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ABSTRACT  
 

The global climate change challenge and the international commitment to reduce carbon emission can be 

addressed by improving energy conversion efficiency and adopting efficient waste heat recovery 

technologies. Supercritical carbon dioxide (s-CO2) cycles that offer a compact footprint and higher cycle 

efficiency are investigated in this study to utilize the waste heat of the exhaust gas from a marine diesel 

engine (Wärtsilä-18V50DF, 17.55 MW). Steady-state models of basic, recuperated and reheated s-CO2 

Brayton cycles are developed and optimised for net work and thermal efficiency in Aspen Plus to simulate 

and compare their performances. Results show that the reheated cycle performs marginally better than the 

recuperated cycle accounting for the highest optimised net work and thermal efficiency. For the reheated 

and recuperated cycle, the optimised net work ranges from 648‒2860 kW and 628–2852 kW respectively, 

while optimised thermal efficiency ranges are 15.2–36.3 % and 14.8–35.6 % respectively. Besides, an energy 

efficiency improvement of 6.3% is achievable when the engine is integrated with an s-CO2 waste heat 

recovery system which is operated by flue gas with a temperature of 373 °C and mass flow rate of 28.2 kg/s, 

compared to the engine without a heat recovery system. 

 

https://journaltool.asme.org/Authors/Author/Paper/148831/History
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1. INTRODUCTION 

The temperature of the earth increased by more than 1 °C since 1880 and two-

third of the temperature increment has been experienced since 1975 with a rate of 

approximately 0.15 ‒0.20 °C per decade [1]. Global warming can cause substantial risks 

for the climate and humankind including modification of rainfall patterns and the duration 

of seasons, melting of glaciers, etc. To avoid the adverse effects of climate change, the 

Paris agreement was signed in 2016 and the long‒term temperature goal of this 

agreement was set to hold the growth of global average temperature less than 2 °C above 

pre-industrial level with a recommendation to put every effort to limit it within 1.5 °C. 

This agreement indicated the global emission as the most significant reason for the rise 

in temperature and suggested to take effective measures to immediately reduce the 

emissions [2].  

Global energy consumption in the form of electricity and heating is nearly 45 % of 

total energy use [3]. This sector is responsible for the most CO2 emissions [4] and waste 

heat [5]. Generation of electricity and heat need a conversion of energy from one form to 

another. Energy conversion efficiency is one of the major metrics, which can put a 

considerable limit to rising energy demands, and can also assist in reducing global 

emission [6]. This is because emission occurs mainly due to conversion losses. Globally, 

the loss is nearly 72 % with respect to global energy input [3]. The maritime sector has a 

low profile in the discussions regarding emission and climate change, although it accounts 

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
https://asmedigitalcollection.asme.org/energyresources
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for around 3 % of the global CO2 emissions, which is the average value for the period of 

2007 to 2012 [7]. Besides, CO2 emission by international shipping is more than the sixth 

biggest emitting country, Germany [8]. The International Maritime Organization (IMO) 

has put efforts into introducing new efficient ships in large numbers, however, these 

initiatives are not enough to meet the Paris Agreement’s climate goal, which indicates 

that immediate action should be taken to reduce the emission from existing ships [8].  

For marine diesel engines, waste heat along with cooling water accounts for taking 

50 – 60 % of input fuel energy [9]. Even for low speed marine engines with nearly 50 % 

efficiency, the exhaust gas constitutes around 50 % of the total waste heat, i.e., 25 % of 

the fuel energy [10]. When subjected to standard engine design restrictions, this thermal 

efficiency (nearly 50 %) is very close to the maximum achievable value according to the 

Carnot theorem [11]. Therefore, it is not possible to improve engine efficiency largely by 

optimising the traditional in-cylinder thermodynamic cycles. In this context, waste heat 

recovery (WHR) using thermal power cycles, e.g., Organic Rankine cycle (ORC), steam 

Rankine cycle (SRC), Trilateral flash cycle (TFC), supercritical carbon dioxide (s-CO2) cycle, 

etc., can be an efficient way to generate more power without additional fuel [12–15]. 

These technologies are usually incorporated as a bottoming cycle in combination with the 

topping cycle, e.g., the in-cylinder cycle, which considerably improves the combined 

engine efficiency by generating additional power. This will, consequently, reduce fuel 

consumption, which, in turn, will facilitate in reducing the emission.   

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
https://asmedigitalcollection.asme.org/energyresources
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The temperature range of exhaust gas of marine engines is usually considered as 

250‒600 °C [16]. At this higher temperature, very few bottoming cycles perform 

efficiently. Conventionally, SRC has the ability to recover heat from such a temperature 

range. However, due to the space requirement and higher weight, especially comparing 

to the s-CO2 cycles, this cycle is not preferred as a bottoming cycle for the ship [17–19]. 

ORC and similar cycles can be an alternative, but their efficiencies are not reasonably 

higher at this elevated temperature range. Besides, organic compounds lack thermal 

stability with the rise of temperature at this range. A suitable alternative is the 

supercritical carbon dioxide (s-CO2) cycle, which is suitable for high temperature 

applications and can operate with higher efficiency in comparison to other bottoming 

cycles [20]. 

The s-CO2 cycle is a closed-loop cycle, where carbon dioxide acts as a working fluid 

just above its critical point. The CO2 is compressed at a compressor near its critical point, 

where the compression work is extremely sensitive to the change in density [21].  

Following that, it is heated to a certain temperature in a heater by a suitable waste heat 

before passing through a turbine and a condenser. This cycle suits mostly with the Brayton 

cycle. The s-CO2 has a significantly higher density close to the critical point and shows 

strong real gas behaviour, which results in high efficiency and enables to downsize of the 

system components.  

