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� Wet steam expansion of water is applied in the HT loop.
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a b s t r a c t

A dual-loop organic Rankine cycle (ORC) system is designed to recover the waste heat of a diesel engine.
The high-temperature (HT) loop utilizes the heat load of the engine exhaust gas, and the low-temperature
(LT) loop uses the heat load of the jacket cooling water and the residual heat of the HT loop sequentially.
These two loops are coupled via a shared heat exchanger. Water is selected as the working fluid for the HT
loop and wet steam expansion, which can be implemented through screw expanders, is exploited. The
dryness fraction of the wet steam at the inlet of the expander can be adjusted to attain a suitable evap-
oration temperature and provide a better temperature match with the heat source. The working fluid
candidates for the LT loop are chosen to be R123, R236fa and R245fa. The influence of the HT loop param-
eters on the performance of the LT loop is evaluated. The simulation results reveal that under different
operating conditions of the HT loop, the pinch point of the LT loop occurs at different locations and there-
fore, results in different evaporation temperatures and other thermal parameters. The maximum net
power output of the dual-loop ORC system reaches 115.1 kW, which leads to an increase of 11.6% on
the original power output of the diesel engine.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The diesel engine is a primary power source for automobiles,
ships and locomotives mainly due to its robust thermal perfor-
mance and high operational reliability. In recent decades, the
energy consumption of diesel engines has increased rapidly with
the development of the transportation industry. However, the glo-
bal greenhouse effect and the depleted energy supply are crucial
issues that the developing world has to face. Governments of many
countries have introduced strict regulations for diesel engine emis-
sions and fuel economy standards. Therefore, there is a strong
motivation in the propulsion sector to increase the efficiency of
diesel engines.
In a typical diesel engine, less than 45% of the fuel energy is con-
verted into a useful power output by the crankshaft, while the
remaining energy is lost through the engine exhaust gas, the jacket
cooling water, the air cooling system and the lubrication system
[1]. It is apparent that a large fraction of the primary energy
remains untapped and the potential gain from efficiently recover-
ing the waste heat is appreciable.

The current energy scenario has revived strong interest in the
waste heat recovery of diesel engines, which is similar to what
occurred in the 1970s in the United States [2] and Europe [3] as
a consequence of the first oil crisis. Among all of the existing tech-
nologies, the organic Rankine cycle (ORC) has been proven to be a
promising solution for engine waste heat recovery [4–11].
Different ORC systems (such as simple ORC systems [12,13], regen-
erative ORC systems [13,14] and preheated ORC systems [15,16])
have been designed and presented to recover engine waste heat.
In addition, dual-loop ORC systems have been actively researched
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Nomenclature

_m mass flow rate, kg/s
Q heat load, kW
h specific enthalpy, kJ/kg
cp specific heat capacity, kJ/kg K
T temperature, K
W power, kW
_I exergy destruction rate, kW
E exergy
x dryness fraction

Greek symbols
g efficiency

Subscripts
wf working fluid
HT high-temperature
LT low-temperature
gas engine exhaust gas
jw jacket cooling water

in inlet
out outlet
pump pump
evap evaporator
exp expander
cond condenser
res residual
c cooling water
net net
the thermal
tot total
ex exergy

Acronyms
ORC organic Rankine cycle
HT high-temperature
LT low-temperature
GWP global warming potential
ODP ozone depletion potential

Table 1
Main parameters of the diesel engine.

