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Abstract – The paper discusses fuel efficiency of the CHP plant 
with increased flexibility in self-feeding mode. Self-feeding mode 
refers to the treatment of water in the boiler of the plant by 
burning fuel and by electricity generated by the plant itself. A 
certain share of electricity from the generator output, which the 
RES sources have made redundant in the power system, is used in 
the boiler of the plant to obtain steam with the required 
parameters, thus reducing the power sent to the system and 
reducing fuel consumption while maintaining the operating 
temperature regime of the plant equipment. Both fuel and electric 
heaters have significantly lower thermal inertia than other plant 
components and can be cheaper to replace if necessary. The effect 
of such self-feeding is an increase in flexibility. It becomes obvious 
when it is necessary to decrease the generation. The rapid increase 
in electricity generation can be provided by hydropower plants or 
in other way and by CHP in question if it previously worked in 
self-feeding mode. The fuel efficiency decreases when more 
electricity from output of the power station is sent to the boiler. 

   Key words – combined heat and power, flexibility, fuel 
efficiency, ramp rate, start-up, shut-down. 

I. INTRODUCTION 

Full meeting the energy needs of mankind exclusively from 
renewable energy sources is possible only by organizing a 
counteraction to the unpredictability of these sources. Of the 
possible ways to implement this counteraction, three manners 
can be cited:  1) development of world wide web of power lines. 
In a network of this size, the sun shines and the wind blows 
continuously  2) using the energy storage technologies; 3) using 
the currently stored energy i.e. biofuels to cover the residual 
load which now is increased thanks to renewable sources. 

At this time, the three mentioned ways are used, but only to 
partially meet the energy requirements. The reasons of this are:  
a) the distance between the converters of wind or solar energy 
into electricity is not enough long for the variability of sources 
could be mutually eliminated, b) there is no technology for 
direct storage of electricity, and all technologies for indirect 
storage depend on local conditions and are expensive; c) the 
residual load now is covered mostly by conventional thermal 
power plants; it is done using fossil fuels and there are problems 
with flexibility of these plants and with climate change. 

Before use of renewables, residual load was the result of 
variability of consumers’ loads and therefore was more 
predictable. Now, if you do not take into account the laws of 
probability theory, the residual load is the sum of the variability 
of consumption and of generation.   And it imposes demands on 
flexibility of power plants [1]: the minimum load should be less 
or rather zero if renewables are of sufficient volume, average 
ramp rate should be more because the difference between 
minimum and maximum load increases, hot start-up time and 
cold start-up time should be less. 

Therefore currently, the efforts of specialists are aimed at 
increasing the flexibility of thermal power plants [2]. Reference 
[3] provides a comprehensive definition of flexibility and how 
to achieve it. In [4] operation of a CHP plant is indicated in 
different modes with different power-to-heat ratios ‘c’ and  
efficiency indices in these modes are listed. Two of modes – full 
cogeneration mode and full condensing mode are highlighted. 
This paper attempts to distribute the modes into two categories, 
heat priority and electricity priority mode. 

In the proposed paper, the highlighted in [4] modes are 
obtained with certain settings of the CHP; and the efficiency is 
considered only in terms of fuel, i.e. how fully energy of fuel is 
used in heat production and electricity generation. This setup in 
the paper allows a concise and complete comparison of the fuel 
efficiency of the CHP plant in the normal mode and in the self-
feeding mode with various degree of self-feeding. 

Operation with heat priority is close to so called bottoming 
cycle  expounded in [5] and operation with electricity priority – 
as topping cycle [6]. This will be discussed in detail. 

The priority of heat and electricity is clearly seen in [7]: in the 
pre-market conditions of 2013, electricity generation by Riga 
CHP-2 is a function of heat requirements and of ambient 
temperature; in changed market conditions of 2015, electricity 
generation is closely related to its market price. 

