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ABSTRACT

�e concept of optimization of operating and design parameters of the regenerative air 
turbine cogeneration (RATC) system is proposed. To determine the energy e�ciency 
indicators of this system, its thermodynamic analysis was performed. At the same time, it 
is shown that it is not correct to search for the optimal parameters of such a system only 
by energy indicators, and modern thermoeconomic methods should be more actively 
involved in pre-design practice, which allow a comprehensive evaluation of the e�ciency 
and economy of the energy-technological system as a whole and its individual elements. 
�erefore, on the basis of the data obtained during the thermodynamic analysis, exergy 
destruction and losses in the main system elements were calculated. �en, using the 
structural-variant method in combination with the graphical apparatus of C-curves, the pre-
project thermoeconomic optimization of the RATC system was performed. �is made it 
possible to choose the optimal operating and design parameters of the system and determine 
the minimum cost for its creation and operation throughout the entire life cycle, taking 
into account the thermodynamic perfection of the main system elements. Each variable 
operating mode parameter of the system serves as a kind of navigator when searching for 
the option of system parameters that is optimal in terms of energy and economic indicators, 
which is accompanied by graphic visualization. �erefore, the proposed approach makes the 
optimization of the system being designed convenient and clear. It can be used in the optimal 
design of various types of thermal transformers and other energy-technological systems.
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INTRODUCTION

Currently, much of the thermal and electrical energy 
both in Ukraine and in the world is generated by large 
thermal power plants (TPP) and combined heat and power 
plants (CHPP) whose power units have e�ciency level of 
35-37%, and the power units using low-calorie fuels have 
the e�ciency that does not exceed even 15%. In addi-
tion to the relatively low energy e�ciency, the operation 
of large TPPs and CHPPs is associated with large losses 
during energy transportation to the consumer, emissions 
of harmful substances and greenhouse gases into the 
environment.

One of the progressive solutions to existing energy prob-
lems is the construction of small TPPs with cost e�ective 
and environmentally friendly cogeneration systems (mini-
CHPPs). Against this background, in 2005, Ukraine adopted 
the Law on Combined Heat and Power (Cogeneration) and 
the Use of Waste Energy Potential. Such cogeneration using 
a single primary energy source can increase fuel e�ciency 
from 30–40% to 85–90% [1,2].

�us, the development of the concept of creating small-
sized high-e�ciency environmentally friendly low-power 
cogeneration systems where renewable fuel sources can be 
used as fuel is an urgent scienti�c problem. 

MODERN METHODS OF CREATING HIGHLY-

EFFICIENT LOW-POWER COGENERATION 

SYSTEMS

Modern cogeneration (CHP) systems are complex 
energy-technological high-recovery energy complexes. 
�e pre-project analysis of these systems should take into 
account both economic and thermodynamic components 
of energy processes. Meanwhile, in the cases where the 
number of energy subprocesses and technological elements 
is large enough, such an analysis can become signi�cantly 
complicated. �erefore, we should more actively involve 
modern methods [3] in the pre-project practice, which will 
allow us to comprehensively evaluate the e�ciency of the 
energy-technological system as a whole and its individual 
elements.

�e scienti�c basis of these methods is the concept of 
system exergy [4,5], that is, the ability of this system to 
work in the conditions of a certain thermal state of the 
environment. Exergy serves as the sole basis for assessing 
the impact on the economic performance of the thermody-
namic parameters of energy-transforming systems.

Depending on the purpose of the study of CHP systems, 
literary sources can be grouped into two categories. �e 
�rst category includes works to determine the production 
costs and/or the cost of CHP losses. �ese studies focus on 
determining the velocity of cash �ows through the elements 
[6−8]. If the goal is to optimize the energy system (second 
category), then the research focuses on choosing the best 

modes of system operation with taking into account the 
monetary value of its creation and operation [9–14].

So Sahoo [15] carried out an exergoeconomic analysis 
and optimization of the cogeneration system with an out-
put of 50 MW of electricity and 15 kg/s of saturated steam 
at a pressure of 2.5 bar. �e system was optimized using 
exergoeconomic principles and evolutionary program-
ming. �is, of course, a new modern research method is 
e�ective in determining and re�ning the costs of produc-
tion and capital investments. However, it can be used at the 
stage of design analysis, with the already speci�ed regime 
and design parameters of the scheme.

