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DESCRIPTION

FIELD OF THE INVENTION

[0001] The present invention relates to analytics of data collected by use of advanced
metering infrastructures, especially analytics of data from consumption meters in a district
heating utility distribution network.

BACKGROUND OF THE INVENTION

[0002] Utility companies desire to have a real time overview of their distribution network in
terms of current state and performance. This enables the utility company to respond
immediately to anomalies, and to monitor the quality of the delivered utility.

[0003] Advanced Metering Infrastructure (AMI) systems are becoming widely used by utility
companies. The AMI systems are evolving from systems collecting data from the utility meters
infrequently or ad hoc for billing purposes to systems collecting time series of data. Such time
series of data are suitable for not only billing but also for analytics and modelling, with the
purpose of optimizing the utility distribution network and business. This evolvement has started
in the field of electricity utilities, where the mains powered meters have sufficient energy supply
to transmit large amounts of data suitable for advanced analytics. Battery operated meters,
such as water meters, heat meters, cooling meters or gas meters, are often designed for a
lifetime of 16-20 years without a battery change, the amount of data that can be delivered from
meters under these constraints is thus very limited. Communication and battery technologies
have improved and Collection of Increased amounts of data from battery operated utility
meters is however now becoming a reality. The use of these data for analytics and modelling is
becoming a valuable element in optimizing production, distribution and consumption of the
delivered utility.

[0004] Utility companies have previously focused on using the collected data to improve the
energy performance of individual buildings. However, as e.g. district heating becomes more
complex, integrating many different heat sources, it is increasingly important for utilities to have
an optimized infrastructure. An optimized distribution network presents opportunities for
significant cost savings for e.g. district heating utilities in particularly two areas: reducing heat
loss and improving asset management.

[0005] Up until now utilities have used static analysis of the network based on simulations of
the network. These simulations does however not reveal changes in the network due to aging

or damages such as the insulation effect of the pipes deteriorating or leaks in the system.

[0006] Today, most utilities select specific locations in the network, e.g. wells, where flow,
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temperature and perhaps pressure is measured, using either movable or static measurement
equipment. On these individual positions in the distribution network data may be obtained
frequently because the meters may be externally powered and connected to a communication
infrastructure suitable for delivering huge amounts of data. This is however, an expensive
solution, which is not providing information on all parts of the network due to the limited
number of measurement positions. This solution does thus not enable a general analysis of the
distribution network.

[0007] EP 3 199 931 A1 discloses a consumption meter is provided for measuring a fluid flow
rate or an energy flow rate of a utility. The consumption meter is arranged to measure the fluid
flow rate or the energy flow rate with a first measurement frequency which is increased to a
second and higher measurement frequency provided that a change in the fluid flow rate or the
energy flow rate exceeds a predetermined change.

[0008] WO 2018/026651 A1 discloses a computer apparatus which runs a hydraulic model
using real-time or near-real-time data from an Automated or Advanced Metering Infrastructure
(AMI), to improve model accuracy, particularly by obtaining more accurate, higher-resolution
water demand values for service nodes in the model. Improving the accuracy of water demand
calculation for the service nodes in the model stems from an improved technique that more
accurately determines which consumption points in the water distribution system should be
associated with each service node and from the use of real-time or near-real-time consumption
data. The computer apparatus uses the water demand values to improve the accuracy and
resolution of its water flow and pressure estimates. In turn, the improved flow and pressure
estimation provides for more accurate control, e.g., pumping or valve control, flushing control
or scheduling, leak detection, step testing, etc.

[0009] EP 3 112 823 A1 discloses A system for monitoring a utility network, e.g. to determine
an error state such as a pipe leak etc. The system comprises a plurality of consumption meters
at respective consumer sites. Besides determining a consumed quantity of the utility, these
meters can measure a first parameter indicative of fluid flow rate, and at least one second
parameter indicative of one of: pressure transients, noise level, and turbidity of the fluid. Via
their communication modules, the meters can transmit all of: data representing the consumed
quantity, the first and second parameters, and an indication of a location of its location in the
utility network, e.g. a unique identification number. A monitor algorithm is used to process the
received first and second parameters according to a predetermined analysis algorithm,
preferably involving a correlation analysis between flow rate and one or more of the second
parameters. This algorithm produces an output which is compared with a reference value, e.g.
such as based on a statistically based baseline value measured for the utility network or based
on a general database value, and a state of the utility network is then determined and output
accordingly.

[0010] Using the data such as flow, temperature and pressure measured by the utility meters
will however provide a vast number of measurements from all end points of the distribution
network. This data could facilitate a data driven model of the distribution network. Such a
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model may be used to estimate various parameters which are relevant in order to monitor and
optimize the distribution and supply quality in the network, in real time, by integrating with the
head end system. In addition, the model may be used for asset management and distribution
network expansion. However the limited amount of data that can be delivered from battery
operated meters through an AMI system and the fact that the data often not are coincident
limits the accuracy of the results and put constraints to the use of the results.

