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Abstract

In this paper is performed energy and exergy analysis of waste heat recovery closed-cycle gas turbine
system. Analyzed system can use waste heat from various main propulsors (gas turbines or internal
combustion engines). Basically, the observed system operates by using CO,, what was the baseline
for the analysis. It is investigated did the observed system, while retaining the same configuration,
can operate with different operating mediums instead of CO,. Other observed operating mediums
were Air and Helium. During the change in operating medium, pressures and temperatures in some
system operating points cannot remain the same as in the process with CO,, but the intention was to
perform only the necessary changes (to ensure proper operation of each system component). Obtained
results show that the system, while retaining the same configuration, can operate by using different
operating mediums. Energy analysis of the system shows that the whole configuration is composed to
operate with CO,, because the whole system energy efficiency is much higher than in operation with
Air or Helium. The energy efficiency of the whole system during operation with CO, is 87.68%, with
Air is 58.39% and operation with Helium gives energy efficiency of 49.25%. Exergy analysis of the
observed system shows that the system has a good potential to operate with other mediums, because
in any observed situation exergy efficiency of the whole system was higher than 50%. In this analysis
the highest exergy efficiency of the whole system was obtained during operation with Air (57.76%).
In the observed system, low-temperature regenerator and main turbo-compressor are detected as
components which are highly influenced by the change of operating medium. Therefore, these two
components should be a baseline for further improvements and system optimization.

Keywords: waste heat recovery, closed-cycle gas turbine, various operating mediums, energy analysis,
exergy analysis
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1. Introduction

One of the most important topics, in the field of marine engineering, is reducing
harmful emissions from the ships and environmental protection [1-3]. Many researchers
and scientists give a wide range of proposals how the required goals can be achieved
[4, 5]. Also, it should be taken into account that the legislation in this field is each year,
more and more rigorous [6, 7].

The most important goal in the ship emissions reducing is how exhaust gasses
from the main propulsors can be effectively used [8]. As the main propulsors can be
internal combustion engines (single fuel or dual-fuel) [9, 10], steam turbines [11, 12],
gas turbines (and gas turbine combination with other propulsors) [13-15] or any other,
there exist a wide range of temperatures and pressures available in the exhaust gases (as
well as amount of heat) which can be used or transferred to another type of energy [16].

Many researchers agree that one of the possible solutions for effective usage of
heat from exhaust gases (waste heat) is the application of closed-cycle gas turbines
which transfer waste heat to electrical energy [17]. In the literature, there can be found
several examples and the analyses of such systems [18, 19]. It should be highlighted
that the dominant operating medium used in such systems, especially for the marine
applications, is CO, [20-22]. Closed-cycle marine gas turbines which operates by
using CO, are proved to be reliable, safe and adequately efficient, what means that the
dominant part of waste heat can be transferred into the electrical energy [23].

In the land-based applications, closed-cycle gas turbine operation offers many
benefits (along with several challenges) [24]. There are a lot of examples how closed-
cycle gas turbine power plants can be effective and applicable in many regions and
countries [25]. Therefore, there is no reason to believe that the closed-cycle gas turbine
systems cannot be effective in marine applications in general, regardless of used
operating medium.

The used techniques for the analysis of marine waste heat recovery closed-cycle
gas turbine system in this paper are energy and exergy analyses. Both of the mentioned
analyses are used in many research papers for the investigation of various power plants
[26-28], a set of components from power plants [29, 30] or individual components
[31-33]. The major advantage of these analyses is that they do not require any details
about the component inner structure, they require only the knowledge of operating
medium flows to and from each component (along with used or produced mechanical
power) [34-36]. Such analyses are very useful in determining components which did
not show good/acceptable performance and which should be improved (or replaced)
[37, 38]. The final goal of such analyses is to present possibilities of any system to
achieve its optimal performance.

From the literature review related to marine waste heat recovery closed-cycle
gas turbine systems arises a few questions. Is the existing marine waste heat recovery
closed-cycle gas turbine system capable for operation with any other medium instead
of CO,? Can the system configuration remain the same regardless of used operating
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medium? Did the change in operating medium require significant change of pressure
and temperature in all (or almost all) system operating points? Can other operating
mediums result with better overall performance of the existing waste heat recovery
closed-cycle gas turbine system?

The research presented in this paper offers answers to these questions. In this
research is taken one existing waste heat recovery closed-cycle gas turbine system
which basically operates by using CO,. While retaining the same system configuration,
it is investigated possibilities of implementing two other operating mediums (Air
and Helium) instead of CO,. It was analyzed which changes in operating medium
temperatures and pressures should be performed throughout observed system (in
comparison to operation with CO,). For all the observed variants it is performed
energy and exergy analyses of the whole system and each of its components. Obtained
conclusions and results can be a guideline for future research and improvement of
such systems.

2. Description and operating characteristics of the analyzed waste heat
recovery closed-cycle gas turbine system

Analyzed waste heat recovery closed-cycle gas turbine system is presented in
Figure 1. Regardless of the operating medium using for its operation, the operating
principle is always the same.

The Heat Recovery Heat Exchanger (HRHE) is a dominant heater in this system
inside which operating medium is heated to the highest possible temperature by
using exhaust gasses from the main marine propulsion system (gas turbine or internal
combustion engine). Example of similar marine heat exchanger and its analysis can
be found in [39].

