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Abstract
In this paper is performed energy analysis of the gas turbine upgraded with heat regenerator. The analysis is performed
by using air and combustion gases operating parameters measured in the real exploitation, therefore all the losses are
considered during calculations (only the mechanical losses which has low influence on the overall energy balance are
neglected). Analysis shows that gas turbine produces 114.21 MW of useful mechanical power, which is used for electrical
generator drive. The highest energy loss (equal to 139.67 MW) and the lowest energy efficiency (equal to 70.61%) are
observed in the combustion chamber. Simultaneously, heat regenerator has the lowest energy loss (9.61 MW) and the
highest energy efficiency (89.58%).
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1. Introduction
In the energy sector nowadays can be found many mechanical power producing machines. Some of the most important
ones are internal combustion engines [1, 2], steam turbines [3, 4], gas turbines [5, 6] or its various combinations [7, 8]. Gas
turbines are used as an independent components or as a part of various complex power plants [9, 10].
Considering gas turbine as an independent component, it can be found many examples where they are used and
analyzed without any possible upgrades (conventional gas turbines). However, conventional gas turbines can be upgraded
with several possible upgrades, which are widely exploited in the literature [11]. Any upgrade results with an increase in
the process overall efficiency.
In this paper is performed energy analysis of gas turbine upgraded with a heat regenerator. It is performed analysis of
the whole process, as well as of each component. During the analysis, only the mechanical losses were neglected, while all
the other losses were taken into account. It is found that, as for conventional gas turbines, combustion chamber generates
the highest energy loss and consequentially has the lowest energy efficiency. Finally, in the paper are presented all energy
flow streams throughout the observed turbine (along with heat losses), at the observed load.

2. Description and operating process of the analyzed gas turbine
The analyzed gas turbine is presented in Figure 1, along with operating points required for the energy analysis.
Turbocompressor increases air pressure and delivers it to the combustion chamber. Before combustion chamber, air is preheated in heat regenerator, what reduces amount of fuel used in the combustion chamber (to obtain the same maximum
process temperature). In the regenerator, air is heated using combustion gasses from the gas turbine. Combustion gases
produced in combustion chamber expand throughout the turbine, after which are delivered to heat regenerator.
Heat regenerator (combustion gases/air heat exchanger) represents an upgrade of the conventional gas turbine process
because it increases process efficiency (by reducing fuel consumption) [12]. Also, heat from combustion gases after the
turbine is not completely wasted as in conventional processes [13]. At the same time, heat regenerator increases process
complexity and notably increases gas turbine mass and volume, what are its the most important disadvantages [14].
One part of cumulative mechanical power produced by the turbine is used for the turbocompressor drive, remaining
mechanical power (called useful mechanical power) is used for the drive of any mechanical power consumer (in this case
that consumer is electrical generator).
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Figure 1 – Scheme of the analyzed gas turbine with a heat regenerator along with operating points (from 1 to 7) required
for the analysis
Temperature-specific entropy (T-s) diagram of the analyzed gas turbine with a heat regenerator is presented in Figure
2. From Figure 2 can be seen that all the losses in the gas turbine process are taken into account. Processes
of turbocompressor and turbine are real (polytropic) ones, pressure losses in the combustion chamber and in the heat
regenerator (air side and combustion gases side) are also evident, as well as pressure loss during combustion gases exhaust
from the process.
With an aim to perform proper energy analysis of entire gas turbine and each of its components, real (polytropic)
processes of turbocompressor and turbine are compared to ideal (isentropic) processes which are marked with black
dashed lines in Figure 2. All operating points presented in Figure 2 are in accordance with Figure 1.

Figure 2 – Temperature-specific entropy (T-s) diagram of the analyzed gas turbine with a heat regenerator

3. Gas turbine energy analysis
3.1. Basic energy balances and equations
Energy analysis did not take into consideration the ambient conditions inside which observed system or a component
operates [15]. Energy analysis is based on the first law of thermodynamics. In energy analysis of any system or a component,
there exists several basic equations, principles and balances which must always be satisfied - they are presented in this
subsection.
Overall energy balance equation, according to the [16], is:

𝑄̇in + 𝑃in + ∑ 𝐸𝑛̇in = 𝑄̇out + 𝑃out + ∑ 𝐸𝑛̇out.