Oyedepo et al. [16] analyzed the costs of generating 
electricity and evaluating the performance of operating 
gas turbine power plants using a methodology based on 
the Speci�c Exergy Costing (SPECO) approach. With this 
approach, the fuel and product of a component are deter-
mined by systematically accounting for all additions and 
removals of exergy from all exergy �ows of the system, and 
the costs are calculated using the basic principles of busi-
ness administration [6]. �e SPECO method allows you to 
analyze all the changes that occur with the exergy �ow from 
the moment it is introduced into the system until the end 
product is obtained, taking into account the price of each 
internal exergy �ow in each element of the system. �is 
method can also be successfully applied both for diagnos-
tics of energy systems and at the �nal design stage.

Seyyedi et al. [17] propose a new iterative approach to 
the optimization of complex thermal power plants, based 
on the exergoeconomic analysis and the method of struc-
tural optimization. It is demonstrated by the example of 
the optimization of a plant operating on a simple Brighton 
regenerative cycle. Exergoeconomic analysis is used to 
determine the sum of costs for the exergy destruction and 
investments for each element of the system. �e advan-
tages of this approach are that it can be applied to large real 
complex thermal systems while optimizing their operating 
modes. However, this method can also be applied only at 
the �nal design stage, when all the design parameters of the 
system have already been determined.

All of these methods have advantages and disadvan-
tages, as well as their own �eld of application. However, in 
our opinion, the most versatile method is the structural-
variant one [18,19], which allows us to carry out both the 
thermoeconomic analysis and optimization of the techno-
logical scheme already at the pre-design stage. 

In this work, we propose to use the structural-variant 
method in combination with the graphical apparatus of 
C-curves to determine the minimum costs for the creation 
and operation of the system throughout the system entire 
life cycle. �e graphical presentation of the dependencies 
of the operational characteristics of the system on capital 
investments does not require their mathematical descrip-
tion and makes it possible to present the results of optimi-
zation of the cogeneration system in a visual form [20].



J Ther Eng, Vol. 7, No. 7, pp. 1719–1730, November, 2021 1721

�is method is applicable to one of the most promising, 
in our opinion, schemes of the cogeneration plants, which 
is the regenerative air turbine cogeneration (RATC) sys-
tem. �e advantages of this scheme are described in [21]. 
�e analysis of such a scheme was not performed by any of 
the above methods, unlike the known CGAM CHP system 
[22].

PURPOSE AND OBJECTIVES OF THE 

RESEARCH

�e purpose of this study is to create the concept for the 
pre-project analysis and optimization of the RATC system 
with using the structural-variant optimization method.

Research objectives:
1.  To conduct the thermodynamic analysis of RATC 

system in order to determine exergy �ows and 
exergy losses in each of its elements.

2.  To carry out thermoeconomic optimization of the 
system with using the structural-variant optimiza-
tion method and graphical C-curves.

THERMODYNAMIC ANALYSIS AND 

THERMOECONOMIC OPTIMIZATION OF THE 

RATC SYSTEM

In [21], we performed a detailed thermodynamic analy-
sis of the ideal and actual regenerative cycles with the deter-
mination of the optimal energy parameters of the RATC 
system. However, it is not enough to optimize the techno-
logical scheme based on energy characteristics only, as sug-
gested in [23]. As shown above, it is necessary to take into 
account not only energy, but also economic indicators, that 
is, the monetary costs of the system.

Figure 1 shows the RATC system schematic heat dia-
gram with the numbering of �ows between elements.

�e main advantages of the RATC system over tradi-
tional gas turbine units are as follows:

•	 Energy advantages – installation of a solid fuel boiler 
behind the air turbine makes it possible to use the 

heat of the turbine downstream air. �is reduces 
the fuel consumption in the boiler and accordingly 
increases the system e�ciency.

•	 Technological advantages – the air turbine operates 
with clean air and is protected from the formation of 
sediments on the surface of the blades or their erosion 
when using a “dirty” working substance. No exter-
nal cooling systems are required for the air turbine, 
which greatly simpli�es its design.

•	 Environmental advantages – the ability to operate the 
system with gas obtained as a result of thermal treat-
ment of municipal solid waste. �e boiler operates 
at almost atmospheric pressure with less emission of 
harmful substances into the atmosphere [21].

First, consider the thermodynamic model of the RATC 
system, which is a component of the general thermoeco-
nomic model of the RATC system, and is necessary to 
determine the parameters of the working substance in the 
main elements of the scheme:

Air Compressor

�e air temperature a�er compression in the air com-
pressor is:

 T T
ind
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where η
indcompr

, π
c
 and k are the air compressor indicated 

e�ciency, compressor ratio, and isentropic exponent 
respectively.

�e air compressor inlet air pressure (P
1
) and air com-

pressor inlet air temperature (T
1
) equal:

 P P T T1 0 1 0= =;  (2)

where P
0
, P

1
 are the ambient temperature and pressure (T

0
 = 

298.15 К; P
0 
= 0.1013 MPa).

