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Abstract. A simulation dynamic model of thermo-hydraulic conditions of
heat supply systems (HSS) is presented. The model makes it possible to an-
alyze in time HSS operating conditions with arbitrary configuration and
structure, dissimilar loads of heat consumers, taking into account the
transport lag of the coolant, cooling along the length of the pipelines, under
different weather conditions, disturbances in the system and a given control
scenario in the control nodes. To assess the quality, indicators of the degree
of heat supply to consumers are proposed. Formulas are given for determin-
ing the total, average and average expected deficit (excess) of heat, as well
as heat losses in the network, for a calculated period of time under the given
control rules. It is proposed to evaluate the efficiency of the operating con-
ditions by the coefficient of efficient use of energy for the billing period. To
take into account the real cost of heat, a mathematical model and a method
for calculating nodal prices are presented.

1 Introduction

In developed countries, energy conservation has been given close attention for several dec-
ades [1-9]. In Russia, this problem became especially acute in the early 1990s, when, in the
emerging market economy, the need arose for direct payments for energy resources. The
main reasons for low energy efficiency are energy-wasting technologies, both in production
and in transport and heat consumption, lack of economic incentives for the introduction of
energy-efficient technologies, lack of systems for accounting and regulation of heat energy,
inefficient operating conditions, large heat losses during transport and consumption.

The heat supply system (HSS) of the city is a complicated technological and socio-eco-
nomic complex that ensures the vital activity of a huge number of consumers. Four factors
can serve as a measure for assessing the quality and efficiency of the HSS operating condi-
tions: quality, reliability, cost of heat supply services and ecology. At the same time, in the
interests of consumers, the following must be ensured:

« sufficiency of thermal energy to ensure comfort in rooms or for technological processes
- quality;

« uninterrupted supply of heat energy - reliability;
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* non-burdensome heat energy price - cost;

« safety for public health of the production and transmission processes of heat energy -
environmental friendliness.

To ensure the listed requirements, in addition to the introduction of new technologies, it
is necessary to properly organize the operating conditions of the HSS [12-19]. At the same
time, economic efficiency is achieved due to: reduction of circulation flow of network water;
optimization of heat supply schedules from sources; reduction of excess heat losses through
insulation; reducing the cost of electricity for pumping the coolant. All measures, ultimately,
lead to a decrease in fuel and electricity costs [11,16,19].

It is impossible to assess the economic efficiency by stationary models, by the design
regime, or by average annual indicators, since at certain points in time the parameters are not
maintained, somewhere overheating of premises occurs, somewhere there is a lack of heat.
The ISEM SB RAS has developed a simulation model of dynamic thermohydraulic condi-
tions of HSS, which allows simulating the operating conditions of HSS of arbitrary config-
uration and structure, with different loads of heat consumers, taking into account the transport
delay of the coolant, cooling along the length of pipelines, under various weather conditions
and disturbances on sources, pumping stations, heat points, consumers and [11,16,20-26].

2. OueHkKka KavyecTBa

2. Quality control

The quality of the HSS functioning can be assessed by the quality of heat supply to consumers
and the efficiency of the HSS operating conditions [11,16,25].

The heat supply quality to an individual consumer can be estimated by the degree of de-
viation of the heat amount received by him ¢, , calculated according to the model [25], from

the required one @; . The degree of provision of the i-th consumer at the moment of time ¢ :
A () =(0/(-0.0)-9, iel, (1)

where: / — multitude of pipeline of scheme; [ =1, U/, Ul,; I,.1,.I, — subsets of consumer

section, network and sources, respectively; & — weight coefficient.

9=1,if (Qj(t) - Qi(t)) >0, the consumer has a heat deficit.

9=0, if (Qj(t)—g,.(t)) <0, the consumer is provided with heat energy in the required

amount or is in a state of "overheating".
The total deficit of thermal energy of the i-th consumer for the calculated period 7 under
the k-th scenario of disturbing and control actions:

T
2 =[O dr, el )
0

When assessing the quality in terms of heat deficit indicators (1)-(2), it is also necessary
to take into account the length of time in which the consumer experienced a deficit. Taking
into account the accumulating capacity of buildings, indoor temperature may decrease insig-
nificantly, which will not affect the comfort conditions. In normal operation, the allowable
period with reduced heat input depends on the accumulating capacity of the building, the
category of buildings (residential, public building, etc.) and on the value of the allowable
decrease in indoor temperature. The model presented in [11, 25] makes it possible to calculate
the indoor temperature, taking into account the accumulating capacity of buildings and the
time of coolant inflow with certain parameters.