(1)
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̇ is an energy flow stream, while indexes in
In the above equation, 𝑸̇ is heat energy transfer, P is mechanical power, 𝑬𝒏
and out denotes input (inlet) and output (outlet). Any energy flow stream of any fluid (𝐸𝑛̇) can be defined by using equation
[17]:

𝐸̇ 𝑛 = 𝑚̇ ∙ ℎ,

(2)

where 𝑚̇ is a fluid mass flow rate and ℎ is fluid specific enthalpy. In the most of the cases, in the energy analysis of
any system or a component is assumed that the fluid mass flow rate leakage did not occur [18]. Therefore, a valid mass
flow rate balance is:
∑ 𝑚̇in = ∑ 𝑚̇out .

(3)

The general energy efficiency equation is:
𝜂en =

cumulative energy output
cumulative energy input

.

(4)

However, it should be noted that the above definition of energy efficiency is only general, that equation can be
defined much differently, regarding of operating characteristics and specifications of the observed system or a component.

3.2. Equations for the energy analysis of entire turbine and each turbine component
Equations for the energy analysis of entire turbine and each turbine component are defined according to
recommendations from the literature [19-21]. All the markings used in the equations are related to operating points
presented in Figure 1 and Figure 2.
Table 1 show equations for the calculation of ideal and real mechanical power of turbocompressor, turbine and useful
mechanical power. In Table 2 are presented equations for the calculation of each heat amount throughout the observed
gas turbine process. Finally, in Table 3 are presented equations for the calculation of energy loss and energy efficiency of
all observed turbine components.
Table 1 – Equations for the calculation of ideal and real mechanical power
Turbocompressor
Turbine
Useful mechanical power

Real (polytropic)
𝑷𝐓𝐂,𝐫𝐞 = 𝒎̇𝟏 ∙ (𝒉𝟐 − 𝒉𝟏 )
𝑷𝐓𝐓,𝐫𝐞 = 𝒎̇𝟓 ∙ (𝒉𝟓 − 𝒉𝟔 )
𝑷𝐔𝐒,𝐫𝐞 = 𝑷𝐓𝐓,𝐫𝐞 − 𝑷𝐓𝐂,𝐫𝐞

Eq.
(5)
(6)
(7)

Ideal (isentropic)
𝑷𝐓𝐂,𝐢𝐝 = 𝒎̇𝟏 ∙ (𝒉𝟐𝐈𝐒 − 𝒉𝟏 )
𝑷𝐓𝐓,𝐢𝐝 = 𝒎̇𝟓 ∙ (𝒉𝟓 − 𝒉𝟔𝐈𝐒 )
𝑷𝐔𝐒,𝐢𝐝 = 𝑷𝐓𝐓,𝐢𝐝 − 𝑷𝐓𝐂,𝐢𝐝

Eq.
(8)
(9)
(10)

Table 2 – Heat exchange equations
Definition
𝑸̇𝐟𝐮𝐞𝐥,𝐂𝐂 = 𝒎̇𝐟𝐮𝐞𝐥 ∙ 𝑯𝐝,𝐟𝐮𝐞𝐥
𝑸̇𝐚𝐢𝐫,𝐂𝐂 = 𝒎̇𝟓 ∙ 𝒉𝟓 − 𝒎̇𝟑 ∙ 𝒉𝟑
𝑸̇𝐚𝐢𝐫,𝐑𝐄𝐆 = 𝒎̇𝟐 ∙ (𝒉𝟑 − 𝒉𝟐 )
𝑸̇𝐠𝐚𝐬,𝐑𝐄𝐆 = 𝒎̇𝟔 ∙ (𝒉𝟔 − 𝒉𝟕 )
𝑸̇𝐠𝐚𝐬,𝐄𝐍𝐕 = 𝒎̇𝟕 ∙ (𝒉𝟕 − 𝒉𝟏 )

Heat delivered from the fuel
Heat transferred to air in the combustion chamber
Heat transferred to the air in the regenerator
Heat released from combustion gases in the regenerator
Heat released to the environment

Eq.
(11)
(12)
(13)
(14)
(15)

Table 3 – Energy loss and energy efficiency of all turbine components
Energy loss

Eq.

