Economical management of heat production and distribution
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Abstract: The paper deals with an approach to the monitoring and control of district
heating systems while focusing on economic success. A reliable supply of heat, provided
by means of district heating systems, depends on faultless and stable operation.
Economic success further requires high quality monitoring and control. In this respect it is
necessary to take into account a possible usage of various energy sources, with regard to
energy consumption prediction and operational economic optimum, throughout the
planning as well as in the managing, monitoring and maintenance of the district heating
systems. In order to ensure cost-effective management of a heating system, optimal
system control measures must be adopted - requiring modeling and a prediction of the
heating system's future operational state. One of the possible approaches to the
rationalization of heat production and distribution is shown.
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1 Introduction

An economical management of complex
district heating systems (DH) must embrace a
rationalization of the operations of all
components involved in the process of heat
production and distribution. In this article one
possible approach to cost-effective
management of district heating systems is
described. The management is based on
determining the optimum supply temperature,
the optimum flow-pressure conditions in the
pipe network and the optimum heat
production in the near future (a few hours to a
few days in advance).

Economical management should be based
on an accurate knowledge of production and
distribution capacities, as well as predictions
on the future consumption of heat from the
energy system. The aim of the management is
to fully meet consumers' needs, whilst
preserving the lowest possible variable costs
of production and distribution of heat.
Economical management requires accurate
prediction of future heat consumptions as well
as an assessment of the risk of exceeding the
limit values for heat consumption in the
future. The forecast of the required variables
is carried out with the INTELPRED software
package [1], [2], [3]. The calculated values

are then forwarded to the economic module,
which determines the optimum economic profile
of heat production f(® (t)), supply temperature
f(Ts(t)) and return temperature f(T/(t)), taking
into account the relevant boundary conditions.

2 Modeling of the district heating system

A district heating system can be divided into
three elements: consumption points, the hot
water network and production sources. An
accurate knowledge of the operations of all
system elements and of their interconnection is
a prerequisite for the achievement of optimum
results.

2.1 Consumption points

The operation quality of a substation and a data
exchange with the control centre can to a large
extent influence the operating efficiency of the
whole district heating system.

2.1.1 The consumption-point heat-flow
model

With regard to heat consumers the consumption
points can be divided into three main groups:

¢ domestic consumption,

¢ commercial consumption,



¢ industrial consumption.

With regard to consumption characteristics
the three main groups of consumption points
can be divided into j categories. Every
category comprises i consumption points from
which the data on the system's operating
states can be obtained via a remote
monitoring and control system. Consumption
points belonging to the category j from which
the data cannot be obtained are approximated
with the factor p. The factor p is calculated as
the ratio between the heat flow of all
consumption points belonging to category j
and the heat flow at consumption points of
category j which are connected to the remote
monitoring and control system [4]. The
mathematical model of heat flow at
consumption points can be expressed as:

K
j=1

(1)

i=1,2,3,...,N, j=1,23,...,K

Data on heat consumption in the district
heating system, together with weather data
and day type, are recorded in the data base at
15-minute intervals.

2.1.2 Consumption-point heat-flow
prediction

The INTELPRED software package is used for
heat consumption prediction. It enables
energy consumption forecasting in all types of
district heating systems. INTELPRED is based
upon methods of simulated neural networks
and genetic algorithms. On the basis of
available data on the operation of the selected
district heating system, it creates a model of
system operation and response to control
measures. In so doing, it determines the
connections between the individual
environmental variables’ values (weather
data, day type) and energy consumption in
the system. On the basis of the system’s
current state and the given projected future
values of certain environmental variables, the
software forecasts future system operation
and assesses the risk of exceeding the set
energy consumption limit values in the future.
The estimated forecasts and risk of exceeding
the heat consumption limit values in the future
form the basis for the determination of the
economically most appropriate heating system
control.

