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Abstract: Using the efficient, space-saving, and flexible supercritical carbon dioxide (sCO2) Brayton cycle is a 

promising approach for improving the performance of nuclear-powered ships. The purpose of this paper is to 

design and compare sCO2 cycle power systems suitable for nuclear-powered ships. Considering the 

characteristics of nuclear-powered ships, this paper uses different indicators to comprehensively evaluate the 

efficiency, cost, volume, and partial load performance of several nuclear-powered sCO2 cycles. Four 

load-following strategies are also designed and compared. The results show that the partial cooling cycle is most 

suitable for nuclear-powered ships because it offers both high thermal efficiency and low volume and cost, and 

can maintain relatively high thermal efficiency at partial loads. Additionally, the new load-following strategy that 

adjusts the turbine speed can keep the compressor away from the surge line, making the cycle more flexible and 

efficient compared to traditional inventory and turbine bypass strategies. 
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1. Introduction 

The emergence of climate change as a major challenge 
of the century has inspired significant progress in 
sustainable behaviours and technologies. In 2018, 
greenhouse gas emissions from fossil-fueled ships 
accounted for 2.89% of global greenhouse gas emissions, 
and the International Maritime Organization has 
projected that these emissions will increase by 50% by 
2050 [1]. Among the various types of engines, 
nuclear-powered engines have the greatest potential for 
reducing CO2 emissions. They also offer advantages such 
as high single-engine power and long endurance, which 
are not present in commonly used gas turbine engines, 
fossil-fuel steam engines, and diesel engines. As 
constraints on the use of fossil fuels in transportation 

become more stringent, the use of marine nuclear 
propulsion may become more widespread. 

The steam Rankine cycle has been widely used in 
power conversion systems for nuclear power plants, 
naval ships, submarines, and icebreakers due to its mature 
technology and relatively acceptable efficiency and 
system reliability at reactor operating temperatures below 
350°C [2]. However, achieving high thermal efficiency 
with the steam Rankine cycle often requires complex 
construction, such as the use of over 30 turbine stages in 
some cases [3]. In the case of ships, where space is 
limited, improving the power density of the power 
system can increase cargo capacity. As an alternative, the 
sCO2 cycle offers compact turbomachinery, a simple 
cycle layout, and excellent cycle efficiency at medium 
turbine inlet temperatures (450°C–600°C) [4–15]. 
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Nomenclature   

Abbreviations   

AT Auxiliary turbine N2 The number of modules 

EP Electric propulsion NTU The number of transfer units 

HTR High temperature recuperator Nu Nusselt number 

IHX Intermediate heat exchanger ns Isentropic volume exponent 

LFR Lead-cooled fast reactor Pti Turbine inlet pressure/MPa 

LTR Low temperature recuperator Pto Turbine outlet pressure/MPa 

MCOM Main compressor ΔP Pressure drop of heat exchanger/kPa 

MP Mechanical propulsion pc Channel pitch/mm 

MT Main turbine Pe Peclet number 

PC Partial cooling cycle Pr Prandtl number 

PCHE Printed circuit board heat exchanger Q Total heat load of the heat exchanger/MW 

PCOM Pre-compressor Qth Thermal duty of the reactor/MW 

PWR Pressurized water reactor q The heat load of the sub-heat exchanger/MW

RC Recompression cycle R Gas constant/J·(kg·K)–1 

RCOM Recycled compressor Re Reynolds number 

sCO2 supercritical CO2 Tmin Cycle minimum temperature/°C 

SFR Sodium-cooled fast reactor Tti Turbine inelt temperature/°C 

SR Simple recuperative cycle ΔTIHX Pinch temperature difference of IHX/°C 

Tur Turbine ΔTr 
Pinch temperature difference of recuperator 
/°C 

Symbols  t The thickness of the plate/mm 

C Cost/USD UA 
Thermal conductance of heat exchanger/ 
W·K–1 

CBM 
The price of PCHE in per unit 
mass/USD·kg–1 

VHX Total volume of the cycle heat exchangers/m3

CEP 
The cost of every unit of cycle 
output power/USD·kW–1 

v Specific volume/m3·kg–1 

D Diameter/m W Width of PCHE/m 

dc Diameter of micro-channel/mm Wa 
Total electricity consumption of auxiliary 
facility and daily demand/MW 

Einput Exergy input to the sCO2 cycle/MW   

e Specific exergy/kJ·kg–1 WAT Power of the auxiliary turbine/MW 
fc Moody friction coefficient WC Power of compressor/MW 

fm The fraction of metal WMT Power of the main turbine/MW 

H Height of PCHE/m Wnet Net power output of sCO2 cycle/MW 

h Specific enthalpy/kJ·kg–1 Wp Propulsion power/MW 

Δh Isentropic enthalpy change/kJ·kg–1 Wt Power of turbine/MW 

htc 
Heat transfer coefficient/ 
kW·(m2·K)–1 

Z Gas compressibility 

HC Heat capacity/W·K–1 Greek letters 

Ix 
Irreversibility of the xth 
component/% 

ε Effectiveness of heat exchanger 

L Length of heat exchanger/m ηc Compressor isentropic efficiency/% 

m Mass flow rate/kg·s–1 ηex Exergy efficiency of the sCO2 cycle/% 

mt Total turbine mass flow rate/kg·s–1 ηg Generator efficiency/% 

N Shaft rotational speed/r·min–1 ηgb Gearbox efficiency/% 

N1 The number of sub-exchangers ηm Motor efficiency/% 
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(Continued Table) 

