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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.
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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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