Property Unit Value

Power output kW 996
Rotation speed r/min 1500
Torque N m 6340
Temperature of the engine exhaust gas K 573.15
Mass flow rate of the engine exhaust gas kg/h 7139
Inlet temperature of the jacket cooling water K 338.15
Outlet temperature of the jacket cooling water K 363.15
Mass flow rate of the jacket cooling water kg/h 6876
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in recent years, which can simultaneously recover the waste heat
of the engine exhaust gas and the engine coolant. Shu et al. [17]
proposed a novel dual-loop organic Rankine cycle system for
engine waste heat recovery, which consisted of a
high-temperature (HT) loop and a low-temperature (LT) loop.
The HT loop used water as the working fluid to recover the
high-temperature engine exhaust, and the LT loop used an organic
working fluid to sequentially recover the waste heat of the engine
coolant, the residual heat of the HT loop and the low-temperature
exhaust. Energetic and exergetic analysis were conducted, and the
simulation results revealed that the maximum net power output
and the maximum exergy efficiency of the system reached
36.77 kW and 55.05%, respectively. Choi and Kim [18] applied a
dual-loop waste heat recovery power generation system, which
was comprised of an upper trilateral cycle that uses water and a
lower organic Rankine cycle, to an internal combustion engine.
The HT loop recovered the waste heat of the engine exhaust gas
and the LT loop recovered the low-temperature exhaust and the
residual heat of the HT loop. The thermodynamic results confirmed
that the dual loop system exhibited a maximum net power output
of 2069.8 kW, a maximum thermal efficiency of 10.93% (in accor-
dance with the first law of thermodynamics) and a maximum
exergy efficiency of 58.77% (in accordance with the second law of
thermodynamics). Zhang et al. [19] analyzed the characteristics
of a novel system that combined a vehicular light-duty diesel
engine with a dual-loop ORC system. A high-temperature loop
recovered the exhaust heat, and a low-temperature loop recovered
the residual heat from the high-temperature loop and the waste
heat from both the intake air and the engine coolant. The relative
power output improved from 14% to 16% in the peak effective ther-
mal efficiency region of the engine and from 38% to 43% in the
small load region. Panesar et al. [20] presented a dual loop ORC
system for long haul trucks. A water blend study was conducted
to identify suitable mixtures for the high-temperature loop, while
the low-temperature loop used a hydrofluoroether fluid as the
working fluid. The results showed that the use of the blend in a
dual-loop system could increase the engine brake power by 5.8–
7.4%.

Though water has been selected to be the working fluid in the
HT loop for dual-loop ORC systems, few studies have considered
exploiting wet steam expansion, which can be implemented
through screw expanders. Moreover, for most current dual-loop
ORC systems, the LT loop utilized the low-temperature waste heat
in addition to the residual heat of the HT loop. It is evident that the
residual heat load of the HT loop varies under different operating
conditions, and this has an impact on the LT loop. However, few
studies have concentrated on the influence of the HT loop param-
eters on the LT loop. In this paper, these two issues (i.e., the
exploitation of wet steam expansion and the influence of the HT
loop parameters on the LT loop) have been investigated. A
dual-loop ORC system is designed to recover the waste heat of a
diesel engine manufactured by Hudong Heavy Machinery Co.,
Ltd. In this system, the HT loop utilizes the heat load of the engine
exhaust gas, while the LT loop recovers the heat load of the jacket
cooling water and the residual heat of the HT loop. The two loops
of this system are coupled via a shared heat exchanger. Wet steam
expansion with water as the working fluid is exploited in the HT
loop, and R123, R236fa and R245fa are chosen as the working fluid
candidates for the LT loop. Performance analysis is conducted for
the dual-loop ORC system with different working fluids and under
different operating conditions. The influence of the HT loop param-
eters on the LT loop is evaluated. The maximum net power output
and the maximum exergy efficiency are the evaluation criteria to
select the suitable working fluid and define the optimal thermal
parameters of the system.
2. System description

2.1. Diesel engine

The selected diesel engine in this paper is an inline six-cylinder
turbocharged engine manufactured by Hudong Heavy Machinery



Table 2
Composition of the engine exhaust gas.

Composition Content (g/kW h) Molecular weight (g/mol) Fraction (%)

O2 1366 32.00 14.83
CO2 552 44.00 4.36
H2O 321 18.01 6.20
CO 0.28 28.01 –
SO2 0.46 64.06 –
NOx (NO2) 11.17 46.01 –
HC (CH4) 0.19 16.04 –
N2 6872 28.01 74.61
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Co., Ltd. The main parameters of the diesel engine are shown in
Table 1. The composition of the engine exhaust gas is measured
and listed in Table 2. According to a calculation by REFPROP 9.1,
the specific heat capacity of the engine exhaust gas is approxi-
mately 1.1 kJ/kg K. The heat load will be nearly 600 kW if the
engine exhaust gas is cooled to the ambient temperature, and
the heat load of the jacket cooling water is 199.9 kW. The total heat
load of the two waste heat sources of the diesel engine reaches
nearly 800 kW, which further confirms that the efficient recovery
of the waste heat will significantly improve the engine power out-
put as well as increase the thermal efficiency without additional
fuel consumption.
2.2. Dual-loop ORC system

