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Improvement in performance of Organic Rankine Cycle (ORC) systems, particularly in the context of dual heat
sources such as IC engines, leads to better return on investments. However, the choice of architecture to achieve
the best performance is not evident from available literature. When two separate heat sources are present
concurrently at diﬀerent temperature levels with heat contents such as in IC engines, single stage pre-heated
ORC and dual loop ORC are the two commonly deployed ORC architectures. In this study, two stage architectures: Series two stage ORC (STORC) and Parallel two stage ORC (PTORC) are analysed and their performance
is compared against a single stage pre-heated ORC at sub-critical conditions in the utilization of high temperature (primary) exhaust gases (573–773 K) and low temperature (secondary) jacket water (353–393 K) representing IC engine waste heat conditions. Results show that STORC and PTORC are able to achieve the
maximum net power output for an intermediate utilization of secondary heat source. The power output gains
from two stage layouts improves signiﬁcantly with a reduction in heat source temperature diﬀerence and for
lower ratios of the heat available between the primary to secondary heat source. For a 2.9 MW natural gas IC
engine operating at its design point, STORC delivers 8.5% more power output whereas PTORC delivers 0.3% less
power output than pre-heated ORC. Compared to a dual–loop ORC, STORC presents a less complex and improved cycle architecture with a 13.1% increased power output and a 27.9% reduced heat exchanger requirements.

1. Introduction
Organic Rankine Cycles (ORC) have emerged as a promising technology for recovering low (less than230 °C) and medium temperature
(230–650 °C) waste heat. Compared with other cycles such as trilateral
ﬂash cycles or Kalina cycle, ORCs have a much simpler cycle architecture [1]. Heat recovery using ORC’s are commonly employed in
many applications such as IC engines [2–4], geothermal heat sources
[5–7], solar thermal systems [8] etc. They are also employed in hightemperature applications in process heat recovery in cement, steel and
other such temperature intensive industries [9]. However, the beneﬁt of
ORC is always in the low-medium grade heat due to better utilization of
heat. In high-temperature applications, steam as a working ﬂuid is very
well established and cost-eﬀective. Typical low temperature applications include geothermal, solar heat to power, waste heat recovery from
IC engines and process industries etc… In many such applications, low
grade heat is present concurrently from multiple sources, such as ﬂash
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steam and condensate in process applications, jacket water and exhaust
gases in IC engines etc.
When dual heat sources are available, high grade heat utilization is
the typical focus and the low grade heat sources are not fully utilized.
However, in most of these applications, low grade sources contain
signiﬁcant heat (heat ratio of high grade to low grade heat source is less
than one in many cases). For example, IC engine exhaust gases are at
high temperature (400–900 °C) and jacket water at low temperature
(80–100 °C) [10]. IC engine ORC designs primarily focus only on the
exhaust heat recovery, with few commercial layouts that employ jacket
water heat as well. The simplest ORC architecture that utilizes both
heat sources is a single pressure pre-heated ORC in which low temperature heat source preheats the working ﬂuid followed by evaporation using the high temperature heat source. An alternative to simple
pre-heated ORC would be separate cycles for each heat source. Song
et al. [11] examined waste heat recovery from a marine engine using
two separate ORCs and a pre-heated ORC. With cyclohexane as working
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Nomenclature
Cp
e
Ex
h
I
KA
m
P
Q
s
T
U
V
W

pre
preheater
S
secondary heat source
wf
working ﬂuid
1,2,3,4,5,6,7,8 state points

constant pressure speciﬁc heat (kJ/kg K)
speciﬁc exergy (kJ/kg)
Exergy (kJ)
speciﬁc enthalpy (kJ/kg)
irreversibility (kW)
total thermal conductance (kW/K)
mass ﬂow rate (kg/s)
pressure (kPa)
heat transfer rate (kW)
speciﬁc entropy (kJ/kg K)
temperature (K)
utilization rate of heat source (%)
volumetric ﬂow rate (m3/s)
power (kW)

Greek symbols
ηI
ηex
ηe
ηp
Δ
ν
ω
τ
φ
Acronyms

Subscripts
cond
evap
exp
in
max
out
P

thermal eﬃciency (%)
exergetic eﬃciency (%)
isentropic eﬃciency of expander (%)
isentropic eﬃciency of pump (%)
diﬀerence
speciﬁc volume (m3/kg)
thermo-economic parameter
compound function
relative change in net power

GWP
HP
LP
ODP
ORC
VFR

condenser
evaporator
expander
inlet
maximum
outlet
primary heat source

global warming potential
high pressure
low pressure
ozone depletion potential
organic Rankine Cycle
volumetric ﬂow ratio

water showed the highest performance. Despite all these improvements,
the need for multiple evaporators, recuperators and the use of separate
expanders due to use of two diﬀerent working ﬂuids render dual loop
ORCs economically uncompetitive against single stage ORCs for dual
heat source applications such as IC engines.
As an alternative to dual loop ORC, a dual pressure ORC layout (two
stage layout), in which the evaporation is cascaded into two stages are
being studied to improve performance of low temperature sources such
as geothermal heat. The parallel two stage ORC (PTORC) is obtained by
splitting the working ﬂuid in to two separate working ﬂuid streams
after the pump. Another enhancement in the architecture is to include a
pre-heater before splitting the two working ﬂuid streams. This is referred to as the series two stage ORC (STORC), [6,7,17,18]. In Li et al.
[7], an R245fa based STORC and PTORC showed enhanced net power
output when compared to a single stage layout. STORC also reported
the highest overall net power output and thermo-economic performance among the three architectures. Many studies, such as Manente
et al. [17] and Li et al. [18] reported that the potential of STORC architecture over single pressure ORCs are particularly higher (up to 29%
higher net power output) for low temperature resources. In addition to
the higher output, the thermo-economic performance analysis by Wang
et al. [19] concluded that the dual pressure architectures are on par
with single pressure ORCs.
While most studies on dual pressure conﬁgurations are for single
heat source, Li et al. [20] showed that the STORC produced a higher
net-output for a two level heat source (unlinked – solar + geothermal)
when the source temperatures were below 140 °C. In a linked two level
heat source system like the IC engine, Rech et al. [21] analysed the
design and oﬀ design performance of subcritical and supercritical
PTORC layouts over single stage ORCs. The charge air, jacket water and
cooling systems served as the heat sources while the exhaust gases were
not considered. The supercritical PTORC layout reached the best performance, achieving a thermal eﬃciency of 12.6%. Chen et al. [22]
proposed a conﬂuent cascade expansion ORC (CCE-ORC – the same as
PTORC) system which produced 8% more net power with 18% lower
heat exchanger volume as compared to a dual loop ORC. Unlike the
dual loop ORCs, two stage ORCs are able to use either two separate