For consumers who allow a decrease in the indoor temperature within certain limits, the
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condition is added to the weight coefficient of formula (1):
9=1,if (Qj(t)—g,.(t)) >0, u (Cfl -C ) >AC? | the consumer has a heat deficit, taking

n

into account the permissible decrease indoor temperature. Here C:.,C, ,AC?" — the calcu-
lated and current value of the indoor temperature, and the permissible decrease.
Total heat deficit for all consumers under the k-th disturbance scenario:

D(k) Z-—det(k) (3)

Lel

Average deficit for the estimated perlod T under the &-th scenario:

im

Zerh) _ j QSO (ydr, iel, (4)

Repeating the calculations N times for different disturbance scenarios for the given con-
trol rules, we can calculate the average expected deficit of the i-th consumer:

- R .
M[:ﬁ:“kq =—YEMO jer 5)
Nia

Dispersion:

2 [ =def (k) 1 & —def (k) 1< —def (k) ’ .
[y @)y 5@ e o

The indicators of the excess amount of heat supplied to consumers, integrated over the
calculated period of time, are calculated similarly.

Designating for 6; the standard heat losses at the site, and for 8 the losses obtained by

calculation, we obtain the values of the excess of heat losses over the standard for each sec-
tion of the heating network:

Q) =(0:(0)-6;()-9, iel,, (7)
9=1,1f 07(t)—67(¢t) >0, insulation condition does not provide standard losses; 9 =0, if
67 (t)—06;(t) < 0, network losses do not exceed the standard.

The total excess of heat losses over the normative ones in the i-th pipe for the calculated
period Tunder the £-th scenario of disturbing and control actions:

i

T
200 =[ar® @, iel, . (®)
0

The total excess of losses for all network pipes under the £-th scenario:

I = mlos(k) 9
g] ©
The second criterion for assessing the quality of the HSS functioning, as noted above, is

the efficiency of the conditions, which can be assessed in various ways. One possible ap-

proach is to determine the efficiency of energy use.

The coefficient of efficient use of energy according to [11] is the ratio of useful energy to
the total amount of consumed energy. If we take as idealized consumer conditions a fully
automated input, which can provide the required indoor temperature at any current outdoor
temperature, then the useful or consumed energy will represent the required amount of heat
at a given outdoor temperature, and consumed energy will be the amount supplied to the heat
input energy taking into account "overheating". Taking into account only "overheating" in
the last component is explained by the fact that in the event of a deficit, all the energy will
be usefully used.

Then the average for the calculated period 7T the efficiency of energy use by an individual
consumer will be determined:
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_ 0, (1) .
- je(t)+M[”° ]dt, iel (10)

Having ranked consumers by this indicator, one can single out consumers who require
priority provision of measures to improve controllability. Since in large HSS, measures to
synthesize controllability and to provide adjustment measures at a time throughout the entire
system require large financial costs, such a ranking of consumers is of practical interest.

The coefficient of efficient use of energy for HSS as a whole will be determined as fol-
lows. The total amount of required heat energy for the i-th consumer for the estimated period

T under any scenario:
T

= =[0®a, iel (11)

o

The total required amount of heat for all consumers:

P
Ouss = D E;, i€l (12)
1

For the pipelines of the heating network, we will take as idealized conditions the provision
of normative heat losses (since it is impossible to transport the coolant completely without
heat energy losses). Then the useful energy used for the HSS is determined as the total re-

quired amount of heat for all consumers 6, and the total normative heat losses at all pipe-

lines of the HSS for the estimated period L, . . The total excess of the standard heat losses in

los *

the network and the total excess amount of heat for all consumers £*’ under the k-th scenario
of disturbances and given control rules will be referred to energy losses [11].

Then the coefficient of efficient use of energy for the HSS as a whole under the £-th
scenario of disturbances and given control rules:

QHSS + Lius (13)
Opss +E© + LY + L,

The results obtained with a single reproduction of the process on a simulation model are
of a particular nature. Consequently, in order to find one estimate of any characteristic of the
functioning of the system, it is necessary to repeatedly "run" the simulation model (to obtain
a set of results) with subsequent statistical processing of the data obtained. Therefore, the
simulation model must provide means for collecting and means for subsequent statistical
processing of data obtained in the course of modeling for the characteristics of the system of
interest.

