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a b s t r a c t

This paper presents the parametric optimization and performance analysis of the organic Rankine cycle
(ORC) system for waste heat recovery from marine engine exhaust. The engine exhaust heat under
operating conditions has been field-measured and evaluated. The thermo-economic optimization based
on multi-objective evaluations is conducted numerically. This study aims to determine the optimal
design evaporation temperature and condensation temperature, and to select suitable working fluids.
The cooling water loop is taken into accounted for the whole ORC system. The parametric optimization
with objective functions is compared. The economic objective function is defined as the ratio of net
power output to total heat exchanger area, and the comprehensive objective function is determined as
the weight-sum of exergy efficiency and economic objective function. The results show that there is the
optimal evaporation temperature under the fixed expansion ratio in the ORC system for achieving the
maximum thermal efficiency. The optimal condensation temperature for achieving the maximum eco-
nomic objective function or comprehensive objective function is determined respectively. The para-
metric optimization with comprehensive objective function is better. With multi-objective evaluations,
R141b performs the most satisfactorily with the maximum net power output of 97 kW, followed by R113
and cyclohexane, and R600a performs the least favorably. The optimized ORC system with R141b under
various operating conditions is technically feasible and economically attractive.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, due to energy shortages, environmental pollution and
climate changes, the issues of energy saving have becomemore and
more critical. In order to satisfy the growth of marine trans-
portation, the cargo capacity of ship increases and the power of
propulsion rises [1]. From the perspective of diesel engine’s thermal
balance, the power output generated from the engine only accounts
for 30e45% of the total fuel energy, while the percentage of dis-
charged waste heat is about 55e70%. It will not only cause the loss
of heat but also do harm to the environment. The international
maritime organization (IMO) has proposed management policies
for increasing the energy efficiency design index (EEDI) of mer-
chant ship [2].

Seeing that energy-saving, environmental protection and car-
bon dioxide emissions reduction have become very significant,
waste heat recovery (WHR) is a key method for these [3]. The
organic Rankine cycle (ORC) technology has great potential to
recover waste heat from low- andmedium-temperaturewaste heat
with producing useful work [4]. Zlatina Dimitrova utilized the ORC
system as a waste heat recovery technology which brings between
6.7% and 9% of efficiency improvement for internal combustion
engines [5]. This is because ORC systems offer the most attractive
combination of efficiency, simplicity and apparatus cost. Currently,
studies on converting discharged waste heat into electrical energy
by using an ORC system for industrial applications have been re-
ported [6].

To improve the thermal efficiency of ORC system, suitable
working fluids and optimal system parametersmust be determined
under various operating conditions [7]. Several researchers inves-
tigated the suitability of organic fluids for heat recovery in ORC
systems [8,9]. Furthermore, the properties of working fluids have
great influence on energy conversion and environmental
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protection [10]. Yu et al. [11] presented an ORC system to recover
thewaste heat from both engine exhaust gas and jacket water using
R245fa, and the influences of evaporation pressure and engine
conditions on the system performance were observed. Srinivasan
et al. [12] found that R113 with the highest boiling point provides
the highest efficiency, which indicates that higher boiling point
fluids work comparatively better in ORCs (organic Rankine cycle
system). Besides, Tian et al. [13] investigated the thermal efficiency
and electricity production cost of the optimized ORC system, and
reported that R123 and R141b demonstrate more suitable
compared with those of various working fluids. The application of a
cogeneration system, which comprised an ORC and a heat pump,
was evaluated numerically by Guo et al. [14]. They concluded that
R245ca is superior among the working fluids.

The previous studies indicate that the ORC system is also opti-
mized from an economic perspective [15,16]. Zlatina Dimitrova [17]
highlighted that the ORC design should be optimized according to
techno-economic performances and the multi-objective optimiza-
tion methodology is applied considering the cost of organic
Rankine cycle loop. In addition, the second law of thermodynamic
analysis reveals the variations of exergy destruction rate. The first
and second laws of thermodynamics and the heat transfer theory
are used for calculating the net power output, exergy destruction
rate, thermal efficiency and heat-exchanger area of the ORCs, and
R600a performs the best with the optimal objective function
evaluation for recovering waste heat from cylinder jacket water of
large marine diesel engines [18]. Moreover, the values of evapora-
tion temperature, net power output and thermal efficiency using
cyclohexane are bigger than those with benzene and toluene [19].
Furthermore, cyclohexane is an attractive working fluid for
medium-temperature ORC applications with no global warming
potential (GWP) and ozone depletion potential (ODP) [20].