Turbocompressor

𝑬𝒏𝐋,𝐓𝐂 = 𝑷𝐓𝐂,𝐫𝐞 − 𝑷𝐓𝐂,𝐢𝐝

(16)

Turbine

𝑬𝒏𝐋,𝐓𝐓 = 𝑷𝐓𝐓,𝐢𝐝 − 𝑷𝐓𝐓,𝐫𝐞

(17)

Combustion chamber

𝑬𝒏𝐋,𝐂𝐂 = 𝑸̇𝐟𝐮𝐞𝐥,𝐂𝐂 − 𝑸̇𝐚𝐢𝐫,𝐂𝐂

(18)

Heat regenerator

𝑬𝒏𝐋,𝐑𝐄𝐆 = 𝑸̇𝐠𝐚𝐬,𝐑𝐄𝐆 − 𝑸̇𝐚𝐢𝐫,𝐑𝐄𝐆

(19)

Energy efficiency
𝑷𝐓𝐂,𝐢𝐝
𝜼𝐞𝐧,𝐓𝐂 =
𝑷𝐓𝐂,𝐫𝐞
𝑷𝐓𝐓,𝐫𝐞
𝜼𝐞𝐧,𝐓𝐓 =
𝑷𝐓𝐓,𝐢𝐝
𝑸̇𝐚𝐢𝐫,𝐂𝐂
𝜼𝐞𝐧,𝐂𝐂 =
𝑸̇𝐟𝐮𝐞𝐥,𝐂𝐂
𝑸̇𝐚𝐢𝐫,𝐑𝐄𝐆
𝜼𝐞𝐧,𝐑𝐄𝐆 =
𝑸̇𝐠𝐚𝐬,𝐑𝐄𝐆

Eq.
(20)
(21)
(22)
(23)
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4. Thermodynamic parameters of working fluids required for the analysis
Working fluids in the observed gas turbine process are air (operating points 1, 2 and 3) as well as combustion gases
(operating points 5, 6 and 7), Figure 1 and Figure 2. Properties of air are calculated by using NIST-REFPROP 9.0 software
[22] – air is selected as pseudo-pure fluid. Properties of combustion gases are calculated by using equations from the
literature [23]. Calculation of each fluid properties (specific enthalpies and specific entropies) is performed in each
operating point from Figure 1 and Figure 2 by using known pressures, temperatures and mass flow rates of air and
combustion gases from the literature [24]. All of obtained and known properties are presented in Table 4.
It should be highlighted that selected fuel (which is delivered to combustion chamber) is natural gas, which properties
are also presented in Table 4 (operating point 4, as noted in Figure 1). The lower heating value of selected natural gas
(𝐻d,fuel in Equation 11) is equal to 47.1 MJ/kg.
Table 4 – Thermodynamic parameters of working fluids in each operating point

1

26.00

1.013

497.00

Specific
enthalpy
(kJ/kg)
425.44

2IS
2
3
4
5
6IS

274.62
329.87
485.00
26.00
1046.85
524.47

8.611
8.611
8.267
30.000
8.019
1.075

497.00
497.00
497.00
10.09
507.09
507.09

678.58
736.51
902.82
1546.6
945.79

3.8839
3.9846
4.2416
4.8832
4.8832

6
7

588.39
422.03

1.075
1.032

507.09
507.09

1016.5
834.54

4.9684
4.7457

Operating
point*

Temperature
(°C)

Pressure
(bar)

Mass flow
rate (kg/s)

Specific
entropy
(kJ/kg∙K)
3.8839

* Operating point numeration is performed in accordance with Figure 1 and Figure 2

5. Results and discussion
Turbocompressor as a mechanical power consumer will use more mechanical power in real (polytropic) process, equal
to 154.60 MW, in comparison to the ideal one (125.81 MW), due to losses which occurs in the compression process, Figure
3. On the other side, the turbine is mechanical power producer. In the real (polytropic) process, due to expansion losses,
the turbine will produce lower mechanical power in comparison to the ideal (isentropic) process (268.81 MW in comparison
to 304.66 MW). Useful mechanical power produced by the analyzed gas turbine is equal to 114.21 MW. In an ideal situation,
when both turbocompressor and turbine operate through an isentropic process, useful mechanical power produced by the
observed gas turbine will be equal to 178.85 MW. Ideal useful mechanical power cannot be obtained during the real gas
turbine operation, but it can be a guideline for process optimization and efficiency increase.

