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Abstract

The overall fuel efficiency of district heating could clearly be improved by using new
strategies for measurement and control. The potential for improvement is on the order
of several percent. Keeping in mind that district heating makes up ∼50% of the Swedish
heating market (5 billion euro total turnover) which in turn is about 1% of the total
world market [1], such improvements would be of global importance both from financial
and environmental viewpoints.

The energy transfer from the distribution network to space heating and tap water
systems is done at a district heating substation. To maximize energy efficiency in the
district heating network and minimize primary fuel source usage, it is essential to have
maximum utilization of produced heat. This means that a large temperature drop (ΔT)
across the substation is of utmost importance. This is related to the fact that the same
amount of heat energy can be transferred with a decreased flow, if the temperature
difference (ΔT) between incoming and returning water is increased. This makes ΔT a
very important factor in making district heating more efficient.

Today, substation control systems focuses on indoor comfort and do not generally
consider ΔT, since it is not measured by the control system, however, ΔT is measured
by the energy meter used for billing.

This thesis proposes an alternative way to control a district heating substation,
wherein wireless sensor and actuator technology together with a service oriented ar-
chitecture are used. This technology allows different devices, such as the energy meter,
circulation pump, and control valve, to share information without restrictions and thus
increase the control possibilities.

To test the new control strategies, a complex thermodynamic computer model of
a building with an included district heating substation was developed for simulation.
The thermodynamic model was complemented with models of battery-powered wireless
devices to predict the sensor lifetime. A field experiment was also carried out where
wireless platforms were retrofitted into commercially available components used in district
heating substations. The complete setup is currently mounted in a villa for continued
research.

The results of my research so far have proved that there is great potential for increasing
ΔT and for additional services if new sensor technology is applied.
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Chapter 1

Introduction

Increasing worldwide demand for energy and stricter pollution laws make energy effi-
ciency a crucial pre-requisite for future energy producers. For decades, district heating
has proven to be an energy-efficient and environmentally friendly way of producing and
delivering heat energy. However, there is still room for improvement.

In this thesis strategies for wireless sensor network control of district heating sub-
stations are presented, with the main purpose of indirectly improving the overall fuel
efficiency of the heat production process.

1.1 Background

To increase fuel efficiency and strengthen the market position of district heating, the
Swedish district heating industry, through the Swedish District Heating and Cooling
Association [2], has financed and supported this research 100%.

The goal is to improve overall fuel efficiency by extracting more useful heat energy
from each volume unit of distributed hot water. This will result in an increased temper-
ature difference (ΔT) between supply and return pipes in the distribution network.

A larger ΔT will contribute to more possible customers in available district heating
networks without increasing the production power. In other words, more houses can be
heated with the same amount of fuel. There are also other positive aspects of maximizing
ΔT, including higher overall fuel efficiency in combined heat and power plants (CHP),
higher electricity exchange in CHP plants, less pump energy needed in the heat distribu-
tion process, and decreased relative distribution losses. All of these factors will contribute
to a reduction of CO2 emissions, and strengthen the market position for district heating.

The total financial gains of increasing the system ΔT are hard to calculate since there
are many positive side effects; however are the numbers substantial.

There are also a customer concerns related to ΔT increases. If the flow through the
customer’s substation is considered in the energy tariff, there will be a strong incentive
for the customer to limit the flow, and hence increase the temperature drop over their
substation at constant power output; this is explained by eq. (2.1).

1



2 Introduction

1.2 Research fields

This thesis covers two traditionally separate areas, district energy and wireless sensor
networks. The idea is to implement wireless sensor network technology into district
heating substations to improve the overall heat production fuel efficiency by increasing
ΔT.

In my work, the approach to increasing ΔT is to create new wireless infrastructure in
district heating substations by using low-power wireless nodes. A number of wireless sen-
sors with the ability to intercommunicate is known as a wireless sensor network (WSN).
The new wireless sensor network infrastructure can be used for new, improved control
strategies, new customer services and remote monitoring of independent devices.

The key research questions are:

Can WSN provide a base for improved control in DHS resulting in increased ΔT?

Is WSN technology feasible for DH?

Can heat meter information increase ΔT through improved control?

1.3 Thesis outline

This thesis is composed of two major parts.
Part I includes an overview of the thesis work and the research topics involved. Chap-

ter 2 gives an introduction and background to district heating. In chapter 3, the control
architecture of a district heating substation is described. Chapter 4 briefly describes the
field of wireless networks and sensor nodes. In chapter 5, the simulation tools used for
control and sensor network simulations are introduced. New control strategies and user
interaction using wireless sensor networks are discussed in chapter 6. Chapter 7 summa-
rizes the research papers found in Part II. In chapter 8, the thesis conclusion, and some
thoughts about future work are presented.

Part II contains research papers relevant to this thesis that I have contributed to; see
also Part I chapter 7 for a short summary.



Chapter 2

District Heating

District heating is a way of producing heat energy at a central heat plant and delivering
the heat to customers using liquid water or water steam as heat carrier. The heat plant
is connected to the customers by an underground pipe network in which the heat carrier
flows. One pipe carries the water from the plant to the customer, where the energy is usu-
ally utilized for space heating and hot tap water production. As energy is transferred from
the distribution medium to space heating and tap water heating systems, the distribution
medium is chilled. The cooled water then returns to the heat plant to be reheated.

2.1 History

The history of district heating can be traced back to the Roman Empire, where the heat
was used to heat warm baths and greenhouses. However it was not until 1877 that the
American engineer Birdsill Holly created the first commercial district heating network
in Lockport, New York. Several systems followed in North America in the 1880s and
90s. During these years a few smaller district heating systems were also built in Europe;
however, these did not use heat as merchandise. They where created only as a rational
way of heating a large number of buildings. The first commercial European district
heating networks where started in Germany in the 1920s.

As the early 20th century can be seen as the introduction phase of district heating,
the years between the world wars can be considered to be the ripening years of district
heating. During these years many larger European cities adopted the district heating
technique.

The big European expansion came after the second world war, when Europe was about
to be re-built. This was a time when large new buildings were constructed, resenting great
possibilities for district heating installations. The volume of the district heating market
immediately expanded.

In North America, many district heating systems were closed down in the 1960s
and 1970s as the owners lost interest in the business and provided insufficient funding
for maintenance. As a result, many customers left the district heating system and the

3



4 District Heating

majority of these systems had to close down. However, today the progress is moving in
the opposite direction. District heating (and cooling) is advancing in North America and
taking more and more of the heating (and cooling) market.

2.2 District heating in the world today

District heating can be found in most industrialized countries in cold climate zones. The
highest market shares are found in the northern, central and eastern parts of Europe, see
table 2.1 [3, 1]. Iceland’s very high district heating market share is related to its high
volcanic activity, which produces ”free” heat through geothermal processes.

It should be mentioned that most of the systems in the eastern parts of Europe and
Russia were built during the time of communism in the Soviet Union. These systems
are generally poorly maintained and not very efficient compared to modern systems [1],
losses of up to 70% are still common in the Russian systems.

Table 2.1: Some interesting numbers for nations with district heating systems [1]. Observe
Russia’s impressive DH deliveries.

DH share of total Residential heat demand Total yearly DH
Country heat demand [%] delivered by DH [%] delivery [GWh]

Iceland 90 98 8000
Russia 70 70-95 * 2000000

Denmark 46 60 35000
Ukraine 35 65 250000
Estonia 28 n.a. 8000
Sweden 25 50 42000
Poland 24 50 95000

Finland 22 50 30000
Austria 11 n.a. 16000
Slovakia 9 n.a. 5300

Germany 7 14 (30 *) 83000
UK 4 n.a. 35000

Netherlands 2 n.a. 6000

* In cities.

2.3 Heat production

Heat can be produced in many different ways. In district heating systems, the heat is
often produced in what is known as a heat plant; the energy source can be oil, gas, waste,
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bio-pellet, wood-chips etc., that is burned, and the heat generated is used to heat water
that is later distributed to the customers in a district heating network.

To improve the overall fuel efficiency, the heat plant can be combined with an elec-
tricity producing power plant; this is referred to as a Combined Heat and Power plant,
often abbreviated as CHP. In the electrical power production process, there is a lot of
waste heat produced, which in a “traditional” power plant is not used for any good. In
a CHP plant connected to a district heating network; however, this waste heat is used
to heat the district heating water in the same manner as in a normal heat plant, thus
increasing the overall fuel efficiency of the plant.

There are several different types and combinations of CHP plants. One frequently
anticipated CHP process to be used together with district heating systems is the extrac-
tion condensing CHP plant, see figure 2.1. In an extraction condensing CHP plant, a
boiler heats water under high pressure until very hot steam is produced, and then the
steam is run through a turbine to generate electricity. As the steam leaves the turbine, it
is still very hot, and needs to be chilled and liquefied before re-heating. In an extraction
condensing plant connected to a district heating system, the district heating network is
used as a heat sink for the hot steam. The steam condenses on the “cool” surface of
the district heating piping. By decreasing the average temperature in the condenser, the
steam will condense more quickly. This will result in a higher differential pressure across
the turbine, which in turn will generate more electric power. This is one major reason
why it is important to maintain a high ΔT in the district heating system.

The percentage of heat produced in CHP plants for some well-known district heating
countries can be seen in table 2.2. Sweden’s relatively low number is related to its large
amount of industrial waste usage [4].

Table 2.2: Percentage of total DH produced in CHP plants.

Country CHP of total DH produced

Netherlands 93% [1]

Germany 83% [1]

Denmark 80% [5]

Finland 76% [6]

EU average 63% [1]

Sweden 30% [4]

Russia 30% [1]

To improve the overall efficiency of a district heating network, it is of great importance
to use as much of the heat energy produced as possible. In other words, the water must be
cooled as much as possible before it returns to the heat plant. By decreasing the returning
water temperature, the difference between outgoing and returning district heating water,
ΔT, is increased. This means that the same amount of energy can be transfered with a
smaller volume of water as described in eq. (2.1), where q represents energy [J], t time
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Figure 2.1: Production process in an extraction condensing combined heat and power plant. 1,
Boiler. 2, Steam turbine. 3, Condenser. 4, Pump. Water is heated under high pressure in the
boiler and turns into steam, the pressure is decreased over a steam turbine, with is connected to
a electricity producing generator. As the steam still is hot after passing the turbine, it contains
heat energy. This energy is extracted in the condenser, which is connected to the district heating
network. The steam is cooled and turns into liquid which is pumped into the boiler under high
pressure, and the process is repeated.

[s], cp specific heat capacity for water [J/(kg K)], and V̇ volume flow [m3/s]. As a result
of this, less fuel has to be burned in the heat plant, and hence the CO2 emissions can be
reduced.

q =

∫ t

0

cpρV̇ (t)ΔT (t)dt (2.1)

The advantages of keeping a high ΔT, are, as discussed above, a higher electric ex-
change if a CHP process is utilized, and more DH customers connected to an available
network since the flow will decrease at a maintained power usage. An indirect envi-
ronmental advantage is that with more customers converting and connecting to district
heating, they will most likely reduce their CO2 emissions, which are connected to space
heating and tap water usage [7].

What could be done to increase ΔT is further discussed in chapter 6 and paper C.
Another source of heat that is frequently used in district heating networks is industrial

waste and industrial waste heat. This is an excellent heat source since the heat (or other
useful waste products) will be produced even if it is not used. For example, waste heat
can come from steel production facilities that produce gas (waste) in the steel production
process; this gas can later be burned to produce electricity and heat. Other examples
can be found where the heat of an industrial process can be directly used to heat district
heating networks.
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In countries with a lot of volcanic activity, an endless supply of heat can be found
right in the ground. In Iceland, more than 90% of the heat market relies on geothermal
energy as a heat source.

2.4 Distribution network

The distribution network can include hundreds of kilometers of pipe [8]. Close to the
heat plant the pipes are very large, up to a meter in diameter. The pipes gradually
decrease in diameter further away from the heat plant, and closer to the customer. The
last section of pipe, often referred to as a service pipe, is usually just a few centimeters
in diameter.

The pressure in the system varies from system to system; usually the pressure is
around 4 - 8 bars, but in rare cases exceeds 15bar in liquid (water) systems. In steam
systems the pressure is usually much lower.

The pipes are generally well insulated, but distribution losses still can not be dis-
regarded. The losses increase with increasing distribution network temperature; this is
one reason why the energy companies generally prefers to keep the temperature at a
reasonable low level. In steam networks, where the temperature usually are higher than
liquid based networks, the losses are also higher. This is one reason why few new steam
systems are built today. Another disadvantage of steam networks is that they cannot be
combined with combined heat and power plants, as the return temperature of the district
heating system is too high to be used for cooling in the co-generation process.

A recent study by Yliniemi [9] shows that the distribution loss in a North-American
water-based district heating system is ∼10% of the total produced heat energy. The
corresponding number for Sweden’s district heating networks in total is ∼7% [10]. The
lower losses for the Swedish systems are related to the lower system temperature in the
Swedish systems. In Russia, distribution losses of up to 70% are common in old and
poorly maintained systems [1].

The distribution losses also vary with the heat load, which is strongly correlated with
the outdoor temperature. One might believe that the relative losses would be higher
during winter, as the water temperature is higher and the surroundings are colder. But,
this is not the case since, the customers consume large amounts of energy during the cold
months (for space heating). This causes the flow in the network to increase, and most of
the energy is consumed (transferred) in the customer’s district heating substation, rather
than being lost in the distribution network. In contrast, during the warmer months when
no energy is used for space heating, the only heat consumption is related to tap water
usage. This causes the water in the district heating system to stand almost still for long
periods of time, resulting in increased relative losses.
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1 2

3 4

Figure 2.2: Four possible combinations of indirect /direct radiator systems and open closed tap
water system. 1, Indirect/closed. 2, Direct/closed. 3, Indirect/open. 4, Direct/open

2.5 District heating substation

There are a few major connection types that can be used to connect and transfer heat
from the distribution network to the customer.

To transfer energy to a buildings space heating system, two major connection versions
are possible. Either the same water that is used in the distribution network can be lead
through the radiators (direct connection), or the heat is transferred to a separated internal
system by using a heat exchanger solution (indirect connection).

Similarly, hot tap water can be taken directly from the distribution network (open
connection) or the heat can be transfered to a secondary system using heat exchangers
(closed connection).

In figure 2.2, the four possible combinations of direct/indirect and open/closed are
shown.

The choice of connection type varies between countries, and can be deduced from
national traditions. All systems have advantages and disadvantages; for the direct con-
nection of space heating systems, the following arguments are common [8].

Negative

There is limited protection against pressure shocks.

The risk of corrosion is high due to high levels of free oxygen in the distribution
medium.

In case of leakage, the potential volume can be assumed to be infinite, which could
lead to devastating results.
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Positive

Investment cost are low.

A high ΔT can be achieved, as there is no heat “lost” in heat exchangers.

By choosing appropriate control of valves and pumps, the risk of pressure shocks
in the network can be reduced.

There are large DH networks with direct connections that have worked well for
decades.

In figure 2.3, an overview of a building connected to district heating with indirect
space heating and a closed tap water system is shown.

Figure 2.3: A building connected to a district heating system using indirect/closed connection.
1, Incoming district heating. 2, Returning district heating. 3, Incoming tap water. 4, Parallel
coupled DH substation. 5, Radiator. 6, Faucet.

2.5.1 Parallel coupled

The parallel coupled substation type is a simple and very common connection variant.
It includes two separate heat exchangers, one used for the space heating system and the
other for domestic hot water heating. The heat exchangers are coupled in parallel, as
indicated by the name; see figure 2.4a for a typical parallel coupled DHS.