Operating medium after HRHE has the highest possible temperature and is
delivered to the gas turbine. The gas turbine is only mechanical power producer in the
analyzed system and mechanical power is produced due to operating medium expansion
through the turbine. The gas turbine is connected by the same shaft with both turbo-
compressors (Main Turbo-Compressor — MTC and Recompression Turbo-Compressor
— RTC) as well as with Electrical Generator (EG). A part of mechanical power
produced in the gas turbine is used for the MTC and RTC drive (turbo-compressors
are mechanical power consumers), while the remaining mechanical power produced
in the turbine (useful power) is applied for the EG drive. The principle of mechanical
power distribution is the same for closed-cycle and open-cycle gas turbines which
drives any power consumer [40, 41].

After expansion in the turbine, operating medium still has a high enough
temperature, which can be used somewhere in the process for the heating purposes.
Therefore, after the turbine, operating medium passes through HTR (High-Temperature
Regenerator) and LTR (Low-Temperature Regenerator) in which occurs heat transfer
from hotter to colder operating medium, Figure 1.
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After the heat transfer in HTR and LTR, operating medium with decreased
temperature is delivered to flow splitter. The dominant part of operating medium mass
flow rate from the flow splitter is delivered to cooler (in which occur additional cooling
before compression in the MTC), while the remaining mass flow rate from the flow
splitter is delivered directly to RTC (without additional cooling before RTC). In the
cooler occurs heat transfer from main operating medium to cooling operating medium
(it can be used any cooling operating medium).

MTC and RTC increase operating medium pressure and after both turbo-
compressors operating medium has similar (almost identical) pressure. After pressure
increase in the MTC, operating medium is heated in LTR and delivered to flow merger,
while after the RTC operating medium is delivered directly to flow merger (without
additional heating). Flow merger collects two operating medium streams (from both
turbo-compressors) and cumulative operating medium mass flow rate after flow merger
passes through HTR. It should be noted that all flow streams delivered to and released
from the flow merger (operating points 9, 10 and 11 — Figure 1) have identical (or
almost identical) temperatures and pressures, regardless of used operating medium.
After additional heating in HTR, operating medium is delivered to HRHE and the
whole process is continuously repeated.

The structure of waste heat recovery closed-cycle gas turbine system analyzed in
this paper is presented in [42] where the operating medium was CO,. In this paper will
be analyzed can this process operate with some other operating medium instead of CO,,
without changing of process structure. It should be highlighted that introducing any other
operating medium (instead of CO,) will require changes of at least several temperatures
in some operating points presented in Figure 1 (in comparison to process with CO,).
This change is required to ensure proper operation of each system component. Also,
in this paper will not be investigated applicability of any other operating medium in
the observed process in practice, but it should be highlighted that certain changes and
modifications should be performed to allow operation of this process with any other
operating medium. The aim of this paper is to investigate application possibility and
consequences on the efficiencies and losses of each component and the whole system
by using other operating mediums (instead of CO,), without further research about
modifications which should be applied in real application.

Also, it should be highlighted that the majority of operating mediums which can
be used in the analyzed waste heat recovery closed-cycle gas turbine system requires
additional tanks for adding or removing operating medium mass flow rate to or from
the process presented in Figure 1. Along with tanks, additional compressors or turbo-
compressors will also be necessary for the compression of operating medium on the
pressure in flow splitter. Only if the Air is used as an operating medium, the additional
tanks will not be required (Air will be taken directly from the atmosphere), but the
additional compressor or turbo-compressor will still be required. Described additional
subsystems were not analyzed in this paper.
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Along with the presented, in the literature can be found examples of several other
waste heat recovery closed-cycle gas turbine systems for marine applications [43,
44]. Tts dominant function is in the most of the cases, additional mechanical power
production from the exhaust gases.

-+ Q4
exhaust COOLER Y
gasinlet | | 5 flow
splitter 4
13 F 9
6 1
=
é RTC shaft
9
14 3
1 VAVAVAN VAVAVA
exhaust Il]/‘ 11
gas outlet LTR flow HTR
12 . merger [
Legend:

HRHE = Heat Recovery Heat Exchanger; MTC = Main Turbo-Compressor;
RTC = Recompression Turbo-Compressor; EG = Electrical Generator;
LTR = Low-Temperature Regenerator; HTR = High-Temperature Regenerator

Figure I - General scheme of the observed waste heat recovery closed-cycle gas
turbine system along with operating points required for the analyses

3. Equations for the energy and exergy analyses
3.1. General equations and balances

In the energy and exergy analyses of any system or a component, a few overall
equations and balances must always be satisfied [45, 46]. The energy analysis is defined
according to the first law of thermodynamics, which means that it is not dependable
on the ambient conditions in which analyzed system or a component operates [47, 48].
As opposed to energy analysis, exergy analysis is defined according to the second law
of thermodynamics and such analysis is notably influenced by the conditions of the
ambient inside which observed system or a component operates [49, 50]. Therefore,
in any exergy analysis a base ambient state (ambient temperature and pressure) for the
calculations must be defined [51].
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Overall energy and exergy balance equations, according to the literature [52-54]
are:

Qin +Pn+2X Enin = Qout + Poye + 2 Enouta (D
Xh+Pin +ZE:xin =P0ut+ZExout+ExD- )

Along with overall energy and exergy balance equations, general definition of
energy or exergy efficiency, according to [55], can be presented by using an equation:

3

cumulative energy (exergy) output

Men (ex) =

cumulative energy (exergy) input *

It should be stated that Eq. 3 can be arranged much differently, regarding of
operation characteristics and specifications of the system or a component [56, 57]. The
fourth important general equation is mass flow rate balance [58]:

> My = > Mout- “4)

In the most of the cases, in the energy or exergy analyses of any system or a
component it is assumed that mass flow rate leakage of any operating medium stream
did not occur. However, in the literature can also be found approaches which take into
consideration mass flow rate leakage [59], especially in situations when leakage has
an important influence on component operation.

