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A dual loop waste heat recovery power generation system that comprises an upper trilateral cycle and a
lower organic Rankine cycle, in which discharged exhaust gas heat is recovered and re-used for pro-
pulsion power, was theoretically applied to an internal combustion engine for propulsion in a 6800 TEU
container ship. The thermodynamic properties of this exhaust gas heat recovery system, which vary
depending on the boundary temperature between the upper and lower cycles, were also investigated.
The results confirmed that this dual loop exhaust gas heat recovery power generation system exhibited a
maximum net output of 2069.8 kW, and a maximum system efficiency of 10.93% according to the first
law of thermodynamics and a maximum system exergy efficiency of 58.77% according to the second law
of thermodynamics. In this case, the energy and exergy efficiencies of the dual loop system were larger
than those of the single loop trilateral cycle. Further, in the upper trilateral cycle, the volumetric
expansion ratio of the turbine could be considerably reduced to an adequate level to be employed in the
practical system. When this dual loop exhaust gas heat recovery power generation system was applied to
the main engine of the container ship, which was actually in operation, a 2.824% improvement in pro-
pulsion efficiency was confirmed in comparison to the case of a base engine. This improvement in
propulsion efficiency resulted in about 6.06% reduction in the specific fuel oil consumption and specific
CO, emissions of the main engine during actual operation.
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1. Introduction

The development of eco-friendly ships has been attracting
increasing interest because environmental pollution of the ocean
has become increasingly serious owing to shipping, and because
rising oil prices have meant that the international crude oil prices
have exceeded USD100 per barrel. In particular, in order to curb fuel
costs and CO,, (carbon dioxide) emissions, future eco-friendly ships
will require “green” ship technology that offers both high energy
efficiency and eco-friendliness, through innovative use of eco-
friend energy sources and improvement in existing devices.

The principle greenhouse gas generated in the field of shipping
is carbon dioxide (CO,), and the emission has a variety of sources,
including engine exhaust gas, freight transport (packaging), and
refrigerants. CO, is primarily emitted as an exhaust gas from ship
components such as the main engine, auxiliary engine, and boiler.
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Total CO, emissions generated in the domestic and overseas ship-
ping industries reached a record of about 1 billion tons in 2007,
constituting 3.3% of global CO, emissions [1].

The MEPC (Marine Environment Protection Committee) of the
IMO (International Maritime Organization) under the umbrella of
the UN has modified its marine pollution prevention convention,
i.e., the MARPOL Annex VI, in order to lower the CO, emitted from
newly built ships and existing ships [2]. According to the modified
convention, an EEDI (Energy Efficiency Design Index), which in-
dexes CO, emissions properties relative to the type and size of a
ship, will be introduced for ships involved in various applications
that are contracted and newly built starting from January 2013, and
the design of new ships will include constraints on the CO, emis-
sions. In addition, an EEOI (Energy Efficiency Operational Indicator)
was introduced for indexing CO, emitted per unit transport by
ships currently in operation, in order to enable ship operators to
voluntarily monitor and manage energy efficiency.

Although there have been various technological improvements
to ship building and propulsion systems with regard to maximi-
zation of a ship’s energy efficiency, the amount of CO, emitted from
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a ship is directly related to the amount of fuel consumed by the
internal combustion engine propelling the ship. Therefore, a power
generation system that makes use of the waste heat from its main
engine (a Waste Heat Recovery System) could be a principle tech-
nology that drastically reduces CO, emissions [3].

Waste heat recovery power generation systems that have been
applied to a ship’s main engine can be broadly classified into two
types, i.e., a power turbine scheme, in which the kinetic energy of
the gas is utilized to directly drive the turbines, and a steam turbine
scheme [4], which applies a Rankine cycle using water as the
working fluid; a combination of both these schemes could also be
used [5]. In particular, because the steam turbine scheme uses as
low-temperature exhaust gas, at about 550 K, as a heat source,
superheated steam is produced for a multi-step heat exchange via a
HP and LP (high pressure and low pressure) feed water heater; a
mixed-pressure turbine has also been applied. This scheme has
limited ability to maximize energy efficiency, because of exergy loss
of the low-temperature exhaust-gas heat source during the process
of boiling the water.

Various studies have applied a Rankine cycle using an organic
working fluid with a lower boiling point than water, in order to
recover the low-temperature heat source discarded from the en-
gine. Further, some studies have compared the efficiency and
output for primarily pure [6] or mixed working fluids [7] in order to
select an optimal working fluid. There has also been research on
combined heat recovery systems [8] that integrate devices for
cooling water, exhaust gas [9], and intake air [10] as well as exhaust
gas recirculation [11]. Recently, dual loop waste heat recovery po-
wer generation systems have been actively researched, in order to
simultaneously recover heat from high-temperature exhaust gases
and low-temperature cooling water discarded from engines [12],
including the wasting heat of intake air [13]. Such research has
mainly investigated the performance of such heat recovery systems
under the waste heat conditions of a small- to medium-sized en-
gine for vehicles or for power generation.

Recently, a notable study was conducted by Johann Fischer,
which compared trilateral cycles in which saturated water was
directly injected into the expander as a working fluid and organic
Rankine cycles injected with pure organic working fluids [14]. It has
been reported that the exergy efficiency of the trilateral cycle was
larger than that of organic Rankine cycles. This is because the
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minimized exergy loss in the trilateral cycle, owing to the tem-
perature difference between the heat source and the two-phase
water system (liquid and steam) in the boiling process, with
consideration of the pinch temperature. However, as the volume
flow rate of water at the outlet of expander significantly increases
with the phase transition from liquid to vapor, the two-phase
expander is required to be unrealistically large with a positive
displacement, which may hinder its application to the practical
system.

