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Abstract
An exergy based analysis is carried out for waste heat recovery from a marine Diesel engine using various layouts of 
organic Rankine cycles (ORCs) for driving a vapor compression refrigeration cycle. The ORC layouts studied are a simple 
organic Rankine cycle (ORC), an organic Rankine cycle with internal heat exchanger (RORC) and a serial cascade ORC 
cycle (SCORC). In addition to the well-known fluid R134a, two hydrocarbon-based refrigerants, namely butane (R600) and 
isobutane (R600a), are considered in the present study. It is found that sensible improvements are attained using the cascade 
ORC and the ORC with internal heat exchanger configurations compared to simple ORC under certain conditions. This 
improvement depends on both the heat source temperature and the working fluid considered. Moreover, the results indicate 
that R600 as working fluid has the best performance from a thermodynamic point of view. Finally, though R600, a pure 
hydrocarbon, is completely accepted by the environment, more attention should be paid to its flammability.

Abbreviations
COP  Coefficient of performance
CPR  Compressor pressure ratio
EVR  Expander volume ratio
Ex  Specific exergy, kJ/kg
Ėx  Exergy rate, kW
H  Specific enthalpy, kJ/kg
M  Molecular weight, kg/kmol
ṁ  Mass flow rate, kg/s
P  Pressure, MPa
T  Temperature, K
V  Specific volume,  m3/kg
Q̇  Heat transfer rate, kW
Ẇ  Power rate, kW

Greek symbols
ΔĖx  Exergy loss rate, kW
η  Efficiency

Subscripts
b  Boiler
Exp  Expander
evap  Evaporator/evaporation
cond  Condenser/condensation
comp  Compressor
ORC  Organic Rankine cycle
VCC  Vapor compression cycle
Tot  Total
Sat  Saturation/saturated
L  Liquid
P  Constant pressure/pump
S  Specific entropy, kJ/kg K

Exponents
°  Ideal gas state

1 Introduction

Looked at as the most reliable and cost-effective mean of 
transportation, shipping has become the backbone of the 
world’s economy. In fact, more than 80% of the world’s trade 
is achieved by sea-going vessels [1] unfortunately leading 
to huge amount of pollutants emissions. The majority of 
today sea-going vessels are propelled using Diesel engines. 

 * Ahmed Ouadha 
 ah_ouadha@yahoo.fr

 Yacine Addad 
 ah_ouadha@yahoo.fr

1 Laboratoire, Sciences Et Ingénierie Maritimes, Faculté 
de Génie Mécanique, Université Des Sciences Et de La 
Technologie Mohamed BOUDIAF D’Oran, Oran El-
Mnouar, 31000 Oran, Algérie

2 Department of Nuclear Engineering, Khalifa University 
of Science and Technology (KUST), PO Box 127788, 
Abu Dhabi, UAE

http://orcid.org/0000-0001-6710-1090
http://crossmark.crossref.org/dialog/?doi=10.1007/s40868-020-00072-6&domain=pdf


27Marine Systems & Ocean Technology (2020) 15:26–44 

1 3

This kind of propulsion systems allows a superior efficiency 
with the possibility of burning heavy fuel oil. Although their 
emissions are still marginal compared to the ones emitted 
from land vessels and air transport (IMO, 2014), their grow-
ing trend is worrying [2].

During its operation, a ship produces various types of 
solid, liquid and gaseous wastes such as; rubbish, sludge, 
ballast, water and air emissions. The latter is produced dur-
ing the combustion of fossil fuels but has been for longtime 
ignored by legislation as its quantity is lower compared to 
the emissions produced by the air and land vessels. Indeed, 
 CO2 emissions caused by shipping represent only 2–4% of 
the global emissions [3]. Unfortunately, the ratio of shipping 
related  CO2 emissions is expected to increase up to 12–18% 
by 2050 according to the study carried out by [4]. The 2018 
International Maritime Organization (IMO) targets for low- 
and zero-emission shipping aspire to reduce the total annual 
greenhouse gases (GHGs) emissions by at least 50% by 2050 
over 2008 levels and phase them out, as soon as possible in 
this century.

Furthermore, it is also estimated that shipping related 
NOx emissions are responsible for 15% of global NOx 
emissions [5]. Due to their harmful effects on human health 
and environment, the NOx emissions have been subject to 
stringent regulations formulated in the MARPOL Annex 6 
by the IMO.

Facing these increasingly environmental policies, ship-
builders must develop energy-saving technologies for all 
types of ships. Det Norske Veritas (DNV) proposed several 
operational and design measures such as weather routing, 
hydrodynamic form optimization and engine refinements 
that should potentially reduce  CO2 emissions from the new 
designs and existing fleet [6]. Among these measures, the 
treatment of waste heat onboard of ships is a very prom-
ising way to save energy and reduce pollutant emissions. 
Interestingly, waste heat from the ship propulsion systems 
can reach up to 210 MWh per year. Consequently, several 
proposals have been put forward to recover heat onboard 
of ships. Amongst these technologies one can cite; steam 
production [7], ballast water treatment [8], freshwater pro-
duction [9] and cooling and cogeneration [10, 11]. However, 
it is worth mentioning here that a large proportion of this 
heat remains unrecoverable since its temperature is relatively 
low. Actually, the low-temperature waste heat (lower than 
150 °C) recovery has been for decades ignored due to the 
associated high investment costs. Nevertheless, energy sav-
ing can be achieved by promoting the utilization of this low-
temperature waste heat such as engine jacket cooling water 
and Organic Rankine Cycle (ORC) technologies should be 
able to meet this ambition. An ORC is in essence a Rankine 
cycle, but it is using an organic fluid as the working fluid 
instead of water. This type of cycles has been widely used 
to produce power from solar and geothermal heat sources 

[12, 13] and has been only recently considered to recover the 
waste heat from marine Diesel engines [14–16].