The schematic diagram of the dual-loop ORC system is shown in
Fig. 1. The HT loop recovers the heat load of the engine exhaust gas,
while the LT loop utilizes the heat load of the jacket cooling water
and the residual heat of the HT loop sequentially. The two loops of
the system are coupled via a shared heat exchanger and therefore,
the condenser of the HT loop is also the evaporator of the LT loop.
By using a shared heat exchanger, the heat load that dissipated to
the environment can be significantly reduced, and this reduction
increases the overall efficiency and the total power output of the
system.

Water is selected to be the working fluid in the HT loop. Because
water has the largest latent heat of any known working fluid, a
large part of the absorbed heat load is required for evaporation.
However, the temperature of the waste heat source decreases con-
tinuously as it transfers the heat load to the water. Consequently,
the evaporation temperature of the water will be much lower than
the initial temperature of the waste heat source, and this results in
poor cycle efficiencies. One viable solution is to apply wet steam
expansion to the HT loop by means of a screw expander, as an
alternative to traditional organic expanders [21]. Screw expanders
can operate normally even when the working fluid is wet at the
inlet because they enhance the lubrication of the meshing rotors
due to the presence of the liquid, which seals the gaps between
the rotors and the casing [22]. Moreover, screw expanders are cap-
able of higher rotational speeds than vane and scroll expanders,
and the optimal tip speed is approximately one order of magnitude
less than that of traditional turbo machines [23]. Therefore, in most
cases, screw expanders can be coupled directly to a generator
without an intermediate reduction gearbox. This not only reduces
the transmission loss but also reduces the capital cost of the
system.

In the HT loop, the water from the condenser is first pumped to
a high pressure state. Then, in the evaporator, the water absorbs
the heat load of the engine exhaust gas and is converted into a
two-phase mixture consisting of saturated liquid and saturated
vapor. Note that the dryness fraction here can be adjusted to attain
a suitable evaporation temperature and provide a better tempera-
ture match with the engine exhaust gas. Next, wet steam
expansion occurs in the screw expander to produce power, which
is later converted into electricity by a generator. Afterward, the
two-phase mixture from the expander is condensed into the satu-
rated liquid state.

For the LT loop, R123, R236fa and R245fa are selected to be the
working fluid candidates. The properties of these organic fluids are
listed in Table 3. Similar to the thermal process of the HT loop, the
organic fluid from the condenser is first pumped. Then, it is heated
sequentially by the jacket cooling water and the residual heat of
the HT loop into the saturated vapor state. It should be emphasized
that the evaporation of the working fluid might occur in either heat
exchanger and mainly depends on the heat load capacities of the
two heat sources. Next, the organic vapor expands in the expander
and then, it is condensed by the cooling water in the condenser.

3. Thermodynamic model

The T–s diagram of the dual-loop ORC system with wet steam
expansion is shown in Fig. 2. The thermodynamic model of the sys-
tem is described below.

3.1. HT loop

In the HT loop, the mass flow rate of the water can be calculated
using the following equation

_mwf ;HT ¼
Q gas

h4;HT � h2;HT
ð1Þ

where Qgas is the heat load of the engine exhaust gas, which can be
calculated as

Qgas ¼ _mgas � cp;gas � ðTgas;in � Tgas;outÞ ð2Þ

where cp;gas is the average specific heat capacity of the engine
exhaust gas, and Tgas;in and Tgas;out are defined as the inlet and outlet
temperatures of the engine exhaust gas, respectively.

Process in the working fluid pump is given by

Wpump;HT ¼
_mwf ;HT � ðh2s;HT � h1;HTÞ

gpump;HT
ð3Þ

_Ipump;HT ¼ T0 � _mwf ;HT � ðs2;HT � s1;HTÞ ð4Þ

Process in the evaporator is given by

Qevap;HT ¼ _mwf ;HT � ðh4;HT � h2;HTÞ ð5Þ

h4;HT ¼ ð1� xÞ � h3;HT þ x � h40 ;HT ð6Þ

_Ievap;HT ¼ T0 � _mwf ;HT � ðs4;HT � s2;HTÞ þ T0 � _mgas � ðsgas;out � sgas;inÞ ð7Þ

where h40 ;HT is the enthalpy of the saturated vapor corresponding to
state point 4 of the HT loop, and x is the dryness factor of the wet
steam at the outlet of the evaporator as well as that at the inlet of
the screw expander.