�e air compressor drive power is de�ned as:

 W m c T Tcompr air p

CD
air

= −( )2 1

1

η
 (3)

where m
air

, c
pair

 and η
CD

 are the air mass �ow rate through 
the air compressor, the air speci�c isobaric heat capacity, 
and the air compressor drive e�ciency respectively.

Air Heater

�e functional purpose of the air heater is to increase in 
the air turbine upstream air temperature. �e heat balance 
equation for the air heater is written as:

 m c T T m c T Tair p fg pair fg3 2 5 6−( ) = −( )  (4)
Figure 1. �e schematic heat diagram of the RATC system.
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where m
fg
 and cpfg

 are the �ue gas mass �ow rate, and the �ue 

gas speci�c isobaric heat capacity respectively.
�e air heater outlet air pressure (at the air turbine inlet) 

is determined as:

 P P PAHair3 2 1= −( )ɺ  (5)

where ɺPAHair
is the generalized loss coe�cient for the air �ow 

pressure in the air heater ( ɺPAHair
= 0.05).

�e thermal-technical e�ciency of the air heater is:

 ηAH

T T

T T
=

−
−

3 2

5 2

 (6)

Air Turbine

�e temperature of the working substance (air) at the 
air turbine outlet equals:
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where η
indturb

 is the air turbine indicated e�ciency.
�e air turbine power is determined by the equation:

 W m c T Tturb air p mechair turb
= −( )3 4 η  (8)

where η
mechturb

 is the mechanical e�ciency of the air turbine, 
and the air turbine net power is:

 W W Wnet turb compr EG= −( )η  (9)

where η
EG

 is the e�ciency of the electric generator located 
on the air turbine sha�.

Boiler

�e �ue gas mass �ow rate is calculated as:

 m m mfg air f= +
4  (10)

where m
air4

 and m
f
 are the mass �ow rate of air that enters 

the boiler, and fuel mass �ow rate respectively.
�e boiler heat balance equation is:

 m i Q m iair b fg4 4 5+ =  (11)

where i and Q
b
 are the speci�c enthalpy, and the boiler heat 

output respectively.
�e boiler heat output is determined by the formula:

 Q m Qb f L b= η  (12)

where Q
L
 and η

b
 are the lower heat of fuel combustion, and 

the boiler e�ciency respectively.
�e boiler outlet �ue gas temperature (T

5
) was set at 

50°C higher than the preset T
3
. �is was necessary to deter-

mine the mass �ow rate of fuel (m
f
). Taking into account 

that:

 m
m c T T

c T Tfg

air p

p

air

fg

=
−( )

−( )
3 2

5 6

 (13)

where the air heater outlet �ue gas temperature (T
6
) is taken 

20°C higher than the air heater inlet air temperature (T
2
), 

and substituting Equations 10 and 12 into Equation 11 we 
get:

 m
m i i

Q if

fg

L b

=
−( )
−

5 4

4η
 (14)

Knowing both m
f
 and m

fg
, we determine the required 

mass �ow rate of air that enters the boiler (m
air4

) using 
Equation 10.

�e boiler heat output is de�ned by the Equation 12.

Heat Exchanger

�e heat exchanger is an important RATC system ele-
ment producing the a�er product of the system. It uses the 
heat from the excessive hot air �ow a�er air turbine to heat 
the water entering the hot water supply system.

�e heat balance equation for the heat exchanger is 
written in the following form:

 m c T T m c T T Qair p wtr p HEair wtr7 7 8 10 9−( ) = −( ) =  (15)

where m
air7

, m
wtr

, c
pwtr

 and Q
HE

 are the mass �ow rate of air 
that enters the heat exchanger, the water mass �ow rate, the 
water speci�c isobaric heat capacity, and the heat exchanger 
heat output respectively.

�e mass �ow rate of the air turbine downstream air that 
enters the heat exchanger m

air7
 is found as the di�erence:

 m m mair air air7 4
= −  (16)

where the mass �ow rate of air turbine upstream air m
air

 is 
de�ned as:

 
m

W
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 (17)

�e electrical e�ciency of the RATC system is calcu-
lated as:

 η
η

el
net

b b

W

Q
=

/
 (18)
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�e RATC system has two products (electricity and 
heat), so its total e�ciency is calculated by the formula:

 η
η

tot
net HE

b b

W Q

Q
=

+
/

 (19)

�e RATC system with the air turbine net power of W
net

 
= 300 kW was considered. �e following parameters were 
chosen to be preset ones: the ambient parameters (T

0
 = 

25°C, P
0 
= 0.1013 MPa); the air compressor inlet air param-

eters (T
1
 = 25°C, P

1
 = 0.1013 MPa); the air heater outlet 

�ue gas temperature (T
6
 = T

2
 + ∆T), where ∆T = 20°C; the 

heat exchanger outlet air temperature (T
8
 = 25°C); the heat 

exchanger inlet water temperature (T
9
 = 15°C); the indi-

cated e�ciencies of the air compressor (ηindcompr
 = 0.8) and 

air turbine (ηindturb
 = 0.9); the boiler e�ciency (η

b
 = 0.9).

