P = Power [kW] 
W = Product log function, LambertW 
 
In the equation the Lambert W function (also known as the product log function), is used to isolate the 
primary return temperature. However the Lambert W is not included in Excel’s standard functions, therefore 
an excel plugin for the Lambert W function was downloaded from a Visual Basics Forum (VB Forums, 
2014).  

Circular reference 
The final three calculated values (primary return temperature, primary mass flow and UA value) are 
codependent of one another, thus creating a circular reference. The UA value is dependent of the primary 
flow, while the primary flow is dependent of the return temperature, which is dependent of the UA value. 
Therefore, excel iterated the calculation until a precision of three decimal places was reached after which the 
iteration stopped. 

Mixing the two flows 
After all the values for the two cycles had been set, the last step in the calculation of each hour was to 
combine the two flow from the cycles to create a total primary flow.  Each of the cycles had a mass flow and 
return temperature, which were applied into equations (11) shown below to attain the mass flow and 
temperature of the resulting combined flow.   
 

!! ∗ !! + !!! ∗ !! = !!!"! ∗ !!!!; !!!"! = !!! + !!!!!!   
    

 

4.3.4 Outputs 
The outputs of the model are divided into three main categories; radiator cycle, hot water cycle and combined 
flows. Each category consists of the temperature and mass flow of the returning water for every hour of the 
modeled year. Each data set consists of individual figures for each of the five delivery scenarios. These 
outputs are presented for both type buildings and case areas in chapter 5, Results. 
 
 

4.4 Type buildings 
 
In this section the methodology specifically related to the type building simulations are presented. 
 

4.4.1 Reason for type buildings 
The overall objective of the type building simulations was to create an understanding of how lowered water 
temperatures would affect buildings with different heat systems. As variations between buildings are many, 
the type buildings were created to represent the main body of building variants existing today. With the type 
buildings set, their distinguishing features were used as input values in the model described in the sections 
above. The output was then analyzed to draw general conclusion on each type building individually and to 
compare the results.  
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4.4.2 Type building selection 
The type buildings were created both in discussions with Fortum and from literature research. The features 
that distinguish the buildings from one and other are mainly the radiator cycle secondary temperatures, but 
also the degree of over-dimensioning in the heat system. Furthermore, behavioral factors such as hot water 
usage and preferred indoor climate affect the power consumption. Lastly, varying modifications to the 
buildings such as energy-efficiency measures will have affected the building’s heat system. However, no 
behavioral differences were taken into account in the creation: the inhabitants are assumed to behave the 
same in all building types, and all buildings were assumed to have the same design except for the heat system 
itself.  
 
The distinguishing feature chosen was the radiator cycle temperatures. Four variations of radiator cycle 
temperatures were chosen, creating four type buildings: type building A-D. Also, for each building three cases 
of over-dimensioning were modeled. Today, the building’s heat exchanger is dimensioned for the promised 
delivery temperatures; the temperatures of DP 100. For each building, two scenarios were modeled, where 
the current heat exchanger was correctly dimensioned (0 percent over-dimensioned) and 100 percent over-
dimensioned for DP 100, and the size of the heat exchanger was kept constant in all delivery profiles. 
However, as the delivery temperatures were lowered, these heat exchanger became under-dimensioned. 
Therefore, a scenario to model the effects of lowered temperatures with correctly dimensioned heat 
exchangers for each delivery profile was also created. Thus a scenario with four different heat exchangers, one 
correctly dimensioned for DP 100, one for DP 90, one for DP 80 and one for DP 75, was also modeled.  
 
The temperature levels in building types A-C were chosen as they are mentioned in Boverket’s design 
recommendations, and are cited as the most common heat system design temperatures used both in literature 
and by Fortum (see section 2.2.3.2 about design of heat systems). Type building A is a building using 60 
degrees secondary supply temperature and a return temperature of 40 degrees at DOT (shortened to 60/40). 
Building Type B is a 70/50-building and Type C is a 80/60-building. Building type D was selected to 
represent buildings in which the Delta-T value is greater than 20 degrees at DOT, for example where 
adjustments to the secondary mass flow have been made, and its temperatures was set to 80/40. They are 
summarized in table X below. 
 

Table 6: Summary of secondary temperature levels at DOT of the building types 

Building type Type A Type B Type C Type D 

Temperatures 60°C/40°C 70°C/50°C 80°C/60°C 80°C/40°C 

  
 
As the type building models were created from theory, no real data existed to be used in the simulations. 
Instead, only the hypothetical delivery profiles DP 100, DP 90, DP 80 and DP 75 were used in the 
simulations. Applying an actual delivery profile would fill no purpose, as the buildings themselves were 
theoretical constructs. Thus, the resulting output can not be directly compared with existing data from real 
buildings, as today no buildings receive the temperature levels of the simulated delivery profiles. Instead, the 
interesting aspects of these simulations would be the comparison of the mass flows and return temperatures 
resulting from the different delivery profiles.  
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For each building type, the secondary radiator temperatures and over-dimensioning had been determined. 
Below are descriptions about how the remaining user input values were set. These values were the same for 
all the type buildings, thus there was no difference between them in other regards than the radiator 
temperature levels. 
 

4.4.3 Input values 

4.4.3.1 Power usage 
The first user input needed was the total average power usage of the building. From analysis of actual 
buildings it was found that buildings ranged between 15-100 kW in average total power usage. Because effects 
would only vary in magnitude with varying average power usage, an arbitrary value within the common range 
could be chosen.  The average power usage for the building types simulation was therefore set to 50 kW. 
 

4.4.3.2 Split between water and radiator power usage 
When the total average power had been set the distribution between radiator and hot water usage needed to 
be set. From literature it was known that the average yearly hot water power usage was 30kWh/m2 and the 
yearly average radiator power usage was 152 kWh/m2. With these figures a ratio of 1:5 was set between the 
hot water and radiator average power demands. With a total average power usage of 50 kW, the average 
power usages became 8.3 kW for the hot water system and 41.7 kW for the radiator system. 
 

4.4.3.3 Dimensioning power of heat exchangers 
The dimensioning power for the radiator cycle was, as explained in previous sections, set by the power 
demand at DOT. The power demand was calculated with the use of the generic power curve presented in 
section 4.3.2.2. Applying the average radiator power usage of 41.7, the resulting DOT radiator power demand 
and dimensioning power for all of the type building is 154 kW.  
 
The dimensioning power for the hot water system is dependent of the number of apartments as Figure 23 
displays. From the relationship shown in the figure the max power usage is calculated from the number of 
apartments that the building contains.  
 
Only the average power usages had been set for the building types, therefore an estimate of the number of 
apartment had to be calculated. In order to find the relationship between number of apartments and hourly 
power usage two statistical figures were needed, the average yearly hot water power usage per m2 and average 
apartment size in Stockholm. The average hot water power usage was known from the literature review to be 
30 kWh/m2 per year. The average apartment size was calculated from data collected from Statistics Sweden 
(Statistiska Centralbyrån) of apartments in the Stockholm region. With these figures an average of 67.8 m2 per 
apartment could be calculated.  
 
To translate the average hot water power usage into number of apartments the following relationship was 
used:  
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#!!"#$%&'(%) = !
!"#$%&#!!"#$%! !"ℎ !"!#$%&'$!!"#$%#&'

ℎ!"#
∗ 365!!!"#$ ∗ 24!ℎ!"#$!

!"#$%&#!!"#$! !! ∗ !"#$%&#!!"#$%! !"ℎ !!
!"#$

= 

 

= !"#$%&#!!"#$%!!!!"#$!!"#!!"!#$%&'$!!"#$%#&'
!"#$%&#!!"#$%!!!"#$%!!"#!!"!#$%&' !!!!(16) 

 
 
Through the relation an estimate of 36 apartments was obtained, leading to a dimensioning power of 144 kW 
from Figure 23.    
 
To conclude, the user input values for the type buildings were as follows: 
 

● Average total power usage was set to 50kW for each building 
● The ratio of power between hot water and radiator cycles was set to 1:5 
● Dimensioning power of water and radiator heat exchangers are set to 144 kW and 154 kW 

respectively  
● The secondary radiator temperatures at DOT were set to either 60/40, 70/50, 80/60 or 80/40 

 
 

4.5 Case studies 
 
In this section the methodology specifically related to the case study simulations are presented. 
 

4.5.1 Choice of case studies 
The two real areas chosen for case studies were also chosen in collaboration with Fortum. They were chosen 
because they were located at the end of the grid, meaning that pipe flows would be fairly easy to model, and 
contain a manageable number of buildings. Furthermore, the existing data in Fortum’s database for the 
buildings and their individual usages was continuous for 2011 without any missing data. Lastly, the grid 
system was not entangled, meaning that each pipe could easily be studied. In many other areas of the grid the 
pipes were connected in a more complex fashion, making it harder to analyze the mass flow and speed 
changes in them. 
 
The objective of the case studies was to better understand how the lowered water temperatures would affect a 
real area in the grid, including both the effect on the buildings and the grid network. The results could be 
analyzed to identify how the lowered temperatures would affect the systems compared to how they are run 
today, and also to identify obstacles for even further lowering of water temperatures. The reason for choosing 
two case areas was to be able to compare them and identify similarities and differences between them. 
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4.5.2 Input values 
The data for each building was collected from Fortum’s database, and included power, delivery temperature, 
return temperature and volume flow to the building for each hour of the year 2011. Again, as described in 
section 4.4.3, the following inputs were needed for each building: 
 

● Average total power usage 
● Dimensioning power of water and radiator heat exchangers 
● The split of power between radiator and hot water cycles 
● The radiator temperature levels at DOT 

 

Average power 
The average total power was calculated from the hourly power values from the data, and the dimensioning 
power for the heat exchangers were found in the installment information for each building. However, for two 
buildings in Skarpnäck, the information was missing, and was set to the averages of the other buildings in the 
area excluding the school, as the properties of the school is different from apartments buildings. For the 
Radiator side, the dimensioning power was set to the average proportion of average power usage and 
dimensioning power of the remaining buildings. The hot water dimensioning power was set in a similar way 
but a linear relationship was found between the average power usage and dimensioning power.  
 

 
Table 7 - Installation form data for buildings in Kärrtorp and Skarpnäck 

 Kärrtorp Skarpnäck 

Building no. 
Radiator heat 

exchanger (kW) 
Water cycle heat 
exchanger (kW) 

Radiator heat 
exchanger (kW) 

Water cycle heat 
exchanger (kW) 

1 182 230 - - 
2 72 160 460 252 
3 275 160 570 299 
4 72 160 350 245 
5 84 75 486 243 
6 84 75 110 146 
7 159 205 - - 
 
 
The method for calculating the split between radiator and hot water power, and the secondary radiator 
temperatures at DOT required more extensive methods, and are described in more detail in the sections 8.1 
and 8.2.  
 

Radiator supply temperatures 
Attempts were made to estimate the buildings’ secondary supply temperature from the existing data, but 
proved to be impossible as the necessary data was not available in Fortum’s database. As the secondary 
supply temperature is not related to primary temperatures in the same way as primary and secondary return 
temperatures are (see section 4.5.2 Radiator Return Temperature), no relationships between Fortum’s data 
and the buildings’ secondary supply temperatures could be established.  To be able to estimate the supply 
temperatures for a building, field measurements would have needed to be conducted, which would have 
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consuming too much time from the project, or closer collaborations with the owners of the buildings would 
have needed to be established in order to get the data from them.  
 
Therefore, three scenarios of secondary supply temperatures were modeled. The three scenarios were, just as 
in the type buildings, secondary supply temperatures of 60, 70 and 80 degrees at DOT. Thus, three 
simulations were run for each delivery of the five profiles for each building, resulting in a total 21 simulations 
per case area as there were seven buildings in each area. The results consisted of a total of 210 data sets of 
hourly mass flow values and 210 sets of hourly return temperature values. Scenario 1 represents the case of 
60 degrees secondary supply temperature, Scenario 2 represents 70 degrees and Scenario 3 represents 80 
degrees.  

Radiator return temperatures 
This section elaborates on how the return temperature at DOT of the radiator cycle for each building was 
found. This value was used as input in the model, and required a method of splitting the total power usage of 
the studied building into radiator cycle power and hot water cycle power. As stated earlier, the power, the 
primary volume flow and the primary delivery and return temperatures could be collected from Fortum’s 
database for each hour. The volume flow was converted into mass flow assuming a density of 1000 kg/m3.  
 
These values were the combined values from both the radiator and the water cycle, and no information 
existed about the split between the two cycles. In order to separate the cycles the following method was used.  
 
First, a T-balance value of 15 degrees was assumed. Thereafter, the power values for night hours between 2-4 
am with outdoor temperatures above 15 degrees were extracted from the data (these hours only occurred 
during the summer period). During these hours, the radiator cycle would be inactive and require no power. 
Therefore, all power supplied at those hours to the building must have been used in the water cycle.  
 
Furthermore, in general people are asleep during night hours, and therefore water usage would be zero, 
meaning that the power and mass flow at those hours only supplied the hot water recirculation.  The hot 
water recirculation is active all year in order to inhibit bacteria growth in the circulating water, and was 
assumed to require constant power and mass flow. Thus, the power and mass flow required for the hot water 
recirculation for each hour was identified. Furthermore, the value of the primary return temperature from the 
water cycle was calculated as the average temperature value of the return temperatures registered in the 
database for these hours. Thus, the constant primary return temperature, mass flow and power for the hot 
water recirculation had been isolated. 
 
Thereafter, the other power and mass flow values for night hours 2-4 am with outdoor temperatures below 15 
degrees where extracted. During these hours the radiator cycle is active, while at the same time water usage 
remains zero as people are inactive at night, meaning that the water cycle only requires power and mass flow 
to support the hot water recirculation. As the power and mass flow values of the hot water recirculation were 
known, they could now be subtracted from the total power and primary water flow. The remaining power 
and mass flow was therefore used by the radiator cycle. Also, a relationship between outdoor temperature and 
radiator power could now be created, which was used to identify the split between radiator and hot water 
power. Lastly, the maximum power required by the radiator cycle could be calculated, which was used in later 
steps. 
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The primary return temperature from the radiator cycle could be calculated using the now familiar equation:  
   

!! ∗ !! + !!!! ∗ !!! = !!!"! ∗ !!!"!!!! 
!!"! = !!! + !!!! 

