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Abstract – The paper considers the development of mathematical models of combined heat 
and power plants that are to be used while modelling the fuel and energy complex. 
Consideration is given to three methods of combined heat and power plant (CHP) modelling: 
The first method provides for the simplified modelling based on CHP aggregation in one 
energy zone; the second method is based on modelling the individual CHP using the accurate 
parameters of their equipment operation; the third method is based on the use of standard 
regime diagrams for modelling individual CHP. Analysis of the presented methods of CHP 
modelling revealed that the third method out of the three methods proposed is most 
appropriate for mathematical models of fuel and energy complex for studying the fuel and 
power supply reliability. The experimental part of the paper describes the process of deriving 
the analytical dependencies of electricity and heat generation versus fuel used by CHP that is 
obtained by the third method proposed. 
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Nomenclature 
Q0 Heat to a turbine Gcal/h 
Q0' Heat to a turbine in t.c.e. cell 
Qp Heat to industrial needs Gcal/h 
Qt Heat to district heating Gcal/h 
Qk Heat to a condenser Gcal/h 
Qf Calorific value of conventional fuel  Gcal/h 
D0 Steam to a turbine t/h 
Dt Steam to district heating t/h 
Dk Steam to condensation t/h 
Dp Steam to industrial needs t/h 
N Power generation MW 
Nk Power generation due to steam release to a condenser MW 
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N(p,t)  Forced power production depending on the heat consumption MW 
F Fuel consumption  t 
λ Curve factor – 
β Curve change Dp – 
Δ Distance between curves Dp = 0 and Dp = 20 cell 
ηMT Mechanical efficiency of a turbine (with account of friction losses) – 
ηι Generator efficiency – 
ηb Boiler efficiency – 
η1 Relative internal efficiency of a high-pressure part of a turbine – 
η2 Relative internal efficiency of a low-pressure part of a turbine – 
η3 Relative internal efficiency of a feed pump – 
h1 Live steam enthalpy kJ∙mol–1 

h1' 
Steam enthalpy at the end of isentropic expansion in the high-pressure 
part of a turbine kJ∙mol–1 

h1om Steam enthalpy in the high-pressure cylinder (release) kJ∙mol–1 

h1' 
Steam enthalpy at the end of isentropic steam expansion in the low-
pressure part of a turbine kJ∙mol–1 

h2δ Steam enthalpy at the end of expansion in the low-pressure cylinder kJ∙mol–1 
h3 Condensate enthalpy before the feed pump kJ∙mol–1 

h3' 
Steam enthalpy at the end of steam condensation in the turbine 
condenser  kJ∙mol–1 

h3'' 
Steam enthalpy at the end of condensation in the network water heater 
(boiler) kJ∙mol–1 

h4 
Steam enthalpy at the end of isentropic condensate compression in the 
feed pump kJ∙mol–1 

h4 δ Condensate enthalpy before the steam generator kJ∙mol–1 

1. INTRODUCTION  

Energy security implies protection of citizens, society, state, and economy from the threat 
of failure to meet the energy demand for economically feasible energy resources of acceptable 
quality, and from threat of energy supply interruption [1], [2]. Actually, it means balancing 
the demand for and supply of different types of fuel and energy in the face of different threats 
that have an impact on the fuel and energy complex, and, thus, result in supply reduction [3].  

Methods for assessing the energy security levels can be conventionally divided into three 
groups: an indicator-based method, a method for modelling the interrelated operation of 
energy systems within a fuel and energy complex (FEC), and a combined method. Studies 
conducted consider problems of FEC modelling, a sub problem of combined heat and power 
(CHP) modelling, in particular. 

FEC of the country is one of the largest and most noticeable inter-industry complexes that 
includes such formally independent industries as power engineering, heat engineering, coal 
and oil production industries, oil refining and gas industries, municipal utilities of cities and 
rural areas that are united technologically and spatially [4]–[6]. Present-day FEC structure is 
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assumed to include renewable energy, cryoenergy, and a water supply economy that can be 
added to FEC or considered independently.  