In the present study, we investigated a heat recovery power
generation system applied to exhaust gas discharged from the main
engine of a container ship that was actually in operation. The main
engine’s fuel consumption rate, shaft output, and exhaust gas
temperature and the ship’s speed were measured on a full-scale
ship and two representative sets of exhaust gas conditions were
selected on the basis of this measured data. A dual loop waste heat
recovery power generation system using water and R1234yf as the
working fluid was theoretically applied to these two heat sources.
The dual loop system consisting of an upper trilateral cycle and a
lower organic Rankine cycle was adopted to overcome the limita-
tions of the single loop trilateral cycle. We also investigated the
thermodynamic properties of the waste heat recovery power
generation system with regard to changes in the boundary tem-
perature between the dual loops, and discuss the manner in which
the recovered power enables conservation of main engine fuel and
reduction in the CO, emissions.

2. The container ship

The ship selected for the present study was the Hyundai Jakarta,
a 6800 TEU containership that was built on 12 December 2006. The
ship has a gross tonnage of 74,651 tons, and is 288.4 m length,
40.0 m beam, and 24.2 m draught. The maximum output, i.e., MCR
(Maximum Continuous Rating), of the internal combustion engine
for propulsion (HYUNDAI-MAN B&W, 12K98 MC-C MK6) is
68,520 kW at 104 rpm [15].

2.1. Data collection method

Fig. 1 is a schematic of an internal combustion engine for pro-
pulsion as well as a dual loop waste heat recovery power
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Fig. 1. Schematic of a dual loop heat recovery system applied to exhaust gas of an internal combustion engine for propulsion.
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generation system applied to the exhaust gases of the engine. The
main engine is a 2-stroke engine; air ri,;, compressed by a turbo-
charger using kinetic energy from the exhaust gas is fed to the
inside of a combustion chamber, and is combusted together with
injected HFO fuel rii;. Here, Wy, is a shaft for the combustion gas,
which expands at high temperatures and high pressures, exhaust
gas V4[m3/h] passes through a turbo, and an exhaust gas boiler
heats water to produce steam needed for operations such as fuel
preheating. Finally, the exhaust gas is discharged to the atmosphere
at a temperature Tj, downstream of the exhaust gas boiler. The
waste heat recovery power generation system applied to this
exhaust gas is described below.

First, to accurately measure the mass flow rate of the fuel
consumed in the main engine, the mass flow rate being fed to the
fuel injection system from the fuel storage tank and the mass flow
rate returning to the fuel storage tank from the engine were
measured, and the difference between their values was taken as the
mass flow rate of the fuel being consumed in the main engine. The
mass flow rates were measured by installing a Coriolis-type mass
flow meter (Emerson Process Management, F-Series), which is
precise to within +0.1%, in the inlet and outlet piping of the fuel
storage tank.

A torque measuring system (VAF Instruments, T-sense) was
installed on a shaft coupling the main engine and a propulsion
propeller, to measure both the torque [kKN m] and rotational speed
[rpm] of the propulsion shaft at a precision within +0.5%. The shaft
output W, was found by conversion from these values. In
addition, the temperature Tj, downstream of the exhaust gas boiler
was measured using an exhaust gas temperature sensor (Daeyang
Instrument, MCA-D), which employs a SUS 304 protection tube and
a k-type thermocouple. The ship speed was measured by GPS, and
the data measured from each of the sensors was synchronized and
saved with a sampling time of 5 min.

2.2. Operational profile of the main engine

The ship used in this experiment has a route with a repeating
pattern passing through China’s Ningbo—Shanghai, Korea’s Kwan-
gyang—Busan, and the U.S.’s Long Beach—Oakland in California,
with one trip taking about two weeks. In the present study, data
from a single one-way trip was used. Fig. 2 shows the data for the
shaft output W,,q with respect to the ship speed Vspip. The shaft
output relative to the speed of this container ship has a correlation
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Fig. 2. Shaft power W, as a function of ship speed Vsnhip during ship operation.

Wihare[KW] = 13.541 x V3499 [knot>**°], and the correlation
shows a value R = 0.974. Such results can be understood from the

constant for the Admiralty coefficient Cp [16].

Ca = Dgpip™® x Vihip® /Wnage (1)

where Dgpjp represents the mass displacement of the ship. This
signifies that the shaft output is inversely proportional to the third
power of the ship speed, as W, ~ V_fhip. Thus, the 2.499 power of
the ship speed, which is the result of a regression analysis from the
data measured in the present study, can be seen as a valid value,
considering the conditions for low-speed operation from an engine
load of an MCR of 50% or lower and the fluctuations in the resis-
tance of the hull, depending on the size and shape of the hull and
external forces.

