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Abstract|The paper deals with accuracy problems when
heat energy consumption in district heating (DH) systems
is calculated by measuring the DH water ow rate and its
cooling. An investigation on the inuence that sizing of ow
meters used has on the accuracy of DH water ow mea-
surements in a typical DH subscriber station is presented.
Furthermore the consequences of the choice of ow meter
size on energy metering accuracy is studied. The goal is to
determine rules leading to optimal sizing of the ow meters.
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I. Introduction

Energy consumption in district heating (DH) subscriber
stations is measured by measuring the consumption of DH
water and its cooling. The energy meter, or heat meter,
consists of a ow meter, a pair of temperature sensors and
an integrating unit that calculates the heat ow and inte-
grates it over time. It is widely recognized that the ow
meter is what limits accuracy in heat measurements.

In Svensson (1996) the problems associated with ow
measurements for billing purposes in DH are categorized.
In the �rst category there are problems connected to direct
failure of measurement equipment due to fouling or elec-
trical errors. Secondly, there are measurement errors that
can be explained by installation e�ects. Static installation
e�ects occur due to insu�cient straight pipe length before
the ow meter that results in a distorted ow pro�le where
the measurement takes place. Dynamic installation e�ects
occur because of pumps and vibrating valves that produce
pulsating or oscillating ows. Finally there are problems
due to incorrect dimensioning of the ow meter.

It is a common view in the district heating business that
ow meters are usually oversized. The reason for this are
older dimensioning rules from the time when mechanical
meters were mostly used. Oversizing was necessary because
ow rates larger then the meter was designed for could
damage the meter. Today, ow meters that are based on
other measurement principles are becoming more and more
common in DH applications. Among these are magnetic-
inductive meters, ultrasonic meters and uidic meters. For
a brief description of measurement principles used in DH
see Svensson (1996). For a more thorough description see
Spitzer (1991). It is often possible to overload these me-
ters considerably without damaging the ow meter and still
obtain a reading with good accuracy. A limiting factor in
selecting a smaller meter is that downsizing might result in
high pressure drop over the meter.

Flow meters have varying measurement error depending
on load. The error is relatively largest when the load is low.
Commonly the accuracy for a given ow meter is presented

by manufacturers by calibration curves that show typical
measurement errors as a function of ow rate. The reprod-
ucability of the ow rate measurement is usually much less
than the error indicated by the calibration curve. There-
fore it is possible to estimate what reading a ow meter will
show at each ow rate given knowledge of the calibration
curve. The variability of measurement error as a function
of ow rate results in that the total measurement error over
longer periods of time is dependent on the ow distribution.
The focus of this paper is the e�ect that the size of a ow

Fig. 1. Schematic diagram of the problem solving procedure.

meter has on ow measurement errors in typical district
heating substations. The investigation was performed in
three steps. First, a dynamic model of the heat consump-
tion for a residential building was used, as well as models
of typical subscriber stations, to simulate the DH water
consumption patterns. Loads related to space heating and
domestic hot water heating were assumed. A single fam-
ily house as well as residential buildings with 20 and 100
ats were considered. The domestic hot water consump-
tion was simulated using a Monte Carlo algorithm. The
hot water heater in the subscriber station was of instanta-
neous type. To vary space heating load in the buildings,
real outdoor temperature measurements for one year from
southern Sweden were used. The resulting DH water ows
as well as the water supply and return temperatures were
used to calculate the total ow and energy consumption
during the year. The data was then analyzed from the ow
level durability point of view.

In the second step, models of real ow meters of several
types and sizes, based on calibration curves obtained from
measurements, were created. Data from both newly cali-
brated and older ow meaters were used. Using the data
obtained in the �rst step of the investigation as an input,



the models were used to calculate the total ow consump-
tion during the year, as would be indicated by real ow
meters. The last step was the creation of a heat meter
model consisting of the ow meter model as well as tem-
perature sensors and a calculator. This model was used to
calculate the total energy consumption.
Results from steps 2 and 3 were �nally compared to the

results calculated in step 1. The measurement error, along
with its deviation, is presented for di�erent ow meter sizes
and types. Individual variations in ow meter performance
are treated with repeated simulations on di�erent calibra-
tion curves. The ow meter size minimizing the ow re-
spective energy measurement error is found. This is com-
pared to DH water peak ow rates occurring. In Fig. 1
a schematic diagram of the problem solving procedure is
shown.

II. District Heating Water Consumption

A. Heat Consumption Model

The heat consumption can be divided into consumption
related to space heating and consumption related to heat-
ing of domestic hot water (DHW). The space heating model
consists of a radiator system and a building. The DHW us-
age was obtained from a separate simulation program.