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
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Despite its advantages near the critical point, s-CO2 cycle had not been employed 

for a long time due to various technological constraints, e.g., complex design of 

turbomachinery, required lowest and highest cycle-pressure, which are above 74 bar and 

260 bar respectively, required pressurization of power plants, etc. These problems could 

not be addressed appropriately even during the 80s [17]. From the last decade, s-CO2 

cycle has been getting increased attention and in 2011, the Sandia National Laboratories 

(SNL), USA, declared that they had mastered the necessary technologies required for s-

CO2 cycle [9], which includes the design of compact turbomachinery, constant 

maintenance of required pressure, etc. Further advancement of this technology makes it 

suitable to operate as a stand-alone system. However, there are a few researches 

conducted on WHR of marine engines using s-CO2 as a bottoming cycle. In fact, in their 

article published in 2015, Hou et al. [9] mentioned that there was no published research 

regarding the utilization of waste heat of marine diesel engines with s-CO2 cycle. Best of 

the author’s knowledge, to this date, there are only a few relevant published literature 

on s-CO2, for marine engines [7, 17, 18, 19] although some significant features are 

completely or partially missing, which include covering the entire range of exhaust gas 

temperature of marine engine, considering a complete applicable range of maximum 

cycle-pressure, etc. Besides, no article considers both the net work and thermal efficiency 

optimisation for sensitivity analysis, which are critical for deciding design parameters for 

s-CO2 cycles. There are still a few configurations of the Brayton cycle that need to be 

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
https://asmedigitalcollection.asme.org/energyresources
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explored further with different system constraints, e.g., reheated Brayton cycle. Hence, 

the present study represents the performance simulation as well as design optimisation 

of s-CO2 cycles, wherein both the net work and the thermal efficiency are optimised 

separately. The considered temperature range covers almost the entire range of exhaust 

gas both for the diesel engines and the gas turbines for marine applications. Basic Brayton, 

recuperated and reheated cycles are simulated, and their performance metrics are 

analysed and compared to evaluate their potential as a bottoming cycle as well as to 

assess the merits of thermal integration into the basic cycle. 

The remainder of the paper is structured as follows. Section 2 represents a 

detailed description of the selected thermodynamic cycles. Section 3 depicts the 

developed methodology required to model and analyse the cycles. Results obtained from 

each simulation are presented and discussed in section 4. Finally, conclusions are drawn 

in section 5 along with the scopes of future research. 

 

2. SYSTEMS DESCRIPTION 

Based on the engineering constraints and their overall system configurations, the 

design criteria for s-CO2 cycle were set to recover the waste heat (WH) from marine 

engines. The configurations were based on the closed-loop Brayton cycle, wherein s-CO2 

acts as working fluid. The considered system configurations were (a) basic Brayton cycle, 

(b) Brayton cycle with an internal heat exchanger (recuperator), also known as 

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
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recuperated cycle, and (c) Brayton cycle with reheating and recuperation, alternatively 

known as reheated cycle. The exhaust gas from a marine diesel engine acted as the 

heating source of the heater for each cycle.  

2.1 Basic Brayton Cycle 

 

Fig. 1 represents the basic form of the closed-loop Brayton cycle along with its 

thermodynamic process in temperature-entropy (T-s) diagram. This is the simplest among 

all the forms. The operation principle of the Brayton cycle is as follows. A working fluid is 

passed through the compressor (1‒2), wherein its temperature and pressure are 

increased. The pressurized fluid proceeds into the primary heat exchanger (heater) and 

in it, heat-addition process takes place by an external source, e.g., the exhaust gas of 

marine engines (2‒3). This results in high temperature fluid, where the pressure is kept 

ideally constant. This fluid enters and expands into the turbine and produces useful work 

(3‒4). Following that, the fluid passes through another heat exchanger (cooler), wherein 

a constant-pressure heat rejection process takes place so that the resulting fluid attains 

the required inlet temperature of the compressor (4‒1). This cycle was chosen for further 

analyses due to its simplest design as well as for the requirements of the minimum 

number of components. The results obtained from this cycle were also essential to 

analyse and compare the effect of thermal integration that was incorporated into other 

cycles.  

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
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(a) Cycle configuration       

 

(b) Thermodynamic process                         
 

Fig. 1  Schematic and T-s diagram of the Basic Brayton cycle 

 

2.2 Recuperated Cycle 

The recuperated cycle is the integration of an additional counter-flow heat 

exchanger, known as recuperator or regenerator, to the basic Brayton cycle. Fig. 2 shows 

the configuration of this cycle that comprises of five major components namely 

compressor, heater, turbine, recuperator and cooler. This cycle is only used when the 

temperature of the fluid leaving the turbine is more than the temperature of the fluid 

leaving the compressor. The working principle is similar to the basic Brayton cycle except 

that the heat is transferred from the fluid leaving the turbine (5), e.g., hot stream, to the 

fluid leaving the compressor (2), e.g., cold stream, before heat-addition process starts (3‒

4). The transfer of heat takes place in the recuperator which, in turn, enhances the overall 

heat-exchanging performance. This cycle was selected due to the limited design 

complexity with high recovery of WH and thermal efficiency. 

 

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
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(a) Cycle configuration 

 

(b) Thermodynamic process 

 

Fig. 2  Schematic and T-s diagram of the Recuperated cycle 

 

2.3 Reheated Cycle  

This is similar to the recuperated cycle except for the expansion process in the 

turbine, which occurs in two steps. As this cycle is accompanied with recuperation it is 

also known as the Brayton cycle with reheating and recuperation, or a reheated cycle with 

recuperation. In this cycle, as can be seen in Fig. 3, the expansion of the fluid is split into 

two: the fluid exits the heater and passes through the high pressure (HP) turbine (4‒5), is 

heated again through the same heater (5‒6), and finally, expands in the low pressure (LP) 

turbine (6‒7).  

As the expansion process of the fluid is split into two turbines, it is essential to use 

the optimum expansion split ratio (ESR), i.e., the pressure ratio (PR) of each turbine at 

which the cycle will generate maximum power. The expansion split ratio (ESR) can be 

defined as follows [15]:  

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
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Expansion split ratio, 𝐸𝑆𝑅 =  𝑃𝑅𝐻𝑃𝑇 𝑃𝑅𝐻𝑃𝑇−𝑖𝑑𝑒𝑎𝑙 (1) 

where, 𝑃𝑅𝐻𝑃𝑇  is the pressure ratio of the high-pressure turbine and 𝑃𝑅𝐻𝑃𝑇−𝑖𝑑𝑒𝑎𝑙  is 

the pressure ratio of high pressure turbine when the pressure ratio of both turbines are 

kept equal. When the ESR becomes close to one with or without recuperator, the 

reheated cycle yields maximum specific power [17]. Therefore, the expansion split ratio 

for the reheated cycle was taken as 1. That means the pressure ratio of both the turbines 

were assigned with the same value. This layout was selected due to its higher efficiency 

as well as specific power as a stand-alone cycle. 

(a) Cycle configuration 

 

(b) Thermodynamic process 

 

Fig. 3  Schematic and T-s diagram of the Reheated cycle 

 

3. MODEL DEVELOPMENT    

A steady-state modelling approach comprises of a limited but sufficient number of 

thermodynamic parameters, which can be distinguished easily for system design, 

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
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optimisation, and performance evaluation, was considered for all cycles studied in this 

paper. For each of the components, the governing equations and the complete balance 

equations, such as mass and energy balance, were framed together. The models were 

developed on Aspen Plus software, which is widely used to build models for WHR and 

relevant systems [25,26]. For the present study, Peng-Robinson was chosen for obtaining 

thermodynamic properties of fluids, which represents accuracy, consistency in critical 

region and simplicity [27].  