In [8], technical and operational measures to operate power 
plants efficiently and flexibly are given: equipment upgrade, use 
of storage opportunities, operation options, upgrade of plant 
components etc. In [9] it is proposed to increase flexibility by 
increasing the ramping rate, reducing the minimum load and 
start-up time by improving the mill and combustion system, 
boiler water steam system, steam turbine, while maintaining the 
required air quality. Improvements of start-ups are especially 
needed [10]. 
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This paper suggests another measure to improve flexibility. It 
consists in the fact that part of the generated electricity is used 
to treat the water in the boiler. This allows you to maintain the 
temperature regime of the plant components while rapidly 
changing the electricity supplied to the grid.  

The goal of the paper is to determine the fuel efficiency of a 
CHP plant as function of degree of self-feeding and of other 
influencing factors. 

The section II discusses this goal when CHP operates with 
heat priority, the section III, the same – with electricity priority. 
Section IV gives the results of the calculation example and 
explains them. Section V draws conclusions. 

II. OPERATION WITH HEAT PRIORITY 

 The power plant working according to flowchart I (Fig. 1) 
first of all provides required amount of heat 𝑄  and if the fuel 
supply allows, then the rest share α  of the energy 𝐻  at the 
output of the boiler is directed to the generation of electricity 𝐸  
and extraction of residual heat from turbine outlet. If less 
electricity is needed with the same amount of heat, then  α  is 
decreased. No energy in this flowchart goes to waste. 
 𝐻  is heat energy (enthalpy) at the boiler outlet; 𝐻  is heat 
energy of fuel, attributed to a certain period of time;  

                  𝐻 = 𝐻 η ,              (1) 

where η  is boiler efficiency. 
Flowchart I ensures that all the enthalpy at the outlet of the 
boiler is used.  The necessary part (1 − α𝑬) of it is taken from 
the boiler outlet and fed to the converter, from the output of 
which heat 𝑄  with efficiency  η  is obtained:  

        𝑄 = 𝐻 (1 − α ) η .         (2) 

Heat extracted out of a turbine after electricity generation is 

          𝑄 = 𝐻  α𝑬(1 − η𝑬) η′𝑯,         (3) 

where η  is efficiency of transorming heat to work (according to 
the second thermodynamic law); η′𝑯 is efficiency of extracting 
the heat from steam at the turbine outlet. 
 Summary heat energy gained 𝑄  is 

   𝑄 = 𝑄 + 𝑄 = 𝐻  q ;  q = η − α  η − (1 − η )ηʹ .   
                         (4), (5) 

The part 𝛼  is sent to the turbine to generate electricity 𝐸 : 

          𝐸 = 𝐻  α η ,          (6) 

where  η  is total efficiency of using the enthalpy for electricity 
generation [11]: 
                   η = η η η η ,          (7) 

where  η  – see (3); η  and η  are mechanical and internal 
efficiency of a turbine; η  – efficiency of a generator. 

Self-consumption 𝐸 is necessary for electricity 𝐸  
generation, it is amount of power that ensure the operation of 
auxiliary devices (fans, pumps, transport belts, etc.) without 

which electricity cannot be generated; analogically, 𝐸  – for 
getting heat 𝑄 ; 𝐸  – for fuel  𝐻  handling:         
 
     𝐸 =  𝐸  β ; 𝐸 = 𝑄 β ; 𝐸 = 𝐻 β ,      (8) 

where β ; β ; β  are self-consumption factors. 
In addition to the indicated, there is also a constant 

consumption of electricity 𝐸 , independent of the operating 
mode of the plant, for example, for lighting, signaling, 
communication. It is assumed that its power is low. To take it 
into account, you need to subtract it from commercial electricity 
𝐸 . This solution allows all the efficiency to be considered 
regardless of the output power. This simplifies the consideration 
of the issue without significantly degrading the accuracy. 
 Commercial net electricity consists of generated electricity 𝐸  
minus self-consumptions:        