A.1 Space Heating

Space heating refers to heating of indoor air and a build-
ing mass by a radiator system, see Fig. 2. A space heating
model presented in Winberg (1992) was scaled to the cor-
rect size and applied.

A.1.a Radiator Model. The radiator model is based on
lumping of the heat transfer process. The radiator is di-
vided into sections where the temperature is assumed con-
stant. By considering the conservation of energy in each
section the following equation is obtained:
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Fig. 2. Radiator and building model.

A.1.b Building Model. The building model has two
masses with di�erent capacities. One for indoor air and
one for the building material. The delivered power from
the radiator system is given by

Prad =

JX
j=1
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It is assumed that the heat transfer area from the indoor
air to the building is the same as the area from building to
outdoor air. Writing the heat balance equations for both
masses then gives:
Indoor air:

micpi
dTi

dt
= hiAb(Tb � Ti) + _micpi(To � Ti) + fPrad (3)

Building material:

mbcpb
dTb

dt
= hoAb(To�Tb)+hiAb(Ti�Tb)+(1�f)Prad (4)

Parameter f is the fraction of radiator power delivered to
the indoor air. Indoor air ow, _mi, corresponds to venti-
lation air ow and also heat losses from indoor air directly
to outdoor air.

A.2 Domestic Hot Water Usage

The DHW load pattern was obtained by a simulation
program developed at LTH, see Arvastson and Woller-
strand (1997). Opening time, the opening intensity of the
valves and the ow rate is described with statistical dis-
tributions based on �eld measurements made by Holmberg
(1981) and (1987). Simulation of one week was used re-
peatedly. The statistical distributions were the same for
all days. The time resolution of tapping data was one sec-
ond.

B. Subscriber Station Model

The connection scheme of the subscriber station model
was 2-stage for the residential buildings and parallel for
the single family house, see the 2-stage one in Fig. 3. The
2-stage subscriber station consists of three heat exchang-
ers, two valves with PI controllers and a DHW circulation
system. The parallel subscriber station has two heat ex-
changers, a PI controller for the radiator control valve and
a self acting DHW control valve of P type with split range
gain and feed forward from DHW ow. The heat exchang-
ers were counterow plate heat exchangers. As with the
radiator model the heat exchanger models were based on
the lumping of the heat transfer process. For a description
of similar models of heat exchangers see Jonsson and Pals-
son (1991). By neglecting the e�ect of the metal between
the two uids the following two di�erential equations are
obtained by considering the energy balance for hot and cold
sections located opposite to each other.
Hot section:

Mhch
dTh;out

dt
= _mhch[Th;in � Th;out]� kAh�T (5)
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Fig. 3. Schematic picture of 2-stage subscriber station

Cold section:

Mccc
dTc;out
dt

= _mccc[Tc;in � Tc;out] + kAc�T (6)

where

�T =
Th;in + Th;out

2
�
Tc;in + Tc;out

2
(7)

For a standard plate heat exchanger the areas Ah and Ac

are equal. The coupling term kA�T describes the heat
transfer between the hot and the cold sides.
A night time setback of temperature set point in the

radiator controller was implemented. Thereby, the tem-
perature in the radiator system was reduced by 10 degrees
from 23:00 in the evening to 5:30 in the morning.
The DHW circulation system was designed to take into

account the inuence of pressure drop in the DHW post
heater and in pipes on the capacity of the circulation pump.
Cooling in tap water circulation pipes can have a signif-

icant e�ect at low ow levels. To incorporate this e�ect,
the tap water pipes were modeled in a similar way as a ra-
diator section (see section II-A.1.a). Heat loss coe�cients
were calculated from assumptions made about pipe length
in the DHW system as well as heat loss per meter.

C. Outdoor Temperature and DH Company Temperature

Program

The DH water forward temperature supplied to the sub-
scriber station model was dependent on the outdoor tem-
perature according to the temperature program of Malm�o
Energiverk. The outdoor temperature used were hourly
measurements fromMalm�o that were made from April 1996
to March 1997.

D. Dimensioning Information

The radiator heat exchangers were dimensioned to sat-
isfy the space heating load at �18�C outdoor temperature,

assuming that forward and return temperatures were 80�C
and 60�C respectively. The DHW heat exchangers were di-
mensioned according to ow values presented in [2]. In Ta-
ble (I) the dimensioning e�ects and DHW ows are shown.

TABLE I

Dimensioning information.