Process in the screw expander is given by

Wexp;HT ¼ _mwf ;HT � ðh4;HT � h5s;HTÞ � gexp;HT ð8Þ

_Iexp;HT ¼ T0 � _mwf ;HT � ðs5;HT � s4;HTÞ ð9Þ

The residual heat of the HT loop is given by

Qres ¼ mwf ;HT � ðh5;HT � h1;HTÞ ð10Þ

The net power output of the HT loop is given by

Wnet;HT ¼Wexp;HT �Wpump;HT ð11Þ

The thermal efficiency of the HT loop is given by



Fig. 1. Schematic diagram of the dual-loop ORC system for engine waste heat recovery.

Table 3
Properties of the working fluids.

Working fluid Molecular weight (g/mol) Normal boiling point (K) Critical temperature (K) Critical pressure (kPa) GWP ODP

R123 152.93 301.0 456.8 3661.8 120 0.012
R236fa 152.04 271.7 398.1 3200.0 9400 0
R245fa 134.05 288.3 427.2 3651.0 950 0

Fig. 2. T–s diagrams of the dual-loop ORC system with wet steam expansion.
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gthe;HT ¼
Wnet;HT

Q gas
¼ Wexp;HT �Wpump;HT

_mgas � cp;gas � ðTgas;in � Tgas;outÞ
ð12Þ
3.2. LT loop

In the LT loop, the mass flow rate of the working fluid can be
calculated using the following equation

_mwf ;LT ¼
Q LT

h4;LT � h2;LT
¼

Q jw þ Qres

h4;LT � h2;LT
ð13Þ

where Qjw is the heat load of the exhaust gas, which can be calcu-
lated as

Q jw ¼ _mjw � cp;jw � ðTjw;in � Tjw;outÞ ð14Þ
where cp;jw is the average specific heat capacity of the jacket cooling
water, and Tjw;in and Tjw;out are defined as the inlet and outlet tem-
peratures of the jacket cooling water, respectively.

Process in the working fluid pump is given by

Wpump;LT ¼
_mwf ;LT � ðh2s;LT � h1;LTÞ

gpump;LT
ð15Þ

_Ipump;LT ¼ T0 � _mwf ;LT � ðs2;LT � s1;LTÞ ð16Þ

Process in the evaporator (including the two heat exchangers) is
given by

Qevap;LT ¼ _mwf ;LT � ðh4;LT � h2;LTÞ ð17Þ

_Ievap;LT ¼ T0 � _mwf ;LT � ðs4;LT � s2;LTÞ þ T0 � _mwf ;HT � ðs1;HT � s5;HTÞ
þ T0 � _mjw � ðsjw;out � sjw;inÞ ð18Þ

Process in the organic expander is given by

Wexp;LT ¼ _mwf ;LT � ðh4;LT � h5s;LTÞ � gexp;LT ð19Þ

_Iexp;LT ¼ T0 � _mwf ;LT � ðs5;LT � s4;LTÞ ð20Þ

Process in the condenser is given by

_mwf ;LT � ðh5;LT � h1;LTÞ ¼ _mc � cp;c � ðTc;out � Tc;inÞ ð21Þ

_Icond;LT ¼ T0 � _mwf ;LT � ðs1;LT � s6;LTÞ þ T0 � _mc � ðsc;out � sc;inÞ ð22Þ

where cp;c is the average specific heat capacity of the cooling water
and Tc;in and Tc;out are the inlet and outlet temperatures of the cool-
ing water, respectively.