ηt Turbine isentropic efficiency/% Subscripts 

ηth Thermal efficiency of sCO2 cycle/% avg Average value 

η* Dimensionless efficiency cold Heat exchanger cold side 

ρm The density of the PCHE material/kg·m–3 d Design condition 

λ 
The thermal conductivity of the heat 
exchanger material/W·(m·K)–1 

eq 
Equivalent value at turbomachine map 
conditions 

φ* Dimensionless flow hot Heat exchanger hot side 

Ψ* Dimensionless head od Off-design condition 

 
The expansion ratio of the sCO2 cycle is usually 2–4, and 
the density of CO2 is still larger than that of steam at high 
temperatures [16, 17]. Therefore, it is worthwhile to 
explore the use of the sCO2 cycle instead of the steam 
cycle for energy conversion on nuclear ships. Combs [18] 
conducted a thermodynamic analysis and preliminary 
design for the sCO2 cycle used for conventionally 
powered naval vessels and concluded that its utilization 
can increase efficiency and reduce fuel consumption 
compared to the gas turbine. Oh et al. [3] designed the 
trans-critical CO2 cycle for nuclear-powered icebreaking 
merchant ships travelling on the Northern Sea Route and 
demonstrated its controllability with a pressurized water 
reactor (PWR) under icebreaking conditions and its 
safety through transient analysis [19]. These studies 
confirm the feasibility of using the sCO2 cycle as a 
heat-to-power conversion system on nuclear-powered 
ships or conventionally-powered ships. 

Due to the secrecy surrounding its technology, there is 
limited published literature on the application of sCO2 
power cycle systems to nuclear-powered ships. However, 
available information suggests that over the past two 
decades, the application of the sCO2 cycle in nuclear 
power plants has been extensively studied. Moisseytsev 
and Sienicki [15] compared the cycle efficiencies of four 
sCO2 cycles (the recompression cycle, reheating cycle, 
intercooling cycle and double recompression cycle) when 
coupled with a sodium-cooled fast reactor (SFR). Li et al. 
[10] demonstrated that the miniaturized lead-cooled fast 
reactor (LFR) incorporating a reheating recompression 
sCO2 cycle has a higher thermal efficiency and economic 
advantage over a reactor with a steam-Rankine cycle or a 
helium Brayton cycle. Pérez-Pichel et al. [20] explored 
the potential of a basic and improved recompression 
cycle for use in SFRs and concluded that the basic 
recompression cycle could achieve a higher efficiency 
(43.31%) than the steam Rankine cycle. When combined 
with a bottoming organic Rankine cycle (ORC), the cycle 
efficiency can be further improved by 0.18%. Zhu et al. 
[21] compared the performance of a combined sCO2 cycle 
when employing an organic Rankine cycle or Kalina cycle 
as the bottom cycle to recover the exhaust heat of sCO2 in 

the cooler, particularly the large amount of afterheat 
recovery of sCO2 near the critical point. The results show 
that the system is more efficient when using R32 or 
ammonia as the ORC working fluid, with an efficiency 
enhancement of about 2%. Pham et al. [22] investigated 
the sCO2 cycle performance when coupled to a PWR 
with a turbine inlet temperature (Tti) of 275°C and an 
SFR with a Tti of 515°C. For the PWR case, the reheating 
recompression cycle achieved a higher cycle efficiency 
of 29.3%, while the best cycle efficiency of 43.9% was 
gained by the intercooling recompression cycle for the 
SFR. Guo et al. [8] stated that the turbine inlet pressure 
of 20 MPa is too high to promote the sCO2 application on 
SFR, and proposed that adding a dual expansion process 
to the recompression cycle could reduce the pressure 
difference in the intermediate heat exchanger (IHX). 
Yoon et al. [2] evaluated the cycle efficiency and 
components volume of the sCO2 cycle when coupled 
with water-cooled small and medium-sized reactors. Li et 
al. [11] compared the thermal and economic performance 
of a miniaturized LFR composed of five different sCO2 
cycles, including the recuperation cycle, pre-compression 
cycle, partial cooling cycle, recompression cycle, and 
intercooling cycle.  

In the actual sailing scenarios, ships are not always 
maintained at full speed and full engine load, and the 
speed and engine load need to be adjusted according to 
demand. The fast load variation and part-load operation 
of the engine is an off-design operation scenario that 
frequently occurs in ship sailing [3]. Research on the 
off-design performance of the nuclear-powered sCO2 
cycle has primarily focused on its application in nuclear 
power plants. Floyd et al. [7] investigated the off-design 
behaviour of the recompression cycle coupled to an SFR 
as the heat sink temperature varies. Moisseytsev and 
Sienicki [23] investigated and optimized the load 
following operation strategy for the air cooling sCO2 
cycle with an AFR-100 reactor. In their work, the turbine 
bypass approach was used for accurate load control, 
while inventory control was employed to generally adjust 
the cycle load to the appropriate amount. Inventory 
control achieves the purpose of turbine flow and load 
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regulation by adjusting the CO2 inventory in the cycle 
system, i.e. controlling the injection of CO2 into the cycle 
from the storage tank or the removal of CO2 from the 
cycle to the storage tank, and thereby the pressure at the 
inlet and outlet of the turbine and compressor is changed 
due to the variation of mass inventory in the cycle. Oh et 
al. [24] simulated the part-load operation and accidents 
of the sCO2 cycle coupled to a micro modular reactor to 
verify its safety. Baek et al. [25] analyzed the transient 
responses of a sCO2 cycle coupled to PWR under severe 
load changes showing that the load can decrease from 
100% to 10% in 1 second and recover to 90% in 8 
seconds. This demonstrates the sCO2 cycle’s ability to 
quickly and consistently respond to extreme load changes. 
Carstens [26] investigated different control strategies and 
part-load operation performance of a single shaft 
recompression cycle with a turbine inlet temperature of 
650°C.  

