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Abstract

The heat demand in a given district heating system can be satisfied with discretional primary forward
temperature and the appropriate primary mass flow within the limitations of the system. The task of
the paper is the satisfaction of the heat demand with minimal operation cost. In the paper the objective
function of control will be set up, and a method will be described that is used to define the minimum of
the objective function. The minimal cost resulted primary forward temperature is the optimal primary
schedule as a function of the other temperature. The secondary forward schedule plays a great part
in optimal primary schedule. In the paper some results of the research with computing method will
be presented.

Keywords: district heating; optimal primary schedule; minimal operation cost; objective function;
computing method.

The competing district heating companies have to apply all possible tools in sched-
ule to decrease the costs of heat supply. After revealing the losses of the Hungarian
district heating companies the further decrease of costs usually involves consid-
erable investments. In the present paper we would like to describe a method for
costs decreasing, with the help of which considerable savings can be achieved with
minimal input when applied to an operating network.

An analysis carried out in 1997-1998 at the Department of Building Services
of the Technical University of Budapest showed that although the main district
heating companies in Hungary converted from the system of continuous mass flow
hot water circulation to that of variable mass flow, the economical advantages of
the conversion are not apparent in the financial results of the companies. One of
the reasons for this is that the conversion to variable mass flow was carried out with
other investments aiming at decreasing the costs, therefore the financial profit of
the conversion to variable mass flow cannot be clearly separated. Another possible
reason is that the advantages of variable mass flow circulation were not managed
to be exploited in all cases.

The conversion to variable mass flow was carried out with keeping the un-
changed schedule of the primary forward temperature in the known cases. It is
not likely that under the changed conditions the previous schedule would result in
minimal operation costs in the system. Our target is to describe such a method,
with which the operational characteristics, especiallytftig) primary tempera-
ture schedule can be determined, which results in the minimal operation costs of
the district heating system regardless to their solution.
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1. The Schedule of the Secondary System

For the determination of the primary schedule we have to kno#/(tipeschedule of
the secondary system. This is practically set up by experimenting with the control
system within its possibilities. The schedule necessary for the operation of the
secondary system can be determined with a theoretical method.

The calibrating position of the secondary system is known. In case of partial
loads of Q(tow) # Qo considering the function of heat output of the heaters the
following equation can be set up:

Q(tout) me(t, —ty

QO mOC(tz 0 té/,o)
1+M
_ ( Atjog )HM _ -t / té,o - té/,o (1)
AtIog,O In té — tin In té,o - tin,o ’
té/ - tin té/,O — tin,O

whereq is the specified heat demand as regards tQthealibrating heat demand.

In buildings of district heating in Hungary generally and nominally a forward tem-
perature of) , = 90°C and a heat gradation afty = 20°C are applied; the interior
nominal temperature of the rooms is°Z0) For our analysis we have assumed that

the heating equipments are accurately calibrated in accordance with the above data.
The question is what forward temperatures are needed as regards to the partial loads.
We assume that the heat demand of the rooms to be heated will decrease relatively
to the increase of the outside temperature, tus (f, — towr). If we assume a
continuous secondary mass flow then duente- iy andc ~ constant:
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vt vt 1+M
q= qInM/In,z—m : (4)
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This equation explicitly containing can be solved fog as regards to a defined
t; parameter, thus it can be determined what heat demand the §if@ward

temperature can satisfy. Our aim is to define the ‘secondary forward’ temperature,
that ist;, = f(q). For the purpose of this rearranging the above expression:

t/ t; vt 1+M
In 22 in,0 In 2 — lin L g= () .
(q t£0 —tino ty) — qAty — tin q (t) (5)

and looking for the solution of (t,) with determiningg = q(t,,). By determining
t; for the discreteq values, we can define an arbitrary number of points of the
f(t)) = f(tow) diagram Fig. 1).