Fig. 3 shows the mass flow rate rii; of the fuel consumed relative
to the shaft output. This measured amount of HFO consumed has
the property of typically being linearly proportional to the shaft
output [17], and the best fit is m[t/h] = 0.19241 x W, [MW]
with R = 0.997. Here, the slope signifies the fuel consumption rate
per unit power, which will be discussed in more detail later. This
means that the ship speed and the container ship’s fuel con-
sumption rate investigated in the present study have a correlation
g ~ V3459

In Fig. 4, the closed circles indicate the probability distribution
for the mass flow rate of the fuel consumed during travel along the
ship’s predetermined route. The probability distribution of the fuel
consumption rate is defined as a value obtained by normalizing, as
a percentage [%], the number of data sets exceeding a specific fuel
consumption rate during operation of the ship over one-way, from
the total number of the measured fuel consumption rates. A greater
number of ranges with a high fuel consumption rate tended to
result in a reduction in this probability distribution. In particular, in
ranges A and B, indicated by the solid-line windows, the probability
distribution for the fuel consumption rate showed relatively greater
changes, which can be regarded as a steady interval of constant
speed at which the ship was mainly driven. That is, in range A,
where the mass flow rate of fuel was 2.0 < iy [t/h] < 2.5, the
probability distribution represented about 13% of the total, at
91.08—78.15%. In range B, where the mass flow rate of fuel was
5.5 <iis [t/h] < 6.75, the probability distribution represented about
68.64% of the total, at 71.94—3.3%. Therefore, a combination of
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Fig. 3. Fuel mass flow rate ri; as a function of shaft power Wy, during ship
operation.
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Table 1
Two representative conditions for heat source of exhaust gas.

1st heat source 2nd heat source
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Probability Distribution [%]
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rit, [t/h]

Fig. 4. Probability distribution of fuel mass flow rate rii¢ during ship operation.

ranges A & B shows that the steady intervals account for 81.64%
during the entire travel. The range excluding ranges A & B, however,
can be regarded as a transient interval, where the ship operated
with either deceleration or acceleration.

In Fig. 5, the closed circles (left axis) indicate the probability
distribution for the exhaust gas temperature with respect to the
exhaust gas temperature downstream of the exhaust gas boiler
during a one-way trip. Arange C of 501 < Tj, [K] < 521, represented
by the dashed-line window, has a power distribution that repre-
sents about 81% of the total, at 91.03—9.83%, with respect to the
exhaust gas temperature. The open circles (right axis) indicate the
data for the fuel consumption rate relative to the exhaust gas
temperature. Ranges A and B represented by the solid-line win-
dows in Fig. 4 are identically represented in Fig. 5 with solid-line
windows. Thus, the dotted line stands for the two ranges of a 1st
heat source and a 2nd heat source, where the A, B, and C window
intersect, which are regarded as two representative ranges of pri-
mary operation for the ship’s route.

2.3. Heat source of the exhaust gas
Specific heat source conditions for the exhaust gas, represented

in Table 1, were selected one by one for the 1st and 2nd heat
sources, which are the representative operating ranges for this ship.

100

50

Probability Distribution [%]

Fig. 5. Probability distribution of temperature Ti, and fuel mass flow rate i for the
temperature Tj, at the outlet of exhaust gas boiler during ship operation.

Tin [K] 510

Cp,in [K]/kg K] 1.012

m¢[kg/h] 2300 6100

fc 53.8168

Cal.ritex [kg/h] 123,778.7 328,282.7
0, [%] 153

In both cases, the representative gas temperature was fixed at one
temperature, Tj; = 510 K, and this was set as the average of the
exhaust gas temperature data in the dashed-line window ranges in
Fig. 5. The specific heat of exhaust gas has been assumed to
approach the specific heat of air i, = 1.012 kJ/kg K at normal
temperatures and normal pressures [18]. The fuel consumption rate
was selected at the arbitrary values of ri; = 2300 and 6100 t/h,
which are within the range of mass flow rates for ranges A and B in
Fig. 4. In Table 1, the mass flow rate ri.,;, of the exhaust gas used
values obtained by multiplying a conversion factor fc by these
selected fuel mass flow rates. fc is calculated simply by the carbon
balance method [19].

Assuming that the molecular formula of hydrocarbons in the heavy
fuel oil being supplied to the main engine is C3pHgz [20], and assuming
that the fuel injected with the oxygen in the intaken air is entirely
combusted inside the combustion chamber, the chemical equation is
expressed by C3pHgz + 45.502 — 30CO; + 31H,0 [21]. Based on this
reaction formula, the mass ratio of CO, generated per kilogram of fuel
is a value found by multiplying the mass ratio of C and CO, by the mass
ratio of a C component contained in the fuel, as in MW (Cso/
C30He2) x 30 MW (CO2/C30) = 0.853 x 3.667 = 3.128 kg_c0, /KE_fyel-
Here, MW (molecule) denotes the molecular weight. Assuming the
purity of the fuel is 96.5% [20], the mass ratio of CO, generated per
kilogram of fuel is 3.018 kg_co, /Kg_gyel- Accordingly, the amount of
oxygen required for the C component in 1 kg of this fuel to be com-
busted is 3.018—0.853 = 2.165 kg_g, /Kg_fe;, found by subtracting the
mass of the C contained in 1 kg of fuel from the mass of CO, generated
from 1 kg of fuel.

The mass ratio of H,O generated per kilogram of fuel is found by
multiplying the mass ratios of H,O and H by the mass ratio of the H
component contained in the fuel, as in MW (Hg2/C30Hg2) x 62/
2 MW (H20/Hg) = 0.14692 x 9 = 1.32228 kg _y,0/Kg_fyei- Thus, the
amount of oxygen required in order for the H component in 1 kg of
this fuel to combust is 1.32228-0.14692 = 1.17536 kg_g, /Kg_fyel»
found by subtracting the mass of the H contained in 1 kg of fuel
from the mass of H,0 generated from 1 kg of fuel.

The total amount of air needed for 1 kg of fuel to be combusted is
(2.165 + 1.17536)/0.233 = 14.336 kg ,;./kg e, Which is found by
dividing the mass fraction of oxygen in the air by the amount of
oxygen for combusting the C and H components in the fuel.
Assuming that the oxygen concentration in the exhaust gas is 15.3%
[15] and the oxygen concentration in the air is 21%, an excess air
ratio of 15.3/(21—15.3) = 2.68421 can be considered. Thus, the
actual mass of air fed to the combustion chamber of the engine has
a value of 14336 x (1 + 2.68421) = 52.8168 kg .i:/KE fyuel»
considering the excess air ratio in the total amount of air needed in
order for 1 kg of fuel to be combusted.

