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Abstract. This article proposes the new technology for development of operational states for HSS
of arbitrary structure and dimension. Technology is based on multilevel modeling and a new method
for adjustment calculation of thermal hydraulic states. It is implemented in the information and
computer complex «kKANGARA-HN». Technology includes checking the permissibility of states,
calculating the throttling devices on the network and inputs of consumers' buildings. It allows
calculating large systems with intermediate stages of regulation, developing adjustment measures to
improve the quality of heat supply and consumer provision, reducing circulation flow rates and
pressure in networks. The development of modeling methods is carried out in the following
directions: taking into account the new composition of equipment, including mixing pumping
stations; development of nontraditional methods of calculation, such as object-oriented modeling;
development of tasks of hierarchical optimization and identification of state parameters, as task of
rising for model adequacy; development of task for finding of sectioning variants for multi-circuit
heat network with several sources. The application of methodological and software developments
makes it possible to obtain both an economic and a social effect by identifying and realizing of the
energy saving potential, improving the quality and reliability.

1 Introduction

Russian heat supply systems (HSS) are unique in their
scale and complexity engineering structures. They unite
many different types’ elements that are developed over
time and are dispersed over a large territory. The
presence in the systems of heat sources (HS) of various
types (CHP, boilers), pumping stations (PS), central or
individual heat substations, many different consumers,
including subsystems for heating, ventilation and hot
water supply, lengthy main (MHN) and distribution
heating networks (DHN), operating under constantly
changing conditions, determine the complexity of the
tasks of organizing and controlling of states.

The tasks of calculating of the thermal hydraulic
states of HSS, the permissibility and optimization of the
states are basic for the analysis and quantitative
substantiation of decisions on organization of HSS
operational states. At the same time, methodological,
algorithmic and software of these tasks have to satisfy
the following requirements: 1) adequacy to real physical
processes and properties of the initial information; 2)
reliability, which guarantees of solutions with
predetermined accuracy; 3) high-performance; 4) the
ability to solve problems of large dimension; 5)
universality and adaptability with respect to the arbitrary
structure of the calculation object, the laws of the
medium flow, changes in the statements of calculation
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problems and design conditions. These requirements are
dictated by: increasing complexity and dimension of
HSS; introduction of new equipment; limited decision-
making time based on calculations in dispatch control;
the need of multivariate calculations in solving design
and operation problems; the use of models and
algorithms for flow distribution calculating in solving of
other more complex problems (optimal synthesis,
reconstruction, states control, identification, etc.).
Automation of decision-making processes for the
organization of HSS operational states is of fundamental
importance, since the choice of methods for organizing
of the states, the quality and optimality of decisions
made in practice, depends on the experience and
qualification of the engineer by state and the complexity
of the calculation object.

2 Overview of the methodological base
and characteristics of software for the
development of HSS operational states

Currently, there are many methods for calculating both
the hydraulic [1-5] and thermal hydraulic [6-13] states of
the HSS. At the ESI SB RAS on the basis of the
formulated and scientific direction — the theory of
hydraulic circuits (THC), it has accumulated unique
experience in creating methodological and software
solutions for solving problems of calculation and
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optimization of HSS [5,8-13, etc.]. To date, developed
system of mathematical models and methods has been
created for calculating and analyzing of the thermal
hydraulic states of the HSS [11-20]. A new technique
and a set of high-speed algorithms have been developed
for calculating of HSS states with an arbitrary number
and placement of automatic control devices [10]. The
methodology for adjustment calculation of thermal
hydraulic state for the organization of HSS operational
states includes checking the permissibility of states,
calculating throttling devices on the network and inputs
to the buildings of consumers, taking into account the
differentiated amendments to flow rates for
compensating of heat losses in the network. The
technique allows developing adjustment measures to
improve the quality of heat supply and consumer
provision; reduce circulation flow rates and reduce
network pressure.

In the ESI SB RAS, the informational and computer
complex (ICC) «ANGARA-HN» [21] has been
developing for many years to automate the analysis and
decision-making processes in the design, operation, and
dispatch control for systems of an arbitrary structure and
dimension. In the framework of the ICC, the technology
for the development of operational states of large HSS
with intermediate control stages [20] was implemented.
It is based on multilevel modeling [8] and the technique
of adjustment calculation of thermal hydraulic state [10].