A review of literature demonstrates that properties of working
fluids have a significant influence on the ORC system. Notably,
thermal efficiency varies with changes of expansion ratio of the
turbine [21]. Yang et al. [22] found that the match of evaporating
pressure and expansion ratio could make full use of the potential of
ORC system. Zlatina Dimitrova [23] investigated the energy inte-
gration methodology for adapted dynamic profile represented by
characteristic clustered operating points and aimed to define the
optimal design of ORCs for waste heat recovery. Therefore,
obtaining optimal operating parameters is as vital as seeking
favorable working fluids. Research results suggest that a properly
designed ORC for WHR from internal combustion engines (ICEs)
can reduce emissions and pay for itself through fuel savings within
a relatively short amount of time (approximately 2e5 years), pri-
marily depending on annual voyage [24].

Many scholars have carried out researches and attained mean-
ingful findings of ORC from marine diesel engines for WHR. How-
ever, the net power output or economic indicator is chosen as the
single evaluation criterion to select suitable working fluids and
determine the optimal system parameters. As the thermal effi-
ciency of ORC system is relatively low, themajority of heat would be
discharged to physical surroundings through the condenser. It is
significant to optimize the condensation temperature of ORCs for
the thermo-economic optimization. The cooling water loop is
overlooked in most of thermodynamic models and theoretical re-
searches, and the influence of condensation temperature on ORC’s
thermo-economic performance is usually omitted. Besides, the
operating condensation temperature is strongly correlatedwith the
expansion ratio of the expander and the temperature difference in
heat exchangers, so the determination of optimal condensation
temperature becomes crucial [25,26].

The purpose of our study is to determine the optimal system
parameters and select suitable working fluids with multi-objective

evaluations. In this paper, marine engine operating parameters are
tested under various operating conditions and the evaluation of
engine exhaust heat is carried out. The novelty of our researchwork
is that the thermo-economic analysis of ORC system for waste heat
recovery is based on the field-measured data from the round
voyage, and the optimal evaporation temperature and condensa-
tion temperature of ORCs are determined, in which the cooling
water loop is taken into account.

The influences of evaporation temperature and expansion ratio
on the system performance are investigated. The economic objec-
tive function is defined as the ratio of net power output to total heat
exchanger area and the comprehensive objective function can be
determined as the weight-sum of exergy efficiency and economic
objective function. The theoretical method for ORC system with
constraint of inlet and outlet temperatures of heat source is
adopted, which directly relates the thermal efficiency with net
power output. Thus, the thermal efficiency and net power output
can be unified into one parameter as long as the heat absorbed in
the evaporator is given [27]. Therefore, the comprehensive objec-
tive function couples with thermal efficiency, exergy efficiency and
economic indicator as multi-objective evaluation through the grey
correlation method. The decision variables are evaporation tem-
perature (365e485 K) and condensation temperature (300e350 K).
The optimal condensation temperatures for achieving the
maximum economic objective function or comprehensive objective
function are determined and compared. The suitable working fluids
are selected with multi-objective evaluations for the ORC system.
At last, the recovery power under various conditions for the round
voyage is evaluated with the optimized ORCs.

2. Engine waste heat evaluation

When the diesel engine is running, the exhaust waste heat
varies with the operating conditions. Utilized as the medium grade
heat source, the variation of exhaust waste heat has strong effects
on the operating parameters of the ORC system. Therefore, it is
essential to analyze the characteristics of engine exhaust heat un-
der various operating conditions.

In this study, the cargo ship with three diesel engines was field-
measured for the round voyage from Chongqing Guojiatuo port to
Yichang Maoping port. The main technical performance parame-
ters of ZLC-6210-5 diesel engine are listed in Table 1. The pattern of
river stream, ship speed, engine revolution, hydraulic pressure,
cooling water pressure and supercharged air pressure have been
measured for various operating conditions.

The displacement of engine can be calculated as

Vh ¼ 3:14ðD=2Þ2SN (1)

where D is the diameter of cylinders, S is the value of stroke, and N
is the number of cylinders.

Table 1
The main technical performance parameters of ZLC-6210-5 diesel engine.

Items Parameters Units

Cylinder arrangement In-line
Cylinder number 6
Diameter of cylinder 210 mm
Value of single cylinder 10 L
Stroke 290 mm
Rated revolution 750 rpm
Maximum fuel pressure 13.5 Mpa
Continuous power 662 kW
Fuel consumption rate 202 g/kWh
Lubricating oil consumption rate 1 g/kWh
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