Consequently, the mass ratio of the amount of 1 kg of fuel with
respect to the value found by adding the amount of 1 kg of fuel and
the total amount of air fed, at (52.8168 + 1)/1 = 53.8168 kg_exn/
kg fuel, is regarded as the total mass of exhaust gas discharged per
kilogram of fuel. This value was defined as a conversion factor f, for
calculating the mass flow rate of the exhaust gas from the mass
flow rate of the fuel.
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3. Thermodynamic model of the dual loop heat recovery
system

Fig. 1 is a schematic of a waste heat recovery power generation
system using a dual loop for exhaust gas of a 2-stroke diesel engine,
utilized for the ship’s main propulsion. The exhaust gas tempera-
ture of the main engine is defined as Tj, and the mass flow rate is
defined as ri;,. A 1—2—3—4 upper cycle using water as the working
fluid was applied to the high-temperature part of the exhaust gas,
and a 5—6—7—8-9 lower cycle using R1234yf as the working fluid
was added to the low-temperature part, thus constituting a dual
loop. The power generated by the upper and lower cycles of the
waste heat recovery power generation system has been assumed to
be a system recycled as propulsion power for the ship by com-
plementing the shaft output of the engine with an electric
motor [5].

3.1. Upper trilateral cycle

The maximum thermodynamic efficiency of a cycle driven
through isentropic compression and expansion processes by the
temperature differential between two heat storage tanks is also
known as the Carnot efficiency [22—24]. In fact, because the tem-
perature of a heat source while heat is being transmitted by a
working fluid within a cycle from the heat source falls from a high
temperature to a low temperature, a trilateral cycle from which the
step of boiling the water working fluid is omitted can be regarded
as a cycle that makes it possible to obtain the thermodynamically
maximum efficiency for an actual heat source [25]. The upper cycle
thus uses water, which is suitable for relatively high-temperature
heat sources, as its working fluid. Saturated liquid water in a
high-temperature, high-pressure state 3 adopts a trilateral cycle in
which it is injected to a turbine 1, and expanded to a two-phase
state of low-temperature, low-pressure steam and water, thus
generating power. The thermodynamic equations for the steps in
this cycle are as follows [22—24].

The consumed power Wm, efficiency 7, and exergy destruc-
tion rate Eq ,y of a pump 1 in process 12 are given in equations
(2)—(4) below.

Wy = ritgy (hy — hy) (2)
Np1 = (has — hy)/(hy — hy) (3)
Eqp1 = 161 To(s2 — 51) (4)

My is the mass flow rate of the working fluid water. h is the
enthalpy [k]/kg] and s is the entropy [k]/kg K], per unit mass. The
subscript O signifies a dead state where the exergy value is 0,
assuming a normal temperature of Tp = 298.15 K and a normal
pressure of Py = 101.3 kPa.

In the case of process 2—3, the temperature of the exhaust gas
discharged from the evaporator was defined as Toy. Thus, the
energy balance and destroyed exergy E,4 . inside the evaporator are
as in equations (5) and (6) below, with respect to the amount of
heat Q. supplied from the heat sources.

Qe = Mp1(hs —hy) = rhincp,in(Tin_Touﬂ) ()

Ed,e = Min{Min — houtt — To(Sin — Sout1)} + M1 {hy — h3
—To(s2 —s3)} (6)

where Cp i is the specific heat of a heat source.

The output Wy, efficiency n,; and exergy destruction rate Eq
of a turbine 1 in process 3—4 are given in equations (7)—(9) below.

Wy = ritg1 (h3 — hyg) (7)
Na = (h3 — hy)/(hs — hys) (8)
Eqp = 1o1To(s4 — S3) (9)

The remaining amount of heat Qre’t is supplied in process 4—1 as
the lower cycle from the upper cycle, through a regenerator, as in
equation (10) below.

Qre,t = mol (h4 - hl) (10)

3.2. Lower organic Rankine cycle

Exhaust gas heat having a temperature Ty discarded from the
evaporator and heat remaining from downstream of the turbine 1
in the upper cycle are each recovered through a pre-heater and a
regenerator in the lower cycle. Because this remaining waste heat
source has a relatively low temperature, an ORC (organic Rankine
cycle) using the organic working fluid R1234yf, which evaporates
easily even in low-temperature heat sources, was applied to the
lower cycle [26]. Note that R1234yf exhibits similar thermody-
namic performance compared to R134a, and has been attracting
attention as a next-generation alternative refrigerant, reducing the
GWP (Global Warming Potential) to 4 [27]. However, the flammable
limits of R1234yf have been expanded more so than the case of
R134a, and the ignition temperature thereof is even lower, so the
flammability is comparatively higher [28,29].

The thermodynamic equations for each of the processes in the
lower cycle are represented below [23—25]. Firstly, the consumed
power sz, efficiency 7p,, and exergy destruction rate Edpz of a
pump 2 in process 5—6 are given in equations (11)—(13) below.

Wy = 1z (hg — hs) (11)
Np2 = (hes — hs)/(hs — hs) (12)
Eqpp = 1162To(s6 — S5) (13)

11y, is the mass flow rate of the working fluid R1234yf.

