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Abstract. At present, there is a growing need to solve the design problem 
of the hydraulic circuit of an intelligent heating system with the required 
transmission capacity, hydraulic stability and reliability indices. The paper 
proposes a mathematical statement of the design problem of such a 
hydraulic circuit and an original methodological approach to solve it by 
decomposing a general complex problem into several simpler ones (of a 
smaller dimensionality). The proposed approach makes it possible to tailor 
the computational procedure to specific features of a heating system to be 
modeled. 

1 Introduction  
Heating systems have a great social and economic significance. Nowadays, they have 
turned into complex spatially distributed pipeline systems for heat supply to the consumer. 
The complexity of these systems is related to their closed two-line schemes, multi-ring 
structure, a variety of heat sources and control elements (pumping and throttling stations, 
regulators, heat points). 

A promising technological platform for future heat supply is intelligent heating systems 
that integrate the sources, networks and consumers at a new technological level into a 
single automated system [1]. This will provide these systems with the necessary flexibility 
under their changing operating conditions, enhance heat supply efficiency, reliability, 
quality; will help reduce heat losses, smooth out uneven heat consumption, etc. 

The available possibility for automatic real-time monitoring and control of operating 
conditions of all participants involved in the process of heat generation, transmission and 
consumption will enable a quick response to changes in various parameters in the heating 
system. This will ensure a two-way mutually coordinated interaction between the consumer 
and the heating system. 

In the context of transition to new concepts for the construction of intelligent heating 
systems, the growing scale and complexity of these systems, and an increase in the number 
of active network elements (sensors, pressure and flow regulators, etc.), the demand for 
mathematical models, methods and algorithms intended to design these systems is 
increasing. 
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To design a heating system, we solve the problem of ensuring the necessary 
transmission capacity by determining optimal parameters of the system. A common 
approach to solving this problem is its reduction to the problem of linear programming [2-
4]. The advent of dynamic programming [5] led to a significant development of methods 
for solving the problems of related to the selection of optimal parameters [6-8]. Some 
researchers try to use combinatorial methods to solve the problem of optimal design of 
pipeline systems [9]. In [10], the authors propose the Davidon-Fletcher-Powell method to 
find a solution. The authors of [11] apply a generalized reduced gradient (GRG) algorithm. 

The heuristic algorithms are currently used to develop various approaches to the optimal 
design of pipeline systems [12-14]. The authors of [15] propose simulated annealing. 

In Russia, the method of multi-loop optimization is used to determine the optimal 
parameters of ring pipeline systems, based on the principle of continuous improvement in 
solution [16, 8]. This method is further developed in [17-19]. The authors of [8] propose the 
method of redundant design schemes to select the configuration of pipeline systems. 

Design of pipeline systems involves the methods of hydraulic and thermal calculations, 
which are considered in [20-24]. In [25-26], the focus is made on the methods for an 
analysis and improvement of energy system reliability.  

At present, to solve the design problems of intelligent heating systems we need to 
develop: 
- a single statement of the design problem of a hydraulic circuit of an intelligent heating 
system with required transmission capacity and indices of hydraulic stability and reliability; 
- a single methodological approach to solve the design problem of the hydraulic circuit of 
an intelligent heating system. 

2 Mathematical statement of the problem  

The statement of the design problem of the hydraulic circuit of intelligent heating system 
has the following form: a specified network scheme is a calculated (design) scheme that 
consists of m  nodes and n  branches, and is represented by a directed graph HN ( , )G J I , 
where C S BJ J J J    – a set of vertices (nodes) that includes a set of consumers CJ , 
sources SJ  and branching points on the scheme BJ ; P S CI I I I   , where P N EI I I   
– a set of branches of linear (pipeline) part of the network that consists of a set of existing 
СI  and new NI  branches; CI  and SI  – sets of consumer branches and source branches, 

respectively; PSI I  – branches in which the pumping stations are either installed or can 
be installed. The lengths iL  ( i I ) for all the branches are specified. 