This ideal secondary schedule cannot be executed in case of more simple
adjusters, but only with DDC ones.

from this

2. The Optimal Schedule of the Primary Systems

Let us assume that the parameters of the ‘secondary side’ of district heating system
and the heat exchanger are given. From these the data of the primary side are not
decidedly determined. The demand of the secondary side can be satisfied within
the limitations of the system with a higher primary forward temperature, or in case
of higher mass flow with a lower primary forward temperature. One has to choose
the solution that provides minimal operation costs amongst the endless number of
options. In case of higher forward temperature the heat loss of the system increases
but due to the smaller mass flow the pumping work decreases. Its inversion: in case
of decreasing forward temperature the heat loss also decreases but for the circulation
of the necessary higher primary mass flow an increased amount of pumping work
is needed. Depending on the outside temperature the necessary heat flow and thus
the primary temperature and the mass flow also change.

Our task is the satisfaction of all the given heat demands in such a way that
the cost of the operation is minimal. In case of a given network the minimal
operational cost can be achieved Wittto1), t; (tour), M(tour) @and Ap(tour), Which
are the primary forward and backward temperature, and the optimal schedule of the
pressure difference to be created by the primary mass flow and the pump. However,
itis enough to determing(to.r), as the other characteristics of the system (schedule
and mass flow of the secondary side; the given heat exchanger; the length of the
network; the diameter and insulation of the pipeline, etc.) will give the rest. The
mass flow is adjusted by the control valves of the heat centre, which demand exactly
the same amount of mass flow from the primary system as it is necessary for the
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adjustment of the secondary forward temperature coming from the primary mass
flow temperature to the heat exchanger.

Therefore the task is:
KZ = kheal(Qdem+ Qloss_ V*Ap) = keIVAp, (6)

to determine the minimum value of the diagram expressing the costs per one time
unit of circulation. In the relation we have considered that the dissipation of the
pumping work heats the agent. The task is to convert the expression to a form free
of dimension

1
K| = —Aq ) —— + Ap(@) X3 — min! 7
DR(q) <¢1(XW) Q> XW P(q) w ( )
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is the Bosnjakovic factor of the heat exchanger (here: countercurrent). Considering
the form of the relations, the minimum of expressigndan only be determined
by numerical methods.

The minimum of expressiorY) has to be determined in respectXf with
the given parameter of = q(t,u). By determiningX,, for the discrete values of
we can determine the schedule of the mass flow and from this an arbitrary number
of points of thet; = f (to,) diagram.

3. Changes of the Temperature of the Primary Agent on the Pipeline
When setting up the relation the temperature change of the primary agent on the

pipeline was neglected. We have to see the legitimacy of this negligence.
On the basis of the energy balance of the pipeline section of a lendtht d

Wt = ngx%x\'/ — qdx. 9)

The equation expresses thatthe temperature of the mass flow in the pipeline increases
as a result of the dissipation of the friction work and it decreases as a result of the
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heat loss of the pipe. The excessive temperature in the x profile of the pipeline is the
one, resulting as a solution of the equation. Considering the boundary conditions

v= g (= (10)

aw? W Aw? W e_kWUX-
2d kU ( 2d kU ) '

wherevg will have to be replaced by the temperaturesiantering in the forward

section of the heat exchanger andupexiting in the backward section. The heat

centre can be found in the placext 0taking on the negative valueef <x <0

in the forward section and a positive one okQx < | in the backward section. The

heat loss of the pipeline can be accurately determined from the relifion (

We have also looked into the relation of the heat losses calculated accurately
in the model to be described below and also in case of the calculation disregarding
the cooling of the pipe. The results are showrFig. 2. We have analysed two
types of insulation. The specific factor of heat transmission of a pipeline that com-
plies with the current technological expectations having an appropriate insulation is
0.61 W/mK (the heat output of a one meter long ISOPLUS district heating pipe of
a diameter of DN500 is 1K as a result of the temperature difference). The specific
heat transmission factor of a pipeline the insulation of which is in bad condition,
improperly designed and partly damp is assumed to be 6 W/mK. We relate the exact
heat loss calculated on the basis of relatidi in Fig. 2 to the heat loss determined
without considering the cooling of the pipeline. The boundary conditions are the
entering and exiting temperatures of the heat exchanger: taking cooling into consid-
eration the heater has to provide higher forward temperature and the temperature of
the backward section is lower than it would be if cooling were considered. The total
heat loss (the joint heat loss of the forward and backward pipelines) is higher than it
was determined according to the expressi®n This difference is insignificant in
the possible mass flow ranges in case of good insulation; in case of bad insulation,
however, it cannot be neglected any more.