In the case of process 6—7, the energy balance and exergy
destruction rate Ed,pr inside the preheater are given in equations
(14) and (15) below, for the amount of heat Q,, fed from the
temperature differential of the exhaust gas from Toy¢1 to Toue-

Qpr = Mgy (h7 — hg) = mincp,in(Toutl_ToutZ) (14)

Edipr = 1Min{hout1 — Moutz — To(Sout1 —Sout2) } +1o2{hs —h7
—To(se—s7)} (15)
The energy balance and exergy destruction rate Ed?re inside the
regenerator are given in equations (16) and (17) below, for the

amount of heat Q,., fed to the lower cycle from the regenerator in
process 7—8.

Qre‘b = moZ(hS _h7) = mol (h4_h1) (]6)

Eqre = Mo1{ha —hy —To(s4 —S1)} +Mga{h7 — hg — To(s7 —$3)}
(17)
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The output Wy, efficiency n,,, and exergy destruction rate Eqp
of the turbine 2 in process 8—9 are as in equations (18)—(20) below.

We = tigy(hg — hg) (18)
Ny = (hg — hg)/(hg — hgs) (19)
Eqrp = 102To(S9 — Sg) (20)

The amount of heat Q. discarded by a condenser and the exergy
destruction rate Eg4 . in process 9—>5 are as in equations (21) and (22)
below.

Q¢ = Mgy (hg — hs) (21)
Eqc = to2{(hg — hs)—To(sg — S5)} (22)

3.3. Energy and exergy efficiency of the dual loop heat recovery
system

The waste heat discarded by the exhaust gas of the ship’s main
engine is recovered from the dual loop heat recovery power gen-
eration system by an evaporator Q. and a preheater Qpr. Thus, the
cycle efficiency 7y for the first law of thermodynamics with
respect to the net power produced by the difference in shaft work
between turbines 1, 2 and pumps 1, 2 is given in equation (23)
below.

Neye = {(th + Wrz) - (Wpl + Wp2) }/(Qe + Qpr)
= (Wnetl + Wnet2>/(Qe + Qpr) = Wnet/ (Qe + Qpr)

The system efficiency 7y, which takes into consideration the
heat effectiveness, being the ratio of the maximum heat transfer
rate Qmax that can be recovered through the evaporator and the
preheater and the actual heat transfer rate Q,q, is as given in
equations (24) and (25) below [30].

(23)

£ = Qact/Qmax = (Tin_ToutZ)/(Tin_TS) (24)

Nsys = € Neye (25)

In turn, the heat source exergy rate E;, and destroyed exergy
rate Eqy are as given in equations (26) and (27) below.

Ein = min{hin — ho — To(Sin — So)} (26)

Eoutz = Min{hou2 — ho — To(Sour2 — S0)} (27)

Thus, for the waste heat recovery power generation system
using this dual loop scheme, the exergy efficiency 7, for the second
law of thermodynamics, with respect to the exergy rate supplied by
the cycle and the exergy rate utilized in the system is as given in
equation (28) below.

Ne = Whet/Ein = (Em — B4 _Eout2>/Ein (28)

The exergy effectiveness ee, being the ratio for the maximum
usable exergy rate and the actually transmitted exergy rate, and the
system exergy efficiency 7,y . taking this exergy effectiveness into
consideration are as given in equations (29) and (30) below [30].

fe = (Ein_EouQ)/Ein (29)

Nsyse = €elle (30)

3.4. Calculation conditions

Table 2 summarizes the thermodynamic property conditions for
the working fluids water and R1234yf, used for the thermodynamic
calculations for the exhaust gas heat recovery power generation
system using the dual loop. First, qualities X; and X5 of the working
fluids at the inlets of pumps 1 and 2 were fixed to zero (as the ratio
of the mass of vapor to the total mass of the mixture), and the ef-
ficiencies of both pumps 7,1 , and turbines 7 , were fixed to 0.85.
The critical pressure P corresponding to the critical temperature T¢
of each working fluid was set as the maximum pressure Ppax.
Taking into consideration the maximum temperature of the
seawater in terms of the design of the ship, the minimum tem-
perature Tpi, of the lower cycle and the inlet temperature Ts for the
pump 2 were both fixed to 305 K [31]. The corresponding pressure
P5 was set as the minimum pressure P, of the lower cycle.

In particular, the minimum temperature Tpj, and the minimum
pressure Pni, for the upper cycle, which is the boundary between
the upper cycle and the lower cycle, were set as the temperature Ty
and pressure P in state 1. A pinch point temperature difference
ATpp1, which has a minimum temperature difference with the heat
source in the upper cycle, was defined as the difference between
temperature Tj, of the heat source and temperature T3 of state 3,
which is a saturated liquid [32]. A lower pinch point temperature
difference ATppp was defined as the temperature difference be-
tween the lowest temperature of the upper cycle (T; = T4) and a
temperature Ty in a state 7 of the lower cycle, and was fixed to 10 K
in order to eliminate the effects with respect to changes in the
ATppo.

The dimensionless turbine inlet pressure and mass flow rate
ratio for the working fluids were defined according to equations
(31)—(34) given below.

Rp1 = (P,—P1)/(Pc1—Py) (31)
Rpz = (Ps—Ps)(P2—Ps) (32)
Rm1 = Mgy /iy (33)
Rmy = Mgy /myy (34)

The upper cycle was fixed to (Rm1, Rp1) = (0.12, 0.12) for the
working fluid, in order to form a trilateral cycle. In addition, to
eliminate the impact of flow rate changes for the organic working
fluid in the lower organic Rankine cycle, the mass flow rate ratio
was fixed to Ry = 1. The pressure Rp; was allowed to fluctuate
owing to changes in the critical temperature (T;) of the dual loop.
These thermodynamic calculations were carried out using EES ver.
8 [33].