ﬂuid, the pre-heated ORC performed nearly as well as two separate
cycles with the generated power output being only 1.4% lower. However, all the other studies on pre-heated ORCs in IC engine applications
report very low utilization of jacket water heat. Yu et al. [12]analysed
an R245fa based pre-heated ORC which reported 75% utilization of
exhaust gas heat and only 9.5% utilization of jacket water heat. Vaja
et al. [2]analysed a pre-heated ORC using benzene, R11 and R134a as
working ﬂuids and concluded that pre-heated ORCs could recover only
a fraction of heat from the coolant water. Since the pre-heater and
evaporator are connected in series, only the same mass ﬂow rate can
ﬂow through the pre-heater and the use of secondary heat source is
limited by the pinch limitations in the evaporator of the primary heat
source.
To overcome this limitation, dual loop ORCs were developed as
independent simple ORC cycles on the high temperature (HT) and low
temperature (LT) heat sources respectively. In this architecture, the
condenser of HT loop acts as the evaporator/super-heater for the LT
loop. Shu et al. [3] analysed several working ﬂuid pairs for a dual loop
ORC and concluded the use water for HT loop and R1345yf for the LT
loop for best performance. Engine coolant heat utilization rate of 96.8%
was reported in this study. Wang et al. [13] proposed a regenerative
supercritical-subcritical dual loop ORC in which a supercritical HT loop
using R245fa or R1233zd as working ﬂuid, with regeneration, was superior to the subcritical HT loop ORC. Yang et al. [14] showed a 13%
improvement in thermal eﬃciency using a dual loop ORC with R245fa
as working ﬂuid in both HT and LT loop for waste heat recovery from a
diesel engine. Also, for most operating conditions, the net power output
of LT loop was greater than that of the HT loop. Shu et al. [15] analysed
three regenerative dual loop ORCs and compared their performance
with simple dual loop ORC for engine waste heat recovery. Water and
siloxane were selected as working ﬂuid in the HT loop and sub critical
and transcritical cycles were evaluated. Water in subcritical HT loop
with no regenerator performed the best. Huang et al. [16] analysed dual
loop ORC conﬁgurations which diﬀered in the number of stages of
exhaust gas heat recovery. Graphene nano-particles and carbon nanotubes were added to improve the utilization of jacket water. Single
stage exhaust gas utilization with 0.5 wt% carbon nano-tube in jacket
2
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turbine layout, with a standard single stage pre-heated ORC. The system
performance is analysed in the context of dual source heat recovery
from a natural gas IC engine. The eﬀect of cycle parameters on utilization of the two heat sources and exergy eﬃciency is analysed. For a
range of heat source conditions, the eﬀect of heat source conditions on
power output and economic parameters such as heat exchanger area
requirements, turbine size parameter and turbine volumetric ﬂow ratio
is analysed. By applying design constraints mentioned above, and using
a compound function based on techno-economic parameters, the
overall system performance is evaluated for various heat source conditions. Finally, a comparison of two stage ORC architectures with dual
loop ORC and also with two stage ORCs utilizing single heat sources is
also presented. The objective of this study is to identify the best ORC
architecture for dual source heat recovery, and to simplify the choice
based on ratio of heat available and temperature diﬀerence between the
heat sources.

turbines or an induction turbine. In an induction turbine layout, the HP
and LP turbine stages are connected in series. The ﬂuid after expansion
in HP turbine stage mixes with the vapour from the LP evaporator and
ﬂows into the LP turbine stage. Thermo-economic analysis by Li et al.
[23] reported a 0.3–5.4% increase in power output for induction turbine layout over separate turbine layout. Induction turbine layout also
resulted in a maximum decrement of speciﬁc investment cost by 34.2%.
From the above studies, adoption of two stage architectures with an
induction turbine layout appears to be an eﬃcient and viable alternative between the expensive and complex dual loop ORC and ineﬃcient pre-heated ORC. However, very few published studies exist
that analyse the performance of these two stage architectures for dual
level heat sources for a wide range of heat source conditions. In order to
fully understand the superiority of these architectures, the cycle performance must be analysed considering the parameters that can impact
cost, such as total heat exchanger area requirements and the turbine
size parameter. Furthermore, various design constraints such as limits
on operational pressures, turbine volumetric ﬂow ratios and heat source
cooling limits, if any, should be considered as optimization constraints
in order to fully evaluate the viability of these systems in dual source
heat recovery applications. Therefore, a comprehensive system performance considering the above parameters and constraints is essential to
fully evaluate the potential of two stage ORC architectures as well as
the heat source conditions that favours the use of such layouts.
This paper focuses on the performance analysis and comparison of
two stage architectures: STORC and PTORC, both in an induction

2. System description
2.1. Waste heat sources
The heat source in this study is a 20 cylinder 4 S turbocharged
natural gas ﬁred engine. At engine design point, high temperature exhaust gases (705 K, 4.591 kg/s) from the engine are the primary heat
source and the hot jacket water (363 K, 14 kg/s) is the secondary heat
source. The composition of primary heat source used for determining its