�e following parameters were chosen to be variable: 
the compressor ratio (π

c
) in the range from 1.8 to 2.7; the 

air turbine upstream air temperature (T
3
) in the range from 

700°C to 850°C.
As the determining factors in choosing the optimal 

variant of the RATC system parameters, we chose the total 
e�ciency of the system, the system total capital cost , as well 
as the operating costs and exergy destruction and losses in 
the main system elements.

Figure 2 shows the dependence of the RATC system 
e�ciency on π

c
 with varying temperatures T

3
.

Figure 2 shows that η
el
 increases with increasing π

c
, 

while η
tot

, on the contrary, decreases. �is is explained by 
the fact that with increasing π

c
, the temperature of the tur-

bine downstream air (T
4
) and the mass �ow rate of the air 

turbine upstream air (m
air

) decrease (Figure 3). �e mass 
�ow rate of the air that enters the heat exchanger (m

air7
) 

is also decreases. �erefore, Q
HE

 decreases at a �xed value 
of W

net
 = 300 kW. In addition, Figure 2 (b) shows that η

tot
 

reaches 56% at T
3
 = 850°C and π

c
 = 1.8. With a decrease 

in temperature T
3
 to 700°C and an increase in π

c
 to 2.7, it 

decreases to 47.2%.
Further, for the thermoeconomic optimization of the 

RATC system, the capital cost (Z) in USD of the main sys-
tem elements are calculated by the following dependencies 
[16,22]:

Air compressor capital cost:

 Z
m P
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air

indcompr
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−
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Air heater capital cost:
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where T
AHln  is the mean logarithmic temperature head in the 

air heater.
Heat exchanger capital cost:

 Z
A

HE
HE= 



231

0 0929

0 639

.

.

 (22)

where A
HE

 is the heat exchanger surface area.

Figure 2. �e dependence of the RATC system (a) electrical e�ciency and (b) total e�ciency on π
c
.
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Boiler capital cost: 
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Gas turbine capital cost (it is taken equal to the air tur-
bine capital cost):
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P
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Electric generator capital cost:

 Z WEG net= 60 0 95.
 (25)

As a result of summing Equations 20–25, we obtain the 
RATC system total capital cost (Ztot).

Figure 4 shows the mutual in�uence of the total capi-
tal cost and the total e�ciency of the RATC system when 
changing T

3
 and π

c
.

Figure 4 shows that the RATC system total capital 
cost signi�cantly increases with decreasing the air turbine 
upstream air temperature T

3
. �is is due to the fact that with 

decreasing T
3
, the mass �ow rate of air turbine upstream air 

(m
air

) increases (Figure 3). And with an increase in m
air

, the 
costs of the system elements also increases. �is especially 
a�ects the cost of the air turbine as the most expensive ele-
ment of the RATC system. Also Figure 4 shows that the 
total e�ciency of the RATC system operating in the mode 
with π

c
 = 1.8 and T

3 
= 850°C is higher than that in the mode 

with π
c
 = 2.7 and T

3
 = 700°C, while the total capital cost 

of the system is, on the contrary, lower. At �rst glance, we 
can conclude that the higher π

c
 and lower T

3
, the more e�-

cient and cheaper the RATC system. However, to increase 
the electrical e�ciency of the system, on the contrary, the 
choice should be made in favor of increasing π

c
, as can be 

seen from Figure 2 (a).
In cogeneration systems, a distinction is made between 

primary and secondary products. In this case, the electric-
ity generated by the turbine is the primary product, because 
from an exergy position, this type of energy is of great value 
as pure exergy, i.e. energy without entropy component. 
�ermal energy is of lower quality from the standpoint of 
the exergy theory and has a large part of the entropy compo-
nent. Consequently, the heat produced in the heat exchanger 
will be considered as a secondary product. In addition, as 
shown by Rusanov et al. [21], for systems operating on the 
Brighton air cycle, optimal modes should be determined 
taking into account the operation of this cycle, and not only 
by system electrical e�ciency. �is is due to the fact that 
when the electrical e�ciency increases with increasing π

c
, 

the cycle work decreases due to the increased consumption 
of electrical energy by the compressor. �e conversion of 
electrical energy into mechanical energy of the compres-
sor sha� rotation is accompanied by an increase in entropy 
(energy dissipation), which in turn leads to an increase in 
the operating costs of the system. �erefore, to evaluate all 
these factors, including the system products of the of dif-
ferent quality (from exergy positions), energy dissipation 
in system elements, operating costs for compensating the 
energy dissipation and capital costs for creating system ele-
ments, taking into account their e�ciency, it is most cor-
rect to use the thermoeconomic approach to optimization 
of energy-technological systems.

