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Abstract

The idea of district heating is to heat up a whole district from a central source through
a distribution network [51]. The heat is extracted by heat exchangers and the water is
then subsequently returned to the central source. The heat exchange between the district
heating network and the building occurs in district heating substations. Heat meters are
located in such substations and are divided into two main categories depending on their
heat energy estimation frequency modes, which are either constant or flow rate dependent.

The Swedish district heating industry is a business with revenue of approximately
19.8 billion SEK (as of 2002 [1]). Considering an error of 1% in energy delivered, that
is a loss of 198 million SEK, which justifies the current research. The accuracy in heat
measurement for billing purposes is then one of the major reasons for conducting this
research.

Few studies have been done in this area. A Swedish study [43] shows that the major
causes of the errors are: flow meters, temperature sensors, integrating units, lightning,
control systems, valves, leaks in heat exchangers and the dynamic heat demand imposed
on the district heating substation.

I have chosen to study the heat measurement errors due to dynamic load imposed on
the district heating substation because they are the least investigated and presumably
account for a substantial portion of the total error. I have delimited my research area to
include single family houses, since the effects of dynamic heat load on heat metering are
more important in this kind of dwelling.

A major tool in the investigation has been simulations based on a Simulink model,
[45] [53] of a district heating substation and a house. For this purpose, the simulation
model has been extended to handle new heat measurement strategies. A district heating
laboratory was built at Lule̊a University of Technology to test not only the accuracy of
different heat measurement algorithms but also control and diagnosis methods.

Based on analysis of the measurement strategies, an adaptive algorithm and a feed-
forward method are proposed in this thesis to reduce the heat measurement errors due to
the dynamic heat demand imposed on the substation. Simulations conducted show that
the adaptive algorithm has a higher measurement accuracy than both kinds of existing
heat meters. The feed-forward method has the highest measurement accuracy compared
to both kinds of existing heat meters and the adaptive algorithm.
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Chapter 1

Introduction

The focus of this thesis is to discuss heat measurement in district heating and suggest
improvement. To facilitate the discussion, district heating technology and energy mea-
surement will be introduced together with current limitations.

Heat measurement errors cause revenue discrepancies in the district heating industry.
Some of these errors are caused by the uncertainty in the sensors themselves, but the
most contributing error source is the dynamic load such systems are subject to, as in the
case of irregular warm water tapping in single family houses. Simulations have shown
that the economic losses for Lule̊a Energi AB in Lule̊a alone for the year 2003 due to
heat measurement errors is estimated up to 2.33 MSKR. This clearly motivates the need
for heat measurement improvement.

A Swedish study [43] shows that of all reported static heat measurement error causes
are divided as follows:

• 57% are caused by the heat meter,

• 25% are caused by the control system, where valves are the main problem,

• 18% are caused by the heat exchanger, where hot water leaks are common.

This study shows that 75% of the heat measurement errors due to the heat meter, as
mentioned earlier, are related to the temperature sensor and the flow meter. Temperature
sensors are often located in sheaths that prolong their response time resulting in a slower
detection of the temperature change. Static [9] and dynamic [7] installation effects of
flow meters also affect the heat measurement accuracy. The dynamics of heat energy
consumption is known to deteriorate the performance of the district heating substation
[56]. It has also been shown that it accounts for a substantial part of the heat energy
measurement error [35] [55].

I have chosen to investigate the impact of the dynamic heat load and also propose new
strategies to improve the accuracy of heat measurement in district heating substations.
I have delimited my research area to include single family houses, since the effects of
dynamic heat load on heat metering are more important in this kind of dwelling.
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2 Introduction

My choice of topic is not only based on the large contribution of the dynamic heat
load to the heat measurement error, as has been pointed out by Winberg in [54], among
others, but also because the problem has not yet been investigated in detail.

A good understanding of how a district heating substation works and the impact of
the dynamics of the system are essential to achieve more accurate heat measurements.

The tools used to achieve the mentioned goals are:

• A Simulink model of the district heating substation and the house were made
to test the new algorithm and method in collaboration with the department of
heat and power engineering at Lund Institute of Technology (LTH). The technical
details and theory behind the Simulink model of the substation and the house
are found in Tommy Persson’s licentiate thesis [45]. Different parts of the district
heating substation, such as heat exchangers, valves and controllers, are modelled
separately in the Simulink model and then put together to model the district heating
substation. Details about the physics and model parameters are beyond the scope
of this thesis but are well documented in [45] and [53].

• A district heating laboratory was built at Lule̊a University of Technology to test
not only the accuracy of different heat measurement algorithms but also control
and diagnosis methods.

• An uncertainty analysis involving the inertia of the sensors has been carried out
to investigate the measurement errors that rise under dynamic conditions. This
analysis is presented in Chapter 3.

Two techniques for reducing the heat measurement errors due to the dynamic heat
demand imposed on the substation in single family houses are proposed in this thesis.
The first technique uses an adaptive algorithm that adjusts its estimation frequency
depending on the flow rate. The second technique, named Feed Forward, only takes heat
energy measurements when a change in energy consumption occurs.

These techniques are further described in this thesis but we will first start with an
introduction to district heating systems and heat metering in particular.



Chapter 2

District heating

2.1 History

District heating is widely used in the Nordic countries, Eastern and Western Europe,
North America, the former Soviet Union, China, Korea and Japan. The first large
district heating systems were built in the 1870-80s to deliver heat energy to large cities
in the USA [11]. Some smaller district heating systems were found in Europe in the
beginning of the 20th century. The European district heating infrastructure started to
expand in the 1920s in Germany. The technology was introduced into several large cities
in the period between the two world wars. The district heating infrastructure expanded
substantially when Europe was rebuilt after the Second World War.

2.2 District Heating technology in brief

The district heating technology has been chosen for simple reasons:

• Lower costs when using larger facilities where higher efficiency can be reached.
This result in a more effective heat energy production compared to several small
production facilities found in buildings.

• Low quality fuel can be used.

• The possibility to use waste heat from industrial processes.

This technology differs from one country to another, since it has been adapted over
the years to the different countries’ needs and supplies. A district heating system is
comprised of:

• Production facilities: The facilities where the heat energy is produced.

• Distribution networks: A transportation system where the heat energy is trans-
ported from the production facility to the end-user.

• District heating substations: The junction between the distribution network and
the internal distribution network of the end-user.

3



4 District heating

2.2.1 Production facilities

Heat production occurs in production facilities. These production plants are classified
in two categories: Facilities where only heat is produced and those where both heat and
electric power are produced.

Energy sources used as fuel for the heat energy production are classified in four
categories:

• Chemical energy sources where heat is produced by a chemical reaction (usually
combustion).

• Nuclear energy source where heat is produced in a nuclear reactor. The use of
this energy source is rare and only occurred in the former Soviet Union and some
Eastern European countries.

• Geological energy source, usually referred to as geothermal energy. Heat is in this
case extracted from the ground [6]. The use of this energy source is common in
Iceland.

• Solar energy source is also used directly from the sun [18] or indirectly from, for
example, the wind [17].

Combustion is the most common heat energy source used today. The choice of the
combustion fuel is based on cost and environmental impact. Large boilers capable of
burning cheap fuel and waste to deliver heat energy to larger cities have been used since
the end of the Second World War. Long chimneys have been built to mitigate impact
on the local environment. A lot of efforts have been made to reduce the release of
sulphur dioxide SO2 which is directly responsible for the acid rain that is damaging most
European forests.

The heat generation is a process of conjunction of air and fuel in the boiler to extract
heat energy. This process is achieved by means of burners, roast firing or fluidized beds.

2.2.1.1 Burners

This technology depends on the energy source used. In oil- or gas boilers, burners are
assembled vertically, horizontally, in parallel or in front of each other to optimise the
burning process.

Coal- and peat boilers are often larger than oil- and gas furnaces. Powder burners
are widely used in this context to get a good mixture between air and fuel, which results
in good combustion without an air surplus.

2.2.1.2 Roast firing

This is the oldest solid-fuel firing technology and it is still being used in small and
medium-size boilers.

There are boilers with fixed or mobile roasters where the fuel particles are either
fixed or mobile. Plane or inclined roasters are also common where the fuel elements are
roasted in a horizontal or an oblique position respectively. Boilers using this technology
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have different fuel input techniques. The fuel is blown from below, above or crossed from
the sides.

The fuel combustion in this technology uses a larger air surplus and less burned fuel
than the powder firing technique discussed in subsection 2.2.1.1, since the fuel particles
are larger in this case. This results in lower efficiency. The advantage of this technology
is that it does not require much supervision.

2.2.1.3 Fluidized beds

This is a new technology that was introduced to the market in the 80s. This technology
allows us to burn high and low quality solid fuel while reducing the discharges of acidic
compounds in the atmosphere. This technique allows air to be blown from below through
a mixture of solid fuel and lime or limestone. The airflow is such that the mixture acts
like a bed of fluid. The lime/limestone in the mixture reacts and absorbs most of the
sulphur compounds found in the fluidised bed and prevents it from leaving the boiler as
sulphur dioxide (SO2).

There are three different types of fluidised beds:

• Atmospherically stationary fluidised beds: The airflow is so low that all the particles
lie in the same level.

• Atmospherically circulating fluidised beds: The airflow is so high that the particles
follow the stream.

• Pressurised stationary fluidised beds: This technique was introduced in the early
90s. By changing the pressure in the boiler, the combustion temperature is held
at around 800 − 900◦C, which is lower than the other two techniques. This lower
combustion temperature prevents the formation of nitrogen oxides (NOx) which
pollute the atmosphere.

The inconvenience of this environmentally friendly method is its varying efficiency.
Complementing stationary beds with recirculating ones sometimes increases the effi-
ciency. This method is used to recirculate the ashes and burn unburned material left
from the first stationary bed.

2.2.1.4 Boilers

Boilers are often called hot-, warm-water or steam boilers depending on the thermody-
namic data of the water or the heat carrier medium used. The Swedish district heating
network is dimensioned for a water temperature of 120◦C, which is the limit between
warm and hot water.

Steam boilers are often used in distribution networks using pressurized water [39].
The steam is condensated to water. The advantage of steam boilers, despite their high
price, is that it is easy to expand the district heating production facility to produce
electric power using a steam turbine. Hot- and warm-water boilers can be directly or
indirectly connected through heat exchangers to the distribution network.
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2.2.1.5 Environmental considerations

The fluidised bed technology is the most environmentally friendly method for heat en-
ergy production used today in district heating systems. Efforts have also been made to
enhance the environmental friendliness of traditional burners and roasters by reducing
the discharge of sulphur dioxide (SO2) and nitrogen oxides (NOx).

Blowing lime/limestone directly into the furnace cuts Sulphur dioxide discharges into
the atmosphere. Nitrogen oxides discharges are reduced by avoiding high temperature
peaks during the combustion [16].

Most district heating production facilities use several dust separation or other means
of discharge cleaning techniques to meet today’s environmental requirements. The oldest
form of dust separation technique is cyclone filtering where centrifugal force is used to
separate particles.

Electrostatic filters are also used to separate particles. The discharged smoke is
conducted through an electrostatic field where different dust particles are charged and
removed.

The use of textile filters is also common as a dust separation technique. The dis-
charged smoke is led through a textile fabric where the tubes are suspended vertically
and parallel to each other. The discharged smoke is usually cooled down before entering
the filter, since textile does not tolerate high temperatures.

Some heavy metals are removed by washing the discharged smoke with water. Chem-
ical reactions imply that heavy metals stick to the dust particles and are caught later by
dust separation.

2.2.2 Distribution networks

The distribution network is a transportation network where heat is transported from the
production facility to the end user [51] [38].

Most district heating systems built before the Second World War use steam as a
carrier. Such distribution networks are still operational today in Paris, New York and
some German cities. Water is the most common distribution carrier [3] used in such
post-WW II networks . Other carriers with lower boiling points than water have also
been used, such as oil and ammoniac.

A German chemical heat transportation method called ”Adam und Eva” has been
considered as a thermal carrier in such networks. A catalytic endothermic chemical
reaction between (CH4) and water gives carbon monoxide (CO), hydrogen (H2) and
carbon dioxide (CO2) as shown in equation 2.1 (Eva reaction). The result of this reaction
is transported to the end-user. The results of the Eva reaction are then mixed in an
exothermic reaction to get (CH4), water and heat energy back, as shown in equation 2.1
(Adam reaction).

2 CH4 + 3H2O + heat −→ CO + 7H2 + CO2 (Eva reaction)

CO + 7H2 + CO2 −→ 2 CH4 + 3H2O + heat (Adam reaction)
(2.1)
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Figure 2.1: Different types of distribution networks

The heat energy released by the Adam reaction is then used by the end-user. The
temperature needed to process the Eva reaction, shown by equation 2.1, is between 450
and 800◦C. A nuclear reactor is suitable for generating such a high temperature necessary
for this reaction.

Hot-water technology is predominant in Western Europe, and Sweden in particular,
since the district heating systems have been built after the Second World War.

Steam is widely used in most distribution networks in the USA since district heating
had its expansion phase in the 1920-30s. North American district heating technology
stagnated somewhat after the 1930s and has not evolved since.

Four types of distribution networks, shown in figure 2.1, are widely used; these are
1-, 2-, 3- and 4-pipe systems. 2-pipe systems are commonly used in most distribution
networks around the world.

The 1-pipe system is an open loop circuit where the heat carrier is flushed in the
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Figure 2.2: District heating substation

sewer once the heat energy is consumed in the district heating substation. This technique
assumes a cheap heat production and an abundant supply of the heat carrier medium.
This kind of distribution network is used in Iceland, since the large supply of cheap
geothermal energy is almost inexhaustible. It is also used in the former Soviet Union
and Eastern countries where cheap heat production was possible as a result of the energy
policy. To reduce the waste of heat energy, the possibility of redirecting the 1-pipe
distribution system into the tap water circuit, instead of being flushed into the sewer,
has been considered in the former Soviet Union. It was claimed that the water from the
distribution network would have then been purified using several purification techniques
such as magnetic filtering to obtain a high quality tap water.
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3- and 4-pipe systems are in some cases more flexible than 1- and 2- pipe systems.
The supply temperature in such networks cannot be lowered to get a desirable tap water
temperature during the summer. The relative heat energy loss increases substantially in
such distribution networks. The heat supply for the tap water circuit in 3-pipe systems
is sometimes weaker than the heat supply for space heating. The heat energy supply for
space heating is sometimes completely closed in the summer to reduce heat energy loss
in such distribution networks. The only operational 3-pipe system in Western Europe
is found in the former West Germany. 4-pipe systems are sometimes used in smaller
networks.

Figure 2.3: Different district heating substation coupling

2.2.3 District heating substations

Heating systems in modern buildings are comprised of two separate circuits, one for space
heating and the other for tap water. The district heating distribution network is referred
to as the primary circuit while the household circuits are the secondary circuits. Dis-
trict heating substations are located at the junction between the primary and secondary
circuits. A picture of a district heating substation is shown in figure 2.2 on page 8.
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Radiator systems are widely used in Europe and are used for central space heating.
Radiators are often made out of cast or pressed sheet metal. Heat is emitted to the
surroundings by radiation and natural convection. Water is widely used as a heat carrier
in radiator systems.

Radiator systems were built according to the 80/60 norm [47], i.e. the supply and
return temperatures were set to 80◦C and 60◦C respectively, until the early ’80s.

The water temperature in tap water circuits on the other hand should lie between
45◦C and 65◦C to prevent bacterial growth such as the Legionella bacteria. District
heating substations contain one or several heat exchangers, where the heat energy is
transferred from the primary to the secondary circuit.

The radiator circuit can either be directly or indirectly connected and the tap water
circuit can either be open or closed.

The coupling circuit is chosen to satisfy the following criteria:

• The heat energy carrier in the primary circuit should be cooled as much as possible
at all times.

• The tap water temperature should be held constant at all times.

• No leaks should occur in the heat exchangers and radiators in the system.

• The heat energy metering should be as accurate as possible.

• Maintenance cost should be as low as possible.

Different couplings are used in different countries. The 3-step couplings shown in figure
2.3 are widely used in Sweden and Russia respectively, while the serial coupling is widely
used in the former Eastern European countries.

2.2.3.1 Control strategies

Different control strategies are used in different countries to control district heating sub-
stations. The substations in this section are assumed to be parallel coupled (see figure
2.3).

• Heat demand control: The flow in the primary circuit is controlled by the heat
and tap water needs of the household. Separate circuits control the flow in the
primary circuits for space heating and tap water. The flow in the primary circuit is
controlled using the tap water temperature as an input. The tap water temperature
is controlled to lie between 45◦C and 60◦C to avoid undesirable bacterial growth.

• Flow limitation control: The flow in the primary circuit has a limitation control
strategy. This control strategy has its benefits. By using the flow limitation control,
steady heat energy consumption is obtained in a group of households when the
heat energy supply in the district heating network is insufficient. This strategy is
used mostly in Denmark, Finland and Germany and is a simplified version of the
flow limitation control strategy using an electronic controller (see subsection ’Flow

limitation control using an electronic controller ’).
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• Differential pressure control: The aim of this control strategy is to keep the
differential pressure inside the district heating substation constant. Disturbances
in the control strategy related to differential pressure changes in the substation
because of load inequalities in neighbouring substations are then avoided.

• Supply temperature and pressure limitation control: This technique is
used when the space heating or radiator circuit is directly connected to the district
heating network with a high supply temperature. Self-controlled valves control the
flow rate in the primary circuit when the pressure and temperature exceed the limit,
the supply and return water are mixed in a 3-way valve to reduce the temperature
and pressure in the substation. This type of controller is sensitive to differential
pressure variations in the district heating substation.

• Control using ejector pumps: The ejector pump is a valve that mixes re-
circulated water in the supply water pipe of the primary circuit to reduce both
temperature and pressure of the water before entering the space heating or radia-
tor circuit.

• Flow limitation control using an electronic controller: The heat meter
found in the substation sends control signals to the valves controlling the heat
exchange rate between the primary circuit and the space heating and tap water
circuits.

2.3 Heat metering today

Cost effective and accurate heat energy measurement has always been a problem in dis-
trict heating. Cheaper battery driven heat meters with mediocre accuracy are usually
used in single family houses to reduce the expenses of the single household. Heat mea-
surement in larger facilities, on the other hand, is usually not battery driven and is more
accurate since better meters operating at higher sampling frequencies are used.

Nowadays, heat metering is regulated by strict international and national regulations
even though radical differences still remain between different countries. Heat metering is
still not common in Russia and the former Soviet Union republics for example, due to the
generous energy politic these countries have had during the last century. Heat metering in
the European Union and in Sweden in particular, is regulated by the European standard
SS-EN1434 [52]:

• The highest allowed relative error of the temperature sensors pair should not exceed

E = ±
(
0.5 + 3

ΔTmin

ΔT

)
(2.2)

• The highest relative error allowed of the flow meter should not exceed

Class 1: E = ±
(
1 + 0.01 qp

q

)
Class 2: E = ±

(
2 + 0.02 qp

q

)
but less than 5%

Class 3: E = ±
(
3 + 0.05 qp

q

)
but less than 5%

(2.3)
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• The total relative error allowed for the heat meter should not exceed

Class 1: E = ±
(
2 + 4ΔTmin

ΔT
+ 0.01 qp

q

)
Class 2: E = ±

(
3 + 4ΔTmin

ΔT
+ 0.02 qp

q

)
Class 3: E = ±

(
4 + 4ΔTmin

ΔT
+ 0.05 qp

q

) (2.4)

where

q = the measured mass flow rate in the primary circuit [kg/s]
qp = the permanent mass flow rate in the primary circuit [kg/s]
ΔT = the measured temperature difference between the supply [◦C]

and return pipes
ΔTmin = the lowest temperature difference between the supply [◦C]

and return pipes
Heat meters are usually tested in labs and test rigs where important factors that affect

heat measurement in reality are disregarded. One commonly ignored factor is that bent
pipes in the vicinity of the flow meter might disturb flow rate measurement [9]. This is
an example of static installation effects.