[0011] Thus, an effective method for measuring, collecting and analysing utility meter data with
the purpose to provide accurate results describing the performance of the distribution network
is desired.

OBJECT OF THE INVENTION

[0012] In particular, it may be seen as an object of the present invention to provide an effective
method for using data collected from utility meters for modelling and analysing a utility
distribution network.

SUMMARY OF THE INVENTION

[0013] Thus, the above described object and several other objects are intended to be obtained
in a first aspect of the invention by providing a method for determining a flow rate and a
temperature of a fluid at a selected position in a district heating or cooling utility distribution
network, the utility distribution network comprising a plurality of interconnected distribution lines
and smart utility meters arranged to register the energy delivered at consumer premisses
situated along the distribution lines, the utility meters are connected to a Head End System
using an Advanced Metering Infrastructure the method comprising the steps of. collecting
meter data time series from the smart utility meters using an Advanced Metering Infrastructure,
calculating the temperature and the flow rate at the selected position based on; flow and
temperature information derived from the collected meter data time series, topology of the
utility distribution network, including lengths of the distribution lines, and heat transfer
coefficients of the distribution lines; characterized in that the meter data times series collected
from the utility meters comprises at least: an accumulated volume , and an integrated flow-
temperature product calculated by the meter; and in that the derived flow and temperature
information include: an average flow derived from the collected meter data time series as

Qn — Vn_Al;n—L ,
, and a volume weighted temperature derived from the collected meter data time series as
£n—En—
T = n n—1
T Vo

. The method is advantageous for determining flow rate and temperature of the fluid inside a
distribution line such as a flow pipe. The method may be used for calculating the temperature
at one or a multitude of selected positions along the distribution lines of the distribution
network. The individual positions may be selected to concern the forward flow or the return
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flow. The selection of positions may be performed by an operator selecting single or groups of
positions or by a computer implemented method selecting multiple positions for which the
temperature and / or flow rate are to be visualized e.g. on a map including data from a
Geographical Information System (GIS). The temperature and flow rate of the fluid at a
selected position calculated by the method are estimates. The certainty of the estimates will
depend on the quality of the meter data time series available for the calculations. The quality of
the meter data is determined by factors such as sampling rate, resolution, concurrency of
samples etc. Flow and temperature information derived from the meter data time series shall
be construed to include any metric directly included in or derived from the meter data. These
metrics may include absolute values, relative values, accumulated values and statistical
metrics such as first, second and third moment of relevant parameters measured by the utility
meter or any sensor associated to the utility meter or Advanced Metering Infrastructure (AMI).
The smart utility meter may be a legal meter, i.e. a meter which is subdued to regulatory
demands. Such regulatory demands may be demands to the precision of the measurements.
The smart utility meter may be a heat meter, cooling meter or another type energy meter for
measuring thermal energy.

[0014] The topology of the utility distribution network describes the network including nodes of
connecting distribution lines and consumer service lines. Other elements of the distribution
network, such as shunts between forward flow and return flow may also be included in the
topology. Accurate and detailed description of the topology results in accurate estimates of flow
rate and temperature.

[0015] The integrated flow-temperature product used by the method is calculated as ¢, =

Jy Q@) - T(tydt

by the utility meter. Such a continuous time domain calculation may however not be easy
implementable in a utility meter. A utility meter comprising a flow meter, such as an ultrasonic
flow meter based on the transit time principle, does not provide a continuous signal
representing the flow, rather a sequence of time discrete samples of the flow is provide. Such a
utility meter may calculate the integrated flow temperature product from sampled time discrete
samples as

€ =Xio Qi Ti - At

[0016] Using statistical metrics such as a volume weighted temperature and the average flow
for the calculations of flow rate and temperature in the utility distribution network has the
advantage that the meter data time series may be sampled with a long sampling interval. The
method is adequate in systems where the collected meter data time series has a sampling
interval being larger than 10 minutes. Even systems providing meter data sampled with
intervals of up to 30 minutes or even up to 60 minutes provide accurate results. Provided that
the energy consumption by the consumers are sufficiently high even meter data time series
sampled with an interval of 12 - 48 hours will result in flow rate and temperature estimates with
an accuracy suitable for modelling the utility distribution network and detection of malfunctions.
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Especially meter data time series sampled with an interval of 24 hours have, when used by the
disclosed method, proven as sufficient for providing accurate and useful results and models of
the utility distribution network.

[0017] The method may be extended with a step wherein the flow rate and temperature is
calculated for a number of reference points to obtain a first set of flow-temperature estimates,
the first set of flow-temperature estimates are subsequently used as flow-temperature data
sets for calculating a second set of flow-temperature estimates estimating temperature and
flow rate at the position of the utility meters. The reference points may be any point in the
distribution network serving as a feed point of a sufficient number of consumers with individual
smart utility meters. A reference point may serve as a feed point for as few as 10 consumers,
however more precise estimates for the reference point will be achieved if at least 10-50
preferably up to 100 consumers are fed from the selected reference point. Reference points
may even be selected at points in the utility distribution network feeding hundreds of
consumers such as 100 - 1000 consumers to achieve an improved accuracy on the estimates.
In yet another additional step of the method, the second set of flow-temperature estimates is
compared to the flow-temperature data sets derived from the collected meter data time series,
to detect potential anomalies in the utility distribution network. Comparing the measured flow
and temperature data to the estimated values obtained by this method has the effect of
identifying sections of the utility distribution network for which the heat loss deviates from the
expected.

