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Abstract 
 
A dual parallel organic Rankine cycle (ORC) system is proposed for the efficient waste heat recovery of marine applications, which 

present a relatively large variation of waste heat relative to sailing conditions. Simulations for single and dual ORC systems are con-
ducted with a wide range of heat input. The performance results are compared to evaluate the benefits of the proposed dual configuration. 
Annual total power outputs produced by single and dual ORCs are calculated to assess the appropriateness of applying the dual ORC to a 
marine engine by using four models of fuel consumption distribution based on the actual sailing data of a container ship. Results demon-
strate the ability of dual ORC to produce more total power output than the single ORC.  
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1. Introduction 

Considering the annual increase in maritime cargo, the im-
portance of recovering waste heat has been raised in marine 
engineering to reduce harmful gases and save fuel [1]. As 
summarized in Table 1, about 40% or more of the energy 
consumed in a marine engine is emitted in the form of waste 
heat, 75% of which is discharged directly to the atmosphere in 
low-temperature exhaust gas and jacket coolants [2]. Recent 
research introduced various technologies including an organic 
Rankine cycle (ORC) and a thermo-electric generator (TEG) 
to convert engine waste heat into useful power [3]. 

Given the environmental issues and high energy costs lead-
ing to increased interest in the recovery of low-grade waste 
heat, ORC has been considered as a reliable candidate for heat 
recovery in various field applications such as solar thermal [4, 
5], geothermal sources [6, 7] and industrial waste heat [8-10]. 
ORC has been widely studied for waste heat recovery in inter-
nal combustion engines including marine engines. Choi and 
Kim [11] suggested a dual loop configured in series for waste 
heat recovery in exhaust gas discharged from the main engine 
of a container ship. The proposed recovery system consisted 
of a trilateral cycle and an ORC that utilize water and R1234yf 
as working fluids, respectively. 

Choi and Kim [11] presented the probability distributions of 

exhaust gas temperature and fuel consumption based on the 
real engine operation data of a container ship during a single 
one-way trip that took approximately two weeks. Fuel con-
sumption distribution revealed that the amount of engine 
waste heat should indicate a large variation. Owing to the 
large variation of waste heat, the single ORC system can sat-
isfy off-design conditions, where the efficiency of ORC sys-
tem can be severely reduced, or the ORC system can become 
non-operational. Thus, the present study proposes a novel 
system with dual ORC loops in parallel for the efficient waste 
heat recovery in exhaust gas discharged from heavy-duty ma-
rine engines. 

 
2. Dual ORC system in marine engine 

Waste heat in the engine exhaust gas and the jacket coolant 
have been considered as heat sources for ORC [12]. Among 
these waste heat sources, the present study considers the ex-
haust gas as its heat source because the amount of heat in the 
exhaust gas is about five times larger than that in the jacket 
coolant as described in Table 1. Fig. 1 shows a schematic dia-
gram of the proposed dual ORC configured in parallel to the 
recovery of waste heat in exhaust gas discharged from a ma-
rine engine. Exhaust gas is introduced into both ORC loops 
after passing through an economizer. The ORC system can be 
selectively operated in the dual or single modes depending on 
the amount of waste heat. A large amount of waste valve 2 is 
necessary in the dual mode to feed exhaust gas into evapora-
tors. 
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However, once the waste heat considerably decreases with 
diminished engine load, the pressure ratio between the ex-
pander inlets and outlets must be decreased in the dual mode. 
This action is accomplished because the mass flow rate of 
working fluid should be reduced to maintain vapor quality. To 
increase the expander inlet pressure, the exhaust gas should be 
concentrated into either one of the ORCs by switching to sin-
gle mode. The increased pressure ratio can enhance the per-
formance under low waste heat conditions. Hence, the dual 
ORC system is expected to be more effective than the single 
ORC, particularly in applications with large variations in 
waste heat. 

 
3. System modeling 

To evaluate the performance characteristics of the dual 
ORC system compared with the single ORC, three ORC sys-
tems were considered, as shown in Table 2. This study targets 
a 200 kW class ORC system for recovering waste heat with 
about 1,800 kW. R245fa was selected as the working fluid 
because of its suitability for the temperature range of the ex-
haust gas from marine diesel engine [13]. 