For the �nal choose of the optimal operating and design 
parameters of the RATC system, we will use the method of 

Figure 3. �e dependence of the mass �ow rate of the air 
turbine upstream air on π

c
.

Figure 4. �e mutual in�uence of the total capital cost and 
the total e�ciency of the RATC system when changing T

3
 

and π
c
.
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basis for assessing the in�uence of the thermodynamic 
parameters of energy conversion systems on economic 
indicators characterizing the ine�ciency of thermody-
namic processes by additional �nancial costs. �is requires 
an explanation.

Exergy, unlike energy, is consumed in the actual pro-
cess of converting energy. �is consumption can be divided 
into exergy destruction E xD

tot ( )( ) in system elements and 
exergy losses to the environment E xloss

tot ( )( ). To compensate 
for exergy consumption, fuel exergy is spent, which has a 
certain price. On the other hand, exergy consumption are 
in�uenced by each element, namely its e�ciency, which is 
directly related to capital cost for its. �erefore, for a more 
correct analysis of the RATC system E

in
(x) in Equation 27, 

taking into account Equation 26, should be replaced by the 
sum E x E x ED

tot
loss
tot

out( ) + ( ) + . Di�erentiating Equation 27, 
we obtain:

∂ ( )
∂

=
∂ ( ) + ( )( )

∂
+

∂ ( )
∂

Ξtot
oper in

D
tot

loss
tot

r

totx

x
c

E x E x

x
a

Z x

x
τ ɶ  (29)

In Equation 29, the value ∂ ( ) + ( )( ) ∂E x E x xD
tot

loss
tot /  deter-

mines the e�ect of the variable parameter on the losses 
from the irreversibility of thermal hydraulic processes in 
each system element and losses to the environment. �e 
value ∂ ( ) ∂Z x xtot /  takes into account the e�ect of changing 
some parameter x on the cost of the element.

�e minimum total costs are determined if the le� side 
of Equation 29 is equated to 0, then we get:

 τoper in

D
tot

loss
tot

r

tot

c
E x E x

x
a

Z x

x
ɶ

∂ ( ) + ( )( )
∂

= −
∂ ( )

∂
 (30)

Exergy �ow at the i-th point of the cycle is de�ned as 
follows:

E m c T
T
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T T

T T
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P
i p

i i
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ln /

/
ln

PP0







 (31)

where R is the universal gas constant.
Figure 5 shows a diagram of exergy �ows in the RATC 

system, indicating the percentage of exergy destruction and 
losses in each element of the system from the total value of 
exergy destruction and losses. It should be noted that for 
each variation of the system parameters, this ratio changes. 
�erefore, Figure 5 shows the average ratio of exergy 
destruction and losses for all considered options.

In Figure 5, the exergy destruction E
Dk

 in each k-th ele-
ment of the RATC system is the di�erence between the 
exergy �ows at the system inlet (E

i
) and outlet (E

i+1
).

Figure 6 shows that the maximum exergy destruction 
is observed in the boiler. In this case, in the variant with T

3
 

thermoeconomic structural-variant optimization [18,19]. 
�e advantage of this method is that the thermoeconomic 
model here is not associated with the speci�c technologi-
cal scheme. �us, it is possible to break the scheme and 
optimize each element individually using techno-economic 
parameters. 

�e purpose of the thermoeconomic structural-variant 
optimization of the RATC system is to determine the mini-
mum total costs for the creation and operation of the sys-
tem with a given capacity.

�e exergy balance of the system as a whole can be writ-
ten as:

 E x E x E x ED
tot

loss
tot

in out( ) + ( ) = ( ) −  (26)

where ED
tot  and Eloss

tot  are the total exergy destruction in the 
all system elements and total losses of exergy to the envi-
ronment respectively, E

in
(x) and E

out
 are the system inlet 

and outlet exergy �ows respectively, and x is a variable 
parameter.