3.1 System input parameters and assumptions  

As the critical point of s-CO2 is defined by 31.1 °C and 73.8 bar, the minimum 

temperature and the pressure of the systems were taken as 32 °C and 75 bar ‒ slightly 

higher than the critical point to prevent the cycle entering into the transcritical state. 

These values are within the practically acceptable range [20]. The maximum pressure of 

the s-CO2 cycle was considered as 300 bar due to technological constraints, which results 

in a maximum pressure ratio of 4 [20].  

Some simplified standard assumptions were also considered for the selected 

system configurations, which are as follows:  

a) The models were considered as steady-state models with steady-flow conditions. 

b) At the inlet and outlet of each component, thermodynamic equilibrium was 

considered.  

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
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c) Approach temperature for heat exchangers is defined as the temperature 

difference between the outlet temperature of a hot-stream and the inlet 

temperature of a cold-stream. For all heat exchangers, this temperature was kept 

at 10 °C.  

d) Seawater was considered as a coolant in the cooler. For simplicity, the seawater 

temperature of 10 °C was assumed. 

e) Pressure drops in the systems were not taken into account. 

The assumptions regarding turbomachinery were obtained from literature, which 

are as follows:  

a) The compressor isentropic efficiency is 75 % [28].  

b) The isentropic efficiency of the turbine is 80 % [29].   

3.2 Equations for components  

All the components of selected cycle configurations, corresponding to their 

thermodynamic processes shown in Fig. 1(b), Fig. 2(b), and Fig. 3(b) were modelled using 

steady state thermodynamic equations.  

The steady-state models of different components for basic Brayton, Recuperated 

and Reheat cycles considered in this research are given as follows [15,30]: 

 For compressors:   𝑇𝑜 = 𝑇𝑖(𝑃𝑜𝑃𝑖)𝑘−1𝑘  ;  𝑘 = 𝐶𝑝𝐶𝑣 (2) 

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
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𝑊̇𝐶 = 𝑚̇𝑤𝑓(ℎ𝑜 − ℎ𝑖) = 𝑚̇𝑤𝑓(ℎ𝑜−𝑖𝑠𝑒𝑛 − ℎ𝑖)/ 𝜂𝐶   (3) 

For heaters:  𝑄̇𝑖𝑛 = 𝑚̇𝑤𝑓(ℎ𝑤𝑓,𝑜 − ℎ𝑤𝑓,𝑖) = 𝑚̇𝑒𝑥ℎ(ℎ𝑒𝑥ℎ,𝑖 − ℎ𝑒𝑥ℎ,𝑜)  (4) 

For turbines:  𝑇𝑜 = 𝑇𝑖(𝑃𝑜𝑃𝑖)𝑘−1𝑘   (5) 𝑊̇𝑇 = 𝑚̇𝑤𝑓(ℎ𝑖 − ℎ𝑜) = 𝑚̇𝑤𝑓(ℎ𝑖 − ℎ𝑜−𝑖𝑠𝑒𝑛) 𝜂𝑇  (6) 

For coolers:  𝑄̇𝑜𝑢𝑡 = 𝑚̇𝑤𝑓(ℎ𝑤𝑓,𝑖 − ℎ𝑤𝑓,𝑜) = 𝑚̇𝑤(ℎ𝑤,𝑜 − ℎ𝑤,𝑖) (7) 

For recuperators: 𝑄̇𝑟𝑒𝑐𝑢𝑝 = 𝑚̇𝑤𝑓(ℎ𝑤𝑓,𝑖 − ℎ𝑤𝑓,𝑜)𝑇𝑆 = 𝑚̇𝑤𝑓(ℎ𝑤𝑓,𝑜 − ℎ𝑤𝑓,𝑖)𝐶𝑆  (8) 

 

where, 𝑇𝑖 , 𝑇𝑜and 𝑃𝑖 , 𝑃𝑜 symbolize the temperature and pressure at the inlet and outlet 

of a compressor or turbine respectively, 𝑘 = 𝐶𝑝𝐶𝑣   is the specific heat ratio, wherein 𝐶𝑝, 𝐶𝑣 are the specific heat at constant pressure and constant volume respectively, 𝑚̇𝑤𝑓 

denotes the mass flow rate of s-CO2, 𝑚̇𝑒𝑥ℎ represents the mass flow rate of waste heat 

(exhaust gas), ℎ𝑖  and ℎ𝑜  are the specific enthalpy at the inlet and outlet of a 

component, ℎ𝑜−𝑖𝑠𝑒𝑛  is the specific enthalpy at compressor or turbine outlet for an 

isentropic process, 𝜂𝐶  and 𝜂𝑇  are the isentropic efficiency for compressor and turbine 

respectively, 𝑊̇𝐶  denotes the input work to the compressor and 𝑊̇𝑇  symbolizes the 

output work obtained from the turbine, 𝑄̇𝑖𝑛 is the total supplied heat energy into the 

https://journaltool.asme.org/Authors/Author/Paper/148831/History
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heater, 𝑄̇𝑜𝑢𝑡  represents the heat rejected into the cooler, and 𝑄̇𝑟𝑒𝑐𝑢𝑝  indicates the 

heat recuperated from turbine exhaust.     

3.3 Performance analyses 

Typically, thermal efficiency, based on the 1st law of thermodynamics, is utilised to 

evaluate the performance of thermodynamic cycles. In this study, only the bottoming 

cycles are taken into consideration, wherein the obtained ‘net work’ also poses a 

significant role for the assessment of the cycles. Therefore, both the net work and the 

thermal efficiency of the cycles were considered to be assessed and compared. The 

equations that describe the net work and thermal efficiency are as follows [15]: 

For basic Brayton and recuperated cycles, 

Net work, 𝑊̇𝑛𝑒𝑡,𝐵𝑎𝑠𝑖𝑐 = 𝑊̇𝑛𝑒𝑡,𝑅𝑒𝑐𝑢𝑝 = 𝑊̇𝑇 − 𝑊̇𝐶 − 𝑊̇𝐶𝑜𝑜𝑙𝑒𝑟 (9) 

Thermal efficiency, 𝜂𝑡ℎ,𝐵𝑎𝑠𝑖𝑐 =  𝜂𝑡ℎ,𝑟𝑒𝑐𝑢𝑝 = 𝑊̇𝑛𝑒𝑡𝑄̇𝑖𝑛−𝑡𝑜𝑡𝑎𝑙 = 𝑊̇𝑇−𝑊̇𝐶−𝑊̇𝐶𝑜𝑜𝑙𝑒𝑟𝑄̇𝑖𝑛   (10) 