Fig. 1. (a) PTORC layout (b) T-s diagram of PTORC.
3

Energy Conversion and Management: X 6 (2020) 100029

A. Surendran and S. Seshadri

the pressurised working ﬂuid recovers heat from the secondary heat
source, which in this case is the engine jacket cooling water. The
working ﬂuid gets fully evaporated, thereby generating saturated vapour (1-2-3). The second stream of working ﬂuid is pressurised to a
higher pressure by the HP pump (9-4). In the HP evaporator, the
working ﬂuid absorbs heat from the primary heat source and generates
high pressure saturated vapour (4-5-6). This high pressure vapour is
then expanded in the ﬁrst (HP) stage of the induction turbine (6-3′)
from high pressure to intermediate pressure. The expanded vapour
exiting the HP turbine stage would be superheated (when dry working
ﬂuids are used). Exiting superheated vapour from the HP turbine stage
mixes with the saturated vapour from the LP evaporator which is also
fed to the inlet of the LP turbine stage. As a result of this mixing, the
superheat of the expanded vapour from HP stage decreases (3′-3″) and

properties is O2 17.3%, N2 59.3%, CO2 12.9% and H2O 10.5% by mass.
In order to explore a wide range of IC engine conditions, the primary
and secondary heat source temperatures are varied from 573 K to 773 K
and 353 K−393 K respectively.
2.2. Cycle architectures and working principle
The layout of a PTORC system and its T-s diagram is shown in Fig. 1.
The system consists of a high pressure (HP) evaporator, a low pressure
(LP) evaporator, an HP pump, an LP pump, a two stage induction turbine and a condenser. Saturated working ﬂuid at liquid state from the
condenser exit is pumped to an intermediate low pressure by the LP
pump (9-1). This ﬂuid stream is then split into two: one is fed to the LP
evaporator and the other is fed to the HP pump. In the LP evaporator,

Fig. 2. (a) STORC layout (b) T-s diagram of STORC.
4
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the saturated LP vapour gets superheated by a few degrees (3-3′’). The
combined vapour at the end of this mixing process is then expanded to
condenser pressure via the LP turbine stage (3″-7). The mechanical
work from the turbine is converted to electrical power by the generator.
The superheated vapour exiting the LP turbine stage is then de-superheated (7-8) and condensed to saturated liquid in the condenser (8-9).
The working ﬂuid at condenser outlet is again pressurised by the pump,
thus completing one cycle.
Fig. 2 shows the layout and T-s diagram of STORC. In STORC, the
pressurised working ﬂuid from the LP pump is preheated as it passes
through the pre-heater section of the LP evaporator. This pre-heated
working ﬂuid is then split into two streams, which are fed to the LP
evaporator and HP pump respectively. All the other processes in STORC
are same as that of PTORC
Cyclopentane has been reported as the best working ﬂuid for high
temperature ORC applications in many studies [24–26]. One of the
main concerns is about the ﬂammability, especially when used as with
direct evaporators. Guillen [27] reported on the auto-ignition temperature and found that for exhaust gas temperatures less than 723 K
and low equivalence ratios, the risk is minimized. Hence, Cyclopentane
is selected as the working ﬂuid for this study. The main properties of
cyclopentane are listed in Table 1.

Table 2
Cycle parameters.
Parameter

Value

ΔT pinch HP evaporator
ΔT pinch LP evaporator
ΔT pinch condenser
Isentropic expander eﬃciency
Isentropic pump eﬃciency
Primary heat carrier pressure
Inlet temperature cooling water

ΔTevap,HP (K)
ΔTevap,LP (K)
ΔTcond (K)
ηe (%)
ηp (%)
PP (kPa)
Tsink, in (K)

20
10
10
70
80
101.325
298

is adopted to determine the mass ﬂow rate of the sink ﬂuid in the
condenser.
3.2. Thermo-economic parameters
The product of overall heat transfer coeﬃcient K and heat exchanger area A is the total thermal conductance (KA) of the heat exchangers. KA value is a comprehensive measure of the heat exchanger
cost requirements [29]. Exact area can be determined only through
detailed heat transfer calculations, which is beyond the scope of this
study.

3. System modelling

KA = Q ∆Tlm

3.1. Thermodynamic model

Heat exchanger KA requirements for the evaporators and condensers are determined using the logarithmic mean temperature difference (LMTD) method [30]. The LMTD of a heat exchanger is calculated as follows:

The following are the assumptions used to develop the model.
1. All processes are at steady state
2. Pressure drop and heat transfer from the pipelines are neglected
3. Changes in kinetic and potential energy of the working ﬂuid is
negligible
4. Ambient temperature (T0) and pressure (P0) are assumed to be
298 K and 0.1 MPa respectively
5. All heat exchangers are counter ﬂow type
6. Both LP and HP turbine stages have same isentropic eﬃciency
7. Maximum temperature of working ﬂuid is limited to 90% of its
critical temperature

(1)

∆Tlm = (∆Tmax − ∆Tmin) ln(∆Tmax − ∆Tmin )

(2)

where ΔTmax and ΔTmin are the maximum and minimum temperature
diﬀerences at the ends of the heat exchangers. LMTD for the evaporating and pre-heating sections of the heat exchangers are calculated
separately.
For the HP evaporator:

KA evap\;1 = KA evap1,pre + KA evap1,evap

(3)

Similar approach is applied for the low pressure evaporator and
condenser. The total thermal conductance is then obtained as:

The cycle parameters and the thermodynamic model equations used
in this study are shown in Tables 2 and 3 respectively.
Typically, the temperature proﬁles in heat exchangers are approximated as straight lines. However, according the Zhai et al. [10],
the temperature proﬁle of an isobaric heat source of ﬁnite heat capacity
is a curve and not a straight line. In order to trace this curved proﬁle
exactly, a discretization approach (described by Larsen et al. [4]) is
used in this study. Based on numerical simulations, discretization with
N = 30 for evaporators and N = 15 for the condenser is adequate to
have a modelling accuracy of 0.001 kW.
One of the primary constraints imposed on the system is on the
cooling limit of high temperature heat source (set to 373 K) in order to
prevent acid droplet formation in the HP evaporator. The mass ﬂow
rate in HP loop of both PTORC and STORC are calculated based on an
iterative approach. The primary heat source cooling limit and the pinch
point temperature diﬀerence in the evaporator sets the constraints for
the HP loop mass ﬂow rate mwf1. For the LP loop, the mass ﬂow rate
mwf2 is calculated iteratively as above. The LP evaporator pinch point
temperature diﬀerence is the constraint in this case. A similar approach