[0018] Different mathematical methods may be used for realization the method. In one
approach, the temperature of the fluid in the distribution line is determined by use of methods
based on graph theory and the utility distribution network is described in the terms of a graph
object. Graph theory is the study of graphs, which are mathematical structures used to model
pairwise relations between objects, graph theory is especially used within the area of discrete
mathematics and is well described in literature. Other adequate mathematical methods for
calculating flow and temperature in the utility distribution network may however be used. To
obtain reliable results in more complex network topologies it may be necessary to implement a
version of the method in which the temperature and / or the flow rate is calculated using one or
more optimization algorithms. Recursive calculations and mathematical optimization principles
may improve the accuracy of the resulting estimates.

[0019] In order to provide information about flow speeds in the utility distribution network it may
be beneficial to include a step in which the diameter of the distribution lines is included in the
calculations and the flow speed of the fluid in the distribution lines further is calculated.
Knowing the flow speed in the distribution network enables functionalities wherein the transit
time of the fluid from the utility plant to the selected position in the distribution network further is
calculated. The flow speed may further be presented on a map show geographical information
including the utility distribution network.

[0020] A second aspect of the invention includes a system comprising multiple smart utility
meters, an advanced metering infrastructure and a head end system, wherein the head end
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system is arranged to use the method described above to create a model of the utility
distribution network by determining the flow rate and temperature of the fluid in the utility
distribution network. Using the disclosed method as a part of a smart utility system has the
effect that the utility manager may analyze and monitor the utility distribution network, based
on data collected from the utility meters. The data may be real time data or close to real time
data or historical data in all cases malicious conditions may be detected. The method may as
such be used as an integrated part of the utility management system or a maintenance
interface of the advanced metering system or be deployed in a separate analytics interface or
as an integrated part of other SW tools. To gain the full benefit from the data obtained by the
method, solutions wherein the head end system is arranged to project the model onto GIS-
data showing the utility distribution network may be provided. Such a solution may further be
arranged to support placement of virtual probes at a position of the utility distribution network
to display estimated parameters for the specific location.

[0021] The individual aspects of the present invention may each be combined with any of the
other aspects. These and other aspects of the invention will be apparent from the following
description with reference to the described embodiments.

BRIEF DESCRIPTION OF THE FIGURES

[0022] The methods according to the invention will now be described in more detail with regard
to the accompanying figures. The figures show one way of illustrating the functionality and
methods of the present invention and is not to be construed as being limiting to other possible
embodiments falling within the scope of the attached claim set.

Fig. 1 describes a district heating utility distribution system, with an Advanced Metering
Infrastructure,

Fig. 2 illustrates a model for a method of estimating flow rate and temperatures in a utility
distribution network based on flow rate and temperature date sets,

Fig. 3 illustrates a model of a method for estimating flow rate and temperatures in a utility
distribution network based on a the integrated flow temperature product and the accumulated
volume,

Fig. 4 depicts the topology of a district heating utility distribution network,
Fig. 5 illustrates a model for calculating the heat loss in a distribution line, and

Fig. 6 illustrates the use of optimization to determine temperature and flow rate of the fluid in
the utility distribution network.

DETAILED DESCRIPTION OF AN EMBODIMENT
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[0023] The disclosed method for determining flow and temperature estimates at any position in
a utility distribution network of a district heating utility comprises the main steps of generating
meter data, collecting meter data, describing the utility distribution network, calculate flow and
temperature estimates at any position in the network. The method may further be extended by
adding a step of comparing the resulting estimates to the collected data for detection of
irregularities.

[0024] Now referring to fig. 1 a district heating utility distribution network including an Advanced
Meter Reading (AMI) System is shown. Each consumer premises 106 is connected to the utility
plant 100 via the district heating utility distribution network including distribution lines 102, 103
and consumer service lines 107. The connection includes a forward flow 102 and a return flow
103. The fluid in the pipes is heated at the district heating utility plant 100 and the energy is
consumed by cooling down the fluid delivered by the forward 102 flow and returning the cooled
down fluid in the return flow 103. The distribution network including distribution- and consumer
service lines 102, 103, 107 are thermic isolated from the surroundings to minimize heat loss. At
each consumer premises 106, a utility meter M such as an ultrasonic energy meter or another
type of energy meter, measures the energy consumed. The utility meter M measures at least
the forward and return temperatures of the fluid and the volume / flow rate of the fluid. Knowing
the before mentioned temperatures and volume, the energy consumption can be calculated.
The utility meters M are connected to a Head End System (HES) 104 using the AMI. The utility
meters M may deliver any data obtained by the meter or external sensors to the HES 104,
however the capacity of the AMI and the battery capacity of the utility meters M will limit the
amount of data that can be delivered to the HES 104. The AMI may use any suitable
technology for carrying data from the utility meter M to the HES 104 over one or more local
area networks or wide area networks including connections to the open internet 105. Anumber
of intermediate network devices such as data collectors 101, repeaters, routers gateways etc.
may be a part of the communication paths between the utility meter M and HES 104. The AMI
may use any suitable wireless technology (e.g. wireless M-Bus, Narrow band loT, SigFox, any
cellular technologies or proprietary communication protocols) or any wired communication
technologies (e.g. wired M-Bus, LON, Ethernet).

