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Synopsis 

 
Typically, shipboard gas turbine exhibits higher exhaust temperatures (ranging from about 4500C at around 25% load, 

up to around 5750C at the rated load) as compared to their diesel engine equivalent, which implies that a higher amount of useful 

thermal energy vents out through its exhaust. The thermal exergy contained in a typical LM2500 exhaust can be tapped to 

generate additional power by thermodynamically inter-connecting a supercritical CO2 based bottoming power cycle. This 

research article therefore presents investigations of Energy-Exergy-Economic & Environment (4E) performance analyses of 

supercritical carbon dioxide regenerative waste heat recovery (bottoming cycle) power cycle thermodynamically coupled with 

LM2500 gas turbines (topping cycle) onboard a typical frigate class platform to improve overall plant efficiency and produce 

additional power. A range of 100% to 10% load has been considered since onboard naval ships, gas turbines scarcely operate at 

100% power (only around 1-2% of the entire life) while because of the parabolic nature of the propeller (load) curve, fleet speeds 

between 12 to 16 knots are achieved with GTs running around 40 % (8.8 MW) or lower of their rated power (22 MW). With the 

proposed integration, significant improvement (~ 11%) in both energy & exergy efficiency of the shipboard GT is accruable, 

besides an additional power increment of around 4.8 MW (~ 22% of the GT rated power) without any extra fuel and carbon 

emissions. With the novel energy recovery system, ship can achieve additional range (26490 nm) and additional endurance 

(almost 69 days-at-sea) per year. In addition, the fleets can save significant carbon emissions of 4100 (ton-[CO2]/yr/ship) at 60% 

relative GT load, besides earning carbon-credits worth about USD 61501 at 60% relative GT load per ship annually. 

 

Keywords: Energy-Exergy-Economic-Environment (4E); Supercritical CO2; LM2500 gas turbines; Bottoming cycle; Frigate; 
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1. Introduction 

 

The gas turbines are known for their inherent advantages viz., higher power density, compactness, low 

weight, quick start-up, low noise, and modularity as compared to the diesel engine in the power generation field. 

However, the gas turbines are also associated with relatively lower rated as well as part-load efficiencies resulting in 

higher fuel consumption and operating costs. Advanced measures such as design modifications, advanced 

aerodynamics, novel materials, advanced blade cooling and fabrication techniques besides, cycle efficiency 

improvement processes such as re-heating, inter-cooling, regeneration, isothermal heat addition and/or their 

combinations (Kaushik et al. 2003, 2017, Tyagi et al. 2005, 2006, 2008, Frost et al.1997, Göktun and Yavuz 1999) 

have resulted in modern GTs that can withstand higher inlet turbine temperature (approaching 1800 0C) and rated-

load energy efficiency of around 40 percent or above. Another approach for further improving the efficiency is 

through integrating an external exhaust-waste-heat-recovery system, which apart from significantly improving 

efficiency also retains inherent advantages associated with modern gas turbines (Pierobonet al. 2014, Baldi and 

Gabrielii 2015, Singh and Pedersen 2016). 

 

Further, for a typical open-cycle gas turbines, the exhaust gas characteristics at both rated and higher part-loads 

are relatively more favourable for waste heat recovery owing to higher temperature of exhaust (>400 0C), quantity of 

heat (MW-scale) and quality of heat (Medium-to-high grade), as compared to conventional diesel engines 

(Harrington1992). The shipboard gas turbines exhaust gases having temperature range at ~ 430 to 570 0C or ~ 700 to 

840 K can be considered as the medium grade energy source which if recycled, will not only generate additional 

power output, cooling or heating but would also serve as Infra-Red-Suppression-System (IRSS) to reduce the infra-

red (IR) signatures of modern gas turbines. The steam cycles, though efficient and well proven, have extensive space 

and weight implications and are, therefore usually configured for the land based WHR applications, and particularly 

with plant capacity above 120 MW (Moroz et al.2015), whereas relatively newer options such as organic Rankine 

cycle (ORC) based systems, though compact, are however, effective only for medium to low grade energy sources 

(up to about 300 0C) (Sarkar 2018). Carbon Dioxide (CO2) is a stable, non-toxic, non-flammable, nil-ODP, 

minimum-GWP and natural working fluid having low critical point (30.980C and 73.8 bar) and high critical density 

(468 kg/m3) as compared to conventional steam (373.950C and 220.6 bar, critical density=322 kg/m3) (Feher1968, 

Angelino1969). Some advantages of regenerative Brayton cycles (RBC) employing supercritical CO2 (SC-CO2) over 

conventional working fluids like steam or helium or air are reported in literature (Dostal  et al.2004, Sarkar2009, 

Neises and Turchi2014, Ahn et al.2015, Zhao et al.2015, Crespi et al.2017, Kimet al.2017) as: (a) greater power 

density (b) higher average heat input temperature (c) compactness of heat exchangers and the turbo-machinery 

(almost 10 times more compact) (d) up to 30% higher efficiency for energy recovery (e) higher heat transfer (f) 

lower leakage rates (g) simpler designs (h) cost effectiveness and (i) reduced footprint & overall weight. Sharma et 

al. (2017) investigated thermodynamic aspects of energy recovery system using regenerative-recompression 

(RRCBC) variant; while Akbari and Akbari and Mahmoudi(2017) studied SC-CO2 based co-generation system. 