In the equations above, Q is an energy transfer by heat, P is mechanical power and
r1 is operating medium mass flow rate. Furthermore, subscript in denotes input (inlet),
subscript out denotes output (outlet), while subscript D denotes destruction (loss). X;,
is an exergy transfer by heat at the temperature 7, which can be calculated, according
to literature [60], as:

X=2(1-9-0. (5)

En is a total energy flow and Ex is a total exergy flow (both are related to any
observed operating medium stream). Both of these variables are defined by the equations
found in [61, 62]:

En=1m-h, (6)
Ex =m-e¢. @)

In Eq. 6, / is operating medium specific enthalpy, while & from Eq. 7 is operating
medium specific exergy defined according to [63] as:

g =(h—hy) =Ty (s—sp). (®)
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In Eq. 8, s is operating medium specific entropy while subscript 0 is related to
the state of the ambient inside which observed system or a component operates. Eq. 2
and Eq. 8 proves that the ambient state notably influences the entire exergy analysis.

3.2. Equations for the calculation of energy and exergy destruction (loss) and
efficiencies of each component and whole waste heat recovery system

In this subsection are presented equations for the energy and exergy destruction
(loss) and efficiency calculation of the whole observed waste heat recovery closed-cycle
gas turbine system and each of its components. It should be noted that all the equations
shown in this subsection are valid for the observed system, regardless which operating
medium is used. All the presented equations are based on the overall equations and
balances from the previous subsection and on the recommendations from the literature
[64-66].

In Table 1 are presented equations for the energy destruction (energy loss) and
energy efficiency calculation of all heat exchangers from the observed system and it
is explained how the same equations will be obtained in the exergy analysis. All the
equations are based on the transmitted and received heat of each operating medium
stream.

Table 1 — Equations for the energy destruction (energy loss) and energy efficiency
calculation of all heat exchangers from the observed waste heat recovery closed-cycle
gas turbine system

Component* Energy destruction®* Eq. Energy efficiency** Eq.
En =Engs + En, —En
HRHE . DHRHE 2 O | NenpruE = —————— | (12)
Enlz _En14_En1 En13—ETl14
EnDLTR=E'n + Enm_Eng
LTR .o > (10) | MenrmR = =——=— | (13)
EnS—Enlo_En4 Eng_En4
Enpyrr = Eng + Eny, — Eng,
HTR S ()| Menurr=———7— [ (14
Enll_Enlz_En3 Enz_En3

* Operating point numeration is performed according to markings from Figure 1.

** Exergy destruction (exergy loss) and exergy efficiency for each heat exchanger are calculated
while using the same equations, by replacing total energy flow (En) with the total exergy flow
(Ex) of each operating medium stream and by replacing energy efficiency (ne) with exergy
efficiency (1ex) of each heat exchanger:
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The observed system contains two turbo-compressors (MTC and RTC) which
are mechanical power consumers as well as one gas turbine which is the mechanical
power producer. Energy analysis of mechanical power producer and consumers is
based on the comparison of its real (polytropic) and ideal (isentropic) compression and
expansion processes, as presented in Figure 2, according to [67]. Mechanical power
consumers consume more mechanical power during real compression processes (in
comparison to the ideal ones), while turbine produces more mechanical power in the
ideal expansion process (in comparison to the real one) [68]. Operating points in Figure
2 are in accordance to operating point markings from Figure 1. In the exergy analysis
of MTC, RTC and gas turbine only the real (polytropic) compression and expansion
processes are taken into consideration [69].

Ideal (isentropic) compression l [ Ideal (isentropic) expansion
Real (polytropic) Real (polytropic)
compression expansion

MTC RTC TURBINE

Figure 2 - Specific enthalpy — specific entropy (h-s) diagrams for the energy analysis
of MTC, RTC and TURBINE

The equations for calculating used (turbo-compressors) and produced mechanical
power (turbine) in ideal (isentropic) and real (polytropic) compression and expansion
processes are presented in Table 2. Used and produced mechanical power (ideal and
real) is also one of the essential elements for energy and exergy destructions (losses)
and efficiency calculation of each turbo-compressor and turbine. Any mass flow rate
leakage in the turbo-compressors or the turbine is neglected. Additionally, in Table 2
are presented equations for the calculation of useful mechanical power (in the ideal
and real process).
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Table 2 - Equations for real (polytropic), ideal (isentropic) and useful mechanical
power calculation

Component* Mechanical power (real) Eq. Mechanical power (ideal) Eq.

MTC Pyrcre = My - (hg — hy) | (15) | Purcia = My - (hgis — hy) | (19)

RTC Prrcre = Tg " (hg = he) | (16) | Prrciq = e - (hois — he) (20)

TURBINE | Pryrgre = M1 - (hy —hy) | (17) | Prursjia = My * (hy — hais) | (21)

Pyseru,re = PrurBre — PyseruLid = Prursid —

USEFUL 18
Purcre — Prrcre (18) Pyreid — Prrcia

(22)

* Operating point numeration is performed according to markings from Figure 1 and Figure 2.