 
Where 
!! = radiator cycle mass flow [kg/s] 
!!! = hot water cycle mass flow [kg/s] 
!!"! = total mass flow [kg/s] 
!! != radiator cycle return temperature [°C] 
!!! = hot water cycle return temperature [°C] 
!!"! = total return temperature [°C] 
 
Total mass flows and return temperatures are known from the database, and hot water cycle mass flows and 
return temperatures are calculated earlier. Radiator mass flow is known from the second equation. Thus, the 
primary return temperature could be calculated for all night hours with outdoor temperatures below 15 
degrees. However, it was the secondary return temperature that was needed, so a way to estimate the 
secondary return temperature from the primary return temperature was needed.  
 
Based on the dimensioning recommendation of Svensk Fjärrvärme and Fortum, it was known that the 
maximum difference between primary and secondary return temperatures was 3 degrees, and occurred at the 
hour with the highest power demand. Due to the nature of heat exchanger performance at different operating 
conditions, this difference decreased linearly to zero when no power was transferred. Using this insight, a 
linear relationship of the difference between the primary return temperature and the secondary return 
temperature with 3 degrees difference at DOT (-17 degrees) and zero at T-balance (15 degrees) was created. 
Using this relationship, the secondary return temperature could be estimated through the following 
relationship:  

Δ! = !3 ∗ ! !!!!"#
!!!!(17) 

 
Where  
Δ! = Difference between primary and secondary return temperatures [°C] 
!! = Power requirement at specific hour i [kW] 
!!"# = Maximum power requirement [kW] 
 
Depending on the ratio P/Pmax for hour i, a value between 0-3 was subtracted from the primary return 
temperature, resulting in an estimated value for the secondary return temperature. These secondary return 
temperatures were plotted in relation to outdoor temperatures, yielding a scatter graph. By using regression 
analysis, a 2nd degree polynomial relationship was found, describing the relationship. This equation made it 
possible to find the secondary return temperature at DOT for the building, and thus the required user input 
was estimated. Figure 24 below illustrates the curves for the Kärrtorp area. 
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Ratio: hot water to radiator power 
Using the isolated radiator power values for outdoor temperature below 15 degrees from the method in 
section 8.2, the relationship between radiator power and outdoor temperature could be established. By again 
assuming a T-balance value of 15 degrees, a linear relationship was established for the building, making it 
possible to estimate the radiator power demand for each hour. By subtracting these values from the total 
power data in the database, the power required by the hot water cycle was isolated for each hour. Thus, the 
split between hot water power and radiator power was found for each hour, and the yearly split could be 
calculated. 
 
Thus, all required user inputs for the fourteen case buildings had been identified, and are presented in table 8 
below. 

Table 8 - Overview of case study building inputs 

Kärrtorp 
building no. 

Average total 
power (kW) 

Radiator cycle 
usage (%) 

Hot water cycle 
usage (%) 

Return temp. at 
DOT 

1 41.2 73% 27% 42 
2 17.3 77% 23% 44 
3 73.7 70% 30% 43 
4 17.5 70% 30% 38 
5 17.3 77% 23% 44 
6 23.4 77% 23% 38 
7 38.8 77% 23% 47 
     
 Skarpnäck 
building no.     
1 37.5 71% 29% 44 
2 86.2 61% 39% 37 
3 109.8 61% 39% 36 
4 38.7 68% 32% 46 
5 164.9 62% 38% 38 
6 37.1 68% 32% 54 
7 530.3 79% 21% 46 

Figure 24 - Secondary return temperature curves in Kärrtorp from simulation 
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4.5.3 Pipe and valve analysis 

4.5.3.1 Pipe water speeds 
The purpose of the pipe analysis was to understand if the pipe dimensions would be too small to be able to 
handle the increased water speeds in them due to the increased mass flows caused by lowered water 
temperatures. As described in the literature review, the limitation in the pipes is water speed, and therefore, 
the mass flows in the pipes needed to be converted into water speeds, which was done using equation (1). 
The data on pipe sizes were collected from Fortum’s grid network software and are presented in the literature 
review.  
 

!!,! =
!!,!

!! =
!!,!
!! ∗ !!

!!!!!(18)! 
Where 
!!,! = water speed for hour i in pipe p [m/s] 

!!,! = volume flow for hour i in pipe p [m3/s] 

!! = cross-sectional area for pipe p [m2] 

!!,! = mass flow for hour i in pipe p [kg/s] 

!! = density of water for hour i [kg/m3] 
 
The density differed for each hour as delivery temperatures differed. To calculate the hourly density, the 
following equation was used (Maidment, 1993): 
 

! = 1000 ∗ !! !!!"".!"#"
!"#$%$.!∗ !!!".!"#$ ∗ ! − 3.9863 !     (19)   

 
Where 
! = density of water [kg/m3] 
! = temperature [°C] 
 
As mass and volume flow vary for each hour, so does water speed. But to check if the pipes were too small to 
handle the water speeds, only the maximum water speed value of each pipe during the year was needed. 
Therefore, the maximum mass flow value was extracted for each pipe in the grids for each delivery profile. 
These mass flow values were then inserted into equation 1 to calculate the water speed at that hour. These 
values were then compared to both the optimum water speed and the maximum water speed to see if the 
pipe dimensions were sufficient.  
 

4.5.3.2 Control valve limitations 
The purpose of analyzing the control valves was to calculate the necessary pressure drops for the increased 
water flows through the substations. As described in the literature review, the control valves are characterized 
by the KVS-coefficient; the volume flow in m3/h that is able to pass through the valve when fully opened 
with a pressure drop of 1 bar. As mass flow and volume flow increase through the valves and into the 
substations, the pressure drops. As in the water speed analysis, the maximum mass flow values were extracted 
as these values converted into volume flow represented the greatest flows the valves would need to handle. 
To calculate the required pressure drops equation (1) was used (Werner & Frederiksen, 2013, p. 389). The 
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data on valve KVS-coefficients for each substation were collected from Fortum’s installation information and 
are presented in the literature review. 
    

! = !!" ∗ ! ∆!
!!!"#!   

! = ! ∗ 36001000 

 
Where 
! = Volume flow [m3/h] 
∆! = Pressure drop [bar] 
! = Mass flow [kg/s] 
!!" = KVS-coeffecient 
 
As no data on pressure and pressure drops in the pipes were available in Fortum’s data, no conclusions could 
be drawn by calculating the pressure drops for each valve, as the values could not be compared to any real 
limits. So instead of real limits, intervals of possible volume flow for pressure drops of 1, 2, 4, 8 and 16 bars 
were compared to the maximum volume flow values. 
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5. Results 
 
In this chapter, the results of the analyses are presented. First, the results from the modeling of the building 
types are presented, and after the results from the modeling of the two case areas are presented.  

5.1 Results from type buildings 
 
In this section, the results from the type building analyses are presented. These include the simulations of 
various delivery temperature profiles for four building types: Type A, B, C and D, where each type represents 
a building with varying secondary temperature levels as described in Table 9.  
 
 

Table 9: Building type description 

Building type Secondary supply temperature 
at DOT (°C) 

Secondary return temperature at 
DOT (°C) 

Type A 60 40 
Type B 70 50 
Type C 80 60 
Type D 80 40 

 
The section shows how primary mass flow and return temperature is affected when the building types are 
combined with the different delivery profiles. First, the resulting mass flows are analyzed, followed by the 
return temperatures. Also, a section about how over-dimensioned heat exchangers affects both mass flow and 
return temperatures is included. Throughout the report, delivery profiles is shortened to DP, so for example, 
the delivery profile with maximum temperature of 100 degrees is denoted DP 100. The buildings were set to 
have an average total power consumption of 50 kWh per hour, and absolute mass flow values are only 
applicable for buildings with that specific heating demand. Buildings with less energy demand will use less 
mass flow and vice versa. However, relative increases and return temperature increases are applicable for any 
building. 
 

5.1.1 General mass flows 
 
In Figure 25 on the next page, the required mass flow for each building type is presented, sorted for outdoor 
temperature. The y-axis shows the mass flow values in kg/s, and the x-axis show the outdoor temperatures. 
The shapes of the curves show increasing mass flow at colder outdoor temperatures. This is explained by the 
strong link between outdoor temperature and power requirements for space heating. The heating 
requirements for hot water is not dependent on outdoor temperature, but the shifts in hot water power 
demand is what creates the blurriness of the lines. The scales of the graphs make it hard to analyze specific 
curves in more detail, but were chosen to illustrate the general behavior of mass flow. Furthermore, to make 
it easier to see the effects at cold outdoor temperatures, the x-axis does not contain outdoor temperatures 
above 20 degrees.  
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Figure 25 - Hourly mass flows for various type buildings and delivery profiles 
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Several observations can be made from these four graphs. First, depending on delivery temperature profile, 
different mass flows are required to deliver the demanded power. In general, lower delivery temperatures 
result in greater mass flows. This is explained by the fact that the primary Delta-T decreases as delivery 
temperatures are decreased. Furthermore, for buildings with higher secondary temperature levels, e.g. building 
type C, the mass flow requirements increases rapidly at lower outdoor temperatures. This effect is most 
prominently seen in Figure 25-C, and is explained by the fact that high secondary return temperatures result 
in high primary return temperatures, which in turn causes the primary Delta-T value to become small. With 
small Delta-T values, high mass flow values are required to transmit the heat, as described by equation (3), see 
section 2.3.  
 
Second, mass flow does not differ between the DPs for outdoor temperatures above zero degrees, meaning 
that mass flows only differ for 1358 hours or 15.5 percent of the year. This is because all delivery profiles 
deliver water of the same temperature, 65 degrees, for outdoor temperatures above 0 degrees.  
 
Third, in the building type C and D graphs, the curves of DP 75 and DP 80 are reduced to zero for 
temperatures below certain outdoor temperatures. This happens because at those temperatures, the secondary 
delivery temperature exceeds the primary delivery temperature, making it impossible for the required heat to 
be transmitted, which causes the system to malfunction. This lashing increase is significantly stronger for the 
mass flows of DP 75 and DP 80 than for the other scenarios. In contrast to DP 75 and DP 80, DP 100 and 
DP 90 require smaller increases in mass flow in all building types. The DP 100 graph is almost flat when 
comparing to the colder delivery profiles, and the DP 90 graph is almost linear with lashing effects only 
occurring at the coldest outdoor temperatures.  
 
Lastly, graph 4 shows that building types D experience the same lashing effect as type C buildings do, but 
with the difference that the values do not reach the extreme values that occur in type C buildings. This is 
because of the lower secondary return temperature, which yields a higher primary Delta-T value. But at the 
same time, the systems malfunction just as in type C buildings due to the high secondary supply temperature.  
 
So in general, lower delivery temperatures yield higher mass flow values. However, DP 80 and 75 cause a 
lashing effect, with rapidly increasing mass flows at colder outdoor temperatures, while DP 100 and DP 90 
increases are more stable. These effects will be analyzed in more detail in the following section.  
 

5.1.2 Detailed mass flow variations 
Figure 26 A-D show the increase in mass flow in more detail for the four building types. They present the 
average mass flow values for specific outdoor temperatures. In graphs A and B, values are presented for 0, -6, 
-12 and -18 degrees. In graphs C and D, the buildings malfunction for DP 80 and DP 75. For these two 
delivery profiles, their respective maximum value is included: in graph C these occur at -11.9 and -16.4 
degrees. For DP 80, the value at -16 degrees is also included to show how much the mass flow increase 
between -16 and -16.4 degrees. In graph D, the maximum mass flow occurs at -12.2 degrees for DP 75. The 
average values were calculated to eliminate the variations due to different hot water usage at different hours.  
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Figure 26 - Mass flow increase for outdoor temperatures below zero degrees 
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From the figures, several more in-detail observations about the dynamics of mass flow can be made. In the 
first graph, it is seen that all delivery profiles result in almost linear increases, and no lashing effects occur. 
However, the slope of the lines increases with decreasing delivery profile, indicating a more rapid increase for 
colder delivery profiles. In the second graph, DP 75 has a clear exponential increase in mass flow. 
Furthermore, the gap between each delivery profile is seen to increase with lower outdoor temperatures. The 
slope also increase for DP 80 as outdoor temperature falls, while DP 100 and DP 90 are seen to be stable. In 
graph 3, DP 80 and DP 75 lash off very fast. At -11.9 degrees, DP 75 reach a mass flow value that is around 
11 times higher compared to 0 degrees. The same figure for DP 80 is around 8 at -16.4 degrees. Furthermore, 
DP 80 shows that between -16 and -16.4 degrees, mass flow increase almost vertically. The same 
phenomenon can be seen in the last graph, where the increase between -12 and -12.2 degrees is 40 percent: 
from around 2.5 kg/s to 3.5 kg/s.  
 
Some conclusions can be drawn from these observations. First, building type affects the magnitude of the 
increase in mass flow. This has to do both with secondary supply and secondary return temperatures. When 
comparing the effects of secondary supply temperature it is best to compare graph A with D, as these two 
building types utilize the same secondary return temperature curves (40 degrees at DOT), but utilize different 
supply temperatures: Type A has 60 and Type D has 80 at DOT. As seen, the effects of higher secondary 
supply temperature only become apparent when applying low delivery profiles. The curves of DP 100, 
representing the highest delivery temperatures, are identical in the two graphs. The curves of DP 90 are also 
almost identical, with the values at -18 degrees being marginally higher for Type D. However, DP 80 and DP 
75 yield very high mass flows in Type D compared to Type A. Furthermore, Type D buildings malfunction 
for certain temperatures. These two effects occur because the temperatures of DP 80 and DP 75 do not rise 
as fast as the secondary temperatures do with falling outdoor temperatures. Therefore, the gap between 
secondary supply and primary delivery becomes increasingly small. For the heat exchanger to be able to heat 
the secondary water temperature to the desired level, large mass flows is therefore required.  
 