The simplicity of this substation type makes it relatively cheap to produce, since it
only requires two heat exchangers and no mixing vaults. The parallel coupled substation
is in Sweden particularly common in smaller installations like villas.
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Figure 2.4: a, Parallel coupled substation. b, Two-stage coupled substation.

2.5.2 Two stage

The two stage coupled substation is generally used in larger buildings like apartment
houses and other houses with high energy demands. Two stage substations includes
three heat exchangers, where one heat exchanger transfers heat to the radiator system,
and the primary output of this heat exchanger is connected to the input of the so-called
preheating heat exchanger. The preheating heat exchanger cools the primary medium
a bit more, and at the same time preheats the tap water before the tap water flows
through the second heat exchanger to reach the required temperature; see figure 2.4b for
an overview.

In Sweden, this type of substation is currently being gradually exchanged with par-
allel coupled heat exchangers even in large buildings. This is mainly because parallel
coupled substations are simpler, contain fewer parts, are cheaper and are approximately
as efficient as two stage substations [11].

2.5.3 Other versions

There are numerous additional substation variations. In Russia and eastern Europe is
the so-called Russian three-stage substation common [8]. This substation contains more
parts (valves and heat exchangers), and is quite complex compared to the parallel and
two stage substations. The ΔT-performance is, however somewhat better than parallel
and two stage substations according to [11].

There are also variants of serial-coupled substations, where two heat exchangers are
coupled in series. The first heat exchanger heats the radiator system, and the second
heats the tap water system. Bypass valves are used to maintain a constant pressure
across the substation and to control necessary heat. This substation variant is common
in Poland and Hungary.

A numerous of other connection variants are also possible; see [8] for more information
on substation connections.
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2.6 District Cooling

In the same manner district heating distributes heat, district cooling distributes chilled
water to be used for space cooling and for other processes that needs to be chilled.

There are three commercially utilized ways to produce chilled water [2, 12], these are:

Free cooling A simple and useful way of “producing”chilled water is by pumping cold
water from a nearby ocean, lake or river. If the water is cold enough, no additional
chilling is necessary. The cold can hence be transferred directly to distribution
network using a heat exchanger solution.

Absorption chillers Absorption chillers produce chilled water with heat as the main
power source (and a tiny amount of electricity to drive the pump). Since the fuel
efficiency is quite low, this method requires a cheap source of heat to be financially
profitable. However, if cheap environmentally friendly heat is available, it is a very
good way of producing cold.

Electrical chillers Electrical chillers use the same technique as found in ordinary refrig-
erators and air conditioning units, with a compressor that separates hot and cold.
A common cooling medium in big chillers is ammonia, whereas smaller chillers, used
in air conditioning units, often use environmentally harmful Freon-based cooling
media.

2.6.1 Future of district cooling

District cooling has proven to work very well all over the world. With increasing energy
prices, district cooling should have a self-explanatory place in the energy system of the
future. Furthermore, district cooling requires less maintenance than ordinary cooling
systems with local cooling machines.

Keeping in mind that a considerably larger part of the earth’s population lives in
regions where space cooling is needed than where space heating is needed, the market of
district cooling is huge.

Today, very large district cooling facilities are built in the middle eastern area (Dubai,
Bahrain etc.). In the North America and Europe, the district cooling market expands
every year.
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Chapter 3

District Heating Substation
Control Architecture

To control the energy transfer in the substation, some kind of control system is needed.
Commercially available control systems primarily control heat output by limiting the flow
through the primary side of the heat exchangers in indirect/closed coupled substations;
the rest of this thesis will focus on this type of substation.

In an indirect DH substation with hot tap water and space heating systems, two control
systems will be found. One control system is used to control space heating, and one
controls the domestic hot water usage. As discussed in chapter 2.5, the heat exchangers
can be connected in a variety of ways; however, the substation type is not essential to the
control strategies.

3.1 Radiator system control

To maintain a stable indoor temperature even though the heat load varies, the heat
emitted by radiators must change with the heat load.

This is usually achieved by controlling the radiator supply temperature. A higher ra-
diator temperature will cause more heat to be emitted to the surroundings. The radiator
temperature should hence vary with the heat load. Since the heat load is strongly corre-
lated to the outdoor temperature, traditional control systems often rely on the outdoor
temperature when controlling the radiator supply temperature. The function describing
the radiator supply temperature is often predefined by a control curve, which specifies
what the radiator supply should be at a certain outdoor temperature; see figure 3.1 for
a typical example of radiator control curve. The defined radiator supply temperature is
attained by steering the control valve mounted on the primary side of the radiator sys-
tem heat exchanger. When the valve is opened, more hot water flows through the heat
exchanger, heating the water in the radiator system. The radiator supply temperature is
measured, and used as feedback to the control system to achieve the desired temperature.

Since the radiator supply temperature is changed to compensate for large heat load

13
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Figure 3.1: Radiator supply temperature control curve. The curve describes the defined radiator
supply temperature as function of the outdoor temperature.

variations, the flow in the radiator system can be kept constant with a reasonable, stable
indoor temperature. Indoor comfort is often improved by mounting thermostatic valves
in series with the radiators. The thermostatic valves close when the indoor temperature
exceeds the set temperature at the thermostat, and open when the indoor temperature
falls below the set temperature.

Observe that in an ordinary radiator control system like the one described above, no
consideration is given to the primary return temperature or primary ΔT.

3.1.1 Key devices in substation control

A DH substation contains several devices that can be used for space heating control. Key
devices for traditional control are:

Control valve: The valve that limits the primary flow.

Outdoor temperature sensor: This is the temperature that the control system bases
its control on.

Radiator supply temperature sensor: This temperature is used as feedback in the
control loop.

Control unit: The unit that performs the control calculation and steers the control
valve.

Connecting these devices as shown in figure 3.2 gives the possibility of controlling the
space heating in the manner described in section 3.1. However, if other devices, such as
the radiator system circulation pump and the energy meter were connected to the control
system, new information and control possibilities would be available.
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Figure 3.2: Key devices in a district heating substation. 1, Radiator system circulation pump.
2, Primary control valve. 3, Energy meter. 4, Outdoor and radiator supply temperature sensors.
5, Control unit. As seen in the figure, energy meters are normally not included in the control
process. The radiator circulation pump is also often disconnected from the control system, which
the dotted arrow indicates.

3.2 Domestic hot water control

To avoid scalding injuries due to overheated tap water, the domestic hot water tem-
perature is usually limited to ∼55◦C. This is achieved by limiting the flow through
the primary side of the tap water heat exchanger to a suitable level. Both electrical
and mechanical controllers are commonly used. Mechanical control solutions like the
A.V.T.Q. from Danfoss [13], are frequently used in smaller installations like villas. In
larger facilities electrical control systems are more common [2].

The ΔT across the tap water heat exchanger is usually quite high if the heat exchanger
is correctly dimensioned. Good cooling of the primary water is due to the usually cold
incoming secondary water. However, in systems with hot water circulation (HWC),
see figure 3.3, where the temperature in the tap water system is not allowed to fall
below e.g. 50◦C, due to the risk of salmonella growth, the primary return temperature
cannot theoretically fall below 50◦C during periods when no tappings occur. When the
secondary water is tapped, colder water flows through the heat exchangers and into the
HWC system, which allows colder primary return temperatures.

Figure 3.3: Hot water circulation system integrated in two stage substation. The dotted line
indicates alternative connection.
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Chapter 4

Wireless Sensor Network

A wireless sensor network (WSN) is a number of sensors with the ability to communicate
and exchange data wirelessly. The number of sensors in the network can vary from just
a couple up to thousands of sensors. A sensors is often referred to as a node, and each
has a specific task, e.g. to measure temperature or pressure.

The areas of application of WSN are huge; two examples of usage are: to monitor
volcanic activity and to control/monitor industrial processes.

At LTU, research in the field of WSN has been carried out for several years. One
outcome of this research is the very low-power wireless Internet connected sensor node
called Mulle, which has the ability to communicate using both Bluetooth and 802.15.4
protocols.

4.1 Possibilities & challenges

With the introduction of wireless sensor networks in the field of district heating, new
possibilities have opened up, such as direct communication between energy meter and
the radiator system pump. This can, in turn, help the control system to be more aware
of the substation conditions (and possibly also the whole district heating network). With
more knowledge about what is happening in the substation, the right conditions are
present for a better control approach.

One of the main challenges with wireless sensor networks is their power supply. As
WSNs are often used in areas where no infinite power sources are available, the sensors
have to rely on battery power or electricity producing devices, such as wind power sta-
tions, solar panels, etc. This means that it is of utmost importance to keep the power
consumption in the wireless devices at the lowest possible level, to increase their battery
life.

In our case, the battery-driven nodes can to a certain extent be avoided, as electrical
current is available at the pumps, valves, and some energy meters. But if these power
sources are to be used, extra components, such as voltage regulators, will be needed.
When it comes to temperature sensors, it would in most cases be convenient to use

17



18 Wireless Sensor Network

Figure 4.1: Network topologies, a. Star network, b. Tree, Hierarchical or scatter network, c.
Mesh network.

battery-driven sensors, as these can be placed “anywhere” without considering where
electrical power can be found.

Another, more practical challenge, might be retrofitting of embedded devices (nodes)
in to available pumps, valves, and meters. Without the producer’s permission and will to
do this, there might be difficulties. However, so far this has not presented a big challenge,
as all the producers I have been in contact with so far have been very positive and helpful.

4.2 Wireless network topologies

A wireless sensor network can be configured in a number of ways (topologies). I would
say that the simplest topology is the so-called star network, where one node acts like a
central “hub”, which the other nodes can connect to; see figure 4.1 a for a typical star
network setup. If the star network is expanded with additional central nodes, as seen in
figure 4.1b, the network is often referred to as a tree or hierarchical network. The highest
level of the hierarchy is found at the “root” of the tree. At every branching of the tree,
a new hierarchical level is found.

In contrast to star and tree networks, a mesh network 4.1c does not require a sym-
metrical setup or hierarchical levels. If one node wants to communicate with another,
the information is routed through available nodes found in between the node which ini-
tializing the communication and the node receiving it.

Which network topology is best suited for usage in district heating remains to be
discussed. The tests conducted so far have been based on a star-network topology.

4.3 Wireless network technologies

Today there are several commercial wireless network technologies available, the most
common are Bluetooth, W-Lan (Wi-Fi) and Zigbee, others (among many) are Wireless
HART, Wireless USB, Wimax and Z-wave. All of these operate in the free ISM-band of
2.4GHz, some also have the possibility to operate in the free 915 and 868MHz bands. The
usage areas and properties of these technologies will be briefly discussed in this section,
also see table 4.1 for some estimated WSN features.
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Table 4.1: Properties of some wireless technologies

Bandwidth Distance Power

Bluetooth 2.0 Medium Medium Medium
Wi-Fi High Medium High

ZigBee Low High Low
Wireless HART Low High Low

Wireless USB High Short High
Wimax High Very high High

Table 4.2: Bluetooth radio classes

Class Range [m] Power usage [mW]

Class 1 1 1
Class 2 10 2.5
Class 3 100 100

4.3.1 Bluetooth

Bluetooth is a wireless technology developed to handle short-range communication be-
tween electronic devices such as mobile phones and laptops [14]. The Bluetooth Special
Interest Group (SIG) [15], formed by companies in the areas of telecommunication, com-
puting and electronics handles the licensing and development of the Bluetooth technology.

The main features of the Bluetooth technology are robustness, low power and low
cost[15].

The Bluetooth technology has the capability to address and communicate with up
to 255 specific devices; one device can, however, only maintain communication with
seven other devices simultaneously. Bluetooth units that utilize direct communication
are referred to as a piconet, and have the shape of a star network, c.f. 4.1a. Within
one piconet, there must be at least one master device, which can communicate with
all the slaves within the piconet (no more than seven simultaneously). Any device can
be programmed to change state from slave to master, or vice versa, at any time. This
enables the network to grow like a tree network, (figure 4.1b) or even a mesh network
(figure 4.1c). However, there is no native support for these network topologies in the
Bluetooth standard.

There are three different power classes of Bluetooth radio modules; see table 4.2.
Class 2 devices are the most common in mobile consumer electronic products such as
mobile phones and PDAs. Class 3 devices are more common in industrial bluetooth
installations and devices. Class 1 is not very common in commercial products at all.

Bluetooth devices operate in the free ISM band of 2.4 - 2.485GHz. To avoid inter-
ference from other devices operating in the same frequency band, Bluetooth applies an
adaptive frequency hopping (AFH) technique, where the center frequency jumps ran-
domly between 79 different channels, with 1MHz intervals. The frequency hopping tech-
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nology makes Bluetooth very robust and insensitive to the presence of interfering devices.
One drawback with AFH is that it consumes valuable power, which might reduce the
lifetime of battery-driven nodes.

4.3.2 ZigBee

The ZigBee communication protocol was developed to handle low-power radio communi-
cation between small, and cheap wireless devices at low data rates [16]. The protocol is
based on the IEEE 802.15.4 [17] standard for wireless personal area networks (WPANs).
The IEEE 802.15.4 specifies the Physical layer and MAC portion of the Data Link layer
in the OSI model [18].

The IEEE 802.15.4 specifies operation in the 868MHz, 915MHz and 2.4GHz bands. In
the 2.4GHz band, there are 16 channels, separated by 5MHz, using the following pattern
Fc = 2350 + (5 · ch), where ch = 1, 2, . . . , 16.

In contrast to Bluetooth, the ZigBee network Layer supports star, tree and mesh
network topologies by default [16]; this makes the technology highly customizable and
suitable for district heating control. However, the ZigBee does not support adaptive
frequency hopping (AFH), which makes it more prone to interference from other wireless
devices operating in the same frequency range.

Since the ZigBee standard does not support AFH, it can have a much smaller data
overhead than Bluetooth. This contributes to make ZigBee consume less energy per
transfered byte of valuable information.

The maximum data transfer rate in a ZigBee sensor is limited to 250kbit/s per channel
in the 2.4GHz band, 40kbit/s in the 915MHz band and 20kbit/s in the 868MHz band.

4.3.3 Wireless M-Bus

M-bus, or meter bus is a standard for communication between water, gas, heat and
electricity meters that has been around for years. Recently, a wireless version of M-
Bus has been developed, which uses the 868MHz band. This standard could be highly
interesting in future research.

4.3.4 Other wireless standards

There are endless varieties of wireless communication standards, Wi-Fi (802.11), Wireless
HART, wibree, and z-wave are just a few. The choice of wireless technology is not crucial
to the performance of the wireless system discussed in this thesis; however, low power
consumption is of the utmost importance, to extend the lifespan of battery-driven devices.

4.4 Low power approach

The space heating control system used in a district heating substation is a very slow
process as the outdoor temperature changes relatively slowly, and the mass of the house
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contributes a large thermal inertia. This is a big advantage when using wireless battery
driven-devices, as they can be put to sleep (standby) for great periods of time.

To control the district heating substation, the control algorithm needs to know the last
value of, e.g. , the outdoor temperature after the last temperature change. Thus, there
is no need for the temperature sensor node to update the same temperature twice. This
gives us the possibility of applying various power saving techniques. If we have a look at
the power consumption of a wireless device (e.g. , a Bluetooth equipped Mulle [19]), the
majority of the power is consumed when actual, over-the-air radio transmission occurs. In
figure 4.2, the current consumption during an Internet connection of a Mulle is displayed.
This specific connection scans the surroundings for possible access points, connects to
the most suitable access point, sends a dhcp request to obtain an IP address, sends
temperature information, synchronizes time using NTP, and returns to sleep. During
this process, a total of 518.6 mAs is consumed.