               𝐸 = 𝐸 − 𝐸 − 𝐸 − 𝐸  .        (9) 

Observing previous expressions, we have: 

        𝐸 = 𝐻 {η [ α η (1 − β ) − 𝑞 β ] − β }.       (10) 

 Heat 𝑄  is taken as commercial heat 𝑄 . If a certain amount 
is needed for own use, then it can be included in some efficiency 
factor. So:  

    𝑄 = 𝑄 = 𝐻 η 𝑞 .          (11) 

 Commercial total product 𝐴  is 

𝐴 = (E + 𝑄 ) = 𝐻 {η [α η (1 − β ) + 

+𝑞 (1 − β )] −  β }.           (12) 

And the values 𝐸 ; 𝑄 ; 𝐴  can be defined for any technically 
acceptable values of α .  
 Fuel efficiency factors η ; η ; η  are 

η = 𝐸 /𝐻 ; η = 𝑄 /𝐻 ; η = 𝐴 /𝐻      (13) 

and their formulas can be written discarding from (10) – (12) the 
symbol 𝐻 .    

The use of RES leads to the oddity such that sometimes you 
have to pay electricity half-buyers for the fact that they buy it. 
This phenomenon is incomprehensible but pleasant to the 
common man, and is known to the professional as negative 
electricity prices [1], [12].     
 Negative prices are the result of an increased residual load 
when using RES on the one hand, and a large inertia of 
electricity generation on the other hand. If this inertia is 
reduced, then grid operators will have fewer worries. 
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 If excess electricity is removed from the output of the power 
plant and sent to its entrance, then with such a self-feeding two 
birds with one stone are killed: there is no excess electricity in 
the power system and less fuel is needed for the power plant 
keeping all the components of it in good working order. 
 The diagram of such a power plant with the priority of heat 
production shown in Fig. 2 satisfies this idea. Some share 𝛾 of 
the electricity E  is supplied to the boiler input. This part with 
efficiency η′  helps the smaller amount  𝐻∗  of fuel to convert 
water to steam with the required parameters and in the same 
amount as before, not to disrupting the operating regime of the 
station's components. Enthalpy 𝐻 , share α , commercial heat 
𝑄∗  must be retained from the previous mode.  There are  known 
methods of using electricity for water heating [13].  

RTU professor respected Antanas Sauhats proposed to extract 
hydrogen from water using unnecessary electricity and use this 
hydrogen for additional heating of water. This is consistent with 
the essence of self-feeding. 

If resistive heaters are used for this purpose, then the 
efficiency η′  is close to unity  [13], [14]. 
 Focusing on the enthalpy 𝐻  at the boiler outlet, the generated 
electricity 𝐸  and produced heat 𝑄  remain the same (by (4) – 
(6)). Using Fig. 2, through the intermediate formula (14) we 
obtain the expression (15) for the efficiency η  of using the 
supplied fuel 𝐻∗  in this flowchart:       

𝐻 = 𝐻∗  η + 𝛾𝐸 η′ = 𝐻∗  η + 𝛾𝐻 α η η′ = 𝐻∗ η ; 
                          (14) 

  η =  .              (15) 

 Commercial electricity 𝐸∗  (Fig. 2) now is 

       𝐸∗ = 𝐸 − 𝐸 − 𝐸 − 𝐸∗ − 𝐸 .      (16) 

Electricity self-consumptions 𝐸  and 𝐸  using the 𝐻  
basically remain the same but  𝐸∗  for fuel  and 𝐸  for self-
feeding are 
         𝐸∗ = 𝐻∗ β ; 𝐸 = γ 𝐸 .        (17) 

Using expressions to define 𝐸  and (14) – (17) we have 

      𝐸∗ = 𝐻∗ {η [ α η (1 − β − 𝛾) − 𝑞 β ] −  β }.     (18) 

 Commercial heat 𝑄∗  is  

  𝑄∗ = 𝐻∗ η  𝑞 .              (19) 

 Commercial total product 𝐴∗  that can be sold is 

𝐴∗ = (𝐸∗ + 𝑄∗ ) = 𝐻∗ {η [ α η (1 − β − 𝛾)  + 

+𝑞 (1 − β )] −  β }.           (20) 

 Formulas for fuel efficiency factors η∗ , η∗ , η∗  can be 
written discarding from (18) – (20) the symbol 𝐻∗ . 