Equations for the energy and exergy destruction (loss) and efficiency calculation
of all turbo-compressors and the turbine from the observed system are presented in
Table 3. All these equations presented in Table 3 are developed according to guidelines
from the literature [70, 71].

Table 3 - Equations for the energy and exergy destruction (loss) and efficiency
calculation of all turbo-compressors and the turbine from the observed system

Component* Energy destruction Eq. Energy efficiency Eq.
i _ Purcia
MTC Enpmrc = Purcre = Purcia | (23)|  Menmrc = 5 (26)
MTC,re
. _ Prrcia
RTC Enprrc = Prrcre — PrrCid 24| Menrrc =3 27
RTC,re
. _ Pryrpre
TURBINE | Empryre = Prursid ~ Prursre |(25)| TenTurB = 5 ——— |(28)
TURB,id
Component* Exergy destruction Eq. Exergy efficiency Eq.
. . . EXS - EX7
MTC Expwmrc = Ex7 + Purcre — EXg |(29)| Nexmrc = B (32)
MTC,re
. . . EXQ - EXG
RTC Exprrc = EXg + Prrcre = EXg |(30)| Nexrrc = o |3
RTC,re
. : ~ _ Prurgre
TURBINE | Exprurg = EX1 — Prurpre = EX2|B1) | NexTur = 57— & |34
Exy — Ex,

* Operating point numeration is performed according to markings from Figure 1 and Figure 2.
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Additionally, it should be stated that the equations for energy and exergy analyses
of cooler in which the operating medium is cooled before compression in MTC are
not presented. For the cooler is assumed always the same energy efficiency (equal to
98%), what is in accordance with the literature [72, 73], regardless of used operating
medium (operating points 5 and 7, Figure 1) and regardless of used cooling medium
(operating points 15 and 16, Figure 1).

For the flow splitter is assumed that the pressure and temperature of each operating
medium stream at the splitter inlet and outlet are the same (the differences occur only
in operating medium mass flow rates). The same assumption is also adopted for flow
merger, Figure 1. Additionally, for the flow splitter is considered that 65% of inlet
operating medium mass flow rate is delivered to the MTC (operating point 5, Figure 1),
while 35% of inlet operating medium mass flow rate is delivered to the RTC (operating
point 6, Figure 1). All mentioned assumptions related to flow splitter and flow merger
are valid regardless of considered operating medium.

Calculation of energy and exergy destruction (loss) and efficiency for the whole
observed system require definition of system boundaries. System boundaries of the
whole system, presented in Figure 3, allows defining total energy and total exergy
flow (Eq. 6 and Eq. 7) of each operating medium stream which enter and exit from
the system.

For the whole observed system, inlet operating medium streams are exhaust gas
at the HRHE inlet and cooling medium at the cooler inlet (operating points 13 and
15, Figure 1 and Figure 3), while outlet operating medium streams are exhaust gas at
the HRHE outlet and cooling medium at the cooler outlet (operating points 14 and 16,
Figure 1 and Figure 3). Additionally, outlet stream for the whole observed system is
useful mechanical power, calculated by using Eq. 18.
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Boundaries required for defining energy
and exergy analysis parameters of the
whole system

exhaust
gas inlet

13

/

HRHE
-

14“

exhaust
gas outlet

-
-y
h‘-—-"’

Figure 3 - Boundaries required for the energy and exergy destruction (loss) and
efficiency calculation of the whole observed system

Equations for the energy destruction (energy loss) and energy efficiency calculation
of the whole observed system are presented in Table 4. Also, under the Table 4 is
explained how the same equations will be obtained for the whole system exergy
analysis.
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Table 4 - Equations for the energy destruction (energy loss) and energy efficiency
calculation of the whole observed waste heat recovery closed-cycle gas turbine system

- Whole system (WS)** Eq.
Ener . . . . .

destructgizn* Enpws = Enyz + Engs — Engg — Engg — Pysgrurre (3%)
Energy _ PUSEFUL,I‘G

! = - : . : 36

efficiency™ Tlen,ws Engz + Engs — Engy — Engg (6)

* Operating point numeration is performed according to markings from Figure 1.

** Exergy destruction (exergy loss) and exergy efficiency for the whole system are calculated
while using the same equations, by replacing total energy flow (En) with the total exergy flow
(Ex) of each operating medium stream and by replacing energy efficiency (fe,) with exergy

efficiency (Nex)-

4. Thermodynamic parameters of waste heat recovery closed-cycle gas
turbine system for every used operating medium

The configuration of analyzed system (Figure 1) and its main operating parameters
(temperature, pressure and mass flow rate in each operating point from Figure 1) when
the system operates with CO, are found in [42].

In this research the intention was to investigate did the closed-cycle gas turbine
system of the same configuration can operate with other operating mediums instead
of CO,. There is no discussion that temperatures and/or pressures in several operating
points from Figure 1 must be changed when any new operating medium is applied (to
ensure proper operation of each component). However, the changes will be kept on
the lowest possible level.

Therefore, it is mathematically investigated possibilities of the operating medium
change, it is not investigated all the details and changes which will surely be required
in practical implementation of some other operating medium.