KAtotal = KA evap1 + KA evap2 + KA cond

(4)

The volumetric ﬂow ratio (VFR) gives an indication of the increase
in ﬂuid volume taking place during expansion. For the HP and LP
turbine stages, volumetric ﬂow ratios are determined as:

VFRHP =
VFRLP =

V6
V3′

(5)

V 3′ ′
V7

(6)

The overall VFR across the turbine is given by:

VFR =

mwf1VFRHP + mwf VFRLP
mwf + mwf1

(7)

Turbine size parameter (SP) of the turbine is calculated taking volumetric ﬂow at the turbine outlet and the isentropic enthalpy diﬀerence across the turbine. Size parameter can be used as an indicator of
turbine dimensions and its relative cost. The combined size parameter

Table 1
Thermo-physical properties and environmental data of cyclopentane [28].
Working ﬂuid

Molecular mass (g/mol)

Normal boiling point(K)

Critical temperature (K)

Critical pressure (MPa)

GWP

ODP

Cyclopentane

70.133

322.40

511.69

4.515

low

0

5
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Table 3
Thermodynamic model equations.
Parameter

Equations

HP evaporator heat transfer

Qevap\;HP = mwf1·(h6 - h 4) = Cpp ·\;mp·(Tp,in - Tp,out)

LP evaporator heat transfer (STORC)

Qevap\;LP = mwf2·(h3 − h2) + mwf ·(h2 − h1) = Cps ·\;ms·(Ts,in − Ts,out)

LP evaporator heat transfer (PTORC)

Qevap\;LP = \;mwf2. (h3 − h1) = Cps . \;ms . (Ts,in − Ts,out)

Total heat input (kW)

Qtotal = Qevap\;HP + Qevap\;LP

Total mass ﬂow rate of working ﬂuid
Condenser heat transfer

mwf = mwf1 + mwf2
Qcond = mwf ·(h7 − h9) = Cpw ·mw ·(Tsink,in − Tsink,out)

Vapour mixing at inlet of LP turbine

mwf ·h3 ′ = mwf1·h3′ + mwf2·h3

HP pump work (kW) (STORC)

Wpump,HP = mwf1·(h 4 − h2)/ ηp

HP pump work (kW) (PTORC)

Wpump,HP = mwf1·(h 4 − h9)/ ηp

LP pump work (kW) (STORC)

Wpump,LP = mwf ·(h1 − h9)/ ηp

LP pump work (kW) (PTORC)

Wpump,LP = mwf2·(h1 − h9)/ ηp

HP expander work (kW)

Wexp,HP = mwf1·(h6 − h3′)·ηe

LP expander work (kW)

Wexp,LP = \;mwf ·(h3 ′ − h7)·ηe

Net power output (kW)

Wnet = (Wexp,HP + Wexp,LP) − Wpump,HP − Wpump,LP

′

′

Thermal eﬃciency (%)

ηI = Wnet /Qtotal

Total primary heat (kW)

QP,total = CpP ·mP ·(TP,in − T0)

Total secondary heat (kW)

QS,total = CpS · mS·(Ts,in − T0)

Utilization rate of primary source (%)

Up = Qevap1/QP,all

Utilization rate of secondary source (%)

US = Qevap\;2/QS,all

Exergy rate of primary heat source (kW)
Exergy rate of secondary heat source (kW)
Second law eﬃciency ηex (exergetic eﬃciency)(%)

ExP = mP eP = mP ·(hP − h 0 − T0 (sP − s 0))
ExS = mS eS = mS·(hS − h 0 − T0 (sS − s 0))

ηex =

mwf1
SP =

(mwf1 (h6 − h3s′))1/4

+ mwf

(mwf v7)1/2
(mwf (h ′ − h7s ))1/4
3′

mwf + mwf1

(8)

5. Results

The cost associated with expander and heat exchangers forms the
bulk of the total investment cost for the ORC system. In order to evaluate the overall system performance, a compound function τ as deﬁned
in Li et al.[20]which relates the net power output against the system
investment costs is used.

τ = Wnet (KAtotal × VFR×SP)1/3

(ExP + Ex s)

respectively. The diﬀerence between the gradients of the linear heat
source temperature proﬁle in Li et al. [7] and the curved proﬁle traced
in the present model is the main reason for the diﬀerence in mass ﬂow
rates.

of the two turbine stages are given by:
(mwf1v 3′)1/2

Wnet

5.1. Inﬂuence of cycle parameters on system performance
For PTORC and STORC, at a given condensing pressure (or temperature), the independent parameters that can be varied are the high
and low pressure evaporation temperatures. In this section, the eﬀect of
each of these parameters on cycle performance is analysed at the engine
design point with condensation temperature ﬁxed at 313 K.

(9)

4. Validation
5.1.1. Inﬂuence of HP stage evaporating temperature
From Fig. 3, for a ﬁxed LP evaporation temperature (Tevap,LP), an
increase in HP evaporation temperature (Tevap,HP) increases the net
power output (Wnet) of both architectures. For all evaporation temperatures, the primary heat source is cooled to the minimum cooling
limit of 373 K indicating full utilization. This is due to the location of
pinch point being always at the inlet of the HP evaporator. The increase
in net power output is primarily due to the improved temperature
matching with the heat source at higher evaporating temperatures and
the higher thermal eﬃciencies associated with it. From Fig. 4, it is
evident that there is a decrease in utilization rate of secondary heat

Based on the above assumptions and equations, system models of
PTORC and STORC are developed in MATLAB using thermo-physical
properties of ﬂuids from REFPROP® 9.1 software [28]. The models are
validated for the operating conditions of two stage ORCs presented in Li
et al. [7]. The numerical results presented in Table 4 show good
agreements with the reported data. The relative diﬀerence in net power
output of PTORC and STORC is less than 3.7% and 3.1% respectively,
which is due to the present model neglecting pumping work of cooling
water. Maximum relative deviations in mass ﬂow rates of PTORC and
STORC computed by the present model are less than 1.4% and 2.8%
Table 4
Comparison of present results with Ref. [7].
Cycle architecture