Heat measurement errors are introduced due to the dynamics in modern small district
heating substations. Ways to determine the magnitude of this error have been advised
by a new regulation standard F:111 [12]. This standard has been set by the Swedish
District Heating and Cooling Association to attempt to test different heat meters subject
to dynamic heat load demand. This test is a good start but it still needs some work since
it can sometimes be misleading. The tap water load changes, in this test, can occur at
the same frequency as some heat meters measure heat energy. This can be the source of
the very large error reported by U. Jansson for Siemens 2WR5 in [22].

2.3.1 Heat measurement theory

A heat meter measures how much energy is transferred from the primary circuit to the
secondary circuits. It commonly consists of a flow meter, two resistive temperature
sensors and a computing unit as shown in figure 2.4 on page 13.

The temperature sensors measure the supply and return temperatures of the primary
circuit, the flow meter measures the flow rate of the primary circuit and the integrating
unit is a piece of electronics that computes the heat energy consumed by the household
using the data given by the sensors.

The heat energy Q [J] consumed by the household during a period of time Δt = t1−t2
is given by the following continuous time integral [13]

Q =
∫ t2
t1

ṁcp(Tr, Ts)ΔTdt
=

∫ t2
t1

V k(Tr, Ts)ΔTdt,
(2.5)

and the power P [W] is then given by the following equation

P =
∂Q

∂t
= k(Tr, Ts)V ΔT, (2.6)
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where

k(Tr, Ts) = ρ(Tr)cp(Tr, Ts),
ΔT = Ts − Tr,
V = ṁ

ρ
,

(2.7)

and

Ts = the measured supply temperature in the primary circuit [◦C]
Tr = the measured return temperature in the primary circuit [◦C]
k(Tr, Ts) = the heat coefficient [J/◦Cm3]
ṁ = the mass-flow rate in the primary circuit [kg/s]
V = the volume-flow rate in the primary circuit [m3/s]
ρ(Tr) = the fluid density at Tr [kg/m3]

cp(Tr, Ts) = the average specific heat capacity at Tr and Ts [J/◦Ckg]

Modern heat meters do not com-

Figure 2.4: Typical heat meter in a single family house

pute continuous events, they use
the following discrete approxima-
tion of equation (2.5) to compute
the heat energy consumed by the
household

Q =
n∑

i=0

kiViΔTiΔti, (2.8)

where Δti = ti+1 − ti is the time
elapsed between two consecutive
measurements. ki, and Vi are the
heat coefficient and the volume
flow rate in the primary circuit
measured at time ti respectively.
ΔTi is the temperature difference
between the return and supply temperatures Tr and Ts measured at ti.

2.3.2 Different types of heat meters

Heat meters are divided into two main categories depending on their heat energy esti-
mation frequency modes, which are either constant or flow rate dependent. These two
modes are discussed in subsections 2.3.2.1 and 2.3.2.2, respectively.

Smaller heat meters are often battery operated to keep costs down. Their battery
power consumption are mainly proportional to their estimation frequency. The sampling
frequency has been kept low to achieve an economical heat meter with a reasonable
lifetime. The low sampling frequency of the heat meter reduces its capabilities to deliver
good accuracy in particularly under dynamic conditions.
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Figure 2.5: Heat meter with a flow rate dependent update frequency

2.3.2.1 Heat meters with flow rate dependent estimation frequency

This method has its origin in old turbine flow meters. Such flow meters are powered by
the flow. The turbine drive a mechanism that provides a pulse after a certain amount of
fluid has past by.

The flow rate dependent heat measurement is triggered by a series of pulses from
the flow meter. The flow meter emits a pulse when a fixed volume of water has passed
through it. The time between two consecutive pulses is often called the integration time

and is flow dependent. When a pulse is emitted, the integration unit measures the return
and supply temperatures and the integration time [13].

The heat integrator computes the heat energy consumed for each iteration i with the
average flow rate during the integration time Vi, temperature difference ΔTi and the heat
coefficient ki(Tri

, Tsi
). The obtained value is then accumulated onto the total heat energy

consumed according to equation (2.8).

The measurement error in such heat meters in single family houses depends on many
factors [35]. The largest source of error originates from the flow meter since it is ususally
inaccurate at low flow rates. A graph of the return temperature and the primary flow
rate, sampled continuously, versus the ones sampled by the integrating unit of the heat
meter is shown in figure 2.5.
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The measurement triggering signals shown in figure 2.5 gives us an idea of how often
the heat meter measures the return temperatures, primary flow rate and updates the
value of the heat energy consumed. This also gives us a hint as to how much battery
power the heat meter uses.
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Figure 2.6: Heat meter with a constant update frequency

2.3.2.2 Heat meters with a constant estimation frequency

Such heat meters estimate the heat energy consumed by the household during constant
periods of time. The estimation interval usually varies between 4 and 30 seconds.

They measure the flow rate Vi and the temperatures difference ΔTi between the supply
and return pipes of the primary circuit at a constant sampling frequency. They estimate
then the heat energy consumed using equation (2.8).

These heat meters often give a more accurate value of the heat energy consumed by
the household, but they consume more battery power than heat meters using a flow rate
dependent estimation frequency.

A graph of the return temperature and the primary flow rate, sampled continuously,
versus the ones sampled by the integrating unit of the heat meter is shown in figure 2.6.
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The measurement triggering signals shown in figure 2.6 give us an idea of how often
the heat meter measures the return temperatures, primary flow rate and updates the
value of the heat energy consumed. This also gives us an idea about the battery power
consumption of the heat meter.

2.3.3 Heat meter components

Heat meters are composed by a flow meter, two temperature probes and an integrat-
ing unit as shown in figure 2.4 on page 13. We will discuss, in this section, different
temperature and flow metering devices and their behaviour under dynamic conditions.

2.3.3.1 Temperature sensors

Temperature sensors are located either outside the water pipe, inside a sheath [41] or
directly stuck into the pipe. The last method is preferred since it is considered to give
lower measurement errors since the temperature sensor is closer to the water and the
heat dissipation is lower.

Mechanical temperature sensors, such as bi-metal and fluid thermometers described
in [10], were frequently used in district heating systems until 1960. Such sensors are
based on the fact that the dimensions of all substances, liquids, gas and solids are altered
with temperature changes. Almost all temperature measurement occurs electronically
nowadays. Resistive temperature sensors [8] [14], such as Pt-500, are widely used, since
they are considered to be more reliable and durable than mechanical sensors.

A lot of effort is made to reduce the time constant [5] [4], that is, the time necessary
for the sensor to give us a good estimation of the temperature. By reducing the time
constant temperature sensors react faster to temperature changes.

Several techniques can be used to reduce the time constant of the temperature sensor:

• The mass, and the conductivity, of the sensor is of great importance if one wants
to improve the response time and enhance temperature measurement. By reducing
the mass of the sensor itself and the sheath the temperature sensor reacts faster to
sudden temperature changes.

• Some electronic compensation methods, such as the Lead/Lag method among oth-
ers, are useful to shorten the response time of the temperature sensor. Details about
this compensation method is described in [5]. Figure 2.7 shows how the lead/lag
method is used to enhance the response of a resistive temperature sensor subject
to a sudden temperature change between 0 and 45◦C.

This reduction of the time constant leads to an improvement in heat energy measurement
especially in substations subject to fast temperature changes of the water temperature
in the primary circuit. If the sensor is however badly installed then the compensation
could lead to an unstable response as shown in figure 3.2 on page 27.

The impact of the dynamics of the tap water usage on the temperature measurement
and how to reduce the overall temperature measurement error are discussed in details in
Chapter 3.
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Figure 2.7: The use of lead/lag method to enhance the response of resistive temperature sensors
(Pt-100)

2.3.3.2 Flow meters

The constantly increasing measurement accuracy requirements in district heating have
pushed the evolution of flow meters forward. Mechanical flow measuring devices, such
as turbine and Woltman flow meters, were introduced in district heating sometimes after
the 1950s and were used together with mechanical integrators. The district heating
community had to wait until the 1990s to see the first electronic flow measuring devices
with no mechanical rotating parts, such as magnetic and ultra-sonic flow meters [50].

• Mechanical flow meters: Mechanical flow meters are either turbine, Woltman
or vortex flow meters. In the case of turbine flow meters the volume-flow rate is
measured by peripheral squirts of water towards the turbine.

The Woltman flow meter is a special version of the turbine flow meter used to
measure high flow rates. The fluid is conducted in the direction of the turbine axis,
which is either horizontal or vertical.

Vortex flow meters use a set of obstructions in a fluid flow to create vortices in a
downstream flow. Every obstruction has a critical fluid flow speed at which vortex
shedding occurs. Vortex shedding is the instance where alternating low pressure
zones are generated in the downstream.

• Electronic flow meters: Most electronic flow meters are either magnetic or ultra-
sonic. Magnetic flow meters follow Faraday’s electromagnetic law [49]: An inductive
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current, also called Eddy current, proportional to the amplitude of the magnetic
field, is generated in any electric conductor moving in a magnetic field. The electric
conductor subject to the magnetic field used in this case is water. Two electrodes
measure the Eddy current induced in the carrier and transform the voltage to a
pulsed signal. The signal strength is proportional to the volume-flow rate of the
water.

There are severeal types of ultrasonic flow meters. All of them use the same princi-
ple: The speed of sound, measured from a fix point, differs when travelling up- or
down-stream [49]. The ultrasonic waves are sent alternately from piezoelectric crys-
tals on each probe. The time difference between the ultrasonic waves sent up- and
down-stream is proportional to the flow rate of the water. This time difference is
transformed by the electronics of the flow meter into a pulse. Some ultrasonic flow
meters are equipped with a temperature sensor to enhance the measurement, since
the speed of sound in a medium is temperature dependent. The use of electronic
flow meters has flourished since mechanical flow meters have a limited measurement
interval.

Flow meters used in district heating must conform to the European district heating
standard SS-EN1434 [52]. Unfortunately, this standard only takes in account the mea-
surement errors upcoming from ideal flow conditions. Errors due to normal everyday life,
such as static [9] and dynamic [7] installations effects, are not covered by this standard.

The measurement error of the flow meter is more difficult to predict since it depends
on many factors. One of the major problems in flow measurement is the lack of accuracy
flow meters have at low flow rates [13]. Unfortunately low flow rates are common in
single family houses.

The dynamical behaviour of the heat energy consumption has also an effect on the
flow measurement. Very little work has been made on flow with random changes. Some
work has been carried out on pulsating flow.

Pulsating flow is one of the dynamic installation effects that is known to cause mea-
surement problems. It is a particular case of unsteady flow resulting from a superposition
of a cyclic variation in flow velocity upon a constant flow rate. These cyclic variations
are caused by active mechanical components present in the system such as valves, pumps
and compressors. These pulsations can have variable frequencies and amplitudes.

There are several methods to detect flow pulsations, among others by analysing the
raw data from the sensors or by using hot wire anemometers. But pulsations with a
frequency over 2 Hz are difficult to detect with mechanical flow meters [42].

There is some work done to detect and improve flow measurement subject to pulsat-
ing flow. McKee suggests that measurement of pulse period modulation could be used
to detect pulsations and that two-rotor meters are less vulnerable than single-rotor tur-
bine flow meters. Alkinsson have developed a software tool to determine the pulsation
frequency and amplitude from the modulation of the rotor-blade passing frequency and
predict the error in turbine flow meters [42].

Vortex flow meters are also affected by pulsations since this phenomenon creates
interference between the low and high pressure zones used by this meter to estimate
the flow rate. If the frequency of the pulsations is closed to the natural fluid oscillation
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frequency then the vortex process might lock on the pulsation frequency and a large
metering error will result. A study done by Al-Asmi and Castro shows that the shapes of
the bluff body used in most commercial vortex flow meters to ensure strong and regular
vortex shedding are also the ones that are the most disposed to lock-in in pulsatile flow
[42].

Not only mechanical but also electronical flow meters are affected. Flow pulsation
changes the velocity profile in the flow meter resulting in an imaginary high Reynolds
number causing a flow rate estimation error. This is usually detectable in the case of
laminar flow. But if the flow is turbulent then pulsations are harder to detect. An
extensive work has been done to predict and compensate for the errors due to pulsation
by Berrebi in [7] and H̊akansson in [20].

2.3.3.3 The integrating unit

The integrating unit is the brain of the heat meter. It is an electronic circuit used to
compute the heat energy consumed by the household. Depending on the algorithm used,
this device times the supply and return temperatures and flow measurements and uses
the data to compute the heat energy using equation (2.8). In some cases, the pulses sent
by the flow meter regulate the timer of the integrating unit. The choice of measurement
algorithm is crucial to obtain an accurate heat energy measurement.

The dynamics in district heating is a challenge for the heat meter in order to achieve
an accurate heat measurement. Some of these dynamics are uncontrolled and caused
by moving parts in the district heating system such as differential pressure regulators,
external perturbation from the distribution network and so on. One of these uncontrolled
dynamics is pulsating flow compromising the flow meter and thereby the heat measure-
ment. Some of the dynamics in district heating are controlled and caused by the control
valve movements for example.

The dynamics of the system can be considered as a large set of frequency components
where the pulsating flow, for example, is one of these components. The movement of the
control valves is another. The most significant frequency components have to be iden-
tified. These components are different dependent on type of substation, its components
and control strategies.

The sampling frequency of the heat meter, and its components, should then be chosen
to be at least two times faster than the most significant frequency component. The
sampling frequency of the flow meter and the temperature sensors does not need to be
the same in order to get an accurate heat measurement. The dynamics of the flow does
not necessarily similar to the carrier temperature. If we want a synchronous temperature
and flow measurement then the highest frequency has to be chosen.

There are two main algorithms used by commercial heat meters today, a flow rate
dependent estimation frequency discussed further in Chapter 2.3.2.1 and a constant es-
timation frequency discussed further in Chapter 2.3.2.2.

Two solutions to enhance heat metering are presented in Chapter 5; the adaptive
algorithm and the Feed Forward method.
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2.3.4 Heat measurement testing

Modern substations in single family houses respond well to sudden changes in the heat
demand or dynamic loads. However, as mentioned earlier, the metering of the transferred
heat has not evolved to address such variations. The measurement error in heat meters
using a flow rate dependent estimation frequency in single family houses is proportional
to the frequency and amplitude of the tap water load, as shown in paper A.

The Swedish District Heating Association has developed the test program F:111 [12]
to test the ability of heat meters to cope with the dynamic load such substations are
subject to. Heat meters from well known manufacturers such as Enermet [23] [24],
Kamstrup [25] [26] [27] [31], ABB [28], Siemens [22] [29] [30] and Actaris [21] [32] [33]
have been tested by the Swedish District Heating Association and the Swedish National
Testing and Research Institute (SP).



Chapter 3

Transient heat measurement

uncertainty analysis

A detailed uncertainty analysis is carried out to investigate the possible errors in heat
metering under dynamic conditions. A good uncertainty analysis must reflect the impact
of a dynamic heat energy consumption on its measurement [37]. In order to achieve
our goal of an accurate transient heat measurement one has to model the inertia of the
temperature probe, flow meter and the integrator unit.

These models can be implemented in any modern integrating unit using a micro-
controller. No additional electronics is then required to give a more accurate heat energy
measurement.

3.1 Transient temperature model compensation

The temperature of the heat carrier in district heating is seldom constant; it is always
subject to transient random changes depending on the consumer’s heat consumption
pattern [37].

We will discuss different transient compensation models and analyze the measurement
uncertainty for temperature probes in this chapter.

3.1.1 Bare temperature sensor

Resistive temperature sensors [8] [14] are commonly
used in district heating. Such probes are composed of a
thin platina wire encapsulated in a thin sheath or a thermo
well for protection. The probe is sometimes located in
an additional sheath [41] causing the response time of the
probe to be longer. This particular case will be discussed
further in the next section. Suppose that a temperature
sensor is immersed in a fluid at an initial temperature Ti.

21
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The sensor is kept in the fluid for a long time, so its sensing wire has the same tem-
perature as the surrounding fluid. At t0 the temperature is suddenly changed to Tf ,
the sensor is no longer at steady state and its dynamical behaviour is described by the
following heat balance law [15]

Rate of change of sensor heat = Rate of heat inflow - Rate of heat outflow
(3.1)

The right hand side of the equation above is then

dQw

dt
= UFSAS · (Tf − T ), (3.2)

where T is the temperature of the sensing platina wire, UFS is the overall heat transfer
coefficient and AS is the effective heat transfer area [5].

The left hand side of equation (3.1) is given by

dQs

dt
= MSCS · (T − Ti), (3.3)

where T is the temperature of the sensing platina wire. MS and CS are the mass and
heat capacity of the material of the sensor respectively [5].

Putting equations (3.2) and (3.3) in equation (3.1) gives the following first order linear
differential equation [15] [5]

τ
dΔT

dt
+ ΔT = ΔTf , (3.4)

where τ = MSCS

UF SAS
is referred to as the time constant of the sensor [5] [4] given by the

manufacturer. ΔT = T − Ti and ΔTf = Tf − Ti are the deviation of the temperature
of the thin platina wire and the surrounding fluid respectively from initial steady state
conditions.

The overall transfer function G(s) of the sensor is obtained by the Lalpace transform
of the above equation

G(s) =
ΔT (s)

ΔTf(s)
=

1

1 + τs
, (3.5)

Now that the transfer function of the temperature sensor is known, one can compen-
sate for its inertia by multiplying the transfer function with a new similar function. The
new compensated transfer function becomes

Gc(s) =
1

1 + τs
· 1 + τs

1 + τcs
=

1

1 + τcs
(3.6)

where τc is chosen in a way that τc ≤ τ and as small as possible. This method is known
as the Leed-Lag method [5]. This is done either with the addition of some electronics or
a piece of software if a microcontroller is used.

The compensated transfer function described by equation (3.6) has the following form
in real space

T (t) = ΔTf · (1 − e−
1
τc

t) + Ti (3.7)
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Figure 3.1: Plot of measured and compensated temperatures of a bare temperature sensor using
the response model equation (3.7) where τ = 1.5 s.

where T (t) is the compensated temperature response model of the sensor at all times.

Equation (3.7) will be used later in the temperature measurement uncertainty section
to compensate for the error due the inertia of such sensors.

Plots of measured and compensated temperatures of a bare temperature sensor using
the response model equation (3.7) are shown in figure (3.1). The temperature measure-
ment has been conducted in the district heating lab using the temperature probes in the
lab with a known τ value of 1.5s.