[0025] Now referring to fig. 2 a model of a method for calculating flow rate and temperature in
a district heating distribution network is illustrated. The method requires two set of input data;
meter data time series MD and distribution network model data DNMD. Meter data time series
MD includes flow and temperature data set consisting of flow data and temperature data, also
referred to as flow-temperature data sets QT_M in the following. The flow-temperature data
sets QT_M are measured by the utility meters M at specific locations, including consumer
premises 106 and collected by means of an Advanced Metering Infrastructure AMI. Distribution
network model data DNMD comprises the topology of the distribution network, pipe
dimensions, pipe lengths, coefficient of heat loss in the pipes. Distribution network model data
DNMD cover all distribution lines from main utility distribution lines 102, 103 down to the
consumer service line 107 for each consumer. The method includes an estimation block EST,
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which perform standard fluid- and thermodynamic calculations on the input data. Output from
the estimation block EST is flow-temperature estimates QT_EST for specific locations in the
utility distribution network. The flow-temperature estimates QT_EST are outputted from the
method and may be used for further analytics or for direct visualization e.g. in a Geographical
Information System (GIS). In a step of further analytics, the flow-temperature estimates
QT_EST are compared to the meter data MD as collected from the utility meters M to identify
discrepancies QT_ERROR, that indicates malicious conditions in the distribution network.

[0026] Using flow-temperature data sets QT_M measured by the utility meters M as input to
the estimation block EST requires a high degree of concurrency of the meter data MD samples
to obtain accurate estimates. Further, as the demand for energy at the consumer is varying the
flow will vary accordingly and variations in the flow will cause variations in the forward and
return temperatures. Thus frequent samples of flow-temperature data sets QT_M is required
to get a useful output from the estimation block EST. In other words, concurrent and frequently
sampled meter data time series MD from the population of meters is needed to achieve
accurate flow-temperature estimates QT_EST from the estimation block EST of this method.
This is in adverse to the capabilities of battery operated meters which have limited capacity for
delivering data through the bandwidth limited AMI. One way of overcoming these obstacles
could presumably be by applying a simple averaging algorithm averaging flow and temperature
over a longer sampling period. Such solution is however insufficient as will be elucidated by the
following example. An exemplary installation may experience short bursts of very high flow
followed by a long period of no flow. Averaging such flow over a longer sampling period will
result in a large average flow, however, as the temperature of the fluid cools down in the pipes
during the period of no flow, the average temperature will be low. Looking at the average would
thus not provide an accurate picture of the actual operation. Meter data time series MD
consisting of averaged flow-temperature data sets QT_M would thus not describe the
dynamics of the system sufficiently for doing the needed analytics.

[0027] Referring to fig. 3 the method of fig. 2 is extended with an additional converter block
CONYV and the meter data time series MD inputted to the method has a different data content.
The meter data time series MD used by the modified method of fig. 3 includes two metrics
calculated by the meter. A first metric is the Integrated Flow Temperature Product (IFTP),
denoted ¢, and a second metric is the accumulated volume, denoted V. Together these metrics
constitute a data set denoted &V_M, from which flow and temperature information can be
derived as elucidated in the following. Using ¢V_M for the fluid- and thermodynamic
calculations has the effect of alleviating the need for strictly concurrent and frequently sampled
meter data.

[0028] The IFTP to the time n is calculated by the utility meter M as:
n

o= | 00T
0

[0029] Where:
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&n = Integrated Flow Temperature Product (IFTP) at time n.

Q(t) = The time varying flow in the utility meter.

T(t) = The time varying temperature of the fluid.

[0030] The IFTP, €, and the accumulated volume V, cannot be used directly by the estimation
block EST for doing fluid- and thermodynamic calculations. However, based on meter data
time series MD, including the IFTP and the accumulated volume V, flow and temperature
information in form of a mean flow Q_AVG and a flow-weighted temperature T_VVOL can be
calculated as below:

QAVG, =2
and
&h — En-1
T VoL, =——
B " Vn - anl

[0031] Where:

Q_AVG,, = The average flow to the time n.
T_VOL, = Flow-weighted temperature to the time n.

At = The time between two samples of meter data time series MD.

V, = The accumulated volume at time v.