The effects of higher secondary return temperatures are best observed by comparing graphs C and D, as 
these two building types utilize the same secondary supply temperature curves but different return curves. For 
the same delivery profile, the mass flow increase is greater in graph C. DP 100 increases 32 percent between 0 
and -18 degrees in Type C buildings, but only 20 percent in Type D. As clearly seen when comparing DP 80 
and DP 75, the mass flow values are higher in Type C buildings: the maximum value of around 11 kg/s 
observed in Type C is more than 3 times greater than the maximum value of around 3.5 kg/s observed in 
Type D. But not only are the absolute values higher; the increase is also greater. Between -6 and -12 degrees, 
the mass flow in DP 75 increase from around 0.9 to 2.5 kg/s in Type D, which is an increase of 
approximately 175 percent. The same figures in Type C are 1.5 to 10.8 kg/s, which is an increase of 
approximately 620 percent. So, secondary return temperature has a great effect on how fast the mass flow 
increases. This is due to the fact that the primary return temperature is strongly related to the secondary 
return temperature:  the greatest difference between them is 3 degrees at DOT. Therefore, the primary return 
temperature will be 20 degrees higher in Type C buildings compared to Type A and D, causing the primary 
Delta-T value to be substantially smaller, and thus created a greater need for mass flow.  
 
To further show the effects on mass flow, Table 10 display the average mass flow over the year for the 
different building types and delivery profiles, together with the relative difference between DP 100 and lower 
delivery profiles. 
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Table 10: Yearly average mass flows and effect of lowering delivery temperatures 

 Yearly average mass flow (kg/s)  Relative increase 
Delivery 
profile 

Type A Type B Type C Type D  Type A Type B Type C Type D 

DP 100 0.306 0.339 0.385 0.304  - - - - 
DP 90 0.312 0.350 0.403 0.311  2% 3% 4% 3% 
DP 80 0.322 0.365 - -  5% 7% - - 
DP 75 0.328 0.377 - -  7% 11% - - 
 
The table shows that the increase in mass flow goes both vertically and horizontally: vertically when 
comparing building types, and horizontally when comparing delivery profiles in the same building type. The 
table also shows that applying DP 75 instead of DP 100 in a Type A building would lead to an average 
increase of 7 percent mass flow. A greater increase of 11 percent is observed in the next building type, and it 
is correct to assume that the increase would be even greater in Type C buildings. However, with the extreme 
mass flows displayed in the graphs above in mind, these average increases are rather limited. This is attributed 
to the rarity of cold outdoor temperatures. During 2011, temperatures between -12 and -18 degrees were only 
registered during 65 hours in Stockholm, while temperatures between 0 and -6 degrees were registered for 
around 1500 hours.  
 

5.1.2 Return temperatures 
In this section, the effect of the delivery profiles on the return temperatures of the different type buildings 
will be presented. First, the results for the radiator cycle will be separated to show the dynamic between the 
building types, which differ from each other only in their radiator cycles as water usage was set to be identical 
in all of them. After the results from the radiator cycle has been presented, the temperatures of the space 
heating and hot water cycles will be combined and the total effect will be presented.  

Radiator return temperatures 
Figure 27 below demonstrates the overview of the temperature dynamics in the radiator heat exchanger. They 
present all the temperature levels on both the primary and secondary side at each specific outdoor 
temperature. The figures are divided into a matrix with columns for each specific delivery profile and rows 
for each building type. These results are based on 0 percent oversizing of the heat exchanger.  
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Figure 27 - Dynamics of radiator heat exchanger temperature for varying types and delivery profiles 
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The dynamics of the heat exchanger are clearly visible in these figures. As the delivery temperature (orange 
line) is lowered, the difference in the primary (purple) and secondary (green) return temperatures increases. 
This is due to the primary mass flow increasing and giving less time for the water to be cooled towards the 
secondary return temperature levels. According to the building standards presented by Svensk Fjärrvärme, it 
is this temperature difference that should not exceed 3 degrees, but as the figures show, when delivery 
temperatures are lowered, the difference increases beyond that limit. However, for DP 100, it can be seen that 
this difference does not exceed 3 degrees in any of the building types, which is due to the fact that this is the 
case for which the heat exchangers are dimensioned. 
 
In building type C and D it can be observed how, for the lower delivery profiles, the delivery temperature is 
lowered below the secondary supply temperature making it physically impossible to heat the secondary side to 
the desired temperature. This effect can be observed in Type C and D buildings for DP 80 and DP 75, at 
outdoor temperatures below  -15.4 and -11.2 degrees respectively.  
   
Another observation that can be made is that building type A has the smallest difference between primary 
and secondary return temperatures for all delivery profiles, and is therefore best at coping with the lowered 
temperatures. This is due to the greater difference it maintains between the secondary supply and primary 
delivery temperature.  
 
The following four figures illustrate in more detail the dynamics of return temperatures for the four building 
types when applying different delivery profiles. 
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Figure 28 - Return temperatures for varying delivery profiles for each building type 
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The first observation that can be made from these figures is that the return temperatures are identical for 
outdoor temperatures above 0 degrees. This is, just as with mass flow, due to the delivery profiles being 
identical at these outdoor temperatures, with a delivery temperature of 65 degrees. For these temperatures the 
difference between the primary and secondary return temperatures range from 0 to 0.9 degrees.  
 
Second, return temperatures at 15 degrees and above are constant at 21 degrees. This is because 21 degrees 
was set as the desired indoor temperature and 15 degrees was set as the balance temperature. The model 
therefore establish a value of secondary supply temperature of 21 degrees, and due to the assumption that the 
difference between secondary and primary return temperature was 0 degrees at those outdoor temperatures, 
the primary return temperature become equal to the secondary return temperature. However because no 
heating is needed, the flow is equal to zero and the return temperature of the return flow does not have any 
effect.  
 
Third, differences in absolute temperature levels between the building types can be observed, which are 
explained by the difference in secondary return temperature levels of the different building types. For 
example, in type A buildings, the dimensioning secondary return temperature is 40 degrees at DOT, which is 
why Figure 28’s temperatures cluster around 45 degrees. Respectively Type B cluster around 55 and Type C 
cluster around 65 at DOT.  
 
However, the variations in increasing return temperatures are the most important principle displayed by these 
figures, because these dynamics are the focus of this investigation. As mentioned earlier, Type A buildings 
displays the least return temperature increase due to the lowered temperature levels. The figures show that as 
delivery temperatures are lowered, the lashing effect increases. DP 75 shows the most extreme increases in all 
building types. The numerical increase in return temperature at DOT temperatures in comparison to DP 100 
are summarized in Table 11. The increases for housing types C and D are not available for the 80 and 75 
delivery profile due to the failure of the heat transfer at outdoor temperatures higher than -17 degrees.    
 

Table 11: Return temperature increase at DOT in comparison to DP 100 

Building 
type 

DP 100 DP 90 DP 80 DP 75 

Type A - +1.1 +2.9 +4.3 
Type B - +1.6 +5.0 +8.6 
Type C - +3.0 - - 
Type D - +4.0 - - 

 
As can be seen in the table, relatively high differences can be observed as lower delivery temperatures are 
applied. Building type B will experience a return temperature 8.6 degrees higher if DP 75 is applied instead of 
DP 100, which is the highest difference observed. However, it is important to point out the rarity of these 
outdoor temperatures, and Table 11 therefore basically illustrates the rare but extreme conditions that will 
arise if the lowered delivery profiles are applied.  
 

Total return temperature 
Figure 29 below depicts the primary return temperatures of building type B for the entire year with the heat 
and hot water cycles combined. Similar to the previous section, the data is plotted based in relation to the 
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outdoor temperature at which it occurred, seen on the x-axis. Building type A was chosen here to show the 
dynamic of the process and later the differences between the building types will be shown in greater detail.  
 
The first observation that can be made is the seemingly random cloud that is present at outdoor temperatures 
above 15 degrees. At these temperatures the space heating demand is zero, leading to the entire return flow 
consisting of water from the hot water cycle. The hot water usage is not related to the outdoor temperature, 
which is why no pattern can be seen for these data points. At these outdoor temperatures the return 
temperatures can reach 50 degrees, which is the value set through the designed model.   
 
For temperatures below 15 degrees the radiator cycle begins to influence the total return. The mass flow in 
the radiator cycle is greater than that of the hot water cycle, and the total return temperatures increasingly take 
on the characteristics of the radiator returns. As a consequence of this, the basic shape of the total returns for 
outdoor temperatures below 10 degrees are set by the radiator returns and the blurriness is due to the hot 
water returns.  
 
A more important observation is the difference between the delivery profiles. Again, variations between the 
delivery profiles are first seen for temperatures below 0 degrees. As the graphs show, the differences between 
the return temperatures increase as the outdoor temperatures fall. This can be explained by the dynamics 
shown in previous figures: as temperatures fall the differences in return temperature between the delivery 
profiles increases. Because the total returns are similar for all building types at temperatures above 0 degrees, 
the following comparisons between building types and delivery profiles will focus on the outdoor 
temperatures below 0 degrees.  
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Figure 29 - Return temperatures in relation to outdoor temperatures for building type B with varying delivery 
profiles 
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Figure 30 A-D below display the total return temperatures for the four building types at temperatures below 0 
degrees. Although the buildings have different starting temperature levels, as seen at the right of each figure, 
they have responded similarly to the delivery profiles up to this point, in terms of increases from the original 
profile. Important to note in these figures is the max changes in return temperatures and how they vary for 
the different type buildings and delivery profiles.  
 
The figures greatly resemble their radiator return counterpart in shape, which is due to the large radiator flow 
in comparison to the hot water flow. Furthermore type C and D buildings are cut off for delivery profiles 80 
and 75 at -15.4 and -11.2 degrees respectively.  
 
One observation that can be made is the trend that type building C and D display in the lower delivery 
profiles. The return temperatures for these buildings are as explained cut off but the trend is an exponentially 
rise in temperature levels.  
 
Another dynamic that the charts display is the effect of the hot water returns on the total return temperature. 
The spread of the return temperature is due to the different return temperatures of the hot water cycle, which 
is not dependent on the outdoor temperature. As outdoor temperatures drop and more power is needed in 
the radiator cycle, the hot water is a decreasing part of the flow. This results in the spread of the return 
temperatures diminishing as the outdoor temperatures drop.  
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Figure 30 - Return temperatures for building types at outdoor temperatures below zero degrees 
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Average return temperatures 
So far, only the return temperature variations at specific outdoor temperatures have been studied, but it is 
also interesting to examine the overall effects that lowered delivery temperatures have on return temperatures. 
In Figure 31 below, all the yearly average return temperatures are displayed and have been weighted in 
accordance with the mass flow. This creates a justified figure for the return temperatures, which takes into 
account the amount of water that has been delivered for each temperature. The weighted average return 
temperature is also the measure that Fortum uses in its pricing model in order to promote lowered return 
temperatures.  
 
The first observation that can be made is the impact that oversized heat exchangers has on the average 
temperatures for the entire year. The difference is generally modest, with the largest difference appearing 
between building type B’s DP 75 return temperatures with 0.8 degrees. The benefits gained by these lowered 
return temperatures can be evaluated against the investment costs of installing a heat exchanger with twice 
the capacity. 
 
Another observation that can be made is the small increases that occur between delivery profiles for the type 
A building. This strengthens earlier results that have shown modest increases in return temperatures for 
building type A. A closer look into the specific increases for each building type can be seen in Figure 32. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 31 - Weighted average return temperatures for all type buildings and delivery profiles 
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Figure 32 displays the increases in the weighted return temperatures for DP 90, DP 80 and DP 75 compared 
to DP 100. These increases can be compared to the increases in maximum temperatures shown in Figure 30, 
which are much higher. The reason the weighted increase is substantially lower is because the lowered 
delivery profiles only differ from each other for temperatures below zero degrees. So for 84.5 percent of the 
total hours the delivery profiles are identical and result in identical return temperatures. Therefore the 
increases in weighted average return temperatures are significantly lower than the increases in maximum 
return temperatures. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

5.1.3 Impact of over-dimensioned heat exchangers 
 
In this section, various analyses of how different dimensioning of heat exchangers affect the mass flow and 
return temperatures are presented. First, the effects on mass flow and return temperatures at various outdoor 
temperatures are presented followed by analyses of the average and maximum mass flow and return 
temperature values.  
 

Mass flow 
Figure 33 A-D illustrates the changes in mass flow, very much similar to Figure 26. The reason for showing 
Figure 33 A-D is to illustrate in more detail the benefits of over-sized heat exchangers, and therefore each 
building type is represented by two graphs: one for correctly dimensioned heat exchangers and one dashed 
graph for heat exchangers with 100 percent over-dimensioning 
 
 

Figure 32 - Increase in weighted average return temperature in comparison to DP 100 
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As the graphs show, lower mass flow increases occur for over-dimensioned heat exchangers, and this benefit 
increases with falling outdoor temperature, to reach its maximum in the coldest temperature. For DP 100, the 
maximum difference in mass flow is 2.6 percent for building types A and D (due to the similarities between 
the mass flow of these two delivery profiles, the graphs are on top of each other), 3.2 percent for Type B and 
4.0 percent for Type C. For each subsequent delivery profile, this difference increases. For DP 75, the same 
figures are 9.1 percent for building Type A and 22.4 percent for building type B. The difference for building 
type C and D at their respective break point is 22.7 and 15.8 percent. The conclusion can be drawn that the 
over-dimensioning of the heat exchanger do have a significant mitigating effect on mass flow increases at cold 
outdoor temperatures, and that this mitigating effect becomes stronger the more pressure is put on the heat 
exchanger, such as the case with DP 75. 
 