4. Results of the Computer Analyses

The minimum of expressiorY) in case of arbitrary parameters can be determined
for an arbitraryg. The solutions have been processed in nomograms. On the
basis of these nomograms the optimal schedule of a section of district heating
with the known parameters (diameter, length, insulation, heat exchanger, secondary
schedule) providing a heat exchanger can be defined by point to point.

We have seen that the cooling of the heat carrier pipeline cannot be neglected
in all situations. Therefore, the results revealed below are not determined partly by
the minimum value according to expressi@hl{ut by the elements of expression
(6) considering the cooling of the primary agent by the pipeline.

The analyses have been carried out in a fictitious model, the parameters of
which are determined on the basis of a real district-heating network. The heat is
generated by a heating plant in our example. The length of the primary pipeline is
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The secondary side temperature schedule is function of "M" exponent of heaters
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3657 m, the pipe diameter is DN500, the performance of the system consisting of
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The optimal primary forward temperature as function of cost
factor
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Decrease of optimal primer temperatures when the heat exchanger is oversized
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one heat exchanger and a pair of primary pipelines is 108.9 MW. The nominal heat
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Decrease of the secondary mass flow, if the termostatic valves close
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gradient is 150/80C. The costs of the model system have been calculated on the
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basis of the heat and electricity prices valid in 1999, which can be regarded to the
Hungarian prices.

In case of a better insulation of the pipeline the optimal forward temperature
tends to be higherHg. 3). The optimal forward temperature of a system of good
insulation is higher, its mass flow is considerably lower (in case of an outside
temperature of-15°C it is 18156 °C and 240.69 kg/s) in case of the parameters
providing a basis for the relation and describing the situation before optimising
(150 °C, 384.23 kg/s). In case of keeping the optimal schedule the calculated
cost of the circulation is 27.36% less than in case of a schedule of a nominal
temperature of 15@0° C (with the temperature bridge of a year of average weather).
Savings that can be achieved with a system of bad insulation are negligible, as the
optimal schedule differs from the compared case schedule of continuous mass flow
only to a small degree (hominal forward temperature of.Q29C and a mass
flow of 391.37 kg/s). In case of a good insulation the expected yearly cost of
circulation is certainly remarkably lower: in case of an insulation having a quality
of k = 0.61 W/mK it is only 17% of the figure in respect of an insulation having a
quality of 6 W/mK.

The optimal temperature (186°C) as regards the pipelines of good insula-
tion is considerably higher than the permitted value of the used insulation materi-
als. We have also looked into the savings options in case of systems of a schedule
nominally 130'80°C (for this a different heat exchanger and more mass flow are
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Decrease of the optimal primary mass flow, if the termostatic valves close
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necessary, than in case of ¥80°C; the other parameters are not changed). In case
of an outside temperature ef15°C the optimal primary schedule necessitates a
forward temperature of 1783°C, which is still significantly higher than the limit

of 130°C. If this limitation was disregarded in the schedule of the temperature a
saving of 56.45% could be achieved compared to the circulation costs of continuous
mass flow operation of a nominal design of 180°C. It is even more surprising

that the limitation of the primary forward section to X&only slightly decreases

the possibilities for savings, to 51.14%. The reason for this is that those outside
temperatures that are considerably different from the optimal temperature of the
schedule are only apparent for a very short time, only for a few hours in a year of
average weather. Over the characteristic temperature56fC the difference is
negligible, over—2 °C the optimal forward temperature is already below 130

(Fig. 4).

According to the observations of the analysis the optimal primary mass flow
does not depend on the secondary schedule. A higher secondary temperature ne-
cessitates higher primary temperature, and this is due to the mass flow independent
from the secondary temperature results in higher circulation costs.