The power system operator ensures the proper functioning of 
the system primarily by supporting the generation of electricity 
and heat production by the power plants in the system. For this, 
the value of α  must be determined. To maintain a balance of 
generated and consumed energy without time delay, it is 
necessary to know γ . 

To define α , we use the given values 𝐸  and 𝑄  according 
to (10) and (11). Using the notations 𝑏, 𝑐, rewriting expression 
(5) for 𝑞  and linking 𝐸  with 𝑄  through a relation 𝑘  we can 
write (24): 

        𝑏 = η (1 − β ); 𝑐 = η − (1 − η )η′ ;       (21) 

      𝑞 = η − α 𝑐; 𝑘 = 𝐸 /𝑄 ;            (22), (23) 

𝐻 {η [α 𝑏 − (η − α 𝑐)β ] − β } = 𝑘 𝐻 η (η − α 𝑐),  
                               (24) 

wherefrom we obtain an expression for the desired α : 

        α = [η (β + 𝑘 ) + ]/[𝑏 + 𝑐(β + 𝑘 )].       (25) 

The limits of  α  (if you do not take into account the technical 
capabilities of the power plant) are:   α = 1, when entire 
steam is passed through the turbine. Share α  is when 
electricity 𝐸  is not produced,  k = 0: 

α = [η β + ]/[𝑏 + 𝑐β ] ≠ 0,      (26) 

it is natural that α ≠ 0, since you need electricity for self-
consumption β  in the production of heat.  And here plays the 
role the ability to generate electricity at such a small α  . 

The self-feeding factor γ  can be found from expression (18) 
which is rewritten as fuel efficiency factor η∗  divided by η : 

    η∗ /η =[ α η (1 − β − γ ) − 𝑞 β ] − β /η .      (27)  

Introducing notations (28) 

   = 𝑔 − ℎ γ ; 𝑒 =  α η (1 − β ); 𝑓 = α η ; 𝑔 = β /η ; 

         ℎ = β α η η′ /η ,         (28) 

expression (27) is rewritten again and required γ  is obtained: 

η∗ /η = 𝑒 − 𝑓γ − 𝑞 β − 𝑔 + ℎ γ ,      (29) 

            γ = (η∗ /η − 𝑒 + 𝑞 β + 𝑔)/(ℎ − 𝑓).     (30) 

If γ = 0, then there should be 𝐸∗  = 𝐸 . Considering (1), (10), 
(14), (18) this can be verified. 

From (30), γ  can be found when there is no current in the 
line connecting the power plant with the power system. 

When there is no current in the outgoing line, η∗ = 0 and 
then γ  is 

𝐻∗ 𝜂  

𝜂′  

𝛾 𝐸  
𝐸∗

 

𝐸∗
 

Boiler 

Turbine 

} 
𝑄  

 𝑄  

𝐸  

𝛼  

1 − 𝛼  
𝑄  

 
𝐸  

𝐸  𝐸  

𝐻  

Fig. 2. Flowchart of CHP plant with heat priority and self-feeding 

2021 IEEE 62nd International Scientific Conference on Power and Electrical Engineering of Riga Technical University (RTUCON)

978-1-6654-3804-9/21/$31.00 ©2021 IEEE



 
 

γ = (−𝑒 + 𝑞 β + 𝑔)/(ℎ − 𝑓).          (31) 

And if, under this condition, we direct all the steam to heat 
(α = 0), then we get  

         γ , = ∞.           (32) 

Expression (32) confirms the fact that  such a mode is 
impossible, because there is no electricity for self-consumption 
in the production of  heat. 