 
3.1 Expander model 

Expanders have been modeled based on the results of a 
CFD analysis on a radial type turbine designed for 200 kW 
class ORC [14]. The expander was designed with the fixed 
outlet pressure of 2 bar and the fixed rotational speed of 15000 
rpm. Fig. 2 shows the turbine isentropic efficiency against the 

pressure ratio based on the CFD analysis results. Results indi-
cate that the maximum isentropic efficiency of about 82% was 
achieved near the pressure ratio of approximately 6.0. 

The system modeling of the ORC configurations in Table 1 
show the four expanders with different capacities considered, 
which are listed in Table 2. The isentropic efficiency against 
pressure ratio is assumed identical regardless of expander 
capacity. 

The isentropic efficiency was defined as a fourth-order 
polynomial curve obtained by curve fitting the CFD data in 
Fig. 2. 

 
2 3 4

, 1 2 3 4 5EX isen r r r rA A P A P A P A Ph = + + + +   (1) 

Table 2. Three different 200 kW ORC configurations. 
 

Maximum capacity 
 

ORC 1 ORC 2 

Single ORC 200 kW - 

Dual ORC 1 100 kW 100 kW  

Dual ORC 2 140 kW 60 kW  

 

 

 
 
Fig. 1. Schematic diagram of a dual ORC system for recovering the waste heat of marine engine. 

 

Table 1. Heat balance of a 12S90ME-C9.2 standard engine (MAN 
diesel turbo). 
 

Fuel consumption (167 g/kWh) 100% 

Shaft power output 49.3% 

Lubricating oil 2.9% 

Jacket water 5.2% 

Exhaust gas 25.5% 

Air cooler 16.5% 

Heat radiation 0.6% 

 
 

 
 
Fig. 2. Isentropic efficiency of 200 kW class turbine against pressure ratio. 
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where Pr is the pressure ratio between the expander inlet and 
outlet. To determine the pressure at the entrance of each ex-
pander, filling factor was adopted as defined in Eq. (2). 

 

,
.r su

filling
s EX EX

m vF
V N

=
&
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The filling factor was assumed as 1.1 in this study, although 

the filling factor was empirically determined [15]. The pa-
rameters obtained are represented in Table 3. 

 
3.2 Cycle modeling 

The global model of the dual ORC system was obtained by 
combining the expander model and the other ORC component 
models, including the heat source, evaporators, condensers, 
and pumps, as shown in Fig. 3.  

The power output for each expander was calculated using 
Eq. (3). 

 

, , , ,( ) .EX EX isen r EX in EX out isenW m h hh=& & -   (3) 

 
The total power output can be determined by the sum of the 

power outputs of ORC 1 and ORC 2. The power consumption 
for each working fluid pump was calculated using Eq. (4).  
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The amount of waste heat in exhaust gas and the amount of 
the evaporative heat transfer can be described as Eqs. (5) and 
(6), respectively. 
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Cycle efficiency can be calculated with the ratio between 

total net power and total evaporative heat transfer as given in 
Eq. (7). 
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Overall system efficiency can be calculated by considering 

heat effectiveness (ε), which represents the overall heat trans-
fer efficiency as in Eqs. (8) and (9). 
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Table 4 summarizes the thermodynamic parameters of 

working fluid and exhaust gas. The specific heat of the ex-
haust gas was assumed the same with that of air at ambient 
condition [2]. The superheating and subcooling temperatures 
were kept constant, and the bottom pressure of cycle was fixed 
to two bars. The isentropic efficiency of the working fluid 
pump was assumed as the constant value of 80%. A pinch 
point temperature difference (ΔTpinch) was fixed to 20°C. 

 
4. Simulation results 

4.1 Performance characteristics 

Fig. 4(a) shows power output as a function of pressure ratio 
for each capacity of ORC. Power output increases as pressure 
ratio rises. The maximum power output of each ORC can be 
achieved at the maximum pressure ratio. The power output 
against the evaporative heat transfer can be used to assess the 
performance of each ORC for a wide range of heat input. Fig. 

Table 4. Modeling parameters for ORC cycle. 
 

Parameter Value 

Texh,in [°C] 200 

ΔTpinch [°C] 20 

Cp,exh [kJ/kg-K] 1.012 

Tsup [°C] 10 

Tsub [°C] 5 

Pcd [bar] 2 

Tref [°C] 20 

h PP [%] 80 

 
 

Table 3. Equation parameters for each expander. 
 