When solving the problem, we should minimize the total cost function of the heating 
system, that has the form: 
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where P
iF – the costs of pipeline construction and operation; PS

iF – costs of pumping station 
construction and operation; E

iF  and C
jF  – costs of electricity used to pump the transported 

medium and the costs of its supply to the consumer, respectively ; d  – n -dimensional 
vector of pipeline diameters; H  – n -dimensional vector of heads at pumping stations; x  – 
n -dimensional vector of transported medium flow rates in the network branches; P  – m -
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where P
iF – the costs of pipeline construction and operation; PS

iF – costs of pumping station 
construction and operation; E

iF  and C
jF  – costs of electricity used to pump the transported 

medium and the costs of its supply to the consumer, respectively ; d  – n -dimensional 
vector of pipeline diameters; H  – n -dimensional vector of heads at pumping stations; x  – 
n -dimensional vector of transported medium flow rates in the network branches; P  – m -

dimensional vector of pressure at network nodes; ( )i  – function putting each branch i I  
in correspondence with a couple of incident nodes ( , )j k . 

The model of flow distribution in a pipeline network has the following form: 
,Ax G                                                                  (2) 

T ( , ), A P H f s x                                                          (3) 
where A  – an ( )m n -matrix of incidence of the calculated scheme; G  – m -dimensional 
vector of nodal sinks and sources of the transported medium; f  – n -dimensional vector 
function with elements 1( ( ), ) ( ) , ,i i i i ii i if xd ixs d x s I    that reflect the law of pressure 
drop in the network branch, ( )i is d  – hydraulic resistance of pipeline. 

 A system of constraints consists of the following components: 
min max , ;j j jP P P j J                                                     (4) 

P, ;id D i I                                                               (5) 
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min max
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where min

jP  and max
jP  – lower and upper pressure constraints; D  – a set of diameters of 

standard pipelines; min
iv  and max

iv  – lower and upper constraints on the transported medium 
velocity iv ; SH  – a set of heads at pumping stations that can be installed. 

The reliability requirements impose the constraints that are determined by standard 
values of: 
- availability factor at all consumer nodes  

min
C, ,jK K j J                                                      (8) 

- failure-free operation probability index for all consumer nodes  
min

C, ,jR R j J                                                       (9) 

wherе minK  and minR  are lower constraints on the availability factor and probability of 
failure-free operation, respectively. 

Constraints on the required level of hydraulic stability for each consumer are  
m

C
in( , , ) , , ( ) ( , ),i i j k ix G G i I i j k                                      (10) 

where i  – function of hydraulic stability of the consumer, min
i  – required value of a 

coefficient of hydraulic stability of the consumer. 
By solving the problem of function minimization (1), subject to (2)-(10), we should 

determine the parameters of the intelligent heating system.  

3 A proposed approach to solve the problem 
We propose an original methodological approach to solve the stated design problem of the 
hydraulic circuit of the intelligent heating system. The approach is based on the concept of 
decomposition of a general complex problem into a set of less complex problems. By 
decomposing the general problem we obtain the following conceptual problems to solve: 
- select the network configuration; 
- determine optimal parameters of the hydraulic circuit; 
- estimate and ensure the necessary level of system reliability; 
- carry out hydraulic and thermal calculations. 

The problem of selection of the network configuration lies in determining the best graph 
of the system. It is solved by the method of redundant design scheme [9]. The 
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determination of optimal hydraulic circuit parameters means the search for a solution 
ensuring the best transmission capacity of the network by replacing pipelines and installing 
(retrofitting) pumping stations. This problem is solved by the methods of dynamic 
programming and multi-loop optimization [17, 18]. The problems of hydraulic and thermal 
calculations are reduced to solving systems of linear and nonlinear equations. These 
problems are solved by the effective methods developed at Melentiev Energy Systems 
Institute of SB RAS [8, 23, 24].  