III. OPERATION WITH ELECTRICITY PRIORITY 

The power plant works according to flowchart II (Fig. 3a). 
Entire steam from the boiler goes to the turbine of the generator 
to generate electricity 𝐸 , and from there part of the steam α  is 
sent to the extraction of desired remaining (in accordance with 
the second law of thermodynamics) heat 𝑄 , and, if all possible 
heat cannot be used, the rest goes to the atmosphere as waste.  

Relation (33) between 𝐻  and 𝐻  is   

𝐻 = 𝐻 η .          (33) 

The values of some quantities in flowchart II (e.g. η ) may 
differ from quantities with the same designation in flowchart I. 

Generated electricity 𝐸  and produced heat 𝑄  are defined 
differently from how it was with heat priority: 

𝐸 = 𝐻 η ; 𝑄 = 𝐻 𝑞 α ; 𝑞 = (1 − η ) η′ . (34), (35), (36) 

Self-consumptions are:   

   𝐸 = 𝐸 β ; 𝐸 = 𝑄 β ; 𝐸 = 𝐻 β .     (37) 

Commercial electricity 𝐸  is 𝐸  minus self-consumptions: 

     𝐸 = 𝐸 − 𝐸 − 𝐸 − 𝐸 .           (38) 

Commercial electricity 𝐸 , heat 𝑄  and total product 𝐴  
observing (33) – (38) are 

𝐸 = 𝐻 {η [η (1 − β ) − 𝑞 α β ] − β };     (39) 

𝑄 = 𝑄 = 𝐻 η 𝑞 α ;        (40) 

𝐴 = (𝐸 + 𝑄 ) = 

     =𝐻 {η [η (1 − β ) + 𝑞 α (1 − β )] − β }.         (41) 

From the expressions (39) – (41) the fuel efficiency η , η ,  
η  regarding fuel 𝐻  can be found discarding 𝐻 . 

The use of RES forces to change the flowchart according to 

Fig. 3b. With respect to enthalpy 𝐻  the formulas (34) – (36)  
determining generated electricity 𝐸  and  produced heat 𝑄  do 
not change. But 𝐻 , defined similarly to the flowchart I, and 
efficiency η  are 

𝐻 = 𝐻∗ η + 𝛾 𝐸 η′ = 𝐻∗ η + 𝛾 𝐻 η η′ = 𝐻∗ η ; 
                         (42) 

          η =  .            (43) 

Commercial electricity 𝐸∗  (Fig. 3b) is  

𝐸∗ = 𝐸 − 𝐸 − 𝐸 − 𝐸∗ − 𝐸 .     (44) 

Electricity self-consumptions 𝐸  and 𝐸  focusing on 𝐻  
remain the same but  𝐸∗  for fuel  and 𝐸  for self-feeding are 

        𝐸∗ = 𝐻∗ β ; 𝐸 = 𝛾 𝐸 .        (45) 

Now, observing(34) – (37), (44), (45), we have 

       𝐸∗ = 𝐻∗ {η [ η (1 − β − 𝛾 ) − 𝑞 α β ] − β }.  (46) 

 Commercial heat 𝑄∗  is 

          𝑄∗ = 𝐻∗ η  𝑞 α .         (47) 

 Commercial total product 𝐴∗  that can be sold is 

𝐴∗ = (𝐸∗ + 𝑄∗ ) = 𝐻∗ {η [ η (1 − β − 

−𝛾 )  + 𝑞 α  (1 − β )] −  β }.         (48) 

 Fuel efficiency factors η∗ , η∗ , η∗  can be defined from 
expressions (46) – (48) discarding the 𝐻∗ . 