The prediction leads to a time-dependent
function of heat consumption:
f (@, @)

(2)

The minimum supply temperature T and
the maximum hot water network return
temperature T,, which depend on the outdoor
temperature, are determined with technical
conditions laid down by the heat supplier. With
regard to the prediction of time-dependent
outdoor temperature T, the following functions
can be defined:

f(T, ()
(3)
ST, @)
(4)

On the basis of functions (2), (3) and (4)
the function of volume flow (according to
technical conditions) may be thus calculated:

f(q,, (@)
(5)

2.1.3 Methods of rationalizing the
operation of consumption points
To achieve the optimum substation operation
parameters, it is of crucial importance to
correctly plan, execute and control the
secondary system and elements of substation
whose core is the electronic regulator. Some
important functions which must be locally
provided for by the electronic regulator of the
district heating include:

e set-up of at least a 3-point heating
characteristic to accurately describe a
facility’s characteristic,

e set-up of different parallel displacements in
different heating seasons,

o reference step for a change over from
reduced to normal heating mode,

o reference step for a change over from
normal to reduced heating mode,

e calculation of compensated
temperature,

e calculation of the heat station’s daily,
monthly and yearly efficiency factor,

¢ limitation of the maximum temperature in
the primary return flow pipe,

e limitation of the maximum connected load
and

¢ limitation of the maximum flow rate.

The heat station efficiency factor enables a
fast detection of those consumption points in
the district heating system where its functioning

outdoor



could be improved with minor interventions at
the primary or secondary side.

Listed below are the data necessary for
optimal system management, which must be
sent to the control centre by the electronic
regulator:

« reference and actual temperature in the
secondary supply flow pipe,

e primary supply and return temperature
values,

e current load,

e current flow rate,

¢ cumulative energy use in the defined
period,

e cumulative flow in the desired period and

e primary supply and return flow pipe
pressure values.

In the real world it is necessary to
motivate consumers by applying tariff
conditions which would encourage them to
take measures, enabling:

« the achievement of the lowest possible

return temperatures T,

e the use of the lowest possible supply

temperatures T,

e the use or accumulation of heat during
periods that are beneficial to heat
producers.

2.2 The district heating network

District heating networks are generally
complex piping networks, composed of
numerous straight sections, junctions or loops.
Specialized software packages enable static
hydraulic analysis of different types of piping
networks [5]. The data obtained are crucial for
the design of the district heating network, the
determination of the optimum configuration of
pumping stations, the detection of critical
points in the system and the assessment of
possibilities for consumption extension [6],
[7], [8]. For optimum management of the
system the pipe network models must be
simplified by grouping into individual units. In
this way the model can be simplified by 80-
95%, without any significant deterioration in
accuracy [5]. However, it is important to
preserve some important characteristics of the
network, such as the volume of the medium in
the pipe network, time lags, volume flow, heat
losses and pressure conditions. The simplified
model must agree with the real model to a
certain level of accuracy, especially as regards

pressure conditions and heat transfer dynamics.

2.2.1 A heat flow model for the distribution
of heat

The paper assesses the possibility of heat
storage in the hot water network for the
purposes of optimization of production and
distribution of heat. The mathematical model
for the distribution of heat flow at the heat
source threshold can be expressed as:

Py =P, +P, +P, +Pyu

(6)

2.2.2 A corrected consumption-point heat-
flow model

In a corrected consumption-point heat-flow

model the heat distribution time delay needs to

be taken into account tx (from the source to the

last consumption point), with regard to volume

flow. The delay may be determined with:

¢ a simulation of operating states of the
system in a system for hydraulic analysis of
pipe networks,

¢ measurements of time delays in different
operating states.