Although most of the current design and analysis of 
the nuclear-powered sCO2 cycle is used for nuclear 
power plants, some of the results can provide reference 
and guidance for the research of the sCO2 cycle applied 
to nuclear-powered ships. When applying the sCO2 cycle 
used in nuclear power plants to nuclear-powered ships, 
the following issues need to be considered. First, the 
open literature on nuclear-powered sCO2 cycle mainly 
paid attention to the recompression cycle or improved 
recompression cycle which yields higher efficiency. For 
nuclear-powered ships, where space is limited, the 
volume, weight and cost of the cycle are also very 
important, and the cycle efficiency is only one of the 
indicators that need to be investigated. The investigation 
and comparison of different sCO2 cycle layouts coupled 
with different marine nuclear reactors from various 
perspectives are required. Second, unlike nuclear power 
plants, which are generally at full load, ships often 
maintain a low-speed cruising state. sCO2 cycles for 
nuclear-powered ships should be designed to maintain 
high efficiency and at the part-load. The quantitative 
analysis and comprehensive comparison of the part-load 
performance of different nuclear-powered sCO2 cycles 
with different load-following control strategies have not 
been included in the earlier research. Third, due to the 
need for synchronous power generation in nuclear power 
plants, the turbine speed remains unchanged when the 
load changes, but the turbine speed can change with the 
load change for ship propulsion. In the previous 
off-design conditions performance study [7, 23, 26–31], 
the turbine speed was constant. It is necessary to explore 
the load-following control strategy of the 
nuclear-powered sCO2 cycle when the turbine speed 
changes. Such research could provide valuable insights 
into the potential of sCO2 cycles as a power generation 
technology for nuclear-powered ships. 

To explore the potential of using sCO2 cycles in 
nuclear-powered ships’ propulsion systems and solve the 
above-mentioned issues, the present work focused on the 
design, optimization, comprehensive evaluation and 
comparison of nuclear-powered propulsion systems using 
different sCO2 cycles combined with different reactors.  
Simple recuperation (SR), recompression (RC), and 
partial cooling (PC) cycles were coupled with mature 
PWR and advanced Gen-IV SFR reactors, and four 
load-following control strategies are designed for the 
nuclear-powered sCO2 cycle propulsion system. The 
part-load performance of different systems under 
different control strategies was compared, and based on 
the results, the reasonable configuration of the system 
was discussed. The innovations of this paper are as 
follows: First, a multi-dimensional evaluation model of 
the system, considering the thermodynamic and 
economic performance, heat exchanger and compressor 
design etc., was established. The different system 
schemes were compared and analyzed from many aspects 
to determine the optimal parameters and system design 
schemes. Second, we proposed new load-following 
control strategies and compared the thermodynamic 
performance of nuclear-powered sCO2 marine propulsion 
systems under different load-following strategies. 

2. System Description 

The nuclear-powered sCO2 cycle marine propulsion 
system is mainly composed of three parts: the nuclear 
reactor, the sCO2 cycle and the propulsion system. This 
section describes the different system configurations 
shown in Fig. 1. The split-shaft configuration is applied 
to ensure the turbine and compressor speed can be 
adjusted flexibly. The compressor is driven by a separate 
electric motor, and the speed of the compressor can be 
flexibly adjusted. 

2.1 Marine nuclear reactors 

Compared to land-based nuclear reactors, the limited 
space and load capacity of vessels require marine nuclear 
reactors to be small and light. Pressurized water reactors, 
liquid-metal-cooled reactors, and gas-cooled reactors 
were studied for use in nuclear-powered marine 
propulsion systems in the 1940s. Because of the low 
power density and enormous size of gas-cooled reactors, 
the previous two types of reactors have been used in 
nuclear-powered ships [32]. Although liquid 
metal-cooled reactors have higher power density, ship 
reactors are gradually being monopolized by mature, safe 
and reliable PWRs due to early material and technology 
limitations and safety issues. With the in-depth research 
and development of Gen-IV nuclear reactors in recent 
years, liquid metal-cooled reactors have made great 
progress in safety and operability [33]. Combined with 
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the compact and efficient sCO2 cycle system, it is 
believed that the liquid metal-cooled reactors will be 
strong contenders for application in limited space [11, 15, 
34]. Therefore, both PWRs and SFRs are selected to 
combine with the sCO2 cycle for nuclear-powered ships 
in this work. The thermal power of marine reactors can 
be as low as 10 MW (thermal) (in a prototype) or as high 
as 200 MW (thermal) in larger submarines and 300 MW 
(thermal) in surface vessels like the Kirov-class 
battlecruisers [35]. In addition, two A4W units in 
Nimitz-class carriers have 550 MW (thermal) each, and 
the Gerald Ford-class carriers have more potent and 
straightforward A1B reactors, which are said to have at 
least a 25% increase in power over A4W, making them 
700 MW (thermal) [36]. To facilitate comparative 
analysis, the thermal power of each reactor is unified to 
300 MW (thermal), which is suitable for commercial 

ships like container vessels [3]. The primary loop 
parameter of PWRs and SFRs refer to the design of 
SMART [9], a PWR designed by Korea, and AFR100 
[37], an SFR designed by the United States, as described 
in Table 1.  