PTORC(m)
PTORC(ref)
STORC(m)
STORC (ref)

Source inlet temperature
Tin (K)

393
393
393
393

Source intermediate
temperature Tint (K)

358.8
359.0
372.0
372.0

Mass ﬂow rate (kg/s)

Evaporation temperature
(K)

mwf1

mwf2

Tevap,1

Tevap,2

21.26
20.96
36.05
36.28

41.93
42.13
26.57
25.83

342
342
342
342

367
367
367
367

*m represents present model.
6

Condenser pressure
Pcond (MPa)

Net power Wnet
(kW)

0.1768
0.1772
0.1768
0.1772

1275.1
1230.0
1341.3
1300.0
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the secondary heat source resulting in lower net power outputs. Thus,
maximum net power output Wnet does not correspond to the maximum
thermal eﬃciency or maximum heat input. For both PTORC and STORC
operating with dual heat sources, there exists an optimal Tevap,LP which
maximises the exergy eﬃciency (or net power output) at an intermediate thermal eﬃciency and Us.
STORC delivers higher net power output than PTORC. This is due to
the decreased irrevesibilties associated with the reduced temperature
diﬀerence between the heat source and the pre-heated working ﬂuid at
the inlet of HP evaporator of STORC. For the engine condition analysed
above, in PTORC, the working ﬂuid enters the HP evaporator at the
condensing temperature (313 K) whereas in STORC the preheated
working ﬂuid temperature ranges from 320 to 353 K.
5.2. Sensitivity studies on heat source parameters

Fig. 3. Variation in s net work and thermal eﬃciency with HP evaporation
temperature (Tevap,HP). LP evaporation temperature (Tevap,LP) for both the cases
is set to 350 K.

In the succeeding the subsections, inﬂuence of heat source parameters such as temperature and heat content on the performance of two
stage ORC architectures are presented. The optimum value of Tevap,HP is
set at the maximum of 460 K, since it corresponds to the maximum
power output and thermal eﬃciency in the HP stage. To search for the
optimum Tevap,LP that maximises the net power output, MATLAB
‘fminbnd’ optimization algorithm is selected. This algorithm has lower
computational costs and works well for single variable searches. The
algorithm is based on golden section search and parabolic interpolation
methods[31]. The main parameters of the algorithm are listed in
Table 5.
5.2.1. Inﬂuence of heat source temperatures
5.2.1.1. Net power output and utilization rates of heat sources. With preheated ORC as the baseline for comparison, it is useful to deﬁne a nondimensional variable indicating relative change in net power output
from a pre-heated ORC. For STORC, φpower, STORC:

φpower,STORC =

Fig. 4. Variation in utilization rate of secondary heat source Us and exergy
eﬃciency with HP evaporation temperature (Tevap,HP). LP evaporation temperature (Tevap,LP) for both the cases is set to 350 K. Utilization rate of primary
heat source remains constant at 81.6%.

Wnet,STORC − Wnet,preORC
Wnet,preORC

× 100

(10)

A similar expression can be used for φpower, PTORC as well. The φ
term indicates the attractiveness of STORC or PTORC over preheated ORC systems.
As the diﬀerence between Tp and Ts decreases, φpower increases
considerably for two stage architectures due to the improvement in Us
for two stage architectures over pre-heated ORC (Figs. 7, 8). At a given
primary heat source temperature, both PTORC and STORC are able to
fully utilize the primary heat source irrespective of the secondary heat
source temperature. For pre-heated ORC, the higher pre-heating temperatures associated with higher Ts (363 K and above) leads to a
power

source of STORC with increase in Tevap,HP. This decrease is due to the
decrease in mass ﬂow rate of working ﬂuid through the HP loop, which
in turn leads to decreased total mass ﬂow rate through the pre-heater
section of the LP loop. However, the reduction in irreversitbility due to
improved thermal match in the HP evaporator oﬀsets the eﬀect of decrease in Us. Therefore, exergy eﬃciency also shows a similar variation
as that of net power output. In PTORC, since both mwf1 and mwf2 are
independent, there is no change in utilization rate of secondary heat
source (Us) with Tevap,HP.
5.1.2. Inﬂuence of LP stage evaporating temperature
As seen from Fig. 5, the utilization of secondary heat source decreases with increase in LP evaporation temperature (Tevap,LP) as the
evaporator pinch point limits the permissible mass ﬂow rate of working
ﬂuid. For both cycle architectures, maximum exergy eﬃciency is not
obtained when Us is maximum. Instead, there exists an intermediate
value of Us corresponding to which exergy eﬃciency is maximum. This
is due to the increased irreversibilities in the LP evaporator at lower
evaporation temperatures. As seen from Fig. 6, the variation in thermal
eﬃciency and net work output follows the same trend as that of Us and
exergy eﬃciency respectively. Thermal eﬃciency increases with increase in Tevap,LP, primarily due to the decrease in overall heat input to
the cycle owing to lower Us. Although more heat is extracted from the
secondary heat source at lower values of Tevap,LP, it does not lead to an
increased net work output. The eﬀect of lower thermal eﬃciencies at
lower values of Tevap,LP oﬀsets the eﬀect of increased heat input from

Fig. 5. Variation in utilization rate of secondary heat source Us and exergy
eﬃciency with LP evaporation temperature (Tevap,LP). HP evaporation temperature (Tevap,LP) for both the cases is set to the maximum limit of 460 K.
Utilization rate of primary heat source remains constant at 81.6%.
7
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Fig. 6. Variation in net work output and thermal eﬃciency with LP evaporation
temperature (Tevap,LP). HP evaporation temperature (Tevap,LP) for both the cases
is set to the maximum limit of 460 K.

Fig. 8. Variation of utilization rate of secondary heat source (Us) with secondary heat source inlet temperature (Ts). Primary source temperature (Tp) for
this case is set to 673 K.