A simple, but useful (battery) power saving function of a temperature sensor could
be explained as follows: The outdoor temperature device is programmed to sample the
temperature at e.g. , 5 minute intervals. If the last temperature sample is within, e.g. ,
+/- 1◦C from the reference temperature (the last temperature transmitted over the air),
there is no need to update the control system with a new temperature. The Mulle can
go back to sleep without any radio transmission. If the next temperature sample differs
by more than +/-1◦C from the reference temperature, the Mulle connects to the node
that handles the DH control algorithm and updates its temperature value. The Mulle
also updates its own reference temperature with the same temperature value, before it
returns to sleep mode again.

To predict the life expectancy of battery-driven nodes, a current consumption model
has been developed, there is more about this in section 5.2.
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Figure 4.2: Mulle current consumption during Internet connection establishment. this spe-
cific connection scans the surrounding for possible access points, connects to the most suitable
access point, sends a dhcp request to achieve an IP address, sends temperature information,
synchronizes time using NTP, and returns to sleep.
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4.5 Mulle, a low-power, wireless platforms,

The wireless platform Mulle [19, 20] is an extremely low-power device, with an embed-
ded Bluetooth v2.0 module, analog and digital I/O, on board temperature sensor or
accelerometer, and a powerful 10 MHz 16-bit micro controller from Renesas Technology.
The Mulle supports the most common bluetooth communication protocols, e.g. HCI,
L2CAP, SDP, BNEP, RFCOMM, and PPP [21]. Supported bluetooth profiles are LAP,
DUN, PAN (NAP, BN, PANU), and SPP. This gives the Mulle a tremendous number of
possibilities to create different network configurations. More detailed information about
the Mulle can be found in [22].

Recently, an 802.15.4 (Zigbee compatible) module for the Mulle has been developed.
Using ZigBee instead of the Bluetooth will increase the life span of battery-powered
Mulles since the total connection time can be shortened, due to smaller data package
overhead.

4.6 Service Oriented Architectures

The primary advantage of using a service oriented architecture (SOA) in a computer
(sensor) network is automatic detection and configuration of the network. For instance,
let us say that a new device is introduced to an existing network; usually someone would
have to do some kind of configuration of the device and/or the rest of the network. With
an SOA implemented in the network (and the device), the device will be automatically
detected and configured by the other devices. It will also broadcast its services to the
other devices, so that they know what this new device can do; this is where the name
Service Oriented originates.

If SOA-enabled wireless sensors are integrated into the DH substation devices, pump,
valve, temperature sensors, energy meter etc. , these would automatically be detected
by the each other. Together they would form a service oriented wireless sensor network
with the ability to control a DH substation. In the case where some device would breaks
or loses its power source, the rest of the network will notice the failure, and can inform
the owner of the house and the energy company.

Within the research project Socrades [23], involving companies like ABB, Schnei-
der Electric and SAP, research is focused on moving the SOA technology down to the
lightweight sensors used in industrial automation systems. DPWS [24, 25] and OPC UA
[26] are two SOA-based technologies that have been used with great success within the
Socrades project. In [27, 28, 29, 30] more information and examples regarding industrial
control strategies using SOA can be found.

Adapting SOA technologies developed for industrial production processes to district
heating substation monitoring and control purposes, is to me, a very interesting and
clever way of moving substation control forward.



Chapter 5

Tools for Predicting Wireless
Sensor Network control in District

Heating Context

To ease the development process of new control and measurement systems, a thermody-
namic model of a house with a district heating substation, radiator, and tap water system
has been created [31]. The development of this model has been carried out at Lule̊a Uni-
versity of Technology and Lund University over many years; more information about the
model can be found in [32, 33, 34].

When introducing wireless sensors to the substation control system, it is of great
interest to simulate the current consumption and life expectancy of the sensors. To predict
current consumption and lifetime, a current consumption model of a wireless sensor has
been developed. This model can easily be combined with the thermodynamic model to
achieve a realistic context for the sensor model.

5.1 Thermodynamic simulations

The thermodynamic house model is supplied with the district heating water temperature,
outdoor temperature, and other external information. In the house model the energy
consumption and all temperature variations are calculated using physical thermodynamic
relations, like conduction and radiation. This makes it possible to see the temperature
or heat flow anywhere in the building.

The model is divided into sections (also referred to as blocks) that imitate the physical
objects in a district heating connected building. The main sections are:

23
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Supply information

– Outdoor temperature

– Primary supply temperature

– Tap water pattern

– Cold water supply temperature

– Primary differential pressure

– Other external circumstances, e.g. , wind and sun

The complete building

– Substation

Radiator system heat exchanger

Radiator system controller

Tap water heat exchanger

Tap water controller

– Building with radiator system

Radiator with thermostatic valve

Thermodynamic building

Walls, roof, window and floor

Internal power

Interior thermodynamics

Air exchange rate

Dividing the model up in this way makes it easy to change the environmental effects
as well as the internal power contributions. It is also easy to scale the model to simulate
buildings of different sizes and constructions.

The model has been proven to work very well. Validation measurements have been
carried out in a single-family house, see paper B or [35] for details.

There are many areas of application for this model, some possible areas of usage are:

Energy prediction For a specific building, predict the energy consumption under var-
ious environmental conditions.

Heat exchanger dimensioning and ΔT prediction By monitoring the primary ΔT
while testing heat exchangers of different sizes, the heat exchanger can be optimized,
from either ΔT or financial investment considerations.

Additional insulation The pay-off time for extra insulation in an existing building can
be predicted.

User behavior The result of specific consumer behavior can be monitored, to see how
minor changes in everyday life can affect energy usage.
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5.2 Sensor lifetime simulation

Using wireless sensors in a district heating context requires reliable knowledge about
sensor lifetime to avoid costly frequent battery changing operations. Integrating models
of sensor energy consumption with the thermodynamic model of the substation and
building gives us a very powerful tool to predict sensor lifetime.

Even though the Mulles hardware was chosen, with a focus on low power, most of the
energy savings are achieved with smart software solutions. As the space heating process
in a house can be considered to be very slow (time constant well above 1 hour), we are
presented with a good opportunity to utilize the Mulles low-power modes to save battery
power.

Applying context-aware software, which only transmits vital data, can increase the
life span of a battery-driven sensor by many times over the lifetime of a sensor that trans-
mits at regular intervals (time consecutive transmissions). To visualize this, simulations
of two wireless outdoor temperature sensors in communication with a control system
have been carried out. Sensor one uses a time consecutive temperature update scheme,
plotted with blue lines in figure 5.1, the other sensor updates the control system using a
temperature context-aware update procedure. The outdoor temperature received by the
control systems is plotted in figure 5.1a, and the sensors energy consumption in figure
5.1b. The true outdoor temperature is also plotted in figure 5.1a.

As seen in figure 5.1b, the total sensor energy consumption can be reduced from 23.5
to 4[As] in a typical 24 hour period. This means the lifetime will be increased by almost
six times by using smart software. The approximate total lifetime of the sensor simulated
using time consecutive wireless transmissions will be ∼150 days using a 1000mAh battery
and energy consumption described in table 5.1. The corresponding number for the sensor
using context-aware transmission is ∼900 days.

The energy consumption states used in the simulation can be viewed in table 5.1.
Applying more advanced context-aware transmission conditions could prolong the life

expectancy even further.

Table 5.1: Mulle energy consumption at different tasks.

Task Energy consumption

Sleep 4 A
Read temperature 5 mAs

Send data over Bluetooth link 236 mAs
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Figure 5.1: Temperature and Energy comparison between time consecutive and context-aware
wireless temperature readings. The blue lines represent a temperature measurement with time
consecutive wireless transmission, and the dashed green lines, a wireless context-aware temper-
ature sensor. As seen in the figure, the context-aware transmissions consume far less energy.



Chapter 6

Control Strategies and User
Feedback Using Wireless Sensors

Networks

There are many ways to achieve higher ΔT, including improved control, installation of
larger radiators and heat exchangers, and improved user information to name a few. This
chapter focuses on what could be done in existing substation installations with improved
control and user feedback, without affecting the heat exchangers or radiator systems me-
chanically.

6.1 Control strategies

Traditionally the radiator system flow is kept at a constant level, while the radiator
supply temperature is controlled based on the outdoor temperature. This is a simple
and robust solution that maintains a reasonable stable indoor temperature, even without
radiator thermostats. However, it is not optimal, and no concern is given to ΔT.

6.1.1 Adaptive low flow adjustment

A method of adjusting the flow in the radiator system until the minimal primary return
temperature is achieved was developed by Wollerstrand et. al. [36]. The study shows that
there is room for substantial increase of the primary ΔT in ordinary DH substations. The
study describes how the primary ΔT can be increased by reducing the radiator system
flow stepwise, during stable outdoor conditions. This is a very straightforward method
of finding a good radiator system flow for a specific substation.

27
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6.1.2 Primary supply temperature based control

In paper C, we present an alternative radiator system control method, based on the
primary supply temperature instead of the traditional outdoor temperature based control.

The primary supply temperature is easily accessible through the heat-meter (energy
meter) and could contribute to increased ΔT, especially in distribution systems with
fluctuating or non-linear primary supply temperature schemes.

ΔT is optimized by controlling the radiator supply temperature, based on the primary
supply temperature instead of the outdoor temperature which improves the performance
and efficiency of the substation. The primary return temperature can then be held at a
lower value, even if there are temperature disturbances of any kind in the distribution
network. This is a great advantage in larger district heating networks with several heat
plants with production schemes at different temperatures. Using the primary supply
temperature as the control parameter for the radiator system supply temperature would
also exclude the risk of causing distribution network disturbances due to sudden outdoor
temperature variations, like rain showers, where “all” substation control valves normally
would open to adjust the radiator supply temperature based on outdoor temperature,
resulting in unnecessarily high flows and low ΔT. If the radiator system control were
based on the primary supply temperature, this possibility would be precluded.

6.1.3 Space heating control using wireless sensor networks

One way of implementing a control system that can use information from the heat meter
would be to implement wireless platforms in the heat meter and the other devices involved
(e.g. , pump and valve).

An experimental implementation of this was carried out during spring of 2008, where
wireless platforms (Mulles) were embedded with available standard components from DH
substations. The wireless platforms were embedded into the energy meter [37], control
valve [38] and radiator circulation pump [39]. The two original temperature sensors used
by the traditional control system were complemented with wireless, high accuracy digital
temperature sensors [40]. See figure 6.1 for an illustrative picture of the setup.

With all the devices wirelessly accessible, new useful information is available for con-
trol improvements. A control based on information from the heat meter could, for in-
stance, be implemented in this system.

For maintenance and supervision purposes, an Internet access point was also added
to the control system. A simple web server running on the access point made the control
system easily accessible and configurable.

Implementing a wireless control network in a district heating substation will open
up for both new services and control strategies. However, one issue that needs to be
carefully considered is the security. Strict access barriers and encryption needs to be
applied to the energy meter to prevent customers from infiltrating and manipulating the
energy meter (which is used for billing).
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Figure 6.1: Wireless control. 1, Radiator system circulation pump. 2, Primary control valve.
3, Energy meter. 4, Outdoor and radiator supply temperature sensors. 5, Internet access point.

6.2 Services & user feedback

One way of decreasing energy usage is to introduce energy-specific information to the
customer/user. This will involve the user in the space heating control system, and give
quick response to the user’s actions.

The main objective would be to show the customer how much energy (money) they
can save by decreasing the average indoor temperature by a certain number of degrees,
or by shortening their time in the shower by a couple of minutes, etc.

A demo application that can display the current energy consumption has been de-
veloped and can be downloaded from [41]. The application also has the possibility to
present the cost/time [¤/hour] for the user.

6.3 Model based prediction

By introducing the new sensor network approach, new information will be available for
both customers and energy suppliers. This information can be used as input to the
thermodynamic model described in [31] to compare today’s energy consumption with,
e.g. the energy consumption with indoor temperature decreased by two degrees. Another
example would be to calculate the payoff time of new more effective heat exchangers with
different energy prices and outdoor temperatures.

6.4 Distributed control

By distributing the control system among several wireless platforms better system stabil-
ity can be achieved. If one platform for some reason dies, the other devices will continue
to function and “do whats best for the situation”. They can also send an alarm to
appropriate personnel for maintenance.
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Chapter 7

Summary of Papers

7.1 Paper A - Thermodynamic simulation of a de-

tached house with district heating subcentral

Authors: Jonas Gustafsson, Jerker Delsing, Jan van Deventer

Published: Proceedings of the 2:nd Annual IEEE Systems Conference, Montreal, Canada,
April 2008

Summary: In this paper the thermodynamic simulation model is explained in detail.
Each component in the district heating substation is thermodynamically simulated
and explained, as well as the thermodynamic behavior of the building. The model
is created in Mathworks Simulink environment, with a pedagogic approach in mind.

7.2 Paper B - Validation of a district heating sub-

station model using a wireless sensor network

approach

Authors: Jonas Gustafsson, Jerker Delsing, Jan van Deventer

Published: IDEA 99:th Annual Conference & Trade Show, Orlando, USA, July 2008

Summary: To validate the model described in Paper A, additional flow meters and
temperature sensors were installed in the district heating substation of a single
family house. The simulation model was tuned to imitate the building’s district
heating substation as well as the house itself. Measurements from two separate time
periods were used as input to the model to validate it. The results were satisfying,
as the model behaved in a manner very similar to the real measurements.
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7.3 Paper C - District heating substation control us-

ing optimized control curves and heat meter in-

formation

Authors: Jonas Gustafsson, Jerker Delsing, Jan van Deventer

Published: To be submitted

Summary: In this paper we present a way of optimizing the space heating control
curve using the thermodynamic model described in Paper A. We also suggest an
alternative way to control the space heating using the primary supply temperature,
which is available from the heat meter. These methods have a positive effect on
the ΔT in the district heating network which indirectly results in improved overall
fuel efficiency and reduced CO2 emissions.

7.4 Paper D - Wireless infrastructure in a district

heating substation

Authors: Jan van Deventer, Jonas Gustafsson, Jerker Delsing, Jens Eliasson

Published: To be presented at the 3:nd Annual IEEE Systems Conference, Vancouver,
Canada, March 2008

Summary: This paper focuses on the Service Oriented Architecture approach to wireless
sensor networks used for substation control.



Chapter 8

Conclusion and Future Work

8.1 Conclusions

In my thesis I do show that by connecting all devices in a district heating substation
through wireless nodes, new services and new control strategies that improves DH per-
formance is possible.

Integration of wireless sensors in commercially available products has proven to be
possible. However, some devices may need some kind of modification if retrofitting of
wireless sensors is to be possible; other devices are very well prepared for sensor integra-
tion.

The lifetime of battery-driven nodes is a hot topic, since it would be very inconvenient
and expensive to deal with short battery change intervals. In this thesis, I present a way
of including the current consumption of wireless nodes directly into the thermodynamic
simulation environment; this gives us a very useful tool for predicting the lifetime of
nodes with different energy saving techniques enabled.

Simulations show that by introducing the primary supply temperature as a space
heating control parameter, a more efficient control, from a ΔT perspective, is possible,
without influencing the indoor comfort [Paper C]. This proves the importance of substa-
tion device communication. Since the primary supply temperature is measured by the
energy meter, no new sensor is needed to implement such a control, the only thing that
is needed is a way of communication.