2.2 sCO2 cycle 

The sCO2 cycle is coupled with the nuclear reactor 
coolant system through IHX. Three sCO2 cycles, 
 
Table 1  Major design parameters of SMART and AFR100 
reactor primary loop 

Parameter SMART [9] AFR100 [37] 

Operating pressure/MPa 15 0.1 

Core inlet temperature/°C 295.7 373 

Core outlet temperature/°C 323 528 
 

 

 
 

Fig. 1  Schematic diagram of different nuclear-powered sCO2 cycle marine propulsion systems 
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including the SR, RC, and PC, are selected for this study 
because of their simplicity and/or high thermal efficiency. 
Their temperature-entropy diagrams are shown in Fig. 2. 
Earlier authors added intercooling and reheating processes 
to improve sCO2 cycle efficiency, but these processes are 
not considered in this work for the space-limited ships 
because they increase the system complexity and volume 

 

 
 

Fig. 2  T-s diagrams of sCO2 cycles 

without offering significant efficiency improvement or 
economic attractiveness [12, 13]. 

2.3 Propulsion mode 

There are mainly two propulsion modes for ships, 
mechanical propulsion and electric propulsion [38]. With 
mechanical propulsion (MP), the main turbine (MT) 
turns the ship’s propeller through a gearbox, and the 
auxiliary turbine (AT) turns the generator to produce 
power for auxiliary devices and daily demand. If the 
electric propulsion (EP) mode is adopted, the turbine first 
turns the generator and then the ship’s propeller is turned 
by an electric motor. Therefore, the system using the 
electric propulsion mode is similar to a nuclear power 
plant, in which the turbine speed is constant as the load 
changes, while the turbine speed changes as the load 
changes if the mechanical propulsion mode is adopted. 
Both mechanical propulsion and electric propulsion 
method are considered in this paper. 

3. Modeling 

The main input parameters of the systems shown in 
Fig. 1 are summarized in Table 2. The net power output 
(Wnet) and thermal efficiency (ηth) of the sCO2 cycle are 
obtained by  

net t CW W W               (1) 

th net thW Q                 (2) 

where Wt is the output work of the turbine; WC is the 
input work of the compressor and Qth is the thermal duty 
of the reactor. 

The exergy efficiency or the second law efficiency of 
the cycle (ηex) is given by 

t C
ex

input

1 x

W W
I

E



             (3) 

where Einput is the total exergy input to the cycle, and Ix is 
the irreversibility of the xth component (the ratio of 
exergy loss in component x to Einput). 

For the electric propulsion system, the net power 
delivered to the propeller (Wp) is generated by  

C
p t g a m

m

W
W W W 


 

    
 

          (4) 

where Wa is the total electricity consumption of the 
auxiliary facility and daily demand and is assumed to be 
25 MW [3]; ηg is the gearbox efficiency and ηm is the 
motor efficiency. 

While the propeller shaft power of the mechanical 
propulsion system is given by 

p MT gbW W                 (5) 

in which WMT is the work output of the main turbine and 
ηgb is the gearbox efficiency. The power generated by the 
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auxiliary turbine (WAT) is   

C m a
AT

g

W W
W





             (6) 

The economic index CEP (The cost of every unit of 
cycle output power) is defined as  

PCHE com t

t C

CEP
C C C

W W

 


 
          (7) 

in which CPCHE, Ccom and CT are the cost of heat 
exchangers, compressors and turbines in the sCO2 cycle, 
respectively.  

Appendix A provides detailed component models and 
calculation procedures. The calculation results of the 
recompression cycle are compared with results from Xu 
et al. [39] to ensure that the component model and cycle 
calculation process are correct. The settings of the main 
parameters are consistent with those in their paper, which 
are as follows: the main compressor inlet pressure is 7.9 
MPa; the main compressor outlet pressure varies from 15 
MPa to 30 MPa; the turbine inlet temperature changes 
from 550°C to 850°C; the pressure drop in heat 
exchanger is 0.13 MPa; the terminal difference of LTR 
and HTR is 10°C; the turbine isentropic efficiency is 
90% and the compressor isentropic efficiency is 89%. As 
shown in Fig. 3, the largest error between the calculation 
results of this model and the literature data is less than 
1%, showing that the sCO2 cycle calculation method in 
this paper is valid.  

 
Table 2  The designed parameters of nuclear-powered sCO2 
cycle marine propulsion system 

Parameters Value 

Turbine inelt temperature (Tti) 
480°C–520°C (SFR) 
275°C–315°C (PWR) 

Cycle minimum temperature (Tmin) 32°C–40°C 

Turbine inlet pressure (Pti) 14–28 MPa 

Pinch temperature difference of recuperator 
(ΔTr) 

5°C–15°C 

Pinch temperature difference of IHX (ΔTIHX) 5°C 

Turbine isentropic efficiency (ηt) 93% [13] 

Compressor isentropic efficiency (ηc) 89% [13] 

Motor efficiency (ηm) 95% [40] 

Generator efficiency (ηg) 99% [41] 

Gearbox efficiency (ηgb) 99% [42] 

 

 
 

Fig. 3  Comparison of calculation results of recompression 
cycle efficiency between the present study and those 
of Xu et al. [39]  

4. Results and Discussion 

4.1 Design performance 

4.1.1 Design performance of sCO2 cycle with SFR 
Thermal efficiency (ηth), exergy efficiency (ηex) and 

net output power (Wnet) are important indicators of the 
sCO2 cycle’s thermal performance, while CEP can reflect 
the economic performance of the system. The heat 
exchanger volume (VHX) can be used as a reference for 
the sCO2 cycle system’s volume in space-constrained 
ships, as it is the largest volume component of the cycle. 
The mass flow rate of sCO2 (msCO2) is related to the 
auxiliary system’s weight and volume, and affects the 
selection of the pipeline’s diameter and wall thickness, as 
well as the size of the storage tank. This section explores 
the system’s design performance under different design 
parameters, including cycle minimum temperature, 
recuperator pinch temperature, turbine inlet temperature, 
and turbine inlet pressure, which have significant impacts 
on the system’s performance. 