Objective of this study is development of mathematical models of relationship between 
electric energy, heat energy and fuel supply systems within CHP operation for their further 
use in the FEC model intended for studying the reliability of fuel and energy supply of 
consumers. The criterion for assessing energy security is to determine the shortage of fuel 
and energy in the implementation of threats to energy security. For this, it is necessary to 
accurately represent the energetic processes occurring in energy systems. The article only 
touches on the issues of modelling CHP in the study of energy security, although the task of 
studying energy security is much broader and, ultimately, in the study of energy security, all 
the elements that make up the energy system are modelled. The paper consists of the following 
sections: literature review includes review of methods for modelling the interrelated operation 
of electric, heat and fuel systems; a section devoted to methods of modelling presents the 
approaches to modelling the interrelated operation of FEC; the section of experimental studies 
gives examples of implementing the proposed approaches of CHP modelling with account of 
peculiarities of operation of electric power systems; conclusion offers the summary of the 
work done. 

2. LITERATURE REVIEW 

The study primarily focuses on the review and analysis of mathematical models of CHP 
that are applied in mathematical models of FEC for determination of energy resources 
shortage and undersupply; it is also advisable to consider mathematical models applied for 
optimization of other parameters of energy systems operation. It can be concluded that 
interrelated operation of electric, heat and fuel systems is mainly described by two main 
methods: by forming a multi-energy system (MES) or by direct modelling of CHP 
individually. The first method is described in [7]–[12]. Fuel systems in those papers are 
mainly presented by gas; coal, oil products and biofuel are, as a rule, not presented in MES 
description. Account of energy storage, cryoenergy and renewable energy is, undoubtedly, an 
advantage of those papers. All the papers presented selected an economic target function: 
minimization of fuel costs and expenditures; maximization of operating benefits, etc. 
Modelling the relationship between heat, electric energy and fuel is mainly presented as 
conversion of some energy form into the other one: gas boilers, boilers. Heat energy is also 
generated in the heat-recovery boilers installed after the gas turbine, which implies 
dependence of heat energy generation on the electric energy. The papers reviewed did not 
present the relationship mentioned. The analysis allows us to conclude that the third method 
for modelling the interrelation of energy flows can further be applied only for long-term 
forecasting of shortage-free energy supply in the islanded energy systems. It is conditioned 
by the fact that models discussed in this section cannot be applied to large energy systems as 
they cannot take into account peculiarities of all the processes and relationships in them.  

The second method for describing the relations between electric energy, heat and fuel 
systems is described in [13]–[24]. Gravelsins et al. [13] address the flexibility issue by 
analysing the possibility of sector interconnection through power-to-heat and power-to-gas 
applications using a system dynamics approach. Chamandoust et al. [14] implement the 
simulation of the objective function based on mixed integral linear programs (MILP), which 
minimizes the operational costs of resources and electricity purchased from the network in 
terms of Real-Time Price (RTP). Koch et al. [15] developed a simulation model of district 
heating implemented in MATLAB that includes a gas-fired (natural or wood gas) CHP, a 
peak boiler and a heat storage device. Lai et al. [16] study technology of heat energy 
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decoupling as one of the methods for enhancing the CHP efficiency. For that purpose, the 
authors modelled a coal-fired CHP with a reservoir for thermocline storage and optimized the 
system operation. Liu et al. [17] modelled a coal-fired CHP with a device for electric energy 
conversion into heat (an electric boiler or a heat pump), which ensures higher control range 
of CHP capacity. Qian et al. [18] analyses operation of present-day steam turbines based on 
the ideas put forward by Horlok [22] in 1987. The analysis consists in forecasting the CHP 
operation for optimum planning. Santos et al. [19] developed a mini-CHP fuelled by biomass 
with application of Rankine organic cycle technology [20]. For raising the efficiency, the 
authors modified a boiler in order to use energy contained in biomass combustion gases. 
Wang et al. [21] modelled a biogas-fired CHP on the solid oxide fuel cell. Authors performed 
a detailed modelling of the system from the level of electrode to the level of a package and a 
system.  