3.1.2 Temperature sensor in a sheath

The temperature probe is, for different reasons, some-
times located in an additional sheath in district heating.
The additional sheath causes the response time of the probe
to be longer and the heat measurement accuracy to dete-
riorate. Suppose that we have the same setup as in the
former section. The overall temperature of the system is
Ti at all times prior to t0 when the temperature of the
fluid is suddenly changed to Tf . The system is no longer
at steady state. Then, the left and right hand side of the heat balance equation (3.1)
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becomes

Sensor: MSCS
dTs

dt
= USW AS(Tw − Ts)

Well: MSCS
dTw

dt
= −USW AS(Tw − Ts) + UWFAW (Tf − Tw)

, (3.8)

where
MS, MW = Mass of the sensor/thermowell
CS, CW = Specific heat capacity of the sensor/thermowell
AS, AW = The effective heat transfer area of the sensor/thermowell
USW , UWF = Heat transfer coefficient of the ’sensor to thermowell’/’thermowell to fluid’

Putting the set of equations (3.8) in equation (3.1) gives the following set of differential
equations

τ1
dTs

dt
+ Ts = Tw (3.9)

τ2
dTw

dt
+ δTw + Tw = δTs + Tf (3.10)

where τ1 = MSCS

USW AS
, τ2 = MW CW

UWF AW
and δ = USW AS

UWF AW
[5].

Putting the above equation set in the heat balance equation (3.1) gives the following
second order linear differential equation describing the transient temperature response of
the overall thermal system

1

ωn

2d2ΔTs

dt2
+

2ξ

ωn

dΔTs

dt
+ ΔTs = ΔTf , (3.11)

where

⎧⎨
⎩

ωn = 1√
τ1τ2

ξ = 1
2
√

τ1τ2
(τ1 + τ2 + δτ1).

(3.12)

ΔTs = T −Ti and ΔTf = Tf −Ti are the deviation of the temperature of the thin platina
wire and the surrounding fluid from initial steady state conditions, respectively.

The solution of the differential equation (3.11) and the transfer function of the whole
thermal system are different depending on whether the temperature sensor is correctly
installed in the sheath or not. The temperature sensor is in full contact with the thermal
paste in the sheath when correctly installed. This implies a larger heat transfer coefficient
USW between the sheath and the sensor.

3.1.2.1 Correctly installed sensor

If the temperature sensor is correctly installed and in contact with the sheath, then the
heat transfer coefficient USW is very large and τ1 in equation (3.10) is small [5]. The
second order derivative in equation (3.11) vanishes and a first order differential equation
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is then obtained. The overall response of the thermal system is then described by the
following transfer function G(s)

G(s) =
ΔTs

ΔTf

(s) =
1

1 + τs
(3.13)

where τ = MSCS+MW CW

UF W AW
.

Now that the transfer function of the temperature sensor is known one can compensate
for its inertia by multiplying the transfer function with a new similar function. The new
compensated transfer function [5] becomes

Gc(s) =
1

1 + τs
· 1 + τs

1 + τcs
=

1

1 + τcs
(3.14)

where τc is chosen in a way that τc ≤ τ and as small as possible. This method is known
as the Leed-Lag method. This is done either with the addition of some electronics or a
piece of software if a micro-controller is used.

The compensated transfer function described by equation (3.14) has the following
form in real space

T (t) = ΔTf · (1 − e−
1
τc

t) + Ti (3.15)

where T (t) is the compensated temperature response model of the sensor at all times.

3.1.2.2 Badly installed sensor

Suppose now that the temperature sensor is not properly installed; then, the heat transfer
coefficient USW is very small and τ1 in equation (3.10) is large [5]. The overall response
of the thermal system is then described by the following second order transfer function
G(s) [5]

G(s) =
1

τ1τ2s2 + (τ1 + τ2 + δτ1)s + 1
(3.16)

Now that the transfer function of the temperature sensor is known, one can compen-
sate for its inertia by multiplying the transfer function with a new function that is similar
in form. The new compensated transfer function becomes

Gc(s) =
1

τ1τ2s2 + (τ1 + τ2 + δτ1)s + 1
· τ1τ2s

2 + (τ1 + τ2 + δτ1)s + 1

τ1c
τ2c

s2 + (τ1c
+ τ2c

+ δcτ1c
)s + 1

=
1

τ1c
τ2c

s2 + (τ1c
+ τ2c

+ δcτ1c
)s + 1

(3.17)

where δc, τ1c
and τ2c

are chosen so that δc ≤ δ, τ1c
≤ τ1 and τ2c

≤ τ2, respectively.
This method is known as the Lead-Lag method. This is done either with the addition of
some electronics or a piece of software if a micro-controller is used.

One might be tempted to multiply the transfer function G(s) by the following function

τ1τ2s
2 + (τ1 + τ2 + δτ1)s + 1

1 + τcs
, (3.18)
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but this wouldn’t give a good result, since we are only interested in compensating for the
time response of the system and not transforming the output signal.

The form of the compensated transfer function described by equation (3.17) in real
space is more complex and depends in this case on the choice of the material of the sheath.

1. Underdamped system:

ξc < 1 in this particular case. The temperature response of the thin platina wire is
then given by

T (t) = ΔTf ·[1−e−ξcωnt[cos(ωnc

√
(1−ξ2

c )t)+
ξc√

1 − ξ2
c

sin(ωnc

√
(1−ξ2

c )t)]]+Ti (3.19)

2. Critically damped system:

ξc = 1 in this particular case. The temperature response of the thin platina wire is
then given by

T (t) = ΔTf · [1 − e−ωnc t(1 + ωnc
t)] + Ti (3.20)

3. Overdamped system:

ξc > 1 in this particular case. The temperature response of the thin platina wire is
then given by

T (t) = ΔTf · [1− e−ξcωnt[cosh(ωnc

√
(ξ2

c − 1)t) +
ξc√

ξ2
c − 1

sinh(ωnc

√
(ξ2

c − 1)t)]] + Ti

(3.21)

where T (t) in equation (3.19) (3.20) and (3.21) are the compensated temperature
response models of the sensor at all times, ξc and ωnc

are obtained using the compensated
time constants τ1c

and τ2c
in equation (3.12).

The set of equations (3.15), (3.19), (3.20) and (3.21) will be used later in the tem-
perature measurement uncertainty section to compensate for the error due the inertia of
such sensors.

3.2 Temperature measurement uncertainty analysis

The temperature sensors used in district heating are often resistive sensors [8] [14]. These
sensors are often comprised of a number of thin platina wires whose resistance is propor-
tional to the surrounding temperature. The resistance of the temperature probe is given
by the Callendar-Van Dusen equations [46],

RT (T ) =

⎧⎪⎨
⎪⎩

R0 (1 + AT + BT 2 + CT 3) , −200◦C ≤ T ≤ 0◦C

R0 (1 + AT + BT 2) , 0◦C ≤ T ≤ 661◦C
(3.22)
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Figure 3.2: Compensated response model of a badly installed temperature sensor: ξc < 1 under
damped, ξc = 1 critically damped and ξc > 1 over damped

where R0 is the resistance of the platina wire at 0◦C, A, B and C are the Callendar-Van
Dusen coefficients. Note that the second Callendar-Van Dusen equation will only be used
in district heating, since the water temperature is always above the freezing point. The
temperature sensors are calibrated against a reference temperature probe having a given
uncertainty UT at a given confidence level, as explained in detail in section 4.2.2 on page
40.

Different temperature response models discussed in previous sections are used to
improve temperature measurement accuracy by compensating for the inertia of the tem-
perature sensor expressed in equation (3.22). The temperature response model of the
temperature sensor T (t) given by equation (3.7) is used in case of a bare sensor and
equation (3.15) if the sensor is correctly installed in a sheath. Equations (3.20), (3.19)
and (3.21) are used when the sensor is not correctly installed in the sheath. The choice
of which equation to use in the latter case depends on the materials of both sensor and
sheath.

The uncertainty of the reference probe at a temperature T is propagated to the
measurement of the resistance of the platina wire [19] as follows

URT
(T (t)) = ±

(
∂RT

∂T

)
UT = ±R0 [A + 2BT (t)]UT , (3.23)
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where UT is the measurement uncertainty of the reference temperature probe given by
the manufacturer.

To measure the temperature one has to estimate the resistance RT of the probe
[46]. This is done by connecting the temperature sensor to a current source delivering a
constant current I and then measuring the voltage υ obtained over the sensing platina
wire. The current source has been calibrated against an accurate reference current source
having a known and traceable uncertainty UI at a given confidence level. The voltage υ
is proportional to the probe resistance RT (T ) at temperature T

υ(T, t) = RT [T (t)] I,

Since we are taking a series of temperature measurements in time, the uncertainty of
the timer used to clock the measurements of the voltage across the platina wire by the
A/D converters is propagated to the voltage measurement as follows

Uυt(T (t)) = ±
(

∂υ

∂t

)
Ut = ±R0 (A + 2BT )

∂T (t)

∂t
I · Ut, (3.24)

where Ut is the measurement uncertainty of the timer given by the manufacturer and
T (t) is the temperature response model T (t) used to compensate for the inertia of the
temperature sensor given by equation (3.7), (3.15), (3.20), (3.19).

The uncertainties of the resistance of the probe, the timer used the current source are
propagated to the voltage measurement at temperature T [19] as follows

Uυ(T, t) = ±
√(

∂υ
∂RT

URT

)2
+

(
∂υ
∂I

UI

)2
+

(
∂υ
∂t

Ut

)2

= ±
√

(URT
I)2 + (RT UI)

2 +
(
IBR0

∂T (t)
∂t

· Ut

)2
,

where RT and URT
are given by equations (3.22) and (3.23), respectively. UI is the

uncertainty of the reference current source used for calibration and the temperature
response model T (t) used to compensate for the inertia of the temperature sensor is given
by equations (3.7), (3.15), (3.20), (3.19) and (3.21) depending on the type of installation
of the sensor.

Some heat meters use A/D conversion among other technologies. An uncertainty is
introduced in this case when the voltage measured over the temperature sensor is con-
verted to a digital number by the A/D-converter of the integrating unit. This uncertainty
is referred to as quantization error and is expressed as follows

UAD = ± 100

(2n − 1)
, (3.25)

where n is the resolution of the AD-converter in bits.
The total uncertainty of a temperature measurement T(t) [19] is then

Utemp(T, t) = ±
√

U2
υ + U2

AD

= ±
√

(URT
I)2 + (RT UI)

2 +
(
IBR0

∂T (t)
∂t

· Ut

)2
+ U2

AD

, (3.26)
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where the temperature response model T (t) used to compensate for the inertia of the
temperature sensor is given by equations (3.7), (3.15), (3.20), (3.19) and (3.21) depend-
ing on the type of installation of the sensor.
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Figure 3.3: Plot of measured and compensated temperatures of a correctly installed temperature
sensor in a sheath. Compensation for the inertia and the measurement uncertainty were made.
τ ≈ 1.5s.

If the temperature sensor is correctly installed, for example, then the compensated
temperature response model T (t) is given by equation (3.15) and the temperature time
derivatives in equation(3.24) are then

∂T

∂t
=

ΔTf

τc

e−
1
τc

t

where τc is the compensated response time of the sensor (see section 3.1.2) and the
total uncertainty of a temperature measurement T (t) given by equation (3.26) on page
28 becomes

Utemp(T, t) = ±
√√√√(URT

I)2 + (RT UI)
2 +

(
IBR0

ΔTf

τc

e−
1
τc

t · Ut

)2

+ U2
AD (3.27)



30 Transient heat measurement uncertainty analysis

where RT , URT
, UAD and T (t) are given by equations (3.22), (3.23), (3.25) and (3.15),

respectively.

The compensated temperatures from a correctly installed temperature sensor in a
well are plotted against measured temperatures, as shown in figure (3.3). The estima-
tion of the total measurement uncertainty is computed using equation (3.26), where the
temperature T (t) was given by the compensated response model of a correctly installed
sensor in a well, described in equation (3.15).

3.3 Flow measurement uncertainty analysis

An uncertainty analysis comprising all kinds of flow meters is impossible to perform,
since they are built on so many and so different technologies, as discussed in Chapter
2.3.3.2.

Ultrasonic flow meters were chosen in this study, since they are widely used in district
heating substations. It is still very hard to conduct an uncertainty analysis even though
we have chosen only ultrasonic flow meters, since there are so many incontrollable error
sources such as installation effects, as discussed in [9] and [7].

The flow meters studied are based on the sing-around or transit time method, where
the flow rate is measured by sending a series of ultrasonic pulses, first upstream and
then downstream. The flow rate is proportional to the time difference between the up-
and down-stream travel times. A mean flow rate is then computed out of N samples to
increase the measurement accuracy as follows

V (t) =
1

N

n∑
i=0

Ki(Re)
(

1

ti1
− 1

ti2

)
(3.28)

where
V (t) : The mean flow rate [l/s]
Ki(Re) : The calibration coefficient at sample i [l]
ti1 : The downstream travel time of the ultrasonic pulse at sample i [s]
ti2 : The upstream travel time of the ultrasonic pulse at sample i [s]

The uncertainty of the estimation of the calibration factor Ki(Re) is propagated to
the flow rate measurement as follows

Uvk(t) = ±(
∂V (t)

∂K
)UK = ± 1

N

N∑
i=0

(
1

ti1
− 1

ti2

)
UKi (3.29)

where UKi is the estimation uncertainty of the calibration coefficient Ki(Re) as sample i
at a given confidence level.

The time measurement uncertainty due to the precision of the time measurement
circuit used in the electronics of the flow meter is given by

Uvt(t) = ±(
∂V (t)

∂t
)Uqt = ± 1

N

N∑
i=0

Ki(Re)

(
1

t2i2
− 1

t2i1

)
Uqti (3.30)
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where Uqti is the uncertainty associated with the time mesurement circuit at sample i of
the circuit of the flow meter.

The uncertainty of the calibration factor has been shown in [9] to be dependent on
the installation effects and the Reynolds’s number.

1. The single elbow installation effect for example causes a calibration factor error UK

of 3% in the range of Reynolds’s numbers between 3000 and 5000. The calibration
factor error UK was estimated to 1.5% for Reynolds’s numbers higher than 100000.

2. Calibration factor errors due to double elbow installations were similar to the ones
for single elbow, though slightly larger. The largest error was a little less than 4%.

3. The calibration factor errors due to diameter reduction were noticeable at Reynolds
numbers higher than 100000. The largest error was approximately 2%.

4. Flow pulsations also induce errors in the estimation of the coefficient factor. No
errors were found in fully developed turbulent flows at Reynolds numbers higher
than 20000 due to pulsating flow. The error was between 1-2% for Reynolds num-
bers lower than 20000. Large errors up to 80% were encountered for flows with
Reynolds numbers lower than 300.

The dynamics in district heating systems is a challenge if high flow measurement
accuracy is desired. Very little work has been done on flow metering with random flow
changes. Pulsating flow is a dynamic effect that has been studied. Pulsating flow in
district heating come up when, for example, the control valve of the system opens or
closes. H̊akansson has investigated the effects of pulsating flow in gas flow meters in
[20]. The compressibility of gases have not been included in the study therefore we can
generalise his work to include fluids.

The pulsating flow was modelled by adding a sinusoidal pulsation to a constant bulk
flow Vconst as follows

V (t) = Vconst

[
1 +

√
2 [apuls sin(2πfpulst) + anH(t)]

]
(3.31)

where apuls and fpuls are the amplitude and frequency of the pulse. an and H(t) are the
amplitude and a normalized function representing the contribution from all frequency
components present in the flow noise.

The flow in district heating substations is seldom constant. The dynamics created by
the valves when controlling the system introduce further measurement errors. Equation
(3.31) could then be extended to include the dynamics of the valve. Let us assume that
the valve influence on the flow is modelled by the time varying function Vvalve(t) then
the combined effect of the dynamics introduced by the valve and pulsation on the flow
is given by

V (t) = Vvalve(t)
[
1 +

√
2 [apuls sin(2πfpulst) + anH(t)]

]
(3.32)

If a flow rate, described by a continuous function V (t), is sampeled at an instant tn,
then the sampleled value V (tn) may be written as

Vn(tn) =
1

τi

∫ tn+τi

tn

V (t)dt (3.33)
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The measurement error was estimated using

Udyn(t) = Vn(t) − V (t) =
1

τi

∫ tn+τi

tn

V (t)dt − V (t) (3.34)

The maximum flow measurement error due to pulsations during constant bulk flow
modelled by equation (3.31) was

|Udyn(t)| ≤ 1

N

N∑
i=0

√
2Vconst

πτi

(
apuls

fpuls

+
anD

Vconst

)
(3.35)

where D and Vconst are the diameter of the pipe and the flow velocity. τi is the flow
meters integration time at the ith measurement [20].

Let us now look at the case when the valve moves. Three types of valves, commonly
used in district heating, have been studied:

• Logaritmic valves: The function δV = V0e
nh represents the change of the flow

velocity due to the action of the logarithmic valve. δV is a function of h, the stroke
length or position of the valve, and n, the slope of the logaritmic flow characteristic
of the valve [44].

We assume that the stroke length of the valve is a linear function of time h(t) = hot.
This model is then used in equation (3.32) where an and H(t), the contribution
from all frequency components present in the flow noise are neglected when the
valve moves. Let us assume that the flow changes from Vconst to Vconst ± δV when
the valve moves.

V (t) =

⎧⎪⎪⎨
⎪⎪⎩

Vconst

[
1 +

√
2 [apuls sin(2πfpulst) + anH(t)]

]
, ∀t ≤ t0

(
Vconst ± V0e

nh0t
) [

1 +
√

2 [apuls sin(2πfpulst)]
]
, ∀t ≥ t0

(3.36)

where the ± sign in the second equation is + when the valve opens and − when it
closes.

The maximum measurement error due to the combined action of the dynamics
introduced by the logarithmic valve and pulsating flow at all times prior to t0 is
given by equation (3.35).

The measurement error during the integration period τi at sample i for all times tn
after t0 when the valve moves is given by

Udyn(t) = − apulsVconst√
2πfpulsτi

cos (2πfpulst) ± · · ·

(3.37)

· · · ± Vconst

τi

enhot

[
1

nh0
+

√
2apuls

n2h2
0 + 4π2f 2

puls

A(t) − τi −
√

2apulsτi sin (2πfpulst)

]∣∣∣∣∣
tn+τi

tn

where A(t) = nh0 sin(2πfpulst) − 2πfpuls cos(2πfpulst). The ± sign is + when the
valve opens and − when it closes.
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This equation is quite complicated. The maximum error Udyn(t) is guaranteed by
minimizing the sine and cosine terms in equation (3.37). The terrm A(t) could be
maximised as follows:

1. fpuls � nh0

2π
:

If the frequency of the pulsations i much smaller than nh0

2π
then the maximum

error given by equation (3.37) becomes

|Udyn(t)| ≤ 1

N

N∑
i=0

√
2Vconstapuls

πτifpuls

± · · ·

(3.38)

· · · ± Vconst

τi

[
1

nho

+

√
2apuls

n2h2
0 + 4π2f 2

puls

+ τi

(√
2apuls − 1

)] (
enho(ti+τi) − enhoti

)

The ± sign is + when the valve opens and − when it closes.