The priority directions for the development of
modeling methods and software are: accounting for the
new composition of equipment [22] development of non-
traditional calculation methods, such as object-oriented
modeling [16,17]; problems of optimization [23] and
identification [24], as well as adequacy of the HSS
model to the real state; automation of the processes of

3 Technology for the development and
organization of large HSS states based
on multilevel modeling methods

The technology for the development of operational states
of large HSS is based on multilevel modeling [8,12,20].
The proposed approach provides the possibility of a
practical solution to the problem of quantitative
substantiation of decisions on the organization of states
for HSS of arbitrary dimension and structure, including
HSS with intermediate control levels. It allows
overcoming the contradictions between the high
dimension of the problem and the requirements of the
integrity and visibility of the object, applying the
technology of parallel computing, which significantly
reduces the calculation time. The approach is based on
the methods of equivalenting and decomposition of
design schemas and tasks and involves multilevel data
organization and organization of single and multilevel
calculations. The methodological base for high-
performance multilevel adjustment calculations of
thermal hydraulic states takes into account all the
requirements for their permissibility [10,12,19].

The process of state development using this
implemented in ICC «<ANGARA-HN» technology (Fig.
1) can be divided into the following stages: 1)
development of a multilevel computer model of HSS,
including MHN and DHN design schemas, information
on the types and parameters of its elements , as well as
restrictions on the state parameters; 2) analysis of the
initial information; 3) analysis of current state and
network bandwidth with given parameters of HS and
central heat substation (CHS); 4) analysis of state
violations; 5) development of measures for organizing an
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Fig. 1. Results of multilevel hydraulic calculation.
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Based on the analysis of the current state of HSS
under current operating conditions, «bottlenecksy, state
violations are identified and a quantitative assessment of
the current level of consumer supply is made. The
analysis of the current state, as well as the development
of controls, is based on calculations of hydraulic and
thermal states. Typically, such calculations are divided
into adjustment and checking. The main purpose of the
adjustment calculation is to find such controls that will
allow the run of given water flow rates with current
water temperature through the HSS customer systems,
subject to technological restrictions on the water
parameters — pressure at all nodes of the system, the
pressure at the consumer inlets and the water velocity.

When analyzing the state of heating networks,
temperature state are important for accounting: cooling
of the water along the transportation path; shortage of
thermal energy among consumers; selection of measures
to compensate for heat losses in the network (increase in
water flow rate or entering an amendment to the
temperature chart). The result of the adjustment
calculation of the heating network is a state in which
given heat loads of all consumers and other restrictions
are provided. Restrictions arise from the requirements of
permissible operating conditions of the equipment.

Entering the state into an permissible area is a
difficult task and requires the use of multivariate or
optimization calculations by technological and economic
criteria. In practice, it is not always possible to create the
permissible and even more optimal state only by
regulators. In some cases, it may be necessary to
reconstruct the whole system or its elements.

Checking calculations of operational states are
carried out in order to determine deviations of the state
parameters from the required values in non-design
conditions, including the degree of consumers’
provision.

The application of the developed technology in
practice made it possible to identify a great potential for
energy saving and significantly improve the quality of
heat supply in many cities [26].

4 Development of methods for
mathematical modeling of HSS states to
ensure their adequacy and optimality

4.1 States optimization

Recently, the problems of energy efficiency have
become increasingly relevant, and HSS have significant
reserves of energy saving [27], which are caused by the
nonoptimality of their operating states. Automation of
solving of the problem of HSS states optimization is
complicated by a number of factors: the large dimension
of HSS [28], the nonlinearity of the involved flow
distribution models, the need to take into account several
objective functions, the presence of discrete variables of
different types, etc. Therefore, there are no methods and
software systems suitable for optimization of states for
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HSS of real dimension. This determines the relevance of
developing methods for optimizing of HSS states.

During optimization, it is considered that temperature
charts for HS are set, heat losses in networks are
eliminated, and their residual value can be neglected. At
the same time, the requirements for a sufficient supply of
thermal energy to consumers are reduced to the need to
maintain the required heat carrier flow rates for
consumers, and the task is to optimize the hydraulic
state. The case of parallel operation of pumps of the
same type at the PS is considered. This case is typical for
HSS.

Substantially, the task of optimizing of the HSS
hydraulic state is to find control actions that ensure the
implementation of state that corresponds to the
permissibility  requirements and the  specified
optimization goals. Energy saving requirements can be
reduced to minimizing a single economic objective
function, which is used as a variable component of the
costs for maintaining of the state [29]. The desire to
minimize the complexity of adjustment measure and
reduce possible water leaks and the risks of emergency
situations can be reduced to minimizing additional
places of flow control and minimizing the total pressure
in the network.