The onboard ship-refrigeration systems are heavily 
demanding in terms of fuel consumption. In fact, [17] esti-
mated that 25% of total gaseous emissions are associated to 
the whole operation of heating, ventilation and air-condition-
ing (HVAC) and refrigeration systems on board. This is due 
to the fact that this kind of systems requires additional fuel 
consumption to produce the mechanical power required to 
drive their compressors. Thus, potential energy savings can 
be achieved by using the waste heat on board of the ships to 
drive these HVAC and refrigeration systems.

Basically, two approaches can be used to recover waste 
heat from a marine Diesel engine to produce cooling effect. 
The first one utilizes waste heat as a heat source for driving 
directly a refrigeration system (ejector, absorption or adsorp-
tion refrigeration systems), and the second one converts the 
waste heat into mechanical or electrical power to drive a 
vapor compression refrigeration system. The reader can refer 
to a recent review paper by [18] on the progress and pros-
pect of utilizing different kinds of heat driven fishing vessel 
refrigeration systems, i.e., adsorption refrigeration system, 
absorption refrigeration system, ejection refrigeration sys-
tem and hybrid systems, with a special focus on the tech-
niques for improving system efficiency and its operational 
stability under severe conditions on seas. In particular, the 
idea of using an organic Rankine cycle as a heat recovery 
system which can then drive a vapor compression cycle 
(known as combined ORC-VCC system) should be able to 
satisfy refrigeration and air-conditioning requirements and 
might even produce additional power when cooling is not 
required onboard.

The concept of ORC-VCC systems is not new. First 
studies on ORC-VCC systems have been carried out more 
than 40 years ago [19, 20]. It was considered by several 
researchers as a promising solar cooling method [21–26]. 
The abandonment of ORC-VCC during a decade as justi-
fied by the hollow of literature from 1994 to 2004, as illus-
trated in Table 1, may be attributed to the halocarbon com-
pounds (R113, R114), which have been considered among 
the best candidates for ORC subsystems. Environmental and 
energy savings issues have increased the interest in ORC-
VCC systems using different low-grade heat sources such 
as solar energy, geothermal energy and internal combustion 
engines exhaust gases. The development of HFC refrig-
erants (R134a, R245fa) has marked a renewed interest in 
ORC-VCC systems during the 2000s. Thus, as illustrated in 
Table 2, great efforts have been devoted to the development 
of the ORC-VCC technology. Table 2 summarizes experi-
mental and theoretical studies carried on ORC-VCC systems 
since their first adoption in the 1970s.

With regards to synthetic refrigerants, R134a and R410a 
are widely used in refrigeration and air-conditioning 
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systems but have been recognized as harmful gases. 
Their global warming potential (GWP) is very high and 
are considered as strong global warming gases. On the 
contrary, hydrocarbons such as propane (R290), isobu-
tane (R600a) and propylene (R1270) are environmental 
friendly natural working fluids having zero ozone deplet-
ing potential (ODP) and negligible global warming poten-
tial (GWP < 20). This is in addition to their excellent ther-
modynamic properties, their low price and abundance in 
nature.

Hence the aim of the present study is to build on the 
previous preliminary conclusions reported by [27]. In that 
study, several working fluids including propane, butane, 
isobutane and propylene have been used to analyze the 
feasibility of using waste heat from marine Diesel engines 
to drive a vapor compression refrigeration system. In that 
paper the authors have successfully demonstrated, through 
a thermodynamic analysis, that isobutane (R600a) and 
butane (R600) yield the highest performance, whereas 
propane (R290) and propylene (R1270) yield negligible 
improvement compared to R134a for the operating condi-
tions considered [27]. However, as the combined ORC-
VCC technique is expected to require high investment 
cost, a thermodynamic analysis of different ORC-VCC 
layouts for marine engines waste heat recovery, using 
friendly refrigerants, is deemed essential in order to pro-
mote the application of this technology onboard ships and 
estimate the theoretical gain of power and energy sav-
ings. To achieve this ultimate goal, a comparative study of 
various configurations of a combined ORC-VCC system 
is conducted in the present study. The combined system 
proposed here is composed of an ORC subsystem and a 
VCC subsystem. I.e., the mechanical power produced by 
the ORC subsystem is used to drive the VCC subsystem. 
Different design strategies of the ORC subsystems are 
considered. Using simplified thermodynamic simulations, 
a basic ORC system is used as a reference to compare two 
configurations of ORC systems including ORC with inter-
nal heat exchanger and serial cascade cycles in terms of 
power production and cooling effect when used to drive 
VCC subsystems. In sum, it is a study from a feasibil-
ity project done for an Algerian company interested in 
onboard alternative refrigeration systems.