Thermodynamic analysis and optimisation of performance of RBC and RRCBC variants of SC-CO2 cycles for WHR 

from modern gas turbine were investigated (Hou et al.2017, Cheng et al.2017, Khadse et al.2018) and reported them 

to be about 28% more economical than conventional steam cycle, improved part-load performance at an optimum 

pressure ratio. A novel SC-CO2 cycles based system is reported to also help ships significantly boost the power 

output (by ~18%) as well as their installed cooling capacity (by ~892 TR) Manjunath et al.(2018). 

 

Thermodynamic performance analyses of a WHR based power generation system was presented by Butcher & 

Reddy (2007) while analyses of supercritical CO2 power (Brayton) cycle (RBC) was presented by Persichilli et 

al.(2012) and Kacludis et al.(2012)whereas Wright et al.(2016) investigated its thermo-economic performance. 

Energy & exergy based thermo-economic analyses of Brayton closed-loop power system was presented in a 

systematic manner(Moran et al.2010, Cenjel et al.2011) with the application of simulation tools such as Klein 

(2008), which employs new equation of state for CO2(Span and Wagner(1996).Various combined cycle systems 

based on CO2 as the working fluid for the bottoming cycle for energy recovery from gas turbines in an offshore oil 

and gas installation have been studied by Walnum et al.(2013), Nord and Bolland(2013) and Zhang et al.(2016). 

Recently, a novel concept comprising of hybrid combined cycle power plant (CCPP) based on GE LM6000 GT 

(topping cycle) with energy storage was presented by Herrmann et al. (1992). Unlike energy analyses, the exergy 

analyses, in addition to the exergy balance, also accounts for entropy generation, and exergy destruction or 



irreversibility associated in a system (Kotas 2012, Bejan 2002, Dincer and Zamfirescua 2014). This paper, therefore 

investigates the 4E performance of supercritical CO2 based bottoming cycle for typical gas turbine in a frigate class 

ship using typical operating parameters and exhaust gas emission profile data of typical marine gas turbines 

available in the literature (Sharma et al.2017, GE website 2018).  

 

 

2. System Description and Analysis 

 

The proposed shipboard WHRS with Carbon Dioxide (SC-CO2) Regenerative Brayton Cycle (RBC) 

contains five prime components namely, supercritical CO2 turbine and compressor, regenerator, precooler and heat 

recovery heat exchanger (HRHE) as shown in Figure 1. 

 

 

Figure 1: Schematic of proposed supercritical CO2 RBC based WHRS for shipboard application. 

 

The hot flue gases of the topping cycle (GE LM2500 aeroderivative gas turbine) enter the HRHE where the 

high enthalpy exhaust gases transfer heat to SC-CO2 (working fluid) of bottoming cycle while the working fluid 

attains a superheated state (state point 1). Thereafter, the superheated SC-CO2 enters the turbine to deliver expansion 

work. The CO2 at the turbine outlet enters the regenerator (hot stream) and transfers the heat to the cold stream 

coming from the compressor and, in turn cools down to state point 3, as illustrated in Figure 1. In the heat sink 

(precooler), the hot stream from the regenerator is further cooled to state point 4 during process 3-4 before its inlet to 

the compressor. The compressor discharge (state point 5) gets heated up to state point 6 in the regenerator and 

subsequently enters the heat source (HRHE) to again reach its superheated state, thereby completing the closed 

cycle. The specifications of shipboard GT considered for this study are taken from the published literature (Sharma 

et al.2017, GE website 2018). 

 

2.1 Assumptions 

A few assumptions for the thermodynamic modelling for 4E analyses of the CO2 based WHRS are as stated 

below: 

• Steady-state steady-flow (SSSF) system. 

• Adiabatic system with a single control volume for each component. 

• Nil variation in the kinetic and the potential energies.  

• Nil CO2 related leakage in the system. 

• Nil heat loss from system pipes to the environment or vice versa. 

• Isentropic efficiency of the turbo machinery is constant.  

• Source (exhaust gas in HRHE) and sink (heat rejection in precooler) are assumed to be non-isothermal. 
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• Exergy of the outgoing streams viz., flue gases from the HRHE and the cooling water from the precooler, 

are not accounted for since they are not utilised further. 

• Temperature of flue gases exiting to the environment in HRHE is ensured to be above the dew point. 

• The dead or reference temperature has been set as 35 0C instead of ISO conditions  

(15 0C), considering the “tropical/ extreme tropical” conditions. 