&n = The integrated flow temperature product ITFP at time n.

[0032] The mean flow Q_AVG and the flow-weighted temperature T_VOL are suitable as input
to the estimation block EST. The computation Q_AVG and T_VOL is performed by the
converter block CONV. Using Q_AVG and T_VOL as the input to the estimation block EST, the
accuracy of the resulting flow-temperature estimates QT_EST significantly improves compared
to using time discrete samples of flow and temperature. This effect is especially prominent
when using meter data time series MD sampled using a long sampling interval. Further, the
accuracy of the resulting flow-temperature estimates QT_EST are less sensitive to lack of
concurrency between meter data series MD sampled across the population of utility meters M
when based on the IFTP € and the accumulated volume V.

[0033] Using the integrated flow temperature product and accumulated volume for meter data
time series MD has the effect that the sampling interval may be increased significantly while
still obtaining accurate flow-temperature estimates QT_EST. Sampling intervals in the range
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from 5 to 60 minutes is sufficient to obtain flow-temperature estimates QT_EST with a high
accuracy. Even by using sampling intervals in the range from 1 to 24 hours the resulting flow-
temperature estimates QT_EST has the accuracy required to be used for modelling and
analysing the utility distribution network. Increasing the sampling interval has the advantage
that the amount of transmitted data is reduced, which reduce energy and bandwidth
consumption for transferring data through the AMI.

[0034] The requirements to concurrency of meter data time series MD is also alleviated by
using the integrated flow temperature product and accumulated volume. This has the effect
that coincident sampling of meter data is not required. Experiments has revealed that using
meter data time series MD sampled with a jitter of +/- 2% of the sampling period, the method
still yields accurate and useful results. Thus, the requirements to the time accuracy of the
device timestamping or sampling the meter data time series MD is released significantly.

[0035] Now applying the method of fig. 3 to a district heating utility distribution network as
illustrated in fig. 1 and fig. 4. The utility meters M are installed at the consumer premises 106
connected to the distribution lines throughout the edges of the network. The utility meters M
usually measure the consumed energy for billing purposes as well as other parameters such
as the accumulated volume of fluid flowing in and out of the consuming entity. To support the
method of fig. 3 the utility meters M are configured to perform sufficient measurements and
compute the accumulated volume V and the IFTP €. Calculation of the IFTP ¢ is performed by
the utility meter M based on discrete samples of flow and temperature as:

n
€= ) QT At
i=0

[0036] Where:

Q; = The flow sampled at time i.
T; = The temperature sampled at time i.

At = The time between two samples.

[0037] The sampling interval for flow and temperature may vary depending on the type of
utility meter M; a typical sampling interval will be in the range from 1 to 64 seconds. Sampling
of flow rate and temperature does not need to be sampled coincidently; the sampling of the
two parameters may e.g. be shifted by half a sampling period. The utility meter M will sample
and store time series of meter data MD including the IFTP ¢ and the accumulated volume V
along with time stamps indicating the sampling time in the memory of the utility meter M. The
sampling interval of the time series of data is typically in the range from 1 minute to one hour
or even up to 24 hours. The storage interval may be fixed or variable and will depend on the
utility meter M storage capacity. The time series of meter data MD will be collected by an AMI
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infrastructure. To save energy in the utility meters M and to preserve the limited data band
width of the AMI, a compromise only to collect a subset of the time series samples may be
made. The remaining time series samples may be collected by the AMI later if required. As an
alternative, the utility meter M may autonomously transmit the current meter data to the AMI
and a receiving device may establish a timestamped time series of meter data MD.

[0038] The time series of data from all the relevant meters is processed by the converter block
CONV as previously described and used by the by the estimation block EST to calculate the
flow rate and temperature at nodes N1, N2, N3, N4, N5 of the distribution network, as shown in
fig. 4. The nodes shown in Fig. 4 are points where distribution lines of the utility distribution
network are connected, however, flow rate and temperature may also be calculated at other
positions of the network.

[0039] Calculation of flow rate and temperature of the fluid in the distribution lines and nodes
of fig. 4, is performed using standard fluid dynamic and thermodynamic calculations. The flow
rates of the fluid in the nodes N1, N2, N3, N4, N5 of fig. 4 can be calculated by summing up
flows of all branches. Heat loses in the distribution lines is calculated using the heat equation,
which is commonly known within the field of thermodynamics. Fig. 5 shows a method for
calculating heat loss of a fluid travelling along a distribution line:

dTr = —I—( AT - dx
Q-C
[0040] Where:
T = the temperature of the fluid along the distribution line.
x = the position in the distribution line.
Q = the flow rate.
C = specific heat capacity of the fluid.
K = the heat transfer coefficient of the pipe.

At = difference between the distribution line temperature and ambient temperature.

[0041] Solving this differential equation within the limits T=Tg - T=T,and x=0 > x =L

[0042] Yields:

_kL
T, = (TO - Ta)e €+ Ty

[0043] Where:
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T = the temperature of the fluid at the outlet.
To = the temperature of the fluid at the inlet.
T4 = the ambient temperature.