Figure 3 – Ideal and real mechanical power of turbocompressor, turbine and useful mechanical power
Energy efficiency of the combustion chamber and heat regenerator depends on the amount of exchanged heat, Figure
4. Fuel combustion in the combustion chamber release a heat amount equal to 475.24 MW, while only 335.56 MW of that
heat is transferred to the air. Such difference of released and transferred heat in the combustion chamber denotes notable
heat loss, Figure 4.
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Combustion gases in heat regenerator will transfer 92.27 MW of heat to the air, while the air in the regenerator will
receive 82.66 MW of transferred heat. Regardless of evident differences between transferred and received heat in the heat
regenerator, it can be stated that such difference is not significant – what will result with high energy efficiency of heat
regenerator.

Figure 4 – Heat exchanged in the combustion chamber and in the regenerator
By observing all the components from the analyzed gas turbine process, it can be easily stated that the highest
energy loss is calculated in the combustion chamber (139.67 MW), Figure 5. The turbine has a higher energy loss in
comparison to turbocompressor (35.86 MW in comparison to 28.79 MW), while the lowest energy loss can be detected in
heat regenerator (9.61 MW).
For the observed gas turbine is valid reverse proportionality – component with the lowest energy loss has the
highest energy efficiency and vice versa. Therefore, the highest energy efficiency has heat regenerator (89.58%), while the
lowest energy efficiency has a combustion chamber (70.61%). The turbine has higher energy efficiency in comparison to
turbocompressor (88.23% in comparison to 81.38%), regardless of higher energy loss.
Energy flow streams throughout observed gas turbine process are presented in Figure 6. Energy flow of any
working fluid stream (air and combustion gases) is calculated by using Equation 2 and operating parameters presented in
Table 4. Each mechanical power presented in Figure 6 is obtained in the real (polytropic) process and calculated by using
equations from Table 1. It should be highlighted that all mechanical losses which occurs in the observed process are
neglected, while all the other losses are considered during the calculations. Heat losses of combustion chamber and heat
regenerator, presented in Figure 6, are calculated by using Equations from Table 3.
Regardless of calculation procedure and simplifications incorporated in the calculation procedure, for each
component and for the entire process, overall energy balance equation (Equation 1) must always be satisfied – what is
confirmed in energy flow streams presentation in Figure 6. As expected, the highest energy flow stream, equal to 784.27
MW, is a stream of combustion gases at the turbine inlet.

Figure 5 – Energy efficiency and energy loss of all components from the analyzed gas turbine
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Figure 6 – Energy flow streams throughout the analyzed gas turbine with a heat regenerator
Further research related to the presented gas turbine process will be based on the application of various artificial
intelligence methods, with an aim of the whole process and its components optimization and improvement. Our research
team proved so far that neural networks and genetic programming can have a variety of applications in the energy and
medicine sectors [25-27].

Conclusions
This paper presents an energy analysis of gas turbine, which is upgraded by a heat regenerator. It is analyzed real process
(according to operating parameters measured in the turbine exploitation), so all the losses are considered during the
calculations. Only the mechanical losses are neglected, due to its low influence on the overall energy balance. The most
important conclusions are:
-

-

Useful mechanical power produced by the analyzed gas turbine is equal to 114.21 MW, while in ideal situation useful
mechanical power produced by the observed gas turbine can be equal to 178.85 MW.
The amount of heat transferred in the combustion chamber is several times larger in comparison to heat amount
transferred in heat regenerator.
By taking into account all components from the observed process, it can be concluded that combustion chamber
has the highest energy loss and the lowest energy efficiency (139.67 MW and 70.61%), while heat regenerator has
the lowest energy loss and the highest energy efficiency (9.61 MW and 89.58%).
The turbine has higher energy efficiency in comparison to turbocompressor (88.23% in comparison to 81.38%),
regardless of higher energy loss.
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