2. fpuls � nh0

2π
:

If the frequency of the pulsations i much greater than nh0

2π
then the maximum

error given by equation (3.37) becomes

|Udyn(t)| ≤ 1

N

N∑
i=0

√
2Vconstapuls

πτifpuls

± · · ·

(3.39)

· · · ± Vconst

τi

[
1

nho

− 2
√

2πfpulsapuls

n2h2
0 + 4π2f 2

puls

+ τi

(√
2apuls − 1

)] (
enho(ti+τi) − enhoti

)

The ± sign is + when the valve opens and − when it closes.

• Linear valves: The function δV = m · h (t) represents the change of the flow
velocity due to the action of the linear valve. δV is a function of h (t), the stroke
length or position of the valve and m, the slope of the linear flow characteristics of
the valve [44].

We assume that the stroke length of the valve is a linear function of time h(t) = hot.
This model is then used in equation (3.32) where an and H(t), the contribution
from all frequency components present in the flow noise are neglected when the
valve moves. Let us assume that the flow changes from Vconst to Vconst + δV when
the valve moves.

V (t) =

⎧⎪⎪⎨
⎪⎪⎩

Vconst

[
1 +

√
2 [apuls sin(2πfpulst) + anH(t)]

]
, ∀t ≤ t0

(
Vconst ± mhot

[
1 +

√
2 [apuls sin(2πfpulst)]

]
, ∀t ≥ t0

(3.40)
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where the ± sign in the second esquation is + when the valve opens and − when
it closes.

The maximum measurement error due to the combined action of the dynamics
introduced by the linear valve and pulsating flow at all times prior to t0 is given by
equation (3.35).

The measurement error during the integration period τi at sample i for all times tn
after t0 is given by

Udyn(t) = − apulsVconst√
2πfpulsτi

cos (2πfpulst) ± · · ·

(3.41)

· · · ± mh0

τi

⎡
⎣t2

2
− τi

[
1 +

√
2 sin (2πfpulst)

]
t +

apuls

2
√

2π2f 2
puls

B (t)

⎤
⎦

∣∣∣∣∣∣
tn+τi

tn

where B(t) = sin (2πfpulst)−2πfpulst cos (2πfpulst). The ± sign is + when the valve
opens and − when it closes.

This equation is quite complicated. The maximum error Udyn(t) is garantied by
minimizing the sine term in equation (3.41). The terrm B(t) could be maximised
as follows:

1. fpuls � 1
2πt

:

If the frequency of the pulsations is much smaller than 1
2πt

then the maximum
error given by equation (3.41) becomes

|Udyn(t)| ≤ 1

N

N∑
i=0

√
2Vconstapuls

πτifpuls

± · · ·

(3.42)

· · · ± mh0

τi

⎡
⎣(ti + τi)

2 − t2i
2

− τ 2
i

(
1 −

√
2
)

+
apuls

2
√

2π2f 2
puls

⎤
⎦

The ± sign is + when the valve opens and − when it closes.

2. fpuls � 1
2πt

:

If the frequency of the pulsations is much greater than 1
2πt

then the maximum
error given by equation (3.41) becomes

|Udyn(t)| ≤ 1

N

N∑
i=0

√
2Vconstapuls

πτifpuls

± · · ·

(3.43)

· · · ± mh0

τi

[
(ti + τi)

2 − t2i
2

− τ 2
i

(
1 −

√
2
)

+
apulsτi√
2πfpuls

]

The ± sign is + when the valve opens and − when it closes.
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• AVTQ valves: These valves are common in singel family houses. They have a
fast response time. The combined effect of the dynamics introduced by the valve
and pulsation on the flow is given by

V (t) =

⎧⎪⎪⎨
⎪⎪⎩

V0

[
1 +

√
2 [apuls sin(2πfpulst) + anH(t)]

]
, ∀t ≤ t0

V1

[
1 +

√
2 [apuls sin(2πfpulst) + anH(t)]

]
, ∀t ≥ t0

(3.44)

where V0 and V1 are the flow rates before and after to the movement of the valve
occurring at t0. The maximum measurement error due to the combined action of
the dynamics introduced by the AVTQ valve and pulsating flow is very similar to
equation (3.35) and is given by

Udyn(t) =

⎧⎪⎪⎨
⎪⎪⎩

± 1
N

∑N
i=0

√
2V0

πτi

(
apuls

fpuls
+ anD

V0

)
, ∀t ≤ t0

± 1
N

∑N
i=0

√
2V1

πτi

(
apuls

fpuls
+ anD

V1

)
, ∀t ≥ t0

(3.45)

The total reference flow measurement error is then

Uflow(t) = ±
√

Uvk(t)2 + Uvt(t)2 + U2
dyn(t)

= ± 1

N

√√√√ N∑
i=0

(
1

ti1
− 1

ti2

)2

U2
Ki + K2

i (Re)

(
1

t2i2
− 1

t2i1

)2

U2
qti + U2

dyn(t) (3.46)

where Uvk(t) and Uvt(t) are given by equations (3.29), (3.30), respectively. Udyn(t) is the
measurement error due to the combined action of the dynamics introduced by the valve
and pulsating flow. If any valve is used and it is not in movement, then Udyn(t) is given
by equation (3.35). But if the valve moves, then Udyn(t) is given by: Equation (3.45) if
an AVTQ valve is used, one of the equations (3.37 - 3.39) in the case of a logarithmic
valve and finally one of equations (3.41 - 3.43) if a linear valve is used. The choice of
which equation to use depends not only on the valve used, but also on the nature of the
pulsating flow.

3.4 The total heat measurement uncertainty

Equation (2.8) is used to compute the consumed heat energy. Possible sources of heat
metering uncertainties are: The temperature probes, flow meter and the clocking device.
The measurement uncertainty associated with the temperature probes and the flow meter
are given by equations (3.26) and (3.46) respectively.

The uncertainty of the return temperature probe at a temperature Tr is propagated
to the heat measurement as follows

UT (Tr, t) = ± ∂Q

∂Tr

· Utemp(Tr, t) = ±
n∑

i=0

kiViΔTiΔtiUtemp(Tri
, ti) (3.47)
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Likewise, the uncertainty of the supply temperature probe at a temperature Ts is
propagated to the heat measurement as follows

UT (Ts, t) = ± ∂Q

∂Ts

· Utemp(Ts, t) = ±
n∑

i=0

kiViΔTiΔtiUtemp(Tsi
, ti) (3.48)

where Q is the heat energy consumed by the house hold and its discrete form is given
by equation (2.8). Utemp(Tsi

, ti) and Utemp(Tri
, ti) are the uncertainties of the return and

supply temperature probes at temperature Ts and Tr at time ti respectively given by
equation (3.26). If the temperature sensor is correctly installed then Utemp(Tsi

, ti) and
Utemp(Tri

, ti) are then given by equation (3.27).
The uncertainty of the flow meter at a flow rate V is propagated to the heat mea-

surement as follows

UV (V, t) = ±∂Q

∂V
· Uflow(t) = ±

n∑
i=0

kiΔTiΔtiUflow(ti) (3.49)

where Uflow(ti) is the uncertainty associated with the flow meter a time ti given by
equation(3.46).

The uncertainty due to the precision of the time measurement circuit used in the
electronics of the integrator unit of the heat meter is given by

Uc(t) = ±∂Q

∂t
· Ut(t) = ±

n∑
i=0

kiViΔTiUt(ti) (3.50)

where Ut(ti) is the uncertainty associated with the cristal oscillators of the circuit of the
integration unit at time ti.

The total heat measurement uncertainty is then given by

UE(V, Ts, Tr, t) = ±
√

U2
V (V, t) + U2

c (t) + U2
T (Ts, t) + U2

T (Tr, t)

= ±
√√√√ n∑

i=0

(kiΔTiΔti)
2 U2

flow(ti) + (kiViΔTi)
2 U2

t (ti) + · · · (3.51)

· · ·+ (kiViΔti)
2

(
U2

temp(Tsi
, ti) + U2

temp(Tri
, ti)

)

where Uflow(tt) is the uncertainty of the flow measurement given by equation (3.46).
Utemp(Tsi

, ti) and Utemp(Tri
, ti) are the uncertainties of the return and supply temperature

measurements at temperature Ts and Tr, respectively, at time ti given by equation (3.26).
If the temperature sensors are correctly installed, then Utemp(Tsi

, ti) and Utemp(Tri
, ti) are

then given by equation (3.27).
This analysis has been used in Chapter 4 to compute the heat measurement uncer-

tainty of the district heating laboratory built at Lule̊a University of technology.



Chapter 4

District heating test laboratory in

Lule̊a

A district heating test laboratory has been built at Lule̊a University of Technology to
validate the established theoretical models. The main aim of this facility is to serve, as an
experimental platform to test not only achieved but also future district heating research
at Lule̊a University of Technology. The district heating test laboratory was built in such
a way that not only different heat measurement but also different control and diagnosis
algorithms and methods can be tested. Off-the-shelve heat meters can also be plugged
in and tested in the district heating test facility. During the experiments, the reference
flow rates, temperatures and pressure are measured and the reference heat power energy
is then computed. We will present the test facility in detail in this section.

4.1 The outline of the district heating test facility

The outline of the district heating laboratory is presented in figure 4.1. A 100 kW elec-
trical heater through a heat exchanger heats the water in the primary circuit. Three
insulated tanks are used to store a large amount of hot water to obtain a stable temper-
ature in the primary circuit. The temperature range of hot water coming out from the
tanks and feeding the primary circuit is from 20◦C to 80◦C.

The water tanks are filled up, if necessary, with water coming from a large 250 m3

reservoir, not shown on figure 4.1. A set of pumps is used to maintain a certain flow
in the facility. The hot water in the primary circuit is led from the tanks to the heat
exchanger where the heat is transferred to the secondary circuit.

The outlet of the heat exchanger on the primary circuit is constructed to enable us to
run differrent kinds of experiments. Three different pipes 1,2 and 3 are shown in figure
4.1 on page 38. One can choose one or several pipes by opening or closing the valve or
set of valves, respectively.

If one chooses pipe 1, then the self-controlled valve, used in most district heating
substations, is used to control the flow in the primary circuit.

Pipe 2 can be used in two different experiments:

37
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• It can be chosen if one wants to implement and test own control algorithms, since
the valve is controlled by the computer.

• An off-the-shelf heat meter can be plugged in and tested on the fly.

Pipe 3 is used to simulate leaks; the computer-controlled valve regulates the amount
of water that is allowed to leak and the flow meter measures its flow rate.

Figure 4.1: Outline of the district heating test laboratory at Lule̊a University of Technology

The test facility has been designed in a way that all the installation effects, such as
single and double elbow effects and pulsations discussed in [9], are eliminated to ensure
accurate flow measurements.

The secondary circuit lies on the other side of the heat exchanger. The tap water
consumption is steered by a computer-controlled valve at the outlet of the heat exchanger
in the secondary circuit. The flow rate in the secondary circuit is measured by a flow
meter.

Four temperature sensors are placed on each side of the heat exchanger and on both
circuits to monitor the temperature of the system. Two pressure sensors are also present
on each circuit.

All temperature and pressure probes, flow meters and valves are connected to a com-
puter. MATLAB from MathWorks is used to sample data and control the system through
standard serial communication. We have chosen MATLAB, since it is widely used, not
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only in our department, but also by the international scientific community and it is plat-
form independent. Remote login and control of the lab are possible since the computer
used is running Linux.

4.2 The calibration and tractability of the district

heating test facility

Calibration is defined as the comparison of the device with a measurement standard with
known accuracy. Tractability is the ability to relate measurements to a specific identity
standard through an unbroken chain of comparison [40]. The systematic error is reduced
while the random error remains.

4.2.1 Calibration of the flow meters

The flow meters used in the district heating lab are prototypes based on D-Flow tech-
nology. A flow meter calibration facility at Lule̊a University of Technology is used to
calibrate the flow meters. The calibration procedure is based on dynamic weighting [48].
The water is led into the weighting tank by a simple valve. The increasing amount of
water in the tank is continuously weighted and the time elapsed is measured simultane-
ously. The test facility consists of three parts; the flow is generated and controlled in the
first part, the experiments are set up in the second phase and the flow is determined in
the last phase. All phases of the test facility are computerized.

The flow is generated using either a head tank or a pump. A butterfly pump is used
to generate pulsations. The lowest flow rate is 0.7 l/s and the maximum is 20000 l/s
using the head tank. if needed , a 100 kW electrical boiler is used to heat the water to a
temperature range between 20◦C and 80◦C. The hot water is first stored in large tanks
to achieve stable temperatures, and then used in the test section.

The test section consists of three parallel 11 m long sections, ensuring a fully developed
flow velocity profile at the entrance of the flow meter.

The flow rate is determined using dynamic weighting in the third section. The water is
collected in tanks standing on strain gauge load cells. The water is continuously weighted
by one of the scales during the test. The use of the three scales makes it possible to obtain
higher resolution. The scales capacities are 25 kg, 180 kg and 1200 kg.

The flow rate is determined using a least square method. A signal from the scale is
sampled at a 50 Hz frequency during one second while the incoming water is continuously
weighted. A 1 MHz timer determines the time. This operation is repeated a certain
number of times and the flow rate is then determined by a regression method; a linear
curve is then fitted to the weight and time readings. The slope of this estimate curve is
the average mass flow during the test. More details of the flow measurement test facility
are found in [9].

The total flow measurement uncertainty of the flow calibration facility at Lule̊a Uni-
versity of Technology at the prevailing temperature and flow conditions is around ±0.5%
at a 95% confidence level [9].
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4.2.2 Calibration of the temperature sensors

The temperature sensors used in the district heating test laboratory are resistive sensors
[8] [14] based on Scenca technology. These sensors are often comprised of a number of
thin platina wires whose resistance is proportional to the surrounding temperature. The
resistance of the temperature probe is given by the Callendar-Van Dusen equations [46],

RT (T ) =

⎧⎪⎨
⎪⎩

R0 (1 + AT + BT 2 + CT 3) , −200◦C ≤ T ≤ 0◦C

R0 (1 + AT + BT 2) , 0◦C ≤ T ≤ 661◦C
(4.1)

where R0 is the resistance of the platina wire at 0◦C, A, B and C are the Callendar-
Van Dusen coefficients. The use of calibrated Callendar-Van Dusen coefficients improves
the measurement accuracy of the probe. Note that the second Callendar-Van Dusen
equation will only be used in district heating since the water temperature is always
above the freezing point.

The temperature probes are calibrated against an accurate reference temperature
probe FLM 250 with a known and traceable measurement accuracy UT = ±0.026◦C with
a 95% confidence level. The Callendar-van-Dusen coefficients R0, A, and B specific to
the probe are to be found in order to calibrate the sensor.

The calibration procedure consisted in a series of 45 measurements of the resistance
of the Pt-100 platina wire with a sampling frequency of 1 Hz. These series of measure-
ments were conducted at three stable reference temperatures of 0.669◦C, 19.178◦C and
99.514◦C. Only three reference temperatures are needed, since we are only looking for
the three unknown Callendar-van-Dusen coefficients R0, A and B. It is important that
the reference temperatures are as stable as possible. Our measured data will then be
tightly clustered, having a small standard deviation.

The current source used to power up the temperature probes is also calibrated against
an accurate reference current source FLUKE 725 with a known and traceable measure-
ment accuracy UI = ±6 · 10−4 mA with a 95% confidence level. The calibration of the
current source consists of a series of 500 current measurements with a sampling frequency
of 1 Hz. The mean value of these measurements is computed and then subtracted from
the value of the reference current source to give us the systematic error of the current
source.

A FLUKE 45 multimeter used to measure the current intensity in this calibration
was also calibrated against the FLUKE 725 reference current source. This calibration
is necessary to eliminate the systematic error in current measurement of the FLUKE 45
multimeter. The only uncertainty we now have in current measurement is induced from
the FLUKE 725 reference current source.

The values of the measured resistances and the reference temperatures are then ob-
tained by computing the mean value of all gathered measurements and then using the
Callendar-Van Dusen equation (4.1) to obtain the calibrated coefficients R0, A and B.
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4.3 Transient temperature compensation

The bare resistive temperature probes [8] [14] used in the district heating lab are com-
posed of a thin platina wire encapsulated of a thin sheath or a thermo well for protection.
In the district heating substation, the bare probe is sometimes located in an additional
sheath [41], though this is not the case in our lab. We decided to immerse the probe
directly into the water to reduce the response time of the sensor.

The temperature of the thin platina wires is described by a first order equation and
the compensated temperature response model of the sensor at all times is given by

T (t) = ΔTf · (1 − e−
1
τc

t) + Ti (4.2)

where τc is the compensated time constant, Ti is the initial temperature of the fluid at
t=0 and ΔTf = Tf − Ti where Tf is the final temperature of the fluid.

Details about how equation (4.2) is obtained and about different transient tempera-
ture compensation methods are discussed in Chapter 3.1.1 on page 21.

4.4 Transient uncertainty analysis of the district heat-

ing test facility

The sensors in the district heating lab were calibrated and a transient heat measurement
analysis has been conducted using the steps described in Chapter 3 and 4.

The temperature probes in the district heating laboratory where calibrated using
the steps explained in Chapter 4.2.2. The calibrated Callendar-Van Dusen coefficients
and the temperature model given by equation (3.15) are then used in equation (3.26).
Equation (3.26) is implemented in the temperature measurement software to compensate
for the inertia of the sensor and estimate the measurement uncertainty propagated from
the calibration devices to the final temperature measurement. The uncertainty Ut of the
timing device is neglected compared to other uncertainties. This operation is done while
measuring the temperature.

The flow meters were calibrated by D-Flow AB in the flow meter calibration facility at
Lule̊a University of Technology using the steps described in Chapter 4.2.1. The inertia of
these flow meters is neglected since they can be operated at very high sampling frequen-
cies. The flow measurement error of these meters, when used uncalibrated, conforms to
the European standard SS-EN1434 Class 2 given by equation (2.3). But this uncertainty
is reduced to 1+0.01 qp

q
with a 95% confidence level when the flow meters are calibrated.

This equation was implemented in the flow measurement software of the district heating
lab to estimate the flow measurement uncertainty while measuring.

The transient uncertainties of each temperature probe and flow meter are then used
in equation (3.51) to estimate the total heat energy measurement uncertainty and com-
pensate for the inertia of the system. This equation is also implemented in the software
to give us an estimate of the uncertainty while measuring.
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The data used to compute the heat energy uncertainty of the reference heat meter is
the following (all uncertainties are with a 95% confidence level):

• Supply temperature probe

Calibrated Callendar-Van A = 4.1063 · 10−3

Dusen coef. B = −2.1228 · 10−6

R0 = 99.6923 Ω
Calibrated I = 0.6763 mA
current source
Time τ = 1.5 s
constant

• Return temperature probe

Calibrated Callendar-Van A = 4.0937 · 10−3

Dusen coef. B = −1.9193 · 10−6

R0 = 99.6782 Ω
Calibrated I = 0.72825 mA
current source
Time τ = 1.5 s
constant

• Flow meter

Uncalibrated Flow meter class: 2
flow meter uncetainty
The permanent qp = 1.5 m3/s
primary flow rate:
Calibrated E = 1 + 0.01 qp

q
(%)

flow meter uncetainty:

• Uncertainties of the reference devices

FLUKE 45: Uf = ±3.374 · 10−4 mA
Multimeter bias
FLUKE 725: UI = ±6 · 10−4 mA
Ref. current source
FLM250: UT = ±0.026oC
Ref. temp. probe

The uncertainty analysis of the district heating laboratory at Lule̊a University of
Technology has been conducted at two occasions.