Table 2
Thermodynamic conditions for water (TC) and R1234yf (ORC) cycles of the dual loop
heat recovery system.

Water (TC) R1234yf (ORC)
Te [K] 647.1 367.9
Prmax [MPa] P.; = 22.062 P, =3.38
Tmin [K] Ty Ts =305
Prin [KkPa] Py Ps = 8234
X1, X5 0 0
AT, [K] ATppr = Tin—Ts ATypo = T1—T7 = 10
o1 Mp2 0.85 0.85
Ne1s Ne2 0.85 0.85
Rm Rm1 = iy /iy, = 0.12 Rma2 = i1y /1y = 1
Rp Rp1 = (P2—P1)/(Pci—Py) = 0.12 Rp2 = (P—Ps)/(Pc2—Ps)
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4. Results and discussion

The properties of exhaust gas discharged from the main engine
of the actually operating container ship were analyzed above. As a
result, an exhaust gas heat recovery power generation system with
a dual loop was theoretically applied to representative heat sources
of the selected 1st heat source and the 2nd heat source (Table 1).

The thermodynamic properties of the upper and lower cycles
depending on changes in the critical temperature T; = 320—375 K
are investigated below with respect to the heat source of the 2nd
heat source, and the energy and exergy efficiencies of the waste
heat recovery cycles of the dual loop were studied. The case of the
1st heat source is also discussed, by carrying out calculations using
the same procedure and only applying the resulting values.

4.1. Thermodynamic characteristics of the upper trilateral cycle

Fig. 6 illustrates a typical T—s diagram for the dual loop waste
heat recovery cycle, which comprises the upper TC (trilateral cycle)
and the lower organic Rankine cycle (ORC) defined in the present
study. Firstly, the thermodynamic characteristics of the single loop
trilateral cycle and the dual loop cycle are compared in Fig. 6a, for a
fixed condensation temperature of the upper cycle at T; =305 K; in
this figure, each of the states (T [K], s [k]/kg K]) of the single loop
trilateral cycle for the saturated liquid line of water is represented
with a dashed line. Further, the representative thermodynamic
properties of the single and dual loop are listed in Table 3. The
upper cycle of the single loop is constituted of (T, s1) = (305, 0.462),
(T, s2) = (305.2, 0.4635), the turbine 1 inlet conditions for the
saturated liquid state (T3, s3) = (500.4, 2.583), and the vapor-and-
liquid two-phase state (T4, S4) = (305, 2.68). This is in the form of
a typical trilateral cycle, omitting the process of boiling the water,
which is the working fluid in an ordinary Rankine cycle [32].

In Fig. 6b, at T; = 320 K, each of the states (T [K], s [k]/kg K]) of
the upper cycle for the dual loop is constituted of (Ty, s1) = (320,
0.6628), (T2, s2) = (320.2, 0.6642), the turbine 1 inlet conditions for
the saturated liquid state (T3, s3) = (500.4, 2.584), and the vapor-
and-liquid 2-phase state (T4, s4) = (320, 2.662). This form of the
upper trilateral cycle for the dual loop including the lower organic
Rankine cycle is similar to that of the single loop trilateral cycle.

In Fig. 6¢c, when Ty =375 K, each of the states (T [K], s [k]/kg K]) of
the upper cycle for the dual loop is constituted of (T, s1) = (375,
1.328), (T, s2) = (375.3, 1.329), (T3, s3) = (502.1, 2.6), and (T,
s4) = (375, 2.633). When the boundary temperature T; of the upper
and lower cycles rises, the graph of T—s had a reduced interior area
with respect to the path for each of the steps of the trilateral cycle.

To better understand the thermodynamics for the dual loop,
Fig. 7 shows the exhaust gas temperatures Toyr; and Toyez for
different changes in T; = 320—375 K, the pinch point temperature
differential ATppy, and the amount of heat Q recovered or released
from each heat exchanger. When the inlet temperature for the
pump 1 was boosted to T; = 375 K, because the amount of heat
recovered from the evaporator was reduced to Q. = 6078.1 kW,
the exhaust gas outlet temperature increased to Toyyy = 444.2 K.
Accordingly, the amount of heat transmitted from the upper cycle
to the lower cycle through the regenerator reduced to
Q, = 5,358.0 kW. Note that when the pinch point temperature
differential between Tij; and T3 is slightly decreased, at
ATpp1 = 9.616—7.893 K, it was almost constant.

Fig. 8 shows the inlet/outlet volumetric flow rate and volumetric
expansion ratio for the turbines 1 and 2 depending on changes in
the boundary temperature T;. First, the working fluid of the trilat-
eral cycle expanded to a state of a mixture of vapor and liquid from
a saturated liquid state at T; = 320 K in the trilateral upper cycle,
and therefore, the volumetric expansion ratio for the turbine 1
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Fig. 6. T-s diagram for (a) single loop of the upper cycle (TC) at T; =305 K and for dual
loop of the upper (TC) and the lower (ORC) cycles at (b) T; =320 K and (c) T; =375 K.

appeared to be excessively large, at V4/V3 = 3111.98. In addition,
as T; was varied in the range 320—375 K, the turbine 1 inlet volu-
metric flow rate was kept substantially constant at
V3 = 47.41-47.54 m3/h, whereas the turbine outlet volumetric
flow rate was sharply reduced to V, = 147,539—13,519 m3/h.
Consequently, the volumetric expansion ratio for the turbine 1
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Table 3
Representative thermodynamic data of single loop trilateral cycle at T; = 305 K and dual loop cycles at both T; = 320 and 327 K.
Single loop Dual loop
T; =305K T; =320K T, =375K