Systems of good insulation are less sensitive to the changes of the price
proportion of electrical and heat power than those of bad insulation. The changes
of the price proportions can justify the re-determination of the optimal schedule.
The optimal nominal forward temperature of a system of a gradient of8BC
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in case of continuous mass flow is showrFig. 5 as regards the cost factor. The
value of the cost factor is 0.81 on the basis of the prices applicable at the time of
the analyses. Compared to the Western European price proportions the value of
heat in Hungary is underestimated. The cost factor decreases when the price of
heat compared to electric power is increased; the heat loss is overestimated and the
optimal primary temperatures decrease.

Ifthe insulation of the systemis good the occasional oversized heat exchangers
provide little possibility for the decrease of the circulation costs. If the insulation
of the system is bad the oversized heat exchangers make the considerable decrease
of the primary forward temperature and the increase of the mass flow possible, and
the costs of circulation can be remarkably decreabagi).

In the previous analyses we assumed that the heat demand of the system only
depends on the outside temperature. Due to the internal heat gain of the buildings
the real heat demand can be smaller than the heat loss determined on the basis of the
outside temperature. In these cases the thermostatic valves of the heaters intervene.
The weather-dependent adjusting systems adjust secondary forward temperature
according to the value determined by the outside temperature, the performance of
the heater can be set to the real heat demand with the decrease of mass flow. The
cooling of the decreased mass flow is larger, so at the closing of the thermostatic
valves the secondary returning temperature is lower. In this case intervention in
the primary schedule would also be necessary in schedule to achieve a minimal
circulation cost.

Figs. 7 and8 show how the secondary mass flow and the returning temperature
change at the closing of the thermostatic valves. lmeat demand in respect of
the designed heat demand is shown on the horizontal axis, but here this does not
only depend on the outside temperature but also on the inside heat load. In case of
a given outside temperature the heat demand is smaller than the designed one, and
therefore the forward and the backward temperatures are also lower. If the real heat
demand further decreases due to the heat generation inside the forward temperature
— which depends on the outside temperature — it does not change, but because of
the closure of the thermostatic valves the returning temperature decreases.

Figs. 9 and10 show how the primary system would react to the changes of
the heat demand of the secondary system independently from the outside temper-
ature. In case of an outside temperature 6€CQthe adjustment of the primary
side would have to decrease the forward temperature according to the diagram in
Fig. 9 and as a result of this the mass flow would change accordirggtd 0.

The forward temperature would certainly not do under the temperature adjusted by
the secondary adjustment and determined by the secondary schedule. In case of
optimal interference the adjustment of the heat source has to be informed about the
decrease of the secondary heat demand. This could be possible by measuring the
primary backward temperature — this method, which is a used adjustment method
in air conditioning systems — is usually not applied in district heating currently.
The decrease of the secondary heat demand can be directly measured in case of the
application of DDC adjustment.
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5. Determining the Optimal Schedule of Systems of Branched District
Heating Pipelines

Let us take two adjacent heat centres of a district heating netwaakd B, which

are bisected in poin€. The determination of the optimal schedule of a heat centre
and its joining pipelines have been described above. What primary forward tem-
perature is necessary in poi@tin schedule to have an optimal operation of the
subsystem containing the heat exchangers and pipelinasanti B?

By knowing the heat demand dependent on the outside temperature, the heat
exchanger and the entering and exiting temperatures of the secondary side the
primary mass flow demand can be determined in respect of a given primary entering
temperature; or the opposite case is possible, the necessary temperature of a given
mass flow can be defined. On the basis of thigthe= t; A(WA) tig=1 5(Wa),
relation between the entering temperature and the row of the water pipeline can be
determined in respect of heat exchangArand B. The geometry of the junction
section and the insulation data are known; with the help of relati@nwe can
determine that depending &My and Wg whatt, temperature is needed for the
forming of t; , andt; 5. In case of a primary temperature ttheat exchangers

A and B will necessitate a water pipeline flow @, andWs. Thus thet; . =

ty C(WA + Ws) relation concerning the temperature and water pipeline flow of point
C can be setup. The cost function according to relafipfo¢ the junction pipelines
AandB has to be drawn up in such a way tig{ belongs to th&Vg water pipeline
flow according ta; . =t} (Wa + Wpg). The joint minimum value of the two cost
functions resulting frontic is the optimal temperature as regards the given outside
temperature. )
Thetyy =t (>r lW,) reduced forward temperature can be created in a
recursive way with the previous method from the heat centres to the heater. In case

Of treg = treq (Zr 1Wr) forward temperature the mass flows of the heat centres

areW;, W, ... W, ... W, and the heat and pressure loss of the given sections can
be determined. Setting up the cost function according)ttof all sections of the
network thet,, = t; = t](tou) giving the minimum of the sum of these will be the
optimal forward temperature as regards the given outside temperature.