For reheated cycle, 

Net work, 𝑊̇𝑛𝑒𝑡.𝑅ℎ𝑡 = 𝑊̇𝑇1 + 𝑊̇𝑇2 − 𝑊̇𝐶 − 𝑊̇𝐶𝑜𝑜𝑙𝑒𝑟 (11) 

Thermal efficiency, 𝜂𝑡ℎ,𝑅ℎ𝑡 = 𝑊̇𝑛𝑒𝑡𝑄̇𝑖𝑛−𝑡𝑜𝑡𝑎𝑙 = 
𝑊̇𝑇1+𝑊̇𝑇2−𝑊̇𝐶−𝑊̇𝐶𝑜𝑜𝑙𝑒𝑟𝑄̇𝑖𝑛1+𝑄̇𝑖𝑛2  (12) 

For all cycles [12], 

Heat recovery efficiency,  𝜂𝐻𝑅 = 𝑄̇𝑖𝑛−𝑡𝑜𝑡𝑎𝑙𝑄̇𝑟𝑒𝑓 = 𝑄̇𝑖𝑛−𝑡𝑜𝑡𝑎𝑙𝑚̇𝑒𝐶𝑝(𝑇𝑒1−𝑇𝑒2) (13) 

where, 𝑄̇𝑖𝑛−𝑡𝑜𝑡𝑎𝑙and 𝑄̇𝑟𝑒𝑓 are the total recovered heat from waste heat (heat input to 

the cycle) and maximum recoverable heat respectively, 𝑚̇𝑒  is the mass flow rate of 
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exhaust gas, 𝐶𝑝  is the specific heat of exhaust gas at constant pressure, 𝑇𝑒1  is the 

maximum temperature of exhaust gas, 𝑇𝑒2 is the maximum allowable temperature at 

which the exhaust gas can be released to the environment. Here, 𝑇𝑒2 is restricted to 

110 °C to prevent the acid condensation in the heat exchanger [31].  

In this study, ‘Mean Absolute Percentage Error (MAPE)’ was used for measuring 

the accuracy of forecasted data. The corresponding equation is as follows [32–34]: 

𝑀𝐴𝑃𝐸 =  1𝑛 ∑ |𝐴𝑖 − 𝐹𝑖𝐴𝑖 | × 100 %𝑛
𝑖=1  

(14) 

where, 𝐴𝑖  and 𝐹𝑖  are the actual and forecasted value respectively, n is the number of 

points.  

3.4 Optimisation 

In this study, sensitivity analyses were performed by considering single-objective 

optimisation, e.g., one objective function was maximised at a time to get the optimum 

results. Different values of the variable parameters were trialled to obtain the maximum 

result of each objective function. Two optimising parameters: net work and thermal 

efficiency, were considered separately. The sensitivity analyses conducted with these 

parameters were referred to as ‘Net Work Optimisation’ and ‘Thermal Efficiency 

Optimisation’ respectively. The following objective functions [15] were maximised for the 

variation of mass flow rate of the working fluid, s-CO2. 
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3.4.1 Net work optimisation  

For basic Brayton and recuperated cycle,  𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = max𝑚̇𝑤𝑓,𝑚𝑖𝑛  𝑚̇𝑤𝑓,𝑚𝑎𝑥(𝑊̇𝑇 − 𝑊̇𝐶 − 𝑊̇𝐶𝑜𝑜𝑙𝑒𝑟) (15) 

For reheated cycle,  𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = max𝑚̇𝑤𝑓,𝑚𝑖𝑛  𝑚̇𝑤𝑓,𝑚𝑎𝑥(𝑊̇𝑇1 + 𝑊̇𝑇2 − 𝑊̇𝐶 − 𝑊̇𝐶𝑜𝑜𝑙𝑒𝑟) (16) 

3.4.2 Thermal efficiency optimisation: 

For basic Brayton and recuperated cycle, 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = max𝑚̇𝑤𝑓,𝑚𝑖𝑛  𝑚̇𝑤𝑓,𝑚𝑎𝑥 (𝑊̇𝑇 − 𝑊̇𝐶 − 𝑊̇𝐶𝑜𝑜𝑙𝑒𝑟𝑄̇𝑖𝑛 ) 
(17) 

For reheated cycle, 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = max𝑚̇𝑤𝑓,𝑚𝑖𝑛  𝑚̇𝑤𝑓,𝑚𝑎𝑥 (𝑊̇𝑇1 + 𝑊̇𝑇2 − 𝑊̇𝐶 − 𝑊̇𝐶𝑜𝑜𝑙𝑒𝑟𝑄̇𝑖𝑛1 + 𝑄̇𝑖𝑛2 ) 
(18) 

 

4. RESULTS AND DISCUSSION 

The models of the selected s-CO2 systems were simulated using waste heat data 

from marine diesel engines (DE). The models were validated first followed by base-case 

simulations, where both the net work and thermal efficiency were optimised. Finally, 

sensitivity analyses for each cycle were conducted and the performances of the cycles 

were analysed.  
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4.1 Model validation  

To validate the software as well as to verify the results obtained from the 

simulation, basic Brayton cycle was modelled and simulated to reproduce the results 

which was used to compare the data from existing literature. Hou et al. [9] performed a 

simulation for the closed-loop basic Brayton cycle using Aspen plus software, wherein the 

thermodynamic properties of CO2 were calculated using the NIST REFPROP property 

method. In their study, the exhaust gas of a marine diesel engine was considered as the 

waste heat source. The major input parameters for both studies are summarised in Table 

1 and for those inputs, the obtained results are compared and shown in Fig. 4.  