I have in this thesis concluded that there are great possibilities for improving ΔT by
using a wireless sensor network approach, together with new control strategies. If the
real world results are as good as my simulation results presented in [Paper C] are, the
financial and environmental impact could be substantial.
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Wireless
network

{ { {

1 2 3

Figure 8.1: Integration of simulation software and wireless control system setup. 1, Thermody-
namic computer model. 2, Simulation I/O interface. 3, Hardware control system, here sketched
as a wireless sensor network.

8.2 Future work

8.2.1 Integration of Sensor Network with Simulation Model

An interesting future research task is to test hardware substation control solutions against
simulation models, so-called Hardware In the Loop (HIL). In a scenario where new con-
trol equipment has been developed (e.g. , in the form of a wireless sensor network) it
would be very useful to test it against a computer-based simulation model to find pos-
sible unpredictable errors or bugs. Interfacing the real control system to a simulation
model would also give good possibilities of finding very good control parameters prior to
installation.

The technique of testing hardware against simulation software is commonly used in
other fields of research, e.g. the automotive industry.

In figure 8.1, the idea of how a hardware control can be interfaced to the computer
based simulation model is illustrated.

8.2.2 Sensor fusion & Artificial Neural networks

In a future scenario with sensors monitoring electrical power consumption, humidity,
sun-blinds, etc. , there is even greater potential for improved control, by using sensor
fusion between the different networks.

Adopting artificial neural network technology in district heating substation control
may sound very futuristic, but is not unrealistic in any way. A study made by the
Danish Institute of Technology [42] shows promising results when using a self-teaching
energy meter to control energy consumption. Research approaches using brain cortex
understanding in modeling technology systems as pointed out by Gustafsson & Paplinski
[43, 44] also seem to be very promising and adaptable to the district heating problem.
Collaboration with researchers from the neural network field will most likely be a very
intriguing topic of the future.
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Thermodynamic Simulation of a Detached House

with District Heating Subcentral

Jonas Gustafsson, Jan van Deventer and Jerker Delsing

Abstract

A physical thermodynamic model of a detached house connected to a low-tempered
district heating network is presented. The model is created in Mathworks Simulink
with a pedagogic approach in mind, e.g. masked subsystems divided in to physical
components. The house model is easily modified to any detached house. Provision is
also made to make it scalable to multi-family houses. The district heating substation
modeled is a parallel coupled plate heat exchanger, which is the most common substation
in smaller buildings such as villas. The purpose of creating the model was to provide a
platform for test and evaluation of new control methods for district heating system based
on wireless sensor networks. Initial validation of the model is presented.

1 Introduction

With the objective of testing new control theories for substations in district heating
systems this computer model was developed. Target systems are detached houses with
water-borne heating system. The work is based on earlier work by Wollerstrand, Persson,
Yliniemi and others [1], [2], [3]. Similar thermal simulations in Simulink have also been
done by others, for example [4].

This paper describes the most important parts of the model. The present work has
both improvement regarding the functional model as well as from a usability perspec-
tive. Such examples are masking of Simulink blocks and removal of huge configuration
files. The model overview has also been improved by re-arranging the blocks in a more
pedagogical way. The exterior walls, roof and floor have also been improved to act more
realistic to the type of houses it is created to resemble.

With continuously increasing energy demand worldwide and global warming as its
side effect, increased energy efficiency in present and future energy supply chains is
an important issue. District heating (DH) has proved to be an environmental friendly,
reliable heat-energy source suitable for all relatively dense populated areas in cold climate
zones. The heat-energy is often a by-product of industrial processes or electrical power
production [5], [6], [7]. In the case that the energy is a bi-product from a power-plant, the
plant is normally referred to as a combined heat and power plant (CHP). The waste heat
produced in the electricity production is cooled in the district heating network, hence it
is important to have good cooling capability in the DH network, to keep the efficiency
high. Combined heat and power plants normally have a total fuel efficiency around 80%
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(includes heat energy), which can be compared to a regular power plant that has an
efficiency of around 40% [5], [7], cf. Fig. 1. This makes district heating a cheap, reliable
and environmental friendly heat energy technique that is commercially available today.
The heat in a DH system is transported to its customers through extensive underground
pipe networks by water or steam.

At the customer, the energy is usually transferred to a house internal radiator and
tap water system in a so called district heating subcentral/substation (DHS), see Fig.
2. There are several different types of DHS’s, the most common versions in Sweden
are the two-stage coupled and the parallel coupled versions. Two-stage substations are
primarily used in buildings with larger energy demands, such as apartment buildings and
industries. In smaller buildings such as detached houses, the parallel version is preferred
as it is more compact and cheaper to produce and install. The tendency on the Swedish
market is that parallel substations are used more frequently even in buildings with larger
energy consumption [8]. In this article, we have focused on parallel coupled substations.

In Sweden and other countries in the Northern Europe, the total heat-energy con-
sumption for each building connected to the district heating network is measured and
billed for. The energy meter measures the primary flow, incoming water temperature and
returning temperature (their difference being referred as ΔT ) of the DHS, and calculates
the energy consumption according to (6). There are different ways to debit the used
energy, one of the most fair and reasonable energy tariffs is the flow-dependent debit. By
using flow-dependent tariffs, the customer get rewarded with a smaller energy bill when
keeping a low primary flow (high ΔT ) through the substation. This is also what the
energy-companies need, as they will receive cooler water back from the district heating
network and can expand their network with more paying customers without increasing
the power in the CHP or add extra energy sources to the net. To maximize the profit
for the energy companies, the temperature drop in the DH-system should be as big as
possible over the subcentral. Energy losses in the distribution network are unavoidable
but are minimized by using well-insulated pipes. It is furthermore beneficial to keep
the temperature level in the network at a moderate level so the temperature gradient to
the surrounding material is kept at a reasonable level. Low tempered systems with an
outgoing temperature between 70 and 110◦C are found to be energy efficient, and are
hence used at a large extent.
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Figure 1: Energy efficiency of combined heat and power plant (CHP).
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Figure 2: Parallel coupled district heating substation.

By increasing the temperature drop (ΔT ) over the DH subcentral the customer will
in the case of flow-dependent energy tariff be rewarded with a smaller energy bill, as the
same amount of energy can be transferred with a lower flow, (see (6)). The financial
winnings for the energy companies are that they can expand the DH network to include
more paying customers and get a bigger market share. The environment is also affected
in a positive way as the energy being used more efficient, and hence the CO2 emissions
will be limited.

Today’s subcentral control systems does not consider the primary temperatures (ΔT )
as they normally are not monitored by the heating control system. Currently, the control
system look at the temperature of the radiator circuit and control the valve limiting the
flow of the primary circuit through the heat exchanger. However, the primary tempera-
tures are measured by the energy meter. If the information from the energy meter would
be shared with the control system, the primary return temperature could be considered
allowing an active control to enhance ΔT . This would further more improve the pre-
requisites for error detection in the distribution network and substations. Our idea is to
introduce the energy meter data to the control system using wireless sensor networks.

2 Theory

The advantage of this model is that it encapsulates the dynamics or time changing aspect
of heat storage. That is when the weather changes, the indoor temperature does not
change instantly but follow the laws of physics. The thermodynamic behavior is achieved
by physical modeling of the essential parts in a DH connect detached house, such as walls,
radiators, heat-exchangers and control systems. The varying district heating supply water
temperature, to compensate for weather variations, is also taken into consideration and
modeled. Further improvements of the model would be, e.g. pressure disturbances
(pulsations) in the distribution network caused by several district heating substations
reacts simultaneously.

We choose to present some of the thermodynamic relations with direct comparison to



46 Paper A

Table 1.1: Nomenclature
aex Air exchange rate [kg/s]
A Area [m2]
cp Constant pressure specific heat [J/kg · K]
C Electric capacitance [F]
h Heat transfer coefficient [W/m2 · K]
I Electric current [A]
k Thermal conductivity [W/m · K]
L Length/Thickness [m]

LMTD Logarithmic Mean [K]
Temperature Difference

m Mass [kg]
ṁ Mass flow [kg/s]
n Radiator constant [−]
q Heat current [W]
R Thermal resistance [K/W]

Electric resistance [Ω]
T Temperature [K,◦ C]
U Overall heat transfer coef. [W/m2 · K]
V Electric voltage, volume [V, m3]
ρ Density [kg/m3]
σ Stefan-Boltzmann constant [W/m2 · K4]

Θm True temperature difference [K]
Index

c Cold side
cd Conduction
cv Convection
fr Flow resistance
h Hot side
i Numeric index
in Inlet, indoor
int Interior
lc Lumped capacity

out Outlet, outdoor
r Radiation
sf Space heating forward
sr Space heating return
w Water, wall

electrical circuits, as most control engineers are electrical engineers. There is not enough
space to explain every detail of the model in this paper, so we have focused to explain
the most essential parts separately before assembling the whole system and show its
performance.

2.1 Thermodynamic fundamentals

The thermodynamic relations needed to form the thermodynamic model are briefly re-
called in this section.
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2.1.1 One-dimensional conduction

One-dimensional heat conduction can be derived from Fourier’s law in one dimension,
(1), where dT

dx
is the temperature gradient, and as the heat flows from high to low it

also brings the minus sign, k the thermal conductivity and A the area of the heat flow
section. Eq. (1) can be rewritten as (2), if the area and thermal conductivity is presumed
constant.

qcd = −kA
dT

dx
(1)

qcd =
kAΔT

L
=

ΔT(
L

kA

) =
ΔT

Rcd

(2)

Eq. (2) is analogous with Ohm’s law, where the heat current q corresponds to the
electrical current I, section conductive resistance Rcd to the electrical resistance R and
the temperature difference ΔT to the voltage V .

2.1.2 Lumped-capacity heating and cooling

The comparison to electrical calculations can also be used to show the similarity between
thermal heat capacity and electrical capacity. The electrical current through a capacitor is
described by (3). A heat current through a wall with theoretically no thermal resistance,
but heat capacity capabilities is described in (4), by comparing it with (3), one can clearly
see the similarities.

I =
dV

dt
C (3)

qlc =
dT

dt
cpm (4)

2.1.3 Convection

The thermal heat transport from a surface to a liquid or gas in motion or vice versa is
described in (5), where T1 and T2 are the temperatures of the interacting mediums.

qcv = hA (T1 − T2) (5)

2.1.4 Flow resistance

The power emitted by a flow of gas or liquid that does not undergo a phase change, but
a change in temperature can be calculated by using (6).

qfr = ṁcp (Tin − Tout) (6)
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Figure 3: RC equivalent circuit of a wall. Showing clearly the heat storage elements (capacitors)
and heat resistance (resistors).

2.1.5 Radiation

The radiation between two surfaces or between a surface and its surroundings is not
linearly dependent on the temperature difference like the conduction and convection.
The mathematical expression for radiation can be seen in (7). For smaller temperature
differences, (7) can be linearized to (8) according to [9]. There are also other methods
to calculate the radiative energy available, such as the Logarithmic Mean Temperature
Method that is described in section 2.3.

For more information regarding thermodynamic fundamentals, see [9], [10], [11].

qr = σAF
(
T 4

1 − T 4
2

)
(7)

qr = hrA(T1 − T2) (8)

where hr = σF (T 2
1 + T 2

2 ) (T1 + T2)

2.2 Thermodynamic building

The thermodynamic behavior of a building depends on several factors, such as size and
construction material. All the parameters that affects the thermodynamic behavior of
the model can easily be changed in this model by simply clicking the block of interest
and edit the parameter of interest.

2.2.1 External area (walls, roof, floor etc.)

The temperature between every layer of the wall can be calculated using Kirchoff’s current
law [12]. The wall can be looked upon as an electrical circuit, cf. 3, where the currents
corresponds to the heat current. Equation (9) show how the temperature of the inner
wall (T1) is calculated, corresponding calculations for internal wall sections is explained
in (10), eq. (11) provides the exterior wall temperature.

qcv = qcd + qlc (9a)
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Figure 4: One layer of the wall.

hin (Tin − Ti) =
ki

Li

(Ti − Ti+1) +
dTi

dt

(
cp,iρiLi

2

)
(9b)

dTi

dt
=

hin (Tin − Ti) − ki

Li

(Ti − Ti+1)

cp,iρiLi

2

(9c)

where i = 1

ki

di

(Ti−1 − Ti) =
ki+1

Li+1

(Ti − Ti+1) +
dTi

dt

(
cp,iρiLi

2
+

cp,i+1ρi+1Li+1

2

)
(10a)

dTi

dt
=

ki

Li

(Ti−1 − Ti) − ki+1

Li+1

(Ti − Ti+1)

cp,iρiLi

2
+

cp,i+1ρi+1Li+1

2

(10b)

Where i = 2 . . . (N − 1)

hout (Ti − Tout) =
ki

Li

(Ti−1 − Ti) +
dTi

dt

(
cp,iρiLi

2

)
(11a)

dTi

dt
=

hout (Ti − Tout) − ki

Li

(Ti−1 − Ti)

cp,iρiLi

2

(11b)

Where i = N

Each of the above explained thermal relationships can of course be created in Simulink,
see Fig. 4 for an example of how a single layer is realized in Simulink. The layers are
connected together to form a complete model of the wall, this can be seen in Fig. 5,
observe the second output of the first block that tells us what the current heat flow is.
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Figure 5: Four-layer wall model.
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Figure 6: RC-equivalent for thermodynamic interior.

2.2.2 Internal mass thermodynamics.

The thermodynamic interior, like inner walls and furniture can be compared with another
RC-net, see Fig. 6. Readers having knowledge in electronics will find it is easy to see the
similarities between the charging of a capacitor and the heating of an object.

The object is heated or cooled by the surrounding air by convection, it could also be
discussed if the direct radiative heat from the radiators should be included, but in section
2.3 we see that all heat from the radiators transfers to the indoor air. The mathematical
relations of the internal thermodynamics can be seen in (12) and a figure of a Simulink
realization can be viewed in Fig. 7. Observe that no consideration of thermal conduction
to external walls, floor and roof has been taken.

qcv = qlc (12a)

hintA (Tin − Tint) =
dTint

dt
(cp,intmint) (12b)

dTint

dt
=

hintA (Tin − Tint)

cp,intmint

(12c)

q [W]

1

dTb ,i => Tbi 1

1

s

-1

Ainner

Cp_b

Mb_int

hi

T i

1

Figure 7: Internal thermodynamics.
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Figure 8: Complete building.

2.2.3 Assembled building

When all the exterior and interior Simulink block are connected, we get the mode shown
in Fig. 8. This represents the complete building of interest, in our case a two-floor
detached house with the sides measuring approximately 10 * 20 meters, which gives us
an approximate total ground area of 200m2. The house is of brick-wall construction and
is build on a slope so half of the bottom floor is under ground. As the house is located
in the far north of Sweden (not very far from the arctic circle), and the interesting
time of investigation is winter, we have not included sun-radiation as a part of the
heating. Internal heat sources like humans, computers and televisions etc. have though
been included and can easily be adjusted to fit the certain circumstances or lifestyles.
The internal heat sources is simply added to the “heat balance” (13), see also Fig. 8.
The air exchange rate in the building can also easily be adapted to suitable levels, in our
case this should probably be set to a very low level as the time of interest is winter and
there less than 5 people living in the house.

dT

dt
=

∑
(q) − aex (13)
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2.3 Radiator

We now consider the heating system within the house. The supplied power to the radiator
is described by (6), this can be adapted to support our application in a better way by
applying the Logarithmic Mean Temperature Difference (LMTD) method described in
[9], [10]. The LMTD describes the temperature difference between the surrounding air
and the water in the radiator along the radiator, see (14). By replacing the temperature
difference (T1 − T2) in (8) with the true temperature difference Θm, which in this case is
the LMTD we retain (15) where U is the overall heat transfer coefficient (see (16)) and
F is a correction factor depending on pressure, capacity rate ratio and flow arrangement
[9]. The correction factor could also be expressed as an approximate radiator constant
n, see (17). The radiator constant can be set to approximately 1.3 according to [13], also
see SS EN-442 [14].