District heating systems usually provide supply the users not only with heating
but domestic hot water. This is difficulty in the determination of the optimal primary
schedule because the hot water heat exchangers have to be regarded with a schedule
that is independent from the outside temperature.

By neglecting the cooling on the primary network the described method can
be considerably simplified. In this case the heat loss of the primary pipeline sec-
tions does not depend on the mass flow, but only on the temperature of the agent.
The temperature of the forward pipelines is uniform on the whole network. By
knowing the primary forward temperature the necessary mass flow and the return-
ing temperature can be calculated in respect of all heat exchangers. On the basis of
the returning temperatures the mixing temperature of the joining of the returning
pipelines, from this the temperature and heat loss of the pipeline sections can be
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determined. In case of a fixep= q(t,.), depending oty we can determine the
heat loss and thié () function expressing the cost of the performance of the circu-
lation, the minimum of which can be defined with the help of numerical methods.
By determining the minimum values for the discrgte- q(t,) values an arbitrary
number of points of thg = t; (t,u) optimal schedule can be defined.

6. Limitations of the Application of the M odel

The cooling of the agent by the primary pipeline in the expressiphas been
neglected. This negligenceisonly possible in case of systems of good insulation and
appropriately loaded. If this condition is not provided the cost function according
to function @) has to be analysed for the determination of the optimal primary
schedule.

In case of comprehensive systems it is possible that the heat centres are in-
stalled far away from the heat generator on the network. The result of this is that
the primary agent reaches the closest heat centres in a few minutes, but gets to the
farthest ones only in a few hours. The dead time due to the distance is different
in respect of each heat centre. A separate analysis has to be applied in schedule
to decide that in case of the given topology what economical schedule has to be
applied to follow the changes of the outside temperature.

In our analysis we have determined only the optimal proportion of the heat
lost of the district heating pipeline and the costs of the pumping work; we have not
dealt with the impact of these changes on heat generation, e.g.: the changes of its
efficiency. In case of a heat generation of a heat plant this does not influence the
results considerably; in case of a joint heat generation, however, also considering
its economy the optimal temperatures will shift to the lower values.

The method described for the branched networks is not or only partly ap-
plicable for the determination of the optimal schedule of loop or multiple feeding
networks.
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List of Symbols not Described in the Text

total cost of circulation per one unit of time;
reduced, dimension-free cost;
temperature;
specific heat demand in reference to the nom@heat
demand (dependent on the outside temperature);
logarithmic median temperature difference;
= mc, the heat capacity flow;
product of the heat transmitting factor and the heat output
surface of the heat exchanger;
I1 .

= : the heat transmission

1 Ea (O 1

Wl Ll andh
factor on the pipeline in thie index, signs and” refer to
the forward and backward pipelines;
heat transmission factor;

number expressing the relation of the heat resistance of the
forward and backward pipes;

length of the primary pipeline route;

specific heat capacity flow value in reference to the nominal
primary heat capacity flow;

Kol —Kneat  Wio Ry WP, 1

Kneat 1*(kir + kin) (P*C)g Qo CI’
cost factor;

exponent of heaters;

specific cost of energy;

factor of pipe friction;

hydraulic resistance of the pipe;

flow speed in the pipe;

density of the heating agent;

specific heat loss of the pipeline;

heat transmission factor in reference to the outline of the
pipe multiple by the outline of the pipe;
heat loss of & long pipeline section;
volume flow of the heating agent.
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I ndexes
1 primary;
2 secondary;
! forward;
" backward;
0 referring to the nominal position;
dem demand;
out outside;
in inside;
H hydraulic;
heat heat;
I along the pipeline;
loss loss;
el electric.
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