In the first occasion, the flow meter was assumed to be a standard uncalibrated class
2 flow meter with a measurement error around ±2% with a 95% confidence level at the
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prevailing flow range. The total uncertainty of the reference heat measurement was then
found to be less than ±2.11% with a 95% confidence level at all times when subject to
the Swedish standard test program F:111 [36]. This value was then used as an estimate
of the accuracy of the reference heat measurement in paper F, when the Feed Forward
method was tested against test program F:111.

In the second occasion, the calibrated values of the flow meter were used. The flow
measurement uncertainty was then rduced from around ±2% to ±1% with a 95% confi-
dence level, which is the calibrated flow meter uncetainty at these temperature and flow
ranges. The total uncertainty of the reference heat measurement was then estimated to
be less than ±1.12% with a 95% confidence level at all times when subject to the Swedish
standard test program F:111 [36].

The same procedure could be conducted on heat meters found in mainstream district
heating substations in order to improve heat measurement accuracy. If slower flow me-
ters are used then equation (3.46) can be used to estimate the uncertainty in the flow
measurement.
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Chapter 5

Proposals for improved heat

metering

Sudden changes in the heat demand imply heat measurement errors, as mentioned in
Chapter 2.3.4. The heat measurement accuracy of today’s heat meters is severely altered
by the dynamics of the heat consumption as discussed in paper A.

Two new solutions are proposed in this chapter to reduce the heat measurement errors.
These new solutions are suitable for use in single family houses, since they offer greater
measurement accuracy and longer battery life. The dynamics of the heat consumption is
also more important in this kind of dwelling. Larger facilities usually have more accurate
heat metering devices with virtually no restrictions on sampling frequency since they are
not battery driven.

5.1 The Adaptive algorithm

An adaptive algorithm adjusts its estimation frequency depending on the flow rate to
reduce the heat measurement error due to the dynamics of the system. More details are
presented in paper B.

A graph of the return temperature and the primary flow rate, sampled continuously,
versus the ones sampled by the integrating unit of the heat meter are shown in figure
5.1 on page 46. The measurement triggering signals showen in figure 5.1 give us an idea
of how often the heat meter measures the return temperatures, primary flow rate and
updates the value of the heat energy consumed. This gives us a hint of how much battery
power the heat meter uses.

Simulations of this algorithm tested against test program F:111 [12] are presented in
paper D. Thes simulations show that that it has a maximum relative heat measurement
error of 3.6% [34].

45
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Figure 5.1: The adaptive algorithm

5.2 The Feed Forward method

A feed-forward method that only requires taking heat energy measurements to be taken
when a change in energy consumption occurs. More details are presented in paper C.

A graph of the return temperature and the primary flow rate, sampled continuously,
versus the ones sampled by the integrating unit of the heat meter are shown in figure
5.2 on page 47. The measurement triggering signals shown in figure 5.2 give us an idea
of how often the heat meter measures the return temperatures, primary flow rate and
updates the value of the heat energy consumed. This gives us a hint as to how much
battery power the heat meter uses. Laboratory tests of this method against the F:111
test program [12], are presented in paper F. These laboratory tests show that this method
has a maximum heat energy measurement error of 2.8% [36].

5.3 Summary of papers

The adaptive algorithm and Feed Forward method are the main topic in all my papers
except paper A and E. The adaptive algorithm is an algorithm who adapts its sampling
frequency to the prevailing heat load. The Feed Forward method is a method who
only measures the heat when changes in the system occur. The adaptive algorithm is
presented in paper B. Results of the simulations of the adaptive algorithm tested against
the Swedish standard test program F:111 are presented in paper D. The Feed-Forward
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Figure 5.2: The Feed-Forward method

method is presented in paper C. This method has been tested against the Swedish test
program F:111 in the District Heating Laboratory at Lule̊a University of Technology and
the results are presented in paper F. A model of a heat meter with a flow rate dependent
estimation frequency is presented in paper A. A new method of separating the heat
energy used for tap ing and the one used for space heating using only one heat meter is
presented in paper E.

5.3.1 Paper A - Model of a heat meter in a district heating
substation under dynamic load

A simulation model comprised of a heat meter with a flow rate dependent estimation
frequency is presented in this paper. The model is intended to be used as part of a larger
model of a district heating substation and a house [45]. The model is implemented with
the software package Simulink by MathWorks. This simulation model is used to show
the impact of a dynamic load on the heat energy measurement.

We show an error in heat energy estimation. The mean measurement error is approx-
imately 14%. The simulated duration is approximately one hour. Rectangular tap water
pulses with a duration of 50s, a period of 150s and an amplitude of 0.8l/s were used in
this simulation to simulate the dynamics of the system.
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5.3.2 Paper B - Improving heat energy measurement in district

heating substations using an adaptive algorithm

We present an adaptive algorithm that reduces the heat measurement error due to the
dynamics of the system while keeping the power consumption low. The adaptive al-
gorithm is a hybrid combination of the two kinds of heat meters. It uses a flow rate
dependent estimation frequency at high flow rates as in traditional heat meters based on
volume-flow meters. If the flow rate drops below a certain threshold, a constant estima-
tion frequency is used instead. The adaptive algorithm has been implemented and tested
against traditional heat meters in a Simulink model of a district heating substation to
show a reduction of the heat measurement error.

The results show that the adaptive algorithm has higher measurement accuracy but
a shorter battery life than traditional heat meters with flow rate dependent estimation
frequency. However, some heat meters with constant estimation frequency have higher
accuracy but shorter battery life than the adaptive algorithm.

5.3.3 Paper C - Improving heat energy measurement using a
Feed-Forward method for low power applications

We present a feed-forward method that substantially reduces the heat measurement error
due to the dynamics of the system and the power consumption of the heat meter. The
Feed-forward algorithm only need to takes measurements when a change in energy con-
sumption occurs. When a change occurs that exceeds a certain threshold a measurement
is triggered by the controller in the district heating substation. This results in higher
measurement accuracy and a longer battery life than when using a heat meter with a
flow rate dependent estimation frequency.

The feed forward method not only has a higher heat measurement accuracy than heat
meters with flow rate dependent and constant estimation frequencies respectively, but
it also has the potential of consumes significantly less power. This makes it ideal for
battery operated heat metering and low power applications.

5.3.4 Paper D - Comparing heat measurement accuracy of a

new adaptive algorithm with existing heat meters in ac-
cordance to the Swedish test standard

Simulations of the adaptive algorithm, presented in paper B, subject to the Swedish stan-
dard test program F:111 [12], have been made in order to compare the heat measurement
accuracy of the adaptive algorithm with existing heat meters. The heat meters used were
also tested according to the Swedish standard test F:111 by both the Swedish District
Heating Association and the Swedish National Testing and Research Institute (SP).

The results of the simulations show that the adaptive algorithm gives a better heat
energy estimation than most of the heat meters tested.
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5.3.5 Paper E - Separate measurement of hot water energy con-

sumption in District heating substations

This paper describes how to measure the energy usage for building heating and tap water
production using only one heat meter. To use two heat meters, one for measuring the
energy used for heating, and one for domestic hot water production, is expensive. Our
proposed energy meter separates the domestic hot water energy consumption from the
total energy. According to simulations, the error in the estimate is less than a percent.

5.3.6 Paper F - Testing a new Feed Forward method against
the Swedish test standard and comparison with existing

heat meters

The Feed Forward method, presented in paper C, has been tested in a district heating
laboratory subject to the Swedish standard test program F:111 [12]. Tests have been
conducted in order to compare the heat measurement accuracy of the Feed Forward
method with existing heat meters. The heat meters used were also tested according to
the Swedish Standard test F:111 by both the Swedish District Heating Association and
the Swedish National Testing and Research Institute (SP).

The results of the tests show that the Feed Forward method gives a better heat energy
estimation than most of the heat meters tested.
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Chapter 6

Conclusion

The focus of this thesis is on dynamic effects on the heat measurement is justified since it
is clearly shown that dynamics in the heat load will introduce substantial errors especially
into the heat energy measurements in single family houses.

I have contributed with two different strategies to overcome heat energy measurement
errors in single family houses; the adaptive algorithm and the Feed-Forward method.
Both have been successfully tested using the simulation model showing substantial im-
provements compared to standard measurement methodology discussed in Chapter 2.3.2.1
and 2.3.2.2.

Both simulations and laboratory tests discussed in papers C and F, respectively,
show that the Feed Forward method has lower heat energy measurement error than most
energy meters available on the market. The adaptive algorithm has higher measurement
accuracy than both heat meters with constant and flow dependent estimation frequencies.
By comparing the frequency of measurement triggering signals shown in figures 2.5, 2.6,
5.1 and 5.2 on page 14, 15, 46 and 47 respectively, we conclude that the Feed-Forward
method has the potential of consuming less battery power than the other methods.

The advantage of the adaptive algorithm is that no new hardware installation is
required if no turbine or Woltman flow meters are used. The Feed-Forward method on
the other hand requires a new hardware configuration where the input signal from the
controller unit is required. This method will not work without modification with self-
controlling valves found in smaller substations. Since the Feed-Forward method involves
the use of information from the substation control unit, it seems clear that breaking down
the “wall” between the heat meter and the substation control unit is beneficial.

The improvements indicated by the simulations and test can be used as a basis for
a rough estimate of improved economics due to improved heat metering. A rough es-
timation of the average economic loss due to heat measurement errors is given by the
following expression

L = (nfefefef + ncefecef) · E · P, (6.1)

where
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E = the total heat energy output from the production facility [MWh]
P = the price of 1 MWh heat energy [SKR/MWh]
nfef = the share of heat meters with flow rate dependent [%]

estimation frequency available in the community
efef = the average heat measurement error of the heat meters [%]

with flow rate dependent estimation frequency
ncef = the share of heat meters with constant estimation [%]

frequency available in the community
ecef = the average heat measurement error of the heat meters [%]

with constant estimation frequency
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Figure 6.1: The relative heat measurement error for different types of heat meters

The economical impact is exemplified for Lule̊a Energi AB in Lule̊a for the year
2003. The economic losses due to heat measurement errors for single family houses are
estimated to up to 2.33 MSKR using equation (6.1) (see diagram 1 in figure 6.2). The
total heat energy output from the production facility of Lule̊a Energi AB in Lule̊a during
the same year was 798 GWh and the price of 1 MWh was 178.75 SKR [2]. The heat sales
income from single family houses is around 22% from the total income. The average heat
measurement errors of heat meters with constant frequencies and those with flow rate
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dependent estimation frequencies were roughly estimated to 3% and 15% respectively
according to figure 6.1 The share of heat meters with constant frequencies and those
with flow rate dependent estimation frequencies available in Lule̊a were estimated to
63% and 37% respectively [2].
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Figure 6.2: The economic losses for Lule̊a Energi AB in 2003 due to heat measurement errors
in different types of heat meters

If all heat meters with flow rate dependent estimation frequency in Lule̊a are replaced
with heat meters using the adaptive algorithm, then the economic losses due to heat
measurement errors will be reduced by up to 68% to 767 369 SKR (see diagram 2 in
figure 6.2). The average heat measurement error of the adaptive algorithm was roughly
estimated to 1.5% according to figure 6.1.

If all heat meters with flow rate dependent estimation frequency in Lule̊a are replaced
with heat meters using the Feed-Forward method, then the economic losses due to heat
measurement errors will be reduced by up to 73% to 626 304 SKR (see diagram 3 in figure
6.2). The average heat measurement error of the Feed-Forward method was roughly
estimated to 0.3% according to figure 6.1 and paper C.

The economic losses due to heat measurement errors are significant and the proposed
strategies improve the heat measurement accuracy and reduce these losses (see figure 6.2
on page 53).
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[25] Ulf Jansson. Provning av värmemätare. Technical Report P201980-B, Swedish
District Heating Association, 101 53 Stockholm Sweden, April 2002.
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Abstract

Measurement errors generated by heat meters cause a substantial revenue loss in the
district heating industry. The focus of previous works has mainly been on improvements
in heat energy measurement under steady state conditions.

We have investigated how dynamic events affect the energy measurements. A sim-
ulation model comprised of a heat meter and a district heating substation has been
developed. The model was implemented with the software package Simulink by Math-
Works. This simulation model is used to show the impact of a dynamic load on the heat
energy measurement.

We see that the dynamic tap water load imposed on the system has an impact on the
accuracy of the heat meter, especially when the flow increases rapidly from a low value
to a higher value. The mean relative heat measurement error is approximately 14% of
the real heat energy transferred.

1 Introduction

District heating is a technology used to deliver heat energy from a central production
facility to city districts or whole cities through a distribution network. This technology
was introduced in the USA around 1870-80 [2]. Water is commonly used as an energy
carrier in such networks. The transfer of heat energy between the district heating network
and the building occurs in a district heating substation through heat exchangers. It is at
these substations that heat meters are located. The energy consumption can be divided
into space heating and tap water usage. The tap water consumption varies as users
consume hot water when they, for example, take a hot shower, wash their hands, etc.

A typical heat meter consists of a set of two resistance temperature sensors, usually
Pt500 sensors, a volume-flow meter and an integrating unit, which estimates the energy
consumed by the household [2].

The aim of this work has been to create a computer model of a commonly used heat
meter as part of a Simulink model of a district heating substation and a household [5],
taking into account the dynamics of the system. The impact of the domestic hot water
dynamic load on heat metering was then investigated using this model.
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2 Heat metering theory

The district heating substation, which connects the district heating network and house,
also separates their circuits. The district heating circuit is referred to as the primary
circuit while the household circuits are the secondary circuits. The heat meter estimates
how much energy was transferred from the primary circuit to the secondary circuits. It
is commonly comprised of a volume-flow meter, two resistance temperature sensors and
a computing unit. The temperature sensors measure the supply and return temperatures
in the primary circuit. The flow meter measures the flow rate of the primary circuit. The
heat energy consumed by the household Q [J] during a period of time Δt is given by the
following continuous time integral [2]

Q =
∫ t2

t1

ṁcp(Tr, Ts)ΔTdt =
∫ t2

t1

V k(Tr, Ts)ΔTdt, (1)

where

k(Tr, Ts) = ρ(Tr)cp(Tr, Ts), (2)

ΔT = Ts − Tr, (3)

V =
ṁ

ρ
, (4)

Δt = t2 − t1. (5)

and
Ts = the measured supply temperature [◦C]
Tr = the measured return temperature [◦C]
k(Tr, Ts) = the heat coefficient [J/◦Cm3]
ṁ = the mass-flow rate [kg/s]
V = the volume-flow rate [m3/s]
ρ(Tr) = the fluid density at Tr [kg/m3]

cp(Tr, Ts) = the average specific heat capacity at Tr and Ts [J/◦Ckg].

Heat meters do not compute continuous events, they use the following discrete ap-
proximation of equation (1) to compute the heat energy consumed by the household

Q =
N∑

i=0

VikiΔTiΔti. (6)

where Δti is the time elapsed between two consecutive measurements.

The flow meter emits a pulse when a certain volume of water has passed through
it. The time between two consecutive pulses is often called the integration time and is
flow dependent. When a pulse is emitted, the integration unit measures the return and
supply temperatures and the integration time [2].

The average flow rate during the integration time Vi, temperature difference ΔTi

and the heat coefficient ki(Tri
, Tsi

) are then computed by the heat integrator unit using
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equations (2) to (4) and multiplied to get the value of the heat energy consumed for
each iteration i. The obtained value is then added to the one computed in the previous
iteration to get the total heat energy consumed according to equation (3) .

3 Method

The heat meter model presented in this paper is used as part of a larger Simulink model
of a district heating substation [5], having the outside environment temperature and
the domestic hot water consumption as inputs. The outside temperature is modelled
by a sine wave where the daily temperature fluctuations are also modelled in the same
manner. Nordic winter temperatures (−13◦C ≤ T ≤ −3◦C) have been modelled in this
simulation. Rectangular tap water pulses with a duration of 50 s, a period of 150 s and
an amplitude of 0.8 l/s were used in this simulation to simulate the dynamics of the
system. The simulated duration is 1 hour.
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Figure 1: Simulink model of the heat meter

The inputs of the heat meter model, shown in figure (2), are the real supply and return
temperatures Trs and Trr and the real flow of the primary circuit which are simulated
by the district heating substation model. The heat meter model’s outputs, over the
simulated period, are the measured return temperatures Tr, the measured flow of the
primary circuit and the measured heat energy consumed by the household.

Each component of the heat meter has been modelled separately with its associated
systematic and random uncertainties. Random uncertainties have been modelled by
adding a Gaussian distribution with mean 0 and variance 1 [3]. The response time due
to material coatings and encapsulation around resistance temperature sensors has been
modelled using the following first order transfer function [1]

G(s) =
1

τs + 1
,



66 Paper A

2

Volume

1

Flowmeter pulses

2

The volume of water
to wait for (intg. Vol)

1
s

Integrator
Water volume If reminder

small
enough
set to 0

rem

If Vol. is
multiple of 

int. vol
(reminder)

1

Flow

Figure 2: Simulink model of a volume-flow meter

where τ is the time constant. We have used τ = 2 s in this simulation.
The volume-flow meter and the integrating unit, shown in figures (2) and (3), respec-

tively, have been modeled as explained in section 2.
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4 Results and discussion

We show in figure (2) the relative error in heat energy estimation. The mean measurement
error is approximately 14% of the real heat energy transferred estimated using equation
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(1). The relative heat energy measurement error was estimated as follows

error(%) = |Emeasured − Ereal

Ereal

| · 100, (7)
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Figure 4: The relative error in heat measurement

Each sensor in a district heating substation has an associated uncertainty at a given
confidence level, whether it is used for control or for the measurement of the transferred
heat. A standard error analysis is very useful to assess the contribution of the uncer-
tainty of each error as it propagates to the transferred heat measurement. But this only
considers set and static conditions [4]. Considering dynamic effects of the heat exchanger
and sensors explains the source of dynamic errors. In this paper, we combine the sen-
sor uncertainties and the dynamics of the systems to illustrate that the total error is
considerable.

One of the many problems the heat integrator faces, when computing the heat transfer
equation (3), is that the supply and return temperatures are assumed to be constant by
the heat integrator during the integration time. This is far from true, since the return
temperature, but also the supply temperature to a lesser extent, fluctuates during the
integration time. This problem is not noticeable at night and in summer, since the
heat consumption is then quasi-constant and does not fluctuate drastically during the
integration time, but once the heat consumption is dynamic the heat integrator fails
to give us an accurate value of the consumed heat energy since the return and supply
temperatures fluctuate considerably during the integration time.
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One possible error source in the temperature sensors is the time constant τ , which
affects the response time needed before the sensor can accurately measure the water
temperature. If the integration time is shorter than the response time of the sensor,
accuracy problems in temperature measurements will occur. Other sources of error also
need to be taken in account, like the choice of encapsulation materials, etc...