 

2.2 Pressure Drop in Heat Exchangers 

The pressure drop fraction, 
 ijP  (

  /ij iP P P =   ), where P = (
i jP P− ), can be defined for working fluid 

stream ( i j− ), across various heat exchangers (Kotas 2012): 

The isentropic efficiencies of the turbomachinery are defined as (Kotas 2012): 

( ) ( ), 1 2 1 2  /  isen turbine sh h h h = − −        (1) 

( ) ( ), 5 4 5 4  /  isen compressor sh h h h = − −        (2) 

Where h2s and h5s represent the enthalpy of CO2 corresponding to the state point 2s and 5s, respectively while the 

suffix ‘s’ denotes the isentropic process. 

The effectiveness of the regenerator and HRHE respectively can be expressed as (Dostal 2004): 

( ) ( )2 3 2 5/regen h h h h = − −         (3) 

( ) ( ), , , 6  /  HRHE g in g out g inh h h h = − −        (4) 

where, 5h  is the enthalpy at (T=T5, P=P3) while 6h   is the enthalpy at (T=T6, P=P g, out). Further, the heat capacity of 

the hot streams (2-3) and (gin-gout), in Equations (3) and (4), respectively is assumed to be having the minimum value 

(CMin). 

 

2.3 First-Law Analysis 

For the various heat-exchangers: regenerator, precooler and HRHE, respectively, following expressions 

based on energy balance can be written [3, 5, 41]: 

2 3 6 5     h h h h− = −          (5) 

( ) ( )
2 3 4 , ,CO w w out w inm h h m h h− = −        (6) 

( ) ( )
2 1 6 , ,CO g g in g outm h h m h h− = −        (7) 

where, 
2COm represents CO2 mass flow rate, while wm represents the cooling water (seawater) mass flow rate in 

the Precooler. Further, the expressions based on heat transfer with source and sink (Kotas 2012) are: 

( )
2, 1 6in RBC COQ m h h= −         (8) 

( )
2, 3 4out RBC COQ m h h= −         (9) 

where ,in RBCQ represents the heat transfer rate from exhaust gas (source)to SC-CO2in HRHE during the heating 

process (1-6), and ,out RBCQ  represents the heat transfer rate from SC-CO2 to the cooling water (sink) in Precooler. 

Defining maximum possible rate of energy that can be transferred from the flue gas stream (source) to 

working fluid of RBC (assuming the gas is cooled down till the ambient or dead state) as (Butcher and Reddy 2007): 

( ), ,max , 0,in RBC g g in gQ m h h= −         (10) 

Where h g,in and h0,g  represent enthalpies of flue gases at HRHE inlet and dead state respectively. 

 

The expressions for work delivered by turbine and work consumed by compressor in the bottoming cycle 

can be respectively written as (Kotas 2012): 

( )
2 1 2turbine COW m h h= −          (11)

 



( )
2 5 4compressor COW m h h= −         (12) 

The net work produced by the bottoming cycle can be expressed as (Kotas 2012): 

,net RBC turbine compressorW W W= −         (13) 

The first-law efficiency of bottoming cycle (
,I RBC ), can be expressed as the ratio of useful output to 

input, in terms of the energy flow as (Cengel 2011 et al.) 

, ,/I RBC net in RBCW Q =          (14) 

Similarly, for the combined cycle (TC+RBC), we can express the energy efficiency as 

(Kotas 2012) 

( ), , , ,/I CC net TC net RBC in TCW W Q +=        (15) 

where, ,in TCQ is the rate of heat input (58.7 MW) (Kim et al. 2017) for the topping cycle.  

Since the system involves heat recovery, an efficiency term called heat recovery energetic efficiency  

(
,I HR ) expressed as ratio of actual energy recovery to the maximum possible energy recovery from the gas turbine 

exhaust to the working fluid (Kim et al. 2017) 

, , , ,max/I HR in RBC in RBCQ Q =         (16)  

Further, to signify the energetic performance of WHRS, another term called as system energetic efficiency 

(
,I sys ) can be expressed as ratio of the net work produced and the maximum possible energy recovery rate from 

the gas turbine exhaust (Kim et al. 2017) 

, , , ,max/I sys net RBC in RBCW Q =         (17) 

Equations (16) and (17), when combined yield the following relationship: 

, , ,I sys I RBC I HR  =          (18) 

 

2.4 Second-Law Analysis 

The general expression for exergy flow on specific mass basis is given as (Cengel 2011 et al.) 