Along with CO,, two other selected operating mediums as a possible replacement
in the analyzed system (while remaining the same system configuration) were Air and
Helium. All three selected operating mediums are incorporated in NIST-REFPROP 9.0
software [74], which require two thermodynamic properties in each operating point
to calculate all the others.

As stated before, in the energy analysis is not required definition of the ambient
state in which observed system and its components operate, but such definition
is essential in the exergy analysis [75]. Selected base ambient state for which are
calculated specific exergies in each operating point from Figure 1, for each observed
operating medium, is ambient pressure of 1 bar and ambient temperature of 25 °C. It
should be noted that the base ambient state can be selected arbitrarily, but in this paper
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it is selected according to recommendations from [76].

The general thermodynamic properties of observed operating mediums for the
analyzed closed-cycle gas turbine system (CO,, Air and Helium) is found in NIST-
REFPROP 9.0 software and presented in Table 5.

Table 5 — General thermodynamic properties of CO,, Air and Helium used in this
analysis

CO, Air Helium
Molar mass (kg/kmol) 44.01 28.965 4.0026
Triple point temperature (°C) -56.558 2134 -270.97
Acentric factor (-) 0.22394 0.0335 -0.385
Temperature (°C) 30.978 -140.62 -267.95
Critical point Pressure (bar) 73.773 37.86 2.276
Density (kg/m®) 467.6 342.68 72.567

Along with CO,, Air and Helium, in the calculations were also used exhaust
gases (for HRHE operation), and cooling mediums in cooler (water and nitrogen).
General thermodynamic properties of all these mediums were not presented in this
paper (it is presented properties only in operating points from Figure 1 related to these
mediums), but it should be stated that all the required properties of all used mediums
are incorporated in NIST-REFPROP 9.0 software and directly used for the calculations.

Properties of CO, in each operating point of the analyzed system are presented
in Table 6 (base system). It should be noted that CO, mass flow rates, temperatures
and pressures in each operating point are taken from [42], while specific enthalpies,
specific entropies and specific exergies are calculated by using NIST-REFPROP 9.0
software. The same applies for exhaust gas and water.
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Table 6 - Properties of CO; in each operating point of the analyzed system*

0. | Opcrating | Mt | Temperatre | prese | L |l | iy
KIkg) | (kIkgK) | (k/kg)
1 CO, 57.00 435.00 174.70 896.27 2.5856 436.26
2 CO, 57.00 343.40 75.50 803.04 2.6026 337.94
3 CO, 57.00 184.40 74.70 623.97 2.2688 258.42
4 CO, 57.00 72.50 74.00 486.48 1.9236 223.84
5 CO, 37.05 72.50 74.00 486.48 1.9236 223.84
6 CO, 19.95 72.50 74.00 486.48 1.9236 223.84
7 Co, 37.05 29.98 72.10 304.38 1.3429 214.87
8 CO, 37.05 62.00 180.00 336.26 1.3901 232.69
9 CO, 19.95 158.90 178.20 546.80 1.9519 27571
10 CO, 37.05 158.90 178.20 546.80 1.9519 275.71
1 CO, 57.00 158.90 178.20 546.80 1.9519 275.71
12 CO, 57.00 294.90 176.40 725.83 2.3155 346.34
13 | Exhaustgas | 54.70 490.00 1.01 908.08 4.8528 194.88
14 | Exhaustgas | 54.70 319.90 1.01 726.12 4.5832 93.28
15 Water 55.00 25.00 2.00 105.01 0.3672 0.10
16 Water 55.00 53.76 1.90 225.23 0.7521 5.54
2IS CO, 57.00 334.25 75.50 792.62 2.5856 332.60
8IS CO, 37.05 56.25 180.00 320.29 1.3429 231.08
9IS CO, 19.95 150.99 178.20 534.68 1.9236 272.03

* Properties of CO, are dominantly taken from [42]. Minor changes are applied to ensure an
increase in specific entropy during compression and expansion processes. Ideal (isentropic)
processes (operating points 21S, 81S and 91S) are calculated by using NIST-REFPROP 9.0
software [74].

** 0. P. = Operating Point (in accordance with Figure 1 and Figure 3).

During replacement of CO, with Air or Helium, several guidelines were followed:
- Exhaust gas mass flow rate, temperature and pressure at the HRHE inlet and
outlet (operating points 13 and 14, Figure 1) remains always the same, regardless
of the used operating medium in closed-cycle gas turbine system.
- Mass flow rates of Air and Helium at the HRHE inlet and outlet (operating
points 12 and 1, Figure 1) were calculated by using HRHE energy and exergy
balance equations. In other system operating points, Air and Helium mass flow
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rates are calculated by following previously described procedure (Subsection
3.2).

- In each operating point from Figure 1, pressures of the Air and Helium remains
identical to CO, pressures.

- Temperatures of Air and Helium in several operating points from Figure 1 were
changed (in comparison to CO, temperatures), to ensure proper operation of
each component from the observed system.

- In the cooler, the selected cooling medium is Nitrogen with increased pressure
(in comparison to water), when the closed-cycle operating medium was Air or
Helium.

- Cooler energy efficiency remains always the same and equal to 98%.

- When the observed system operates with Air or Helium, specific enthalpies,
specific entropies and specific exergies in each operating point are calculated
using NIST-REFPROP 9.0 software.

- System configuration remains always the same.