2  Thermodynamic modeling

2.1  Description of the system

Useful energy can be produced using a basic ORC system 
composed of a boiler, a turbine, a condenser and a pump. 
However, the thermal efficiency of such system is very 
low. This can be improved by changing the configuration 
of the system adding more components to optimize the 
system. Basically, two options are available; the first one 
uses an internal heat exchanger to extract an amount of 
the superheated working fluid from the turbine to preheat 
the subcooled working fluid discharged from the pump, 
while in the second option, an extra boiler is added either 
in series or parallel to the boiler of the basic system.

Schematics and the corresponding T–s diagrams of 
various configurations of ORC systems, including a basic 
ORC system, ORC with internal heat exchanger system 
and a cascade ORC system, and a VCC system are pre-
sented in Fig. 1. A basic ORC cycle consists of a pump, a 
condenser, a boiler and an expander (Fig. 1a). The satu-
rated liquid refrigerant is pressurized by the pump (1–2). 
The compressed liquid enters the boiler where it is heated, 
vaporized and superheated using the waste heat from the 
Diesel engine (2–3). The superheated vapors are expanded 
in the expander to produce mechanical power.

For the RORC cycle, an internal heat exchanger (IHE) 
is included between the expander exit and the boiler in 
order to recover additional heat. This is used to preheat 
the working fluid before it enters the boiler by extracting 
heat from the high-temperature working fluid leaving the 
expander (Fig. 1b). The vapor produced in the boiler is 
sent to the expander which drives the VCC compressor. 
The expanded vapor is directed to the IHE to heat up the 
liquid working fluid leaving the pump. Then the vapor is 
converted back into a liquid in the condenser by releasing 
heat to a cooling medium. The liquid obtained is fed back 
to the boiler by the pump to start a new cycle. As a result, 
the IHE is expected to increase the exergy efficiency of the 
cycle by reducing the heat transfer temperature difference.

A cascaded organic Rankine cycle (SCORC) is 
composed of a high-temperature loop (HT) and a 

Table 2  Refrigerant properties 
[40]

Refrigerant Molecular 
mass (g/mol)

Boiling point (°C) Critical tem-
perature (°C)

Critical pres-
sure (MPa)

Safety group GWP

R134a 102.03 − 26.1 101.1 4.06 A1 1430
R600 58.12 − 0.5 152.0 3.80 A3 20
R600a 58.12 − 11.7 134.7 3.63 A3 20
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Fig. 1  Schematic and T-s diagrams of the selected ORC systems and VCC system: a simple ORC; b ORC with internal heat exchanger; c cascade ORC; d VCC
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low-temperature loop (LT) (Fig. 1c). It consists of a high-
pressure boiler 1, a low-pressure boiler 2, a high-pressure 
pump 1, a low-pressure pump 2, a turbine and a condenser. 
The specific liquid working fluid from the condenser is 
first pressurized to flow into the boiler 2 where it is heated 
by waste heat from the engine. A portion of the saturated 
liquid at the saturated pressure in the boiler 2 is pumped 
to the boiler 1 to be heated by waste heat. The vapor at the 
state points 3 and 3′ flows into the corresponding stages 
of the turbine to produce mechanical energy to drive the 
compressor of the VCC system. The expanded vapor from 
the turbine is led to the condenser where it is condensed by 
contact with cold heat source. Finally, the liquid obtained 
is pumped back by pump 2 to undergo a new cycle.

The power produced by the ORC system is used to drive 
a vapor compression refrigeration system. The latter con-
sists of a compressor, a condenser, a throttling valve and an 
evaporator. Vapor from the evaporator is compressed in the 
compressor. The superheated vapor is then cooled and con-
densed in the condenser before being throttled to reach the 
evaporator pressure. During its evaporation, the refrigerant 
receives heat from the cooling space.

2.2  Working fluids selection

The overall performance of the combined ORC-VCC system 
depends on the choice of the working fluid used and the 
configuration of the ORC subsystem. Synthetic refrigerants 
are commonly proposed to substitute high-GWP HFC-based 
refrigerants due to their excellent thermodynamic proper-
ties with low GWP though their long-term impact on the 
environment is not known. The ideal solution, according to 
several researchers [28–38], can be achieved by the recon-
sidering natural refrigerants. Among these refrigerants, 
hydrocarbons refrigerants exhibit excellent properties in 
terms of cooling capacity and efficiency in addition to a low 
GWP. A refrigeration system designed with given evapora-
tion and condensation temperature would perform compa-
rably for two refrigerants with comparable vapor pressures. 
As depicted in Fig. 2, the differences of the pressure–tem-
perature curves between R134a and R600 and R600a are 
small within large interval of temperatures. From a thermo-
dynamic point of view, R600 and R600a can cover greater 
condensation temperature due to their high critical tempera-
tures with lower pressures. For instance, up to the safety 
pressure limit of 20 bars, R600 and R600a can operate with 
a condensation temperature greater than 90 °C.

Hence if used in a good design and with some cautions 
due to their status as ASHRAE-rated high flammable (A3) 
refrigerants, hydrocarbons can be energy efficient, environ-
mental friendly and safe to use [39].

Following the preliminary conclusions presented in [27], 
R600 and R600a are selected as the working fluids for the 

ORC-VCC systems due to their relatively highest perfor-
mance in comparison with other hydrocarbons. The proper-
ties of these selected fluids are summarized in Table 2 [40].