Ix :f(qw)
(7)

Functions (3) and (4) are then corrected
with the time delay:
J@T,t+1g))

(8)
F@,(t+1g))
(9)

On the basis of functions (2), (8) and (9)
the corrected time-dependent function of
volume flow may be calculated:

(g, (t+1g))
(10)

The changes of time delay due to corrected
volume flow are minimal and can therefore be
disregarded. The volume flow depending on the
chosen supply temperature 7, and return
temperature T, of the hot water network can be
expressed as:

_ Tsr _Trr
q, T-T q,

(11)

The heat flow equation for consumption

points goes as follows:

¢L‘1):ql’.p.cp.(TY_Tr)
(12)



2.2.3 The heat flow model for heat losses
This model features the distribution of hot
water by means of a double-pipe district
heating network. Heat losses can be divided
into two groups: losses in the supply pipe and
those in the return pipe. When calculating
heat losses it is necessary to take into account
the effects of the return pipe on losses in the
supply pipe and vice versa. A mathematical
model for heat flow due to heat losses at T
and T, for pre-insulated pipes laid directly into
the ground, expressed in a simplified manner,
is as follows:

(I)hl :L'ﬂ.(rct-i_Trt_z.Tm)

(13)

The pipe heat conductivity coefficient A
for the individual district heating network may
be determined on the basis of:
¢ pipe producers' data, with regard to

measurements and quality of insulation of

individual pipe segments,

¢ measurements and calculations that are
based upon the heat that was produced
and sold within a period of several years.

On the basis of heat losses and T, and T,
during the years 2003 and 2004 in the hot
water network TOM (Toplotna oskrba Maribor
d.o.0.) the calculated pipe heat conductivity
coefficient amounts to A= 0.313 W/mK.
Producer’s data: A4, = 0.363 W/mK for series
2 hot water pipes and A5 = 0.296 W/mK for
series 3 hot water pipes, the average pipe
diameter being 244 mm. The hot water
network pipeline L has a length of 22843 m.
The volume of water in the pipe network
amounts to 2137 m?>.

The variation of temperature T, at a depth
of 1m, depending on the season, is shown in
figure 1:
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Figure 1: T, at a depth of 1m, depending on
the month

2.2.4 A heat flow model for heat storage
For the storage of heat in the pipe network at
low consumption rates in the network it is
necessary to install a bypass on appropriate
segments - enabling volume flow g, ., The
degree of opening of the bypass is regulated via
a remote monitoring and control system,
depending on the heat storage needs. Heat
storage in the hot water network may be
expressed for the supply and return pipes
jointly:

(Dak:qv,bp'p'cp'(Ts—'—Tr_Tst_Trt)

(14)

2.2.5 The heat flow model for heat losses
due to heat storage

Heat losses due to heat storage in the hot water

network may be expressed for the supply and

return pipes jointly:

q)hlak =L (Ts + Tr _Tst _Trr)

(15)

2.2.6 Methods of rationalizing the

operations of district heating networks

The rationalization of district heating network

operations can be divided into three parts:

¢ cost-effective management of pumping
stations;

e decreasing heat losses from the network
return pipe; and

e decreasing heat losses from the network
supply pipe.



The module for cost-effective management
of pumping stations calculates the optimal
settings for pumps on the basis of online data
for the present state of the district heating
network. By means of static hydraulic analysis
the critical points in the piping network are
determined, from which the data is forwarded
to the management centre via the SCADA
system. Pre-processing of the data is executed
by the Data Manager module, where all false
or missing data is substituted. The data is
then transferred from the Data Manager to the
module for the cost-effective management of
pumping stations. This considers the
boundary conditions (i.e. pressure, differential
pressure, volume flow, temperature etc.)
taking into account the costs of electricity. At
five minutes intervals it calculates the
cheapest possible operation of the pumping
stations and forwards the calculated
adjustment points to the SCADA system, from
which the pumps are being controlled.

Heat losses from the district heating
network return pipe can be decreased by
stimulating consumers to achieve lowest
possible return temperatures at the secondary
side of consumption points.
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Figure 2: The connection between supply
temperature, heat losses and the total costs of
heat production and distribution

Heat losses from the district heating
network supply pipe can be decreased by
introducing a module for the selection of

optimal supply temperature Tg. To carry out
optimal supply temperature control a good
knowledge of the consumption characteristics of
final consumers as a function of different supply
temperatures is of crucial importance. The time
necessary for hot water to reach final
consumption points, as well as weather
conditions (temperature, wind etc.), dealt with
for a period of several hours to several days in
advance, must be considered. Alarms and
notifications at critical consumption points warn
the operator in advance whether the current
supply temperature is too low (consumer
complaints) or too high (increased return
temperature). Figure 2 shows an example of
calculated optimal supply temperature, for
which the total costs of heat production and
distribution must be considered.