Capacity of  
expander 

Vs,EX 
(cm3/rev) NEX (rpm) Ffilling 

200 kW 212.54 15000 1.1 

100 kW 106.27   

140 kW 148.778   

60 kW 63.762   

Parameters for isentropic efficiency: 
A1 = -99.34843; A2 = 103.39882; A3 = -21.75227; 

A4 = 1.99596; A5 = -0.06746 

 

 
 
Fig. 3. Schematic of modeled dual parallel ORC system including state 
points. 
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4(b) clearly demonstrates that an ORC loop with less capacity 
can achieve increased power output with low waste heat. Thus, 
the dual ORC with two small ORC loops was expected to 
produce a higher total power output than the single ORC sys-
tem by switching the operating mode. The waste heat, where 
the maximum power output is achieved, can be used as the 
operating mode change point in further dual ORC system 
simulations.  

 
4.2 Comparison between ORC systems 

To assess the appropriateness of the dual ORC system, a 
simulation study was conducted for large variations of waste 
heat. Three ORC systems were considered as listed in Table 3: 
a 200 kW ORC loop (Single ORC), two 100 kW ORC loops 
(Dual ORC 1), and 140 kW - 60 kW ORC loops (Dual ORC 2).  

Given that the amount of waste heat is directly related to the 
exhaust gas amount, the simulated performance characteristics 
against the mass flow rate of the exhaust gas are graphically 
represented in Fig. 5. Operating mode was selected to maxi-
mize the total power output. The performance characteristics 
of the dual ORC system operated in dual mode should be 
same as those of the single ORC because of the identical ex-
pander isentropic efficiency assumption. As shown in Fig. 
5(a), the dual ORC system can achieve a higher total power 
output than the single ORC under low waste heat conditions 

by changing the operating mode. Results similarly show that 
the dual ORC system is capable of recovering a wide range of 
waste heat. Figs. 5(b) and (c) show that efficiencies can be 
improved by utilizing the dual ORC with single mode at a 
small amount of waste heat, and that the lower capacity ORC 
indicated better performance. Results further demonstrate that 
cycle efficiency suddenly increases with the operating mode 

 
(a) Power output against pressure ratio 

 

 
(b) Power output against the evaporative heat transfer 

 
Fig. 4. Power outputs for ORC loops with four capacities. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 5. Comparison of performances between single ORC and dual 
ORC systems. 
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change from dual to single mode, whereas the exhaust gas 
amount, the total power output, and the overall system effi-
ciency were preserved. The sudden increase in the cycle effi-
ciency of a single mode was caused by the decreased evapora-
tive heat transfer for the specified power output as shown in 
Fig. 4(b). The reduced evaporative heat transfer imposes the 
outlet temperature of the exhaust gas to increase. Thus, the 
effectiveness of the evaporator decreases considering Eqs. (8) 
and (9). The simulated cycles of both modes during the mode 
change are presented in a T-s diagram in Fig. 6. The diagram 
clearly shows that the pinch point temperature difference 
slightly increases and that the pressure ratio rises. The in-
creased pinch point temperature difference implies the in-
creased outlet temperature of the exhaust gas, the reduced 
evaporator effectiveness, and the diminished evaporative heat 
transfer as described above. 

 
5. Waste heat recovery of marine engine 

5.1 Modeling of waste heat in marine engine 

A cumulative distribution of fuel consumption from the ac-

tual sailing data measured in a container ship during a one-
way trip is presented in Fig. 7 [11]. The distribution shows 
that the waste heat of the marine engine has large variations. 
Thus, a general ORC system with a single design point could 
meet off-design conditions. The distribution addresses two 
main consumption regions. The distribution has been simpli-
fied for modeling the waste heat variation as presented by the 
red line in Fig. 7. 

Fig. 8 shows the simplified probability distributions of fuel 
consumption. Fig. 8(a) describes the real distribution along 
with a simplified model (Model 1) that corresponds to a cu-
mulative distribution in Fig. 7. For various operating condi-
tions, three additional fuel consumption models were modified 
from Model 1, which have been considered in Figs. 8(b) and 
(c). To determine the excess heat of the exhaust gas, excess 
heat is assumed to be linearly proportional to fuel consump-
tion [11]. 