It is worth mentioning here that working fluids can be 
classified as wet, isentropic or dry according to the slope 
of the saturated vapor curve in an entropy-temperature dia-
gram. That is to say, if the slope is negative, the fluid is 
classified as wet (e.g.: R134a), while a dry fluid has a posi-
tive slope (e.g.: R600, R600a). Finally a fluid is classified 
as isentropic when its saturated vapor curve has a slope of 
infinity. Therefore, caution is required when using wet flu-
ids by superheating the vapor at the boiler in order to avoid 
corrosion.

The analysis of ORC and refrigeration cycles using 
hydrocarbon-based refrigerants requires an accurate knowl-
edge of their thermodynamic properties. Generally, thermo-
dynamic properties such as enthalpy and entropy of refrig-
erants are determined using a set of equations of state. The 
latter are developed based on p–v–T measurements at both 
the saturation and gaseous states. Four local equation of state 
including an equation of state of the gas phase, a correlation 
of the vapor pressure as function of temperature, a correla-
tion of the density of saturated liquid and the ideal gas heat 
capacity are required. The computational model adopted in 
this study is based on four local equations of state presented 
as follows:

– an equation of state for the gas state,

– a correlation for the saturated vapor pressure,

(1)Z = Z(T , �)

(2)ps = ps(T)
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– a correlation for the saturated liquid density,

– an equation of the specific heat capacity at constant pres-
sure in the ideal gas state.

Using the above equations and the differential equations of 
thermodynamics, it is possible to calculate the other essen-
tial thermodynamic functions necessary for the thermody-
namic analysis, namely, enthalpy, entropy and exergy. Their 
final expressions have been coded as Fortran Functions to be 
included in the Fortran code developed for the cycle analysis.

2.3  Thermodynamic analysis

Conventionally, ORC and refrigeration systems are analyzed 
using the first law of thermodynamics which embodies the 
energy conservation. However, this method does not con-
sider the quality of energy in the system. For example, it 
does not recognize any energy losses during a throttling pro-
cess. On the other hand, exergy analysis, a concept based 
on the first and second laws of thermodynamics, is a much 
more powerful metric to evaluate energy systems including 
ORC, refrigeration and air-conditioning systems. The exergy 
analysis should be able to provide additional information 
regarding the system thermodynamic losses mapping.

The following assumptions are made in this work:

– The combined cycles operate in a steady-state mode.
– Pressure drops are assumed negligible.
– Changes in kinetic and potential energies are neglected.

From a second law point of view, it is important to quan-
tify the exergy losses in each component in order to assess 
the overall performance of the system. Hence, mass, energy 
and exergy balance equations are applied to each component 
of the system described in Sect. 2.1. Neglecting kinetic and 
potential energies and exergy changes, these equations are:

(3)�L = �L(T)

(4)c0
p
= c0

p
(T).

(5)
∑

ṁin −
∑

ṁout = 0

(6)Q̇in + Ẇin +
∑

in

ṁihi = Q̇out + Ẇout +
∑

out

ṁihi

(7)
∑

in

(

1 −
T0

Ti

)

Q̇i + Ẇin +
∑

in

ṁiexi =
∑

out

(

1 −
T0

Ti

)

Q̇i + Ẇout +
∑

out

ṁiexi + ĖxD

where Q̇ is the rate of heat transfer between the control 
volume and its surroundings, Ẇ the rate of work, h the spe-
cific enthalpy and ĖxD is the rate of exergy loss proportional 
to the entropy generated Ṡgen according to the Gouy-Stodola 
Theorem:

with T0 corresponding to the temperature of the 
surroundings.

The specific flow exergy, ex, is evaluated using the follow-
ing expression:

where the subscript 0 refers to the environment state.
The energy and exergy balances in Eqs. (6) and (7) were 

applied to each component of the system and the results 
obtained are summarized in Table 3.

The performance of the ORC systems is measured using 
the net power output and the total and individual exergy 
losses instead of thermal and exergy efficiency as the waste 
heat is free. The net power output of an ORC is defined as; 
Wnet = Wexp − Wpump . From an energy point of view, the 
performance of refrigeration systems is assessed by the coef-
ficient of performance (COP), defined as the ratio of the cool-
ing capacity to the power required to drive the compressor.

The overall coefficient of performance of the combined 
system, COP, can be determined as

The components that affect the system performance are the 
compressor and the expander. The performance, security and 
reliability of the system depend on their designs. The compres-
sor pressure ratio (CPR) and the expander volume ratio (EVR) 
are among the most important parameters that affect the design 
of these elements. They are defined as

Finally, the total mass flow rate of the working fluid for each 
kW refrigeration capacity is expressed as

(8)ĖxD = T0Ṡgen

(9)ex =
(

h − h0
)

− T0
(

s − s0
)

(10)COP = �th COPVCC

(11)CPR =
p11

p10

(12)EVR =
v4

v3

(13)MkW =
ṁORC + ṁVCC

Q̇evap
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3  Results and discussions

As stated previously, the aim of this study is to thermody-
namically compare different ORC configurations in order 
to produce mechanical energy by recovering waste heat 
from a marine Diesel engine. This mechanical energy is 
used to drive a vapor compression refrigeration system. 
This section focuses on the comparison of the performance 
of ORC configuration using hydrocarbon-based working 
fluids, namely R600 and R600a. Three ORC configurations 
have been considered within the scope of this study: basic 
ORC cycle (ORC), organic Rankine cycle with internal 

heat exchanger (RORC) and cascaded organic Rankine 
cycle (SCORC).