The trend of the curve as well as the results obtained from the simulation of 

present study are of a good match with the study of Hou et al. [9]. The mean absolute 

percentage error (MAPE), which is a measure of prediction accuracy of a forecasting 

method in statistics, was calculated as 4.45 % approximately. This small deviation is due 

to the different approaches that were used for calculating the thermodynamic properties 

of fluids. In this study, Peng-Robinson property method was used, whereas NIST REFPROP 

was employed for the reference study.    
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Table 1 Input parameters for validation 

Input parameters Value (Unit) 

Compressor inlet temperature 31 (°C) 

Compressor inlet pressure 74 (bar) 

Compressor outlet pressure range 130–200 (bar) 

Heater inlet temperature (exhaust gas) 290 (°C) 

 

 

Fig. 4  Validation of current model with respect to variation of optimised net work 

output with maximum pressure 

4.2 Base-case results  

The system configuration with aptly defined input parameters, on which all the 

simulations and analyses were performed, is termed here as a base-case. The exhaust gas 

temperature range of marine DE is usually considered as 250‒600 ⁰C, although the range 
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becomes a bit lower if the engine comes with a turbocharger. This temperature range also 

covers the entire range (370‒540 ⁰C) of marine gas turbines [16]. Apart from its advantage 

regarding high temperature, the waste heat recovery (WHR) process from DE is preferred 

as the WH energy, which is approximately 25-30% of the total energy supplied through 

fuel [16]. Therefore, a diesel engine is considered for the base-case. Among various types 

of DE, Wärtsilä-18V50DF model [35] was selected for base-case analysis. This engine 

produces 17.55 MW power with an engine efficiency of 47 % and the exhaust gas after 

turbocharging remains at 373 °C with a mass flow rate of 28.2 kg/s [36]. All the required 

major data for this base-case study are summarised in Table 2. With these input 

parameters, required optimisation points were achieved by varying the flow rate of s-CO2 

from 1.5‒40 kg/s with an increment of 0.5 kg/s. For each mass flow rate, net work and 

thermal efficiency were obtained.  
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Table 2 Base-case parameters for marine diesel engine 

Components Parameters Value (unit) Source 

Compressor 

Inlet temperature 32 (°C) [20] 

Inlet pressure 75 (bar) [20] 

Pressure ratio 4 [20] 

Isentropic efficiency 75 (%) [28] 

Heater  

(Hot stream / waste heat) 

WH temperature 373 (°C) [36] 

WH mass flow rate 28.2 (kg/s) [36] 

Approach temperature 10 (°C) [40] 

Turbine 

Expansion ratio 4a [20] 

Isentropic efficiency 80 (%) [29] 

Cooler 

(Cold stream / sea water) 

Water temperature 10 (°C) Assumption 

Approach temperature 10 (°C) [40] 

a For the basic Brayton and Recuperated cycles, the expansion ratios were 4. The 

expansion ratio of each of the two turbines in the reheated cycle were kept equal to 2. 

 

For the basic Brayton cycle, the obtained results are shown in Fig. 5. It can be seen 

from the figure that for the increase of mass flow up-to 19.5 kg/s, the net work rises 
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linearly and reaches its peak (1000.96 kW) before falling gradually. Therefore, 1000.96 

kW was regarded as optimised net work, which was achieved at s-CO2 mass flow rate of 

19.5 kg/s. Thermal efficiency, although remains almost constant (14.17 %) up to the flow 

rate of 19 kg/s, falls gradually with a further increase of mass flow rate. Hence, 14.17 % 

was taken as optimised thermal efficiency, wherein the flow rate was considered as 19 

kg/s.  

 

Fig. 5  Determination of optimised mass flow rate of CO2 for basic Brayton cycle from 

the waste heat data of diesel engine 

 

Similarly, the optimum net works for the recuperated and reheated cycles were 

found at s-CO2 flow rates of 21.5 kg/s and 20.5 kg/s respectively, while for the thermal 

efficiency optimisation they were 21 and 20 kg/s respectively. The computed results for 

each cycle are summarised in Table 3. It is evident that the reheated cycle yields both the 

maximum net work (1107.21 kW) and thermal efficiency (22.4 %). However, basic Brayton 

cycle performed well in terms of heat recovery, which accounts for the highest heat 

recovery efficiency, i.e., 89.91 % due to the absence of a recuperator or regenerator. 
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Recuperator preheats the working fluid leaving the compressor and makes it 

comparatively hotter before entering the heater. Therefore, the preheated working fluid 

recovers less heat from the main heater to attain the same turbine inlet temperature 

comparing to non-preheated fluid within the same system conditions. Basic Brayton cycle 

does not feature a recuperator; thus, recovers more heat comparing to the cycles with a 

recuperator. As the heat recovery efficiency is the ratio of the actual recovered heat to 

the maximum recoverable heat basic cycle poses the highest heat recovery efficiency. 

However, for such cycles, required cooling work in the cooler becomes more due to the 

increased temperature of the incoming hot stream, which, in turn, reduces the net work as 

well as thermal efficiency. Due to the increased cooling work and absence of recuperation, 

basic Brayton cycle generates the least net work and thermal efficiency despite being the 

highest heat-recovered cycle.  
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Table 3 Base-case results for marine diesel engine 

Parameters 

Basic Brayton cycle Recuperated cycle Reheated cycle  

Optimised 𝑾̇𝒏𝒆𝒕 

Optimised 𝜼𝒕𝒉 

Optimised 𝑾̇𝒏𝒆𝒕 

Optimised 𝜼𝒕𝒉 

Optimised 𝑾̇𝒏𝒆𝒕 

Optimised 𝜼𝒕𝒉 

Turbine work (kW) 2204.87 2150.03 2413.62 2376.35 2365.51 2316.10 

Compressor work (kW) 1186.2 1155.78 1304.82 1277.44 1247.03 1216.61 

Pump work for cooling 

(kW) 
17.71 17.28 11.83 11.56 11.27 11.00 

Heat input (kW) 7068.45 6896.02 5143.05 5046.44 4970.78 4859.78 

Net work (kW) 1000.96 976.98 1094.00 1087.35 1107.21 1088.49 

Thermal efficiency (%) 14.16 14.17 21.31 21.55 22.27 22.40 

Heat recovery 

efficiency (%) 
89.91 87.72 65.42 64.19 63.23 61.82 

Engine efficiency 

without WHR (%) 
47 47 47 47 47 47 

Engine efficiency with 

WHR (%) 
49.68 49.62 49.93 49.91 49.97 49.92 
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4.3 Sensitivity analyses 

Sensitivity analyses are performed to observe the system behaviour, when some 

parameters are varied from their optimised system-conditions. In this study, two 

parameters: waste heat temperature and maximum pressure were varied. It is worth 

noting that the sensitivity for waste heat mass flow rate variation is not included due to 

the fact that system performance such as thermal efficiency is unaffected with the 

variation of waste heat flow rate. For the variation of independent variables (temperature 

of flue gas and pressure of the cycle), all the selected cycles were optimised separately for 

both the net work and the thermal efficiency. The summary of inputs used for optimisation 

is shown in Fig. 6. 

 

 

Fig. 6  Summary of input parameters for sensitivity analysis 
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4.3.1 Waste heat temperature variation  

The waste heat temperature (WHT) was varied widely from 300‒600 °C with an 

increment of 20 °C, covering almost all the range of exhaust gas temperature of marine 

diesel engines and gas turbines. Both the net work and thermal efficiency were optimised 

in separate analyses and corresponding parameters were obtained. These optimised 

results are presented in Fig. 7 and Fig. 8 respectively. 