�e total costs are related to the system service life:

 Ξtot oper in in r
totx c E x a Z x b( ) = ( ) + ( ) +τ ɶ ɶ  (27)

where τ
oper

 is the RATC system operating time during ser-
vice life, c~

in
 is the cost factor of the system inlet primary 

�ow (cost of fuel, since the boiler should be considered as 
inlet element to the RATC system), α

r
 is the recoverable 

amount ratio, Z
tot

(x) is the RATC system capital cost, and 
b
~
 is the costs of maintenance, which does not a�ect the 

optimization.
Today, the world has adopted a methodology for the 

economic assessment of energy conversion systems, in 
which the contribution of the capital component to the cost 
of the target product is determined based on the return of 
bank investments to the project. �us, the contribution 
of the capital cost component to the target product cost 
becomes nulli�ed, which in general should contribute to 
the more intensive introduction of expensive energy-saving 
technologies. �e investment component of the product 
cost is determined on the grounds that, during the RATC 
system service life, the loan should be returned to the bank 
with its interest taken into account [20]. 

To take this into account in Equation 27, we use the 
recoverable amount ratio, which is calculated by the 
equation:

 a
r r

rr

n

n=
+( )

+( ) −
1

1 1
 (28)

where r and n are the discount factor and the system service 
life respectively.

With the thermoeconomic approach, exergy as a mea-
sure of the practical suitability of energy serves as the only 
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textbooks on exergy analysis. With the widespread intro-
duction of thermoeconomic analysis methods into the 
practice of designing energy conversion systems, graphic 
interpretation has acquired more signi�cant information 
value [20]. �e graphical apparatus of C-curves clearly 
shows the ratio of exergy consumption with other optimi-
zation factors. In thermoeconomic analysis such factors are 
the capital and operating costs for the system.

In this work, we proposed to use in a complex the 
structural-variant approach to optimization and the 
graphical apparatus of C-curves. �e idea is to plot the 
graph Z x f E x E xtot

D
tot

loss
tot( ) = ( ) + ( )( )  that looks like the let-

ter C and �nd the arc of choice on it (Figure 7). �e arc 
of choice is a segment on the C-curve bounded by two 
points corresponding to the minimum values of Z

tot
(x) and 

E x E xD
tot

loss
tot( ) + ( )( ). �erefore, the arc of choice for each 

C-curve, which corresponds to a certain temperature T
3
, in 

Figure 7 is located between the points of intersection of the 
C-curve with the lines π

c 
= 1.8 and π

c
 = 2.2. �e options that 

lie on the right side of the intersection of the C-curves with 
π

c 
= 2.2 line are not included in the arc of choice (gray line 

in Figure 7), since with an increase in Z
tot

(x), an increase in 
the sum E x E xD

tot
loss
tot( ) + ( )( ) is observed.

�e segments of the C-curve outside the arc of choice 
show the overruns of both exergy and capital costs. 
�erefore, in further analysis, only the arc of choice will be 
considered, each point on which may correspond to a com-
promise decision between the economic and exergy param-
eters of the RATC system.

Figure 7 shows that the minimum values of Z
tot

(x) and 
E x E xD

tot
loss
tot( ) + ( )( ) correspond to the RATC system options 

that lie on the lower arc of choice. �is is a part of the 
C-curve plotted for the RATC system operating modes at 
T

3 
= 850°C and at π

c
 in the range from 1.8 to 2.2. �us, �rst 

= 850°C, the exergy destruction in the boiler is noticeably 
lower than in the variant with T

3 
= 700°C. �is is due to 

the fact that in the �rst variant, the air mass �ow rate (m
air

) 
required to provide of W

net
= 300 kW is less. �e exergy 

destruction in the air compressor and air turbine increases 
with increasing π

c
, while the exergy destruction in the air 

heater decreases. However, at the same time, the exergy 
losses to the environment with �ue gases increase.

To �nd the optimal system parameters correspond-
ing to the minimum total costs, for convenience, we will 
use a graphical tool for the thermoeconomic optimization 
(method of constructing C-curves) [20].

�e idea of analysis with the help of C-curves for many 
years remained only an idea, an illustrative material for 

Figure 5. �e exergy �ow diagram of the RATC system.

Figure 6. �e dependence of exergy destruction in the main RATC system elements and losses on π
c
 at (а) T

3
 = 850°C and 

(b) T
3
 = 700°C.
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the variable parameter T
3
 (Figure 7), and then the variable 

parameter π
c
 (Figure 8) serve as a kind of navigator when 

searching for the optimal version of the RATC system.
As a result, the agreed optimum can be found in Figure 

8 using the linear relationship between changes in Z
tot

(x) 
and E x E xD

tot
loss
tot( ) + ( )( ):

 ∆ ∆Z x E x E xtot
D
tot

loss
tot( ) = ( ) + ( )( )tanα  (32)

where the variable parameter (x) is π
c
.

Drawing tangents to the arc of choice, as shown in Figure 
8, we obtain the minimum values of Ztot and E ED

tot
loss
tot+( ). 