In a static case the supplied power would be equal to the radiated power. But when
dynamics are introduced, the supplied power will not be equal to radiated power because
there is a thermal inertia in the system. Hence the lumped capacity equation (4) can be
used to describe this phenomenon.

When setting the difference between the supplied power and radiated power equal
to the lumped capacity (18a) it is possible to calculate the return temperature from the
radiator, see (18), and Fig. 9.

Θm = LMTD =
Tsf − Tsr

ln

(
Tsf − Tindoor

Tsr − Tindoor

) (14)

q = UAFΘm (15)

U =
1

1

hc

+
1

hh

+ Rdc + Rdh

(16)

Where in this case Rdc = Rdh = 0

qr = UAΘn
m (17)

qlc = qfr − qr (18a)

dTsr

dt
mscp,w = cp,wṁs (Tsf − Tsr) − UAΘn

m (18b)

dTsr

dt
=

cp,wṁs (Tsf − Tsr) − UAΘn
m

mscp,w

(18c)
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Figure 9: Radiator model.

2.4 Heat exchangers

Heat exchangers are very similar to radiators. Basically they are the same, but here
the LMTD can not be calculated as we do not know the outlet temperature of the
heat exchanger or the surrounding temperature (the temperature in the other chamber).
Hence the heat exchanger is split into linear sections that can be connected to form a
realistic model of the heat exchanger.

The heat supplied to each section of the heat exchanger is described in (6), the heat
is “absorbed” by convection in the separating wall, and then transfered to the fluid of the
secondary circuit. The temperature “delay” can be described by (4). In (19) the resulting
output temperature from a fluid flow through a heat exchanger section is shown.

qlc = qfr − qcv (19a)

dTout

dt
mcp,water = ṁcp,water (Tin − Tout) − hA

(
Tin + Tout

2
− Tw

)
(19b)

dTout

dt
=

ṁcp,water (Tin − Tout) − hA

(
Tin + Tout

2
− Tw

)

mcp,water

(19c)

The temperature of the wall separating the two heat carriers can be calculated in a
similar way, see (20).

qlc = qcv,h − qcv,c (20a)

dTw

dt
mwcp,w = hcAc

(
Tw − Tin,c + Tout,c

2

)
− hhAh

(
Tin,h + Tout,h

2
− Tw

)
(20b)

dTw

dt
=

hcAc

mwcp,w

(
Tw − Tin,c + Tout,c

2

)
− hhAh

mwcp,w

(
Tin,h + Tout,h

2
− Tw

)
(20c)
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A Simulink block is created for each section of the heat exchanger, a block can be
viewed in Fig. 10. Several of these blocks can be connected to form a more realistic heat
exchanger, see Fig. 11, but the more sections, the heavier the calculations of the model
becomes, so a trade-off has to be done. In this case we have used 3 sections. Also see [2]
and [3] for information regarding heat exchanger simulations.

2.5 Thermostatic valve

The thermostatic valve controls the flow through the radiator by sensing the room tem-
perature, the colder the room temperature, the higher flow, see (21). Hysteresis can be
enabled to make the valve behave more realistic.

ṁ = f(Terr.)

√
ΔPvalveKvsρ

3600
(21)

Where f(Terr.) is the valve characteristics, here described by a look-up table that
translates the indoor temperature error to a valve position. Also see Fig. 12 for an
overview of the thermostatic valve realized in the Simulink environment.
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2.6 Radiator circuit controls

The space heating control system is set to supply the radiators with a preset temperature
that is dependent on the outdoor temperature, this is often referred to as a control-curve.
The control-curve should be adapted so the thermostatic valves in the radiator circuit
have to compensate as little as possible even at big outdoor temperature changes. By
doing this, a relatively constant indoor climate can be sustained even if a thermostatic
valve should break down.

In this model a regular PI-control (22) system is used to control the radiator sup-
ply temperature from the difference between current preset radiator supply temperature
(from the control curve) and true radiator supply temperature as control parameter. The
control signal steers a valve on the primary side of the heat-exchanger to adjust the flow
through the heat-exchanger, hence the desired amount of energy can be controlled.

u(Terr.) = KrTerr. + Ki

∫ t

0

Terr.dt (22)

3 Simulation result

The model is tested using several climate conditions, radiator sizes, heat exchangers,
building sizes etc. However, due to space limitation in this article we only present results
from one simulation set up, see table 1.2 and 1.3 for the most essential parameters.

To test the realism of the model, a 3 day simulation with realistic circumstances
is set up and run. The outdoor temperature is set to simulate a quite cold, but not
uncommon period of time with temperatures varying between −5 and −20◦C. The
indoor temperature is set to 21◦C. Double glass windows with a total area of 40m2 are
used. House dimensions and heat exchanger data can be found in table 1.2. The total
radiator power in set to 17kW when the temperature program in the radiator circuit is
60◦C out and the returning water is 40◦C, this results in a maximum flow of 0.2kg/s in
the radiator circuit when thermostatic valves are fully opened. The walls are set up to
resemble the walls of the villa, wall specifications can be studied in table 1.3 (the numbers
in this table are approximations).

In Fig. 13 the key temperatures and flows in the radiator heat exchanger are plotted
for a 72 hour period of time. The thermodynamic behavior of the wall for the same
period of time can be studied in Fig. 14, observe the thermal inertia caused by the heat
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Table 1.2: Simulation conditions
House dimensions
Floor area 210 [m2]
Wall area 230 [m2]
Roof area 220 [m2]
Window area 40 [m2]
Extra heat sources 0 [kW]
Heat exchanger specifications
Area 0.9 [m2]
Num. of plates 30 [-]
Sec. dimensioned flow rate 0.32 [kg/s]
Incoming primary temp. 100 [◦C]
Returning primary temp. 50 [◦C]
Incoming secondary temp. 45 [◦C]
Returning secondary temp. 60 [◦C]
Power 20 [kW]
Radiator circuit
Total radiator power 17 [kW]

Table 1.3: Wall specification
Spec. heat Thermal

Wall layer Density Thickness capacity conductivity
[kg/m3] [m] [J/kgK] [W/mK]

Plaster board 950 0.012 840 0.16
Insulation 25 0.2 1000 0.035
Air 1.4 0.05 1005 0.022
Brick wall 1700 0.15 800 0.84

capacitive effect of the wall.

During simulation, it is very easy to study where the big energy losses are, and how
they could be prevented by adding extra insulation or replacing single glass windows to
dual or triple glass windows.

The model also supplies very good prerequisites to test and evaluate different control
methods for energy optimization purposes, which also were the main purpose of creating
this model.

To create a theoretical model is one thing. To believe in it, we need to validate it.
Due to space limitation we have chosen to leave this to another paper. However, the
validation has been on going with a single detached house in Northern Sweden. We here
briefly describe the setup and results.

The measurement system samples and stores data from all flow meters with a fre-
quency of 1Hz.

To verify the simulation results, high accuracy ultrasonic flow meters with embedded
temp sensor have been installed in the villa the model was created to resemble. The
flow meters are custom made for this research project by D-Flow [15]. The flow meters
are designed to have a maximum flow of 1.5[m3/s] (qp = 1.5[m3/s]). The flow sensors
fulfills the EN-1434 class 2 classification [16] which means that the error range is Ef =
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± (2 + 0.02qp/q) %, but not more than ±5%. The temperature sensors connected to
the flow-meters are 12 bit digital sensors from Dallas Semiconductor [17] which has
a temperature range from −55◦C to 125◦C. In the range −10 to 85◦C they have an
accuracy of ±0.5◦C.

Supplying the model with measured primary supply temperature, current outdoor
temperature and indoor set temperature we can compare the simulation results directly
with the measured results, see Fig. 15. Unfortunately we did not have accurate outdoor
temperature data for the time of interest available upon the writing of this paper, so an
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estimate of the outdoor temperature was made. This estimation makes the simulation
comparison a bit insecure, and we estimate that this is why the simulation result have a
bad fit to the measured data in Fig. 15 between ∼ 17: 00 and 01: 00.

Physical simplifications have been made to keep the computation time down to a
reasonable level. The computation time of the current model is approximately 2.5 minutes
for a three day simulation, which we find acceptable running on a laptop, with an Intel
Centrino Duo processor at 2.16 GHz and 2 GB RAM. The Simulink version used during
these simulations is the one released together with MatLab R2007b, the accelerator
included with Simulink were enabled during the tests.

The developed model can be used to simulate a whole block of separate buildings
and possibly whole sections of a district heating network. By using more dedicated
computational serves or even a cluster machine very large problems can be evaluated in
reasonable time.

4 Conclusions and discussion

In this paper, we describe the implementation of a detached house in MathWorks Simulink .
This implementation is simple yet powerful as it is descriptive of the construction. By
connecting several house models, larger parts of district heating networks is possible to
simulate.
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The simulation results gives us indications that model respond realistic, the first
comparison to real world measurements also confirms this.

For our purpose, we developed the model to evaluate new control methods to maximize
the energy transfer in district heating substation. That is the transfer of heat from the
primary network to the radiator circuit and the hot tap water system. This can be done
by controlling the valve within the primary circuit but also the pump in the radiator
circuit.

The model can also have other application as it empowers e.g. an architect to simulate
and predict the energy need of a house depending on its construction (e.g. wall structure
and windows).

The model is fully functional by theory, and the current validation tests looks promis-
ing. Further comparison to real data will be made. The model will now serve in the
evaluation of alternative control schemes based on sensor network targeting increased
ΔT.
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[6] S. Fredriksen and S. Werner, Fjärrvarme, Teori, teknik och funktion. Lund, Sweden:
Studentlitteratur, 1993.

[7] The Swedish District Heating Association. http://www.svenskfjarrvarme.se,
November 2007.

http://www.districtenergy.org
http://www.svenskfjarrvarme.se


60

[8] J. Berglund. The Swedish District Heating Association, Personal communication,
February 2008.

[9] A. Bejan and A. D. Kraus, Heat transfer handbook. Hoboken, New Jersey: John
Wiley and Sons, Inc., 2003.

[10] Y. A. Cengel, Thermodynamics and heat transfer. 2, McGraw-Hill, 1997. Mycket
bra bok.

[11] G. Sparr and A. Sparr, Kontinuerliga system. Studentlitteratur, 2 ed., 2000.

[12] H. D. Young and R. A. Freedman, University Physics. Addison Wesley Longman,
10 ed., 2000.

[13] P. Ljunggren, Optimal och robust drift av fjarrvarmecentraler. Licentiate thesis,
Division of energy economics and planning, Department of Heat and Power Tech-
nology, Lund Institute of Technology, Lund University, Sweden: Lund University,
August 2006.

[14] SS-EN 442. Swedish standard.

[15] D-Flow, Ultrasonic technology provider. http://www.D-Flow.com, May 2008.

[16] SS-EN 1434. Swedish standard.

[17] Maxim Integrated Products, Dallas Semiconductor. http://datasheets.

maxim-ic.com/en/ds/DS18B20.pdf, February 2008.

http://www.D-Flow.com
http://datasheets


Paper B

Validation of a District Heating
Substation Model using a Wireless

Sensor Network Approach

Authors:
Jonas Gustafsson, Jerker Delsing and Jan van Deventer

Reformatted version of paper originally published in:
IDEA 99th Annual Conference 2008, Orlando, U.S.A.

2008, IDEA, Reprinted with permission.

61



62 Paper B



Validation of a District Heating Substation Model

using a Wireless Sensor Network Approach

Jonas Gustafsson, Jerker Delsing and Jan van Deventer

Abstract

A thermodynamic model of a detached house using district heating has been created
in Mathworks Simulink to form a realistic tool to test new control methods to optimize
district heating systems.We here present the experimental validation process of the model.
Detailed measurements were made using high performance ultrasonic flow-meters with
embedded temp sensors. The flow-meters measures e.g. total tap water consumption,
total primary energy consumption and radiator energy consumption separately. We show
satisfying thermodynamic results of the model versus the real house. We also show that
wind and sun exposure play a role in this validation.

1 Introduction

District heating is an efficient way to heat several buildings from a singe source. An
analogy to this efficiency is transporting a group of people by bus rather than with
several cars. The concept gets even more attractive when the heat is an industrial bi-
product. The heat is distributed to the buildings through a pipe network, which is also
referred to as the primary circuit. The heat is passed on to the buildings secondary
(radiator and domestic hot water) circuits by heat exchangers.

But the amount of energy required from a building varies continuously depending on
the demand. If we do not continuously optimize the energy transfer, we waste energy.
We create a short circuit in the primary circuit or returning to the bus analogy, we drive
with the handbrake on. Our research opportunity is to design a controller to optimize
the heat transfer. To achieve this, one must understand the system in question and
mathematically model it. In the current case the system is a house and we have modeled
it. We here confirm that the model represents the true house.

One of the key issue to make district heating even further fuel efficient and environ-
mental friendly is to improve control of the district heating substations. To try out new
control theories, a thermodynamic model [1] of building with a district heating substa-
tion, radiator and tap water system has been created in Mathworks Simulink. The model
has proved to produce realistic results in theoretical simulations, but no real validation
process has been done until now.

We validate the model by installing high accuracy flow and temperature sensors at
strategic places in the domestic hot water, space heating and primary district heating
system of a house we have access to. One of the practical issues with a measurement setup
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like this is to achieve data communication with each meter without affecting the house
interior seriously. A wireless sensor network based on bluetooth technology provides
an alternative solution to install separate cables to each meter. This proved to be an
excellent solution. Both temperature and flow from every hot water tap-point as well as
heat exchanger events are monitored and logged in an ordinary PC with Internet access.
The data can later be accessed for post-analytic procedures.

With a realistic model created to resemble a house connected to a district heating
system, the ability to try out new control and measurement methods are possible. Along
with new control methods, there is also the possibility to change separate components
such as pump and radiators and observe how this can affect energy consumption, ΔT
and also the energy bill.

1.1 The simulation model

The model is created using physical thermodynamic relations between water, air and con-
struction solids. The model is created from several separate simulation blocks like walls,
radiators, heat exchangers and controllers. This makes the model highly configurable and
powerful since it can be set to resemble all kinds of buildings. There is also possible to
connect several house models to form a block of houses, or even a whole district heating
network.

The model used in this paper have been configured to resemble the building of interest
as far as possible, while keeping the computational time reasonable low. Currently, a 3-
day simulation takes approx. four minutes using a 2.00 GHz Intel Core 2 Duo equipped
laptop running Matlab 2007b. This simulation time is achieved with the embedded
Simulink Accelerator enabled, but without any model optimization.

2 Experimental setup

To validate the model, which is described in [1], measurements on a real detached house
connected to a district heating network has been carried out. To get a complete pic-
ture of how the energy is consumed in the building, several sensors have been installed
throughout the building. Flow and temperature are measured at every domestic hot
water tap point in the house (total 9 places). Meters have also been placed to measure
the total domestic hot tap water consumption and total domestic water usage (including
cold water), c.f. 1.