Analysis of this block of papers shows that a larger variety of fuel is used for CHP 
modelling than in the first variant. But in the majority of studies CHP is modelled separately 
from the energy system. In the present study it is of importance to model CHP not only as an 
energy source, but, rather, as a converter of fuel into heat and electric energy. Furthermore, 
only one paper out of all the overviewed ones discusses the use of different fuel types at a 
power plant. In the conditions of an actual energy system, CHP shall always have a backup 
fuel source, for example, crude oil. This package of papers presents economic target functions 
only.  

 Melentiev Energy Systems Institute SB RAS has been dealing with the issues of energy 
security for a rather long time and developing special mathematical models both of energy 
systems, and of FEC as a whole [6], [23]–[25]. An initial version of a model called ‘FEC 
Reliability’ [23] presents four interrelated FEC systems: gas supply, coal supply, oil products 
supply systems, and power engineering. In the ‘power engineering’ sub model all the 
considered power plants are divided into three types: Thermal Power Plants (TPP), Hydro 
Power Plants (HPP), and Nuclear Power Plants (NPP). An energy resource is presented by 
electric energy (MWh) that does not allow account of system’s specific features in full and 
construction of power consumption curves. Heat power engineering is additionally presented 
by a block of boiler houses. Depending on the type of the main fuel, TPPs are divided into 
coal-fired, crude oil-fired, those fired by gas and crude oil, power plants fired by local fuels 
(peat, shale), and by secondary energy resources. But that model lacked relationship between 
heat and power engineering. ‘FEC Reliability’ model was modified into ‘Reserv’ model [24] 
and further in ‘Reserv 2’ model [5] that included fuel reserves and capacity backup. 
Furthermore, as a result of modification, TPPs in the model were divided into Condensing 
Power Plants (CPPs) and Combined Heat and Power (CHP) plants that allowed account of 
relationship between heat and electric power that expressed itself in boundary regimes of 
CHP operation: heat-extraction and condensing modes. Let us discuss it in greater detail. 
After the subsequent modification, the model was renamed into ‘FEC Development 
Model’ [25]. As of today, this is the latest modification of the model. Relationship between 
heat and electric power systems in CHP is represented as power production versus heating 
load factor that ranges from 1 to 4. The factor was determined based on statistical data of 
annual heat and power production by different CHP. This method of modelling gives only 
approximate reflection of real processes and does not provide high accuracy of calculations.  

In [26] the authors propose a multi-parameter model of FEC operation at different operating 
modes, the main objective of the model being FEC control during large-scale disturbances. 
The paper takes into account the option of applying different types of fuel at one power plant, 
but it does not take into account heat energy. TPP in this paper is not divided into CPP and 
CHP. For this reason, let us consider the way the authors model TPP from the power 
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engineering standpoint. A power plant in this work is presented as a node for fuel conversion 
into electric energy. Conversion is modelled using linear equations, constraints are set as 
inequalities.  

The existing FEC models for planning the shortage-free energy supply and estimation of 
the energy security level are obsolete in terms of methodology. With view of the present-day 
development of energy systems, computers and mathematical apparatus, there is a need to 
upgrade the available or to develop new FEC models for more accurate and qualitative 
calculations.  

The overview made allows us to conclude that the main objectives of the research conducted 
is selection of the optimum approach to CHP modelling with account of energy systems 
peculiarities and understanding the relationship between heat/electric energy systems, and a 
fuel supply system.  

3. MODELLING APPROACHES  

CHP is characterized by two modes of operation: condensing and heat extraction (for 
district heating) ones. Heat extraction mode with independent electricity production can also 
be considered as a separate mode. Electric power production in the heat extraction mode 
directly depends on the heat extraction load. For attaining the maximum efficiency, the plants 
maintain steam release at a maximum allowable level (5–10 % from the maximum possible 
release). Under emergency in the electric energy system the main task is to minimize power 
shortage, and, therefore, CHP is changed over to heat extraction mode with independent 
electricity production. Electricity production in this mode increases in direct proportion to 
increased steam release to a condenser.  

Selection of approach to CHP modelling is an important stage in constructing the final 
model as this type of a plant is the most complicated one due to availability of three (and 
more, fuel variety being considered) energy carriers. Calculation of ‘CHP’ node shall not be 
excessively detailed and at the same time it shall demonstrate sufficiently high accuracy in 
order to make the results of modelling more certain.  