Comparison has been carried out over evaporating tem-
perature (tevap) ranging from − 15 to 15 °C, boiling tempera-
ture (tb) ranging from 60 to 90 °C which correspond to heat 
source temperature ranging from 70 to 100 °C, and con-
densing temperature (tcond) ranging from 30 to 50 °C. The 
variation of these parameters has been carefully selected in 
order to remain within the typical operating conditions of 
ORC and VCC systems.

Generally, for higher heat sources temperatures, supercrit-
ical ORC cycles are more suitable for waste heat recovery 

Table 3  Energy and exergy balances equations

Component Energy balance Exergy balance

ORC subsystem
 Basic ORC
  Expander Ẇexp = ṁORC (h3 − h4) ΔĖxexp = Ėx3 − Ėx4 − Ẇexp

  Pump Ẇp = ṁORC (h2 − h1) ΔĖxp = Ėx1 − Ėx2 + Ẇp

  Boiler Q̇b = ṁORC (h3 − h2) ΔĖxb = Ėx2 − Ėx3 + Q̇b

(

1 −
T0

T∗
b

)

  Condenser Q̇cond = ṁORC(h4 − h1) ΔĖxcond = Ėx4 − Ėx1

  Total system 𝜂th =
(

Ẇexp − Ẇp

)/

Q̇b ΔĖt =
∑

i

ΔĖi

 Regenerative ORC
  Expander Ẇexp = ṁORC (h3 − h4) ΔĖxexp = Ėx3 − Ėx4 − Ẇexp

  Pump Ẇp = ṁORC(h2 − h1) ΔĖxp = Ėx1 − Ėx2 + Ẇp

  Boiler Q̇b = ṁORC(h3 − h5) ΔĖxb = Ėx5 − Ėx3 + Q̇b

(

1 −
T0

T∗
b

)

  Condenser Q̇cond = ṁORC(h6 − h1) ΔĖxcond = Ėx6 − Ėx1

  IHE
Q̇IHE =

{

ṁORC

(

h4 − h6
)

ṁORC

(

h5 − h2
)

ΔĖxIHE = Ėx4 − Ėx6 + Ėx2 − Ėx5

  Total system 𝜂th =
(

Ẇexp − Ẇp

)/

Q̇b ΔĖt =
∑

i

ΔĖi

 Serial Cascade ORC
  Expander Ẇexp = ṁORC1(h3 − h4) + ṁORC2(h3� − h4) ΔĖxexp = Ėx3 + Ėx3� − Ėx4 − Ẇexp

  Pump 1 Ẇp1 = ṁORC1(h2 − h1) ΔĖxp1 = Ėx1 − Ėx2 + Ẇp1

  Pump 2 Ẇp2 = (ṁORC1 + ṁORC2)(h6 − h5) ΔĖxp2 = Ėx5 − Ėx6 + Ẇp2

  Boiler 1 Q̇b1 = ṁORC1(h3 − h2) ΔĖxb1 = Ėx2 − Ėx3 + Q̇b1

(

1 −
T0

T∗
b1

)

  Boiler 2 Q̇b2 = ṁORC2(h3� − h6) + ṁORC1(h1 − h6) ΔĖxb2 = Ėx6 − Ėx3� − Ėx1 + Q̇b2

(

1 −
T0

T∗
b2

)

  Condenser Q̇cond = (ṁORC1 + ṁORC2)(h4 − h5) ΔĖxcond = Ėx4 − Ėx5

  Total system 𝜂th = (ẇexp −
∑

i

ẇpi)∕
∑

i

Q̇bi ΔĖt =
∑

i

ΔĖi

VCC subsystem
 Evaporator Q̇evap = ṁVCC

(

h10 − h13
)

ΔĖxevap = Ėx13 − Ėx10 − Q̇evap

(

1 −
T0

T∗
evap

)

  Compressor Ẇcomp = ṁVCC

(

h11 − h10
)

ΔĖxcomp = Ėx10 − Ėx11 + Ẇcomp

  Condenser Q̇cond = ṁVCC

(

h11 − h12
)

ΔĖxcond = Ėx11 − Ėx12

  Throttling valve h12 = h13 ΔĖxv = Ėx12 − Ėx13

  Total system COPVCC = Q̇evap

/

Ẇcomp ΔĖt =
∑

i

ΔĖi
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[41, 42]. The basic cycle has been used as reference for the 
other cycles. Therefore, its efficiency and power output are 
set to 100%. The analysis has been performed for several key 
operating parameters such as, the heat source temperature, 
the ORC condenser temperature and the VCC evaporator 
temperature. Table 4 summarizes constant design and oper-
ating parameters commonly used for ORC systems. Heat 
energy from engine cooling water is available at temperature 
ranging from 70 to 125 °C [14].