L = length of the distribution line.
Q = the flow rate.
C = specific heat capacity of the fluid.

K = the heat transfer coefficient of the pipe

[0044] The flow rate and temperature of the fluid in a utility distribution line can thus be
calculated for any position in the utility distribution network. These results may be used for
modelling the utility distribution network, by creating a model describing how flow rate and
temperature changes throughout the utility distribution network.

[0045] The heat transfer coefficient K describes the heat loss due to transfer of heat energy
from the fluid in the transmission lines to the surroundings. The unit of the heat loss coefficient
is

Watt
meter ‘Kelvin

and does thus describe the energy transfer rate between the fluid in the distribution line and
surroundings depending on the length of the distribution line and the temperature difference.
The heat loss coefficient is specific for the used distribution line.

[0046] By use of the diameter of the distribution lines, it is further possible to calculate the
speed of the fluid in the distribution lines using standard fluid-dynamic calculations. From the
speed of the fluid in the distribution lines, the transit time of fluid flowing from the utility plant
100 to a position in the distribution network may be calculated as well.

[0047] The time series of meter data MD is collected from a large number of utility meters, M,
substantially covering all the edges of the utility distribution network as illustrated in fig. 4. The
calculation of flow-temperature estimates QT_EST for each node N1, N2, N3, N4, N5 is thus
based on data from a large number of meters and distribution network model data DNMD for a
large number of distribution lines. This has the effect that the contribution from the data
measured by every single utility meter M has less influence on the flow rate and temperature
calculated for each node N1, N2, N3, N4, N5. Thus if one of the parameters in the distribution
network model data DNMD is no longer valid e.g. due to a damage to the insolation of a
consumer service line this will have a very limited influence on the flow-temperature estimates
at a node N1, N2, N3, N4, N5.
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[0048] After calculating the flow-temperature estimates for all nodes N1, N2, N3, N4, N5 in the
utility distribution network these flow-temperature estimates may be reinjected to the
calculations as illustrated in fig. 3. By reinjecting flow-temperature estimates QT_EST for all
nodes N1, N2, N3, N4, N5 a second set of flow-temperature estimates for the positions of the
utility meters M can be calculated. This second set of flow-temperature estimates is then
compared to the meter data time series MD collected from the utility meters M, this is
illustrated by the comparator block COMP in figure 3. By comparing the two data sets, an error
estimate QT_ERROR is generated. This error estimate QT_ERROR is indicative of potentially
malicious problems in the utility distribution lines, the consumer service line or the installation at
the consumer premises. Since the second set of flow rates and temperatures are calculated for
multiple individual positions with individual consumer service lines 107, comparing meter data
time series for these positions to these estimates will provide a very sensitive test for detecting
errors in the utility distribution line or consumer service line. The error estimate QT_ERROR
may be further analysed and depending on the result of the further analysis, work orders for
service engineers may be provided based on the findings.

[0049] Now referring to Fig. 6 a more complex utility distribution network is illustrated. For the
purpose of calculating flow rates and temperature in a utility distribution network with such a
more complex topology methods of optimization is used. Especially the Levenberg-Marquardt
and Nelder-Mead methods have proven to be efficient in solving this optimization problem. In
the simplified example of Fig. 6 the average flows, Qaveo, Qave1 and volume weighted

temperatures Tyoro, Tvorq are derived from meter data time series MD comprising the

accumulated volume V and the IFTP € measured by the utility meters M1, M2 at the consumer
premises. Furthermore, the flows

E3
Gave,

*
qave,

QZVG4

and supply node temperature

t§0L5

are subject to optimization in order for the model temperatures Tyg;q and tygpq to fit the
measured parameters Tyo g and Tygp 1. WWhen the optimal values are found, the temperatures
throughout the network can be extracted and used for visualization and further analysis. In this
way e.g. the forward temperature at the inlet of the distribution network

t(;oz.5

is extracted from the meter data time series MD. By correlating the model parameters fyo.q
and tyq 1 to the measured values Ty, and Typ1, knowledge can be obtained regarding the
network performance. Using this method a completely data driven model of the utility
distribution network is created based solely on data from utility meters M. Data from the utility
Supervisory control and data acquisition (SCADA) system is not required, however, it may be
included in order to improve the model.
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[0050] For calculations and optimizations of the model of the distribution network, it is
advantageous to apply graph theory. Using graph theory, the utility distribution network is
described in the terms of a graph object G, comprising vertices (network nodes) and edges
(pipes connecting the network nodes). The meter data MD and the distribution network model
data DNMD are incorporated in the graph object as vertex and edge attributes. Graph theory is
then applied for network analysis and for routing flows in the network from the utility (supply
node, sn) to the consumers (end nodes, en). Several computer implemented methods or
algorithms, in the following referred to as methods may be implemented using standard
techniques based on graph theory. The methods described in the following are named
according to the following nomenclature method_name(par1, par2, ... parN), wherein the
method_name is the name of the method related to its purpose and par_71, par_2 ... par_N
denotes the input parameter used by the method. The method, calc_flow(G, sn,en), returns a
graph object with an added edge attribute that contains the estimate for the flow in all pipe
sections in the distribution network. This function aggregates the measured flows from all
consumers (end nodes) in the network, and may also allow for an additional flow to simulate
circulations. Furthermore, the method, calc_T1(G, sn, en), returns a graph object with an
added vertex attribute that contains an estimate for the forward temperature at all nodes in the
network. The temperature drop between two vertices connected by an edge (along a pipe
section) is determined by the method, temp_drop(L, Q, Tg, Ta k c¢), which returns the