To overcome the dimension of problem, to separate
different types of discrete variables and objective
functions by different tasks, a hierarchical approach to
optimizing of the HSS hydraulic state was proposed
[30]. The method consists of the following steps: 1)
decomposition of HSS into MHN and DHN; 2) the
search for the limits of permissible changes of the state
parameters in the decomposition point; 3) optimization
of MHN hydraulic state, taking into account the
restrictions obtained in the previous step; 4) optimization
of DHN hydraulic state taking into account MHN
hydraulic state. The MHN level includes all HSs, PSs,
and the multi-circuit part of the network. The DHN level
includes branched passive networks to end consumers.
The decomposition point is the point of connection of
DHN to MHN in a single-linear representation and two
nodes in the bilinear. One of these nodes is the junction
of the supply pipelines of MHN and DHN, the second —
return. For MHN, the decomposition point is an
aggregated consumer with a given water flow rate and
two-sided restrictions on the pressures in the supply and
return pipes, as well as the difference in these pressures.
For DHN, the decomposition point is aggregated HS.

The search for the limits of permissible changes in
the state parameters at the decomposition point is as
follows. The water flow rates at the decomposition point
are easily found based on the flow rates of consumers
and nodal flow rates in the DHN [30]. The search for
minimums and maximums of pressures in the supply and
return pipelines, as well as the pressure difference
between them, is carried out by solving of six
optimization problems [30].

As a rule, HSSs are designed in such a way that no
additional controls are required when optimizing of
hydraulic state of MHN. This task is to minimize the
economic objective function. For this, a triple nested
iteration loop is used. On the internal cycle, the
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permissible hydraulic state of MHN is searched, on the
average, the minimum of the economic objective
function with by the continuous variables, and on the
external, the discrete variables are selected that are
responsible for the number of turned pumps on PS by the
continuous method of branches and boundaries [29].

When optimizing the hydraulic state of DHN, the
number of additional flow control points and the overall
pressure level in the network are minimized. To solve
this problem, an independent dynamic programming
method has been developed with circuit equivalents [31],
based on the Bellman optimality principle [32] and the
ability to reduce dimension of DHN design schema to
one branch by unification of parallel and sequential
branches.

The hierarchical approach to optimization of HSS
hydraulic state presented in the report has the following
advantages: 1) the possibility of optimization hydraulic
state for HSS of real dimension; 2) the possibility to
simultaneously use several objective functions that
correspond to real practical problems; 3) high
performance and accuracy compared to the approaches
of other teams of authors.

4.2 Simulation of mixing pumping stations

HSS schemas in large cities include control elements
such as mixing PS. These elements are used to lower the
temperature in the supply pipeline by mixing of water
from the return pipeline. This allows realizing a
transition to a lower temperature chart of quality control.
Mixing PS is common in HSS, which have many
compactly located consumers with low heat load and
direct connection. In this case, to increase throughput
capacity, the MHN from the HS to the mixing PS can
operate according to an increased temperature chart.

In a number of cities, a multistage cascade change in
temperature chart is used. For example, the heat carrier
is supplied from the source in transit according to the
schedule 170/70°C to the mixing PS located at the
entrance to the city. Then, with the help of cascade of
mixing PSs, the temperature chart is lowered to
150/70°C, 130/70°C and ultimately in front of the group
of directly connected consumers to 95/70°C.

Since, the water flow rate through the mixing PS
depends on the temperature of the mixed water, and it, in
turn, depends on the flow distribution and heat losses in
the network. It is not possible to determine the flow
distribution in one calculation of hydraulic and thermal
condition, an external iteration cycle is required, in
which the stop criterion will be achievement of the
required temperature of mixed water with a given
accuracy. In addition, to calculate the temperature
distributhin in HSS, it is necessary to apply special
methods and stopping criteria. This is because closed
flow circuits appear in the network. In the case of
cascade mixing, these circuits are embedded [33].

At the nodal temperatures fixed at the k-th iteration
of the external cycle, the hydraulic state are calculated.
In this state, the flow rate of the mixed water through the
mixing PS is uniquely determined by the flow rate of the

network water in the supply pipeline before mixing PS
and the mixing coefficient.

Thus, when calculating of the hydraulic state, a
pipeline with mixing PS can be considered as a pipeline
with an active pressure. As well as this pipeline is a
flows ratio controller (FRC) by the temperature of mixed
water.