The district heating substation in the building used for measurement is of parallel
coupled type [2], which is the most common substation type used for smaller installations
in Sweden. The space heating and domestic hot water heat exchangers are both of
counterflow parallel plate type [3], with the capacity of 20kW and 50kW respectively.
The total power consumption of the complete substation is monitored as well as the
power consumed in the radiator heat exchanger separately as seen in Fig. 1. The reason
for installing an extra meter to monitor only radiator power is to separate the hot water
consumption and space heating when comparing real measurements to simulation results.
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Figure 1: Measurement setup. 1. Total primary flow and temperatures. 2. Primary space
heating flow and temperatures 3. Total tap water flow and temperature. 4. Total hot tap water
flow and temperature. 5. Individual tap water flow and temperature.

2.1 Flow meters

The flow meters used in this measurement setup is custom made high precision ultrasonic
flow meters from D-Flow [4]. The meters are specially designed and made for our purpose
with high accuracy, high frequent measurement in district heating systems. The designed
maximum flow of the meters are 1.5m3/s (V̇p = 1.5m3/s) which is more than enough for
our needs. The flow sensors fulfills the EN-1434 class 2 classification [5] which means
that the error range is Ef = ± (2 + 0.02dotVp/dotV ) %, but not more than ±5%.

The flow meters estimate the flow temperature in two different ways. A bi-product
of the ultrasonic sing around method is the speed of sound through the fluid flow. From
this bi-product the meter can obtain the temperature of the fluid. The other method
used is using a digital temperature sensor from Dallas Semiconductors (DS18B20 [6]).
The DS18B20 has a 12 bit resolution and a operating region between −55 to 125◦C. In
the range −10 to 85◦C, which is the temperature range most of our measurements are
found, they have a specified accuracy of ±0.5◦C. The DS18B20 internal temperature
sensor is mounted in a thin pipe inside the flow meter body to achieve fast temperature
response, c.f. 2. In case of dual DS18B20, the second sensor is mounted in an identical
pipe, that can be inserted where temperature need to be measured (in the same manner
as normal energy meters).

The meters delivers time stamped measurement data with approximately 900ms in-
tervals, the sample interval time depends on the time to complete a data package for
deliverance including flow and temperature computations. As the data received from
the flow meters is time-stamped, the possibility to calculate accurate power and energy
usage from the meters with dual temperature sensors remains even thou sample time is
not exactly constant.
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Figure 2: Flow meter principle figure. 1. Ultrasonic transducer. 2. Dallas DS18B20 tempera-
ture sensor. 3. Bluetooth module. 4. Flow and temperature computer.

Table 2.1: Space separated log file example.

2008.03.01 - 19:34:38 1986377107 29.25 84.8125 29.9567599461096 0.390532416189245 58.5821829722261

2008.03.01 - 19:34:39 1986378131 29.25 84.8125 29.9519985208444 0.394526670390306 58.5822107955775

2008.03.01 - 19:34:40 1986379154 29.25 84.8125 29.9544213139408 0.38694518568971 58.5822384647465

2008.03.01 - 19:34:41 1986380178 29.25 84.8125 29.9514427969808 0.392475296226815 58.5822660882596

2008.03.01 - 19:34:42 1986381202 29.25 84.8125 29.9507741930572 0.397467178062754 58.5822940846836

The high sampling rate makes the meters very suitable to use when detecting very
short hot water tapings and temperature spikes.

2.2 Meter communication and data storage

With the combined flow and temperature meters installed at domestic hot water tap-
points through out the house, as well as in the district heating substation, it would be
very inconvenient to use a wired installation with a separate cable to each meter. Instead,
a wireless solution using Bluetooth technology is used to achieve real time communication
with the meters in an easy way. This has proved to work extremely well as almost no data
has been lost by the Bluetooth network in over a year of usage. The data is stored in a
computer located in the building where the measurements are carried out. The computer
is a normal PC running Microsoft Windows XP SP2. To enable an easy import of the
data to Matlab for post analyze, a customized log software were developed to store the
data in a for us convenient way. The meter data is stored in space separated plain text
files, one separate file for each meter and day. In table 2.1 a data log file sample can be
viewed, a column content description can be found in Fig. 2.2.

Table 2.2: Log file column description

Date and time Time since Temp Temp Temp Momentary Accumulated
meter start Internal Optional ext. Ultrasonic flow speed flow since

sensor sensor meter start
[-] [ms] [◦C] [◦C] [◦C] [m/s] [m3]
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Table 2.3: Model input information

DH Supply Cold water Indoor Tap water Sun Wind Outdoor
temp. temp. temp. flow temp.
[◦C] [◦C] [◦C] [kg/s] [min (of h)] [m/s] [◦C]

Data In house In house In house In house
Source measure- measure- measure- measure- SMHI* SMHI* SMHI*

ments ments ments ments
Data Pite̊a Pite̊a Pite̊a Pite̊a Lule̊a Pite Rönnskar Pite̊a
sampling (on site) (on site) (on site) (on site) (60 km north (10km east
location of building) of building)
Sampling >1Hz >1Hz Random >1Hz 1/3600 Hz 1/3600 Hz 1/3600 Hz
frequency
Typical 70 - 110 3 - 10 ∼20 0 - 0.3 0 - 60 0 - 20 -30 - 30
value

*SMHI - Swedish Meteorological and Hydrological Institute [7].

3 Model validation

To compare the model behavior with the real world results, several model inputs are taken
from real world measurements. As seen in table 2.3, the district heating supply, incoming
cold water and indoor temperatures are measured in the building, as well as the tap water
flow. The outdoor temperature is also needed to get a realistic behavior of the model,
unfortunately this was not measured on site, so hourly outdoor temperature for Pite̊a
were received from the Swedish Meteorological and Hydrological Institute (SMHI) [7].
The wind and sun are also factors that affect the energy consumption of the house, again
these were not measured on site but later received from SMHI. Unfortunately neither
the sun or the wind were measured close to the building of interest. The geographically
closest sun-measurements available were from Lule̊a, 60km north of Pite̊a and the closest
wind measurement were taken from Pite-Ronnskar, which is located on the coastline
10km outside Pite̊a. All of the measurements received from SMHI have a sample rate of
1 sample per hour.

3.1 Model specification

The building simulated is a two-floor villa, with half the bottom floor underground (the
house is build on a slope). The total space heating power (from radiators) is estimated
to ∼12kW at 60-40◦C system characteristics [2].

The outer walls consists of several layer, the outermost is a brick-wall with a thickness
of ∼150mm. Next there is an air gap of ∼50mm, on the inside of the air gap we have a
thick layer (∼150mm) of fiberglass insulation. Inside the insulation layer is the inner wall
which in this house mostly consists of 12mm particle board. More details on building
thermodynamics and simulation construction can be found in [1, 8, 9].

The part of the wall area that faces the ground (basement), is simulated with special
characteristics, similar to the floor. These areas are created with only two layers, a
concrete layer that makes the floor and wall, and a 100mm insulation layer. Floor and
basement areas are simulated with a constant outside (soil) temperature of 5 ◦C , this
approach could be questioned as the soil temperature changes over the year. But we
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concluded that it was the most straightforward and realistic method available since we
do not measure the ground temperature.

The roof of the building is created using the same concept as the walls, but with
different layers and materials. A thin brick roof with an average of 30[mm] makes the
outer boarder for the roof, on the inside we have a small air gap, and roughly 100[mm]
of fiberglass insulation. The ceiling is made of thin wood boards or particle boards.

The total window area have been estimated to 40[m2], all windows are double glass
windows. The average air exchange ratio due to door/window openings and ventilation
is also considered and set to 30% per hour.

Separate domestic hot water tap points have not been simulated as these not directly
contribute with useful data out of an district heating ΔT view. Instead, only the total
hot water usage, i.e. the flow through the heat exchanger is used as model input. Hence
the pipe losses in the hot water network is not considered, but could easily be added if
found needed.

3.2 Space heating validation

3.2.1 Power comparison

Simulation were run over two separate periods of time, the first period chosen is March 6 -
8, 2008 and the second April 1 - 3, 2008. The periods were chosen to capture two different
temperature seasons, though very close in time. The first period capture winter condition
with a cold temperature dip, the second period capture more spring-like conditions with
temperature close to 0◦C, c.f. 3 (b) and (d).

By studying Fig. 3 (a) and (c), one can see that the simulated power consumption in
the radiator circuit are matching the measured power consumption in a satisfying manner
during the nights. During daytime, the match is not as good, as it is during the nights.
This deviation can be derived from sun heating influence even though no direct sunshine
is present. In Fig. 3 (c), one can clearly see this behavior at around 36 and 64 hours.
During the first day in the same figure, we have a larger deviation, this can be derived
from the geographic distance between the building (Pite̊a) and the sun sensing device
location (Lule̊a). There were most likely clear skies during the whole day in Pite̊a, but
not in Lule̊a. Deviations caused by the same problem can also bee seen at ∼36 and ∼60
h in Fig. 3 (a).

It could also be discussed how much the sun influence depends on season. In Fig. 3
(a) it can be seen that during the sunny periods the power consumption in the simulation
decreases more than the real measurements, the sun influence is overestimated. However,
in Fig. 3 (c), it can be seen that the sun influence is underestimated in the model as the
simulated power consumption is higher than the measured, during the short sunny period.
It is clear that an adaptive sun influence function depending on season would make the
model even more realistic.

As the sun proved to be a very important factor, we did not find any correlation
between wind and power consumption, so we concluded that there were no point of
including the wind-factor in the model. This was an unexpected discovery and is subject
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Figure 3: Space heating power vs. outdoor temperature and sun.

for further analysis.
To find the power plotted in 3 (a) and (c), some simple calculations had to be carried

out. The normal power equation, (1), where cp is the specific heat capacity for water,
could not be directly applied to the measurement data as the data does not include
momentary mass flow ṁ. Using the accumulated volume flow V and the time stamp
value t, see table 2.2, the mass flow can be calculated using (2), where i is the sample
number and ρ is the density. The new mass flow vector can then be used to calculate
the power.

q̇ = cpṁΔT (1)

ṁi = ρi
Vi

ti − ti−1

(2)

3.2.2 Temperature and flow comparisons

To find out if the simulated temperatures and flows in the primary network are realistic,
they have been compared to the real world measurements. The comparisons are made
for the same time periods as for the power comparisons.

The primary side return temperature in the heat exchanger and the corresponding
flow depends on several factors, e.g. installed radiator power, heat exchanger dimension
and radiator temperature scheme (radiator supply temperature corresponding to outdoor
temperature). The heat exchanger power and dimensions is known (20kW), also the
temperature scheme is known to be set at a very low level, approx. 45◦C at TDUT

1 down
to 20◦C at an outdoor temperature of 17◦C where no radiator heat is needed. As earlier
described in section 3.1, the radiator power is estimated to 12kW.

1TDUT - The minimum outdoor temperature the system is designed for, in this case estimated to
−30◦C.
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Figure 4: Temperatures and flow in the primary side of space heating heat exchanger.

By comparing Fig. 4 (c), (d) with 3 (a), (c) a strong correlation between flow and
power can be found. This is natural as the flow through the heat exchanger is decreased
when less power is needed. This also affects the primary return temperature in the same
manner, decreased flow lets the water cool more in the heat exchanger and a higher
DeltaT is obtained. This is where a great possibility of ΔT maximization is found. By
increasing the radiator supply temperature and decreasing the flow, a higher temperature
drop across the radiators can be achieved with constant power usage. This will result in
a higher ΔT in the space heating heat exchanger, however there are limitations in how
much the flow can be decreased. The heat exchanger looses efficiency at very low flows,
very high radiator supply temperature is not convenient either as there might be a risk
of burning if direct contact with e.g. hands. However, utilizing a tradeof between low
flow and radiator supply temperature should increase ΔT severely in most cases, also see
[10, 11] for radiator circuit optimization.

3.3 Tap water system comparison

Using the domestic hot water flow as an input to the model, temperatures and flow in
the hot water heat exchanger computed in the model can be compared and validated to
real world measurements. In Fig. 5 (a) the secondary flow through the heat exchanger
can be viewed, this is the signal that is used for model validation.

The domestic hot water controller in the house is a Danfoss AVTQ [12] controller,
which is a self-acting thermostatic control valve using flow-compensating principle. In
the model, this controller is replaced with an ordinary PID (same type as in the space
heating circuit), to keep the system more simple. Observe that there is no domestic hot
water circulation system installed in this building.

The temperature in the domestic hot water circuit is set to ∼ 58◦C according to
measurements, c.f. 5 (b). This temperature (58◦C) is also used as the reference hot water
temperature in the model. No consideration has been taken to the cooling of water as
no tapping is occurring (newtons law of cooling), this is why the simulated temperature
is differ from the real temperature between tappings. However this has a neglectable
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Figure 5: Temperatures and flows in the domestic hot water heat exchanger.

influence on power consumption as no power is consumed when no tapping occurs.

In Fig. 5 (d), the temperature of the total (space heating plus domestic hot water)
returning district heating water can be viewed. The offset between the simulated and the
real data occurring when no domestic water is used, can be derived from the difference
between measured outdoor temperature and actual outdoor temperature (see sec. 3).
During domestic hot water usage the simulated total return temperature matches the
real temperature in a satisfying way. Also the corresponding flow on the primary side
of the domestic hot water heat exchanger c.f. 5 (b) is matching the real measured flow
almost spot on.

4 Conclusion and discussion

We have in this paper shown that the model described in [1] delivers realistic results
when configured correctly. The measurement system installed in the detached house has
been working exceptionally well after some initial bugs in the log software were removed.

When it comes to validation of the model, a discussion could be held regarding num-
bers of parameters (like section of walls, number of radiators etc. ) included in the
model, but we believe that we have found a fair trade of between computation time and
accuracy of simulation results. We can conclude that the model is working well from a
thermodynamic perspective, regarding sun and wind factors some uncertainties remains
as we did not have the data for the exact right location.

Our research can now focus on improvements of ΔT , by evaluation of new control
schemes. This model will be used as a base for these experiments before appliance to
real world systems.
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5 Future work

Implementation of real wireless sensor network control system is under development.
During the initial phase of this project, work is focused on interfacing network sensors
with various parts of the DH control system, such as pump, valve and energy meter.

The wireless network sensor used in this project is the M.U.L.L.E. [13] platform.
M.U.L.L.E. is a extremely low-power network sensor which has the ability to communicate
using TCP/IP network protocol over the embedded Bluetooth module. This makes it
very suitable for this type of applications as direct connection to each sensor can be made
from the Internet.

Additional PDA, Phone, PC etc. control and monitor software are also under devel-
opment. Future plans also includes ideas to integrate these monitor systems with the
simulation model to compute predictive energy consumption. This feature will give the
customers the ability to see how future control systems and ”way of living” would affect
the heat (energy) consumption. Break-even times for new energy saving investments
in the heating and domestic hot water systems could also be calculated for a specific
customer and building.
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District heating substation control using optimized

control curves and heat meter information

Jonas Gustafsson, Jan van Deventer and Jerker Delsing

Abstract

In this paper we describe a new alternative control approach for decoupled district heating
substations control. Simulations show that the new method will result in an increased
system ΔT. This means that the use of primary fuel sources can be reduced, with
decreased CO2 emissions as result. It will also help to improve the district heating
network heat transfer capacity, allowing more customers to be connected to an existing
network without increasing the heat plant or network capacity.

Also, if combined heat and power plants are used to produce the heat, an increased ΔT
will result in further improved overall fuel efficiency, as more electricity can be produced
with colder cooling water.

1 Introduction

With increasing energy demands around the world, improving energy systems efficiency
is an important issue.

District heating is a technology that transfers energy in the form of hot water or
steam from a central heat plant to customers who are in need of heat energy. The related
technology of district cooling works in the same way, but instead of distributing hot water
or steam, cold water is distributed. In this paper we focus on district heating.