From point A, obtained at the intersection of these tangents, 
we draw a straight line at an angle α to the vertical. At the 
intersection of this line with the arc of choice, we �nd the 
agreed optimum (point B). Drawing a horizontal line from 
point B to a vertical tangent, we get point C. �us, the seg-
ment CB in Figure 8 corresponds to the ΔZtot(x) value, and 
the segment AC corresponds to the ∆ E x E xD

tot
loss
tot( ) + ( )( ) 

value (see Equation 32). 
Accordingly, the tangent of angle α of a right-angled tri-

angle ABC is:

 tanα =
CB

AC
 (33)

To determine the value of the angle α, we proposed 
using Equation 30 to write α as:

 tanα
τ

= oper in

r

c

a

ɶ

 (34)

�e cost of the RATC system inlet exergy (cost of fuel)
c~

in
 in USD/(kW·h) was calculated as follows:

 ɶ

ɶ

c
c

Qin

sf

L

=
3600

1000

1  (35)

where c~
SF

 is the cost of standard fuel, which today in the 
world is approximately 48 USD/t.

Under the given conditions, if we take, for example, 
natural gas as a fuel, the price of which is calculated by 
Equation 35 as c~

in
 = 0.00345 USD/(kW·h), and τ

oper
 = 8,000 

h, then using Equation 34, α = 27.648 was calculated, which 
corresponds to the angle α = 88°. Forming this angle α in 
Figure 8, we can see that the agreed optimum (point B) cor-
responds to the RATC system operating at π

copt
 = 2.1, which 

is therefore the best option.
�us, at the given fuel cost, the choice should be made 

in favor of the RATC system with lower exergy destruction 
and losses but more expensive capital cost. However, if the 
cost of fuel is less, for example, when burning municipal 
solid waste, then the angle α, respectively, will be smaller. 
�is will lead to the choice of the RATC system with a lower 
capital cost, but with greater exergy destruction and losses 
in the system.

Figure 9 shows the dependences of the exergy destruc-
tion in RATC system some elements depending on their 
capital cost with varying π

c
 and at the given values of W

net
= 

300 kW and T
3 
= 850°С.

Figure 9 (b) shows that exergy destruction in the 
boiler decrease with increasing π

c
, while the boiler capital 

cost increases. �ere is no contradiction in this, since the 
more e�cient the system element, the more expensive it 
is. However, with the presented combination of thermody-
namic and mass characteristics of the RATC system, with 
an increase in the exergy destruction in the air turbine and 
air compressor, their capital cost also increases (Figure 9 (a) 
and (b)). �is is due to the fact that although an increase 
in π

c 
leads to a decrease in mass �ow rate of the air turbine 

upstream air (m
air

) (Figure 3), it also leads to an increase in 
compressor outlet air pressure (P

2
) and air turbine upstream 

air pressure (P
3
). In equations 20 and 24, increasing P

2
 and 

P
3
 has a greater e�ect on increasing the air compressor and 

Figure 7. �e dependence of (E
D
tot(x) + Etot

loss
(x)) on Ztot(x).

Figure 8. Choosing the best option of the RATC system 
with the air turbine net power of 300 kW.
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turbine capital costs than decreasing m
air

 has an e�ect on 
decreasing them.

DISCUSSION OF THE RESULTS OF 

THERMOECONOMIC OPTIMIZATION OF THE 

RATS SYSTEM

�e possibility of using the structural-variant method 
in combination with the graphical apparatus of C-curves 
for pre-design analysis and thermoeconomic optimization 
of the regenerative air turbine cogeneration (RATC) system 
is shown. �is made it possible to choose the optimal oper-
ating and design parameters of the RATC system in terms 
of exergy and economic indicators.

Each variable operating mode parameter of the RATC 
system serves as a kind of navigator when searching for 
the optimal system parameters, which is accompanied by 
graphic visualization. �erefore, the proposed approach 
makes the optimization of the system being designed con-
venient and clear.

On the other hand, due to lack of data, the problem 
of the capital cost of the air turbine operating at air tem-
peratures from 700°C to 850°C remained unconsidered. In 
this work, Equation 24 was used, obtained for the capital 
cost of gas turbines, the cost of which varies in the range 
of USD 400-600 per kW depending on the manufacturer. 
However, when designing an air turbine operating at lower 
temperatures of the working substance, it is possible to use 
cheaper materials and not use a cooling system. �is may 
signi�cantly (∼30%) reduce its cost. �is problem can be 
the subject of further research.

But, despite the fact that the determination of the capital 
cost of the air turbine can be a disputable issue and requires 
clari�cation, this does not reduce the practical value of the 
presented approach.