Max output of Dimensioning
Cases radiator system tap water ow

[kW] [m3/h] [l/s]

Single family house 15 0.94 (0.26)
20 ats 100 1.98 (0.56)
100 ats 500 4.54 (1.26)

E. Simulation of DH Load - Results

The simulation model described in previous section was
used to simulate the annual usage of district heating water
in the buildings considered. The sampling interval was 5
seconds. During the simulation the district heating ow
rate and cooling was registered as a function of time. To
reduce the amount of data and to speed up the subsequent
data processing, the data was converted from functions of
time to distribution functions as are presented in Fig. 4.
A corresponding cumulative diagram is shown in Fig. 5.
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Fig. 4. DH water ow distribution in residential buildings during
one year.
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It can be concluded that the shape of a particular distri-
bution curve strongly depends on the size of the building.
In a single family house the bulk ows, mainly related to
the space heating in the house, occur within interval the
0.01{0.2 m3/h. However, zero ows as well as single peak
ows which exceed 1 m3/h, caused by domestic hot wa-
ter consumption, can be seen. A ow meter dedicated to
register all ow rates observed here would need operating
range of about 1:200. ow rates occurring in residential
buildings di�er in two speci�c ways. First, there is a large
number of low non-zero ows who can be related to the
domestic hot water circulation circuit, not present in the
single family house. Secondly, domestic hot water heat
demand becomes less signi�cant compared to space heat-
ing demand and the spread of ows is decreasing. For 20
ats, the operating range of the owmeter is about 0.05{3
m3/h (1:60) and for 100 ats - 0.3{10 m3/h (1:33), which
is considerably less compared to the single family house
case. Furthermore, bulk ows occupy a larger portion of
the operation range when the number of ats increases in a
building. See also Fig. 6 where energy consumption distri-
bution corresponding to the distributions shown in Fig. 4
is plotted (in non logarithmic scale). Due to the fact that
the DH water cooling is of the same magnitude at most ow
rates, there is no signi�cant di�erence between the charac-
ter of the ow distribution function and the corresponding
energy distribution functions.
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Fig. 6. Annual heat energy demand at di�erent DH water ow rates
in residential buildings.

III. The Flow Meter Model

The goal of the simulations is to see how the errors in
the ow measuring equipment inuence the error in mea-
surement of the total accumulated ow in a building. The
simulation results are based on calibration curves for dif-
ferent ow meters. The calibration curves are made up
from a small number of measurements of each ow meter.
Linear interpolation is used between measurements points.
For small ows it is assumed that the meter shows zero
up to a ow rate Qstart which is assumed to be Qmin=4.
Between Qstart and Qmin the calibration curve is extrap-
olated linearly from the two smallest ow measurements.
Above the largest ow measured, Qn, it is assumed that
the measurement error is constant up to a limit. Above
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Fig. 7. Typical calibration measurements for a ow meter. The line
shows how the calibration curve is based on the measurements.

this limit all ow rates are measured as the limit ow. The
limit is assumed to be 1:4Qmax. See Fig. 7.
The obtained calibration curves are used in the simu-

lation program to calculate what the true ow obtained
from the simulation is measured by the consumer ow me-
ter. This is calculated for a number of di�erent calibration
curves, giving a number of observations of how the mea-
surements depend on the individual meters. From these ob-
servations mean value and standard deviation of the mea-
surement error are calculated.
The aim was to calculate how the measurement error

depends on the ow meter size. This is done by assuming
that ow meters of di�erent size, but of the same type,
shows the same kind of calibration curve. Thereby cali-
bration curves for meters of di�erent size are obtained by
rescaling the ow rates. The result from the simulation is
then a function of how measurement error depends on the
ow meter size.
Finally this procedure is repeated using calibration

curves for ow meters from di�erent manufacturers. The
result is presented as root mean square error, RMSE, as a
function of ow meter size and manufacturer.

A. Flow Meter Data

Some calibration data for several types of ow meters was
achieved from the company Kamstrup A/S of Danmark
and from Heat Utility in Gothenburg, Sweden, which is
gratefully acknowledged. The static owmeters tested were
calibrated after about �ve years duty while the mechanic
ones were calibrated after two years duty in the �eld. In the
table below information about the meters is given. Figure

TABLE II

Recalibrated flow meter types.

Producer Quantity Qmin Qt Qn

[m3/h] [m3/h] [m3/h]

Enermet 10 0.3 1.5 15
Kamstrup 20 0.03 0.15 1.5
Landis&Staefa 26 0.0075 0.045 0.75
Hydrometer 209 0.012 0.048 0.6