The statement of the problem of adjustment
calculation of hydraulic state is as follows. Given: design
schema; hydraulic characteristics for all its branches;
nodal flow rates in (m—1) nodes; vector of known
pressure increments for active elements (acting pressures
of HSs, PSs and mixing PSs); mixing ratios for the
mixing PS; pressure in one of the nodes. It is required to
determine the flow rates and pressure drops across all
branches, as well as nodal pressures in (m-1) nodes that
satisfy the operational states of the mixing PS.

When the adjustment calculation of the thermal
hydraulic calculation is carried out, the mixing unit (with
the mixing PS) is modeled by a temperature controller.
This controller has fixed temperature at the mixing PS
outlet. In this case, the task of the adjustment calculation
of thermal hydraulic state is joined to determining the
flow distribution in the network to ensure the required
loads of consumers, including the flow rate of water
mixed from the return pipeline.

The proposed methodology is based on a
combination of the following calculation stages [22]: 1)
decomposition of the calculation of the thermal
hydraulic state into hydraulic and thermal state
calculations; 2) the use of fictitious FRC with a given
mixing ratio of flows at the mixing PS output when
calculating of hydraulic state; 3) fixing of the
temperature at the outlet of the mixing PS in the
calculation of thermal state; 4) correction of the FRC
setting according to the results of the thermal state
calculation; 5) iterative implementation of p. 2-4 until
the stabilization of the mixed water flow rate with a
given accuracy.

The proposed approach is implemented in a modified
module for calculating the flow distribution using the
relay method for calculating of the hydraulic circuit with
controlled parameters. It allows determining the thermal
hydraulic state of HSS with the mixing PS without using
decomposition design schema of the network, which
requires a laborious coordination of the boundary
parameters in the points of decomposition.

4.3 Sectioning of  multi-circuit

networks

heating

HSS of large cities, as a rule, have a multi-circuit
structure. Valves on the multi-circuit network, control
elements, changing the parameters of HSs and PSs allow
the redistribution of flows. Due to redundancy, HSS of
multi-circuit structure has greater reliability then the
radial structure. However, in normal states the HSS are
preferred to operate by a branched (radial) schema,
without heat transfer flows between the heat mains. Each
main has a unique composition of connected consumers.
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Such a scheme simplifies the processes of network
adjustment, detection and localization of accident sites.

To convert the operation schema of a multi-circuit
heating network from a multi-circuit to a radial one, it is
necessary to determine the places for cutting the circuits
(sectioning of the schema), while minimizing the
increase in energy costs to create a hydraulic state for the
HSS.

In ICC «ANGARA-HN», the task of finding a
sectioning variant for multi-circuit heating network with
several HSs is formalized [33]. The task of sectioning is
posed as optimization. The search for promising
sectioning involves multivariate calculations of thermal
hydraulic state. This solves the problem of finding the
permissible state. The main criteria in the task of HSS
sectioning are technological criteria. As such a criterion
can use the value of hydraulic power expended on
circulation in HSS. This value is definitely determined
through the hydraulic power of HS.

The loss of hydraulic power at fixed flow rates,
determined from the loads of consumers. Hydraulic
power can be divided into two parts — the required and
the excess. The total value of the required hydraulic
power for consumers is constant, and for each consumer
depends on the required differential pressure (available
pressure) at the inlet to the consumer and the design flow
rate of network water. The excess pressure drop at HS is
equal to the excess pressure drop of the consumer
dictating by this parameter. The product of the excess
differential pressure of the network water and its flow
rate is the excess hydraulic power of HS. The task is to
find a sectioning variant in which the sum of excess
hydraulic powers of all HSs for HSS will be maximum.

The methodology for solving of the problem of
searching for rational sectioning of HSS consists in the
sequential implementation of the following points:
drawing up and calculating of HSS schema without
sectioning; search for a sectioning variant near the nodes
of the flows gathering; redistribution of flows between
HSs; redistribution of flows within independent
fragments of network.

Various sequential of variant search for sectioning
have been investigated, based on network sectioning
close to flows gathering nodes. To automate the solution
of the problem of searching for rational sectioning, it
was necessary to solve and implement the following sub-
tasks as part of ICC «<ANGARA-HN»: calculation of the
flow distribution for HSS schema without sectioning;
search for flows gathering nodes and ranking of branches
included in these nodes by flow rate; calculation of the
minimum required available pressure for aggregated
consumers; search for dictating consumers according to
various criteria; implementation of a scheme of iterative
calculations of hydraulic state to determine rational
sectioning.

When testing the methodology with a real example, it
was possible to find a sectioning variant that reduces the
total loss of generated hydraulic power at CHP by 3%,
compared with the variant obtained by the method of

simultaneous network sectioning at the points of flow
gathering.