Fig. 4 shows the performance of the three sCO2 cycles 
when coupled with SFR under different cycle minimum 
temperatures (Tmin) and recuperator pinch temperatures 
(ΔTr). Fig. 5 depicts the performance of the three 
SFR-coupled cycles at various turbine inlet temperatures 
(Tti) and turbine inlet pressures (Pti). Some data are 
missing from the RC performance graph because the 

 
Table 3  Effects of design parameter changes on sCO2 cycle performance when coupled with SFR (‘+’ means positive effect; ‘–’ 
means negative effect) 

Variables ηth ηex msCO2 CEP VHX Wnet 

Tmin – – + + +(RC) +(SR) –(PC) – 

ΔTr – – – – – – 

Tti + + – – + + 

Pti + + – +(RC) +(PC) –(SR) + + 
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sCO2 inlet temperature of the IHX exceeds 368°C under 
these conditions, which is unreasonable when the core 
inlet temperature is 373°C and the IHX pinch 
temperature difference (ΔTIHX) is 5°C. The performance 
of different cycles follows similar rules as the design 
parameters change. As summarized in Table 3, increasing 
Tti and Pti while decreasing Tmin and ΔTr can enhance ηth, 
ηex and Wnet. The main reason is that raising Tti and Pti 
raises the cycle average endothermic temperature and the 
turbine specific work. In addition, the lower the Tmin, the 
lower the compressor power consumption, and the lower 
the ΔTr, and the better the heat recovery efficiency. On 
the other hand, it is beneficial to increase ΔTr to lower 
VHX. In addition to reducing ηth, increasing Tmin increases 
msCO2 and CEP. Therefore, it is best to reduce the Tmin as 

much as possible. Although increasing Tti lowers the 
msCO2 and the CEP, it also increases VHX. As Pti rises, VHX 
rises as well. However, the influence of Tmin on VHX and 
the effect of Pti on CEP differed between cycles. In 
contrast to the other two cycles, the PC’s VHX reduces as 
Tmin increases, while the SR’s CEP falls as Pti increases. 

If the three cycles are compared, it can be found that 
RC has the highest ηth, ηex and Wnet under the same design 
conditions. The PC’s ηth is 1%–2% lower than the RC’s. 
The SR has the lowest ηth, 7%–8% lower than the RC’s. 
Comparing the irreversibility of each cycle component 
reveals why the RC has high efficiency. As illustrated in 
Fig. 6, the RC and PC significantly reduce the 
irreversibility of the recuperators and coolers compared 
to the SR. The slightly higher efficiency of the RC than 

 

 
 

Fig. 4  Performance map of different sCO2 cycles driven by SFR under different Tmin and ΔTr (Tti is 510°C and Pti is 20 MPa) 
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Fig. 5  Performance map of sCO2 cycles driven by SFR under different Tti and Pti (Tmin is 32°C and ΔTr is 5°C) 
 

the PC is mainly due to the lower irreversibility of the 
reactor in the RC. However, the higher efficiency of the 
RC comes at the expense of higher msCO2, VHX and CEP, 
as shown in Fig. 4 and Fig. 5. Interestingly, the PC with 
similar thermal performance to the RC is more 
advantageous in terms of CEP and VHX, despite the added 
complexity of an additional compressor. In addition, the 
SR is undoubtedly the easiest, most economical, and 
most compact sCO2 cycle. 

4.1.2 Design performance of sCO2 cycle with PWR 

With PWR, changes in design parameters have a 
similar impact on different sCO2 cycle performances, as 
summarized in Table 4. As shown in Fig. 7 and Fig. 8, 
the Wnet of sCO2 cycles coupled with PWR is about 40 
MW lower than those with SFR. The ~20% increase in 

the irreversibility of the PWR reactor in Fig. 6 can well 
explain the decrease in Wnet and ηth of the sCO2 cycle 
coupled to it. In addition, msCO2 has grown to some extent 
as the cycle enthalpy rise decreases. Although the VHX of 
cycles with PWR decreases, CEP increases by 100–140 
USD/kW. This means that using SFR improves not only 
the cycle’s efficiency but also its economic performance. 