The selection of Air and Helium as a replacement for CO, was not arbitrarily.
According to the literature, both of selected operating mediums are good candidates
which can commonly be used in closed-cycle gas turbine processes [77].

As stated before, in this paper is analyzed the main part of closed-cycle gas turbine
system. The subsystem which involves operating medium tanks and compressors (or
turbo-compressors) for delivering operating medium to (or from) the flow splitter is
not analyzed. In the situation when Air is used as an operating medium in the closed-
cycle gas turbine system, mentioned subsystem will have only compressor or turbo-
compressor, additional tanks for operating medium will not be required because Air
can be taken directly from the atmosphere. This fact can save space and make the
presented system simpler than usual.

Helium has several advantages in comparison to other operating mediums
commonly used for the operation of closed-cycle gas turbines [78]. Also, some land-
based closed-cycle gas turbine power plants nowadays successfully operate by using
Helium [79, 80]. As CO,, Helium will also require additional tanks and compressors
(or turbo-compressors) in the subsystem. Therefore, Helium is surely operating medium
worth for consideration and CO, replacement in the observed system.

All finally obtained thermodynamic data in each operating point of the observed
system when CO, is replaced with Air are presented in Table 7, while data of the
observed system when it operate by using Helium are presented in Table 8.
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Table 7 - Properties of Air in each operating point of the analyzed system

. Mass Specific Specific | Specific
0. P.* Onl::;?ltll:lg flow rate Temi)oeé;lture Pl;)s:;l)re enthalpy entropy | exergy
(kg/s) (kd/kg) | (kJ/kgK) | (kJ/kg)
1 Air 62.59 435.00 174.70 853.06 3.2800 608.80
2 Air 62.59 304.71 75.50 709.29 3.3080 456.66
3 Air 62.59 184.40 74.70 581.23 3.0627 401.74
4 Air 62.59 72.50 74.00 461.38 2.7649 370.68
5 Air 40.69 72.50 74.00 461.38 2.7649 370.68
6 Air 21.91 72.50 74.00 461.38 2.7649 370.68
7 Air 40.69 -20.00 72.10 357.42 24215 369.12
8 Air 40.69 61.06 180.00 436.13 2.4300 445.28
9 Air 21.91 179.00 178.20 571.19 2.7798 476.04
10 Air 40.69 179.00 178.20 571.19 2.7798 476.04
1 Air 62.59 179.00 178.20 571.19 2.7798 476.04
12 Air 62.59 294.90 176.40 698.82 3.0343 527.79
13 Exhaust gas | 54.70 490.00 1.01 908.08 4.8528 194.88
14 Exhaust gas | 54.70 319.90 1.01 726.12 4.5832 93.28
15 Nitrogen 50.00 -28.00 5.00 252.74 6.1533 147.98
16 Nitrogen 50.00 51.01 4.90 335.64 6.4524 141.69
2IS Air 62.59 289.76 75.50 693.31 3.2800 449.04
8IS Air 40.69 58.70 180.00 433.30 24215 444.99
9IS Air 21.91 172.96 178.20 564.48 2.7649 473.78

* 0. P. = Operating Point (in accordance with Figure 1 and Figure 3).
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Table 8 - Properties of Helium in each operating point of the analyzed system

0.P* Oper‘tlting Mass flow Tempoerature Pressure eSnI;leglflia cy ES:II: ;::g; Sel:;f_;ﬁ;
medium rate (kg/s) (°C) (bar) (Jkg) | (I/ke'K) | (ki/kg)
1 Helium 9.55 435.00 17470 | 3735.10 | 21.8120 | 4036.40
2 Helium 9.55 254.32 75.50 2767.78 | 22.0200 | 3007.00
3 Helium 9.55 207.00 74.70 2521.90 | 21.5540 | 2900.00
4 Helium 9.55 55.00 74.00 1732.60 | 19.5980 | 2694.10
5 Helium 6.21 55.00 74.00 1732.60 | 19.5980 | 2694.10
6 Helium 3.34 55.00 74.00 1732.60 | 19.5980 | 2694.10
7 Helium 6.21 -50.00 72.10 1186.30 | 17.6470 | 2729.30
8 Helium 6.21 50.00 180.00 | 1740.00 | 17.6810 | 3272.90
9 Helium 3.34 195.00 17820 | 2491.70 | 19.6250 | 3445.10
10 Helium 6.21 195.00 17820 | 2491.70 | 19.6250 | 3445.10
1 Helium 9.55 195.00 17820 | 2491.70 | 19.6250 | 3445.10
12 Helium 9.55 240.00 176.40 | 2724.50 | 20.1220 | 3529.70
13 | Exhaust gas 54.70 490.00 1.01 908.08 4.8528 194.88
14 | Exhaust gas 54.70 319.90 1.01 726.12 4.5832 93.28
15 Nitrogen 35.00 -60.00 5.00 218.98 6.0057 158.22
16 Nitrogen 35.00 30.32 4.90 313.97 6.3833 140.62
2IS Helium 9.55 233.62 75.50 2660.3 21.812 | 2961.50
8IS Helium 6.21 47.91 180.00 1729.1 17.647 | 3272.10
9IS Helium 3.34 192.59 178.20 2479.3 19.598 | 3440.60

* 0. P. = Operating Point (in accordance with Figure 1 and Figure 3).