4.4 Ensuring the adequacy of HSS models

Not knowing the true values of the actual
characteristics and parameters is the main deterrent to
the effective application of mathematical and computer
modeling methods to ensure the adequacy of HSS
models to their real state.

In practice, this problem is solved by conducting
special active tests. However, this does not alleviate the
problem described above due to the poor regulation of
the conditions for the testing used in tests methods, as
well as the lack of a guarantee for obtaining of the
results of the required completeness and accuracy.

The tasks of determining the HSS characteristics
coefficients from the measurement results are tasks of
parametric identification. To solve such problems,
methods are potentially applicable [34-39]. However,
their use in conditions of passive observations of the
normal functioning of HSS does not guarantee an
optimal solution due to the lack of used measuring
devices and the small range of variation of the states
involved for identification.

To develop HSS operational states, at the first stage,
it is proposed to check the adequacy of the mathematical
models, using the energy systems developed and
developed at ISEM SB RAS methods of the active
identification for HSS [40-43]. The technique is a
sequential (step-by-step) planning strategy when the next
experiment is planned taking into account the
information obtained after processing the results of the
previous experiment.

Vector of state parameters R consists of vectors of
independent X and dependent Y parameters of model.
Hence, the model in general can be written as
UZ)=UR,0)=U(X,Y,0)=0. So vector of
dependent parameters is Y = F(X,a) , where F —is an

implicit function. The determinant of the covariance
matrix of element parameters (detC,) acts as an

optimality criterion. This criteria is the function of
independent state parameters X, elements parameters
o, and as well as it depends on measurement devices
[34]. Each step of active identification technique (Fig. 2)
includes solving of following tasks: 1) state planning
[42]; 2) measurement devices placement [43]; 3) test; 4)
processing of test results [34].

As an additional criterion for assessment the
adequacy of the model, it is proposed to use the criterion

of minimizing the maximum response variance
&} -
y =max —-. The value of the proposed criterion shows
J o5
J

how many times the variance of the estimate of an

) . . .
unmeasured parameter 6 ; more variance of its direct
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measurement o i
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Fig. 2. Illustration of the methodology for active identification of HSS: a) the initial scheme of HSS; b) a fragment of HSS for
testing; ¢) an illustration of the multicriteria of the task of state planning; d) illustration of the search for the optimal composition of
measurement devices (C is the consumer; D is the information criterion; Q is nodal flow rate; / is the number of measurement devices).

When solving of the task, the obtained values of the and the effectiveness of their application in solving
additional criterion are compared with the necessary various problems.
(required) accuracy of the predictive properties of the

model, i.e., its adequacy (Fig. 3). 5  Practical use

The application of the abovementioned methodological
¥ and software developments allows obtaining both
5 economic and social effects by identifying and realizing
4 the potential of energy and resource conservation in
; organizing the operation states of HSS, improving the
'1 ﬂ quality and reliability for supply of the population and
. o industry with thermal energy. The development results

- have found effective application in the design, dispatch,
. optimization of HSS states in various enterprises
[26,44,45]. Using the proposed methodological
apparatus, calculations were made on the development of

HM ™ THM

Fig. 3. Diagram of prediction errors by types of used models

(HM — hydraulic model; TM — thermal model; THM — thermal states and adjustment measures in many Russian and
hydraulic model; o — elements parameters, index 1 for hydraulic state, foreign cities, such as Irkutsk, Petropavlovsk-
index 2 for thermal state). Kamchatsky, Taishet, Angarsk, Bratsk, Baikalsk,
Cheremkhovo, Zheleznogorsk-Ilimsky, Ust-Kut, St.

The effectiveness of the proposed method consists in Petersburg , Ulan Bator (Mongolia), Darkhan

minimizing the number of experiments to obtain the

required or the maximum achievable in accuracy The implementation of the planned measures in these
predictive properties of HSS model. cities made it possible without significant capital

The proposed technology for identifying of HSS with investments in the reconstruction of networks to
an appropriate level of software implementation allows normalize the heat supply to consumers; significantly
providing a qualitatively new level of model adequacy improve its quality; reduce circulation flow rates; reduce

(Mongolia), Dnepropetrovsk (Ukraine) and many others.
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the risks of emergencies due to compliance with the
requirements of technological permissibility of states and
obtain a significant energy saving effect.

The studies were carried out in the framework of project
111.17.4.3 of the basic research program of the SB RAS (AAAA-
A17-117030310437-4).
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