To define α , we use the given values 𝐸  and 𝑄  according 
to (39) and (40). Through a relation 𝑘  (49) we can write (50) 
and define α   (51): 

𝑘 = 𝐸 /𝑄  .           (49) 

   𝐻 {η [η (1 − β ) − 𝑞 α β ] − β } = 𝑘 𝐻 η 𝑞 α ;(50) 

α = [η η (1 − β ) − β ]/[η  𝑞 (𝑘 + β ].    (51) 

When heat is not needed , then we have α , when entire 
steam from the turbine is directed to heat recovery, it is α : 

α = 0; α = 1.         (52) 

The determination of self-feeding factor γ  is done in the 
same way as a factor γ . The initial expression is (46): 

  
∗

=  η (1 − β ) − η 𝛾 − 𝑞 α β −  β /η ;        (53) 

after notations 

 = 𝑔 − ℎ 𝛾; 𝑔 = β /η ; ℎ = η η β /η ,       (54) 

the self-feeding factor 𝛾  is defined: 

𝛾 = [η∗ /η − η (1 − β ) + 𝑞 α β + 𝑔]/(ℎ − η ). (55) 

𝛼  

𝐻 𝜂

Boiler Turbine 

𝐻∗ 𝜂

𝜂′  

𝛾 𝐸  

𝑄  

 

𝐸  𝐸  

𝐸∗
 

S 

𝐻  

waste 

𝐸  𝐸  

𝐸∗
 

𝐸  

Fig. 3a, b. Flowchart of CHP plant with electricity priority 
a – without self-feeding S open, b – with self-feeding S closed 
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      Value 𝛾  = 0 leads to the fact that 𝐸∗  = 𝐸 .  Confirmation is 
in expressions (33), (39), (42), (46). 

There is no current in the external line when  

 γ = [−η (1 − β ) + 𝑞 α β + 𝑔]/(ℎ − η ).    (56) 

IV. NUMERICAL RESULTS AND DISCUSSION 

 Further, sentences like “the value A increases, decreases, etc. 
another value B” mean that it does it by itself increasing. 
What is stated in chapters 2, 3 is verified by calculation. The 
calculations required 9 initial data. Some of them managed to be 
substantiated by literary sources. 

Boiler efficiency 𝜂 = 0.9  [14], [15], ; electrically heated 
boiler efficiency 𝜂′ = 0.95, it is accepted less than that shown 
in the literature [13], [16], since with the simultaneous use of 
fuel and electricity, it can be less; total electricity generation 
efficiency 𝜂 = 0.35  [11]; efficiency of transforming heat to 
work η = 0.4  [17], [18]; efficiency of heat production 𝜂 =
0.93 , it is calculated assuming the temperature of the 
superheated steam is 570 °C, and the lowest temperature of 
warm water is 40 °C; efficiency extracting the heat from turbine 
outlet 𝜂′ =0.85, it is lower than 𝜂  because steam temperature 
out of turbine is less; electricity self-consumption factors of 
generating electricity 𝛽 , of producing heat 𝛽 , of handling fuel 
𝛽  – all are assumed 0.02. 

If some of the coefficients are incorrect, it is possible to 
assess their impact using the corresponding expressions. 

The calculation data are included in Table. Due to lack of 
space, they are recorded in an peculiar way: two or three digits 
in a cell of the table should be read as digits of a number which 
are immediately after the decimal point, for example, 23 or 837 
or -04 must be read as 0.23 or 0.837 or -0.04. 

 When the plant operates with heat priority, it is necessary to 

look at count I and II, and take into account 𝛂𝑬 . In case of 
electricity priority – counts III, IV and 𝛂𝑯. Data without self-
feeding are located in counts I and III, with self-feeding – in  
counts II, IV. How overall efficiency deteriorates when 
switching to self-feeding  is shown in count V. 
 Overall fuel efficiency is the sum of electricity and heat 
efficiencies. 
 When 𝜶𝑬 = 𝟏 and 𝜶𝑯 = 𝟏 (it is in lane 3) all quantities in 
flowcharts I and II are equal (see count I and III); the same with 
self-feeding (count II and IV). It is because 𝑨𝑰𝒄𝜶𝑬 𝟏=𝑨𝑰𝑰𝒄𝜶𝑯 𝟏 ;  
𝑨𝑰𝒄𝜶𝑬 𝟏

∗ =𝑨𝑰𝑰𝒄𝜶𝑯 𝟏
∗ . 