With the increase of waste heat inlet temperature, the optimised net work rises 

gradually for each cycle as shown in Fig. 7(a). This is due to the fact that the net work is a 

function of mass flow rate of working fluid and the specific enthalpy of turbine, i.e., 

turbine inlet temperature. As WHT rises, turbine inlet temperature also increases. Thus, 

the specific enthalpy increases at turbine inlet and consequently, generates more work 

after the expansion. This finding matches with the studies conducted by Chowdhury et al. 

[31] and Hou et al. [9], although their considered temperature ranges were somewhat 

lower than the current study. 

Fig. 7(a) also shows that both the recuperated and reheated cycles generate more 

work than that of basic cycle. This is due to the presence of a recuperator in both cycles, 

which facilitates to preheat the working fluid (s-CO2) leaving the compressor before 

entering the heater. Due to this temperature increment, s-CO2 requires less heat from the 

heater to attain the maximum turbine inlet temperature and the rest of the available heat 

is used to increase the mass flow rate of s-CO2. With the increase of s-CO2 flow rate and 
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turbine inlet temperature, a higher net work for the recuperated and reheated cycles can 

be obtained. This outcome is of a good match with the results obtained by Hou et al. [9], 

where they concluded that recuperated cycle produced considerably more net work than 

basic cycle. Although the curves of the recuperated and reheated cycle tend to overlap, 

reheated cycle performs marginally better. The net work produced by reheated cycle is in 

the range of 648.08‒2860 kW, while recuperated cycle yields 628.13–2852.68 kW. The 

highest net work (2860 kW) is achieved at the highest WHT (600 °C) by reheated cycle.  

Fig. 7 (b) depicts the change in thermal efficiency corresponding to optimised net 

work value. The trend is similar to the net work. Besides, reheated and recuperated cycle 

performed much better than the basic Brayton cycle due to the incorporation of 

recuperator in their cycle configurations. This fact is discussed comprehensively with 

results from the thermal efficiency optimisation in a the later section. Although reheated 

and recuperated cycles represent adjacent curves, thermal efficiency of the reheated 

cycle is slightly higher than the recuperated cycle at all points. The range is 15.60–29.08 % 

and the maximum efficiency occurs at 600 °C – the same temperature at which maximum 

net work was attained. 
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Fig. 7  Effect of variation of waste heat inlet temperature for (a) optimised net work 

and (b) corresponding thermal efficiency 
 

 

Similar analyses like the net work optimisation in Fig. 7(a) had been conducted by 

optimising the thermal efficiency. The results are shown in Fig. 8. It can be seen from Fig. 

8(a) that there is a significant change in optimised thermal efficiency with respect to WHT. 

Thermal efficiency is primarily a function of turbine inlet temperature and this 

temperature mostly depends on WHT. With the rise of WHT, each cycle tends to maximise 

turbine inlet temperature, which, in turn, increases the enthalpy across the turbine, i.e., 
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turbine work. This increment of turbine work becomes more than the corresponding 

additional heat input that occurred due to the increase of WHT. This causes the - thermal 

efficiency to be increased for all cycles. However, reheated and recuperated cycles 

performed much better than the basic Brayton cycle. This is due to the incorporation of a 

recuperator or regenerator in their cycle configurations. As the basic cycle does not 

feature the recuperator, it cannot preheat the working fluid before entering the heater 

and hence, requires comparatively more heat input to reach the same turbine inlet 

temperature. Since thermal efficiency is the ratio of net work to heat input, thermal 

efficiency obtained by the basic cycle is comparatively lower. This is also the case for the 

study conducted by Hou et al. [9]. 

Thermal efficiency yield by reheated cycle is higher than recuperated cycle at all 

points. The range is 15.20–36.3 % for reheated cycle, where maximum efficiency occurs 

at 600 °C. Interestingly, this maximum value of thermal efficiency (36.3 %) is higher 

compared to the corresponding maximum efficiency (29.08 %) obtained while net work 

optimisation ‒ denoting nearly 24.83 % increment in thermal efficiency optimisation.  
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Fig. 8  Effect of variation of waste heat inlet temperature for (a) optimised thermal 

efficiency and (b) corresponding net work 

The change in net work corresponding to the optimised thermal efficiency value 

is presented in Fig. 8(b). Similar to the net work optimisation, the net work curves 

represent the identical trend ‒ all the cycles observe increased net work with WHT. Basic 

cycle accounts for the least net work, whereas reheated cycle produces the highest work 

almost in all points. The maximum net work (2188.22 kW) is observed at a maximum value 

of WHT (600 °C). Like the thermal efficiency, a similar contrasting effect is observed for 

net work. The highest net work (2188.22 kW) obtained by the thermal efficiency 
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optimisation is considerably lower than the maximum net work generated (2860 kW) 

while net work optimisation, which implies nearly 30.7 % increment for net work 

optimisation. These contrasting features both for the net work and the thermal efficiency 

optimisation are discussed further in section 4.4. 

4.3.2 Maximum pressure variation 

In this study, the maximum pressure was achieved at the outlet of the compressor 

and considered constant before the expansion stage. This pressure was varied up to 300 

bar‒ the current maximum applicable limit [20]. For this variation, net work and thermal 

efficiency were optimised and obtained results are presented in Fig. 9 and Fig. 10 

respectively.  

Both the optimised net work and corresponding thermal efficiency rise with the 

increase of maximum pressure for all cycles (Fig. 9). For each case, the reheated cycle 

generates more output followed by the recuperated and basic cycles, although the rate 

of increment for net work and thermal efficiency gradually diminishes with the increase 

of maximum pressure and after 220 bar, the curves become plateaued for reheated and 

recuperated cycles. Net work is mainly the difference between turbine work and 

compressor work, both of which depend on the enthalpy difference between their inlet 

and outlet. With the increase of maximum pressure, the enthalpy difference increases for 

both components, although the rate of increment is more for turbine. This gives a rise in 

net work initially. As the rate of increment of turbine work lowers gradually due to the 
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nature of the property curves, i.e., entropy, temperature lines, the increase in net work 

diminishes as well. After 220 bar, the increment rate becomes nearly insignificant for 

reheated and recuperated cycles. This results in almost the same net work with a further 

increment of maximum pressure. Similar scenario is observed for thermal efficiency as it 

depends on the net work. The ranges of generated net work and thermal efficiency for 

the reheated cycle are 573.62‒1126.09 kW and 13.68‒21.62 % respectively. These 

findings are a good match with the result obtained by Hou et al. [9]. Their obtained curves 

for net work and thermal efficiency plateaued after 220 bar for reheated cycle that is the 

same as the present study.  