For sCO2 cycles using PWR, the RC has the highest 
ηth, ηex and Wnet under the same design conditions. The 
PC’s thermal efficiency is 1%–2% lower than the RC’s, 
and the SR’s ηth is 3%–6% lower than the RC’s. As with 
SFR, the RC, although the most efficient, also has the 
highest msCO2, VHX and CEP. The SR, while the least 
efficient, also has the lowest msCO2, VHX, and CEP. The 
PC has similar efficiency to the RC, and its msCO2, VHX, 
and CEP also have advantages over the RC. 
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Fig. 6  The irreversibility of sCO2 cycle components with SFR (Tti/Pti/Tmin/ΔTr is 510°C/20 MPa/32°C/5°C) and PWR 
(Tti/Pti/Tmin/ΔTr is 310°C/15 MPa/32°C/5°C) 

 
Table 4  Effects of design parameter changes on sCO2 cycle 
performance when coupled with PWR 

Variables ηth ηex msCO2 CEP VHX Wnet

Tmin – – + + 
–(RC) 
–(PC) 
+(SR) 

– 

ΔTr – – – – – – 

Tti + + – – + + 

Pti + + – + + + 

4.2 Off-design performance 

4.2.1 Load-following strategy 

The off-design performance analysis of the sCO2 
cycles with SFR is under the condition of 510°C/20 
MPa/32°C/5°C for Tti/Pti/Tmin/ΔTr, and that with PWR is 
under the condition of 310°C/15 MPa/32°C/5°C. The 
design performance is shown in Table 5 and the detailed 
state parameters of different systems are summarized in 
Appendix B. The preliminary design of the heat 
exchangers and compressors under these conditions can 
be found in Table 6 and Table 7. 

For systems using electric propulsion, the turbine’s 
speed remains constant as the load changes to ensure a 
constant generator frequency. Part-load operation is 

achieved mainly by changing the turbine flow. Two 
part-load operation strategies are discussed for the 
electric propulsion system. The first is a compressor 
speed and compressor inlet pressure control strategy 
(Strategy 1) that regulates the turbine mass flow by 
adjusting the compressor inlet pressure (i.e. turbine outlet 
pressure) through inventory control and compressor 
speed control. The other is a turbine bypass control 
strategy (Strategy 2) that introduces a turbine bypass at 
HTR cold out (in PC and RC) or recuperator cold outlet 
(in SR) to reduce the turbine fluid flow and a throttle 
valve at the turbine outlet to regulate outlet pressure (as 
the throttle valve and turbine bypass shown in Fig. 1(a), 
Fig. 1(c), Fig. 1(e)). For systems using mechanical 
propulsion, different load requirements can be met by 
changing the rotational speed of the main turbine, and 
supplemented by the change of the turbine flow to 
maintain turbine inlet and outlet pressure. When the 
speed of the main turbine decreases, the total turbine 
flow can be changed by adjusting the compressor speed 
(Strategy 3) or by adding a turbine bypass (Strategy 4, as 
the turbine bypass shown in Fig. 1(b), Fig. 1(d), Fig. 1(f)) 
to keep the turbine inlet and outlet pressure as the design 
pressure. 
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Fig. 7  Performance map of different sCO2 cycles driven by PWR under different Tmin and ΔTr (Tti is 310°C and Pti is 15 MPa) 
 

In addition to the above control strategies, additional 
controls are required to ensure stable load changes. The 
core inlet and outlet temperature, i.e. the IHX inlet and 
outlet temperature of the primary coolant remain constant 
as the load varies. This is achieved by controlling the 
primary coolant flow rate and control rod system to avoid 
large thermal stress on the reactor pressure vessel [16]. 
The compressor inlet temperature control is realized by 
coupling the cooler bypass and seawater mass flow rate 
control [23]. 

The load ratio is defined as the ratio of the shaft power 
driving the propeller to the shaft power available to drive 
the propeller at the design full load condition. Different 
part-load operation strategies are discussed for different 
propulsion mode systems as the load ratio varies between 

10%–100%. The Tti remains constant as the load varies to 
avoid large thermal stress on IHX, and Pti also does not 
vary with load to avoid frequent pressure changes 
causing fatigue damage to IHX and pipe metal. 

4.2.2 Electric propulsion 

This work focuses on steady-state performance under 
off-design conditions.  Fig.  9  summarizes the 
performance and internal parameter changes of the 
system using the electric propulsion mode when the load 
changes. As the turbine flow (mt) decreases (as shown in 
Fig. 9(g) and Fig. 9(h)), the turbine load and net output 
power of the system (Wnet) decrease (as shown in Fig. 9(e) 
and Fig. 9(f)). At the same time, the turbine outlet 
pressure (Pto) increases (as shown in Fig. 9(i) and Fig. 
9(j)). The cycle efficiency (as shown in Fig. 9(a) and 
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Fig. 8  Performance map of sCO2 cycles driven by PWR under different Tti and Pti (Tmin is 32°C and ΔTr is 5°C) 

 
Table 5  Performance of sCO2 cycle with SFR (Tti/Pti/Tmin/ΔTr is 510°C/20 MPa/32°C/5°C) and PWR (Tti/Pti/Tmin/ΔTr is 310°C/15 
MPa/32°C/5°C) 

System ηth/% ηex/% msCO2/kg·s–1 CEP/USD·kW–1 VHX/m3 Wnet/MW 

SR+SFR 38.91 53.87 1271.93 287.10 25.21 116.72 

RC+SFR 46.27 64.07 1635.51 422.70 101.87 138.81 

PC+SFR 44.61 61.77 1275.95 409.61 79.22 133.82 

SR+PWR 25.94 35.91 1857.75 389.45 23.87 77.81 

RC+PWR 32.09 44.43 2593.26 567.95 92.22 96.26 

PC+PWR 30.55 42.31 1990.26 542.29 67.26 91.66 

 
Fig. 9(b)) and reactor thermal power (as shown in Fig. 
9(c) and Fig. 9(d)) also decrease with decreasing load. 