temperature of the vertex at the incoming edge, and takes 6 arguments: distance between the
two vertices L, flow Q, temperature of the vertex and the outgoing edge Ty, ambient

temperature T,, the heat transfer coefficient of the pipe section k and the heat capacity for the

flud c. The methods described above are wrapped in an optimization method,
optim_network(G, sp, en), which allow a number of parameters (e.g. circulation flow,
temperature at utility supply node, heat transfer coefficients etc.) to vary in order to fit the
model G to the measured data. The method returns the optimized parameters for the specific
system, and these parameters can then be used to extract the temperatures at all positions in
the network.

[0051] The resulting set of flow-temperature estimates covering all nodes or all positions of the
utility distribution network may be used for monitoring the distribution grid, and visualize these
estimates by projecting them onto a map showing also the distribution pipe network and other
technical structures such as roads, houses etc. The visualization techniques used are
animations and various color palettes to illustrate flow magnitude and direction, as well as
forward and return temperature at all locations in the network.

[0052] flow-temperature estimates QT_EST and data collected from the meters facilitates a
data driven model of the distribution network. This model may be used for estimation of various
parameters which are relevant in order to monitor and optimize the distribution and supply
quality in the network, in real time, by integrating with the HES. Also the model can be used for
asset management and distribution network expansion.

[0053] Such a data driven model provide the utility companies with a real time overview of their
distribution network in terms of current state and performance. Historical performance and
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network state may be used for future analyses, however the real time view is possible since
meter data is normally available within an hour from the measurement time. This enables the
utility company to respond immediately on e.g. bursts, and to monitor the quality of the
delivered heat.

[0054] The current state of the distribution network is important in order to monitor forward and
return temperature and flow in all branches of the network. The state of the network is
estimated using data from the network edges, where utility meters M are installed at the
consumer premisses. By estimating temperatures and flow in the network, and analyzing these
results, it is possible to identify heat losses, wrongly regulated circulations, bursts, leaks, faulty
utility meter installations, poorly insulated heat systems etc. These parameters can also be
traced in small incremental time steps to identify time varying trends.

[0055] The historical state and network performance, for some period (months or seasons)
can be used in asset management for determining which pipes are in good shape and have a
low heat loss etc. and for planning the network development.

[0056] To provide user-friendly interfaces and visualization of the estimated network
parameters the estimated model parameters may be projected onto GlS-data showing the
utility distribution network and virtual probes may be placed by the operator to display
estimated parameters for some specific location in the network.

[0057] It is to be understood that all the disclosed methods may be applied on the forward flow
102 running from the utility plant 100 towards the consumer as well on the return flow 103 of
cooled down fluid running in the opposite direction from the consumer towards the utility plant
100.

[0058] The utility distribution networks illustrated in Fig. 1, Fig. 4, Fig. 6 are for illustrative
purposes and to keep the description simple kept as small sections of a distribution network. It
is to be understood that the disclosed methods can be extended to cover large utility
distribution networks to which thousands of consumers, multiple utility plants 100 and decentral
production sites are connected. However it may for the purpose of simplicity be beneficial to
break down the utility distribution network in subsections.

[0059] The invention can be implemented by means of hardware, software, firmware or any
combination of these. The invention or some of the features thereof can also be implemented
as software running on one or more data processors and/or digital signal processors.

[0060] The individual elements of an embodiment of the invention may be physically,
functionally and logically implemented in any suitable way such as in a single unit, in a plurality
of units or as part of separate functional units. The invention may be implemented in a single
unit, or be both physically and functionally distributed between different units and processors.

[0061] Although the present invention has been described in connection with the specified
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embodiments, it should not be construed as being in any way limited to the presented
examples. The scope of the present invention is defined by the accompanying claim set. In the
context of the claims, the terms "comprising" or "comprises" do not exclude other possible
elements or steps. Also, the mentioning of references such as "a" or "an" etc. should not be
construed as excluding a plurality. The use of reference signs in the claims with respect to
elements indicated in the figures shall also not be construed as limiting the scope of the
invention. Furthermore, individual features mentioned in different claims, may possibly be
advantageously combined, and the mentioning of these features in different claims does not
exclude that a combination of features is not possible and advantageous.
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Patentkrav