Fig. 10 represents the results obtained by thermal efficiency optimisation. With 

the maximum pressure, both the optimised thermal efficiency and corresponding net 

work increase except a few points. The reheated and recuperated cycle perform better 

than the basic cycle and their curves start plateauing after 220 bar due to the same reason 

discussed at net work optimisation. 

Reheated cycle accounts for the highest optimised efficiency and corresponding 

net work for all points. The values of maximum thermal efficiency and net work were 

observed as 23.8 % and 1105.65 kW respectively, whereas those were 21.62 % and 

1126.09 kW respectively for the net work optimisation ‒ again denoting the contrasting 

effect between two types of optimisation. Although both the net work and thermal 

efficiency increases with maximum pressure up to a considerable limit, before selecting 
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the highest operating maximum pressure, associated costs and benefits should be 

considered at the same time because higher pressure causes substantial costs and extra 

precautions to manipulate [9].  

 

Fig. 9. Effect of variation of maximum pressure for (a) optimised net work and (b) 

corresponding thermal efficiency 
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Fig. 10  Effect of variation of maximum pressure for (a) optimised thermal efficiency 

and (b) corresponding net work 

 

4.3.3 Summary of sensitivity analysis 

Considering both types of optimisation, it is observed that reheated cycle 

performed better than recuperated cycle. As a stand-alone cycle, reheated cycle is more 

efficient and generates more specific power than that of recuperated cycle [17] ‒ 

presenting a good fit with the current study. However, in the present study, only 

bottoming cycles were considered. Brighenti [17] compared reheated and recuperated 

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
https://asmedigitalcollection.asme.org/energyresources


 
Journal of Energy Resources Technology 

 

 JERT-20-2000   Chowdhury   35 

 

cycle for s-CO2 as bottoming cycles and concluded that recuperated cycle performed 

better than reheated cycle ‒ which is in disagreement when the cycles are used as a stand-

alone system as well as with the present study. However, Brighenti also mentioned that 

turbine inlet temperature for both the turbines of reheated cycle were kept the same in 

that study, which imposed additional constrain to the system and might reduce the 

overall flexibility of the optimisation process.  

Although net work is a function of both turbine inlet temperature and the mass 

flow rate of working fluid, the influence of the mass flow rate is more. When both the 

turbine inlet temperatures are maintained the same in the reheated cycle, the mass flow 

rate of s-CO2 becomes eventually lower due to the fixed heat input of the bottoming 

cycles. This reduced mass flow results in comparatively reduced net work and thermal 

efficiency. Thus, the performance of reheated cycle becomes poorer than recuperated 

cycle ‒ the conclusion deduced by Brighenti [17]. In the present study, the turbine inlet 

temperatures were not set as the same in reheated cycle, which ensured the enhanced 

flexibility in the optimisation process. Therefore, both the turbine inlet temperature as 

well as the mass flow rate were sufficiently maximised in all analyses, which resulted in 

maximum possible net work and highest thermal efficiency for reheated cycle. Therefore, 

it can be concluded that reheated cycle performed best among all cycles for the variation 

of WHT and maximum pressure.  
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At a similar temperature range (300–550 °C), the comparable technology like ORC 

yields only 16–17 % net efficiency [37], which indicates a good increment in efficiency for 

the s-CO2 cycles. Besides, at this temperature range, most of the organic fluid lacks 

sufficient thermal stability. The steam Rankine technology, operated at this temperature 

range, has also experienced lower efficiency than s-CO2 cycles [20] and the space 

requirements are also higher than that of s-CO2 cycles. Persichilli et al. [38] compared 

steam Rankine cycle (SRC) with the s-CO2 cycle for recovering WH from a stationary gas 

turbine. The study denoted that s-CO2 cycle generated more power than the single-

pressure SRC and was comparable with dual-pressure SRC. Besides, the space 

requirement for installing this s-CO2 cycle was less than nearly two-third of the SRC, which 

indicates lower installation cost with a quicker start-up. 

Apart from generating large useful work, this sensitivity analysis also depicts 

another significant observation. At the maximum net work point, the outlet temperature 

of the waste heat becomes 275 °C. This denotes that if this cycle is introduced as a 

bottoming cycle, the exhaust gas temperature of the marine engine will decrease to 

275 °C from 600 °C – a 54.17 % drop from its initial value. At this operating point, heat 

recovery efficiency reaches 67.16 % ‒ a significant amount to consider. These will, 

consequently, contribute to reducing thermal pollution as well as the increment rate of 

global warming.  
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4.4 Optimised net work or optimised thermal efficiency? 

Interestingly, the highest net work values obtained from net work optimisation 

and thermal efficiency optimisation are not the same. For the variation of WHT, the 

highest net work obtained in net work optimisation is 2860 kW (Fig. 7 (a)), whereas the 

value is 2188.22 kW for thermal efficiency optimisation (Fig. 8 (b)), which denotes nearly 

30.7 % increment while net work optimisation. Similar contrasting effect is observed for 

thermal efficiency which can be compared from Fig. 7(b) and Fig. 8(a) respectively. With 

the rise of WHT, the maximum thermal efficiency is observed as 29.08 % for net work 

optimisation, while thermal efficiency optimisation yields 36.3 %. This clearly shows an 

increment of nearly 24.83 % for thermal efficiency optimisation.  

Net work is essentially a function of mass flow rate of working fluid and turbine 

inlet temperature. However, the influence of mass flow rate is considerably more than 

the turbine inlet temperature. While net work optimisation is performed, with increased 

WHT, the cycles try to increase the mass flow rate as much as possible to ensure the 

generation of maximum net work. Here, the system focuses more on s-CO2 flow rate than 

turbine inlet temperature and generates maximum achievable net work within system 

input. Therefore, the maximum net work obtained by net work optimisation becomes 

more than the maximum net work yielded by thermal efficiency optimisation. However, 

this is not the case for thermal efficiency optimisation. Thermal efficiency is mostly a 

function of turbine inlet temperature and not a function of mass flow rate of working fluid. 
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Therefore, while the thermal efficiency optimisation is conducted, with the increase of 

WHT, the system tends to attain the highest turbine inlet temperature to maximise the 

thermal efficiency regardless of s-CO2 flow rate. The system emphasises maximising the 

turbine inlet temperature and the produced thermal efficiency becomes the maximum 

attainable thermal efficiency. Therefore, maximum efficiency obtained from the thermal 

efficiency optimisation is more than that of the net work optimisation. These opposing 

effects were also observed in the simulation of base-cases and maximum pressure 

variation in the cycles. The study conducted by [39] also produced similar contrasting 

results for gas turbines. They performed sensitivity analyses by optimising both the net 

work and thermal efficiency for basic, reheated, intercooled cycle, where each cycle yields 

opposing effects for the variation of maximum pressure. 