The net power output of the LT loop is given by

Wnet;LT ¼Wexp;LT �Wpump;LT ð23Þ

The thermal efficiency of the LT loop can be calculated via

gthe;LT ¼
Wnet;LT

Q jw þ Q res
¼Wexp;LT �Wpump;LT

Q jw þ Q res
ð24Þ
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3.3. Dual-loop system

The total net power output of the dual-loop system is given by

Wnet;tot ¼Wnet;HT þWnet;LT ð25Þ

The thermal efficiency and the exergy efficiency of the
dual-loop system can be calculated via the following equations

gthe;tot ¼
Wnet;tot

Qtot
¼Wexp;HT �Wpump;HT þWexp;LT �Wpump;LT

Q gas þ Qjw
ð26Þ
gex;tot ¼
Wexp;HT �Wpump;HT þWexp;LT �Wpump;LT

_mgas � cp;gas � ðTgas;in � T0Þ � T0 � ln
Tgas;in

T0

h i
þ _mjw � cp;jw � ðTjw;in � Tjw;outÞ � T0 � ln

Tjw;in

Tjw;out

h i ð27Þ
3.4. Conditions and assumptions

The simulation of the dual-loop ORC system in this paper is per-
formed in the FORTRAN environment by a computer program writ-
ten by the authors. Several conditions and assumptions are given
as follows:

(1) the temperature of the cooled exhaust gas is set to be above
378.15 K [24] to avoid acid corrosion;

(2) the heat loss and the pressure loss of the pipelines in the
ORC system are ignored;

(3) the efficiencies of the working fluid pump in both loops are
set to be 0.8;

(4) the efficiencies of the screw expander and the organic
expander are set to be 0.8;

(5) the pinch point temperature differences of the evaporator
and the condenser in both loops are set to be 6 K;

(6) the condensation temperatures of the HT loop with water as
the working fluid is fixed at 375 K to keep the condensation
pressure slightly higher than the atmospheric pressure;

(7) the condensation temperature of the LT loop is fixed at
308.15 K for each working fluid.

4. Results and discussion

4.1. Performance analysis of the HT loop

Because the outlet temperature of the exhaust gas, Tgas;out , is not
fixed, the total heat load absorbed by the HT loop varies. For each
specified Tgas;out , a proper evaporation temperature of the HT loop
(Tevap;HT ¼ T3;HT ¼ T4;HT , see Fig. 2) can be calculated by the com-
puter program, and this temperature is mainly related to the ratio
of the latent heat to the sensible heat of the water. Simulations are
conducted for the HT loop with water as the working fluid under
different operating conditions.

Fig. 3a shows the variation of the outlet temperature of the
engine exhaust gas in relation to the dryness fraction of the wet
steam under different evaporation temperature conditions. For a
specified evaporation temperature of the water, Tgas;out increases
with the dryness fraction, x. The total heat load absorbed by the
HT loop decreases when Tgas;out increases, while the heat load
required by per unit mass of the wet steam (mainly the latent heat)
increases significantly when the dryness fraction increases.
Therefore, the mass flow rate of the wet steam decreases when x
increases for each evaporation temperature, as shown in Fig. 3b.
Fig. 3c illustrates that for each evaporation temperature, the net
power output of the HT loop decreases when x increases. This is
mainly due to the effect of the decreasing mass flow rate of the
wet steam. Fig. 3d shows the variation of the thermal efficiency
of the HT loop. A higher evaporation temperature and a higher dry-
ness fraction result in a higher thermal efficiency. Fig. 3e shows
that the residual heat load of the HT loop decreases when x
increases, because the total heat load absorbed by the LT loop
decreases significantly.

The wet steam expansion exhibits better thermal performance
for lower dryness fractions. In addition, the residual heat load is
larger and can be utilized by the LT loop. Therefore, the dryness
fraction of the wet steam entering the screw expander is fixed at
0.2 for the HT loop in this dual-loop ORC system. Fig. 4 shows that
with increasing evaporation temperatures, the total heat load
absorbed by the HT loop decreases. The net power output of the
HT loop decreases as Tevap;HT increases and this is due to the effect
of the decreasing mass flow rate of the wet steam. The maximum
net power output of the HT loop reaches 54.5 kW. The residual
heat load of the HT loop is the remaining portion of the total
absorbed heat load, and it decreases continuously when Tevap;HT

increases.
4.2. Performance analysis of the LT loop

R123, R236fa and R245fa are selected as the working fluid can-
didates for the LT loop. Simulations are conducted under different
conditions of the HT loop to evaluate the influence of the HT loop
parameters on the LT loop.