8 shows a suite of calibration curves exampli�ed by Lan-
dis&Staefa meters. A spread at low ows with both posi-
tive and negative trend, typical for meters which have been
in operation, can be seen. Some values between the points
were approximated by a method used by Brummer (1997).
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Finally �gures 9{11 illustrate how the annual DH water
volume registered by the ow meter considered depends on
the size of the ow meter, where the size is expressed as
the highest ow which can be registered without loss of ac-
curacy, here assumed to be 1:4Qmax = 2:8Qn. To the left
in the �gures, annual ow consumption pattern is shown.
To the right, mean error of the water volume registration is
plotted as well as its �1:96�(95%) and �2:56�(99%) lim-
its (shadowed �eld). Low mean error as well as low error
variation between individual meters is desirable. There-
fore the RMSE curves are plotted, to �nd the optimal ow
meter size. In the case of a single family house, which is
shown in Fig. 9, an obvious RMSE minimum for about
1.4 m3/h (Qn = 0:5 m3/h) can be found. For residen-
tial buildings with 20{100 ats, Figures 10{11, there is a
minimum plateau, because the ow consumption in such
units is concentrated to a ow range which is signi�cantly
smaller than the operating range of the ow meter. It is
to be observed that, at given ow consumption pattern,
the accuracy loss for small owmeter sizes is due to peak
ows greater than 1:4Qmax, while the accuracy loss at large
owmeter sizes is due to ow rates around Qmin or and/or
ow rates which are to small to be registered by the ow
meter (below Qstart).

Figures 12{14 present RMSE-curves like above, carried
out for �ve di�erent ow meters characterized by di�er-
ent calibration curves. The �rst four owmeters are those
shown in Table II, while the last one has got a synthetic cal-
ibration curve, similar to the curve shown in �gure 6 except
that there is no error at all at ow rates within the range
Qt � 1:4Qmax. It can be found that the results are similar
for all static owmeters. Again, the wide minimum plateau
can be observed, implying that the leftmost owmeter size
within the plateau would be the right choice (see Table
III). However the optimum choice must be a compromise

TABLE III

Optimal flow meter size.

Building size 1:4Qmax, [m
3/h] Qn, [m

3/h]

Single family house � 1.2{1.4 � 0.4{0.5
20 ats � 2.0 � 0.7
100 ats � 8.0 � 3.0

between a decreasing owmeter cost and increasing pres-
sure drop through the meter if we decrease the meter's size.
It must be pointed out that the pressure drops vary widely
depending not only of the type of ow meter but also on
its size and on its manufacturer, which makes some speci�c
recommendations on the proper choice of the owmeter size
hardly possible. The mechanical owmeters are perform-
ing di�erent, with higher RMSE-values and irregular shape
of the curve, giving two local minimum values. Here the
minimum occurs due to positioning of the most frequent
ows around zero-crossing points of the calibration curve
(see Fig 7), which means near 1:4Qmax-value for the mini-
mum to the left, and around Qt-value for the minimum to
the right in the �gures. Comparing the results in Table III
to the diagrams in Fig. 4 it can be conclude that the accu-
racy of annual ow volume measurement is quite sensitive
to single peak ows which can occur in the DH substation.
This puts a demand on the highest ow which can be reg-
istered by the ow meter with no loss of the accuracy, to
be of same magnitude as the single peak ows.

IV. Conclusions and Discussion

A good ow meter has a operating range which covers
all possible ow rates in the consumer substation. Since
the operating range is largest for single family houses this
gives a tough design criteria for the most cost critical sub-
stations. However, meters for other buildings have an op-
erating range larger than necessary. Satisfying measure-
ments are thereby obtainable from meters of di�erent sizes.
Since larger meters are more expensive one should choose
the smallest possible meter. The larger pressure drop in a
smaller meter could however be a limiting factor.
The measurement error for a speci�c ow meter type is

described by a mean value and a standard deviation. If
the mean error were known one could compensate for this
when calculating the bills to the customers. In this case a
meter with low standard deviation is prefered. Otherwise
if no mean compensation is performed, a meter with low
RMSE is in favour. An advanced system for charging the
customers could use the information from calibration mea-
surements. When the meter is recalibrated it is also pos-
sible to recalculate what the customer should have payed
before the calibration based on information from the cal-
ibration. This is a way of improving the fairness in the
system without installing more expensive meters.
A hard question follows from the fact that more accu-

rate meters are more expensive. How much the customers
are willing to pay for more accurate meters is a question
without an obvious awnser. The heat producer charge the
customers in a way that guarantees that the production
costs are covered. Better meters just guarantee that each
customer pays his share. I.e. the customers as a group has
to pay extra for a fair system.
The simulations presented can be used to compare per-

formance of di�erent meter sizes and types. The simula-
tions are also a useful tool to derive appropriate size for
ow meters of di�erent type to be used in DH substations.
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Fig. 9. DH water consumption and mean and standard deviation
graphs for Landis&Staefa. Single family house, Qn = 0:1 � 5
m3/h.
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Fig. 10. DH water consumption and mean and standard deviation
graphs for Landis&Staefa. 20 ats, Qn = 0:5� 30 m3/h.
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Fig. 11. DH water consumption and mean and standard deviation
graphs for Landis&Staefa. 100 ats, Qn = 1:5� 150 m3/h.
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