It should be emphasized that present-day energy systems include a large number of 
components, which imposes constraints on the degree of studying each component as the final 
model shall not be overloaded to facilitate particular calculations and further engineering 
analysis [27].  

Taking into account the above, the following criteria for assessing the applicability of the 
models were adopted:  

– High accuracy of displaying technological processes;  
– The optimal amount of input data required for modelling;  
– Lack of unnecessary detail. 

3.1. Aggregated CHP for Energy Zones 

This approach consists in aggregating all the CHP at the selected energy area (an area, a 
city, a region) by averaging their characteristics. Similar approach was used in the existing 
models developed by Melentiev Energy Systems Institute SB RAS [6], [23]–[25]. It is based 
on modelling the aggregated dependencies of two types:  

1. Fuel consumption vs heat production;  
2. Electricity production versus heat extraction load. This method is the simplest among 

all the considered methods, but it is less accurate.  
It implies search for aggregated dependencies applied at all CHP of the energy system.  
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The first characteristic belongs to a boiler unit and is determined by its rated values given 
in its specification. Its general view is given in Fig. 1(a). In calculations the method of 
piecewise linear approximation was used in order to consider the forms of characteristics 
(Fig. 1(b)).  

Fig. 1 shows that fuel consumption in the boiler depends on the amount of heat forwarded 
to a steam turbine. Heat in the turbine is consumed for electricity production and for heat 
extraction, accordingly, which can be presented as follows (Eq. (1)):  

 0 p t kQ Q Q Q= + + ,  (1) 

where Qp, Qt, Qk is the amount of heat supplied to industrial needs, to heat extraction and to 
heat supplied to a condenser, respectively.  
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technical 

minimum load

Economic load 
zone

Forcing zone 0Q
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bη
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B

B

 
Fig. 1. General view of CHP boiler fuel consumption characteristic: a) Consumed; b) Approximated.  

The amount of heat forwarded to a condenser depends on the CHP operating conditions. 
In the condensing mode there is no heat extraction, therefore, it is a function of power 
generated:  

 ( )kQ f N=  (2) 

In the heat extraction mode, it is constant and equals 5–10 % of the maximum possible 
discharge. In the heat extraction mode with independent electricity production, it equals:  

  ( )k kQ f N= , (3) 

where Nk is amount of electricity produced at the expense of steam release to a condenser. 
It is determined by the formula: 

 ( , )k p tN N N= − , (4) 

where N(p,t) is forced power production depending on the heat extraction N(p,t) = f(Q(p,t)). 

This approach needs much time for the initial preparation, however, that is why the final 
program is the most “facilitated”. The main disadvantage of the approach is its lowest 
accuracy. It suits best the calculation for the long-term planning of operating conditions. 
To make this type of calculation more accurate, one can model aggregate characteristics for 
each CHP individually. Simplification of the final program is also a positive feature. 
However, the accuracy in this case will be sufficient for the short-term evaluation of energy 
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system capability to operate without energy shortage. Thus, this method does not meet the 
criterion of ‘high accuracy of displaying technological processes’. 

3.2. Modelling of Individual CHPs Based on the Accurate Parameters of Equipment 
Operation  

This section presents an interpretation of the classical calculation of the cogeneration cycle of 
the steam turbine with one controlled steam extraction. This calculation is applied to construct a 
diagram of the cogeneration turbine modes. A steam turbine is the main element of the energy 
facility of the cogeneration cycle. The fuel consumption F of the turbine is calculated by 
Eq. (5) [28]: 

 0 1 4

b

( ) /
η

д

f

D h hF kg h
Q

⋅ −
=

⋅
, (5) 

where  
hI Enthalpy of the live steam;  
h4δ Enthalpy of the condensate before the steam generator; 
ηb Efficiency of the boiler unit;  
Qf Thermal value of fuel equivalent;  
D0 Steam flow rate of the turbine and is determined by the Eq. (6): 

 0 k tD D D= + , (6) 

where 
Dt  Steam extraction corresponding to the thermal load; 
Dk Quantity of steam for condensation. In case of the cogeneration mode, it is constant and 

equal to 5–10 % of the maximum possible dumping. In the cogeneration mode with an 
independent power production. 