The measurement error of the flow meter is more difficult to predict, since it depends
on many factors. One of the major problems is that the volume-flow meter only enables
us to estimate an average flow rate under the integration time. The real flow rate may
vary drastically during the integration time without being detected by the integrating
unit. Another problem is the length of the integration time. If it is too long then the flow
measurement error will drastically increase. Other error sources must also be taken into
account like the fact that the pipes expand when hot water flows through them. This
could affect the dimensioning of our system and result in errors.

We conclude that heat meters using volume-flow meters have poor accuracy when
exposed to dynamic heat energy consumption especially when the flow rate in the primary
circuit is low [2]. New energy metering methods are to be proposed if one wants more
accurate energy measurements. A balance between heat measurement accuracy and
power consumption is to be taken into account, since these devices are often powered by
batteries.
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Abstract: Heat measurement errors cause revenue discrepancies in the district heating
industry. Some of these errors are static and can be estimated using standard error analysis,
but the largest error source is the dynamic load such systems are subject to, as in the case
of warm water tapping. The frequency at which heat meters estimate and update the energy
is either constant or depends on the flow rate. The heat meter power consumption is basi-
cally proportional to their estimation frequency. Since the heat meters most often are battery
powered, this is a severe limiting factor to the introduction of heat metering improvements in
the industry. Heat meters with a flow rate dependent estimation frequency are usually based
on volume-flow meters. They are widely used in district heating due to their lower estimation
frequency, which prolongs their battery life. Such meters are clearly inaccurate, especially at
low flow rates.

An adaptive algorithm that adjusts its estimation frequency depending on the flow rate,

is presented in this paper. This algorithm reduces the heat measurement error due to the dy-

namics of the system while keeping the battery life relatively long. The adaptive algorithm has

been implemented and tested against traditional heat meters in a Simulink model of a district

heating substation.

Keywords: district heating, heat meter, sensors, measurement, heat.

1 Introduction

District heating is a technology used to de-
liver heat energy from a central produc-
tion facility to city districts or whole cities
through a distribution network. This tech-
nology was introduced in the USA around
1870-80 [1]. Water is commonly used as
an energy carrier in these networks. The
transfer of heat energy between the district
heating network and a building occurs in
a district heating substation through heat

exchangers. It is at these substations that
heat meters are located.

The energy consumption can be divided
into space heating and tap water usage.
The tap water consumption varies as users
consume hot water when they, for example,
take a hot shower or wash their hands.

A typical heat meter consists of a set
of two resistive temperature sensors, usu-
ally Pt-500 sensors, a flow meter and an in-
tegrating unit, which estimates the energy
consumed by the household [1].
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The frequency at which heat meters es-
timate and update the energy is either con-
stant or depends on the flow rate. Heat
meters are often battery operated and their
power consumption is basically propor-
tional to their estimation frequency. Heat
meters with a flow rate dependent estima-
tion frequency are usually based on volume-
flow meters, such as turbine or ultrasonic
flow meters. Their lower energy estimation
frequency prolongs their battery life. They
are therefore widely used in district heating.

A modern substation responds well to
sudden changes in the heat demand or dy-
namic loads. However, the metering of the
transferred heat has not evolved to address

such variations. The measurement error in
traditional heat meters based on volume-
flow meters is proportional to the frequency
and amplitude of the tap water load. A low
tap water load results in a higher measure-
ment error [2]. Based on simulation exper-
iments, heat measurement errors of more
than 10% are easily obtained for normal op-
erating conditions [2].

To reduce this large error an approach of
flow rate adapted heat estimation frequency
is proposed. A solution based on an adap-
tive algorithm is presented to increase the
heat measurement accuracy while keeping
the battery life relatively long.
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2 Theory

The district heating substation, connects
the district heating network and house,
while isolating their circuits. The district
heating circuit is referred to as the primary
circuit while the household circuits are the
secondary circuits. A heat meter measures
how much energy was transferred from the
primary circuit to the secondary circuits. It
is commonly comprised of a flow meter, two
resistive temperature sensors and a comput-
ing unit. The temperature sensors measure
the supply and return temperatures of the
primary circuit. The flow meter measures
the flow rate of the primary circuit.

The heat energy Q [J] consumed by the
household during a period of time Δt =
t2 − t1 is given by the following continuous
time integral [1]

Q =
∫ t2
t1

ṁcp(Tr, Ts)ΔTdt
=

∫ t2
t1

V k(Tr, Ts)ΔTdt,
(1)

where ΔT is the difference between the
return and supply temperatures of the pri-
mary circuit Tr and Ts respectively. The
average specific heat capacity cp(Tr, Ts) at
Tr and Ts. ṁ is the mass flow rate in the
primary circuit, which can be expressed as
the product of the volumetric flow rate V
and ρ(Tr), the fluid density at Tr. The spe-
cific heat coefficient k(Tr, Ts) is given by the
product of the fluid density ρ(Tr), and the
average specific heat capacity cp(Tr, Ts).

Modern heat meters do not compute
continuous events, they use the following
discrete approximation of equation (1) to
compute the heat energy consumed by the
household

Q =
N∑

i=0

kiViΔTiΔti, (2)

where Δti = ti+1 − ti is the time elapsed
between two consecutive measurements, ki,
Vi, ki and ΔTi are measured at ti.

2.1 Traditional heat meters

based on volume-flow me-
ters

This method has its origins in old turbine
flow meters. Such flow meters are powered
by the flow. The turbine drives a mecha-
nism that provides a pulse after a certain
amount of fluid has passed by.

The flow rate dependent heat measure-
ment is triggered by a series of pulses from
the flow meter. The flow meter emits a
pulse when a fixed volume of water has
passed through it. The time between two
consecutive pulses is often called the inte-

gration time and is flow dependent. When
a pulse is emitted, the integration unit mea-
sures the return and supply temperatures
and the integration time [1].

The heat integrator computes the heat
energy consumed for each iteration i with
the average flow rate during the integration
time Vi, temperature difference ΔTi and the
heat coefficient ki(Tri

, Tsi
). The obtained

value is then accumulated onto the total
heat energy consumed according to equa-
tion (3).

The measurement error in such heat me-
ters depends on many factors [2]. The
largest source of error originates from the
flow meter. It only enables us to estimate
an average flow rate under the integration
time. The real flow rate may vary dras-
tically during the integration time without
being detected by the heat meter.

2.2 Adaptive algorithm

The measurement error of heat meters
based on volume-flow meters depends on
the frequency and amount of tap water de-
mand as mentioned in [2].

Under normal flow rates, the estimation
frequency of traditional heat meters based
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on volume-flow meters is fast enough to ob-
tain an acceptable heat measurement ac-
curacy, since it is proportional to the flow
rate [2]. The problem occurs at low flow
rates, when the time between two flow me-
ter pulses is longer. The measurement fre-
quency in this case is too slow to cope with
fast and short heat energy changes in the
system. Heat meters with a constant es-
timation frequency are not affected in the
same way by low primary flow rates, since
their measurement frequency can be set to
be high enough to avoid this problem, but
again at the cost of the battery’s life ex-
pectancy.

A new adaptive algorithm is proposed
to deal with the heat measurement problem
encountered at low primary flow rates.

The new algorithm measures the heat
energy with a flow rate dependent estima-
tion frequency at high flow rates in the pri-
mary circuit. But if the flow rate drops be-
low a certain transition threshold, the heat
meter measures the energy with a constant
estimation frequency. This implies that the
sampling frequency at low flow rates will be
higher than the one in heat meters with a
flow rate dependent estimation frequency.

The adaptive algorithm is a hybrid algo-
rithm that adjusts its estimation frequency
depending on the flow rate. It combines
two existing heat measurement algorithms
to give a higher accuracy measurement. A
Simulink implementation of the adaptive al-
gorithm is shown in figure 1.
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Figure 2: Tap water load in simulation 1 and 2

3 Simulation experi-

ments

Simulink models of the adaptive algorithm
and a traditional heat meter with flow de-
pendent estimation frequency were made
using the theory presented in section 2.2

and in paper [2], respectively. Both mod-
els were used as part of a larger Simulink
model of a district heating substation [3].

The temperature sensors and the flow
meter have been modelled separately with
their associated bias and random uncer-
tainties. Random uncertainties have been
modelled by adding a Gaussian distribution
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with mean 0 and variance 1 [4].

The response time due to material coat-
ings and encapsulation around resistive
temperature sensors has been modelled us-
ing the following first order transfer func-
tion [5]

G(s) =
1

τs + 1
, (3)

where τ is the time constant [6]. We have
used τ = 2 seconds in this simulation.

The battery power consumption has
been estimated by adding one power unit
each time a heat measurement is taken.

3.1 Simulations

The aim of the simulations is to compare
the accuracy of the adaptive algorithm to
the traditional heat meter with flow depen-
dent estimation frequency subject to differ-
ent tap water loads. The impact of the tran-
sition threshold’s selection on the heat mea-
surement error of the adaptive algorithm
has also been investigated in these simula-
tions.

The adaptive algorithm used in the two
simulations was run with transition thresh-
olds of 0.05 l/s, 0.1 l/s and 0.15 l/s corre-
sponding to a low, normal and high primary
flow rates, respectively.

Heat measurements occurs with a fre-
quency of 0.1 Hz if the flow rate in the pri-
mary circuit is below the transition thresh-
old in both simulations. The above mea-
surement frequency was chosen to ensure
a good sampling frequency at low primary
flow rates.

Rectangular pulses with a duration of
100 s occurring every 200 s were used to
simulate the tap water usage in both sim-
ulations. Different tap water flow rate am-
plitudes were used in both simulations to
emphasize the impact of the dynamics of

the tap water load on the measurement er-
ror. Graphs of the tap water load used in
both simulations are shown in figure 2.

• Simulation 1:
The amplitude of the tap water flow
rate was fixed to 0.8 l/s as shown in
figure 2.

• Simulation 2:
The amplitude of the tap water flow
rate was random between 0 to 0.8 l/s
as shown in figure 2.

4 Results

The relative heat energy measurement error
was estimated as follows

error(%) = |Emeasured − Ereal

Ereal

| · 100, (4)

The relative heat measurement error of
the adaptive algorithm at given transition
thresholds and the traditional heat meter
are plotted in figure 3 for both simulations.

Both plots in figure 3 show that the
adaptive algorithm has a lower measure-
ment error than the traditional one. The
heat measurement error is especially lower
in simulation 2 when a random tap water
flow rate is used. This is mostly due to the
fact that the dynamics of the tap water load
are high when the primary flow rate lies un-
der the transition threshold. The heat me-
ter then measures the heat energy every 10
seconds, which gives a more accurate value
than the traditional method.

Both graphs show that the higher the
threshold, the more accurate heat energy
measurement. This is explained by the fact
that if the transition threshold is high the
primary flow rate lies more often below the
threshold and the adaptive algorithm will
measure the heat energy at a fixed sampling
frequency of 0.1 Hz. The battery energy
consumption on the other hand, increases
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when the threshold increases, because peri-
odic heat measurements at static time pe-
riods are more energy consuming than flow

triggered heat measurements. A more accu-
rate heat energy measurement is, however,
obtained when the threshold is increased.
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Figure 3: The relative heat measurement error in simulation 1 and 2.

5 Conclusion

It has been shown that by adapting the heat
energy estimation frequency to the flow rate
will clearly reduce the heat measurement er-
ror, while still maintaining a relative low
power consumption at the meter it self.
The power consumption is, however, always
higher in the adaptive algorithm than in the
traditional one. A more accurate heat en-
ergy measurement is obtained if we increase

the threshold at the cost of higher power
consumption. A balance between what we
could accept as accurate heat measurement
and low power consumption can be estab-
lished.

This opens up for future improvements
where a new adaptive algorithm will be
based both on measurements error and heat
meter battery life. Thus, an optimized life-
time economy of the system can be ob-
tained.
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Abstract: Heat measurement errors cause large revenue discrepancies in the district
heating industry. Some of these errors are static and can be estimated using standard error
analysis, but the largest error cause is the dynamic load such systems are subject to, as in the
case of warm water tapping. The frequency at which heat meters estimate and update the
energy is either constant or depends on the flow rate. They are often battery operated and
their power consumption is proportional to their estimation frequency. Heat meters with a flow
rate dependent estimation frequency are usually based on volume-flow meters. They are widely
used in district heating due to their lower estimation frequency, which prolongs their battery
life. Such devices are inaccurate especially at low flow rates.

A Feed-forward method that measures the heat energy only when changes occur is presented
in this paper.

This method reduces the heat measurement error due to the dynamics of the system while
minimizing the battery power consumption. The Feed-Forward method has been implemented
and tested at cross-purposes with flow rate dependent heat meters in a Simulink model of a
district heating substation.

Keywords: district heating, heat meter, sensors, measurement, heat.

1 Introduction

District heating is a technology used to deliver heat energy from a central production
facility to city districts or whole cities through a distribution network. This technology
was introduced in the USA around 1870-80 [1]. Water is commonly used as an energy
carrier in these networks. The transfer of heat energy between the district heating net-
work and a building occurs in a district heating substation through heat exchangers. It
is at these substations that heat meters are located.

The energy consumption can be divided into space heating and tap water usage. The
tap water consumption varies as users consume hot water when they, for example, take
a hot shower, wash their hands, etc.

A typical heat meter consists of a set of two resistive temperature sensors, usually Pt-
500 sensors, a flow meter and an integrating unit, which estimates the energy consumed
by the household [1].

The frequency at which heat meters estimate and update the energy is either constant
or depends on the flow rate. Heat meters are often battery operated and their power
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consumption is proportional to their estimation frequency. Heat meters with a flow rate
dependent estimation frequency are usually based on volume-flow meters, such as turbine
flow meters. Their lower energy estimation frequency prolongs their battery life. They
are therefore widely used in district heating.

A modern substation responds well to sudden changes in the heat demand or dynamic
loads. However, the metering of the transferred heat has not evolved to address such
variations. The measurement error in traditional heat meters based on volume-flow
meters is proportional to the frequency and amplitude of the tap water load. A low
tap water load results in a higher measurement error [2]. Simulations of traditional heat
meters based on volume-flow meters in a district heating substation subject to dynamic
tap water load were conducted. Rectangular pulses with a duration of 50 s and a randomly
varying amplitude between 0 and 0.8 l/s occurring at fixed intervals of 150s were used to
simulate the tap water load in these simulations. The average heat measurement error
was estimated to 14% over a period of one hour [2].

In order to improve measurement accuracy one can increase the sampling frequency.
But this results in a shorter battery life. Instead of an increased sampling frequency a
Feed-Forward method is employed. The Feed-forward method only needs to take mea-
surements when a change in energy consumption occurs.

Models of the feed-forward method and a traditional heat meter with a flow rate
dependent estimation frequency [2] have been implemented in Simulink. These models
have been used as part of a Simulink model of a district heating substation [3] in order
to compare their measurement accuracy and their battery life.

The Feed Forward method not only has higher heat measurement accuracy than heat
meters with flow rate dependent estimation frequency, but it also consumes significantly
less power. This makes it ideal for battery operated heat metering.

2 Theory

The district heating substation, connects the district heating network and house, while
separating the two household circuits, namely the space heating and the tap water cir-
cuits. The district heating circuit is referred to as the primary circuit and the household
circuits are the secondary circuits. A heat meter measures how much heat energy was
transferred from the primary circuit to the secondary circuits. It is commonly comprised
of a flow meter, two resistive temperature sensors and a computing unit. The temper-
ature sensors measure the supply and return temperatures of the primary circuit. The
flow meter measures the flow rate of the primary circuit.

The heat energy Q [J] consumed by the household during a period of time Δt = t1−t2
is given by the following continuous time integral [1]

Q =
∫ t2
t1

ṁcp(Tr, Ts)ΔTdt
=

∫ t2
t1

V k(Tr, Ts)ΔTdt,
(1)

where
k(Tr, Ts) = ρ(Tr)cp(Tr, Ts),
ΔT = Ts − Tr,
V = ṁ

ρ
,

(2)



85

and

Ts = the measured supply temperature [◦C]
Tr = the measured return temperature [◦C]
k(Tr, Ts) = the heat coefficient [J/◦Cm3]
ṁ = the mass-flow rate [kg/s]
V = the volume-flow rate [m3/s]
ρ(Tr) = the fluid density at Tr [kg/m3]

cp(Tr, Ts) = the average specific heat capacity at Tr and Ts [J/◦Ckg]

Modern heat meters do not compute continuous events, they use the following discrete
approximation of equation (1) to compute the heat energy consumed by the household

Q =
N∑

i=0

kiViΔTiΔti, (3)

where Δti = ti+1−ti is the time elapsed between two consecutive measurements, ki, Vi, ki

and ΔTi are measured at ti.

2.1 Traditional heat meters based on volume-flow meters

The flow rate dependent heat measurement is triggered by a series of pulses from the flow
meter. The flow meter emits a pulse when a fixed volume of water has passed through
it. The time between two consecutive pulses is often called the integration time and is
flow dependent. When a pulse is emitted, the integration unit measures the return and
supply temperatures and the integration time [1].

This method has its origins in old turbine flow meters. Such flow meters are powered
by the flow. The turbine drives a mechanism that provides a pulse after a certain amount
of fluid has past by.

The heat integrator computes the heat energy consumed for each iteration i with the
average flow rate during the integration time Vi, temperature difference ΔTi and the heat
coefficient ki(Tri

, Tsi
) using equation set (2). The obtained value is then accumulated onto

the total heat energy consumed according to equation (3).
The measurement error in such heat meters depends on many factors [2]. The largest

source of error originates from the flow meter. It only enables us to estimate an average
flow rate during the integration time. The real flow rate may vary drastically during the
integration time without being detected by the heat meter.

2.2 The Feed-Forward method

The estimation frequency of traditional heat meters based on volume-flow meters at high
primary flow rates is fast enough to obtain an acceptable heat measurement accuracy,
since it is proportional to the flow rate [2]. The problem occurs at low primary flow rates,
when the time between two flow meter pulses is longer and the heat estimation frequency
is slower. The measurement frequency in this case is too slow to cope with fast and short
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heat energy changes in the system. Heat meters with a constant estimation frequency
are not affected in the same way by low primary flow rates since their measurement
frequency can be set to be fast enough to avoid this problem.

In order to improve measurement accuracy one can increase the sampling frequency.
But this results in a shorter battery life. Instead of an increased sampling frequency, a
Feed-Forward method is employed.

The Feed-forward method only needs to take measurements when a change in energy
consumption occurs. This change could be detected by observing the position of the
control valve. This valve is governed by the controller and regulates the primary flow
providing the necessary amount of heat energy needed by the household. When the
energy needs of the household increase the valve opens allowing a higher primary flow
rate and vice versa. When the valve is at a stationary position the primary flow, and
thereby the energy consumed, are constant. It is unnecessary to measure the heat energy
at this stationary state.