Essentially, the optimal supply temperature
is determined with the use of certain monitoring
parameters: the monitoring of temperature at
certain points as well as volume flow
monitoring.

Temperature control ensures that the supply
temperature in the district heating network is
high enough to satisfy the requirements of all
consumption points. In reality, only a limited
number of so-called critical consumption points
must be dealt with.

For volume flow control the forecast heat
flow and knowledge about maximum volume
flow in the hot water network are used.
Thereafter, the lowest possible temperature
profile (whilst ensuring sufficient heat supply to
the system) is calculated.

2.3 Production sources
Heat may be produced separately or be co-
generated together with electricity (CHP). In
both cases it is important to have the optimum
management of energy production with respect
to profit, with all technical boundary conditions
provided for. The aim of the optimum
production control is to produce as much heat
as possible from low-cost and environment-
friendly sources. To achieve this goal, two
elements are extremely important, namely:

e choice of the right configuration of
production sources at the time of planning
the installation, considering the hourly
profile of consumption in the hot water
network; and

e establishment of an optimum energy-
production plan, in accordance with high-



quality short-term and

prediction of heat consumption.

The heat flow model of heat production is
shown below as the sum total of all production
sources:

q)pr = Zlq)pri
(16)

long-term

2.4 System structure

The economical management of heat
production and distribution calls for well
organized data flow. The basis for achieving

high quality results is an orderly GIS system.
For the exchange of all the required data two
interfaces are used (Figure 3).

The Model Manager deals with data and
models exchange between the GIS system
maintenance department and the billing
department on the one hand and the planning
department on the other. The planning
department makes use of static hydraulic and
thermal models.

The Data Manager is used for the exchange
of process data regarding the state of
production, heat
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Figure 3: Structure of the system for economical management of heat production and distribution

distribution and weather forecasts with the
departments for operational management of
production and heat distribution respectively.
Both departments use tools which enable a
dynamic calculation (On-Line and Real Time)
of control parameters that help achieve a
minimum of costs while ensuring adequate
heat supply quality.

3 Economical production and
distribution of heat

The basis of economical production and
distribution of heat, with regard to a known
future consumption rate, is a balance equation
between the heat flow model for heat
production (16) and the heat flow model for
heat distribution (6) within any given period of
time, taking into account all relevant boundary
conditions:

ZCP,,,, ;= Zq)dsj L
j=1 j=1
(17)

Certain simplifications are carried out:

e considered time period: 24 hours;

e time interval t - 30 min;

e the number of time intervals m - 48;

e all parameters are average values of the

given time interval.

Using a numerical simulation of the balance
equation (17), with regard to all boundary
conditions, the possible control measures for
heat production and distribution within a period
of 24 hours are simulated. The chosen time-
dependant combination of control measures
should ensure the maximum of the variable part
of the profit function within the chosen time
frame:



C)=C,(1)—C,. (1)
(18)

Variable revenue due to heat distribution
may be expressed as:

Cy = Z(q)cpj "Cy +(_(I)hlj iq)akj _CI)hlukj)'Cc)'tj
=

(19)

Variable costs due to heat production may
be expressed as:

Cp = Iz(i(ppri "Coi) 1
j=l =1
(20)

Figure 4 shows the daily profile for heat
production (unbroken line) and the daily
profile for heat consumption (broken line). In
the graph the principle of heat storage inside
the pipe network is evident, enabling us to
avoid initiation of a third heat source. A
similar principle is used to avoid switching on
a second boiler during summer operations.