77Hss

los

3. Heat supply service cost

To take into account the real cost of heat energy, a mathematical model and a methodol-
ogy for calculating the nodal prices of heat energy have been developed [27, 28]. The cost of
heat is determined differentially for individual nodes and consumers of the HSS, taking into
account: real flow distribution; location of consumers in the network (distance from the
source); the structure and parameters of the network - the presence (absence) of pumping
stations on the route of the coolant; the value of heat losses in networks.

The above factors are taken into account using a thermo-hydraulic model [25], on the
basis of which the amount of heat in each node is determined, which makes it easy to calculate
the real cost of heat energy in all nodes of the HSS.

The proposed approach to calculating nodal prices can be interpreted as a method for
solving the problem of distributing the "price field" over the network for a given distribution
of heat fluxes. The approach is based on three main provisions: the principle of the nodal
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balance of the cost of heat; the principle of equality of prices for flows flowing from a com-
mon node; the principle of differentiated price increment for each of the elements (pipelines)
of the calculation scheme.

1) The principle of the nodal balance of the heat cost is described by the equation:

4,0,C+4.0.C.=0,C, (14)
where Q_, Q. — diagonal matrices of order n, composed of the quantities of heat at the start
and end of the pipelines, respectively; C,, C.— m-dimensional price vectors at the start and
end points of the pipelines, respectively; C, — m-dimensional vector of nodal prices of ex-
ternal inflows (withdrawals) of heat; O, —diagonal matrix of order m, composed of the values

of the amount of heat from external inflows (withdrawals) of heat.
2) The principle of equality of prices for flows outgoing from a common node:

Ci=A4C, (15)

where C — m-dimensional vector of prices of mixed flows at nodes.
3) The principle of differentiated price increments for each of the elements (pipelines) of
the calculation scheme:
C.=C +AC(Q.). (16)
The vector of price increment for heat transmission AC(Q,) is determined from the con-

dition of the financial balance for the pipeline. The cost of heat at the end of the pipeline is
greater than the cost at its start by the value of the increment in the cost of pumping the
coolant and justified profit for the development of networks:

CO+SP+Sm+So +SH™ 4P =C0, , (17)

pip pip pip pip

where S, S S5, S%™ P — n-dimensional vectors of the cost of fixed operating costs,

heat losses, leaks, the cost of pumpmg the coolant and profits by pipelines.

This mathematical model allows calculating differentiated prices for all consumers, tak-
ing into account: different costs of heat energy from different sources; variable component
for the operation of only those elements of the system that are involved in providing heat to
this consumer.

The problem of calculating the distribution of costs to consumers is new, however, the
methodology and algorithms for its solution are in many respects similar to the algorithms
for calculating the temperature field in the pipeline network, which are used in calculating
the HSS conditions [25]. The use of nodal prices of heat energy when calculating the eco-
nomic efficiency of adjustment measures will allow, in contrast to the calculation of tariffs,
to take into account the real costs of generating and transporting heat energy, as well as to
determine the feasibility of connecting new consumers at different nodes of the network.

Articles [29,30] present a mathematical model and methodology for calculating the share
of heat sources in covering consumers' loads, taking into account nodal prices. In contrast to
the methodology for calculating nodal prices [28], for solving this problem, the price of heat
is calculated separately for flows coming from different sources. The calculation is performed
by constructing matrices of all possible paths leading from the source of heat energy to the
consumer. Moreover, the cost of heat supplied to the same consumer, even from one source,
but along different routes, can differ significantly due to the component of the transport price.
The calculation of equity participation makes it possible to choose the cheapest energy flows
in the system to provide specific consumers, which is beneficial for both the energy system
and consumers.

In contrast to traditional calculations of economic efficiency, in this case, the cost of an-
nual heat losses, leaks, electricity costs and other components are determined integrally for
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the heating season based on calculations of the dynamic thermohydraulic conditions of HSS.

The research was carried out within the project I111.17.4.3 of the Fundamental research program of SB
RAS (AAAA-A17-117030310437-4)
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