 When 𝜶𝑬 = 𝟎, 𝜼𝑰𝑬 is negative, because electricity is needed 
from outside to generate heat (see lane 1 count I and II). Even 
with 𝜶𝑬 = 𝟎. 𝟓  and 𝜸𝑰𝑰 = 𝟎. 𝟖  and 1, 𝜼𝑰𝑬

∗  is negative (see rows 
12, 13), because too much electricity is taken away for self-
feeding.  With 𝜶𝑯 = 𝟎 this is not observed because the plant 
works with priority of electricity production. But when 𝜸𝑰,𝑰𝑰 = 𝟏, 
the 𝜼𝑰,𝑰𝑰𝑬

∗  is negative (see rows 6, 13, 20), because all the 
generated electricity goes to water treatment and for self-
consumption electricity should be taken from the network. 
 Heat indicator 𝜶𝑯  slightly decreases efficiencies 𝜼𝑰𝑰𝑬  and 
𝜼𝑰𝑰𝑬

∗  because more electricity is necessary for heat self-
consumption (see in Table). 
 With heat priority, 𝜶𝑬 decreases overall efficiency 𝜼𝑰 and 𝜼𝑰

∗ 
(see rows 1 – 20 counts I, II) since more steam goes to 
electricity, but its efficiency is lower than that of heat. 
 Heat indicator  𝒒𝑰𝑰  is constant because it does not include 
either 𝜶𝑯,  or 𝜸𝑰𝑰. 
 With heat priority and when electricity is not generated (𝜶𝑬 =
𝟎), self-feeding (𝜸𝑰) does not deteriorate overall efficiency 𝜼𝑰

∗  
(lane 1). But with electricity priority and when heat is not  
 
 
 

TABLE  
DIMENTIONLESS QUANTITIES OF THERMAL POWER PLANTS 

 
Lane 

 
Row 

αE 

αH 

ϒI 
ϒII 

I II III IV V 
qI ηIE ηIH ηI ηbI η*

IE η*IH η*
I qII ηIIE ηIIH ηII ηbII η*

IIE η*
IIH η*

II η*
I/ 

nI 

η*
II/ 

ηII 

 
 
 

1 

1  
 
0 

0  
 

93 

 
 
-

037 

 
 

837 

 
 

80 

 
 

90 

 
 
-

037 

 
 

837 

 
 

80 

 
 
 
 
 
 
 
 
 

51 

 
 

289 

 
 
0 

 
 

289 

90 289  
 
0 

289  
 

1.0 

1 
2 20 964 243 243 841 
3 40 1.038 191 191 661 
4 60 1.124 13 13 45 
5 80 1.226 057 057 197 
6 1 1.348 -03 -03 -10 

 7 25 0 825 042 743 785 90 042 743 785 286 115 401 90 286 115 401 1.0 1.0 
 
 

2 

8  
 

50 

0  
 

72 

 
 

121 

 
 

648 

 
 

769 

90 
931 
964 

1 
1.04 
1.08 

121 
094 
064 
032 
-00 
-04 

648 
670 
694 
72 

747 
777 

769 
764 
758 
752 
745 
737 

 
 

284 

 
 

23 

 
 

514 

90 284 23 514 1.0 1.0 
9 20 964 238 246 484 993 942 
10 40 1.038 185 265 45 986 875 
11 60 1.124 124 287 411 978 80 
12 80 1.226 051 313 364 969 708 
13 1 1.348 -04 344 304 958 591 

 14 75 0 615 20 554 754 90 20 554 754 282 344 626 90 282 344 626 1.0 1.0 
 
 