 
Dk is determined by Eq. (7) [29]: 

 
3600 't дТ

м г
k

д

N D H
D

H

⋅ − ⋅
η ⋅η

= , (7) 

where 
ηM

T  Mechanical efficiency of the turbine (considering the losses due to traction); 
ηι  Generator efficiency; 
Hδ Real difference of steam enthalpy in the turbine (Hδ = h1 – h2D);  
h2D  Steam enthalpy in the end of the expansion process in the low-pressure cylinder; 
H'δ Real difference of steam enthalpy in the high-pressure cylinder (in the extraction)  

(H'δ = h1 – h1ex); 
h1ex Steam enthalpy in the high-pressure cylinder (in the extraction). 

The key problem of this approach is to determine enthalpies. All the applied formulas are 
compiled in Table 1. 

In Table 1, h1' is the steam enthalpy at the end of the isotropic steam expansion in the high-
pressure turbine section, h2' is the steam enthalpy at the end of the isotropic steam expansion 
in the low-pressure turbine section, h3 is the condensate enthalpy before the feed pump, h3' is 
the steam enthalpy at the end of the steam condensation process in the turbine condenser, h3' 
is the steam enthalpy at the end of the condensation process in the delivery water heater 
(boiler), h4 is the steam enthalpy at the end of the isotropic condenser compression in the feed 
pump, ή1 is the relative internal efficiency of the high-pressure turbine section, ή2 is the 
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relative internal efficiency of the low-pressure turbine section, ή3 is the relative internal 
efficiency of the feed pump. 

TABLE 1. CALCULATED FORMULAS FOR DETERMINATION OF ENTHALPIES 

h1 h1' h1ex h2' h2D 

by table* by table* h1 – (h1– h1')·η1 by table* h1 – (h1 – h1')·η2 

h3 h3' h3'' h4 h4D 
' ''
3 3

0

k tD h D h
D

⋅ + ⋅
 by table* by table* by table* h1 – (h1 – h1')·η3 

* Tables 1–3 are taken from the manual [30]. 

The enthalpy values can be determined by the Tables on the basis of the known temperature 
and pressure of steam/condensate at a certain point of the operation cycle of CHP. This fact 
forms great difficulties in application of this approach to studies of the energy security, and 
fuel and energy supply to consumers.  

This approach is the most accurate and detailed since it takes into consideration an energy 
carrier state in each stage of heat and power production. However, it does not allow the whole 
energy system to be modelled, as far as the final program will require too large computational 
capabilities. Therefore, for this approach, the criteria ‘the optimal amount of input data 
required for modelling’ and ‘lack of unnecessary detail’ are not met. It is more logical to 
apply a detailed calculation for modelling of individual parts of energy systems, in which a 
small amount of system elements makes it possible to consider each of them in greater detail. 

3.3. Modelling of Individual CHPs Based on Typical Diagrams 

Each turbine type has its own typical diagrams of operation, which can be used to determine 
Q0, Gcal/h, being the heat quantity supplied to the turbine, based on the known value of steam 
extractions (for the turbines of PT type), thermal and electric load. Subsequently fuel 
consumption in the boiler unit for production of Q0 is calculated by Eq. (8) [31]: 

 0

b

3600 /
η f

QF kg h
Q
⋅

=
⋅

. (8) 

However, in order to take into consideration, the typical diagram in further calculations, it 
must be approximated. The typical characteristics of each turbine have different forms, 
therefore they should be represented uniformly. After transformation, the equation will be of 
the following form: 

 0 ( , , )p tQ f N D D= , (9) 

where Dp is the industrial steam extraction only for the turbines of PT type. 
For some turbines (of T and R type) the relationships Q0 = f(N) and N = f(Dt) are specified, 

hence approximation is performed only for the turbines of PT type. The calculation algorithm 
is divided into several steps: 