Between net work and thermal efficiency, net work is considered as the most 

important parameter for the present study. This is the useful work recovered from 

exhaust gas, which does not incur additional fuel consumption. Therefore, obtaining the 

highest net work is considered as the primary parameter for analysing the systems. 

Thermal efficiency, which is the ratio of net work output to heat input, is usually the most 

important parameter for a stand-alone system, where the amount of heat input is of 

utmost importance as it is related to the fuel consumption, i.e., fuel cost. However, the 

present study considers only the bottoming cycles, where input heat is extracted from the 

exhaust gas that costs nothing ‒ causing the thermal efficiency as the secondary 
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parameter. Therefore, while choosing the optimum design point, the point with the 

highest net work should be given more priority. 

4.5 Engine performance improvement  

In this study, a 17.55 MW diesel engine, with exhaust gas temperature of 373 °C and 

mass flow rate of 28.2 kg/s, was selected. The engine comes without a WHR system and 

denotes an engine efficiency of 47 %. After WHR with the selected bottoming s-CO2 cycles, 

the combined work output and efficiency increased for all cycles. These are shown in Fig. 11. 

Fig. 11(a) shows the net work obtained before and after deploying WHR cycles. Before 

WHR, the net work was 17550 kW and after WHR, the combined net work reached as high 

as 18657 kW for reheated cycle, where each bottoming cycle produced more than 1000 

kW. This additional useful power comes from the exhaust gas, which does not incur 

additional fuel cost. New engine efficiencies, attained after WHR, are presented in Fig. 11 

(b). The maximum efficiency was obtained as 49.97 % for reheated cycle, which denotes 

a 6.3 % improvement in engine efficiency. These improvements will result in less fuel 

supply requirement, which, in turn, will facilitate reducing CO2 emission. Besides, the final 

temperature of exhaust gas at this operating condition reduced from 373 °C to 203.17 °C. 

This caused a considerable heat recovery efficiency of 63.23 %, which, consequently, 

would contribute considerably to reduce thermal pollution. If the studied engine is being 

operated with higher exhaust gas temperature or flow rate, the efficiency would become 

even more. For instance, when the temperature is raised to 600 °C instead of 373 °C, the 
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increase in efficiency will be as high as 16.3 % for reheated cycle and when the flow rate 

of exhaust gas is increased up to 45 kg/s instead of 28.2 kg/s, the efficiency increment will 

be of 10.04 %.  

 

(a) Net work with and without waste heat recovery 

 

(b) Engine efficiency with and without waste heat recovery 

Fig. 11  Engine (Wärtsilä-18V50DF) efficiency improvement with WHR for base-case 

simulation 
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5. CONCLUSIONS 

In this study, waste heat recovery from the exhaust gas of marine engines using s-

CO2 cycles was investigated. Three closed-loop Brayton cycle configurations (basic 

Brayton, recuperated, and reheated cycles) were studied to evaluate the performances 

of s-CO2 cycles in recuperating the waste heat in marine engines. Basic cycle was selected 

due to its simplest design as well as for the minimal number of component requirements. 

Recuperated cycle was chosen because of limited complexity with high recovery of waste 

heat while the reheated layout was selected due to its higher efficiency and specific power 

output as a stand-alone cycle. This study represents the performance simulation as well 

as design point optimisation of selected cycles in terms of waste heat to power 

production.  

Results for the base case of a marine diesel engine considering all the selected s-

CO2 cycles showed that the efficiency of the diesel engine can increase to 49.97 % from 

47 % ‒ a well desired 6.3 % increment in engine efficiency indicating a considerable range 

of waste heat recovery. Sensitivity analyses were conducted by varying input parameters 

and performing a single objective optimisation, where net-work and thermal efficiency 

were optimised separately to evaluate the design performance of each cycle. For each 

type of optimisation, reheated and recuperated cycles produced more net-work and also 

thermal efficiency than that of basic Brayton cycle. Reheated cycle performed marginally 

better than recuperated cycle and accounted for the highest generation of net-work and 

thermal efficiency. 
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Although the reheated cycle yields the highest net-work and thermal efficiency, 

the performance of the recuperated cycle was very close to reheated cycle. Unlike 

recuperated cycle, the reheated cycle requires additional turbine for its two-stage 

expansion process, which may incur additional cost and space. Therefore, to choose the 

most feasible configuration between the two, further analyses are needed in terms of 

cost and space requirements depending on the intended application. Besides, the basic 

Brayton cycle can also be deployed for the exhaust gas of comparatively lower 

temperature, for which generated recuperation effect is negligible.  

 

ACKNOWLEDGMENT 

 

None.  

FUNDING 

No funding to declare. 

 

NOMENCLATURE 

 

Abbreviations 

DE Diesel Engine 

ESR Expansion Split Ratio 

GISS Goddard Institute for Space Studies 

HP High Pressure 

https://journaltool.asme.org/Authors/Author/Paper/148831/History
https://asmedigitalcollection.asme.org/energyresources
https://asmedigitalcollection.asme.org/energyresources


 
Journal of Energy Resources Technology 

 

 JERT-20-2000   Chowdhury   43 

 

IMO International Maritime Organization 

LP Low Pressure 

MAPE Mean Absolute Percentage Error 

NASA National Aeronautics and Space Administration 

NIST National Institute of Standards and Technology 

ORC Organic Rankine Cycle 

PR Pressure Ratio 

s-CO2 Supercritical Carbon Dioxide  

SNL Sandia National Laboratories 

SRC Steam Rankine Cycle 

TFC Trilateral flash cycle 

WH Waste Heat 

WHR Waste Heat Recovery 

WHT Waste Heat Temperature 

Symbols 

A actual value 

C specific heat, J/kg °C 

F forecasted value 
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h specific enthalpy, J/kg 

K specific heat ratio 

n no of points 

P pressure (bar) 

s specific entropy 

T Temperature, ° C 

𝑚̇ mass flow rate, kg/s 

𝑄̇ heat transfer rate, kW 

𝑊̇ Work, kW 

Greek letters 

𝜂 Efficiency, % 

Subscripts 

isen isentropic 

wf working fluid 

v Volume 

C compressor 

T Turbine 

th Thermal 
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in in/inlet 

out out/outlet 

recup recuperator 

net net work 

Rht Reheated 

HR heat recovery 

ref reference 

e exhaust gas 

min minimum 

max Maximum 

HPT high pressure turbine 
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