Table 12: Yearly average mass flow with and without over-dimensioned heat exchangers 

Building type Type A  Type B 
  DP 100 DP 90 DP 80 DP 75  DP 100 DP 90 DP 80 DP 75 

Correctly dimensioned 0.306 0.312 0.322 0.328  0.339 0.350 0.365 0.377 

100 % over-dimensioned 0.302 0.308 0.316 0.322  0.335 0.344 0.358 0.368 

Difference (%) -1.3% -1.4% -1.6% -1.8%  -1.4% -1.6% -2.0% -2.5% 
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Figure 33 - Increase in mass flow for scenarios with and withour over-dimensioned heat  exchangers 
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The average effect of the over-dimensioning is presented in Table 12 above. First, the absolute mass flow 
values are presented for the two dimensioning scenarios, together with the percentage decrease the over-
dimensioned heat exchanger result in. The general decrease ranges between 0.9 to 2.5 percent, which is a 
relatively small decrease, but in combination with the insight from Figure 33, over-dimensioned heat 
exchangers do prove beneficial both for mitigating the highest mass flow increases and lowering the yearly 
average mass flow.  

Return temperatures 
Figure 34 A-D show the average increases in return temperature for the delivery profiles compared to DP 
100. To showcase the effect of having oversized heat exchangers, both the case of correctly dimensioning 
heat exchangers and the case of 100 percent oversizing is included.  
 
 
                               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          

Building type Type C  Type D 
  DP 100 DP 90 DP 80 DP 75  DP 100 DP 90 DP 80 DP 75 

Correctly dimensioned 0.385 0.403 - -  0.304 0.311 - - 

100 % over-dimensioned 0.380 0.395 - -  0.301 0.308 - - 

Difference (%) -1.4% -1.8% - -  -0.9% -1.1% - - 
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Figure 34 - Increase in return temperature compared to DP 100 for outdoor temperatures below zero degrees, both correctly 
and over-dimensioned heat exchangers 
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Building type A demonstrates the lowest increases in return temperatures with a 4.5 degrees increase in the 
most extreme case. This can be compared to the more than twice as large increase for building type B. 
Although building type C has a lower maximum increase than building type B, it shows much greater 
increases for the temperatures that it is able to run at. For example if the returns for DP 80 at outdoor 
temperature -14 degrees are compared between the two, building type B displays a 3.2 degree increase while 
building type C displays a 7.8 degree increase. The maximum increases for types C and D are as explained cut 
off due to the malfunctioning heat systems. Theoretically, the return temperatures for theses cases would rise 
to the temperature of the delivery temperatures due to the heat exchangers failing to heat the secondary water 
to the desired levels. This results in the valves, controlling the flow through the heat exchanger, to open 
completely and the flow through the heat exchanger becomes incredibly large. Therefore the primary water 
flow is barely cooled and the outlet temperature (return temperature) is very close to the inlet temperature 
(delivery temperature). 
 
As the charts show, the effect an oversized heat exchanger has in coping with the lowered delivery profiles is 
substantial. For example, building type A has a 4.5 degrees increase in DP 75 whilst the oversized case has an 
increase of 3.5 degrees, which is about a 20 percent decrease in the increase of the return temperatures. This 
percentage rises to 28 percent DP 90. The building type with the largest absolute difference between the two 
cases is type D, which increases by almost 2 degrees in DP 80.  
 

5.1.4 Impact of under-dimensioned heat exchangers 
In the above sections, lowered delivery temperatures have been studied using the presumption that the heat 
exchangers are dimensioned for the DP 100 case, which is what they are dimensioned for today. With 
lowered delivery temperatures, these heat exchangers become under-dimensioned, which causes them to 
work less efficient with increased return temperatures and mass flows. In the following section, the effects of 
lowered water temperatures together with correctly dimensioned heat exchangers are presented, to illustrate 
how the effects on mass flow differ between correctly and under-dimensioned heat exchangers. 
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Figure 35 - Increase in total mass flow with the impact of under-sized heat exchangers isolated (darker 
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Figure 35 displays the increase in total yearly mass flow for each of the type buildings in each scenario. The 
increase is expressed in percentage increase from the DP 100 scenario. In addition to showing the total 
increase for the different scenarios, the increase has also been broken down to isolate the impact that is due 
to an under-dimensioned heat exchanger. This was done by comparing the increases when the heat exchanger 
was dimensioned for the current DP 100 to the increase that occurred when the heat exchanger was 
dimensioned to the particular delivery scenario. The darker, top section of each column in the graph is the 
effect of having under-sized heat exchangers. The lower section of each column represents the increase in 
mass flow if correctly dimensioned heat exchangers for each delivery profile had been installed. 
 
Building types C and D could not be correctly dimensioned for delivery profile 80 or 75, which is why they 
have been excluded from the figure for these scenarios. Both these building types have an internal delivery 
temperature that is 80 degrees at the dimensioning conditions which makes it impossible to size a heat 
exchanger that can heat up the secondary side to 80 degrees with delivery temperatures at 80 or 75 degrees.  
 
As expected the impact of the heat exchanger increases as the delivery temperatures is lowered. For example 
in the type B building the heat exchanger accounted for 3.1 percent of the increase for DP 90 but a 11.1 
percent of the increase for DP 75.    
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
The chart depicts the increase in the maximum mass flow for each of the scenarios. Like Figure 35, Figure 36 
has isolated the impact due to the sizing of the heat exchanger. The DP 80 and DP 75 are also not included 
for type C and D buildings due to the dynamics explained in the section directly above.  
 
In contrast to the total mass flow figures the heat exchanger has a much greater impact on the maximum flow 
rates, especially in the more extreme cases. In the type B building the heat exchanger is responsible for 54 
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Figure 36 - Increase in maximum mass flow with the impact of under-sized heat exchangers isolated (darker 
colors) 
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percent of the 370 percent increase, which can be compared to the 11.1 percent that it accounted for in terms 
of total mass flow for the same scenario.  
 
When examining if pipes sizes are large enough to cope with decreased temperatures the maximum value is of 
greater interest because the pipe must have the capacity to handle the maximum flows. The average figures 
are more symbolic of the extra pump power needed to pump the increased flow since it is a summation of 
the entire year.   
 

5.1.5 Summary – type building results 
The above analyses of mass flow and return temperature increases in the type buildings have yielded several 
insights. They are summarized in the bullet list below: 
 

• As expected from the thermodynamic relationships described in section 2.4, both mass flow and 
return temperatures increases with falling delivery temperatures.  

• The magnitude of these increases is greater for buildings with higher secondary supply temperatures. 
• The heat systems of buildings with secondary supply temperatures of 80 degrees at DOT does not 

function for all outdoor temperatures if DP 80 or DP 75 is applied. Therefore, these delivery profiles 
can be regarded as delivery profiles with too low temperatures for all existing buildings to handle.  

• There are lashing effects for both mass flow and return temperature increases at the coldest outdoor 
temperatures when applying the lower delivery profiles. In certain cases, the increases can be 
substantial, with mass flow values up to 10 times the yearly average.  

• Due to the rarity of the coldest outdoor temperatures, the extreme conditions that they are associated 
with will only happen a few times a year. Thus, these conditions represent extremities that the district 
heating system will need to handle. 

• The effects of lowering delivery temperatures on yearly averages are seen to be rather limited, as the 
occurrence of cold temperatures are low.  

• Over-dimensioning of heat exchangers is beneficial if lowered delivery temperatures are applied, as 
they mitigate the extreme increases of mass flow and return temperatures observed at the coldest 
outdoor temperatures. However, the increases are still great, and are only partially decreased due to 
the heat exchangers.  

• By dimensioning heat exchangers for new delivery profiles, both return temperature increases and 
mass flow increases can be reduced. 
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5.2 Results from case studies 
 
In the following sections, the results from the case studies are presented. These incorporate the mass flow 
and return temperature increases in the areas, together with analyses of the pipe systems, heat exchangers and 
control valves. As described in the method chapter, the case study simulations include three scenarios of 
design secondary supply temperatures: 60, 70 and 80 degrees at DOT. In the following chapters, these 
scenarios will be denoted supply temperature scenario 1, 2 and 3. Also, these analyses include an actual 
delivery profile, which represent the real delivery temperatures that were delivered to the two areas in 2011. 
This delivery profile enables comparison to reality, which the previous section did not include. 
 

5.2.1 Kärrtorp  
In this section, the results from Kärrtorp are presented. The area included seven smaller apartment buildings. 
For more information about the case area, see chapter 3. 
 

5.2.1.1 Return temperatures 
In this section, the return temperatures from Kärrtorp will be analyzed. Figure 37 A-E below demonstrate the 
collective return temperatures for the Kärrtorp neighborhood in relation to the outdoor temperature. The 
return temperatures have been summed together for each hour and weighted based on the mass flow each 
building accounts for during each individual hour. The first figure displays the actual return temperatures 
collected from Fortum’s database. The clear pattern and relatively small spread show that the buildings most 
likely have similar running conditions. The first observation that can be made is the cluster above 12 degrees 
outdoor temperature where return temperatures range between 25 to 55 degrees. This cluster is typical for the 
hot water cycle, which is isolated here due to the warm outdoor temperatures when space heating is not 
needed. As the outdoor temperatures drop below 10 degrees, the radiator flow begins to become more 
dominant which can be seen by the lack of higher return temperatures that were present during the warmer 
periods. The return temperatures climb to around 45 degrees at DOT temperatures.  
 
The next four figures show how the return temperatures increase when alternative delivery profiles are 
applied. In order to avoid repetition, secondary supply scenario 2 has been selected to display the desired 
dynamics. Scenarios 1 and 3 display similar dynamics with a varying magnitude. The four delivery profiles all 
have the same delivery temperatures for outdoor temperatures above 0 degrees, therefore the increases in 
return temperatures are identical for these outdoor temperatures. The varying scales of the graphs could be 
misleading in this respect, but note that this is only due to the scale of the vertical axis.  
 
In both DP 100 and DP 90 the largest effects on the return temperatures can be observed at outdoor 
temperatures of 15 degrees. This can be explained by the difference between the actual and proposed delivery 
profile, which for DP 100 and DP 90 is greatest at these temperatures. However, as delivery temperatures are 
lowered for outdoor temperatures below 0 degrees, the difference between the actual delivery profile and the 
proposed profile becomes greater. This dynamic is shown in DP 80 and DP 75, where return temperatures 
start to rise at an increasing rate. The return temperatures for DP 80 rise to 52 degrees and for DP 75 to 56 
degrees. 
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Each of the proposed delivery figures spikes upward between temperatures 10 and 15 degrees. As explained 
earlier this phenomenon can be explained by the shape of the actual delivery profile in comparison to the 
proposed profile. The proposed delivery profile is constant at 65 degrees and the actual delivery has a slight 
increase around these temperatures. This can be observed in Figure 4 in section 2.2.1.4.  
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Figure 37 - Hourly return temperatures plotted against the outdoor temperatures for each delivery profile 
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In the figure below the weighted average return temperature increases are displayed for the Kärrtorp area. 
The increase is in comparison to the Actual delivery profile. The weighted average return temperature is 
weighted based on the amount of water that each time step results in with the respective temperature.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The first observation that can be made is the large increase that is due to only moving from the current 
delivery profile to DP 100. The increase in return temperature due to the shift from the actual delivery profile 
to DP 100 is roughly as large as the increase due to the shift from DP 100 to DP 75. 
 
For scenario 1 the results only include figures for temperatures above -12.1 degrees because the return 
temperatures for temperatures below these levels are incomplete for DP 75 and some of DP 80. Therefore 
the increases for this scenario should be higher due to the high return temperatures that occur at the low 
outdoor temperatures. However since outdoor temperatures only drop below -12.1 degrees for 75 hours out 
of the 8760 total hours the effect is relatively small.   
 
In Table 13 the decreases and increases in delivery and return temperatures are summarized. The table was 
chosen to compare the shift from the actual delivery profile to DP 100 and DP 100 to DP 75. Most 
noticeable is the substantially larger decrease that occurs due to the first delivery temperature decrease from 
current temperatures to DP 100 which is over 16 degrees. This can be compared to the shift from DP 100 to 
DP 75 which only results in an increase in delivery temperature of around 1.6 degrees. However, despite the 
large difference in decrease of delivery temperature, the increases in return temperatures are similar in size.  
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Table 13 - Change in weighted average delivery and return temperatures for Kärrtorp 

 Actual !  DP 100  DP 100 !  DP 75 

Scenario #1 #2 #3  #1 #2 #3 

Delivery -16.11 -16.10 -16.10  -1.59 -1.55 - 

Return +0.88 +0.92 +0.95  +0.56 +0.84 - 
 
 

5.2.1.2 Mass flow 
The following figure shows how the mass flow varies over the year in the Kärrtorp area for the different 
delivery profiles in supply temperature scenario 2, where the buildings use 70 degrees secondary supply 
temperature at DOT. The values are sorted for magnitude to better illustrate the relativity of the mass flow 
values over the year. The ‘real mass flow’ series show the real mass flows delivered to the area during 2011, 
collected from Fortum’s database, and the other graphs represent the mass flows resulting from applying 
different delivery profiles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
The figure shows a general increase in mass flow required in the grid due to lowered temperatures, just as was 
observed in the type building analyses, together with the lashing effects for the lower delivery profiles at a few 
hours every year. Not unexpectedly, DP 75 causes the greatest lashes. By including the real mass flows to the 
area, it can be seen that DP 100 generates substantially larger mass flows than were delivered in reality. 
Thereafter, the increased mass flow for each subsequent delivery profile is smaller. Furthermore, the 
differences in mass flow between the alternative delivery profiles are zero for most hours of the year, due to 
the fact that all alternative delivery profiles deliver water of 65 degrees for outdoor temperatures above 0 

Figure 39 - Hourly mass flow for the Kärrtorp area, sorted by magnitude 
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degrees. It should be noted that not all values in the left side of the figure is related to an hour with negative 
outdoor temperature as high mass flow values are reached for temperatures above and around zero degrees as 
well, as will be described further down in this section. 
 