Table 5
Speciﬁed input parameters to the Golden section search algorithm.
Parameter

Value

Tevap,HP
Lower bound (Tevap,LP)
Upper bound (Tevap,LP)
Maximum function evaluations
Maximum iterations
Termination tolerance

460 K
320 K
Ts,in – ΔTevap,LP
500
500
10−4

Fig. 9. Variation in KA ratio with heat source temperatures.

KAratio =

KAtotal
KAtotal,pre\;ORC

(11)

Fig. 9 shows the variation of KA ratio with heat source temperatures. For all cases, both PTORC and STORC show similar KA requirements and up to 4 times higher than the pre-heated ORC for similar
temperature levels. Total KA requirements are mainly inﬂuenced by the
heat exchanger thermal load and LMTD. For PTORC and STORC, the
improved utilization of secondary heat source results in an increase in
the thermal load of the LP evaporator and pre-heater. In addition to
this, the increased heat input would require more heat rejection in the
condenser. This results in increased KA requirements for these architectures. In general, there is an increase in KA ratio with Ts due to
increased secondary heat source utilization and the resultant increase in
thermal load when compared with pre-heated ORC.

Fig. 7. Variationin net power increase with heat source temperatures. Primary
and secondary heat source temperatures are varied from 573 K−773 K and
from 353 to 393 K respectively.

decrease in Up since the primary heat source is not cooled to the limit
speciﬁed (373 K). Thus, there is a decrease in overall heat input to the
pre-heated ORC. This explains the increase in φpower of STORC and
PTORC with Ts. Therefore, it becomes evident that as the temperature
diﬀerence between the two heat sources reduces, two stage architectures become attractive.
For all cases, STORC exhibits the highest performance among the
three architectures due to lower irreversibilities in its HP evaporator.
For PTORC, φpower is negative for cases with higher Tp (773 K) and very
low Ts (353–363 K). For these cases, pre-heated ORC outperforms
PTORC because the increased irreversibilities in the HP evaporator of
PTORC outweigh the dual pressure advantage of PTORC.

5.2.1.3. Variation in VFR and turbine size parameter. The variation in
mass averaged VFR with heat source temperature is shown in Fig. 10.
Among the three architectures, pre-heated ORC has the highest VFR
owing to the full expansion from evaporator pressure to condenser
pressure in the expansion turbine. Also, for the preheated ORC, the
stage VFR and average VFR are the same due to single stage expansion.
For the two stage ORCs using induction turbine layout, the mass ﬂow
rate of working ﬂuid through the LP turbine stage is higher than the HP
stage. This coupled with the lower pressure ratio results in lower VFR
values for the LP stage. This also results in lower values of mass
averaged VFRs for STORC and PTORC. Lower VFR values are preferable
for achieving higher turbine eﬃciencies.

5.2.1.2. Overall heat exchanger KA requirements. KA ratio, which is an
indicator of the total heat exchanger requirements when compared to a
pre-heated ORC is deﬁned as:
8
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Furthermore, STORC is able to maintain the highest power output for
all heat ratios. For PTORC, even though higher thermal eﬃciencies are
achieved at higher ratios (See Fig. 12d), the utilization rates of secondary heat source are less than that of pre-heated ORC. This coupled
with the increased HP evaporator irreversibilities results in lower net
power output than pre-heated ORC. Thus, two stage architectures,
especially STORCs, are to be preferred when the heat content of secondary heat source is signiﬁcantly higher than that of primary heat
source (Qratio less than 1).
6. Critical remarks and discussion
6.1. Comprehensive system performance (constrained optimization)
While implementing an ORC system, the design parameters such as
sub cooling, heat exchanger pinch point temperature diﬀerence, volumetric ﬂow ratio limitations in the expander and operating pressure
limits need to be considered from a technical and economical view
point. Also, the cooling limits on heat sources, if any, must be included
as constraints. For subcritical ORC applications, Drescher et al. [32] and
Lai et al. [24] recommended 20 bar as the maximum operating pressure. To prevent air entrapment in the condenser, the minimum condenser pressure is set above atmosphere pressure. According to Invernizi et al. [33], VFR is restricted to 50 for each stage of the induction
turbine so that expansion can be carried out at high eﬃciencies without
the need of multiple stages. These design constraints are summarised in
Table 6. The thermo-economic performances of the three architectures
are compared using a dimensionless ratio ω = τ/τpre-ORC, τ is as deﬁned
earlier in Section 3.2.

Fig. 10. Variation of VFR with heat source temperature.

Size parameter (SP) along with VFR is a measure of the turbine cost.
It is preferable to have lower SP for a given VFR as larger values indicate bulkier machines. The variation in SP with heat source temperature is shown in Fig. 11. For a given Tp, the pre-heated ORC’s SP
remains constant for all values of Ts. The mass ﬂow rate of working
ﬂuid in pre-heated ORC does not vary much with Ts due to pinch point
limitations in the evaporator. Other parameters such the speciﬁc volume and isentropic work across the turbine remains ﬁxed for a given
evaporator and condenser pressure limits. This results in a constant SP
for pre-heated ORC for all values of Ts. For PTORC and STORC, there is
an increase in mass ﬂow rate of working ﬂuid with Ts coupled with an
increase in the isentropic work across the LP turbine stage. Due to this,
the mass averaged size parameters of the two stage induction turbines
in PTORC and STORC increase with increase in Ts. Among the three
architectures, the general trend in SP is SPPTORC > SPSTORC > SPpreORC.