Fig. 5a shows the variation of the evaporation temperature of
the LT loop. The evaporation temperature of each working fluid
decreases when the evaporation temperature of the HT loop
increases, because the residual heat load decreases. The variations
for R123 and R245fa are similar, whereas the variation for R236fa
is remarkably different. When Tevap;HT is lower than 490 K, Tevap;LT

remains constant at 369 K, which is just 6 K (i.e., the pinch point
temperature difference) lower than the condensation temperature
of the HT loop; when Tevap;HT is higher than 490 K and lower than
500 K, Tevap;LT decreases significantly when Tevap;HT increases; when
Tevap;HT is higher than 500 K, Tevap;LT decreases by a slightly larger
amount.

The reason for this phenomenon can be described as follows.
The LT loop utilizes the heat load of the jacket cooling water
and the residual heat of the HT loop sequentially. The former heat
load is kept constant but the residual heat load varies under dif-
ferent operating conditions of the HT loop, which influences the
evaporation temperature of the working fluid in the LT loop.
The evaporation temperature of a cycle determines the ratio of
the latent heat to the sensible heat of the working fluid. Taking
the pinch point temperature difference into consideration, the
heat load for a heat source above Tevap þ DTevap is used for evap-
oration, while the heat load below this temperature is used for
preheating the working fluid. As shown in Fig. 6, three cases
are presented to comprehensively illustrate the variations of
Tevap;LT caused by different conditions of the two heat sources.
Because the pinch point of the LT loop evaporator appears at dif-
ferent locations, the evaporation temperatures are quite different.



(e) 

(a) 

(b) 

(c) 

(d) 

Fig. 3. Variations of the thermal parameters of the HT loop.
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If the pinch point appears at the residual heat cycle (see Fig. 6a), a
constant evaporation temperature of the LT loop will be attained,
which is 6 K (i.e., the pinch point temperature difference) lower
than the condensation temperature of the HT loop. This case cor-
responds to when Tevap;LT equals 369 K and Tevap;HT is lower than
490 K. If the pinch point appears at the outlet of the jacket cool-
ing water cycle (see Fig. 6b), Tevap;LT will be between 357.15 K and
369 K. This case corresponds to when Tevap;LT decreases signifi-
cantly and indicates that Tevap;LT is sensitive to the residual heat
load of the HT loop. If the pinch point appears at the jacket
cooling water cycle (see Fig. 6c), Tevap;LT will be lower than
357.15 K. This case corresponds to when Tevap;LT decreases slightly
and Tevap;HT is higher than 500 K.

Fig. 5b demonstrates that the mass flow rates of the working
fluids decrease when the evaporation temperature of the HT loop
increases, and this is mainly due to the effect of the decreasing
residual heat load of the HT loop. The mass flow rate of R236fa
is the highest, while that of R123 is the lowest. In Fig. 5c, the
net power output of the LT loop decreases continuously as
Tevap;HT increases, and this is due to both of the effects of the



Fig. 4. Variations of the heat loads of the HT loop with wet steam (x = 0.2).
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decreasing evaporation temperature and the decreasing mass
flow rate of the LT loop. The variation of the net power output
of R236fa can be divided into three different stages, which is
similar to its evaporation temperature. The maximum net power
output of the LT loop reaches 60.6 kW with R236fa as the
working fluid when Tevap;HT equals 480 K. Fig. 5d shows the
variation of the thermal efficiency of the LT loop, which confirms
that the thermal efficiency is primarily related to the evaporation
temperature of the cycle.
(b) 

(a) 

Fig. 5. Variations of the thermal
4.3. Thermodynamic analysis of the dual-loop ORC system

The total net power outputs of the dual-loop ORC system with
different types of working fluids are shown in Fig. 7. Because the
net power output of both the HT loop and the LT loop decrease
as Tevap;HT increases, the total net power output definitely will
decrease as well. The variations of the total net power output of
R123 and R245fa are similar, while that of R236fa is different,
which is mainly influenced by the net power output of the LT loop.
The exergy efficiency of the dual-loop ORC system is shown in
Fig. 8. The variations of the exergy efficiency of different working
fluids are similar to those of the net power output. The maximum
exergy efficiency of the dual-loop ORC system reaches 20.6%, with
R236fa as the working fluid for the LT loop.