To further investigate the yearly effects, Table 14 shows the average mass flow values over the whole year for 
the three supply temperature scenarios. Table a show the absolute mass flow values in kg/s, while table b 
show the percentage increase from the actual mass flow to the different delivery temperatures.  
 
 
Table 14: Yearly average mass flow differences for varying delivery profiles. Top: absolute values. Bottom: relative increases 

Scenario 
!

Delivery profile 

 Real mass flow DP 100 DP 90 DP 80 DP 75 

Scenario 1 1.151 1.724 1.757 1.799 1.826 

Scenario 2 1.151 1.724 1.758 1.804 1.837 

Scenario 3 1.151 1.723 1.759 - - 

      

 Real mass flow DP 100 DP 90 DP 80 DP 75 

Scenario 1 - 49.8% 52.6% 56.3% 58.7% 

Scenario 2 - 49.8% 52.7% 56.7% 59.6% 

Scenario 3 - 49.7% 52.8% - - 

 
In reality, an average of 1.151 kg/s was delivered to the area in 2011. It is important to note that this figure is 
not the result of any simulation, but is the real mass flow value delivered to the grid area. The actual mass 
flow value is the result of the real secondary supply temperature curves of the seven buildings, which were 
unknown. In these tables, this value is included to illustrate the difference in mass flow between delivery 
profiles, but in reality, the real mass flow value would differ between the three supply temperature scenarios. 
However, the percentage difference displayed in table b would be the same. 
 
If the temperatures of DP 100 had been delivered, around 50 percent more mass flow would have been 
delivered for all supply temperature scenarios. After that, each lower DP result in smaller increases in mass 
flow that is similar between the secondary temperature scenarios. The values for DP 80 and DP 75 for 
scenario 3 are not shown, as again, with these profiles the heat systems malfunction for certain hours.  
 
The tables show that even though the difference in mass flow requirements are great between the supply 
temperature scenarios for the coldest outdoor temperatures, the total mass flow differences over the whole 
year are small. For example, the difference in scenario 1 between the actual case and DP 90 is 52.6 percent, in 
scenario 2 it is 52.7 percent and in scenario 80 it is 52.8 percent, which illustrate that the overall difference 
between scenarios are small. This is explained by the fact that mass flow values are equal for all outdoor 
temperatures above 0 degrees, which form the majority of hours, and furthermore because the coldest 
outdoor temperatures, where the differences are the greatest, only happened a few times during 2011, and 
therefore the accumulated difference is kept low. The reason that scenario 3 have greater percentage increase 
is the result of the greater lashing effects for cold outdoor temperatures.  
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With the general pattern of mass flow across the year established, more detailed analyses are presented below. 
Figure 40 (next page) show how the mass flow varies with outdoor temperature for each delivery profile. The 
purpose of these graphs is to give insight into how the mass flow values are divided over the year in general. 
The values are those of scenario 2, and are the sum of the mass flows delivered to each individual building for 
each hour, thus representing the total mass flow delivered to the area over the year. Each data point represent 
the mass flow value of one hour, thus the figures contain 8760 data points each. 
 
The first figure show the real mass flow that was delivered. The delivered mass flow is seen to have increased 
as temperatures fell from outdoor temperatures around 15 degrees to 0 degrees, and thereafter the mass flows 
values are flattened out. Thus, the highest mass flow values of the year are spread out and not clustered 
around specific outdoor temperatures. For example, some of the top values are found in the interval of 0 to 5 
degrees outdoor temperature. 
 
Because the alternative delivery profiles decrease the delivery temperature for all outdoor temperatures, the 
mass flow values have increased generally in all four delivery profile graphs. For the real mass flow values, the 
lowest values are found to be around 0.25 kg/s, while in the four other graphs the value has doubled to 
around 0.5 kg/s. Also, the figures show that the previously observed mass flow increase of around 50 percent 
between the real delivery temperatures and DP 100 is created by a general increase in mass flow and is not 
attributed to increases for certain outdoor temperatures.  
 
Furthermore, in Figure 40-B a hill-like shape can be observed, creating a downward slope from mass flow 
values around zero degrees to the colder temperatures. This is because the mass flow values have increased 
more around zero degrees than for other outdoor temperatures, since that is where the difference between 
real delivery temperatures and new delivery temperatures are largest a for DP 100.  
 
In Figure 40-C, the slope is flattened since now the difference between secondary supply and delivery 
temperature is the same for the colder outdoor temperatures as for the outdoor temperatures around zero 
degrees. In Figure 40-D and Figure 40-E the lower delivery temperature result in greater mass flows for the 
colder temperatures than for the other temperatures, causing the upward slope of the mass flows. With the 
application of DP 90, DP 80 and DP 75 the maximum mass flow values are found for temperatures around -
10 degrees, and for DP 75 alone the maximum values are found in the coldest hours. 
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Figure 40 - Hourly mass flow values for varying delivery profiles, sorted by outdoor temperature 
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To better understand the differences between secondary supply temperature scenarios, the following three 
figures show the mass flow increases for the 500 hours with the highest mass flow values, thus they show the 
leftmost 500 points from Figure 41 above for all scenarios and delivery profiles. As mass flow and water 
speed in the pipes are proportional, these graphs also show the dynamics of water speeds, further discussed in 
the next section. 
 

 
In Figure 41-A, the resulting mass flows from the delivery profiles in scenario 1 are shown. For DP 100 and 
90, the difference is seen to remain small for all hours. For DP 80 and DP 75 the difference is greater, and for 
the highest mass flows the difference is large as the mass flows lashes off. DP 75 reaches a maximum value of 
approximately 6.3 kg/s. In scenario 2 the same patterns are seen: the difference between the alternative 
delivery profiles themselves are small the lashing effects occurs. DP 80 is seen to be quite similar to scenario 
1, while the lashing of DP 75 has increased, causing a maximum mass flow of around 7.6 kg/s, approximately 
20 percent greater than in scenario 1. Lastly, in scenario 3 we again see the same pattern with small difference 
between DP 100 and DP 90, and the cut off mass flow at specific hours for DP 80 and DP 75 due to the 
malfunctioning systems. Before then, their mass flow values have experienced the greatest escalation, 
reaching the highest mass flow values observed in the simulations: 9.3 and 10 kg/s, representing increases of 
approximately 60 and 30 percent from scenario 2.  
 
To summarize, the figures lead to the conclusion that for the great part of the year, mass flow would not 
differ greatly between delivery profiles in any scenario. It is only for the top 100 or so hours that mass flow 
value escalates due to the pressure put on the heat exchangers, and this is only happening for DP 80 and DP 
75. The mass flows in DP 100 and DP 90 are relatively stable over the year, without lashing effects, and the 
two delivery profiles lead to similar mass flows.  
 

5.2.1.3 Water speed 
The figures below show the maximum water speeds observed in the 15 pipes of the Kärrtorp grid. Each 
column has five markers, each representing the water speed value of one delivery profile. The lowest value 
represent the real water speed calculated from Fortum’s data, and each subsequent marker represents the 
water speed caused by applying the next alternative delivery profiles, with DP 75 at the top. The grey line 
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Figure 41 - Top 500 mass flow values for each building scenario 
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above represents Fortum’s optimum water speed value for each pipe, dependent on the size of the pipe. Note 
that the pipes in the figures are not numbered in the same order as in the pipe maps presented in 3.1.  For 
many of the columns, only four visible markers are seen. In these cases DP 100 and DP 90 have the exact 
same maximum values, and are thus displayed on top of each other. This happens because their maximum 
water speeds occur at outdoor temperatures above 0 degrees and thus there is no difference in delivery 
temperature between the cases, and thus no variations in mass flow occurs. 

 
In scenario 1 the water speeds are low; only in pipe does the water speed approach 1 m/s. The rest of the 
pipes are below 0.5 m/s for all delivery profiles except DP 75, in which four pipes would reach water speeds 
over 0.5 m/s. However, the buffer to the optimum water speed is big for all pipes, including pipe five, and 
much greater to the maximum value of 2 m/s. In scenario 2 somewhat higher water speed values are reached 
compared to scenario 1. Pipe five now reaches 1 m/s in DP 75 and is thus closing in on the limit value of 1.2 
m/s, but the other water speeds are all relatively far from their respective optimums. In scenario 3 however, 
the optimum value is breached in pipe five in DP 75 and DP 80. Other pipes are also nearing the limit but 
still have buffers of around 0.2 m/s. However, still all pipes are far from the maximum allowed water speed 
value of 2.5 m/s, and thus the pipes is not limiting the application of alternative delivery profiles in Kärrtorp.  
 
As the mass flow and water speeds are proportional to the cross-sectional area of the pipe, the dynamics of 
their behavior are the same. Thus, Figure 41 shows the dynamics of water speed values for the top 500 hours. 
From those graphs, it is understood that the maximum water speed values are only reached for a few hours 
each year. 
 

5.2.1.4 Valve limitations 
 
The following figures show the first seven columns from Figure 42, representing the maximum water speeds 
in the seven service pipes connecting the buildings to the grid. The colored columns represent the allowed 
water speed when the valve is completely open for different pressures differences over the valves. The white 
column represent pressure differences between 0 and 1 bar, the next column the interval 1 to 2 bars and so 
on. These figures are based on the KVS-values of the current installed valves.  
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Figure 42 - Maximum water speeds in each pipe compared to the optimum water speed 
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In all figures, it is seen that in reality a pressure of one bar was enough for the maximum water speed to be 
reached in all of the analyzed valves. If other delivery profiles had been applied however, the pressure had to 
be higher. In scenario 1, five pipes required a pressure over 1 bar to achieve the water speeds required in DP 
100, DP 90 and DP 80, and for DP 75 a pressure between two and three bars would be required for pipes 
one, six and seven.  

 
In scenario 2, the required pressures have increased. However, a pressure below 2 bars would be sufficient 
for DP 100 and DP 90, and three bars would still result in the required water speeds for DP 80. For DP 75, 
pressures above 3 bars is now required for pipe six. In scenario 3, the required pressures have increased 
further. For DP 100 and DP 90, pressure drops below 2 bars are sufficient, for DP 80 pressure drops 
between 3 and 4 bars are required, and lastly for DP 75 pressures of above four bars are required. 
 
Fortum promises a minimum pressure drop of 1 bar and have internal limitations of 1.5 minimum pressure 
drops in all parts of their grids, and thus the water speeds of DP 100 and DP 90 seem to be achievable for all 
scenarios. However, for lower delivery temperatures the pressure drop requirements rise, and it is uncertain 
whether the capacity in the grid would be enough to sustain these pressure drops. But again, these maximum 
values only occur for a few hours each year, and therefore it is important to view these water speed values as 
extremities and not as frequently occurring values.  
 
 

5.2.2 Skarpnäck  

5.2.2.1 Return temperatures 
 
In Figure 44 A-E the return temperatures of Skarpnäck are presented in relation to outdoor temperatures. 
Figure 44-A shows the real return temperatures and the subsequent four figures show what they would have 
been if alternative delivery temperatures had been used. 
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Figure 43 - Required pressure drops over the control valves to attain the required water speeds 
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Figure 44 - Hourly return temperatures sorted for outdoor temperatures for each delivery profile (Skarpnäck) 
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The real return temperatures for the Skarpnäck area were less structured in comparison to those of the 
Kärrtorp area. The real return temperatures have no clear distinction between the heating and non-heating 
seasons as were seen in Kärrtorps. This can be due to several factors affecting the clustering of the return 
temperatures. One factor could be the asymmetry in installed systems and running conditions of the 
buildings. When these differ from one another, the dynamics will express themselves at different times and 
together no clear pattern can be observed. The customers’ usage will also affect the shape of the chart. For 
example a higher overall water usage would result in the water returns influencing the total returns to a 
greater extent further left in the chart. This is in line with our initial analysis of the two areas, where 
Skarpnäck had a higher water usage in relation to their heat demands. However the characteristic shape of the 
radiator returns can be observed in bottom shape of the figure for temperatures below 10 degrees. Similarly 
to the Kärrtorp area, the returns temperatures rise to around 45 degrees for the DOT conditions. 
 
Furthermore, the increases in return temperature for each of the delivery profiles is similar to the increases 
seen in Kärrtorp. The same peak in DP 100 and DP 90 at 15 degrees is present, however rising to a 4 degrees 
increase compared to Kärrtorp’s 3 degrees. The same dynamics between the actual delivery temperature and 
the proposed delivery temperature are present in Skarpnäck as in Kärrtorp. Almost identically to Kärrtorp, 
the DP 80 and DP 75 show a rapid increase in return temperatures for the colder outdoor temperatures. The 
increases climb to 6.5 degrees and 12 degrees respectively, which is of the same magnitude as the Kärrtorp 
area.  
 
Below are the weighted average return temperature increases for the Skarpnäck area. As was explained in the 
Kärrtorp area results this figure shows the increase in comparison to the Actual delivery profile. The weighted 
average return temperature is weighted based on the amount of water that each time step results in with the 
respective temperature.  
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Figure 45 - Increase in weighted average return temperature for the Skarpnäck area 
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These results are similar to the increases that were found in the Kärrtorp area. Like the Kärrtorp area the 
largest increase is found in the shift from the current delivery profile to DP 100. Again scenario 3 only 
includes temperatures over -12 degrees which results in the increases in scenario 3 being lower than they 
should be if all temperature could have been modeled.  
 
In comparison to the Kärrtorp area the increase in return temperature is larger than in the Skarpnäck area. 
This difference is due to the rate of oversizing of the heat exchangers for each area. The Kärrtorp 
neighborhood had a higher rate of oversizing in their radiator heat exchangers and was therefore able to cope 
with the lowered delivery temperatures better.      
 