According to Fig. 9, the cycles using Strategy 1 have 
higher ηth compared to the cycles using Strategy 2, but 

the adjustable load range is limited due to the 
compressor’s surge line. Since the compressor inlet 
pressure (7.4 MPa) approaches the critical pressure, 
small changes in inlet pressure and mass flow rate can 
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Table 6  Detailed compressor design parameters 

System Components Diameter/mm Speed/r·min–1 Flow rate/kg·s–1 Enthalpy rise/kJ·kg–1 Power/MW 

SR+SFR MCOM 742 6508 1271.9 33.1 42.1 

RC+SFR MCOM 539 7200 976.4 21.33 20.83 

RC+SFR RCOM 889 7155 659.11 57.41 37.84 

PC+SFR MCOM 432 8697 659.67 20.07 13.24 

PC+SFR RCOM 788 7638 616.28 51.48 31.73 

PC+SFR PCOM 1330 2475 1275.95 15.37 19.61 

SR+PMR MCOM 996 3925 1857.7 21.7 40.31 

RC+PMR MCOM 719 4225 1374.4 13.1 18 

RC+PMR RCOM 1221 4057 1218.8 34.9 42.54 

PC+PMR MCOM 570 5177 891.64 12.35 11.01 

PC+PMR RCOM 1064 4384 1019 30.85 31.44 

PC+PMR PCOM 1695 1559 1990.26 9.9 19.7 

 
Table 7  PCHE details 

System Components Heat duty/MW Number of modules Length of each module/m 

SR+SFR Recuperator 430.00 39 0.92 

SR+SFR Cooler 183.28 24 0.75 

SR+SFR IHX 300 25 0.64 

RC+SFR LTR 196.41 65 2.25 

RC+SFR HTR 437.29 64 1.34 

RC+SFR Cooler 161.19 15 0.65 

RC+SFR IHX 300 41 1.01 

PC+SFR LTR 124.42 61 2.33 

PC+SFR HTR 304.91 50 1.04 

PC+SFR Cooler1 62.50 20 0.32 

PC+SFR Cooler2 103.68 8 0.44 

PC+SFR IHX 300 25 0.65 

SR+PMR Recuperator 348.79 43 0.66 

SR+PMR Cooler 222.19 34 0.78 

SR+PMR IHX 300 28 0.41 

RC+PMR LTR 233.63 85 1.63 

RC+PMR HTR 361.29 73 0.91 

RC+PMR Cooler 203.74 28 1.28 

RC+PMR IHX 300 39 0.39 

PC+PMR LTR 139.99 73 1.65 

PC+PMR HTR 249.68 55 0.70 

PC+PMR Cooler1 84.86 30 0.38 

PC+PMR Cooler2 123.48 11 0.50 

PC+PMR IHX 300 30 0.40 

 
cause compressor surge, making it difficult to achieve 
variable load operation of SR with Strategy 1. This is 
why the part-load performance of SR using Strategy 1 is 
not shown in Fig. 9. In contrast, the system with Strategy 
2 can meet the 10%–100% load change requirements 

because the compressor always works in the design 
condition as the load varies. However, ηth is lower, 
especially under low load conditions. Taking the RC as 
an example, the irreversibility shown in Fig. 10 explains 
the reason for the lower ηth when using Strategy 2. It can 
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be seen that the irreversibility caused by the throttling 
and mixing process increases rapidly as the load 
decreases, reaching 32% at the 10% load ratio and 
becoming the part with the largest exergy loss.  

Except for the efficiency differences, mt is lower and 
Pto is higher in the system using Strategy 1 compared to 
using Strategy 2. The main reason for this is that the 
power consumption of the compressors in cycles using 
Strategy 1 decreases with the decrease of the load 
because of the reduction in msCO2, while it is constant in 
cycles using Strategy 2. Therefore, for the same Wnet, the 
turbine power and mt of the cycles using Strategy 2 need 

to be higher than those using strategy 1. In addition, the 
Qth of cycles using Strategy 1 decreases more than that of 
cycles using Strategy 2 as the load decreases due to the 
larger reduction of mt. Under the same load ratio, the Qth 
of SFR is lower than that of the PWR. 

4.2.3 Mechanical propulsion 

Fig. 11 summarizes the performance and internal 
parameter changes of the system using mechanical 
propulsion mode as the load changes. The load is reduced 
by reducing the rotational speed of the MT, while the 
rotational speed of the AT remains unchanged to maintain 

 

 
 

Fig. 9  Part-load performance of sCO2 cycles with electric propulsion 
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Fig. 10  Irreversibility of cycle components at part-load conditions (MIX means the irreversibility caused by fluid mixing and VAL 
stands for the irreversibility of throttle and bypass valves) 

 
stable electric power generation. In addition, the power 
and flow of the auxiliary turbine remain unchanged to 
meet the needs of power consumption of the compressors, 
auxiliary machines, and daily electricity consumption. As 
the WMT decreases for systems using Strategy 3 and 
Strategy 4, ηth, Qth and mt all decrease, as shown in Fig. 
11. The system using Strategy 3 achieves 2%–4% higher 
ηth than that using Strategy 4. The difference in thermal 
efficiency induced by the two control strategies is mainly 
caused by the increase in turbine bypass throttling exergy 
loss when the load drops, as seen in the exergy analysis 
data in Fig. 10.  