The detailed parameters of the systems with different working
fluids are listed in Table 4. When Tevap;HT equals 480 K, the HT loop
yields the maximum net power output as well as the maximum
residual heat load and improves the performance of the LT loop.
The evaporation temperature of the LT loop with R236fa is the
highest that can be reached and results in a high thermal effi-
ciency. The LT loop with R236fa exhibits a net power output of
60.6 kW, nearly 31.7% and 22.7% higher than those with R123
and R245fa, respectively. According to the simulation results, with
wet steam (x = 0.2) as the working fluid of the HT loop and R236fa
for the LT loop, the total net power output reaches 115.1 kW,
which can lead to an increase of 11.6% on the original engine power
output.

The exergy analysis of the dual-loop ORC system with wet
steam (x = 0.2) and R236fa as the working fluids is conducted
(d) 

(c) 

parameters of the LT loop.



Fig. 6. Three cases of the LT loop with different pinch point locations.

Fig. 7. Total net power output of the dual-loop ORC system. Fig. 8. Exergy efficiency of the dual-loop ORC system.
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and the results are shown in Fig. 9. The exergy destruction rates of
the pumps in both loops are small, and that of the LT loop is
slightly higher due to the higher mass flow rate of the working
fluid. The exergy destruction rates of the heat exchangers and
the expanders are high, especially for the evaporator of the LT loop,
which consists of two heat exchangers for the jacket cooling water



Fig. 9. Exergy destruction rate of each component in the dual-loop ORC system.

Table 4
Comparison of the ORC system with different working fluids.

HT loop LT loop

Water R123 R236fa R245fa

Evaporation temperature (K) 480.0 347.5 369.0 352.3
Mass flow rate (kg/s) 0.5 2.9 3.3 2.6
Net power output (kW) 54.5 46.0 60.6 49.4
Thermal efficiency (%) 13.1 8.2 10.8 8.8
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and the residual heat of the HT loop. Therefore, optimization of the
evaporator of the LT loop is significant to improve the system
performance.
5. Conclusions

This paper focuses on waste heat recovery using a dual-loop
ORC system on a diesel engine. The high-temperature (HT) loop
recovers the waste heat of the engine exhaust gas, while the
low-temperature (LT) loop recovers the heat load of the jacket
cooling water and the residual heat of the HT loop sequentially.
The two loops are coupled via a shared heat exchanger.

Water is selected as the working fluid for the HT loop. The
potential of using wet steam expansion, which can be imple-
mented through screw expanders, is investigated in order to
achieve a suitable evaporation temperature and a high thermal
efficiency. The simulation results show that the HT loop exhibits
a better thermal performance for a lower dryness fraction of the
wet steam at the inlet of the expander. Wet steam with a dryness
fraction of 0.2 is selected, and the maximum net power output for
the HT loop is 54.5 kW.

R123, R236fa and R245fa are selected as the working fluid can-
didates for the LT loop. The influence of the HT loop parameters on
the LT loop is evaluated and found to be mainly due to the variable
residual heat load of the HT loop. The simulation results reveal that
under different operating conditions for the HT loop, the pinch
point of the LT loop appears at different locations and results in dif-
ferent evaporation temperatures. For the LT loops with R123 and
R245fa as the working fluids, the pinch point only occurs at the
jacket cooling water cycle. For the LT loop with R236fa as the
working fluid, the pinch point appears at three different locations
(i.e., inside of the residual heat cycle, the outlet of the jacket cool-
ing water cycle and inside of the jacket cooling water cycle) and
results in different variations of the LT loop thermal parameters.
The maximum net power output of the LT loop with R236fa as
the working fluid is 60.6 kW when the evaporation temperature
equals 369 K, which is the highest net power output that can be
reached.
With wet steam (dryness fraction = 0.2) as the working fluid for
the HT loop and R236fa for the LT loop, the total net power output
reaches 115.1 kW, which leads to an increase of 11.6% on the orig-
inal power output of the diesel engine. Therefore, the dual-loop
ORC system presented in this paper can efficiently recover the
waste heat from both the engine exhaust gas and the jacket cooling
water. Moreover, the exergy analysis shows that the maximum
irreversibility occurs in the evaporator of the LT loop and optimiz-
ing this evaporator is an objective for further improving the system
performance.
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