3.1  Model verification

The accuracy of simulation results is assessed by comparing 
the current results, using an in-house developed code, to the 
ones of the literature. The ORC efficiency, the VCC COP, 
the overall COP, the total mass flow rate of the working fluid 
for each kW refrigeration capacity (MkW), the compressor 

pressure ratio (CPR) and the expander volume ratio (EVR) 
are considered as the verification targets for a combine ORC-
VCC system. Computations have been carried out according 
to the parameters listed in Table 5.

As can be clearly seen in Table 6, good agreements are 
observed between the results obtained from the code and 
those obtained from the literature. The relative error for all 
parameters remains below 5.4% justifying the reliability of 
the model proposed in predicting the performance of sys-
tems. In addition, the in-house code developed here offers 
the advantage of being more flexible in determining the 
cycle performance for different operating conditions.

3.2  ORC performances comparison

Figure 3 illustrates the effect of using IHE and cascade 
evaporation on the power produced on the shaft of the 
ORC expander. SCORC system produces additional power 
in comparison to the ORC and RORC systems. Therefore, 
splitting the evaporation process into two stages allows the 
system to produce more vapor which gives higher net power 
output. The output power produced by the ORC with internal 
heat exchanger is slightly higher than that produced by the 
simple ORC for a boiling temperature less than 79 °C.

The system net power output is the product of the 
enthalpy difference between the turbine inlet and outlet and 
the working fluid mass flow rate. For all refrigerants and 
configurations, the elevation of the heat source tempera-
ture raises the power output. Regardless of refrigerant used, 
the increase in heat source temperature results in a higher 
expansion pressure ratio, meaning that the enthalpy differ-
ence between the turbine inlet and outlet increases accord-
ingly for all systems. However, for SCORC system, the mass 
flow rate of R134a decreases as the heat source temperature 
increases. Consequently, the combined effect of increasing 
the enthalpy difference and decreasing the mass flow rate of 
the working fluid will lead to a curve that has a maximum 
point of net power output.

From a thermodynamic point of view, refrigerants with 
higher critical temperatures can cover greater boiling 

Table 4  Constant design and operating parameters for the analysis of 
the systems

Waste heat mass flow rate, kg/s 1.3
Heat source inlet temperature, °C 70–100 (80)
Boiling temperature, °C 60–90(70)
Evaporation temperature, °C − 15 to 15 (5)
Condensation temperature, °C 30–50 (40)
Pump isentropic efficiency, % 75
Turbine isentropic efficiency, % 80
Compressor isentropic efficiency, % 75

Table 5  Verification case operating parameters

Working fluid mass flow rate in the ORC cycle 1 kg/s
Feed pump isentropic efficiency 75%
Boiler temperature 80 °C
Turbine isentropic efficiency 80%
Condenser temperature 40 °C
Evaporator temperature 5 °C
Isentropic efficiency of the compressor 75%

Table 6  Verification case results

Parameter Present model Li et al. [52] Saleh [64] Zheng et al. 
[70]

R134a R600 R600a R600 δ (%) R600a δ (%) R600 δ (%) R600a δ (%) R600a δ (%)

ηORC (%) 7.15 7.79 7.56 - - - - 7.76  + 0.39 7.57 − 0.13 - -
COPVCC 4.91 5.12 5.02 - - - - 5.12 0 5.01  + 0.2 - -
COPS 0.351 0.398 0.379 0.398 0 0.372  + 1.88 0.398 0 0.380 − 0.26 0.383 − 1.04
MkW × 100 2.13 0.94 1.06 0.946 − 0.63 1.12 − 5.36 0.97 − 3.09 1.11 − 4.5 - -
EVR 3.00 2.80 2.78 2.80 0 2.73  + 1.83 2.81 − 0.36 2.75  + 1.09 - -
CPR 2.90 3.02 2.85 3.04 − 0.66 2.82  + 1.06 3.04 − 0.66 2.85 0 - -
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temperatures. Therefore they are particularly interesting 
for systems with high boiling temperatures. Thus as R600 
has the highest critical temperature (425.15 K), it achieves 
the highest power output, followed in order by R600a 
(407.85 K) and R134a (374.25 K). It is also interesting to 
note that refrigerants with higher performances present 
lower operating pressures involving less design investment 
for the system.

The three system configurations have been also analyzed, 
from a second law point of view, by computing the total 
exergy loss. For each system, the total exergy loss is obtained 
from the sum of individual exergy losses of its components. 
Computations have been performed for an inlet heat source 
temperature of 80 °C, a condenser temperature of 40 °C and 
an expander isentropic efficiency of 80%. As illustrated in 
Fig. 4, it is clear that the cascade ORC produces the highest 
exergy loss rates (22.66–27.08 kW), followed in order by the 
simple ORC (12.75–13.15 kW) and the ORC with internal 
heat exchanger (12.73–13.12 kW).