In Table 15 the decreases and increases in delivery and return temperatures are summarized just as in the 
Kärrtorp area. The table was chosen to compare the shift from the actual delivery profile to DP 100 and DP 
100 to DP 75. As in the Kärrtorp area the most noticeable result is the substantially larger decrease that 
occurs due to the first delivery temperature decrease from current temperatures to DP 100. This decrease of 
around 14 degrees is slightly lower than the same decrease in the Kärrtorp area which was 16.1 degrees. The 
decrease in delivery temperature from the shift from DP 100 to DP 75 is also slightly lower than the Kärrtorp 
are at 1.5 degrees. However the same basic distribution between the differences in the return and delivery 
temperatures are found in both areas.  
 
 

Table 15 - Change in weighted average delivery and return temperatures for Skarpnäck 

 
Actual !  DP 100  DP 100 !  DP 75 

Scenario #1 #2 #3  #1 #2 #3 

Delivery -14.07 -14.06 -14.06  -1.55 -1.51 - 

Return +0.71 +0.74 +0.75  +0.53 +0.79 - 
 
 

5.2.2.2 Mass flow 
The following figure shows how the mass flow varies over the year in the Skarpnäck neighborhood for the 
different delivery profiles, again for scenario 2 where the buildings have a secondary outlet temperature at 
DOT of 70 degrees. The ‘real mass flow’ graph show the sum of the mass flows delivered to the buildings 
during 2011, collected from Fortum’s data base. This graph show the same pattern as in the case of Kärrtorp: 
all four alternative delivery profiles generate much greater mass flows than were delivered in reality, while the 
increased need for more mass flow between the delivery profiles are relatively small. Because of the shape of 
the delivery profile curves, the mass flow difference between the alternative delivery profiles are zero for 
temperatures above 0 degrees. 
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The figure is similar to the one of Kärrtorp, although the mass flow values are higher for Skarpnäck. Again it 
is worth to note that all the highest mass flows are not attributed to outdoor temperatures below zero degrees 
but can occur for temperatures above zero degrees.  
 
In Table 16 below the average mass flow values over the year for the three scenarios are shown. Table a show 
the absolute mass flow values, while table b show the percentage increase from the actual mass flow to the 
different delivery temperatures. Averagely, 5.1 kg/s was delivered to the area in 2011. Again it is important to 
note that this value is the real mass flow and not the result of any simulations. The reason for using this value 
is to show the percentage change over the year.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 46 - Hourly mass flow values for each delivery profile, sorted by magnitude 
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Table 16: Yearly average mass flow differences for varying delivery profiles. Top: absolute values. Bottom: relative 
increases. 

Scenario!
!

Delivery profile 

 Real mass flow DP 100 DP 90 DP 80 DP 75 

Scenario 1 5.096 7.370 7.523 7.721 7.850 

Scenario 2 5.096 7.422 7.573 7.780 7.928 

Scenario 3 5.096 7.417 7.577 - - 

      

 Real mass flow DP 100 DP 90 DP 80 DP 75 

Scenario 1 - 44.6 % 47.6 % 51.5 % 54.0 % 

Scenario 2 - 45.6 % 48.6 % 52.7 % 55.6 % 

Scenario 3 - 45.5 % 48.7 % - - 

 
Applying DP 100 would result in around 45 percent more mass flow for all three scenarios, compared with 
50 percent for Kärrtorp. Again, each lower DP result in smaller increases in mass flow that is similar between 
the secondary temperature scenarios. As DP 80 and DP 75 cause the systems to malfunction in scenario 3, 
these mass flow values are left out. 
 
The following five figures show how the mass flow varies with outdoor temperature for each delivery profile 
in scenario 2. The values are the total mass flow delivered to the area for each hour. In contrast to Kärrtorp, 
the plots follow a slightly downward sloping pattern for outdoor temperatures below zero degrees, and the 
highest mass flow values are in the outdoor temperature interval of -5 to 5 degrees. By applying the 
alternative delivery profiles, all mass flow values increase, which again can be seen when comparing the real 
mass flow graph to the others: the lowest mass flow value has increased from around 1 kg/s to almost 2 kg/s. 
Again, this increase of around 45 percent yearly mass flow is attributed to the general increase of all mass 
flow values. Furthermore, the same hill as in Kärrtorp has been created around outdoor temperature of zero 
degrees in DP 100 due to the larger difference in delivery temperature there, and again it is flattened out. 
However, the flattening does not occur until temperatures of DP 80 are applied, while in Kärrtorp, DP 90 
caused the slope to flatten. In DP 80, the delivery temperatures have become so low that the maximum mass 
flows are now found in the interval -10 to -20 degrees, and in DP 75 the absolute coldest temperatures yield 
the highest mass flow. 
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Figure 47 - Hourly mass flow values for varying delivery profiles, sorted by outdoor temperature 
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The following three figures show the mass flow increases for the 500 hours with the highest mass flow values 
for the three scenarios in Skarpnäck. The figures show the same dynamics as the ones in Kärrtorp, with DP 
100 and DP 90 having similar top mass flows in all three scenarios. The difference between these two delivery 
profiles and DP 80 is apparent for all hours, as is the further increase to DP 75. In scenario 2 the graph of 
DP 80 does not lash off in the same way that the other graphs do, instead its escalation is concentrated to a 
small number of hours. DP 100 and DP 90 are stable and similar to the values in scenario 1, while DP 80 and 
DP 75 reaches values of 23 and 30 kg/s respectively. In scenario 3, mass flow values for DP 80 and DP 75 
are seen to have increased, together with escalating lashing effects. The gap between DP 80 and DP 90 is seen 
to have increased for all of the 500 hours, and they reach maximum values of 32 and 44 kg/s, representing 
increase of approximately 40 and 46 percent from scenario 2. But just as in Kärrtorp, the graphs for DP 100 
and DP 90 are stable, yielding similar mass flow values in all three scenarios. 
 

 
To summarize, the figures lead to the same conclusion as were drawn for Kärrtorp. First, for the great part of 
the year, mass flow does not differ greatly between delivery profiles in any scenario: especially DP 100 and 
DP 90 are similar. It is only for the top 100 to 200 hours that mass flow value lash off for DP 80 and DP 75, 
and again, the mass flows in DP 100 and DP 90 are relatively stable over the year with similar mass flows.  
 

5.2.2.3 Water speed 
Figure 49 A-C below show the maximum water speeds in the 13 pipes in the Skarpnäck grid. The markers on 
each column represent the maximum water speed value required by each delivery profile, with the bottom 
marker representing the real maximum water speed while the top marker represent the maximum value if DP 
75 was applied. The ones in between from top to bottom represent DP 80, DP 90 and DP 100 in that order. 
Again, for some of the columns, only four visible markers are seen due to DP 100 and DP 90 requiring the 
exact same mass flow values. This happens because their maximum water speeds occur at outdoor 
temperatures above 0 degrees and thus there is no difference in delivery temperature between the cases, 
causing no variations in mass flow. Furthermore, the grey line above show the optimal water speed values in 
the respective pipes.  

 
 

Figure 48 - Top 500 mass flow values for each scenario 
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In scenario 1, the water speeds are generally far from their respective optimum except for pipe 2 which real 
value is much higher than all the other pipes; close to 1 m/s. However, all pipes have higher initial water 
speed values compared to the Kärrtorp pipes. In Kärrtorp, most of the pipes’ real maximum water speeds 
were around 0.25 m/s or less while in these graph most pipes have real maximums around 0.5 m/s. This can 
be attributed to the fact that the delivered mass flow are greater in Skarpnäck than in Kärrtorp due to the fact 
that the power loads are greater in Skarpnäck. In scenario 2, many columns are notably taller than in scenario 
1. Pipe 2 have its maximum water speed at outdoor temperatures of 6.7 degrees both in scenario 1 and 2, 
where delivery temperatures does not differ and the difference between the secondary outlet temperatures is 
small. This causes the two columns in scenario 1 and 2 to look identical. Furthermore, the buffer to the 
optimum values is still quite large for all pipes, except for pipe 1 and 2, two of the smallest pipes. The buffer 
to the maximum speed of 2.5 m/s is also large. In scenario 3, the columns are again notably taller. Three of 
the pipes have reached water speeds above the optimum, and three more are close to reaching the optimum 
levels. However, it is only when applying DP 75 that the optimum speeds are breached; the other delivery 
profiles are all below them. In this scenario, the buffer up to the maximum value is relatively small for pipe 12 
and 13, and constitutes the smallest buffers observed in this study. However, the conclusion can still be 
drawn that the pipes are big enough to support an increase in mass flow for all simulated delivery profiles. 
 
As no information about the control valves was available, an analysis of the required pressure drops was not 
conducted for Skarpnäck. 

  

Figure 49 - Maximum water speeds in each pipe compared to the optimum water speed 
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6. Discussion 
In this chapter, the results will be discussed in the context of the objectives of this report to answer the 
research questions presented in the beginning. The answers to the three questions are not collected in a 
specific section, but are found by reading the whole chapter. The discussions are both based on the 
information presented in the literature review and the results from the research. Below the research question 
are presented again: 
 

1. What are the factors affecting the dynamics of return temperature and mass flow in a district heating 
system? 

2. How do mass flow and return temperature changes together with other aspects of the district heating 
system affect the possibilities of lowered delivery temperatures? 

3. What changes and adjustments can be made to enable lower delivery temperatures, and in what way 
do they enable it?  

 
 

6.1 General effects of lowered delivery temperatures 
In this section the observed effect of lowered delivery temperature on return temperatures and mass flow will 
be discussed. 
 

6.1.1 Delivery temperatures 
Before hand it was thought that the major delivery changes would arise when going from the DP 100 to the 
lower profiles such as DP 75. However, soon it became clear that the most significant change would occur 
when going from the actual delivery temperatures to the promised DP 100.  As seen in Table 17 the weighted 
average temperature decreases by more than 16 degrees in this first step. The question can be raised as to why 
the delivery temperatures are so much higher than the promised delivery profile. One explanation could be 
that temperature levels were higher in the past and the relatively new profile (DP 100) has not been fully 
implemented. Perhaps this is due to Fortum taking being extra cautious because exactly how the system will 
react is unknown. Another explanation could be that the larger transport pipes are under dimensioned with 
flows maxed out and in order to deliver the necessary energy to the outer sections of the grid the 
temperatures needed to remain at higher levels.  
 

Table 17 - Weighted average supply temperatures 

Weighted Supply Temperatures 

Delivery Profile Actual DP 100 DP 90 DP 80 DP 75 

Kärrtorp 83.66 67.56 67.01 66.38 66.01 

Skarpnäck 81.58 67.51 66.98 66.36 66.00 
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6.1.2 Return temperatures 
In the field of district heating, one of the most important focuses is the return temperatures of the grid. These 
have a positive impact on a range of different areas within the system including power plant efficiencies, grid 
capacity and power usages for pumps. Therefore a lot of work and research is put into maintaining and 
lowering return temperatures on both the primary and secondary side of the system. Due to the importance 
of the return temperature in the dynamics of the system, it is important to monitor the effects of lowered 
delivery temperatures on the return temperatures. The general effects of lowered delivery temperatures on 
return temperatures were known before this study but the extent of the effects had not been scaled. 
 
From the results of the study clear trends can be seen as to how different building types react to the lowered 
delivery temperatures. When comparing the different building types there was an interesting dynamic between 
the size of the heat exchanger and the internal delivery temperatures. The building types with lower internal 
temperatures are equipped with a smaller heat exchanger than those with higher internal temperature, which 
speaks to the advantage of the building types with higher internal temperatures. However, the higher the 
supply temperature, the faster the supply temperatures approached the delivery temperatures. This increases 
the strain on the heat exchangers to transfer the required heat from the primary side to the secondary side. 
The results from the building types clearly showed that the internal temperatures had a much greater effect on 
the return temperatures compared to the specific size of the heat exchanger. Overall the building types A and 
B undeniably coped with the lowered delivery temperatures better than in the high internal supply 
temperature buildings such as those of type C and D. 
 
The increases in return temperatures can be categorized into two categories, the maximum increase and the 
average increase. The importance of the two varies and contributes to different effects. The maximum 
increase occurs at lower outdoor temperatures when the heat demands peaks. This maximum increase causes 
extreme mass flow values in the system, which challenges the capacity of the grid. Thereby, even though the 
maximum increases only occurs during brief periods it has severe effects on the capacity to deliver the 
required power at these specific periods. This could have implications in the investments of pipe sizes, 
causing a need to over-dimension parts of the grid. The other increase that can be analyzed is the average 
increase, which gives a better representation of the effects on the return temperatures over the entire year. 
The magnitude of these increases can be related to the increase in required total pump power. However, the 
average increases were rather low due as the return temperatures were the same for most hours of the year. 
With these two categories in mind, the largest effects that could be attributed to the rise in return 
temperatures were seen in the maximum values rather than the average values. 
 

6.1.3 Mass flow 
As described and shown in this study, lowered water temperatures in the grid have both positive and negative 
effects. The effects on mass flow and return temperature in particular have been studied, and as the results 
show, the effects are not only dependent on the water temperatures but also on the properties of the 
secondary side. Lowering the temperatures in the grid will create a greater need for mass flow, but just how 
much is dependent on the building to which the heat is delivered. 80/60-buildings require greater mass flows 
than 70/50-buildings, which in turn require greater mass flows than 80/40- and 60/40-buildings. This is 
because power is proportional to the product of mass flow and Delta-T; the difference between primary 
delivery and return temperature. In buildings with low secondary return temperatures, the primary return 
temperature is also low, which result in a greater Delta-T. Thus, buildings with low secondary return 
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temperatures will require less mass flows. An application of the alternative delivery profiles lead to increased 
mass flows, and applying the colder delivery profiles cause an exponential increase in mass flow. A conclusion 
can therefore be drawn that buildings with low secondary return temperatures will cause less mass flow 
increases than buildings with higher temperatures. 
 