1. Introduction of a new variable N’ to simplify the diagram approximation. It is a projection 
of the axis Dt on the axis N subject to the scale m. The scale is determined by the relation 
of division of the scale N to division of the scale Dt; 

2. If the lines Dp are not parallel, and the distances among them change with the change of 
N’, then the curvature of the line Dp is taken into consideration as a function of changing 
N’; 
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3. Reduction of Q0 to the standard form. It requires an individual step because the scale Q0 in 
some diagrams is not uniform. It means that one cell of the diagram has no value in Gcal/h. 
The errors can be minimized by forming an array containing approximate values of the 
scale for different parts of the scale Q0. In other diagrams D0 is presented instead of the 
scale Q0, and hence at this step the following formula is applicable: 

0 1 4
0

( )
3600

дD h h
Q

⋅ −
= . (10) 

Formation of the final equation that describes the operation mode of the turbine set at CHP. For 
this purpose, the relationship Q0 = f(N’), being a form of the curve Dp = 0, is approximated by 15–
20 points with the help of the calculated module. Then the variable Dp is added to the obtained 
relationship in terms of the scale and curvature of lines. 

The visual presentation of approximation of the typical diagram is given in Section 4.  
The suggested approach meets all the accepted criteria. It is also highly accurate but does 

not consider the level of micro-parameters. It needs detailed initial preparation consisting in 
approximation of the typical diagrams of all types of turbines. The final program will be much 
simpler than in the previous approach and requires fewer initial parameters.  

If we analyse the presented models of CHP, then the most suitable for modelling the fuel 
and energy complex in modern conditions is the last of the presented models. This model 
accurately reflects the process of converting fuel into electricity and heat, and all the initial 
information is available for its practical implementation. 

4. CASE STUDY 

The turbine PT-60-130/13, whose typical diagram is presented in [32], is taken as an example 
of approximation.  

The typical diagram of the turbine of PT type is the most complex for approximation, as far as 
its final size depends on three variables: industrial steam extraction Dp, cogeneration steam 
extraction Dt and power production N.  

Dt

N
N’

Q0

Dp=0
Dp=20

1 2

 

Fig. 2. A simplified form of the typical diagram. 
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For better perception of the typical diagram presented in [29] it will be given in a simplified 
form. In Fig. 2 the red line 1 corresponds to steam escape from the medium-pressure turbine 
section that is equal to 20 tons per hour. The blue line 2 denotes limitations: the horizontal line 
limits the maximum allowed heat delivery, and the vertical one – the maximum power production.  

At step 1, N and Dt are expressed by one variable (Eq. (11)): 

' tN N m D= + ⋅ ,     (11) 

where m = 0.1 that is the dimensionless constant taking into consideration the plot scale. 

At step 2, the curvature of the lines Dp is considered as a function of the variable N’. The 
uniform change of all lines allows one to consider only change of the curves Dp = 0 and  
Dp = 20. Determine the distances ∆ between these curves on different sections of the plot in 
p.u. (in cells). The results are presented in Table 2. 

TABLE 2. DISTANCES BETWEEN THE CURVES DP = 0 AND DP = 20 

N’ 
 

2 20 40 60 79 

Dp = 0 3.7 8.86 14.81 20.95 27.41 

Dp = 20 4.8 10.14 16.26 22. 58 29.21 

∆ 1.1 1.28 1.45 1.63 18 

Table 2 shows that the value of ∆ changes uniformly and proportionally to the value of N’. 
Thus, the change of the curve Dp as a function of N’ is determined: 

1 0

1 0
β 1.8 1.1 0.009091

' ' 79 2N N
=

∆ −∆ −= =
− −

. (12) 

Correspondingly, the curvature ratio will be equal to: 

 0 0(( ' 2) ) (( 2) )tN N m Dλ = ∆ + − ⋅β = ∆ + + ⋅ − ⋅β . (13) 

(N' – 2) is used to determine the initial point of the plot, as far as in Fig. 2 the plot starts 
with N = 2 MW.  

At step 3, the scale Q is determined. The array containing approximate values of the scale 
is formed for different sections of the scale Q0 (Table 3). The subsequent calculation will be 
made in p.u. (in cells) with recalculation afterwards. 