District heating has been commercially used since the early nineteen hundreds. Today,
district heating networks can be found almost all over the northern hemisphere, however
it is most common in the eastern, central and northern parts of Europe.

By centralizing and combining heat and power production in a combined heat and
power (CHP) plant, the overall fuel efficiency will be increased. In traditional fossil fuel
fired electricity producing power plants, the fuel efficiency rarely exceeds 50% [1], the rest
of the fuel becomes heat that is lost or wasted. In a CHP plant most of the “waste” heat
can be captured and used in e.g. a district heating system. By doing this, the overall fuel
efficiency can reach over 90% [2], Svenskfjarrvarme. CHP plants are particularly common
in Denmark, where over 80% of the district heating energy are produced by CHP [3], in
Sweden this number is ∼ 30% [4]. The low percentage of CHP produced heat in Sweden
is related to the high percentage of industrial waste heat used. In fig. 1 an overview of a
combined heat and power plant connected to a district heating network can be seen.

A CHP plant connected to a district heating network utilizes the district heating
system as big heat sink for the cooling water in the power production process. This

77
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Figure 1: Combined heat and power plant connected with a district heating network.

is good way of creating a win-win situation as the excess heat produced in the power
production can be sold as district heating, and concurrently decrease environmental effect
when less amount of primary fuel is needed.

To maximize the fuel efficiency in a district heating system it is of big importance to
have a big temperature drop (ΔT) in the district heating network. By keeping the (ΔT)
high, more energy per volume unit will be utilized.

If the district heating network is powered by an extraction condensing CHP plant [5],
which can be explained by the Rankine cycle [6], the ΔT also influences the electricity
production in the CHP plant. As the returning district heating water is used condensate
the hot steam after the electricity producing turbines in extraction condensing CHP, a
lower returning district heating temperature (higher ΔT) will increase steam condensa-
tion capabilities. This results in a higher pressure drop across the turbine, that hence
can turn faster and produce more electric power.

Beside these objectives, increased ΔT also contributes to decrease the pump power
needed in the DH network, reduces distribution losses and enables more customers to
connect to the available DH network.

As the energy companies only can invoice for energy utilized by a customer, and not for
energy lost in the distribution network, the majority of the total ΔT must be dropped over
the customers district heating substation. In this paper we refer to the substation as the
connection between the primary (distribution) network and the secondary (house internal
space heating and tap water systems). We focus on a complete decoupled (indirect
connected) substation with two (or more) separate heat exchangers handling the energy
transfer between primary and secondary systems, see figure 2.

In [7] it is stated that an increase of system ΔT with 10◦C will result in a 55%
reduction of pump power. Depending on heat production method, the total primary fuel
source savings varies between 0.1 and 14%. This verifies that there is a big interest in
ΔT optimization within the district heating industry.

In this paper we focus on optimization of the radiator system’s contribution to the
total ΔT in customer substations.

2 Theory

In this chapter we explain how a space heating system in decoupled district heating
substation traditionally is controlled. We also go through new ideas of how to control
the system with an emphasis on increasing ΔT.
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Figure 2: Simplified overview of a district heating connected house. 1, Hot incoming district
heating water. 2, Returning district heating water. 3, Incoming tap water. 4, District heating
substation with heat exchangers. 5, Radiator. 6, Tap water faucet.
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Figure 3: Primary and radiator supply curves, where Tps - Primary supply temperature, Trs−def.

Default radiator supply temperature, Trs−opt. - Optimal radiator supply temperature.

2.1 Simulation setup

The simulation environment used in this work is Mathworks Simulink. The model is cre-
ated with a physical approach, with the main parts in a DH connected building included.
The main parts are:

Thermodynamic building with separate settings for floor, walls, roof and win-
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dows. The thermal inertia of the building, and air exchange rate are also simulated.

Substation with parallel coupled heat exchangers and control system.

Radiator system that includes thermostatic valves.

Supply information, which includes, outdoor temperature, primary supply tem-
perature, and primary pressure.

Tap water system is also available, but not used in this paper.

More details about the model can be found in [8], [9] and [10]. The simulation tool
can also be downloaded from [11].

2.2 Control theory

Traditionally, the radiator system supply temperature system is dependent on the out-
door temperature, see Trs−def. in fig. 3, where the radiator supply temperature can be
studied for a system with 60◦C radiator supply temperature (Trs) at −30◦C outdoor
temperature (Tout) and 30◦C Trs at 15◦C Tout. This line between these points is referred
to as the radiator system control curve [12]. To achieve the right radiator system supply
temperature with varying outdoor temperature, the flow through the primary side of
the heat exchanger is controlled with a valve mounted in series with heat exchanger, see
fig. 4. To be able to control the temperature in the radiator circuit with this valve, the
radiator supply temperature is measured and used in the control feedback loop. As the
heat need changes with outdoor temperature, the control curve is used as set point in
the control loop.

In many cases, a constant speed circulation pump is used to circulate the water in
the radiator system. The flow speed is set to supply radiators with enough flow to keep a
reasonable constant level of indoor temperature even with varying outdoor temperature.
Additionally, thermostatic valves are often mounted closely in series with the radiators
to further improve the indoor comfort by limiting the radiator flow, and hence also the
radiator heat transfer.

2.3 Methodology used to improve the control curve

To achieve a higher primary ΔT and improve the conditions for thermostatic valves,
we suggest a low-flow high temperature system. A technical report by Wollerstrand
et. al. [13] describes one way of achieving an optimal radiator system flow and supply
temperature, as the report is written in Swedish, a short description of the method
follows.

During stable conditions with constant outdoor and primary supply temperatures, the
power consumption of the radiator system is recorded and saved. The control valve is then
locked into the current position and the control system is disabled. The radiator system
flow speed can now be decreased one step, suitable step size could be 10 - 20% of initial
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Figure 4: Traditionally controlled district heating substation with outdoor temperature dependent
radiator supply temperature control.

flow. This will (after a few moments) result in a decreased primary return temperature,
and hence an increased radiator system power. The control valve now has to be adjusted
to achieve the same power consumption that was recorded before the experiment was
started. When the same radiator power is stabilized with the new radiator system flow
and temperature, the procedure can be repeated. After some repetitions of the above
described procedure, the primary return temperature will start to increase again. When
this occurs, the radiator system flow has been decreased too much and the optimal
flow point has been passed. Now, return to the radiator flow that generated the lowest
primary return temperature. This radiator flow, is the optimal flow for the current heat
load with for the moment available external parameters ( primarily outdoor temperature
and primary supply).

This method can easily be applied in the thermodynamic model, described in [8]. To
improve Wollerstrand et. als. method [13] with radiator flow step decrement approach,
we suggest a very slowly continuously decreasing radiator flow, visualized with ṁr in fig.
5.

To keep the power consumption at a constant level, the primary flow ṁp is adjusted
using (1), where Pinit is the power consumption before the optimization process was
started, Tps & tpr is the primary supply and return temperature, and cp is the constant
pressure heat capacity for water.

ṁp =
Pinit

cp · (Tps − Tpr)
(1)

To find a complete optimal control curve with maximized ΔT, independent of external
parameters, several optimization simulation has to be conducted with varying outdoor
and primary supply temperatures. These simulations were conducted with the primary
supply temperature (Tps) configured as shown in fig. 3.

The simulation process goes as follows: Each simulation were started and run until a
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Figure 5: Optimal radiator control identification at an outdoor temperature of −10◦C. Optimal
control parameters are found at the time ∼19:15.

stable power consumption is achieved. When the power consumption stabilizes, the power
consumption is sampled and stored, and the optimization process starts. The radiator
flow is decreased from current flow speed to almost zero. In parallel with the decreasing
radiator flow, the primary flow through the heat exchanger is limited to maintain the
same total power consumption as was sampled before the process begun.

The optimal control conditions are found by looking at the time derivative of the
primary return temperature dTpr

dt
. At the time when the derivative equals zero the optimal

conditions are met. In fig. 5 this occurs at ∼19:15.
The simulations were carried out with outdoor temperature steps of 5◦C between -30

to +15 ◦C. The resulting optimal temperatures and flows were recorded and can be
studied in table 3.1. The optimal radiator supply temperature curve (Trs−opt.) are also
plotted in fig. 3.

2.4 Primary supply temperature based control

Depending on additional heat contribution from non district heating related devices such
as, fire places, electrical appliances and humans, the heat need for a building can change
even though the outdoor temperature are constant. With varying load, the new optimal
control curves might not be optimal any more.

To investigate this, additional simulations were carried out with additional indoors
heat sources to see how the control curve were subject to change. We found that the
supply temperature to the radiator system were kept at a reasonable constant level with
varying load, see Trs in fig. 6. The variations in heat need were hence controlled by the
radiator thermostats, which adjusted the radiator system flow, see ṁr in fig. 6.
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Table 3.1: Optimal temperatures and flows at varying external parameters.

Ext. parameters Resulting optimal temperatures and flows

Tout Tps Tpr ṁp Trs Trr ṁp

-30 126.25 35.58 0.0298 76.68 31.91 0.0603
-25 117.50 34.51 0.0295 72.32 31.15 0.0594
-20 108.75 33.41 0.0291 67.91 30.35 0.0583
-15 100.00 32.27 0.0286 63.47 29.52 0.0569
-10 91.25 31.09 0.0280 59.00 28.65 0.0554
-5 82.50 29.86 0.0272 54.45 27.75 0.0535
0 73.75 28.58 0.0261 49.88 26.79 0.0510
5 67.00 26.96 0.0233 46.06 25.53 0.0453

10 65.00 24.74 0.0171 44.13 23.75 0.0336
15 65.00 22.53 0.0105 42.95 22.05 0.0212

0 0.5 1 1.5 2 2.5 3
20

30

40

50

60

Additional heat supply [kW]

T
em

p
er

a
tu

re
[◦

C
]

0 0.5 1 1.5 2 2.5 3
0.03

0.04

0.05

0.06

0.07

R
a
d
.

fl
ow

[k
g
/
s]

Trs

Tpr

ṁr

Figure 6: Optimal radiator supply temperature [Trs] and primary return [Tpr] as function of
additional non district heating heat sources. The corresponding radiator system flow is also
plotted. The outdoor temperature is -10◦C and the primary supply temperature 82.5◦C

If the radiator system is equipped with thermostatic valves together with the radia-
tors, these will limit the flow in the radiator system to achieve the optimal flow without
any interference with the circulation pump. In case there is a shortage or broken ther-
mostats in the system this will contribute to an unbalance in heat “density” in the
building. To make a system work as good as possible it is of big importance to have
working thermostatic valves, and make sure that there is no thermal shortages in the
system.

As seen in fig. 6, our simulation shows that the radiator supply temperature (Trs) not
where a subject for big variations due to realistic load variations with constant primary
supply temperature. This means that it would, from a ΔT perspective, be equally good
to control the radiator circuit based on the primary supply temperature as on outdoor
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Figure 7: Primary supply temperature dependent radiator control curve.

temperature. Figure 7 depicts the optimal control curve correlated to primary supply
temperature in our simulation environment.

As discussed, primary supply temperature is not measured by the space heating con-
trol system, however, primary supply temperature are measured by the heat meter. Shar-
ing the primary supply temperature information between the heat meter and the space
heating control system, would reduce the need for an additional temperature sensor. A
simplified system drawing of DH substation with primary supply temperature control
can be seen in fig. 9.

One very positive effect of controlling radiator supply temperature based on primary
supply temperature, is if the primary supply temperature is non linearly dependent on
outdoor temperature. This is often the case where many separate heat plants are con-
nected to the same district heating network. At low system load (high outdoor temper-
ature) it might be sufficient to just utilize one plant, but when the system load increases
over a certain level, an additional heat plant needs to be run. This can in many cases
result in a ”step” or other non linearity of the primary supply temperature, see example
in fig. 8.

If the substation radiator control is based on outdoor temperature in such a district
heating system, the control system would work far from optimum since the primary
temperature changes somewhat independent from the outdoor temperature. In contrast,
a control system based on primary supply temperature would still work good, since
radiator supply temperature is strongly correlated to primary supply temperature.

3 Simulation Results

A critical test of the new control strategies is to compare them with traditional control
methods for two different supply temperature schemes. Thus have we conducted sim-
ulations of three identical houses with three different control methods. The first house
(H1) is equipped with an optimal traditional control system with 60◦C radiator supply
temperature at an outdoor temperature of −30◦C, see Trs−def. in fig. 3. The second



Paper C 85

−30 −15 0 15

70

90

110

Outdoor temperature [◦C]

P
ri

m
.

su
p
p
ly

te
m

p
.

[◦
C

]

−30 −15 0 15

R
a
d
.

fl
ow

[k
g
/
s]Tps−std Tps−var.

Figure 8: Primary supply temperature schemes. Tps−std. - Standard primary supply temperature.
Tps−var. - A non linear variant of primary supply temperature.

Figure 9: District heating substation using energy meter information for space heating control.

house (H2) uses our optimized control scheme, correlated to the outdoor temperature,
see Trs−opt. in fig. 3. The third house (H3) is using the optimal control curve correlated
to the primary supply temperature, seen in fig. 7.

The outdoor climate is identical for all simulation runs. The mathematical description
of the outdoor temperature is described in (2). The outdoor temperature is also plotted
as Tout in fig. 10.

To compare ΔT as result of different primary supply temperature schemes, all control
methods (H1, H2 and H3), were run with two separate primary supply temperature
schemes, referred two as Simulation A and Simulation B. Simulation A uses a standard
(conventional) supply temperature scheme, see Tps−std in fig. 8, whereas Simulation B
uses a non-linear supply temperature variant, see Tps−var in fig. 8.
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Table 3.2: Mean ΔT , primary return temperature and primary flow in space heating heat ex-
changer. H1 - Standard 60-40 control. H2 - Optimized outdoor temperature dependent control.
H3 - Optimized primary temperature dependent control. DHNavg - The approximate average
network temperatures in a Swedish DH network.

Simulation A (Tps−std.) Simulation B (Tps−var.)

House ΔT[◦C] Tpr[
◦C] ṁp[kg/s] ΔT[◦C] Tpr[

◦C] ṁp[kg/s]

H1 48.20 33.76 0.03007 66.32 33.67 0.02182
H2 51.47 30.49 0.02819 71.04 28.96 0.02039
H3 51.52 30.43 0.02815 71.84 28.16 0.02018

DHNavg ∼ 40 ∼ 48

Tout(t) = 2 sin

(
2π

3600 · 24

)
︸ ︷︷ ︸

daily variation

+ 4 sin

(
2π

3600 · 60

)
︸ ︷︷ ︸

slow variation

− 5︸︷︷︸
bias

(2)

Also, a 5 hour combustion and transport delay is added to the primary supply tem-
perature to create a more realistic supply temperature at the building.

Both simulation were run for a time period of 3 days.
By comparing the primary return temperature and primary flow through the heat

exchanger, we see that our new improved control curve, used in House 2 (H2), lowered
the primary return temperature in both supply temperature schemes. Also the primary
flow were decreased, see fig. 10a and table 3.2. The heat meter based control in house
3 (H3) resulted in similar results as using the optimal control curve based on outdoor
temperature (H2).

In simulation B, where the supply temperature did not change linearly with outdoor
temperature, we find an even further decreased primary return temperature in the third
house (H3) which uses a heat meter based control, see H3 fig. 10. This shows the
advantage of using primary supply temperature dependent control compared to ordinary
outdoor temperature dependent control methods, see fig. 10b and table 3.2.