( ) ( )0 0 0i i ie h h T s s= − − −         (19)
 

The total exergy input rate from the hot exhaust gases, to the bottoming cycle can be expressed as: 

( ), , 0 ,1 /in RBC in RBC g avgE Q T T= −         (20) 

,g avgT represents the average heat source temperature evaluated in an entropic manner, as follows  

( ) ( ), ,, , ,g in g out g in g outg avg h h sT s= − −        (21) 

The maximum possible rate of exergy that can be transferred from the exhaust gas at state (gin) into the 

WHRS can be defined as 

, ,max ,in RBC g g inE m e=          (22) 

Defining non-dimensional fraction for irreversibility rate (ij) for each component of the cycle as ratio of 

exergy destruction rate across it and total incoming exergy rate, the expressions for various components of the 

bottoming cycle are given as (Cengel 2011 et al.) 

( ) 
2 1 2 ,/turbine CO turbine in RBCi m e e W E= − −       (23) 

( ) 
2 4 ,5   /compressor CO compressor in RBCi m e e W E= − +       (24) 

( ) ( ) 
2 2 3 5 6 ,/regen CO in RBCi m e e e e E = − + −        (25) 

( ) 
2 3 4 ,/precooler CO in RBCi m e e E= −

       (26) 



( ) 
2, 16 ,/HRHE in RBC CO in RBCi E m e e E= + −

      (27) 

Thus, the exergy efficiency (
,II RBC ), which is the key indicator of the exergetic performance can be 

expressed, for the proposed RBC and the combined cycle (CC) as (Kotas 2012, Cengel 2011 et al.) 
6

, , ,

1

  / 1 II RBC net in RBC j RBC

j

W E i
=

= = −        (28) 

( ) ( ), , , , 01 /II CC out TC out RBC in TC HE E Q T T  = + −       (29) 

where ,out TCE and  ,out RBCE  represent the rate of exergy output associated with the TC and the RBC respectively, 

while ,in TCQ and HT represent the rate of energy input and the source temperature for the TC respectively.  

Whereas, exergy-based performance indicators such as heat-recovery-exergetic efficiency (
,II HR ) and 

system-exergetic efficiency (
,II sys ), are expressed as (Kim et al. 2017) 

, , , ,max/II HR in BC in RBCE E =         (30)  

, , , ,max/II sys net RBC in RBCW E =         (31)  

Equations (30) and (31) when combined yield the following relationship: 

, , ,II sys II RBC II HR  =          (32)  

2.5 Economic Analysis 

The key economic performance parameters are the annual fuel savings and the simple payback period. The 

associated assumptions simplifying the model are as follows (Moran and Shapiro 2010) 

• Ship’s average operation-at-sea of 20 days per month. 

• One out of the two marine gas turbines (LM2500) are always connected to meet ship’s propulsion power. 

• Two SC-CO2WHRS (one for each gas turbine) are employed to augment the ship’s propulsion power. 

• Each SC-CO2WHRS has the designed capacity of 5000 [kW]. 

• Average specific fuel consumption of the shipboard gas turbine is approx. 250 [g/kWh] of the GT fuel. 

• Average ship speed is approximately 16 Knots (nautical miles per hour). 

• The cost and the density of the marine grade fuel is around USD 0.95/litre and 830 kg/m3 respectively. 

• The installed cost for the typical SC-CO2 WHRS is around USD 2200 per kW of the power output (Kacludis et 

al. 2012). 

The annual fuel savings, on mass basis (
, _f s RBCm ) can be estimated as the total mass of the fuel saved by 

the WHRS, [ton/yr] and can be expressed as follows: 

( ) 6

, _ _ 10f s RBC net RBC opm SFC W t=                     (33) 

The ship's fuel consumption in [ton/nm], at the average ship speed of V_s [Knots] is given as:  

( )( ) ( )6

, _ _ 10f nm RBC net TC sm SFC W V=                    (34) 

where, SFC  represents the average specific consumption of fuel (g/kWh) of the topping cycle plant, 
,

W
net RBC

represents the network output (kW) from the RBC, while 
opt  is the annual running hours clocked on each gas 

turbine. 

 The net increase in the range (distance covered in nm) and the endurance (days-at-sea) per year accruable 

by the ship with the SC-CO2 WHRS are respectively given as: 

, __ _ ,f s RBCd f nm RBCnm m mE =                       (35) 

( ) ( )( ), __

6

_ 10 24f s RBC net TCd x m SF WE C=                      (36) 

where,
_d nmE and 

_d xE represent the net increase in the annual range i.e., the distance (in nm) covered by the ship 

and the endurance (no. of days-at-sea), respectively. 



The annual fuel savings (
,f sC ) in [USD/year] can be defined as the cost of fuel savings accrued by the 

ship per year and is given by 

( ), _ , _ 1000f s RBC f s RBC f fC m C =            (37) 

where, 
fC  and 

f  are the total cost and the density of fuel consumed by both GTs. The simple payback period  

(
ySPP ) without incentives, in no. of years for the SC-CO2 WHRS can be estimated as: 

_ _ . _y RBC I RBC f s RBCSPP C C=            (38) 

where,
_I RBCC is the total installed cost of the SC-CO2WHRS in USD. 