3.3  Combined ORC‑VCC performances comparison

Figure 5 shows the effect of the heat source temperature 
on the COP and the MkW of the three systems studied for 
different working fluids. For all systems, the increase of the 
heat source temperature translates into an increase of the 
COP and a decrease in the MkW. The increase of the overall 
system COP is due to the fact that increasing the heat source 

temperature produces higher power on the expander shaft 
(increase of the thermal efficiency of the ORC subsystem), 
while the VCC COP remains constant. R600 performs the 
best followed, in order, by R600a and R134a. The difference 
between refrigerants is more pounced with the increase of 
the source temperature. Interestingly, the difference between 
the overall COP using different working fluids is lower for 

(a) (b) (c)

Fig. 3  Effect of the heat source temperature on the power produced on the ORC expander shaft: a ORC; b RORC; c SCORC ( Tcond = 40◦C , 
�exp = 80% , �p = 75%)

0 5 10 15 20 25 30

Fig. 4  Total exergy losses for different ORC configurations using var-
ious working fluids ( Tb = 70◦C , Tcond = 40◦C , �exp = 80% , �p = 75%)
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reduced heat source temperatures. In addition to their ther-
modynamic performance, R600 and R600a operate under 
lower pressures compared to R134a. The maximum pres-
sure for systems using these refrigerants does not exceed 
1.83 MPa, resulting in lower system investments.

As it can be also observed in Fig. 6 that the MkW con-
tinues to decrease despite the fact that both the evaporator 

load (Qevap) and the total mass flow rate increase with 
the rise of the heat source temperature. This trend can be 
explained by the fact that the evaporator load increases 
faster than the total mass flow rate as the heat source 
temperature increases. Both R600 and R600a return, by 
far, much lower MkW values compared to R134a. Fur-
thermore, the SCORC configuration produces even lower 
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Fig. 5  Effect of the heat source temperature on the COP and MkW: a ORC-VCC; b RORC-VCC; c SCORC-VCC ( Tcond = 40◦C , Tevap = 5◦C

,�exp = 80% , �p = 75% , �comp = 75%)

(a)  (b)  (c) 

Fig. 6  Effect of the heat source temperature on the EVR: a ORC-VCC; b RORC-VCC; c SCORC-VCC ( Tcond = 40◦C , Tevap = 5◦C,�exp = 80% , 
�p = 75% , �comp = 75%)
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MkW values in comparison with the ORC and RORC 
configurations.

As depicted in Fig. 6, the expansion volume ratio, EVR, 
increases as the heat source temperature rises. This trend is 
due to the increase of the expander outlet specific volume 
and the decrease of the expander inlet specific volume pres-
sure with the rise of the heat source temperature. Under the 
used operating conditions, the EVR values for all refriger-
ants remain smaller yielding to higher expander efficiency. It 
is also observed that the EVR values of the SCORC case are 
smaller, which means that the expander can be downsized.

Figure 7 indicates the variation of COP and MkW as func-
tion of the VCC evaporator temperature for the mentioned 
ORC subsystem configurations. For all cases, the COP 
increases while the MkW decreases when the VCC evapo-
rator temperature is increased. The increase of the COP is 
mainly due to the increase of the VCC COP as the ORC 
thermal efficiency remains constant with the rise of the VCC 
evaporator temperature. On the other hand, the decrease of 
the MkW is attributed to the increase of the compressor 
inlet pressure as its outlet pressure remains unchanged. In 
this scenario, R600 performs the best followed, in order, by 
R600a and R134a in term of COP. Under the same operating 
conditions, the pressure difference between the compressor 
outlet and inlet using R134a as a refrigerant is much higher 
compared to R600 and R600a and consequently the com-
pressor will consume much power reducing the performance 
of the system.

Figure 8 illustrates the variation of the CPR as a func-
tion of the evaporator temperature. For all refrigerants, the 
increase of the evaporator temperature causes a decrease of 

the CPR. Certainly, the rise of the evaporator temperature 
induces an increase of the compressor inlet pressure which 
reduces the power consumed by the compressor on one hand 
and increases the refrigeration effect on the other hand. It is 
interesting to note here that all system configurations pro-
duce comparable values of CPR.

The influence of the condenser temperature on the per-
formance of the system is exhibited in Fig. 9. For all refrig-
erants, the overall COP is reduced as the condenser tem-
perature increases. This is due to the conjugate effect of the 
condenser temperature on both the ORC and VCC subsys-
tems. For the VCC subsystem, the increase of the condenser 
temperature induces an increase of the power consumed 
by the compressor and the diminution of the refrigeration 
effect, which results in a decrease of the VCC COP. Again, 
R600 produces the highest COP values followed, in order, 
by R600a and R134a.

An opposite trend is observed for the MkW. It increases 
with increasing the condenser temperature. This behavior 
is mainly attributed to the increase of the compressor outlet 
pressure as its inlet pressure remains unchanged with the rise 
of the condenser temperature.

The EVR decreases with increasing the condenser tem-
perature (Fig. 10). It is clear that R600 and R600a present 
lower EVR values compared to R134a. However, the differ-
ence between EVR values among refrigerants is reduced for 
higher condenser temperature. On the other side, the CPR 
rises as the condenser temperature increases. This is mainly 
due to the increase of the compressor exit pressure as its 
inlet remains unchanged. This increase is more pounced for 
higher condenser temperatures.