T: [K] s1 [KJ/kg K] 305 0.462 320 0.6628 320 0.6628
T> [K] s, [KJ/kg K] 305.2 0.4635 3202 0.6642 3202 0.6642
Ts [K] s3 [KJ/kg K] 500.3 2,583 500.4 2.584 500.4 2.584
Ts [K] s4 [KJ/kg K] 305 2.68 320 2.662 320 2.662
Ts [K] s5 [KJ/kg K] — - 305 1.152 305 1.152
Ts [K] s6 [KJ/kg K] - - 305.1 1.152 308.2 1.167
T7 [K] s7 [KI/kg K] - - 310 1.175 365 148
Ty [K] sg [K]/kg K] — - — - 365 1.592
Ts [K] sg [KJ/kg K] - - 310 1.423 371 1.641
To [K] sg [KJ/kg K] - - 305 1.424 305 1.652
To [K] se [K]/kg K] - - - - 305 1.611
Tout1 [K] 4104 417.8 444.2
Toutz [K] - 410.6 336.6
ATpp1 [K] 9.7 9.616 7.893
Qe[kW] 9200 8518.1 6078.1
Q. [kw] - 7006.2 5358.0
Qpr[kW] - 660.4 9,938.5
Q. kW] 7408 7571.2 13,944.9
V3[m3/h) 474 47.41 47.54
V4[m3/h] 327,219 147,539 13,519
Vg/Vs3 6903.35 3111.98 284.37
Vg[m?/h] - 3,662 1,402
Vg[m3/h] - 4363 7678
Vo/Vg — 1.191 5.476

when T; = 375 K was reduced by about 11-fold, at V,/V3 = 284.37,
in comparison to the value from when T; = 320 K. The quality of the
turbine 1 outlet, then, was in the range X4 = 0.2678—0.2173 for this
T:, and therefore, the application of a positive displacement
expander capable of normal operation even for a low-quality 2-
phase working fluid of a steam—water mixture should be consid-
ered [34].

In particular, in the case of the single loop trilateral cycle at
T, =305 K (Table 3), the volumetric expansion ratio for the turbine
was V,4/V3 = 6903.35. Thus, when the organic Rankine cycle is
added as a bottom cycle to the trilateral cycle and the boundary
temperature T; of the upper and lower cycles in the dual loop in-
creases, the volumetric expansion ratio of turbine 1 in the trilateral
cycle can be reduced considerably, thus signifying that the volume
and weight of the positive displacement could be scaled down.

4.2. Thermodynamic characteristics of the lower organic Rankine
cycle

In Fig. 6b, with the lower cycle maintaining T; = 320 K, the
working fluid R1234yf cannot be adequately heated to a gaseous
state from the saturated liquid state, and therefore, a 2-phase state
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Fig. 7. Characteristics of certain temperatures and heat transfer when T; is varied.

of vapor and liquid was observed in the states 8 and 9 of the turbine
2 inlet/outlet.

However, in Fig. 6¢, with T = 327 K, the lower cycle constituted
a typical organic Rankine cycle. That is, from (Ts, s5) = (305, 1.152)
and (Tg, sg) = (308.2, 1.167), the (T [K], s [k]/kg K]) for each of the
states at the pump 2 inlet/outlet, through to a saturated liquid state
7 of (T3, s7) = (365, 1.48) and a saturated vapor state 8 of (Tg,
sg’) = (365, 1.592), the turbine 2 inlet was successfully heated to a
superheated vapor state 8, at (Ts, sg) = (371, 1.641). This is because,
as shown in Fig. 7, the increase in T; was accompanied by a rapid
increase in the amount of heat transmitted to the preheater of the
lower cycle from the heat source, to Qpr = 9938.5 kW. In contrast,
the temperature of the exhaust gas finally discarded downstream of
the preheater was lowered to Toyrz = 336.6 K. The thermodynamic
data for both conditions of T; =320 and 327 K in the dual loop cycle
are also listed in Table 3. This means that heat loss to the heat
source was minimized by the increase in the temperature of Tj,
which is the boundary temperature of the upper and lower cycles in
the dual loop; a more detailed explanation of this will follow,
through an exergy analysis.
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Fig. 8. Volume flow rate and volume expansion ratio at the inlet/outlet of the ex-
panders when T; is varied.
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Note that, in general, R134a refrigerant is known to be a non-
flammable gas in normal-temperature and normal-pressure air
[28]. Under conditions of elevated temperature and pressure of the
air, the refrigerant is more easily ignited; in particular, R134a has
been shown to be flammable in air having normal pressure at 553 K
[35]. In addition, R1234yf is also classified as a mildly flammable
gas in normal-temperature normal-pressure air, too, and an
elevation in the temperature and humidity of the air has been
shown to result in an expansion of the flammable limits [36]. Thus,
in the present study, because the exhaust gas temperature after the
evaporator was increased to Toyq = 444.2 K depending on a
boundary temperature of Ty and moisture was actually included,
the R1234yf could leak and come into contact with the exhaust gas,
resulting in the risk of fire. During combustion, the toxic substance
HF (hydrogen fluoride) is produced [37], so ventilation equipment
must also be considered to combat the occurrence of fire. Although
a non-combustible heat transfer medium, such as water, between
the exhaust gas and R1234yf could also be used, the system effi-
ciency might be reduced. However, the exhaust gas after having
been combusted in the engine has an oxygen concentration of
about 15% and, therefore, might also have a reduced flammability in
comparison to the 21% oxygen ratio of general air. The fire safety of
R1234yf thus requires future research.