6.1.1. Variation with heat source temperatures
Optimization results for all three cycle architectures are given in
Table 7. Both STORC and PTORC have comparable utilization of the
primary and secondary heat source and is always higher than that of the
pre-heated ORC. STORC delivers the highest power output in all cases.
STORC also has the highest KA requirement among the three architectures. This is due to the higher LP evaporation temperatures in
STORC leading to lower LMTD in the LP evaporator and pre-heater. It
also leads to reduced mass ﬂow rate in the LP loop of STORC when
compared with PTORC. The turbine size parameter of STORC is in between that of PTORC and pre-heated ORC. For all heat source temperatures investigated, a higher than unity ω value of STORC indicates
that STORC oﬀers best system performance over any other architecture
investigated (see Fig. 13). Within the constrained framework, pre-heated ORC’s performance deteriorates drastically owing to further decrease in utilization rate of secondary heat source. PTORC outperforms
pre-heated ORC thermo-economically only when the diﬀerence

5.2.2. Inﬂuence of heat ﬂow capacity of sources
In dual source heat recovery, typically one of the heat sources might
have signiﬁcantly higher heat content than the other one. The ratio of
maximum heat available from each of the heat source is the heat ratio
(Qratio), which can be expressed as:

Q ratio =

mP × CpP × (TP,in − TP,out\;min )
QP
=
QS
mS × CpS × (TS,in − TS,out\;min )

(12)

For the secondary heat source (jacket water), maximum extractable
heat is calculated based on the minimum cooling limit, which is 323 K
(condensing temperature + ΔTcond). The primary heat source (exhaust
gas) cooling limit is set to 373 K (acid dew point). Fig. 12 (a) shows the
variation in secondary source utilization rate over pre-heated ORC with
Qratio. Both STORC and PTORC exhibit a very high improvement in the
utilization of secondary heat source at lower heat ratios. At higher heat
ratios, the diﬀerence between the utilization rates of pre-heated ORC
and STORC decreases as more working ﬂuid is pumped in the evaporator of pre-heated ORC. In pre-heated ORC, since both evaporator
and pre-heater are connected in series, this would lead to an increase in
heat extraction from the secondary heat source considerably. For
PTORC, at higher heat ratios, the pinch constraint in the LP evaporation
process restricts the utilization rate of secondary heat source. Hence,
PTORC shows lower utilization of secondary heat source than pre-heated ORC with increase in heat ratio. Fig. 12 (b) shows that the primary
heat source utilization remains more or less constant for all the architectures, with PTORC exhibiting the highest Up. The lower Up values
associated with pre-heated ORC are due to the higher pre-heat temperatures which prevents the full utilization of primary heat source.
At lower heat ratios, PTORC and STORC deliver signiﬁcantly higher
power outputs than pre-heated ORC due to improved utilization of
secondary heat source in two stage architectures (See Fig. 12c).

Fig. 11. Variation of turbine size parameter (SP) with heat source temperature.
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Fig. 12. Variation of (a) Us with heat ratio (b) Up with heat ratio(c) Relative change in net power output with heat ratio. Net power output of pre-heated ORC is
selected as the baseline for comparison. (d) Thermal eﬃciency with heat ratio.

turbine eﬃciencies can be achieved in each stage. The mass averaged
value of the turbine size parameter of induction turbine in STORC is
comparable to that of the expansion turbine in pre-heated ORC. This
suggests that smaller compact and high eﬃciency induction turbines
with a single rotor per stage can be used in STORC. Overall, STORC
presents excellent system performance for IC engine heat recovery.

Table 6
Design framework for optimization.
Objective
Maximize Wnet or exergy eﬃciency

Parameters

Constraints

Tevap,HP

Pevap,HP ≤ 20 bar
P cond ≥ 1.0 bar
VFRLP ≤ 50
VFRHP ≤ 50
ΔTevap,HP ≥ 20 K
ΔTevap,LP ≥ 10 K
Degree of sub cooling = 5 K
Tp,out ≥ 373 K
Ts,out ≥ 323 K

Tevap, LP

Tcond
ΔTevap,HP
ΔTevap,LP

6.2. Comparison with dual loop ORC
Dual loop ORCs have been presented in many previous studies as an
improved alternative to pre-heated ORC. A comparison between
STORC, PTORC and the dual-loop ORC in Chen et al. [22] is shown in
Table 9. For the engine design point in Chen et al. [22], the optimised
STORC is able to generate 13.1% and 4.5% more net power than the
dual loop ORC and PTORC respectively. The overall heat exchanger KA
requirement of STORC is 27.9% less than that of dual loop ORC and
3.4% higher than that of PTORC. STORC also has the highest thermal
eﬃciency and exergy eﬃciency among the three architectures. PTORC
presents the highest utilization of exhaust gas. However, this is because
the cooling limit on exhaust gas has not been set in Chen et al. [22].
Typically, exhaust gases from diesel engines cannot be cooled below
373 K due to acid dew point restriction. If this constraint is to be
considered, the net power output of PTORC and dual loop ORC would
be lower than the reported values.

between the heat source temperatures is low. At higher temperature
diﬀerences, the marginal improvement in net power output coupled
with increased heat exchanger KA requirements and higher turbine size
parameters lead to the poor thermo-economic performance of PTORC.

6.1.2. Performance at engine design point
The constrained optimization results of the three architectures at
the design operating point of the 2.9 MW natural gas IC engine selected
for this study is presented in Table 8. STORC shows the highest thermodynamic and highest overall system performance among the three
architectures. STORC leads to an 8.5% increased power output, whereas
PTORC leads to 0.3% decreased power output over pre-heated ORC.
Also, the HP and LP stage VFR values of both STORC and PTORC are
quite low when compared with pre-heated ORC, indicating that higher

6.3. Comparison with single source two stage ORC
The main inferences from this performance study are compared
10
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Table 7
Optimization results for diﬀerent secondary heat source temperatures (Ts). Primary heat source temperature is set at 573 K.
Ts (K)

Tcond (K)

PTORC
353
322
363
322
373
322
383
322
393
322
STORC
353
322
363
322
373
322
383
322
393
322
Pre-heated ORC
353
322
363
322
373
322
383
322
393
322

Pcond (bar)

Tevap,LP (K)

Pevap,LP (bar)

Tevap,HP (K)

Pevap,HP (bar)

mwf1 (kg/s)

mwf2 (kg/s)

Wnet (kW)

Up (%)

Us (%)

VFR

KA (kW/K)

SP (m)