The Feed-Forward method uses an input signal from the controller to trigger heat
measurements only when a change in the control valve position exceeds a certain thresh-
old. A series of measurements are then performed until the valve, and thereby primary
flow, enters a stationary state again. The Feed-Forward method then assumes constant
heat consumption and enters a power save mode to prolong the battery life of the device
until the next trigger signal is received.
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else 0
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periodic sequences 
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else 0

1

Measured Power
z

1

Unit Delay

Trigger

Transport
Delay

Switch

Repeating
Sequence of 
ones (0.1Hz)

Product

Flow

Tr

Triggered flow

Triggered Tr

Measure
Flow and Return temp. 
when trigger signal=1

OR

Logical
Operator

du/dt Derivative

em

Dead Zone

1

Constant

Clock

|u|

Abs1

Start timer

start timer
if trigger signal=1

5

CTRL signal
Space heating regulator

4

CTRL signal
Tap water regulator

3

Meas. Tr

2

Meas. Ts

1
Meas. flow

Figure 1: Simulink model of the Feed-Forward method
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3 Method

Simulink models of the Feed-Forward method and a traditional heat meter with flow
dependent estimation frequency were made using the theory presented in section 2.2 and
in paper [2], respectively. Both models were used as part of a larger Simulink model of
a district heating substation [3]. The Simulink model of the Feed-Forward method is
shown in figure 1

The temperature sensors and the flow meter have been modelled separately with their
associated bias and random uncertainties. Random uncertainties have been modelled by
adding a Gaussian distribution with mean 0 and variance 1 [4].

The response time due to material coatings and encapsulation around resistive tem-
perature sensors has been modelled using the following first order transfer function [5]

G(s) =
1

τs + 1
, (4)

where τ is the time constant. We have used τ = 2 seconds in this simulation.
The battery power consumption has been estimated by adding one power unit each

time a heat measurement is taken.

0 100 200 300 400 500 600 700 800 900 1000

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Time (Seconds)

T
ap

 w
at

er
 fl

ow
 r

at
e 

(l/
s)

Figure 2: Tap water load

3.1 Simulation

The aim of the simulation is to compare the accuracy of the Feed-Forward method to
the traditional heat meter with flow dependent estimation frequency subject to dynamic
tap water loads.
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Rectangular pulses with a duration of 100 s, a frequency of 5 · 10−3 Hz and a random
flow rate amplitude between 0 and 0.8 l/s were used to simulate the tap water usage in
this simulation. The tap water usage is shown in figure 2.

Once a control signal exceeding the given threshold is caught, a series of measurements
with a 0.1 Hz frequency are performed during a period of 45 s. This measurement period
is enough to ensure that the control valve has reached a stationary state. The primary
flow and thereby the heat energy intake are then assumed to be constant.
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Figure 3: The relative heat measurement error

4 Results and discussion

Figure 2 shows that the Feed-Forward method offers a better measurement accuracy
than the traditional heat meter with flow dependent estimation frequency. The mean
relative heat measurement error is 0.33% for the Feed-Forward method and 16.44% for
the traditional heat meter.

The relative heat energy measurement error was estimated as follows

error(%) = |Emeasured − Ereal

Ereal

| · 100, (5)

For the tap water load used in this simulation, the battery power consumption of the
Feed-Forward method was 30% lower than the traditional heat meter with flow dependent
estimation frequency. For lower tap water load the Feed-Forward method consumes even
less battery power because it will be in power save mode for longer periods of time.
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The main drawback with the Feed-Forward method is that it may require the instal-
lation of new hardware in the district heating substation. One of the requirements is that
the substation has to have valves that are controlled electronically in order to know the
valve position at all times. This is not possible when using self-controlling valves which
is common in small district heating substations.

The benefits of the Feed-Forward method are a significantly lower measurement error
and much lower battery power consumption compared with traditional heat metering.
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Abstract: Heat measurement errors cause revenue discrepancies in the district heating
industry. Some of these errors are caused by the uncertainty in the sensors themselves, but the
primary source of error contribution is the dynamic load such systems are subject to, as in the
case of an irregular warm water tapping.

A new adaptive algorithm, that adjusts its estimation frequency depending on the flow rate,
has been implemented to reduce the heat measurement error due to the dynamics of the system.

Simulations of the adaptive algorithm subject to the Swedish standard test program FVF

F:111 have been made in order to compare the heat measurement accuracy of the adaptive

algorithm with existing heat meters. The heat meters used were also tested according to the

Swedish standard test FVF F:111 by both the Swedish District Heating Association and the

Swedish National Testing and Research Institute (SP). The results of the simulations show that

the adaptive algorithm gives a better heat energy estimation than most of the heat meters

tested.

Keywords: district heating, heat meter, sensors, measurement, heat.

1 Introduction

District heating technology was introduced in the USA around 1870-80 [1]. It is a technol-
ogy that distributes heat energy produced in a central production facility to city districts
or whole cities. The heat energy is delivered via a distribution network where water is
often used as a carrier. The heat energy transfer between the distribution network, often
referred to as primary circuit, to the building network, or secondary circuit, occurs in
district heating substations and more specifically in heat exchangers. Heat meters are
located in these substations. The energy consumption can be divided into space heating
and tap water usage. The tap water consumption varies as users consume hot water
when they, for example, take a hot shower or wash their hands.
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A typical heat meter consists of a set of two resistive temperature sensors, usually Pt-
500 sensors, a flow meter and an integrating unit, which estimates the energy consumed
by the household [1].

Heat meters are often battery operated and their battery power consumption is pro-
portional to their estimation frequency, which is either constant or flow rate dependent.
Heat meters with a flow rate dependent frequency are based on volume-flow meters, such
as turbine flow meters. Such heat meters have a longer battery life thanks to their lower
estimation frequency. They are therefore widely used in district heating.

A modern substation responds well to sudden changes in the heat demand or dynamic
loads. However, the metering of the transferred heat has not evolved to address such
variations.

The measurement error in traditional heat meters based on volume-flow meters is
proportional to the frequency and amplitude of the tap water load. A low tap water load
results in a higher measurement error [2].

A new adaptive algorithm is proposed to increase the heat measurement accuracy
while keeping the battery life relatively long. The Swedish District Heating Association
has developed the test program FVF F:111 [3] to test the ability of heat meters to cope
with the dynamic load such substations are subject to. Heat meters from well known
manufacturers such as Enermet [4], Kamstrup [5][6], ABB [7], Siemens [8] and Actaris [9]
have been tested by the Swedish District Heating Association and the Swedish National
Testing and Research Institute (SP).

A Simulink model of the adaptive algorithm has been made. This model has been
used as part of a Simulink model of a district heating substation [10] subject to the test
program FVF F:111 [3] proposed by the Swedish District Heating Association. Results
from this simulation were then compared to real life results from the heat meter testing
conducted by the Swedish District Heating Association and the Swedish National Test-
ing and Research Institute (SP). The results of the simulation show that the adaptive
algorithm gives a better heat energy estimation than most of the heat meters tested.

2 Theory

The district heating substation connects the district heating network to the house, while
separating the two household circuits, namely the space heating and the tap water cir-
cuits. The district heating circuit is referred to as the primary circuit and the household
circuits are the secondary circuits. A heat meter measures how much heat energy was
transferred from the primary circuit to the secondary circuits. It is commonly comprised
of a flow meter, two resistive temperature sensors and a computing unit. The temper-
ature sensors measure the supply and return temperatures of the primary circuit. The
flow meter measures the flow rate of the primary circuit.

The heat energy Q [J] consumed by the household during a period of time Δt = t1−t2
is given by the following continuous time integral [1]

Q =
∫ t2
t1

ṁcp(Tr, Ts)ΔTdt
=

∫ t2
t1

V k(Tr, Ts)ΔTdt,
(1)



97

where
k(Tr, Ts) = ρ(Tr)cp(Tr, Ts),
ΔT = Ts − Tr,
V = ṁ

ρ
,

(2)

and

Ts = the measured supply [◦C]
temperature

Tr = the measured return [◦C]
temperature

k(Tr, Ts) = the heat coefficient [J/◦Cm3]
ṁ = the mass-flow rate [kg/s]
V = the volume-flow rate [m3/s]
ρ(Tr) = the fluid density [kg/m3]

at Tr

cp(Tr, Ts) = the average specific [J/◦Ckg]
heat capacity at
Tr and Ts

Modern heat meters do not compute continuous events, they use the following discrete
approximation of equation (1) to compute the heat energy consumed by the household

Q =
N∑

i=0

kiViΔTiΔti, (3)

where Δti = ti+1−ti is the time elapsed between two consecutive measurements, ki, Vi, ki

and ΔTi are measured at ti.

2.1 Heat meters based on volume-flow meters

This method has its origins in old turbine flow meters. Such flow meters are powered by
the flow. The turbine drives a mechanism that provides a pulse after a certain amount
of fluid has past by.

The flow rate dependent heat measurement is triggered by a series of pulses from
the flow meter. The flow meter emits a pulse when a fixed volume of water has passed
through it. The time between two consecutive pulses is often called the integration time

and is flow dependent. When a pulse is emitted, the integration unit measures the return
and supply temperatures and the integration time [1].

The heat integrator computes the heat energy consumed for each iteration i with the
average flow rate during the integration time Vi, temperature difference ΔTi and the heat
coefficient ki(Tri

, Tsi
). The obtained value is then accumulated onto the total heat energy

consumed according to equation (3).
The measurement error in such heat meters depends on many factors [2]. The largest

source of error originates from the flow meter. It only enables us to estimate an average
flow rate under the integration time. The real flow rate may vary drastically during the
integration time without being detected by the heat meter.
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Manufacturer Model Power frequency
supply Constant Flow dep.

Kamstrup Multical Compact [5] Battery 30 –
Kamstrup Multical 66C92F0312 [6] Battery – 1
Enermet 10EVL [4] 220 V – 1
ABB F3 [7] 220 V – 2.5
Siemens 2WR5 [8] 220 V 30 –
Actaris CF Echo [9] Battery – 1
Abaptiv alg. – Battery 10 1

Table 1: Type of power supply and different algorithms used in heat meters

2.2 Heat meters with a constant estimation frequency

Such heat meters estimate the heat energy consumed by the household during constant
periods of time. The estimation interval usually varies between 4 and 30 seconds.

They measure the flow rate Vi and the temperatures difference ΔTi between the supply
and return pipes of the primary circuit. They then estimate the heat energy consumed
using equation (3).

These heat meters often give a more accurate value of the heat energy consumed by
the household but they consume more battery power than heat meters based on volume-
flow meters.

2.3 Adaptive algorithm

The measurement error of heat meters based on volume-flow meters depends on the
frequency and amount of tap water demand is mentioned in [2]. Under normal flow
rates, the estimation frequency of traditional heat meters based on volume-flow meters is
fast enough to obtain an acceptable heat measurement accuracy, since it is proportional
to the flow rate [2]. The problem occurs at low flow rates, when the time between two
flow meter pulses is longer. The measurement frequency in this case is too slow to cope
with fast and short heat energy changes in the system. Heat meters with a constant
estimation frequency are not affected in the same way by low primary flow rates, since
their measurement frequency can be set to be high enough to avoid this problem, but
again at the cost of the battery’s life expectancy.

The adaptive algorithm measures the heat energy with a flow rate dependent esti-
mation frequency at high flow rates in the primary circuit. But if the flow rate drops
below a certain transition threshold, the heat meter measures the energy with a constant
estimation frequency. This implies that the sampling frequency at low flow rates will be
higher than the one in heat meters with a flow rate dependent estimation frequency. The
adaptive algorithm is a hybrid algorithm that adjusts its estimation frequency depending
on the flow rate. It combines two existing heat measurement algorithms to give a higher
accuracy measurement.
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Manufacturer Model Flow meter Error Error
type in test 1 in test 2

Kamstrup Multical Compact [5] Ultrasonic -1.5 -13.8
Kamstrup Multical 66C92F0312 [6] Ultrasonic -0.6 -10.8
Enermet 10EVL [4] Inductive -1.05 -3.8
ABB F3 [7] Ultrasonic -1.97 -2.59
Siemens 2WR5 [8] Ultrasonic -2.80 -35.35
Actaris CF Echo [9] Ultrasonic -1.95 -8.06
Abaptiv alg. – – -0.26 -3.6

Table 2: Results of several heat meters subject to standard test program FVF F:111

3 Method

In order to test the measurement accuracy of heat meters subject to daily dynamic heat
energy load, the Swedish District Heating Association has established a standard test
program called FVF F:111 [3]. A test rig has been built to test heat meters against
this standard. The rig is equipped with reference temperature sensors and flow meter
in order to have a reference heat measurement. The reference temperature, flow rate
and heat energy measurement uncertainties are estimated to ±0.1%, ±1.5% and ±1.6%,
respectively. The standard test program FVF F:111 consists of a series of two tests.

• Test 1: Both space heating and hot tap water loads are taken into account in this
test. The space-heating load is set to 10-20 kW/h. The hot tap water load is cyclic
as shown in figure 1 and the table below. The cycle is 19 min. long and repeated
until the reference heat meter measures 100 kWh.

Time (s) 60 120 180 180 30 300 150 30 90
Flow (l/s) 0 0.1 0.2 0.1 0 0.2 0 0.2 0

• Test 2: Only hot tap water load is taken in account into this test. No space
heating is set. The hot tap water load is cyclic, as shown in figure 1 and the table
below. The cycles are 5.5 min long and are repeated until the reference heat meter
measures 20 kWh.

Time (s) 300 30
Flow (l/s) 0 0.2

Heat meters from known manufacturers such as Enermet [4], Kamstrup [5][6], ABB
[7], Siemens [8] and Actaris [9] have been tested in this rig. The results of theses tests
are summarized and shown in table 2.

Simulations of the adaptive algorithm subject to the hot tap water loads stated in
test 1 and 2 were conducted to compare its accuracy against well-known heat meters
present on the market today.
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Figure 1: Tap water load in test 1 and 2 respectively.
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Figure 2: Heat measurement error in test 1 and 2 respectively.

4 Results and discussion

It has been shown in these simulations that the adaptive algorithm has a higher measure-
ment accuracy than most heat meters tested against the Swedish standard FVF F:111.
The results of these tests are shown in table 1 and the graphs of the average error rate of
the adaptive algorithm subject to test 1 and 2 are plotted in figure 2. The adaptive algo-
rithm has an average error rate of −0.26% in test 1, which is lower than the error shown
by other heat meters subject to the same test. The average error rate of the adaptive
algorithm in test 2 was measured to −3.6%, where only ABB F3 [7] heat meter had a
higher measurement accuracy. The results of test 1 show that the adaptive algorithm has
higher measurement accuracy when both the space heating and tap water consumption
dynamics.
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Abstract: In District heating substations the total energy consumed is measured using

a heat meter. From this measurement it is not possible to say how much has been used for

heating and how much has been used for hot water production. By measuring hot water usage,

savings up to 30% on the energy usage can be made. This paper describes how to measure the

energy usage for building heating and tap water production using only one heat meter. To use

two heat meters, one for measuring the energy used for heating, and one for domestic hot water

production, is expensive. Our proposed energy meter separates the domestic hot water energy

consumption from the total energy. According to simulations, the error in the estimate is less

than a percent. We suggest that instead of installing two heat meters, only one, combined with

the suggested estimation method, should be installed. This will be economically sound and

require less maintenance than two heat meters.

Patent Pending

Keywords: district heating, energy estimation, flow.

1 Introduction

About half of all apartment buildings
in Sweden are heated with district heating.
District heating has about 40% of the to-
tal heat energy market in Sweden. About
100 000 detached houses have district heat-
ing as the primary heating system. Each
detached house has one substation and heat
meter.

In District heating substations (DHS)
the total energy consumed is measured us-
ing a heat meter. By measuring the en-
ergy usage for domestic hot water produc-
tion and heating, you see how you use the
energy, and how you can save energy. Stud-
ies show that separate measurement of do-
mestic hot water usage result in changes in
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Figure 1: Typical Swedish parallel-coupled DHS. The supply temperature, return temperature
and flow are measured by the heat energy meter.

consumer behaviour. A study in Denmark
showed that for apartment buildings with
only one meter per building, the installation
of individual meters for every apartment re-
duced the energy consumption with up to
30% [1] [2].

Those meters measured the hot water
usage. The additional measurements pro-
vide information, previously difficult to ob-
tain, for research and dimensioning of sub-
stations and distribution networks

In Fig. 1 the layout of a parallel-coupled
substation is shown. It consists of two heat
exchangers (HX) one for hot water and an-
other for building heating (radiator HX),
valves and controllers for the heat exchang-
ers. The heat exchanger for tap water heat-

ing is usually a more powerful one than the
one used for radiator heating. It needs to
be able to heat water from around 10◦C
to 55◦C instantly. There is no accumula-
tor tank connected to the hot water circuit
in most detached houses that use district
heating, see Fig. 1. For a normal detached
house, the hot water circuit is dimensioned
for about 0.3 l/s and needs a 33 kW heat
exchanger. A 110 m3 house usually has a
10 kW heat exchanger for heating (varies
somewhat within Sweden) [3]. This means
that the energy usage for hot tap water is
a substantial part of the total energy us-
age. In a Danish study [1], the annual heat
consumption was divided equally between
heating and hot water.

1.1 Heat measurement theory

The heat energy consumed between t=0
and t is given by the integral (1). In the
heat meter, the continuous integral is ap-
proximated using a discrete integral. The
discretisation is done differently depending
on the heat meter type. If the heat meter is

a constant sampling frequency meter, then
it measures the flow and temperature at cer-
tain set intervals. If the measured variable
is assumed to be constant between measure-
ments, the calculation is very straightfor-
ward.
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The energy delivered to the substation
is given by,

q =
∫ t

0
V (TS − TR)k1dt (1)

ΔT = TS − TR (2)

PC(t) = V ΔTk1 [kJ/s]
PD(n) = V (n)ΔT (n)k1 [kJ/s]

PD(n) = PC(nτ)

q(t) ≈
n∑
0

PD(n)τ (3)

ṁ = V ρ [kg/s]

Equation (3) being a discrete approxi-
mation of equation (1) with sample n, taken
at time t = nτ .

V : Volume flow [m3/s]
TS : Supply temperature [◦C]
TR : Return temperature [◦C]
k1 : Heat coefficient cpρ [kJ/◦Cm3]
τ : Sampling time [s]
n : Sample number n
ṁ : Mass flow [kg/s]
PD(n) : Power discrete [kJ/s]
PC(t) : Power continuous [kJ/s]

1.2 Heat energy meters

Figure 2: Heat meter and how it is connected.

The heat meter consists of an arithmetic
device (integration unit), two temperature
sensors and a flow meter. Both the tem-
perature sensors and the flow meter are lo-
cated on the primary side, one tempera-
ture sensor on the supply pipe, the other

on the return pipe, together with the flow
meter [8]. There are two categories of heat
energy meters: flow-rate-dependent energy
meters (traditional), and constant sampling
frequency energy meters [5]. The flow-
dependent energy meter measures the tem-
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peratures and calculates the energy usage
after a certain amount of water has passed,
constant sampling frequency energy meters
calculate energy usage, and measure flow

and temperature at constant intervals. How
good the energy measurement is depends on
the quality of the sensor measurements and
the time between measurements [7].