5. Results and discussion

Real (polytropic) mechanical power developed by the turbine, used by MTC and
RTC, and finally useful mechanical power of the whole system for all three observed
operating mediums (CO,, Air and Helium) are presented in Figure 4.

Developed mechanical power by a turbine, using operating parameters presented
in Table 6, Table 7 and Table 8 will be the highest if the observed system operates
with Helium, while CO, as an operating medium gives the lowest mechanical power
developed by the turbine. Air as an operating medium resulted with developed
mechanical power slightly lower than in situation when the Helium is used, but
significantly higher in comparison to CO,.
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Both turbo-compressors (MTC as well as RTC) consumes much higher mechanical
power if the operating medium is Air or Helium (in comparison to CO;). The highest
mechanical power consumption of both turbo-compressors occurs if the Helium is used.

Useful mechanical power, which will be applied for the EG drive is the highest
when the observed system operates with Air (3391.38 kW). Using a Helium as an
operating medium results with useful mechanical power equal to 3264.67 kW, while
the useful mechanical power will be the lowest when the observed system operates
with CO,.

It can be concluded that if the observed system use Air or Helium instead of CO,,
the result will be a notable increase of both produced and consumed mechanical power,
what will finally lead to very similar useful mechanical power for the EG drive (as in
the situation when CO, is used).
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Figure 4 - Developed (TURBINE), used (MTC and RTC) and useful mechanical
power of the system for three observed operating mediums

Energy destruction (energy loss) of all the components, as well as of the whole
observed system during operation with each of three observed operating mediums is
presented in Figure 5.

HRHE has the lowest energy destruction during operation with CO,, while
operation with Air and Helium result with identical energy destructions, which are
higher than in operation with CO,. HTR has the lowest energy destruction during
operation with CO, and the highest energy destruction during operation with Helium.

When observing energy destruction of both turbo-compressors (MTC and RTC),
the highest energy destruction can be observed in operation with CO, and the lowest
energy destruction can be seen during operation with Helium. Energy destruction of
the turbine increases while replacing CO, with Air or Helium (the highest energy
destruction of the turbine can be noted during operation with Helium).

Energy destruction of a LTR and the whole system notably increase by replacing
CO, with Air, while replacing CO, with Helium result with an even higher increase
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in energy destruction of a LTR and WS (in comparison to Air). Therefore, it is clear
that LTR is the component which is dominantly influenced with operating medium
replacement.

From Figure 5 can be finally concluded that replacement of CO, with Air or
Helium increases energy destruction of all heat exchangers (the dominant change can be
seen in a LTR), of the turbine, as well as of the whole system. Both turbo-compressors
will operate with lower energy destruction during such replacement. Furthermore,
replacement of operating medium in the observed system, without the change of its
structure, will increase overall system energy destruction (energy loss). Comparison of
operation with Air and Helium shows notably higher energy destruction of the whole
system during operation with Helium.
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Figure 5 — Energy destructions (energy losses) of the components and the whole
system for three observed operating mediums

In the scientific and professional literature can be found a general conclusion that
energy destruction and energy efficiency of a system and its components are reverse
proportional [81, 82]. The same conclusion is also valid for the system analyzed in
this paper when considering all three operating mediums. The only component which
deviates from mentioned general conclusion is gas turbine which energy efficiency
remains almost identical (around 90%), regardless of used operating medium, Figure 6.
For the same component (gas turbine), from Figure 5 can be seen that energy destruction
strongly differs, what depends on the selected operating medium.

Energy efficiency of HRHE, for all observed operating mediums, is around 97%
(the highest HRHE energy efficiency of 97.61% can be observed when the system
operates with CO,). HTR has energy efficiency very close to 100% when the system
operates with CO, and Air, while HTR energy efficiency is slightly lower (94.68%)
when the system operates with Helium.

Energy efficiency of LTR notably decreases when CO, is replaced with Air (from
99.54% to 73.25%) and even higher decrease in LTR energy efficiency occurs during
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CO; replacement with Helium (from 99.54% to 61.90%). Both energy destruction and
efficiency shows degradation of LTR performance when CQO; is replaced with Air or
Helium.

The energy efficiency of both turbo-compressors (MTC and RTC) increases when
the system uses Air instead of CO,, while using Helium gives even higher energy
efficiencies of both turbo-compressors. It should be noted that MTC has a very low
energy efficiency during operation with CO,, what can be a result of inaccuracies during
measurements of temperature and pressure, or can be a reason for MTC maintenance
(and possible replacement) in a short time period.

Energy efficiency of whole observed system shows that the best performance
(system energy efficiency of 87.68%) is obtained when the system uses CO, as operating
medium. This is an expected fact, because this system is basically constructed to operate
with CO,. A change of operating medium results with a decrease in whole system energy
efficiency, which is equal to 58.39% when the operating medium is Air and 49.25%
when the operating medium is Helium.

110
D e 9954 sean| omes 9389 9837 | O0CO: @Air SHelium |
100 A M Koo O S
= 090 |- 1 " =
z i
Z 80 I
) i
= i
?i 70 B | B0 RISSS NN R B R — i
T & 839
Z 60 H
& % 49.25
40 : i i é I
HTR MTC RTC TURBINE WS

Figure 6 — Energy efficiencies of the components and the whole system for three
observed operating mediums

Exergy destructions of the whole observed system and all of its components for
three analyzed operating mediums are presented in Figure 7.