�e area of practical application of the structural-variant 
method of thermoeconomic optimization using C-curves 
is not limited only to cogeneration systems. �e proposed 
approach can be used in the optimal design of various types 
of thermal transformers [20] and other energy-technologi-
cal systems [24–26].

CONCLUSION

�e concept of optimization of operating and design 
parameters of the regenerative air turbine cogeneration 
(RATC) system is proposed.

To determine the energy e�ciency indicators of the 
RATC system with the air turbine net power of 300 kW, 
its thermodynamic analysis was performed. �e follow-
ing parameters were chosen to be variable: the compressor 
ratio (π

c
) in the range from 1.8 to 2.7 and the air turbine 

upstream air temperature (T
3
) in the range from 700°C to 

850°C.
It has been shown that an increase in T

3
 leads to an 

increase in both the electrical and total e�ciency of the 
RATC system while decreasing total capital cost of the 
system. �is is due to the fact that with an increase in T

3
, 

the mass air �ow rate of the air turbine upstream air (m
air

) 
decreases at the same air turbine net power. With decreas-
ing m

air
, the capital cost of RATC system elements and losses 

with �ue gases decreases. Decreasing π
c
 also increases the 

total e�ciency and decreases the total capital cost of the 
system. However, the main product of the cogeneration 
system is electricity, which has a greater exergy value than 
heat. And in order to increase the electrical e�ciency of the 
system, on the contrary, a choice should be made in favor 
of increasing π

c
.

�erefore, on the basis of the data obtained during the 
thermodynamic analysis, exergy destruction and losses in 

Figure 9. �e dependence of the exergy destruction in the (a) air turbine, (b) air compressor and boiler of the RATC sys-
tem with the air turbine net power of 300 kW at T

3
 = 850°С on the capital cost of these elements.
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the main system elements were calculated. �en, using the 
structural-variant method in combination with the graph-
ical apparatus of C-curves, the pre-project thermoeco-
nomic optimization of the RATC system was performed. 
As the determining factors in choosing the optimal vari-
ant of the RATC system parameters in terms of exergy and 
economic indicators, we chose the total e�ciency of the 
system, the system total capital cost , as well as the operat-
ing costs and exergy destruction and losses in the main 
system elements.

As a result of the pre-project thermo-economic optimi-
zation of the RATC system with the air turbine net power 
of 300 kW, the following optimal mode variable parameters 
were chosen: the compressor ratio (π

c
) is 2.1 and the air tur-

bine upstream temperature (T
3
) is 850°С. �ese parameters 

provide the compromise decision between the economic 
and exergy parameters of the RATC system. In this case, 
the RATC system heat output (Q

HE
) is 167 kW.

�e purpose of further research will be a deep element-
by-element thermoeconomic analysis of the RATC system 
with the choice of its optimal design characteristics.

NOMENCLATURE 

A Surface area, m2

a
r
 Recoverable amount ratio

b
~

 Cost of maintenance, USD
c

p
 Speci�c isobaric heat capacity, kJ/(kgK)

c~
in

  Cost factor of the system inlet primary �ow 
(cost of fuel), USD(kW h)

c̃
sf
 Cost of standard fuel, USD/t

E Exergy �ow, kW
E

D
 Exergy destruction, kW 

E
loss

 Exergy losses, kW
i Speci�c enthalpy, kJ⁄(kg)
k Isentropic exponent
m Mass �ow rate, kg⁄s
n System service life, year
p Pressure, Pa
Ṗ  Generalized loss coe�cient for the �ow 

pressure
Q Heat output, kW
Q

L
 Lower heat of fuel combustion, kJ/(kg)

R Universal gas constant, J/(mol K)
r Discount factor
T Temperature, oC
T
–

ln
 Mean logarithmic temperature head, oC

W Power, kW
x Variable parameter
Z Capital cost, USD

Greek symbols
η E�ciency
Ξ

tot
 Total costs, USD

π
c
 Compressor ratio

τ
oper

 Operating time, h

Subscripts
0 Refers to environment
1 Refers to air at air compressor inlet
2 Refers to air at air compressor outlet
3 Refers to air turbine upstream air
4 Refers to air at boiler inlet
5 Refers to �ue gas at air heater inlet
6 Refers to �ue gas at air heater outlet
7 Refers to air at heat exchanger inlet
8 Refers to air at heat exchanger outlet
9 Refers to water at heat exchanger inlet
10 Refers to water at heat exchanger outlet
AH Air heater
air Air
b Boiler
CD Air compressor drive
compr Air compressor
EG Electric generator
el Electrical
f Fuel
fg Flue gas
HE Heat exchanger
in Inlet
ind Indicated
mech Mechanical
net Net power
out Outlet
tot Total
turb Air turbine
wtr Water
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