2.6 Environmental Performance 

The amount of CO2 emissions avoided and the potential carbon credits earned by the ship owing to 

installation of the SC-CO2 WHRS is estimated. The associated assumptions are (Kacludis et al. 2012)  

• GT fuel (LSHSD) approximated as pure cetane (n-dodecane), chemical formula: C16H34 

• Emission factor: the mass of [CO2] emitted per unit power produced by the shipboard GT using 

C16H34  as fuel, is calculated as 0.246 kg [CO2]/kWh 

• Potential Carbon Credits earnings per ton of [CO2] emission avoided is around $15(Wrightet al. 

2016) 

 The annual [CO2] emissions avoided (
 2 ,CO RBC

m ) on mass basis in [ton/yr] can be expressed as  

  ( )
2

,,
1000net RBC opCO RBC f

W tm EF=         (39) 

Where ( )
f

EF is emission factor of fuel (kg [CO2]/kWh), calculated as 0.246 [kg [CO2]/kWh] for a typical GT 

marine diesel fuel. Accordingly, the annual Carbon Credits earned ($) annually by the ship with SC-CO2 WHRS is 

estimated. 

Table 1 Input parameters for supercritical carbon dioxide RBC 

 
Parameter Set value 

Load(% of rated power) on topping gas turbine 100% to 40% 

Flue gas composition Ideal gas air 

Flue gas mass flow rate 63.6 kgs-1 

Flue gas inlet temperature 572 oC 

Flue gas inlet pressure 0.1084 MPa 

RBC turbine inlet temperature 550 oC 

RBC compressor inlet temperature 40 oC 

RBC compressor discharge pressure 20 MPa 

RBC pressure ratio (rp) range  2.0 to 4.0 

PPTD in HRHE (hot side) 22 

PPTD in precooler (hot side) 15 

Cooling water (seawater) inlet temperature 30 0C 

Pressure drop in heat exchangers (%) Nil 

RBC turbine isentropic efficiency (%) 90 

RBC compressor isentropic efficiency (%) 85 

Regenerator effectiveness (%) 86 

HRHE effectiveness (%) 90 

 

 

 

 

 

 



2.7 Simulation and Input Parameters 

The thermodynamic analyses are undertaken by theoretically simulating the in-house developed 

mathematical models using Engineering Equation Solver (EES) software (Klein 2008) which uses Span and 

Wagner’s equation of state (Span and Wagner1996) to determine thermodynamic properties of CO2 at 

various state points. The models search for various state points across the supercritical Carbon Dioxide 

RBC (bottoming cycle) using a set of input parameters defined for proposed supercritical Carbon Dioxide 

based WHRS for marine gas turbines, as shown in Table 1. The assumed set values are based on earlier 

studies on SC-CO2 Brayton cycles in the published literature (Sharma et al. 2017).  Topping cycle loads of 

100% to 40% load have been considered since onboard naval ships, gas turbines operate at 100% power for 

only around 1-2% of the entire life, while because of the parabolic nature of the propeller (load) curve, fleet 

speeds between 12 to 16 knots are achieved with GTs running around 40 % (8.8 MW) or lesser of their 

rated power.                                

 

2.8 Model Validation 

The thermodynamic model for proposed supercritical CO2 based bottoming cycle is validated with the 

published literature as shown in Table 2, which shows reasonable agreement. 

Table 2   Validation of Thermodynamic Model 

Design parameter 
(Dostal et al. 

2004) 

(Neises and Turchi 

2014) 

(Zhao et al. 

2016) 

Turbine inlet temperature 550 0C  650 0C 550 0C 

Compressor inlet temperature 32 0C 50 0C 32 0C 

Cooling water inlet temperature 27 0C 35 0C 15 0C 

Compressor discharge pressure 20 MPa 25 MPa 20 MPa 

Compressor inlet pressure 7.4 MPa 7.4 MPa 7.7 MPa 

RBC Pressure ratio 2.7 3.4 2.6 

Compressor efficiency 89% 89% 89% 

Turbine efficiency 90% 93% 90% 

Regenerator effectiveness 97.5% 97% 90% 

Pressure drop in heat exchangers - - - 

Published literature results 
I = 39.5%* I = 44.6% II = 55.0% 

Present model results  
I  = 39.5%  I  = 43.1% II  = 56.0% 

Deviation (if any) - (-)3% (+)2% 
*As per conservative design of the turbomachinery (Dostal et al. 2004) and 100% Load 

2.9 Optimisation of RBC 

The optimisation of the cycle is undertaken based on the optimum value of its pressure ratio (rp) 

corresponding to the highest exergetic performance. Variation of rp was done in increments of 0.01 bar 

having upper and lower bounds of 40 and 20 bars respectively keeping the maximum pressure (Pmax) 

constant at 200 bar, since high operating pressures would add to the operating cost and design complexity 

of the system. 