From Figure 7 can be concluded that change in operating medium has the same
trend for HRHE, LTR, turbine and the whole system — exergy destructions of mentioned
components and the whole system increases during operating medium change. For
all the mentioned components and the whole system, exergy destructions are higher
for Air (in comparison to CO,), while for Helium is visible further increase in exergy
destructions (in comparison to Air).

HTR exergy destruction decreases if CO, is replaced with Air or Helium. Also,

for HTR is valid that the lowest exergy destruction is obtained during the operation
with Air.
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Both turbo-compressors (MTC and RTC) show the same trend when CO; is
replaced with Air and Helium. MTC and RTC have the highest exergy destruction
when operating with CO,. Replacing of CO, with Air reduces exergy destructions of
both turbo-compressors, while replacing CO, with Helium will result with the lowest
exergy destructions of both turbo-compressors.

Comparison of Figure 5 and Figure 7 (comparison of energy and exergy
destructions) shows the same trend for almost all the components and for the whole
system during operating medium replacement. HTR is the only component which
did not follow the same trend during operating medium replacement (HTR energy
destruction is the lowest, but exergy destruction is the highest during operation with
COy).
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Figure 7 — Exergy destructions (exergy losses) of the components and the whole
system for three observed operating mediums

Exergy efficiencies of the components and the whole analyzed system for three
observed operating mediums are presented in Figure 8. As in energy analysis, in exergy
analysis is also valid general conclusion that exergy destruction and exergy efficiency
are reverse proportional. This fact is proved for the most of the components, but the
same conclusion is not valid for the whole system. The whole system exergy destruction
is the lowest when the system operates by using CO, (Figure 7), but the highest exergy
efficiency of the whole system is obtained during the operation with Air (57.76%, Figure
8). The whole system has the highest exergy destruction during operation with Helium
as well as the lowest exergy efficiency of 52.88%. In base operation with CO,, the whole
system has exergy efficiency equal to 55.72%. Regardless of used operating medium,
it can be stated that exergy efficiency of the analyzed waste heat recovery closed-cycle
gas turbine system is high enough for practical implementation.

Operating medium replacement from CO, to Air and finally to Helium results
with a continuous decrease in exergy efficiency of HRHE, LTR and gas turbine, while
the same replacement resulted with continuous increase in exergy efficiency of both
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turbo-compressors, Figure 8. HTR has the highest exergy efficiency when the system
operates by using Air (94.23%).

From Figure 8 can be concluded that the LTR operation by using Helium and
MTC operation by using CO, resulted with a low exergy efficiency of both components,
therefore the performance optimization (for LTR) and maintenance or replacing (for
MTC) are obviously required.

In comparison to energy analysis, many components of the observed system show
the same trends also in exergy analysis, but the most important conclusion from the
exergy analysis is that the presented system (Figure 1) can adequately operate with
other operating mediums (not only with CO,). As the energy analysis, exergy analysis
also shows several components which performance should be improved to obtain
optimal operation.
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Figure 8 — Exergy efficiencies of the components and the whole system for three
observed operating mediums

Further research of the presented and analyzed system can and will be performed
in several different ways. Firstly, it will be investigated improvement possibilities for
each system component when the system configuration remains the same (as presented
in Figure 1). After that, it will be investigated different system configurations with an
aim to find an optimal one for each operating medium. All of newly obtained system
configurations will be optimized by using various conventional [83, 84] and artificial
intelligence methods and techniques, which show its potential not only in marine
applications [85, 86], but also in energy systems [87], medical applications [88, 89],
robotics [90], in predicting trends of global (or local) diseases [91-93], etc.
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6. Conclusions

This paper presents energy and exergy analyses of waste heat recovery closed-
cycle gas turbine system while running by using different operating mediums. The base
operating medium was CO,, while the additionally investigated was Air and Helium. The
main goal was to retain system configuration and perform as small as possible change
of pressure and temperature in certain system operating points during the change in
operating medium. Analysis of the whole system and all of its constituent components,
while running on different operating mediums, lead to several interesting conclusions:

- It is possible to change closed-cycle gas turbine operating medium while
retaining the same system configuration and with minor changes of temperatures
in a certain operating points (to ensure proper operation of each component).

- Energy analysis of the whole system shows that the system is designed to operate
by using CO,, because in that situation its energy efficiency is the highest (equal
to 87.68%). The operating medium change resulted with significant decrease of
whole system energy efficiency.

- Exergy analysis of the whole system shows that all of the observed operating
mediums (CO,, Air, Helium) can be a good candidates for a system operation
because obtained exergy efficiency of the whole system, regardless of used
operating medium, is higher than 50%. The highest system exergy efficiency is
obtained by using the Air (5§7.76%).

- During the change in operating medium, low-temperature regenerator (LTR) is
a component which efficiencies (both energy and exergy) notably decrease, so
this component should be a baseline for the future improvements.

- Main turbo-compressor (MTC) is a component which operates with very low
efficiencies in a base system (while using CO,). Therefore, this component in
the presented system requires improvement or reparation. Operation with other
operating mediums show that the improvement potential of MTC is significant.

Finally, it should be highlighted once again that operating medium change of
waste heat recovery closed-cycle gas turbine system will surely require several changes
and minor modifications of the system in practical implementation. The practical
implementation of the operating medium change is not investigated in this paper, but
it is proved that in such system a different operating medium can be introduced without
significant system modifications (while retaining the system configuration).
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