1. Fremgangsmade til bestemmelse af en flowrate og en temperatur af en vaeske
ved en valgt position i et fjernopvarmnings- eller aftkglingsforsyningsfordelings-
netvaerk, hvor forsyningsfordelingsnetvaerket omfatter et flertal af indbyrdes
5 forbundne fordelingslinjer og intelligente forsyningsmalere (M) indrettet til at
registrere energien leveret til forbrugerlokaliteter placeret langs fordelingslinjerne,
forsyningsmalerne (M) er forbundet til et head-end-system (HES) 104 under
anvendelse af en avanceret méleinfrastruktur, hvilken fremgangsmade omfatter
trinnene:
10 - at indsamle malerdata-tidsraekke (MD) fra de intelligente forsynings-
malere (M) under anvendelse af den avancerede maleinfrastruktur,
- at beregne temperaturen og flowraten (QT_EST) ved den valgte position
baseret pa;
- flow- og temperaturinformation afledt fra den indsamlede malerdata-
15 tidsraeekke (MD),
- topologi af forsyningsfordelingsnetvaerket, som inkluderer lzengder af
fordelingslinjerne, og
- varmeoverfgrselskoefficienter af fordelingslinjerne;
kendetegnet ved, at malerdata-tidsrackken (MD) indsamlet fra
20 forsyningsmalerne omfatter mindst:
- en akkumuleret volumen (V), og
- et integreret flow-temperaturprodukt (g) beregnet af maleren,
og ved, at den afledte flow- og temperaturinformation inkluderer:
- et gennemsnitligt flow (Q_AVG) afledt fra den indsamlede malerdata-
25 tidsraekke (MD) som

_ Vn—Vn_4
On ="

» 0g
- en volumenvaegtet temperatur (T_VOL) afledt fra den indsamlede
malerdata-tidsraekke (MD) som

_ &n—&n—
T,= ——

30 Vn—Vn-1

2. Fremgangsmade ifglge krav 1, hvor det integrerede flowtemperaturprodukt (g)

er beregnet som
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£, = [, Q1) - T(D)dt

3. Fremgangsmade ifglge krav 1, hvor det integrerede flowtemperaturprodukt (g)
er beregnet fra samplede tidsadskilte samples som

€, =Xio Q- Ty~ At

4. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvor den
indsamlede malerdata-tidsraekke (MD) har et samplinginterval, som er stgrre end
10 minutter.

5. Fremgangsmade ifglge et hvilket som helst af de foregdende krav, hvor
flowraten og temperaturen er beregnet for et antal referencepunkter (N1, N2, N3,
N4, N5) for at opna et fgrste saet af flow-temperatur-estimater (QT_EST), det
fgrste saet af flow-temperatur-estimater anvendes efterfglgende som flow-
temperatur-datasaet (QTi1, QT2 ... QTn) til beregning af et andet saet af flow-
temperatur-estimatet (QT_EST), som estimerer temperaturen og flowraten ved
positionen af forsyningsmalerne (M).

6. Fremgangsmade ifglge krav 5, hvor det andet saet af flow-temperatur-estimater
(QT_EST) sammenlignes med flow-temperatur-datasaettene (QTi1, QT2 ... QTn)
afledt fra den indsamlede mélerdata-tidsraekke (MD), for at detektere potentielle

afvigelser i forsyningsfordelingsnetveerket.

7. Fremgangsmade ifglge et hvilket som helst af de foregdende krav, hvor
temperaturen af vaasken i fordelingslinjen er bestemt under anvendelse af
fremgangsmader baseret pa en grafteori, og forsyningsfordelingsnetvaerket er
beskrevet med hensyn til et grafobjekt.

8. Fremgangsmade ifglge et hvilket som helst af de foregdende krav, hvor
temperaturen og/eller flowraten er beregnet under anvendelse af en optimerings-

algoritme.
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9. Fremgangsmade ifglge kravene 1-4, hvor diameteren af forsyningslinjerne er
inkluderet i beregningerne, og flowhastigheden af vaesken i fordelingslinjerne

beregnes yderligere.

10. Fremgangsmade ifglge krav 9, hvor gennemgangstiden af vaesken fra
forsyningsanlaegget (100) til den valgte position i fordelingsnetvaerket yderligere
beregnes.

11. System omfattende flere intelligente forsyningsmalere (M), en avanceret
maleinfrastruktur og et head-end-system (104), hvor head-end-systemet (104) er
indrettet til at anvende fremgangsmaden ifglge krav 1 til at skabe en model af
forsyningsfordelingsnetveaerket ved at bestemme flowraten og temperaturen af

vaesken i forsyningsfordelingsnetvaerket.

12. System ifglge krav 11, hvor head-end-systemet (104) er indrettet til at
fremvise modellen pa GIS-data, som viser forsyningsfordelingsnetvaerket.

13. System ifglge krav 11, indrettet til at stgtte placering af virtuelle sonder ved
en position af forsyningsfordelingsnetvaerket for at vise estimerede parametre for

den specifikke lokation.
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DRAWINGS
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Fig. 5
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