1.0
1.0
1.0
1.0
1.0

332
337
342
347
350

1.38
1.60
1.82
2.13
2.32

454
454
454
454
454

19.88
19.88
19.88
19.88
19.88

1.833
1.833
1.833
1.833
1.833

1.631
2.420
3.361
4.175
5.261

169.1
185.4
209.0
239.6
273.5

72.5
72.5
72.5
72.5
72.5

20.8
26.5
32.3
36.0
40.9

8.45
6.64
5.29
4.26
3.61

155.3
190.2
231.6
267.0
300.6

1.23
1.43
1.71
1.85
2.20

1.0
1.0
1.0
1.0
1.0

333
340
344
347
353

1.42
1.73
1.97
2.15.
2.48

454
454
454
454
454

19.88
19.88
19.88
19.88
19.88

1.953
1.987
2.039
2.041
2.042

1.598
2.165
3.037
4.137
4.972

180.1
199.8
227.7
257.6
293.5

72.9
72.3
72.9
72.0
70.1

22.3
26.1
31.9
38.1
41.5

6.74
5.55
4.80
4.30
4.03

172.7
203.9
253.8
307.4
344.4

0.38
0.46
0.63
0.89
1.09

1.0
1.0
1.0
1.0
1.0

343
353
363
373
383

–
–
–
–
–

454
454
454
454
454

19.88
19.88
19.88
19.88
19.88

2.017
2.033
2.033
2.033
2.033

–
–
–
–
–

169.6
171.0
171.0
171.0
171.0

72.9
70.5
67.5
64.3
61.1

3.1
3.7
4.2
4.6
4.9

23.12
23.12
23.12
23.12
23.12

87.6
89.4
89.2
88.8
88.0

0.34
0.34
0.34
0.34
0.34

Table 9
Comparison of STORC with dual loop ORC and PTORC from Chen et al. [22].

Fig. 13. Variation of ω with heat source temperature.

Pre-heated ORC

PTORC

STORC

Wnet (kW)
ηI (%)
ηex (%)
Up (%)
Us (%)
mwf (kg/s)
Tevap,LP (K)
Tevap,HP (K)
VFRLP
VFRHP
SP (m)
KA (kW/K)
ω

294
14.8
14.9
81.5
6.4
3.545
–
454
–
23.1
0.516
131.2
1

293
11.1
14.8
81.4
24.0
5.278
339
454
1.7
13.8
1.640
210.6
0.99

319
11.7
16.2
81.7
25.7
5.336
341
454
1.8
13.0
0.681
238.2
1.26

STORC

PTORC

Dual loop ORC

Net power output (kW)
Thermal eﬃciency (%)
Exergy eﬃciency (%)
KA of HP evaporator (kW/K)
KA of LP evaporator (kW/K)
KA of condenser (kW/K)
KA of intermediate heat exchanger (kW/K)
KA total (kW/K)
Heat extracted from exhaust gas (kW)
Heat extracted from jacket water (kW)
Heat rejected in condenser (kW)

30.3
12.61
40.28
1.958
8.728
8.830
–
19.516
124.6
115.7
210.0

29.0
11.67
38.62
2.142
8.445
8.290
–
18.877
133.4
115.2
219.7

26.8
11.39
35.72
1.790
8.323
8.151
8.803
27.067
120.0
115.2
208.4

working ﬂuid. The increase in net power output ranges from 4.7 to 32%
(773 K) to as high as 12–85% (573 K) depending on the secondary heat
source temperature. Thus, in dual heat source applications, the performance gain is mainly inﬂuenced by the heat source temperature and
heat content of the secondary heat source rather than the primary heat
source temperature. In Li et al. [18], the relative improvement in net
power output using two stage evaporation when applied to a single
geothermal heat source (373–473 K) increased with decrease in heat
source inlet temperature to the two stages. Similar to these ﬁndings, for
the case of dual heat sources, STORC’s relative improvement in net
power output is seen to increase as the temperature diﬀerence between
the two heat sources decreases.

Table 8
Optimised cycle parameters at engine design point.
Parameters

Parameters

7. Conclusions
In this study, the potential of two stage ORC architectures (STORC
and PTORC) using induction turbines for dual source waste heat recovery is explored using exhaust gas (primary heat source) and jacket
water (secondary heat source) of a natural gas IC engine.
Comprehensive performance analysis is carried out for a range of heat
source temperatures and ratios of heat available between primary and
secondary heat sources considering economic and operational constraints. The following are the primary recommendations based on the
analysis:

with those reported in literature, mainly focussing on single source
applications of two stage ORCs. Manente et al. [17] proposed design
guidelines for selecting between two stage and single stage ORCs at
subcritical conditions for utilizing single geothermal heat sources
(373–473 K). In their study, when the heat source inlet temperatures
exceeded the critical temperature of working ﬂuids by 40 K, the STORC
provided only marginal gains in net power output over single stage
ORC. When heat source temperatures are lower than the critical temperature of the working ﬂuid, signiﬁcant gain in power output (20% or
more) is reported. However, in this study, the primary heat source
temperatures (573–773 K) are well above the critical temperature of the

1. Two stage ORC architectures lead to improved utilization of the
secondary heat source when compared with single stage pre-heated
ORC. For PTORC and STORC utilizing dual level heat sources, there
exists an intermediate secondary heat source utilization rate which
maximizes the net power output.
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2. When higher heat content is available from the secondary heat
source, and when the temperature diﬀerence between the two
sources are low, STORC layout should be preferred over single stage
pre-heated ORC. For heat ratios less than 1, STORC layout delivers
signiﬁcant boost in system power output. At higher heat ratios,
STORC oﬀers marginal improvement in net power output, whereas
PTORC underperforms when compared with pre-heated ORC.
Therefore, PTORC is not recommended for dual source heat recovery.
3. STORC presents the highest system performance over the investigated temperature range. For a 2.9 MW natural gas engine at its
design point, STORC delivers 8.3% more power output than preheated ORC.
4. Compared to a dual loop ORC, STORC delivers 13.1% increased
power output. STORC layout also leads to a 27.9% reduction in heat
exchanger requirements.
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STORC using induction turbine layout is preferable than other architectures for dual source heat recovery applications. Advanced two
stage ORCs using STORC as the basic layout holds promise for further
enhancement of ORC performance in dual and multi-source heat recovery and shall be the subject of future research.
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