 

3. Results and Discussion 

After validation, the RBC based WHRS model was simulated by varying key design variables considering 

the input parameters as defined in Table 1 and various assumptions mentioned in section 2, for detailed 4E 

performance analyses. The salient results obtained along with their physical significance are discussed below. 

 

3.1 Exergy Balance  

In order to account for the exergy, and the exergy destruction or the irreversibility associated within the 

cycle, the SC-CO2 bottoming cycle has been plotted on the T-s and T-e planes as shown below in Figures 2 

and 3 respectively, while the exergy balance sheet indicating various specific exergy flows across the cycle 

and its components is presented below in Table 3. It is seen from Figures. 2 and 3 and Table 3, that the total 

irreversibility rate across the heat-exchangers is substantially higher than that across the turbomachinery.  It 



is found that the precooler, the HRHE and the regenerator altogether contribute more than 80% of the total 

irreversibility rate in the cycle, due to greater heat transfer temperature difference. It is also inferred from 

these results that the most critical system components for design of a modular WHRS for shipboard 

applications, from the exergy destruction perspective are the precooler, the HRHE and the regenerator. 

 

Figure 2: SC-CO2 RBC on temperature-entropy diagram 

 

 

Figure 3:  SC-CO2 RBC on temperature-specific exergy diagram 

 

Table 3   Specific exergy balance for SC-CO2 based WHRS*  
Exergy kJkg-1 % (of exergy 

inlet) 

Exergy 

destruction 

kJk

g-1 

% (of exergy 

inlet) 

% (of total exergy 

destruction 

Exergy inlet to the 

cycle (RBC) 

168.9 100.0 HRHE 18.3 10.9 22.3 

      Precooler 31.9 19.0 39.0 

      Regenerator 16.5 9.8 20.2  

Exergy recovered 

through Turbine 

152.7   Turbine 7.7 4.6 9.5 

Exergy input to 

Compressor  

66.6   Compressor 7.4 4.4 9.0 

Net exergy output 86.1 51.3 Total  81.8 48.7 100.0 
*rp = 3.3 
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3.2 Influence of Critical Point on Thermo-Physical Properties of CO2 

Figure 4 illustrates the behaviour of the CO2 specific heat, in proximity to its critical point and at the key 

temperature and pressure conditions of interest for the proposed WHRS. It is seen that CO2 exhibits sharp 

fluctuations or variations of the specific heat in the critical point region while these variations rapidly 

diminish away when the temperature and pressure conditions have moved sufficiently far away from this 

region. This unique trend of CO2 bears great impact on its thermo-physical and transport properties, for 

example, CO2 has a very high density (around 10.62 mol/l or 467 kg/m3) near the critical point. This feature 

of the SC-CO2 systems could be advantageous in realising highly power dense and efficiently controlled 

energy recovery and power generation systems as compared to the conventional Brayton/ Rankine systems 

(Dostal et al. 2004), making them very suitable for the shipboard applications. 

 

 

Figure 4: Variation of specific heat of CO2 near critical point and at key (T, P) conditions 

 

3.3 Optimization of Cycle Pressure Ratio (rp) 

The influence of pressure ratio (rp) on efficiency and power or work output of the proposed RBC assuming 

the constant turbine entry conditions is shown in Figure 5. As evident from Figure 5, both efficiency and 

power output vary significantly with rp. At the low pressure ratios, both cycle efficiency and work output 

are found to be increasing albeit at different rates, with the rise in the pressure ratio, up to their respective 

optimum pressure ratio value. The cycle efficiency reaches its maxima at a lower value of the optimum 

pressure ratio than the work output. After reaching the respective maxima, both the cycle efficiency and the 

power output decrease albeit at different rates, with further increase in the cycle pressure ratio beyond its 

respective optimum pressure ratio. Further, it is also seen that, prior to attaining the respective maxima, the 

rate of increase in the efficiency is higher than the net work output, while, after attaining the maxima, the 

rate of decrease in the cycle efficiency is significantly higher than the net work output. 

 

Figure5: Effect of pressure ratio on efficiency and power output 
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3.4 Influence of Minimum Cycle Temperature 

Figure 6 presents the influence that the minimum cycle temperature exerts on the cycle efficiency and the 

optimum pressure ratio for RBC. Figure 6 indicates that the cycle efficiency as well as the optimal pressure 

ratio exhibit a drop (almost linear) with increasing compressor inlet temperature values from 320C to 500C. 

The efficiency shows a linear drop with the minimum cycle temperature because of its influence on the 

temperature difference or the temperature lift of RBC. The lift decreases with rise in the minimum cycle 

temperature, and thus causes a linear decrease in the efficiency. It is found that an increase in the 

compressor inlet temperature from 32-500C results in about 7% decrease in the cycle efficiency. 

 

 

Figure 6: Influence of min. cycle temperature on efficiency and optimum-pressure-ratio 

 

Figure 7 shows the influence of the minimum cycle temperature on exergy destruction rate across cycle 

components, at the corresponding optimum-pressure-ratios. It is seen that the effect of minimum cycle 

temperature on the exergy destruction rate is most pronounced (about 30% increase) for the precooler, 

while it is found to be least pronounced for the turbine (nil change) and the compressor (11% increase). 