One of the most interesting insights of the results from the case studies of Kärrtorp and Skarpnäck is that the 
difference in required mass flow between current delivery temperatures and the application of DP 100, 
representing the delivery temperatures promised by Fortum, yields an increased yearly mass flow of between 
45 to 50 percent. This increase is of course substantial, and as discussed in the results, cannot be attributed to 
isolated hours or outdoor temperatures, but is the effect of a general increase in mass flow for all hours. For 
every subsequent lowering of water temperatures, the mass flow increases further, but over the year this 
increase is only a couple of percentage points. However, the lower delivery profiles result in very high mass 
flow values for the lowest outdoor temperatures. So while the application of all the alternative delivery 
profiles yields substantial overall increases in mass flow, the application of the lower delivery profiles also lead 
to extremely high mass flow values for the absolute coldest hours.  
 
These large increases in mass flow would cause extreme conditions during a few hours every year, putting 
pressure on Fortum’s systems. First, the pumps would need more power to circulate the water. As pump 
power is proportional to the cube of volume flow, the application of DP 100 alone would lead to an 
increased pump power of more than 200 percent. Furthermore, increases in mass flows would mean that 
more water would need to be pumped through the whole system. If transmission pipes are already 
overburdened, a 50 percent increase in mass flow would maybe not even be possible without new pipes. 
Although the pipes in the studied areas proved to be sufficiently dimensioned for all occurring water speeds 
in the respective grid networks, the larger system was not analyzed and therefore no conclusions on the 
overall feasibility of the lowered temperatures can be drawn. 
 

6.2 Effect of over-dimensioning in heat systems 
 
The heat exchangers are dimensioned according to the maximum power usage that is needed for the two 
cycles, radiator and hot water. When a heat exchanger is oversized it is designed to deliver the same return 
temperatures put while transferring a greater amount of power. Therefore when the original power demands 
are required lower return temperatures are obtained. These lower return temperatures cannot be infinitely low 
but instead approach the secondary sides return temperature.  
 
The first observation that can be made is the difference between the two heating cycles and how the effects 
of the oversizing differed. Because the hot water cycle had a heat exchanger that was dimensioned for supply 
temperatures of 65, the differences in return temperatures were, regardless of the over-dimensioning, not very 
significant. Thereby the over-dimensioning factor had less impact because the primary return temperature 
was already so close to the secondary return temperature.  The radiator cycle had greater differences in the 
increases of the return temperature between the proposed delivery profiles. Therefore the over-dimensioning 
had a greater impact on the absolute increase between the 0 percent oversizing and the 100 percent 
oversizing. The radiator cycle also had a greater larger mass flow and power utilization, which meant that the 
radiator cycles over-dimensioning effects are what characterize the effects on the total returns due to over-
dimensioning.     
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When looking at the total return and the effect that the oversizing had on the return temperatures, the effects 
of the oversizing grow as more strain is put on the heat exchangers. The differences in average return 
temperature from the 0 percent to 100 percent dimensioned cases for the type buildings increase as the 
delivery profiles are lowered. This is due again to the dynamics explained above, where the larger the increase 
in return temperature is in general, the more effect the over-dimensioning is able to contribute in absolute 
numbers.  
 
The effects on mass flow have also been studied, and as the results show the difference of a correctly 
dimensioned heat exchanger and a 100 percent over-dimensioned heat exchanger were only a couple of 
percentage points over the year (1-3.3 percent). For the coldest outdoor temperatures, the differences were 
greater, up to around 18 percent, which is a significant difference. Therefore, the over-dimensioning of heat 
exchangers is good news for district heating operators, as they help mitigate the powerful lashes in mass flow. 
 

6.3 Identifying limitations for lowered delivery temperatures 
 
One of the objectives of this report was to identify limitations for lowered delivery temperatures in the grid. 
In total, five potential factors that might limit the possible delivery temperatures were identified: secondary 
supply temperatures, pump capacity, pipe dimension, control valves in the substations and heat exchangers.. 
But the answer to whether the limiting factor really is a limitation depends on the grid under study. If the 
whole grid is studied at once, the limitations might be many, while if attention is moved to a smaller part of 
the grid, the limitations might be different. Furthermore, if a single building is studied, the limitations might 
again be different. Also, this report has shown that there are both aspects that create a definite limitation to 
lowered water temperatures and aspects that create circumstantial limitations. A definite limit is here defined as 
something that is not dependent on other aspects of the buildings, heat systems or grid structures, while a 
circumstantial limit is defined by its dependence on other conditions, for example the local grid properties. 
All except one limit identified are circumstantial, which is natural as the district heating system is big and 
complex containing many interdependent components. Below are discussions about the five limiting factors 
that were identified and what temperatures they allow. 
 

6.3.1 Secondary supply temperature is a major limitation 
Both in the type building analysis and the case area analysis it was shown that buildings with secondary supply 
temperatures of 80 degrees were unable to function correctly during hours when delivery temperature and 
secondary supply temperature become equal. Therefore, there are buildings that won’t be able to receive the 
required heat if certain delivery profiles are applied, namely DP 80 and DP 75, and thus the secondary supply 
temperature was identified as a definite limiting factor. This is of course an important insight, as this marks 
the point where Fortum would fail to uphold promises to their customers and experience quality issues. 
Although the internal temperature levels might have been affected by energy efficiency measures and other 
adjustments in buildings, there is a risk that many buildings still use these temperature levels, as they were for 
many years the standard heat systems design temperatures. An obvious conclusion that can be drawn from 
this insight is that modern buildings are in general more suited for lowered delivery temperatures as the 
standard design temperature levels have been lowered during the last decades. Also, DP 80 and DP 75 would 
be difficult to apply without further insight into the exact properties of each building in a specific grid area, 
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while the functionality of DP 100 and DP 90 would only be dependent on the operator’s system. Importantly 
though, it was only during four hours that DP 80 would not have been able to deliver the required power 
during 2011, making it interesting to discuss the aspect of quality, which is discussed in section 6.7. 
 

6.3.2 Mass flow increases pump requirements 
Again, only applying DP 100 would lead to a substantial overall increase in mass flow regardless of secondary 
temperature levels. Also, the results show that mass flows escalated to values several times higher the average 
for the coldest outdoor temperatures, especially for buildings with higher internal temperature levels. In the 
buildings with malfunctioning heat systems, these high mass flow values were reached before the system 
malfunctioned. Therefore, the mass flow increases could compose a limitation before the internal 
temperature levels cause the systems to malfunction, as the great increases in mass flow will put pressure on 
the grid system and pumps. This limiting factor is circumstantial and might limit the delivery temperatures to 
higher or lower temperatures than what the secondary supply temperature do. Whether it is a limitation 
depends on two things. First, pumps might not have the capacity to create the needed pressure drops in the 
system, which will then be a limiting factor as new pumps would need to be connected. Second, even if the 
system could handle the increases in mass flow, the cost of increased pump power and possible investments 
in new pumps might constitute too big a barrier for the district heating operator. The variable costs of the 
pumps would increase, and investment costs could also be required, and whether the district heating 
operators would be prepared to take on such costs is also a possible limitation.  
 
This limit is also dependent on the size of the grid area studied. When looking at the whole grid system, the 
increases in required pressure drop might be impossible to create, while they might be possible for smaller 
parts of the grid. The local pump capacity will therefore set the limit to which mass flows can be achieved. 
 

6.3.3 Pipes were not a limitation 
Next, pipes were identified as a potential limitation, also being circumstantial. As the case studies showed, the 
buffer to the maximum value was relatively high even for the highest mass flows registered in both areas; only 
with DP 75 did the water speed reach above 2 m/s, which was observed in Skarpnäck. In Kärrtorp, the water 
speed did not exceed 1.5 m/s, leaving large buffers up to the maximum value of 2.5 m/s. Also, the optimal 
water speeds were almost never reached. In Skarpnäck they were reached for DP 75 in three pipes, and never 
in Kärrtorp. It can therefore be concluded that the pipes in these two extremities of the grid did not prove 
too small for the increases water speeds caused by the mass flow increases. For other areas with buildings 
with similar power demands and pipe systems, this result should be applicable. However, these results cannot 
be applied to the whole grid, as the larger system was not analyzed and there might be other extremities of the 
grid where pipes are smaller compared to the heat loads, or other areas where water speeds might become too 
high. 
 

6.3.4 Control valves require high pressure drops 
The control valves are also a circumstantial limitation. As the pressure difference over the valve regulates the 
mass flow that can be supplied to the substation, the limit is set by what pressure drop is achievable in the 
local grid. However, the larger the valve is, the smaller pressure drop is required. If the valve is large, the 
required mass flow may be able to pass through the valve even at low-pressure differences; if it is small, it 
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might limit the mass flow and thus limit the possible delivery temperatures. In this report, the Kärrtorp’s 
control valves were analyzed, and the results show that all pipes in the area required a pressure drop of 
between 1 and 2 bars for DP 100 and DP 90 regardless of secondary temperatures, which are values that 
should be existing today. But for lower delivery temperatures, the pressure drop requirement increases to 
higher values. For DP 75 applied to buildings with secondary supply temperatures of 80 degrees, the required 
pressure drops were above four bars. Even though these values are relatively high above the promised 
pressure drop of 1 bar and Fortum’s own limit of 1.5 bars, it is not possible to say whether these values 
constitute a limitation because of reason mentioned above. 
 

6.3.5 Heat exchangers cause high return temperature and mass flow 
As the mass flow of the system can be a limitation, so can the factors affecting it. When the delivery profiles 
are lowered the heat exchanger become under-dimensioned, causing the return temperature to rise. This 
causes an increase in the mass flow due to the lowered Delta-T between the delivery and return temperature 
of the primary side. However, if new heat exchangers had been installed that were dimensioned for the new 
delivery profile, the return temperatures would remain at the exact same levels as in the original case with the 
original heat exchanger.  
 
As the results of this study show, the heat exchangers can have large effects on mass flows, especially the 
maximum values. For example, during DP 75 the maximum mass flows of building type B could be reduced 
by 54 percent if new heat exchangers were installed. Therefore, if the mass flow is a limiting factor, the size of 
the heat exchanger can be a large contributing factor to this limitation depending on the extremity of the 
delivery profile.  
 

6.3.6 What delivery temperatures are achievable? 
To summarize, the above-mentioned limitation affect what delivery temperatures are possible. It becomes 
natural to ask what delivery temperatures are possible with the limiting factors found in this study. The 
answer is that it remains unknown, as information about the specific circumstances of the two case areas were 
not fully available.  
 
However, something can be said about the first limitation: the secondary supply temperature levels, which 
constitute a definite limit to the possible delivery temperatures. While all simulated delivery profiles 
functioned for buildings with secondary supply temperatures of 70 and 60 degrees, they did not for buildings 
with secondary supply temperature of 80 degrees. For those buildings, DP 90 represented the lowest delivery 
temperatures that resulted in 100 percent functionality, meaning that the required heat power was delivered at 
all hours. Therefore, if the assumptions is made that no building with secondary supply temperatures above 
80 degrees at DOT exist, the lower limit set by the secondary supply temperatures lies somewhere between 80 
to 90 degrees. However, if the highest secondary supply temperature is instead 70 degrees, all delivery profiles 
are applicable. This conclusion can be drawn for all parts of the grid, as the thermodynamic relationships 
causing this limitation are universal: as long as there is one building with 80 degrees supply temperature in the 
grid, whole or partial, there will be a limit of between 80 to 90 degrees delivery temperature. But to be able to 
identify the real limits, further information has to be acquired about the circumstantial factors. 
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6.4 Measures to enable lower delivery temperatures 
 
The section below presents a list of measures that can be used to enable lower delivery temperatures. The 
alternatives are discussed and compared to each other.  
 

6.4.1 Increase secondary mass flow 
As presented in the literature study, there are several ways of lowering the internal supply temperatures in 
order to enable lowered temperature levels. One of the simplest ways, which requires no cost for the 
customer is to raise the internal mass flows. This enables a lowering of the secondary supply temperature 
without affecting the heating of the building.  However, an increase of the mass flow means a diminished 
cooling of the water leading to increased return temperature. With an increase in mass flow the return 
temperature is raised by approximately the same amount that the supply temperature can be lowered. As 
previous studies have shown, the cost of raising the return temperature is greater than the reward of lowering 
the supply, and thus this action would come at a cost even though the adjustment itself is cheap. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

6.4.2 Install fans on radiators 
Installation of small fans underneath the radiators is another way of lowering the internal temperatures. This 
creates a better heat transfer from the radiators to the ambient air, enabling the lowering of the internal 
supply temperatures. This also results in the benefit of lowered secondary return temperature, in contrast to 
the previous adjustment, which resulted in the cost of raised return temperatures. However unlike the 
discussed increased mass flow above, this action requires an investment as well as a cost for powering the 
fans. In addition this measure requires adjustments to customers’ homes and sound annoyances could 
become a problem. This is however a cheap version of increasing the efficiency of a system’s radiators 
without having the replace the actual radiator consoles.  
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6.4.3 New heat exchangers 
As explained above in the limitations section, the size of the heat exchanger has significant effect on the 
increase in mass flow when delivery temperatures are lowered. The increase due to the under-dimensioning of 
the heat exchanger can be removed by an installment of a new heat exchanger, dimensioned for the new 
delivery profiles. The heat exchanger is today owned by the customer, which means that it is up to the 
customer to make a new investment to upgrade the heat exchanger. For the district heating operator to make 
these investments on the customers’ behalf can be costly when done over a larger area, especially if the 
customers retain ownership of the heat exchangers.  
 
Another method for the replacement of the heat exchangers is to wait until the current heat exchangers need 
to be replaced. The requirements for new heat exchangers could then be heightened, thereby gradually 
upgrading the heat exchangers to the desired levels. In order for this implementation to be complete it would 
have to stretch over a 20-year period (usual heat exchanger lifetime) and ensure that all the original heat 
exchangers have been replaced.  
 