TABLE 3. THE ARRAY OF THE SCALE Q0 

Q0' 0–5 5–8 8–11 11–15 15–18 18–22 22–25 25–29 29–32 32–36 36–39 

Scale 6.67 6.45 6.32 6.15 6.06 6.03 5.96 5.88 5.83 5.8 5.77 

At step 4 the data of 15–20 points are put down into the program Wolfram Mathematica 
[33]. The program determines that the considered curve is the closest in form to the second-
order polynomial and can be described by the following expression: 

2
0 ' 0.000378 ' 0.275888 ' 3.171708Q N N= ⋅ + ⋅ + .  (14) 

Then the formula is supplemented by the dependence on the variable Dp and N’ is identified 
as: 
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 2
0 ' 0.000378 ( ) 0.275888 ( ) 3.171708 λ

20
p

t t

D
Q N m D N m D= ⋅ + ⋅ + ⋅ + ⋅ + + ⋅ . (15) 

The final relation between fuel, thermal and electric energy is derived: 

  
20.000378 ( ) 0.275888 ( ) 3.171708

203600
p

t t

b f

D
N m D N m D

F
Q

⋅ + ⋅ + ⋅ + ⋅ + + λ ⋅
= ⋅

η ⋅
. (16) 

The calculated module, in which the daily fuel consumption was determined based on the 
load curves (Fig. 3(b)), was prepared using the given formulas. Considering a specific 
character of heat supply, it was assumed that the daily steam and heat extraction were constant 
and equal to Dt = 60 t/h and Dp = 80 t/h, respectively. The plot of electricity consumption is 
presented in Fig. 3 а. In the calculations, η = 0.8, and Qf = 6000 Gcal/h. 

 
Fig. 3. The plots of the daily consumption of: а) electricity, b) fuel. 

In the study performed an empiric dependence of fuel consumption in relation to the thermal 
and electric loads was revealed, the calculated module was written and tested. In the work, 
the thermal energy in the calculations was expressed by the steam quantity extracted from the 
turbines. In further studies, there are plans to convert thermal energy into Gcal/h, to set a 
system of constraints and to determine the forced power generation as a function of steam 
extractions. 

5. CONCLUSION 

The study of the problems of ensuring reliable fuel and energy supply is an integral part in 
planning the development of energy systems. This is, first of all, dictated by the high cost of 
energy equipment failure and the occurrence of damage to consumers due to the interruption 
of power supply. The paper considers the issue of mathematical modelling of CHPs for further 
use of the constructed models in FEC modelling. An analysis of the available literature on 
this issue revealed that the study is mainly aimed at solving particular economic problems in 
management of energy system operation.  

The paper suggests three approaches to CHP modelling:  
– The first approach provides for a simplified modelling based on the aggregation of a 

set of CHPs located in one energy zone. The main problem with this method is the low 
accuracy of the CHP representation. It is most applicable to calculation of long-term 
development planning, where low accuracy can be offset by an error in the forecasts. 
The positive factor of the approach is its relatively simple implementation;  

– The second approach is based on modelling of individual CHPs on the basis of the 
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accurate parameters of their equipment. This approach is the most accurate and 
detailed, as it takes into account the state of the energy carrier at each stage of heat and 
power production. In practice, the approach is difficult to apply to modelling of large 
energy systems when planning their expansion, since the detailed information needed 
on each generating unit is often unavailable for prospective schemes. It is more logical 
to apply such a calculation to modelling of decentralized energy systems, in which a 
small number of system components allow a more detailed consideration of each of 
them;  

– The third approach is based on the use of typical diagrams of operating conditions for 
modelling of individual CHPs. This approach provides high accuracy but does not 
consider the level of micro-parameters of the units. However, in some cases, when 
there are no analytical dependences of the heat and power production on fuel 
consumption, significant initial preparation is required, which consists in 
approximation of typical turbine diagrams. 

Calculations have shown good applicability of the proposed method for modelling 
combined heat and power plants for further implementation in a single model of the fuel and 
energy complex in the study of problems of reliability of fuel and power supply. 
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