Further, it is seen that, with the increase in the compressor inlet temperature, the exergy destruction rate in 

the precooler increases significantly. 

 

 

Figure7:  Influence of min. cycle temperature on exergy destruction in components 
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to the critical point and hence involve minimal or negligible specific heat variation of CO2 leading to the 

lower variation in the optimum cycle pressure ratio, due to variation in the TIT. It is further seen from 

Figure. 8 that both efficiencies improve with the surge in the TIT. This particular trend is expected since, 

with the increase in the TIT, the temperature-lift of the cycle increases, leading to increase in the 

underlying thermodynamic efficiency of a Brayton cycle. In other words, with the increase in TIT, the 

energy quality and hence, the availability per unit time per cycle increases, resulting in an increase in the 

exergy efficiency. It is seen that an increase in the TIT from 450-550 0C, resulted in efficiency 

improvement of about 13 %. 

 

Figure 9 presents the effects due to TIT on irreversibility of different components of the RBC.  It is seen 

from Figure. 9 that the influence of TIT on the irreversibility is most pronounced for the HRHE (about 26% 

decrease) followed by the precooler (about 19% increase) and the regenerator (about 19% increase), while 

it is found to be the least pronounced for the turbine (about 4% decrease) followed by the compressor 

(about 10% increase). 

 

 

Figure 8:  Influence of max. cycle temperature on efficiency and optimum-pressure-ratio 

 

 

Figure 9:  Influence of max. cycle temperature on irreversibility across components 
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maximum cycle temperature (T1) range (372-552 0C), by varying the PPTD across the HRHE. Figure 10 

indicates that, cycle efficiency shows almost direct relationship with T1. This particular trend is expected 
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and the temperature-lift, resulting in improved cycle efficiency. 

 

450 470 490 510 530 550
25

30

35

40

45

50

55

2.6

2.8

3

3.2

3.4

Maximum cycle temperature (oC)

E
ff

ic
ie

n
c
y
 (

%
)

O
p
tim

u
m

 P
re

s
s
u
re

 ra
tio

Energy efficiencyEnergy efficiency

Exergy efficiencyExergy efficiency

Pressure ratioPressure ratio

RBC

450 470 490 510 530 550
0

5

10

15

20

25

Ir
re

v
e
rs

ib
il
it

y
 (

%
)

HRHEHRHE CompressorCompressor Pre-coolerPre-cooler RegeneratorRegenerator TurbineTurbine

Maximum cycle temperature (oC)

RBC



 

Figure 10: Influence of max. cycle temperature (T1) on system and WHR efficiency 

 

Whereas, as seen from Figure 10, the WHR efficiency shows a reverse trend i.e., it significantly decreases 

with the rise in the TIT. This particular trend is attributable to the fact that, with an increase in TIT the 

preheating of CO2 across the regenerator improves, which in turn, adversely affects the energy transfer rate 

across the HRHE. It is also found from the simulation results that the system efficiency reaches maxima at 

a TIT of around 3920C (665 K), where
, ,46.8%, 34.2%II BC II sys = = , and

, 58%I WHR = . 

 

3.7 Energy-Exergy-Economic-Environment (4E) Performance 

The energy, exergy, economic & environment (4E) performance analyses results for  

SC-CO2 RBC under various operating load conditions onboard a typical frigate is presented in Table 4. 

 

4. Conclusions 

 

In this article, the authors have attempted to integrate a compact supercritical CO2 regenerative Brayton 

cycle with a shipboard GT (LM2500: topping cycle) for efficient and effective energy recovery from its exhaust to 

improve the overall plant efficiency and produce additional power for the ship. The 4E performance of the novel 

energy recovery system has been investigated for a shipboard platform. The following are the salient conclusions: - 

• The most critical components for design of modular SC-CO2 based WHRS for shipboard application, from 

the exergy destruction perspective are the heat exchangers namely, precooler, HRHE and regenerator. 

• The cycle performance is less sensitive to maximum cycle temperature than minimum cycle temperature. 

• Substantial improvement (about 11 %) in overall efficiency of the shipboard GT plant is feasible through the 

integration of shipboard GT with proposed WHRS.  

• With the proposed WHRS, augmentation of shipboard shaft power of around 4.8 MW, equivalent to 23.3 % 

of the GT rated power, without any additional fuel, is found to be feasible at 100% load condition.  

• It is seen that, at maximum relative GT load operation, the ship can accrue extra range of around 22565 nm 

per year and endurance of around 60 days-at-sea per year. 

• The annual carbon emissions savings varies from 5821 (ton-[CO2]/year) at 100% relative GT load to 4100 

(ton-[CO2]/year) at 60% relative GT load. 