4 Conclusion and Discussion

Using thermodynamic simulation models of real world buildings to predict good control
curves for the radiator system is a very useful and powerful tool. The simulation results
indicates that the primary return temperature can be significant decreased using the
methods suggested in this paper. If the method would be applied in a big scale throughout
a district heating network, there are big environmental and financial winnings to gain.

For example, in Lule̊a there are about 8000 villas connected to the district heating net-
work. These constitutes ∼ 20% of the total energy consumed in the network, the remain-
ing 80% constitutes of larger facilities, like apartment and commercial buildings. If we let
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Figure 10: Resulting ΔT and flow in primary side of space heating heat exchanger from two
independent simulation runs. Simulation a is supplied with a primary temperature Tps−def and
simulation b Tps−mod seen in fig. 8. H1, H2, H3 indicates houses with different control methods,
further described in article.

the house we have simulated represent an average villa in Lule̊a, and an optimized heat
meter based control would be implemented in every villa, the total flow through the vil-
las will be reduced by 8000 · (0.03007 − 0.02815) = 15.36kg/s during the winter months.
Observe that this is compared to perfectly tuned traditional system with a return tem-
perature of 33.76◦C on average, this is not really realistic as observations show an average
return of ∼ 48◦C, which would give even greater suppositions for increased ΔT and flow
reduction. However, if we stick to the simulated return temperatures, and also include
the large connected buildings, a total flow reduction of 15.36/0.2 = 76.8kg/s ≈ 280m3/h
would be possible. Today, the total flow in Lule̊as district heating distribution network
at −10◦C outdoor temperature is approximately 3800m3/h. Keeping in mind that this
flow is with a primary supply temperature of 94◦C and a return temperature of 50◦C,
there are a huge potential for system flow reduction.

Another positive aspects with heat meter based control are limitation of sudden heat
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load peaks during e.g. rain showers that decreases the outdoor temperature temporarily.
Using traditional outdoor temperature dependent control methods this means that the
space heating control valve will open, even though there is no need for that as the
building has a long thermal time constant. If the space heating control is based on
supply temperature, this effect could be avoided as the primary supply temperature is
controlled by the energy company.

The primary supply based approach is shown to be clearly superior to ideal traditional
control and the so far most optimal control proposed previously.

In combination with the simulation tool we have a methodology for control optimiza-
tion based on a physical model. This forms the base for much improved DeltaT situation
in a district heating network, thus enabling large gains and savings at district heating
system level.

4.1 Possible practical issues

To implement primary supply temperature based control, no new sensors are needed since
the primary return temperature already are measured by the heat meter. One challenge
with this method of reutilize heat meter information in the control system might be the
extraction of temperature parameters and communication between the heat meter and
the other devices.

Since the radiator supply temperature can change even if the outdoor temperature
is constant, thermostatic valves is needed to control indoor temperature. As this might
result in big pressure variations in the radiator system with noises from cavitation effect
as result, a constant pressure radiator circulation pump should be used to limit the
pressure variations.

With a higher radiator supply temperature and lower radiator flow, there will be a
higher ΔT over the radiator if the radiator power consumption are kept constant (relates
to (3)). If there are radiators coupled in series, these might not work as intended because
of the increased ΔT in the first serial-coupled radiator.

P = cpṁΔT (3)
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Wireless Infrastructure in a district heating

substation

Jan van Deventer, Jonas Gustafsson, Jerker Delsing and Jens Eliasson

Abstract

A new wireless sensor and actuator network architecture for a district heating sub-
station is presented. The implementation allows for new control algorithms to save sub-
stantial amounts of energy and therefore reduce waste and indirectly CO2 emissions. The
wireless network uses TCP/IP all the way to the sensor level, which can enable a stan-
dardized Service Oriented Architecture and the possibility to upgrade software of each
node remotely over the Internet. New diagnostic services are also available to improve
service and maintenance.

1 Introduction

Pervasive technologies can be a blessing if they contribute to society without increasing
stress or frustration to the population. An area where pervasive technology can make
a substantial improvements is energy management and control within district heating.
For the purpose, we here present a control and communication architecture based on
wireless sensor/actuator network (WSN). The architecture is implemented through a
wireless network of sensors and actuators to control the energy transfer from a district
heating distribution network to a building while promoting the potential of Service Ori-
ented Architecture (SOA) towards an easy integration and expansion of the pervasive
technology.

The approach permits the development of new control strategies in the optimization
of energy transfer operation because the system offers more information. Such strate-
gies target an increased cooling of the distribution network, i.e. a higher ΔT over the
substation. A higher ΔT is beneficial for a district heating system regarding increased
co-generation of electricity, reduced energy losses, and more efficient utilization of infras-
tructure investments.

The implementation of new control strategies and services will be much simplified
using a SOA based approach [1, 2, 3]. Thus it is important that the WSN:nodes have
SOA properties like service discovery and a service description semantics which enables
an orchestration of services such that new control strategies can be deployed on-line.

The general objective of the paper is to demonstrate a new control and communication
architecture for district heating substation and to show that WSN with SOA is a feasible
technology for this architecture.
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To outline the paper, we first give a background to district heating and describe the
wireless nodes used. We follow by presenting the wireless network and making the case
of Service oriented architecture. The subsequent section discusses the implementation of
the wireless infrastructure and its functionality.

1.1 District heating

District heating is a technology that enables heating, i.e. both space heating and hot tap
water, from one single source to many buildings. It is energy efficient when buildings are
close together. An analogy is common transportation where a bus that is more efficient
than several cars. Quite often the original heat is a byproduct from an industrial process.
The industry can recover some of its cost while end users have a lower heat cost, not
to mention the benefit to the environment. This is a wining concept when correctly
implemented.

The heat is distributed through networks of pipes to commercial buildings, apartment
buildings and houses. The distribution network is also known as the primary circuit. In
Sweden, its energy is not used directly in the buildings but rather transfered through
heat exchangers within a district heating substation located within the serviced building.

A district heating substation transfers the heat energy from the primary circuit to
the building’s radiator circuit and hot tap water circuit. These circuits are referred as
the secondary circuits. Control systems, electronic and mechanical, regulate the flow of
the primary circuit through each heat exchanger via respective valves depending on the
energy demands of each of the secondary circuits. It is in the substation that the amount
of energy transferred is measured for billing purposes.

1.2 Control and architecture

The current problem is that these control systems only aim towards comfort but do not
pay attention to optimize the performance of the substation. This results in wasting heat
energy in the primary circuit. To optimize the system, additional information is needed
but which is nowadays not available. With a wireless connection between sensors and
actuators, the new infrastructure allows for the optimization as well as new diagnostics
and services.

The traditional control and communication architecture is shown in figure 1. The
heat energy measurement is located on the primary side of the substation. The controls
of space heating and hot tap water delivery to the house are made from the secondary
side of the substation. These two functions are independent and unaware of each other.

In the hereby introduced architecture, shown in figure 2, all sensors and actuators are
enhanced with or replaced by WSN nodes from which a wireless sensor network based
on TCP/IP is established.

This means that the barrier between the primary side with heat metering and the
secondary side with heating and hot water control is taken away. This opens up for
new measurement possibilities as discussed by Yliniemi [4] and new control strategies as
discussed by Wollerstand el.al. [5] and Gustafsson [6].
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These new measurement and control strategies have substantial economical potentials.
Very rough estimates shows savings of more than 1 million Euro per year when increasing
the ΔT by 5◦C in a 760 GWh district heating system.

Using a SOA architecture for the measurement, actuation and control will allow for
online changes to measurement and control strategies. Thus providing an architecture
that is adaptable to new needs and ideas in a way that is not possible with an architecture
based on hard wired systems.

1.3 Wireless nodes

Within the new architecture, each sensor and actuator is associated to a wireless node.
We here describe these nodes which we have named Mulle [7, 8].

The Mulle platform is a small embedded system capable of communicating wirelessly
with other nodes using TCP/IP over Bluetooth and ZigBee. As all embedded systems,
it is able to measure a sensor signal and/or request an action from an actuator. In some
cases, the sensor or actuator communication is done serially .

The Mulle features a Renesas M16C/62 micro-controller and in our system, a Blue-
tooth 2.0 module. It has an on-board 2 MB flash memory, allowing storage of large
amounts of sensor data. Flexibility as well as time driven performance are provided by
a real-time clock, a temperature sensor, a battery monitor, LEDs and a high density
expansion port. The latter is a 60-pin connector that enables connection to analog and
digital I/O pins, power supply, and serial communication lines. The compact design
occupies a total of 24x26x5 mm.

Power consumption is an issue for the nodes that are not connected to the electric
network or associated to actuator. An example in our system are the temperature sen-
sors. They must provide information for a very long duration, which ideally should be
years. The current approach is to turn off the Bluetooth module and put the micro-
controller to sleep. The power consumption in its lowest sleep mode is only 12 W. The
micro-controller is woken up every 15 minutes to measure the temperature. If there is
a significant change in temperature, the Bluetooth module is momentarily turned on to
communicate the information of the wireless network.

The Mulle software is designed in a modular fashion to allow adaptability to the sys-
tem and the role of the node within the system. The Mulle can communicate with two of
the worlds most widely spread technologies: TCP/IP and Bluetooth. The Mulle uses the
lwIP stack, and can communicate using the following protocols: IP, TCP, UDP, DHCP,
NTP, and HTTP. The lwBT Bluetooth stack provides support for the following layers:
HCI, L2CAP, SDP, BNEP, RFCOMM, and PPP. The Bluetooth Profiles supported are:
LAP, DUN, PAN, and SPP.

The use of TCP/IP and Bluetooth enables the Mulle to even utilize Bluetooth-
equipped mobile phones as access points to reach the Internet, although, there is no
need for that in a district heating application. This allows a Mulle to transmit sensor
data directly to users on the Internet without any specialized gateways. The advantage
of using TCP/IP at the sensor or actuator level is the clear standardization of the Inter-
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net Protocol. This detail enables the infrastructure to be flexible to different sensor and
actuator suppliers and opens the door to standardized service oriented architecture.

The nodes can talk to each other or to an access point creating a wireless network.
The next subsection describes the implementation of the wireless network.

1.4 Wireless network

The network used in this setup is a IP-based network with DHCP capabilities. The DHCP
server is implemented in the Internet access point (c.f. figure 2), which is a Blackfin based
embedded computer [9] running Linux. However, any Bluetooth compatible device with
the right protocols supported will do.

To be able to run the IP-network on top of Bluetooth, the PANU (Personal Area
Network User) Bluetooth profile is used on the Mulles, and the corresponding gateway
profile NAP (Network Access Point) is used in the Blackfin Internet access point, see
figure 7. These profiles utilizes the L2CAP + BNEP Bluetooth protocols to enable an
easy integration of TCP/IP network on top, see [10] and [11] for more details.

The control loop is today located in the Blackfin device, but could in the future be
distributed between sensor nodes to improve control robustness.

The network setup makes it possible to access all devices (Mulles) in the network
from the Internet. This enables the system administrator to reconfigure and update the
software in the nodes remotely.

For SOA, the natural solution would be to bring in protocols like DPWS [12, 13]
or OPC UA [14]. Due to the constrained resources on the Mulle platform, the current
implementation features service discovery mechanisms using Bonjour [15]. A special
protocol, OLP v2, which could become a future standard for transmitting sensor data
using TCP/IP, has been developed. OLP v2 is used to to send information and requests
between all the nodes.

2 Implementation

A Mulle node is placed on each actuator, sensor and meter. The nodes are small enough
to fit in the electronics of the commercially available actuators. The circulation pump is
a Grundfos UPE 25-40 unit, see figure 3. It has it own micro-controller, several sensors
such as pressure, and communicates through an RS-485 link using a GENIbus protocol
readying the unit for industrial use. The Mulle is the link between the pump and the
wireless network. The Mulle can request a given flow and provide to the wireless network
information about the radiator circuit.

The control valve limiting the primary flow that serves the radiator circuit’s heat
exchanger is a Siemens valve model SQS65, see figure 4. Its control and feedback signals
are over the range of 0 to 10V. The Mulle can request a valve position or measure what
the position of the valve informs the wireless network.

The temperature wireless sensor node uses a external digital temperature sensor from
Dallas Semiconductor (DS18B20), see figure 5. It uses a 1-wire interface to serially
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Figure 3: The pump with belonging wireless node.

Figure 4: The valve with its wireless node.

communicate with the Mulle. The Mulle itself has an on-board temperature sensor but
the external one offers the possibility of measuring the temperature of pipes for example.
In the current setting, the unit is used to measure outdoors temperature. This unit is
battery powered and therefore makes use of the low power features of the Mulle.

The primary circuit’s incoming and outgoing temperatures (with their difference being
ΔT) as well as its flow are measured by the heat meter, a Kamstrup MultiCal 601, figure
6. The Mulle implements the Kamstrup Meter Protocol (KMP) to serially communicate
with the heat meter and is a drop in replacement to the optional communication module
for the Kamstrup heat meter.
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Figure 5: The battery driven temperature sensor node.

Figure 6: The Kamstrup heat meter.

2.1 Benefits

When taking into account the incoming and outgoing temperatures of the primary circuit
in the control of indoor comfort, we can achieve a higher ΔT and therefore obtain a better
energy transfer. The old architecture did not allow this which results in at least two forms
losses. The first one is similar to an electrical short circuit, it allows the energy to go
through the house without doing any work although pumps are being used to generate
the flow. This also causes inefficiency if the heat is from an electricity co-generating plant
(Combined Heat and Power plant). The second form of resulting waste when ΔT is not
maximized is the distribution losses through the primary network. That is there is large
thermal gradient between the transport fluid and the outdoors temperature resulting
in higher heat transfer to the environment. By maximizing ΔT, not only the return
temperature will be lowered but the supply temperature can be lowered.

It should therefore be obvious that an efficient system will reduce the amount of
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Figure 7: The Blackfin access point

wasted energy while maintaining comfort. This will indirectly reduce CO2 emissions for
heating purposes which accounts for 30% of the world’s current CO2 [16]. If the heat
is an industrial byproduct, then one could argue that it does not matter. However that
would be incorrect as any excess heat can be used to serve other building, which use
other means of heating.

The new architecture additionally allows improved quality of service and maintenance.
This new level of communication allows a whole new collection of diagnostics of the

whole system. For example, if the flow meter, which is a part of the heat meter, detects
a flow while the control valves are closed, we can diagnose a leaky valve. The connection
to the Internet permits the information to be received immediately by the heat supplier.
As an other illustration, the circulation pump is able to measure pressure in the radiator
circuit, but this feature was never used. With its wireless communication, the system
can now, for instance, send a text message to the home-owner’s phone to tell that there
is not enough water in the radiator circuit.

3 Conclusion and future work

We have developed a new control and communication architecture based on WSN and
SOA for district heating substations. The architecture has successfully been implemented
in a working substation. The use of TCP/IP and SOA in combination with a simple
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integration of the WSN node to any sensor, actuator or control device enables simple
retrofitting of existing substations and demonstrates a technology for next generation of
substation measurement and control.

For the future some of the new control strategies will be implemented in a pilot
installation. At a planing stage is a larger pilot study comprising a large number of
installations in a complex district heating system. Next then will come work on control
strategies which does incorporate the end user and end user interaction with the WSN
and SOA based control architecture.
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[6] J. Gustafsson, “Distributed wireless control strategies for district heating substa-
tions,” licentiate thesis,, Lule̊a University of Technology, Lule̊a, Sweden, 2009.

[7] “Embedded internet system technology botnia ab.” http://www.eistec.se/, Jan-
uary 2009.

[8] J. Johansson, M. Völker, J. Eliasson, Å. Östmark, P. Lindgren, and J. Delsing,
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