2 Method

The simulations in this paper have been
made using a DHS model implemented in
Matlab Simulink [4]. The same model has
been used in [5] [6] [9]. It consists of a dis-
trict heating supply pipe, a house with ra-
diators and a complete DHS with two heat
exchangers with separate controllers. The
set point for hot tap water is 50◦C, and
the cold-water temperature is 10◦C. The
outside temperature used in this simulation
is -15◦C and the room temperature in the
house is set to be 20◦C. The tapings are
random in amplitude and occur every 500
seconds.

The simulation is done in two steps;
first, the DHS substation is run and data is
logged to disk. After this, a Matlab script
is used to analyse the measurements. The
(typical) type of energy measurement only
gives the total energy consumption. No in-
formation about how much is used for heat-
ing the house or for domestic hot water pro-
duction [3].

Tap water usage in the building varies
more rapidly than variations in the heat de-
mand of a house. The domestic hot water
HX needs to be able to produce hot water
on demand if no accumulator is used. The
fact that the power consumption for build-
ing heating varies relatively slowly and the
power consumption for tap water heating
varies quickly and has greater magnitude
makes it easy to separate the two from each
other.

In order to separate them, we need to
be able to detect when a tapping starts and
stops. If this information is available, we

get a very accurate estimate of the tap en-
ergy usage and heating energy usage. One
way to get this information is to monitor
the valve that controls the tap water heat
exchanger or the radiator heat exchanger.
Since many district heating systems in Swe-
den have self-controlling valves for the tap
water circuit, it is hard to monitor the
valve position without additional sensors.
If the valve is electronically controlled it is
easy. Here we will present a method that
can be used even when the valves are self-
regulating.

It works as follows: detect tapping
(start and stop) by looking at C (1) (the
difference between two samples of the mea-
sured power). If this value is greater than
a certain threshold or if the power usage
is greater than the power that can be pro-
duced by the radiator heat exchanger alone,
then we say it is a tapping.

‖P (t + 1) − P (t)‖ = C (4)

Total power consumption P (t) =
Ptap(t) + Pheat(t) is measured by a normal
heat meter and then integrated to get Q(t).
For a normal household, one can assume
that the hot water usage is not constant
[3]. In reality, the tapings are done ran-
domly (with respect to start, duration and
flow). Let us assume that building-heating
usage is constant for the duration of a tap-
ping unless the tapping is extremely long.
We say P(t) is equal to Pheat(t) when no
tapping occurs and that Ptap(t) is equal to
P (t) − Pheat(t). If no tapping is detected,
then Ptap(t) = 0 and Pheat(t) = P (t). The
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threshold for C is determined by the dy-
namic properties of the DHS and varies de-
pending the how great the derivate (of mea-
sured power) is when a tapping starts and
stops. We say that the derivate is close to
0 for heating and large for tap water heat-
ing. Choosing a small value for the thresh-
old gives a good separation, but too small
a value will class everything as a tapping.

A 10-second long tapping would yield

P (0) = Pheat(0)

At t = 0 there is no tapping, tapping starts
at t = 0+

P (1) = Pheat(0) + Ptap(1)

P (2) = Pheat(1) + Ptap(2)

· · ·
P (10) = Pheat(9) + Ptap(10)

Assume that Pheat(t) remains constant for
0 < t < 10 (the duration of the tapping).
This gives Ptap(1) = P (1)− Pheat(0) and so
on. P (t) is measured by the system’s heat
energy meter. A way of improving this es-
timate is to take P(11) and P(0) make a
linearization between the points and use it
to approximate the value of Pheat between
P(0) and P(11), since P(11) can be greater
or smaller than P(0).

Figure 3: The threshold used for separation of hot water energy usage.
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3 Results and Discussion

Figure 4: Power usage for heating and estimated power usage for tapping

The objective was to find a way of sep-
arating hot water heat energy usage and
house heating energy usage. Our suggested
method of doing this gives no error in to-
tal energy usage and according to simula-
tions, only a few fractions of a percent in
the estimates. In the simulations presented
below, the energy usage for hot water pro-
duction was 2.04 kWh and the error in es-

timation was -0.0016 kWh. The energy us-
age for heating was 8.49 kWh and the error
was 0.0016 kWh. Nine tapings are done in
this experiment. On average, every tapping
used a little more than 0.2 kWh. The dura-
tion of the experiment was 4500 seconds or
about 1.25h. The power usage for heating
was on average 6.78 kW for the duration of
the experiment.

Since the estimate is based on the to-
tal power measurement (Fig. 4), the total
power measurement will be correct even if
this method underestimates the hot tap wa-
ter power consumption (Fig. 4). The sum

of the estimates is equal to the measured to-
tal power consumption. An overestimation
of heating is an underestimation of tapping
with the same value. Figure 4 shows the
total measured power usage.

4 Conclusion

The presented method gives accurate es-
timates of both domestic hot water energy
consumption and building heating energy
consumption. This type of measurement
is seldom done in Sweden today, since it

requires one extra heat meter. By imple-
menting this algorithm in the heat meters,
one heat meter can do the job of two. This
will save money for both the consumer and
the supplier. More important, both the



111

Figure 5: The measured total power usage.

consumer and the supplier will be able to
get additional information about the energy
use. This may lead to energy savings and
other improvements in district heating.

Future work consists of implementing

the method on a heat meter and installing
it on a district heating substation for veri-
fication of the simulated results using real
heat meters.
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Abstract: Heat measurement errors cause revenue discrepancies in the district heating
industry. Some of these errors are caused by the uncertainty in the sensors themselves but the
most contributing error source is the dynamic load such systems are subject to, as in the case
of an irregular warm water tapping.

A new Feed Forward method, which measures the heat energy only when changes occur, has
been implemented to reduce the heat measurement error due to the dynamics of the system.

The Feed Forward method has been tested in a district heating laboratory subject to the
Swedish standard test program FVF F:111 in order to compare the heat measurement accu-
racy of the Feed Forward method with existing heat meters. The heat meters used were also
tested according to the Swedish standard test FVF F:111 by both the Swedish District Heating
Association and the Swedish National Testing and Research Institute (SP).

The results show that the Feed Forward method gives a better heat energy estimation than
most of the heat meters tested.

Keywords: district heating, heat meter, sensors, measurement, heat.

1 Introduction

District heating technology was introduced in
the USA around 1870-80 [1]. It is a technol-
ogy that distributes heat energy produced in
a central production facility to city districts or
whole cities. The heat energy transfer between
the distribution networks to the building oc-
cures in district heating substations and more
specifically in heat exchangers. Heat meters
are located in these substations.

The energy consumption can be divided
into space heating and tap water usage. The
tap water consumption varies as users consume
hot water when they, for example, take a hot

shower or wash their hands.

A typical heat meter consists of a set of
two resistive temperature sensors, usually Pt-
500 sensors, a flow meter and an integrating
unit, which estimates the energy consumed by
the household [1].

Heat meters are often battery operated and
their battery power consumption is propor-
tional to their estimation frequency that is ei-
ther constant or flow rate dependent. Heat me-
ters with a flow rate dependent frequency are
based on volume-flow meters, such as turbine
flow meters. Such heat meters have a longer
battery life thanks to their lower estimation
frequency. They are therefore widely used in
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district heating.

A modern substation responds well to sud-
den changes in the heat demand or dynamic
loads. However, the metering of the trans-
ferred heat has not evolved to address such
variations. The measurement error in tradi-
tional heat meters based on volume-flow me-
ters is proportional to the frequency and am-
plitude of the tap water load. A low tap water
load results in a higher measurement error [2].

A new Feed Forward method is proposed to
increase the heat measurement accuracy while
keeping the battery life relatively long [12].
The Feed Forward method measures the heat
energy consumed only when a change in the
consumption pattern occurs. A more detailed
explanation of this method and how it is im-
plemented is proposed in section 2.3.

The Swedish District Heating Association
has developed the test program FVF F:111 [3]
to test the ability of heat meters to cope with
the dynamic load such substations are subject
to. Heat meters from well known manufacturer
such as Enermet [4], Kamstrup [5][6], ABB [7],
Siemens [8] and Actaris [9] have been tested by
the Swedish District Heating Association and
the Swedish National Testing and Research In-
stitute (SP).

A district heating laboratory, with a known
and traceable measurement error, has been
built at Lule̊a University of Technology [11]
to test the feed-forward method against the
FVF F:111 test program [3] proposed by the
Swedish District Heating Association. Results
from these tests are then compared to real life
results from the heat meter testing made by
the Swedish District Heating Association and
the Swedish National Testing and Research In-
stitute (SP) and presented in table (2).

The results of the tests presented in table
(2) show that the Feed Forward method gives
a better heat energy estimation than most of
the heat meters tested.

2 Theory

The district heating substation connects the
district heating network and house, while sep-
arating the two household circuits, namely the
space heating and the tap water circuits. The
district heating circuit is referred to as the pri-
mary circuit and the household circuits are the
secondary circuits. A heat meter measures how
much heat energy was transferred from the pri-
mary circuit to the secondary circuits. It is
commonly comprised of a flow meter, two re-
sistive temperature sensors and a computing
unit. The temperature sensors measure the
supply and return temperatures of the primary
circuit. The flow meter measures the flow rate
of the primary circuit.

The heat energy Q [J] consumed by the
household during a period of time Δt = t1− t2
is given by the following continuous time inte-
gral [1]

Q =
∫ t2
t1

ṁcp(Tr, Ts)ΔTdt

=
∫ t2
t1

V k(Tr, Ts)ΔTdt,
(1)

where

k(Tr, Ts) = ρ(Tr)cp(Tr, Ts),
ΔT = Ts − Tr,

V = ṁ
ρ
,

(2)

and

Ts = the measured supply [◦C]
temperature

Tr = the measured return [◦C]
temperature

k(Tr, Ts) = the heat coefficient [J/◦Cm3]
ṁ = the mass-flow rate [kg/s]
V = the volume-flow rate [m3/s]
ρ(Tr) = the fluid density [kg/m3]

at Tr

cp(Tr, Ts) = the average specific [J/◦Ckg]
heat capacity at
Tr and Ts

Modern heat meters do not compute con-
tinuous events; they use the following discrete
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approximation of equation (1) to compute the
heat energy consumed by the household

Q =
N∑

i=0

kiViΔTiΔti, (3)

where Δti = ti+1 − ti is the time elapsed be-
tween two consecutive measurements, ki, Vi, ki

and ΔTi are measured at ti.

2.1 Heat meters based on

volume-flow meters

This method has its origins in old turbine flow
meters. Such flow meters are powered by the
flow. The turbine drives a mechanism that pro-
vides a pulse after a certain amount of fluid has
past by.

The flow rate dependent heat measurement
is triggered by a series of pulses from the flow
meter. The flow meter emits a pulse when a
fixed volume of water has passed through it.
The time between two consecutive pulses is of-
ten called the integration time and is flow de-
pendent. When a pulse is emitted, the inte-
gration unit measures the return and supply
temperatures and the integration time [1].

The heat integrator computes the heat en-
ergy consumed for each iteration i with the av-
erage flow rate during the integration time Vi,
temperature difference ΔTi and the heat coef-
ficient ki(Tri

, Tsi
). The obtained value is then

accumulated onto the total heat energy con-
sumed according to equation (3).

The measurement error in such heat me-
ters depends on many factors [2]. The largest
source of error originates from the flow meter.
It only enables us to estimate an average flow
rate during the integration time. The real flow
rate may drastically vary during the integra-
tion time without being detected by the heat
meter.

2.2 Heat meters with a

constant estimation fre-
quency

Such heat meters estimate the heat energy con-
sumed by the household during constant peri-
ods of time. The estimation interval usually
varies between 4 and 30 seconds.

They measure the flow rate Vi and temper-
atures difference ΔTi between the supply and
return pipes of the primary circuit. They es-
timate then the heat energy consumed using
equation (3).

These heat meters often give a more ac-
curate value of the heat energy consumed by
the household but they consume more battery
power than heat meters based on volume-flow
meters.

2.3 The Feed Forward method

The estimation frequency of traditional heat
meters based on volume-flow meters at high
primary flow rates is fast enough to obtain an
acceptable heat measurement accuracy, since it
is proportional to the flow rate [2]. The prob-
lem occurs at low primary flow rates, when the
time between two flow meter pulses is longer
and the heat estimation frequency is slower.
The measurement frequency in this case is too
slow to cope with fast and short heat energy
changes in the system. Heat meters with a con-
stant estimation frequency are not affected in
the same way by low primary flow rates since
their measurement frequency can be set to be
fast enough to avoid this problem.

In order to improve measurement accuracy
one can increase the sampling frequency, but
this results in a shorter battery life. Instead
of an increased sampling frequency, a Feed-
Forward method is employed [12].

The Feed-forward method only needs to
take measurements when a change in energy
consumption occurs. This change could be de-
tected by observing the position of the control
valve. This valve is governed by the controller
and regulates the primary flow providing the
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Manufacturer Model Power frequency
supply Constant Flow dep. Feed Fwd.

Kamstrup Multical Battery 30 – –
Compact [6]

Kamstrup Multical Battery – 1 –
66C92F0312 [7]

Enermet 10EVL [5] 220 V – 1 –
ABB F3 [8] 220 V – 2.5 –
Siemens 2WR5 [9] 220 V 30 – –
Actaris CF Echo [10] Battery – 1 –
Feed Forward – Battery – – X

Table 1: Type of power supply and different algorithms used in heat meters

Manufacturer Model Flow meter Error Error
type in test 1 in test 2

Kamstrup Multical Compact [6] Ultrasonic -1.5 -13.8
Kamstrup Multical 66C92F0312 [7] Ultrasonic -0.6 -10.8
Enermet 10EVL [5] Inductive -1.05 -3.8
ABB F3 [8] Ultrasonic -1.97 -2.59
Siemens 2WR5 [9] Ultrasonic -2.80 -35.35
Actaris CF Echo [10] Ultrasonic -1.95 -8.06
Feed Forward – Ultrasonic∗ -0.45 -2.8

Table 2: Results of several heat meters subject to standard test program FVF F:111

(∗) A laboratory prototype build on D-flow technology (http://d-flow.com)

necessary amount of heat energy needed by
the household. When the energy needs of the
household increase the valve opens allowing a
higher primary flow rate and vice versa. When
the valve is in a stationary position the pri-
mary flow, and thereby the energy consumed,
are constant. It is unnecessary to measure the
heat energy at this stationary state.

The Feed-Forward method uses an input
signal from the controller to trigger heat mea-

surements only when a change in the control
valve position exceeds a certain threshold. A
series of measurements is then performed un-
til the valve, and thereby primary flow, enters
a stationary state again. The Feed-Forward
method then assumes a constant heat con-
sumption and enters a power save mode to pro-
long the battery life of the device until the next
trigger signal is received.

3 Experiment

In order to test the measurement accuracy of
heat meters subject to daily dynamic heat en-
ergy load, the Swedish District Heating Associ-

ation has established a standard test program
called FVF F:111 [3] consisting in a series of
two tests.

• Test 1: Both space heating and hot tap
water loads are taken in account in this

http://d-flow.com
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test. The space-heating load is set to
10-20 kW/h. The hot tap water load is
cyclic, as shown in figure 1 and the table
below. The cycle is 19 min. long and
repeated until the reference heat meter
measures 100 kWh. The tap water load
for test 1 is plotted in figure (1).

• Test 2: Only hot tap water load is taken
in account into this test. No space heat-
ing is set. The hot tap water load is
cyclic, as shown in figure 1 and the ta-
ble below. The cycles are 5.5 min long
and are repeated until the reference heat
meter measures 20 kWh. The tap water
load for test 2 is plotted in figure (1)

Heat meters from known manufacturers
such as Enermet [4], Kamstrup [5][6], ABB [7],
Siemens [8] and Actaris [9] have been tested in
this rig. The results of these tests are summa-
rized and shown in table 2.

Laboratory experiments of the Feed For-
ward method subject to the hot tap water
loads stated in test 1 and 2 were conducted
to compare its accuracy against well-known
heat meters present on the market today. The
Feed Forward method was implemented as de-
scribed in section 2.3.

The experiments were conducted in a dis-
trict heating laboratory facility at Lule̊a Uni-
versity of Technology [11]. The laboratory
consists of two circuits separated by a heat
exchanger, a primary circuit connected to a
boiler and a secondary circuit where the tap
water load patterns in test 1 and 2 were im-
plemented. The temperature sensors, placed
at the entrances end exits on both sides of the
heat exchanger and the flow meters monitor-
ing the flow on both circuits are connected to a
computer. The electronic valves regulating the
flow rate on both circuits are also connected to
the computer. The software used for all data
sampling and valve control was MATLAB from
MathWorks.

The reference heat meter used was com-
posed of an ultrasonic flow meter prototype
based on D-Flow technology, and two Pt-100
temperature probes based on Scenca technol-
ogy. The uncertainty of the calibrated refer-
ence heat measurement was ±2.11% with a
95% confidence level at any time [11]. Further
details on the reference heat energy measure-
ment accuracy and calibration are discussed in
[11].
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Figure 1: Tap water load in test 1 and 2 respectively.
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The relative heat energy measurement er-
ror was estimated as follows

error(%) =
Effd − Eref

Eref

· 100, (4)

where Effd and Eref are the heat energy mea-
surements made by the feed forward method
and the calibrated reference meter [11], respec-
tively.

4 Results

It has been shown in these tests that the Feed
Forward method has a higher measurement ac-

curacy than most heat meters tested against
the Swedish standard FVF F:111. The results
of these tests are shown in table 2 and the
graphs of the average error rate of the Feed
Forward method subject to test 1 and 2 are
plotted in figure 2.

The Feed Forward method has an average
error rate of -0.45% in test 1, which is lower
than the error shown by other heat meters sub-
ject to the same test. The average error rate of
the Feed Forward method in test 2 was mea-
sured to -2.8% where only the ABB F3 [7] heat
meter had a higher measurement accuracy.
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Figure 2: The absolute value of the relative heat measurement error in test 1 and 2, respectively.

5 Discussion

It is shown in this paper that the heat mea-
surement error of the feed forward method is
much lower than most heat meters on the mar-
ket today. This is achieved at the same time
as battery power is saved, as explained in sec-
tion 2.3, which makes this method ideal for low
power applications.

Figure 2 shows that the relative heat mea-
surement error of the feed forward method di-
minishes over time. This is caused by the fact
that the difference (Effd − Eref ) expressed in
the numerator of equation (4) is relatively con-

stant while the denominator Eref increases as
time goes by. This implies that the whole equa-
tion (4) diminishes over time.

The high heat measurement error of the
Siemens 2WR5 [8] might be caused by an un-
fortunate non-synchronization between the de-
vice’s measurement frequency of 1 measure-
ment every 30s, and the fact that the tap water
load pattern changes in time intervals that are
multiples of 30s in both tests 1 and 2. The tap
water load pattern of test program FVF F:111
has to be changed in order to avoid such un-
fortunate non-synchronization problems. The
change in the tap water load time intervals
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should not be a multiple of 2, 3 or 5s to get fair
results, since most heat meters have measure-
ment intervals that are multiples of these num-

bers. It is recommended to use prime numbers
greater than 5 for this purpose.
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[4] U. Jansson, ”Provning av värmemätare”, Tech. Rep., P201980-A, Swedish District Heating
Association, 101 53 Stockholm Sweden, April 2002
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