 
5.2 Power output recovered in marine engine 

The total annual power outputs for a one-way trip achieved 

 
 
Fig. 6. T-s diagram of the cycle when operating mode changes dual 
mode to single mode (Dual ORC 1). 

 

 
 
Fig. 7. Cumulative distribution of fuel consumption that is revised 
from Choi and Kim [11] along with a simplified model represented by 
a red line. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Fig. 8. Simplified probability distributions of fuel consumption. 
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in a span of two weeks were calculated using the fuel con-
sumption models. A total of 4 round trips per year were as-
sumed. Table 5 summarizes the total annual power outputs, 
Eannual in MWh. Fig. 9 graphically shows the comparison of 
these amounts. The results displayed the amount of the annual 
total power output ranges from 223 MWh to 380 MWh, de-
pending on the fuel consumption model and the ORC configu-
ration. Furthermore, the results show that dual ORC systems 
are capable of producing more power output for all fuel con-
sumption models compared with the single ORC. Moreover, 
dual ORC 2 could have taken advantage of heat recovery 
compared with dual ORC 1. 

6. Conclusions 

A system with dual ORC loops with a parallel configuration 
was proposed for efficient excess heat recovery from the ex-
haust gas of the marine engine, which has a large excess heat 
variation according to engine load. The simulation study on 
two different configurations of the proposed dual ORC system 
was conducted. The results were then compared with those of 
a single ORC system. The results clearly show that changing 
the operating mode could allow dual ORCs to achieve a 
higher total power output and higher efficiencies than those 
achieved by single ORC when the excess heat is low. The 
enhanced system performance was caused by an increased 
expander inlet pressure in the single mode of the dual ORCs. 

To assess the appropriateness of applying the dual ORC to 
the marine engine, the annual total power outputs produced in 
single and dual ORCs were calculated using the actual sailing 
data of a container ship and four other distribution models of 
fuel consumption. The results showed that the dual ORC 
could produce more power output compared with the distribu-
tion models that can be achieved by the single ORC. The an-
nual total power output using dual ORC configuration ranges 
from 103% to 115%, which is achieved by a single ORC. 

Consequently, it was verified that the proposed dual ORC 
system has competitive advantages in recovering waste heat 
with large variations. Thus, the dual ORC loops parallel could 
be considered for marine applications, which has a large ex-
cess heat variations depending on various sailing conditions. 
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Nomenclature------------------------------------------------------------------------ 

Cp : Specific heat, kJ/kg-K 
Eannual : Annual power output, MWh 
Ffilling : Filling factor 
h  : Specific enthalpy, kJ/kg 
m&   : Mass flow rate, kg/s 
N : Rotational speed, rpm 
Pr : Pressure ratio 
Q&   : heat transfer, kW 
T : Temperature, K 
v : Specific volume, m3/kg 
Vs : Swept volume/rev, cm3/rev 

Table 5. Summary of annual total power outputs for single and dual 
ORC systems. 
  

  Unit Actual 
model 

Model 
1 

Model 
2 

Model 
3  

Model 
4 

Single ORC  
(200 kW) 

Generated 
power MWh 314 293 339 233 210 

Generated 
power MWh 330 304 360 281 234 Dual ORC 1  

(100 kW+ 
100 kW) Benefit % 4.93 3.47 6.63 15.41 7.60 

Generated 
power MWh 334 314 362 280 240 Dual ORC 2  

(140 kW+ 
60 kW) Benefit % 6.41 6.79 7.44 14.97 9.53 

 

 
(a) 

 

 
(b) 

 
Fig. 9. Comparison of annual total power outputs for single and dual 
ORC systems. 
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W&  : Power output, kW 
ΔTpinch  : Pinch point temperature difference, K 
h   : Efficiency, % 

 
Subscripts 

act : Actual amount 
c : Cycle 
CD : Condenser 
cw : Cooling water 
EV : Evaporator 
EX : Expander 
exh : Exhaust gas 
isen : Isentropic 
in : Inlet 
out : Outlet 
PP : Pump 
r : Working fluid 
sup : Superheating 
sub : Subcooling 
overall : System overall 
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