• The annual carbon credits earnings vary from USD 87313 at 100% relative GT load to about USD 61501 at 

60% relative gas turbine load.  

• The simple payback period for the system is found to vary from 3.1 years at 100% relative GT load to 3.8 

years at 60% relative GT load. 

The future-ready warship designs support the multi-mission roles and the intense high power electric weapon 

systems which warrant effective & dependable propulsion technologies with high power density such as Gas 

Turbines and Fully/ Integrated Electric propulsion & power generation systems. Integrating these with such compact 

novel WHR systems ensures significant improvement in ship’s overall energy efficiency design index including gas 

turbine’s part-load performance resulting in an additional endurance, range, and proportionate reduction in the fleet 
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operating cost. In addition, superior environmental performance also ensures sustainability and ship’s compliance to 

the stringent IMO norms of the future. 

 

Table 4    4E performance results 
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Nomenclature 

A area (m2) Greek letters 

BC bottoming cycle   effectiveness (%) 

C  cost ($)   efficiency (%) 

C  cost per year P  pressure drop (kPa) 

pC  isobaric specific heat (kJ.kg-1.K-1) T
lm


 

LMTD (K) 

CO2 Carbon Dioxide 
 ijP  relative pressure drop fraction 

e  specific exergy(kJ.kg-1)   density 

E  endurance of ship (nm or days-at-sea) Subscripts and superscripts 

E  exergy rate (kW) avg  average 

( )
f

EF  emission factor of fuel (kg- [CO2]kW-1h-1) CC  combined cycle (TC+RBC) 

FTT finite-time thermodynamics 2
CO  carbon dioxide (working fluid) 

GT gas turbine d  design condition 

h  specific enthalpy (kJ.kg-1) f  fuel 

HRHE heat recovery heat exchanger fs  fuel savings 

Relative Load / 

Performance Parameter 

(%) 100 (*) 87 73 60 

,p optr  (-) 3.12 3.03 2.94 2.83 

UA  (kJ/K) 161.1 155.0 147.7 139.3 

,I RBC  
(%) 31.6 30.9 30.3 29.5 

,II RBC  
(%) 54.4 54.2 53.9 53.6 

,I TC  
(%) 33.6 32.5 31.1 29.5 

,II TC  
(%) 45.8 44.2 42.3 40.1 

,I CC  
(%) 41.9 40.7 39.4 37.9 

,II CC  
(%) 56.9 55.4 53.6 51.6 

Net Work Output (kW) 4108 3707 3300 2894 

Fuel Savings (USD, Million/year) 7.15 6.69 6.22 5.75 

Extra Range (nm/yr) 22565 23494 24720 26490 

Extra Endurance (days/yr) 58.8 61.2 64.4 69.0 

Simple Payback Period  
Yr 3.1 3.3 3.5 3.8 

Carbon Footprints (Savings) 
(ton-[CO2]/year) 5821 5252 4676 4100 

Carbon Credits (Earnings) 

 
(USD/year) 87313 78786 70145 61501 

*Assuming design point as relative GT load, corresponding to about 80% shipboard GT rated power (16.8 MW). 



ji  non-dimensional irreversibility fraction for the 
thj component 

g  exhaust gas 

IRSS Infra-Red-Suppression-System GT  gas turbine 

I  rate of irreversibility or exergy destruction (kW) H  heat source temperature 

IMO International Maritime Organisation   

load operational load (% of rated power) HR  heat recovery efficiency 

LSHSD low-sulphur-high-speed diesel HRHE  heat-recovery-heat-exchanger 

 
m  flow rate (kg.s-1) I  energy efficiency; installed (cost) 

P pressure (MPa) II  exergy efficiency 

PPTD pinch point temperature difference (0C or K) isen  isentropic 

 Q  rate of energy exchange (kW) i  state points (1 - 6) 

pr  pressure ratio ( max min
p p ) in  inlet  

s  specific entropy (kJ.kg-1.K-1) j  component 
sc  super-critical nm  range or distance in nautical mile 

SFC specific-fuel-consumption (g.kW-1h-1) regen  regenerator 

SPP simple payback period RBC  regenerative Brayton (bottoming) cycle 

t  time (h) RH  relative humidity (%) 

T  temperature (K) RL  relative load (%) 

TC topping cycle net  net or resultant value 

TIT turbine inlet temperature (0C) op  operating or running 

U  heat transfer coefficient (Jm-2K-1) opt  optimum value 

 W  shaft or mechanical work or power, kW out  outlet 

WG water-gauge (pressure) (inch) s  ideal or isentropic 

WHR waste-heat-recovery sys  system  

WHRS waste-heat-recovery-system TC  topping cycle 

4E energy, exergy, economic and environmental 

(analyses) 

w  water 

  WHRS  waste heat recovery system 

  x  no. of days-at-sea 

  y  no. of years 

  1,2,...6  state points 

  0  dead or reference state 
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