(a) (b) (c) 

Fig. 7  Effect of the evaporator temperature on the COP and MkW: a. ORC-VCC; b. RORC-VCC; c. SCORC-VCC ( Tb = 70◦C , Tcond = 40◦C , 
�exp = 80% , �p = 75% , �comp = 75%)
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In order to examine the overall performance of the sys-
tem, the exergy destruction in each component of the system 
is evaluated and related to the total exergy destruction in the 

system. The rate of exergy destruction for the kth component 
can be compared to the exergy input rate using by:

(a) (b) (c) 

Fig. 8  Effect of the evaporator temperature on the CPR: a. ORC-VCC; b. RORC-VCC; c. SCORC-VCC ( Tb = 70◦C , Tcond = 40◦C , �exp = 80% , 
�p = 75% , �comp = 75%)

(a) (b) (c)

Fig. 9  Effect of the condenser temperature on the COP and MkW: a ORC-VCC; b RORC-VCC; c SCORC-VCC ( Tb = 70◦C , Tevap = 5◦C , 
�exp = 80% , �p = 75% , �comp = 75%)
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Computations have been performed for an inlet heat 
source temperature of 80 °C, a condenser temperature of 
40 °C, an expander isentropic efficiency of 80% and a com-
pressor isentropic efficiency of 75%.

As shown in Fig. 11, the maximum exergy loss belongs 
to the heat ORC condenser followed, in order, by the VCC 
evaporator, the ORC boiler, the VCC condenser, the VCC 
compressor, the ORC expander, the VCC throttling valve 
and the ORC pump. Thus, based on this exergy analysis, 
efforts should be focused on the improvement of compo-
nents presenting higher exergy losses such as the four heat 
exchangers, the expander and the compressor. The exergy 
loss in the heat exchangers is exclusively due to the heat 
transfer from one stream to another, while exergy losses 
in the expander and the compressor mainly originate from 
the fluid dissipation and friction. Results indicate also that 
butane performs the best due to its lower total exergy loss. 
The results also show that using serial cascade evapora-
tion instead of single evaporation causes a reduction in 
exergy losses in the expander. The incorporation of an IHE 
reduces exergy losses in the ORC boiler and the ORC con-
denser. As expected, total exergy losses in the RORC-VCC 
(23.1–23.69 kW) and SCORC-VCC (44.32–44.64 kW) 
systems are greater than the total exergy loss of the ORC-
VCC system (23.09–23.68 kW) due mainly to supplemen-
tary components included in those systems and the rise of 
working fluid mass flow rate in the VCC system.

(14)%ΔĖxk =
ΔĖxk

Ėxt
× 100

Finally, in most previous studies on ORC-VCC systems, 
the same working fluid is generally used for both the ORC 
and VCC subsystems. The purpose of this section is to show 
the effect of using different refrigerants in the ORC and VCC 
subsystems on the performance of the combined ORC-VCC 
system. It is more interesting to choose a dry fluid among the 
refrigerant studied as a working fluid in the ORC subsystem, 
while varying the refrigerant in the VCC subsystem.

Table 7 summarizes results of varying refrigerants in 
the ORC and VCC subsystems. As can be observed in the 
table, the combined system performance is the highest when 
using R600 and R600a in the ORC and VCC subsystems, 
respectively.

4  Conclusions

In this paper, various configurations of ORC systems have 
been studied and compared using both the first and second 
laws of thermodynamics. Eco-friendly refrigerants, namely 
butane (R600) and isobutane (R600a) have been used as 
working fluids. Carrying out a thermodynamic analysis is 
actually requirement in order to optimize the performance of 
a given ORC-VCC configuration before building the system 
test bed for experiments. Undoubtedly, a real system is more 
complicated than the system analyzed in the present study, 
but the main conclusions drawn from the actual simple theo-
retical system should remain valid.

The thermodynamic model presented has been imple-
mented in an in-house code written in Fortran. This code has 
been validated by comparing its results with those obtained 

30 35 40 45 50

(a) (b) (c)

Fig. 10  Effect of the condenser temperature on the CPR and EVR: a. ORC-VCC; b. RORC-VCC; c. SCORC-VCC ( Tb = 70◦C , Tevap = 5◦C , 
�exp = 80% , �p = 75% , �comp = 75%)
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using the more established Solkane software. The compari-
son among the obtained results confirms the reliability of the 
presented model. Furthermore, the developed code can be 
modified or updated easily with the possibility to be linked 
to design and optimization subroutines in order to simulate 
real systems.

The main conclusions to be drawn from the present study 
may be summarized as follows:

– The RORC and SCORC exhibit, respectively, an average 
of 0.52% and 2.41% higher COP values than the simple 
ORC under considered conditions.

– The overall system performance improvement is more 
affected by the boiler temperature than the evaporator 
temperature.

– The addition of an internal heat exchanger do not neces-
sary improves the overall COP or the net power output. 
This finding is actually in agreement with some stud-
ies reported in the open literature (see for example [43]) 
nevertheless the improvement the overall COP with a 
decrease in the net power output is also reported (see for 
example [44]).

– The present exergy analysis has allowed a mapping of 
exergy losses in the system. Based on this, it is suggested 

Fig. 11  Components exergy losses for various working fluids: a ORC-VCC; b RORC-VCC; c SCORC-VCC ( Tb = 70◦C , Tcond = 40◦C , 
Tevap = 5◦C , �exp = 80% , �p = 75% , �comp = 75%)
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that future efforts should be focused on components with 
higher exergy losses in order to further improve the over-
all performance of the system.

– Finally, it has been revealed that R600 performs the best 
if it is used in both the ORC and VCC subsystems.

For future work, the authors are intending to build an 
experimental rig in order to further confirm the present find-
ings and address the system optimization objectives outlined 
in the present study.
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