The proposed methodological approach suggests the following steps to solve the design 
problem of hydraulic circuit of intelligent heating system (Fig.1): 
Step 1. Build a redundant design scheme of a heating system. 
Step 2. In the case that there is no need to solve the problem of network configuration 
selection, go to step 4. 
Step 3. Solve the problem of network configuration selection. 
Step 4. Determine optimal parameters of the hydraulic circuit. 
Step 5. Calculate and assess reliability indices. 
Step 6. In the case that the required reliability level is provided, go to step 8. 
Step 7. Solve the problem dealing with addition of backup ties to provide the required 
reliability level. If these ties are necessary – go to step 1, if not – go to step 3. 
Step 8. Calculate and analyze hydraulic and thermal conditions. 
Step 9. Based on the analysis of hydraulic and thermal conditions make a decision on the 
correction of the parameters. If the correction is necessary, go to step 4. 
Step 10. Calculate and analyze the cost-effectiveness indices. 

 
Fig. 1. A proposed algorithm. 

4

E3S Web of Conferences 39, 03006 (2018) https://doi.org/10.1051/e3sconf/20183903006
Mathematical Models and Methods of the Analysis and Optimal Synthesis of the Developing Pipeline and Hydraulic Systems



determination of optimal hydraulic circuit parameters means the search for a solution 
ensuring the best transmission capacity of the network by replacing pipelines and installing 
(retrofitting) pumping stations. This problem is solved by the methods of dynamic 
programming and multi-loop optimization [17, 18]. The problems of hydraulic and thermal 
calculations are reduced to solving systems of linear and nonlinear equations. These 
problems are solved by the effective methods developed at Melentiev Energy Systems 
Institute of SB RAS [8, 23, 24].  

The proposed methodological approach suggests the following steps to solve the design 
problem of hydraulic circuit of intelligent heating system (Fig.1): 
Step 1. Build a redundant design scheme of a heating system. 
Step 2. In the case that there is no need to solve the problem of network configuration 
selection, go to step 4. 
Step 3. Solve the problem of network configuration selection. 
Step 4. Determine optimal parameters of the hydraulic circuit. 
Step 5. Calculate and assess reliability indices. 
Step 6. In the case that the required reliability level is provided, go to step 8. 
Step 7. Solve the problem dealing with addition of backup ties to provide the required 
reliability level. If these ties are necessary – go to step 1, if not – go to step 3. 
Step 8. Calculate and analyze hydraulic and thermal conditions. 
Step 9. Based on the analysis of hydraulic and thermal conditions make a decision on the 
correction of the parameters. If the correction is necessary, go to step 4. 
Step 10. Calculate and analyze the cost-effectiveness indices. 

 
Fig. 1. A proposed algorithm. 

The developed methodology was applied to investigate the possibility of construction of 
an intelligent heating system in the district Novo-Lenino of the city of Irkutsk, which is a 
typical urban district with prevailing residential housing. The solutions obtained from the 
calculation are intended to develop this system and transform it into an intelligent system to 
provide better comfort, quality, and reliability of heat supply to consumers in this district. 

4 Conclusion 
We propose a mathematical statement of the design problem of hydraulic circuit of 
intelligent heating system with the required transmission capacity and necessary indices of 
hydraulic stability and reliability. An original methodological approach is proposed to solve 
the formulated problem. This approach suggests decomposition of a general complex 
problem into several less complex problems (of smaller dimensionality and complexity). 

 The proposed methodological approach makes it possible to: 
- Fully consider the specific characteristics of equipment applied, ways of its installation 
and operation; 
 - Use complex nonlinear mathematical models; 
- Adjust computational procedure to specific features of a system to be modeled. 

The developed methodology can be used to make recommendations to improve and 
transform complex heating systems into intelligent systems, enhance their efficiency and 
quality of heat supply to consumers. 
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