3 

15  
 

1.0 

0  
 

51 

 
 

280 

 
 

459 

 
 

739 

90 
964 
1.04 
1.12 
1.23 
1.35 

28 
23 
18 

118 
045 
-04 

459 
492 
529 
573 
625 
688 

739 
722 
709 
691 
670 
648 

 
 

280 

 
 

459 

 
 

739 

90 28 459 739 1.0 1.0 
16 20 964 230 492 722 977 977 
17 40 1.038 18 529 709 959 959 
18 60 1.124 118 573 691 935 935 
19 80 1.226 045 625 67 907 907 
20 1 1.348 -04 688 648 877 877 

 Due to the lack of space in the table, some values of the quantities are written in a special way: if there are no digits before the decimal point in the nuvber, then 
only two or three digits are indicated which are immediately after the decimal point. For example, 23 or 837 or -04 must be read as 0.23 or 0.837 or -0.04 
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produced  ( 𝜶𝑯 = 𝟎 ), self-feeding ( 𝜸𝑰𝑰 ) deteriorates overall 
efficiency 𝜼𝑰𝑰

∗   dramatically since entire fuel energy goes to 
electricity generation and the output is only the difference 
between the generated 𝑬𝑰𝑰  and self-consumption. And 𝜶𝑯 
reduces the impact of self-feeding because 𝜸𝑰𝑰  does not affect 
heat production (lanes 2, 3, rows 7, 14). 

At a higher 𝜸𝑰,𝑰𝑰, boiler efficiency 𝜼𝒃𝑰,𝑰𝑰  are more than one, 
since their definition takes into account feeding from the 
generator output (see count II, IV). 

The amount of fuel necessary in self-feeding mode  is less 
than that in normal mode with the same turbine load for heat 
priority. For electricity priority, it is less with the corresponding 
value of quantities in formula (57). To determine the ratio 
𝑯𝑰𝑰𝑭

∗ /𝑯𝑰𝑰𝑭  between the amount of fuel in the self-feeding mode 
and without it, e.g. for electricity priority, it is necessary to use 
expressions for total commercial product (41), (48): 

     
𝑨𝑰𝑰𝒄

∗

𝑨𝑰𝑰𝒄
= 𝑯𝑰𝑰𝑭

∗ 𝜼𝑰𝑰
∗ /(𝑯𝑰𝑰𝑭𝜼𝑰𝑰);  

𝑯𝑰𝑰𝑭
∗

𝑯𝑰𝑰𝑭
=

𝑨𝑰𝑰𝒄
∗

𝑨𝑰𝑰𝒄
(

𝜼𝑰𝑰

𝜼𝑰𝑰
∗ ).     (57) 

Self-feeding mode is the more profitable the less is 𝑨𝑰𝑰𝒄
∗ . 

Efficiencies 𝜼𝑰𝑰𝑬  and 𝜼𝑰𝑰𝑬
∗  are in Table. The self-feeding mode  

is especially beneficial when frequent changes of generated 
electricity are necessary as is the case with balancing plants 
because the temperature regime of the plant components does 
not change with a sharp change in the electricity supplied to the 
network. 

V. CONCLUSIONS 

1. The problem is considered for CHP plants operating in two 
well-known operating modes: the mode with the priority of 
heat production and with the priority of electricity generation. 

2. When part of the electricity from the generator output is 
directed to steam production, the turbine load and heat 
production do not change, but the electricity output to the 
power system decreases. This self-feeding mode of CHP 
plant makes it possible, almost without inertia, to reduce or 
increase the output of electricity to a power system, thus 
increasing plant flexibility. 

3. The self-feeding degrades fuel efficiency by almost no more 
than 10% when operating with heat priority and more 
severely – with electricity priority. 

4. Amount of fuel required to maintain the self-feeding mode is 
less than with the same turbine load but without self-feeding, 
except for some extreme cases in electricity priority mode. 
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