Figure 5 shows the consumption of heat in
the network of the company TOM. The broken
line represents the hourly profile of heat
production for the vyear 2004 and the
unbroken one the hourly profile of heat
production for the year 2003. The graph
shows that up to a heat demand of approx.
6.5 MW, heat was produced from a cheaper
source in comparison with 2003.

This result was achieved thanks to the
choice of a suitable combined heat and power
production facility (gas engine CHP: P, = 3
MW, &, = 3 MW) and the storage of surplus
heat in the pipe network. Savings resulting
from heat production and distribution
management with heat storage in the pipe

network are represented by the difference in
price of energy produced within the range of
7000-8760 hours in the year 2004, reduced by
the costs of heat losses due to heat storage.

4 Conclusion

Consumers are demanding ever improving
services at lower prices. The market for energy
sources has been steadily opening. Heat
producers and distributors must be ever more
competitive, which is possible with greater
efficiency and flexibility. The required return on
investment can be achieved by taking good
organizational measures and by cutting heat
production and distribution costs.

The cost-effective heat production and
distribution described above enables the highest
savings levels in:

+ systems in which heat is generated by using
several different sources and fuels;

« systems, where a base load consumption of
power from CHP plants is provided for.

The peak heat loads of heat generation
facilities can effectively be reduced - which,
when building new or renovating already
existing sources, leads to savings in investment
into production sources for covering these peak
loads.

The development of a system for cost-
effective pumping stations management is
currently being planned in combination with the
dynamic control of pressure conditions.

In the last two years our development work
in collaboration with the Faculty of Mechanical
Engineering, Ljubljana, and the Faculty of
Chemistry and Chemical Engineering,
Laboratory of Heating Engineering, Maribor, has
been directed towards the development of
products and services for the cost- effective
management of heat production and
distribution.
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Figure 4: An example of cost-effective management of heat production and distribution at TOM

Heat production (MW)

The results of this collaboration are the
aforementioned software package for the
monitoring and control of consumption points,
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Figure 5: Hourly profile of heat production in the TOM network

the software package for long-term and short-
term prediction of heat consumption and the
software package which allows calculations of




the maximum variable part of profit and the
determination of control measures within a
certain time frame, whilst ensuring stability in
the operation of the system.

All of the operational tests are being
executed on a medium-sized district heating
system (®, = 94 MW), in cooperation with
the company TOM. Operational testing of the
software package for the monitoring and
control of consumption points and the
software package for long-term and short-
term prediction of heat consumption has been
concluded. The development of phase 1 of the
economic module and the determination of a
schedule for different control measures are
scheduled to be concluded by autumn 2005.
The commencement of commercial use of the
entire system for economical management of
heat production and distribution is planned for
the 2006/07 heating season.

Nomenclature:
Cc variable part of cost price of heat
(EUR/J)
Cp specific heat capacity (J/kgK)
Cpr Vvariable part of heat
expenditure

via source i (EUR/J])
Cs variable part of selling price of heat
(EUR/J)
C4s Vvariable revenue from the distribution of
heat

(EUR)
Cpr variable expenditure due to production
of heat

production

(EUR)
K number of consum. characteristics
categories

L hot water network pipeline length (m)
m number of time intervals

n number of production sources

N number of category j consumption points
category j remote control factor

Qv volume flow at T and T, (m3/s)

Qvep Volume flow through the bypass (m?/s)
g volume flow at T¢ and T (m3/s)

t time interval (s)

tx time delay of heat distribution (s)

T, outdoor temperature (K)

T, chosen return temperature (K)

T maximal return temperature (K)

Ts chosen supply temperature (K)

Tso soil temperature at a depth of 1m (K)
Tse minimal supply temperature (K)

©

Greek letters:
®_, heat flow for heat storage (W)

CI)L,], heat flow at consumption points (W)

@, distribution heat fl. at the

threshold (W)
®,, heat flow for heat losses (W)

®, . heat fl. due to heat losses because of
storage (W)
®  heat flow of heat production(W)

pr
A pipe conductivity coefficient (W/mK)
p  density (kg/m?)

source
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