6.4.4 Change control valves 
As seen in the results from Kärrtorp, one of the control valves need to be replaced if a pressure drop of 1.5 
bars is to be sufficient while delivery temperatures are lowered. This might of course apply to other 
substations as well. Therefore, district heating operators could finance new valves to be installed. This would 
remove the problem of small valves, and would probably be a bearable cost for Fortum, as the economic 
benefits of lowered temperatures would prove much greater over time than the one-time installation cost. 
 

6.4.5 Ensure energy efficiency measures 
The most long term and comprehensive action that can be taken in order to counteract the limitations that 
have been identified is to lower the heating demand. First of all, this would lower secondary supply 
temperatures needed to satisfy the building’s heating demand. Secondly, the mass flow is decreased, enabling 
a lowering of the supply temperatures without any effect from the original case. Because mass flows have 
been lowered the valves may no longer be undersized as well as the heat exchangers needing to transfer a 
lower amount of heat. As discussed in the literature study, the heating demand can be lowered by a range of 
different methods: service of substation, lowering indoor temperatures, improvements in building envelope. 
Some of these require large investments while others require a change in customer behavior.  
 

6.4.6 Alternative quality strategies 
Due to the fact that the temperatures of DP 80 and DP 75 caused the heat system to malfunction for some 
buildings, it becomes interesting to discuss whether it is important for a district heating operator to deliver 
the required power for each hour every year, or if it is acceptable to not deliver the requested power at the 
absolute coldest hours. DP 80 did not function at outdoor temperatures below -17 degrees, and during the 
last eight years, this only occurred 66 times, meaning that the occurrence rate is less than one in one thousand 
hours. As the heating and cooling process of a building is a dynamic process where the speed at which heat is 
lost is dependent on the time constant of the building, a deviation from quality might not even be perceived 
by inhabitants, especially if the cold hours are not directly followed upon another. Economically such a 
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strategy would be motivated in the short-term, since delivery temperatures could then be lowered even 
further, but of course long-term aspects of such a strategy could be questioned.  
 

6.5 Economic implications of lowered delivery temperatures 
 
To put the results in an economic context, this section will discuss the effects of lowered delivery 
temperatures from an economic perspective. First, lowered delivery temperatures would lead to decreased 
heat losses in the pipes. As DP 100 alone led to an average lowering of around 15 degrees, this would be a 
substantial reduction of losses. Second, lower delivery temperature means that the condenser pressure in the 
CHP plant can be lowered, which result in more potential electricity generation. Thus, the lowered delivery 
temperatures will enable more income from sold electricity. Lastly, the possibility to make the connected 
decentralized sources, such as Open District Heating-facilities, more profitable is created by the lower 
temperatures. 
 
Negative effects are the increased cost of pump power: an increase of 200 percent pump power would lead to 
an increased electricity bill of the same magnitude. Furthermore, if lowered water temperatures are to be 
applied in larger scale and not only in areas where the pump capacity is already sufficient, new investments 
might be needed to install more pumps. Furthermore, the increased return temperature will cause less heat 
being extracted from the steam in the CHP plants, thus lowering the efficiency of the plants. The heat would 
have to come from other sources, and thus the increases return temperature will cause increases production 
costs. Lastly, new pipes, heat exchangers and control valves might be needed in the system for it to function 
correctly. While heat exchangers and control valves would probably constitute a smaller cost, investments in 
new pipes are very expensive. 
 
To conclude, the economics of lowered temperatures remain unknown, as the needed adjustments to the 
system are unknown. However, on the basis of previous studies of the economic effects (Ödin, 2007), the 
positive effects of lowered delivery temperatures seem to exceed the negative effects. For example, according 
to the results of this study, a shift from today’s delivery temperatures to DP 100 led to a decrease of average 
delivery temperature of 15.1 degrees. This decrease subsequently only led to an increased average return 
temperature of 0.83 degrees, meaning that for every lowered delivery temperature degree, the return 
temperature was only increased with just above 0.05 degrees. According to the results of Ödin (Ödin, 2007), 
such a case yielded an increased profit of around SEK 0.591 per MW and degree when lowering the delivery 
temperature. The subsequent shift from DP 100 to DP 75 only led to a further decrease of 1.53 degrees, with 
an increased return temperature of 0.81 degrees. This case would only yield a profit of around SEK 0.052 per 
MW and degree. Also beneficial is that there is little risk that the negative effects of increased return 
temperatures would escalate since the maximum increase in average return temperature found in this study 
was 1.64 degrees over the year, when comparing DP 75 with the actual return temperatures. Importantly 
though, these figures are based only on one district heating grid, meaning that they are not necessarily 
applicable to other grids. Furthermore, the beneficial business case would only hold as long as no larger 
investments must be made. Lastly, further research on how Fortum’s systems would react to lowered delivery 

                                                        
1 0.65-0.05*1.17  = 0.5915 
2 0.65*1.53-0.81*1.17 = 0.0468 2 0.65*1.53-0.81*1.17 = 0.0468 
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temperatures need to be conducted in order to assess the real economy of lowered delivery temperatures in 
Fortum’s system.  
 

6.6 Implications for Öppen Fjärrvärme 
 
The above sections question the feasibility of lowered delivery temperatures due to the substantial increases in 
mass flow, and what they would require of the grid at large. However, with the concept of Öppen Fjärrvärme 
comes new possibilities that might remove these barriers. Since Öppen Fjärrvärme aims at connecting 
decentralized production facilities, the need to transport hot water from large power plants is removed, and 
thus, the dependence on large transmission pipes are reduced. In areas where such facilities are located, some 
if not all of the required water could be delivered from them, reducing the mass flow requirements of the 
larger grid. Thus, the potential obstacle of under-dimensioned transmission pipes would be at least partially 
removed. Furthermore, it might be that the pumps located in the area would already have the capacity to 
create the required pressure drop due to the increased mass flows, thereby also removing the obstacles of 
pump power capacity.  
 
If these favorable circumstances were found in a specific area, the only physical obstacle left would be the 
secondary systems and the substations. If the required pressure drop of the valves would be too great, it 
might be beneficial to finance installment of bigger valves. The same goes for heat exchangers: if they were 
too small to handle the increased primary mass flow, sponsoring the installment of bigger ones might prove 
economically beneficial.  
 
Lastly, the secondary supply temperature would set the limit of how low delivery temperatures could go. In 
the worst case, a delivery profile with maximum temperature between 80 and 90 degrees could be applied and 
in the best case, DP 75 could be applied.  
 
Thus, this report has shown that the usages of lower delivery temperatures require large changes in the 
operation of the district heating grid, and that it requires much of the system to work. As the temperature 
levels of Öppen Fjärrvärme-facilities are fairly low (approx. 68 degrees), for them to supply buildings with 
heat without mixing the water requires both substantial increases in mass flow and increases in return 
temperatures. 
 

6.7 Implications for district heating operators 
 
As this report has pointed out several times, the greatest obstacle for lowered delivery temperatures identified 
is the secondary supply temperature levels of customer buildings. As these temperature levels are not easily 
adjusted downwards without costly investments, this report argues that it is important for district heating 
operators that are serious about lowering delivery temperatures to initiate closer relationships with building 
owners to be able to measure the secondary temperature levels as well as the primary, which enables the 
monitoring of each customer more closely. With this information, new strategies in specific parts of the grids 
could be initiated; not only to identify where lowered delivery temperatures could be applied, but also to 
identify customers that prevent it. Theoretically, a small number of buildings could use secondary supply 
temperatures of 80 degrees at DOT while the majority of other buildings along the same grid use 60 degrees. 
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The few buildings with 80 degrees would thus prevent lowered temperatures in a whole grid. Being able to 
identify these buildings is thus very important. As this report is proof of, the information about customer 
temperature levels is very important if real results are to be achieved. 
 
 
Main take-aways 
To conclude, the main discoveries and implications are summarized in the bullet list below: 
 

● the lowering of delivery temperatures will result in both substantial increases in mass flow and return 
temperature, with very high increases during the coldest outdoor temperatures 

● applying DP 100, representing the minimum delivery temperatures promised to customers by 
Fortum today, resulted in a general increase of mass flow of between 45 to 50 percent for the studied 
case areas 

● pipes did not prove to be an obstacle for lowered delivery temperatures in the analysed grid systems, 
and this results can be applied to other areas with similar heat demand profiles and pipe dimensions. 

● the under-dimensioning of heat exchangers resulting from the lowered delivery temperatures 
contribute to a large share of the increases in mass flows and return temperatures. By replacing them 
with correctly dimensioned heat exchangers, a large portion of the mass flow and return temperature 
increase can therefore be removed 

● the yearly average delivery temperature was lowered with around 15 degrees when comparing DP 
100 with today’s delivery temperatures, while the yearly average return temperature was increased 
with around 0.8 degrees when comparing DP 100 with today’s return temperatures 

● Fortum (and district heating operators in general) should find ways to monitor the secondary side 
temperature levels if they want to be able to deliver lower temperatures. Without information about 
the secondary side temperatures, large scale analyses are hard if not impossible to conduct, and 
therefore new strategies will be hard to create 

 
 

6.8 Reliability 
 
This chapter elaborates on the reliability of the methodology and results to help ensure critical viewpoints of 
the content of this report. 
 

Data collection 
The data collected and used for the modeling process originate from different sources; therefore the reliability 
varies between them. Data taken directly out of Fortum’s systems such as the pipe dimensions is considered 
reliable because they are exact figures of pipe dimensions. The pipes are also such a vital part of the Fortum 
district heating system that great attention is put into having accurate technical specifications of them. 
Customer data taken from the Fortum systems can be seen as less reliable because the information is not 
collected by Fortum’s systems directly. Thereby, if customer systems are not functioning properly inaccurate 
data will be sent to Fortum’s databases. However when analysis the customer usage data malfunctions could 
easily be spotted as values clearly differed from the normal values or were missing altogether. Therefore the 
data collection from Fortum systems is seen as reliable for the aims of this study. 
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In addition to the data collection from Fortum systems, remaining inputs into the modeling process need to 
be set. These inputs were set through assumptions made based on the studied literature to give the most 
accurate representation of the missing data inputs. The reliability of this data can be seen as low because it is 
based on generalizations. All the assumptions made in this study are presented, with their sources, in the 
assumptions section (see section 4.1)  
 

Modeling  
The reliability of the model is to some extent based on the reliability of the input data described in the section 
above. However, there are limitations of the model that affect the reliability. For example, the time interval of 
one hour leads to the loss of some detail in the usage patterns, especially in realistic volatility and maximum 
peaks of the hot water usages. However, when the results of the individual buildings are combined, 
statistically these volatilities and peaking values should counteract each other to create the more smoothed 
usage pattern that an hour interval leads to. In addition to the time interval of the study, the model also was 
chosen to only model 2011 temperatures. This can affect to the reliability because the results are only valid 
for the conditions for 2011. As explained in the limitations section the choice of year was made based on the 
2011 containing conditions of DOT temperatures while not being extraordinarily cold year.   
 
The model’s use of actual mass flows and temperatures for the individual building increases the reliability of 
the resulting absolute values of the flows and temperatures. The model simulated the change for the 
individual buildings and then applied these to the historic values of 2011, leading to the results being based on 
the actual values.   
 

Results 
Another factor that can affect the reliability of the study is the choice to only study two areas in detail. This is 
a limitation of the study due to the infeasible scale of including more or larger areas as case studies. The 
acquired results give an accurate representation of the modeled areas but if the case studies give an accurate 
representation of the entire grid is less plausible. The larger pipes systems and transmission lines have not 
been an area of focus for this study and therefore the results are not applicable on those sections of the grid. 
Additionally there are most likely extremities of the grid similar to the studied case areas, which are less 
capable of coping with increases mass flows in pipes. It is therefore once again important to state that the 
results of this study cannot be applied to all areas of the grid without further analysis.  
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7. Conclusions 
 
This report has investigated the effects of a set of delivery profiles on mass flow and return temperatures in 
both theoretical buildings and two real case areas of Stockholm’s district heating grid. The results show that 
depending on the properties of the customer building, the changes will vary in magnitude. A general patterns 
of very high mass flow and return temperature values during a few cold hours every year was found, together 
with a general, substantial increase over the year was found.  
 
Furthermore, how the district heating system would cope with such changes was investigated, resulting in a 
discussion on factors limiting the possibilities of lowered delivery temperatures. First, secondary supply 
temperature levels was found to be a major limitation for lowered delivery temperatures, as it is impossible to 
deliver the required heat power using delivery temperatures lower than the secondary supply temperature. 
Second, pump power, pump capacity, substation control valves and water speeds were found to be potential 
limitations, depending on the circumstances in a specific case.  
 
Lastly, a discussion on economic effects of lowered delivery temperatures was included, based both on 
previous research and the results in this study. Depending on the investment needs in a specific case, the 
business case would most likely be positive. Also, implications for district heating operators and Öppen 
Fjärrvärme were included, recommending operators interested in lowering delivery temperature to both find 
ways of acquiring secondary side data in order to identify the existing possibilities of lowering temperatures, 
and to investigate their possibilities of financing adjustments in the grid.  
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8. Suggestions for further research 
 
Several insights about need for further research were gained during the course of this paper. First and perhaps 
most important is the fact that the district heating operator is dependent on the properties of the secondary 
side of the grid, making it impossible to anticipate the exact effects of lowered delivery temperatures. 
Therefore, more research into the possibilities for operators to acquire information about these properties 
need to be conducted.  
 
Second, more research concerning possibilities in the larger grid for these types of changes is needed. Before 
the conclusion can be drawn that the grid or parts of it will be able to handle large increases in mass flow, any 
measures examined in this paper is inapplicable. This is a task most likely suited for the district operator 
themselves or at least in cooperation with them, as they possess all the information about the real grids and 
their properties. 
 
Third, more research about the potential adjustments and measures to enable the system to be applicable for 
lower temperatures need further study. For example, the economic and practical implications of the replacing 
of heat exchangers or control valves need to be examined. Also, for older buildings originally built as 80/60-
systems more research is required to understand how these should be converted into low-temperature 
buildings, and if this is possible without costly replacements of the whole or parts of the heat system. 
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