Compared with the electric propulsion system, the 
largest difference in part-load performance is that the PC 
and the SR with the mechanical propulsion mode could 
achieve load changes in the range of 10%–100% no 
matter which control strategy is used. This is because the 

compressor flow change is smaller in the mechanical 
propulsion mode than in the electric propulsion mode. 
When the load ratio changes between 100% and 10%, the 
compressor flow rate is always greater than the surge 
flow limit. However, the load ratio of the RC with SFR 
can only drop to 77% and 72% using Strategy 3 and 
Strategy 4, because the IHX inlet sCO2 temperature rises 
as the load decreases, gradually exceeding the maximum 
allowable temperature (Core inlet temperature+ΔTIHX). 
Interestingly, under the same load ratio, the ηth of the 
system using Strategy 2 and the system using Strategy 4 
is very close. Although the throttling exergy loss of the 
mechanical propulsion mode is not as large as that of the 
electric propulsion mode, the exergy loss in the turbine is 
higher in the mechanical propulsion mode, as 
demonstrated in Fig. 10. The trade-off results in basically 
the same efficiency. 
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4.3 Discussion on the configuration of nuclear- 
powered sCO2 cycle marine propulsion system 

Previous studies on the use of the sCO2 cycle in 
nuclear power plants have generally favoured the 
recompression cycle due to its higher efficiency. 
However, evaluation from various dimensions such as  

volume, weight, CEP, and part-load performance 
suggests that the PC and SR cycles may be more suitable 
for use in nuclear-powered ships. While the RC cycle has 
the highest output work and thermal efficiency at full and 
part load, it is not as advantageous in terms of volume, 
weight, and cost, and there are also more restrictions on 

 

 
 

Fig. 11  Part-load performance of sCO2 cycles with mechanical propulsion 
 

 
 

Fig. 12  Propeller shaft power for electrical propulsion mode and mechanical propulsion mode 
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Fig. 13  Comparison of thermal efficiency when different load-following strategies used 

 
its design parameters and load adjustment. The PC cycle 
is slightly less efficient than the RC cycle (by about 
1%–2%), but it offers advantages in terms of volume, 
weight, cost, and flexibility of load adjustment. The SR 
cycle has the lowest thermal efficiency at design and 
part-load conditions (about 6%–8% lower than the RC 
cycle under the same conditions), but it is significantly 
more compact, with a VHX that is reduced by 70%–75% 
compared to the RC cycle and a CEP that is reduced by 
about 30%. 

In terms of propulsion mode and load control strategy, 
electric propulsion systems tend to have larger power 
losses in the transmission between the turbine and the 
propeller compared to mechanical propulsion systems. 
For instance, Fig. 12 shows that the propeller shaft power 
in the electric propulsion mode is 2.4 MW–5.5 MW 
lower than in the mechanical propulsion mode as Tmin 
varies. For electric propulsion systems, bypass control 
has to be used to enable 10%–100% load changes. In 
mechanical propulsion systems, the load can be adjusted 
by adjusting the main turbine speed, with bypass control 
and compressor speed control serving as auxiliary means 
to stabilize inlet and outlet turbine pressure. Fig. 13 
shows the thermal efficiency of different sCO2 cycles in 
nuclear-powered ships under various load-following 

strategies. It can be seen that Strategy 1 yields the highest 
ηth, followed by Strategy 3, with the lowest ηth resulting 
from Strategies 2 and 4. Overall, Strategy 3 offers the 
most flexibility and efficiency among the four strategies. 

5. Conclusions 

Unlike applications in nuclear power plants, the sCO2 
cycle for nuclear-powered ships needs to be more 
compact and flexible. This paper presents a study on the 
design and selection of suitable sCO2 cycles for 
nuclear-powered ships. Taking into account the 
characteristics of nuclear-powered ships, the paper 
evaluates the thermodynamic performance, cost, volume, 
weight, and part-load performance of several 
nuclear-powered sCO2 cycles using various indicators, 
and compares four different load-following strategies. 
The main findings are as follows:  

(1) The recompression cycle (RC) and the partial 
cooling cycle (PC) have similar thermal efficiency (ηth), 
but the PC has advantages in terms of heat exchanger 
volume (VHX) and the capital cost of every unit of cycle 
output power (CEP). Although the ηth of the simple 
recuperated cycle (SR) differs from that of the RC and 
PC by 6%–8%, it has a simpler structure and lower VHX 
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and CEP. The system using a sodium-cooled fast reactor 
(SFR) has not only higher efficiency but also lower CEP 
than the system using a pressurized water reactor (PWR). 

(2) When Strategy 1 or Strategy 2 is used, the 
configuration of the sCO2 cycle applied to 
nuclear-powered ships is similar to that used in nuclear 
power plants, because the turbine output work is all 
converted into electrical energy. Strategy 2 can achieve a 
load ratio change from 100%–10%, but Strategy 1 cannot 
reduce the load ratio below 70% due to the limitation of 
the compressor surge line.  

(3) Adopting Strategy 3 and Strategy 4 can effectively 
avoid the compressor state point close to the surge point, 
enabling the system to operate at load ratios from 100% 
to 10%. Among the four control strategies, Strategy 3 
makes the cycle more efficient and flexible. 

(4) The PC is more suitable for nuclear-powered ships 
because it offers high thermal efficiency and low volume 
and cost, and maintains relatively high thermal efficiency 
at part load. 

This study focuses on the steady-state characteristics 
of the nuclear-powered sCO2 marine propulsion system, 
but it is also essential to consider the system’s dynamic 
response to changes in load demand. Future research 
should aim to investigate the dynamic behaviour of this 
system and its potential applications in nuclear-powered 
ships. 
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