In addition, when the temperature of the exhaust gas falls below
the acid dew point temperature for emissions such as SOy and NOyx
contained in the exhaust gas, the moisture is condensed in
conjunction to acids such as sulfuric and nitric acid, which causes
corrosion of the heat exchangers. Therefore, it is necessary for the
design to allow the temperature of the exhaust gas being dis-
charged to the atmosphere to be higher than this acid dew point
[38]. However, in the present study, the low-temperature corrosion
was prevented through the application of various technologies,
such as low-sulfur fuel oil conversion or heat exchangers made of
anti-corrosive materials, and hence, we did not set a limit point for
the lowest temperature with respect to the exhaust gas tempera-
ture Tour, downstream of the preheater.

In contrast, for the expansion process 8—9 in the lower organic
Rankine cycle, in Fig. 8 the quality of the working fluid at the tur-
bine 2 inlet/out increased to 1 in association with the increase
T; = 320—375 K, and the volumetric flow rate of the turbine inlet/
outlet was reduced and increased, to Vg = 3662—1402 m3/h and
Vo = 4363—7678 m3/h, respectively. Consequently, at T; = 375 K,
in Fig. 6¢, the volumetric expansion ratio of the turbine 2 showed a
maximum value of Vq/Vg = 5.476, and during the expansion
process 8—9, the turbine’s outlet maintained a superheated vapor
state. This accordingly signifies that over the leading T—s, the lower
organic Rankine cycle using the R1234yf, which is a dry fluid having
a slope of dT/ds > O relative to the line for the saturated vapor,
operated while avoiding the 2-phase range of liquid—vapor, and
therefore, a decline in output or damage during turbine usage could
be prevented [39].

Note that the cooling process in 9(-9’)-1 showed a characteristic
wherein, as shown in Fig. 7, the increase in T; was accompanied by
an increase in the amount of heat recovered by the preheater, but
the amount of heat discharged through the condenser also simul-
taneously increased to Q. = 13,944.9 kW. Accordingly, for a better
understanding of the performance properties of the dual loop
combined cycles along this increase in Ty, the analysis is carried out
with the first and second laws of thermodynamics.

4.3. The energy and exergy efficiency of the dual loop heat recovery
system

Fig. 9 shows the energy (a) and exergy (b) properties with
respect to changes in the boundary temperature for this dual loop
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Fig. 9. Characteristics of efficiency n and effectiveness e of (a) energy and (b) exergy
when T; is varied.

waste heat recovery power generation system. First, in Fig. 9a, the
cycle efficiency was reduced with the increase to T; = 320—375 K.
This reflects the result where the amount of heat Qpr recovered
through the preheater had a relatively large increase. In addition,
because this recovered heat causes an increase in the amount of
heat Q. actually recovered from the heat sources, the heat effec-
tiveness ¢ was improved steadily as T; increased, resulting in a
tendency for the system efficiency to also be elevated. Accordingly,
with Ty = 375 K, system efficiency was maximum at
Neys = 0.1093(= 10.93%), with respect to the heat effectiveness
e = 0.8457 and cycle efficiency of 1.y = 0.1293(= 12.93%).

However, in Fig. 9b, the increase in T; was accompanied by a
tendency for increase in the exergy effectiveness, exergy efficiency,
and system exergy efficiency. Thus, with T; =375 K, system exergy
efficiency had a peak value of ns. = 0.5877 (=58.77%), with
respect to an exergy effectiveness of e = 0.9564 and an exergy
efficiency of 7. = 0.6145 (=61.45%). To analyze the cause for this,
the exergy properties of the dual loop heat recovery system ac-
cording to changes in T; were analyzed.

Fig. 10 shows the properties of the heat source exergy rate Ej,
total exergy destruction rate 3 E4, exergy efficiency Eqyr, and net
output Wye for the change T; = 320—375 K. First, the heat source
exergy rate had a constant value at E;, = 4821 kW, for the exhaust
gas of the 2nd heat source. In contrast, with the increase in the
temperature T;, as was discussed earlier, the amount of heat
recovered from the heat sources increased, because of the increase
in the lower cycle’s performance, and the heat loss rate showed a
tendency to reduce, at Egyn, = 1573—210.4 kW. This resulted in
the increase in the exergy effectiveness in accordance with Tj, as
shown in Fig. 9b.
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Fig. 10 shows that although the net output of the upper cycle
was reduced to Wper; = 1512—719.8 kW in accordance with the
increase in Ty, the lower cycle net output was increased, to
Wierz = 95.19—-1350 kW. Consequently, the net output of the
dual loop power generation system, represented by the sum of each
of the outputs for the upper and lower cycles, exhibited a tendency
to increase to Wpyet = 1607.19—2069.8 kW. This results in the
increase in the exergy efficiency in accordance with Ty, as shown in
Fig. 9b. Thus, because the exergy effectiveness and the exergy ef-
ficiency increased simultaneously according to Ty, the exergy effi-
ciency of the system also can be understood to have increased
according to Ty, as shown in Fig. 6b.

Fig. 10 shows that although the sum 3" E4 of the rate of exergy
destroyed in each of the components inside the dual loop held
constant overall, there was the probably of a slight decrease in
accordance with an increase in Ty. To better understand this, Fig. 11
examines the properties of the heat exchangers and the exergy
destruction rate for the pump and turbine with respect to the
change in Ty =320—-375 K.

For the upper cycle, the exergy destruction rate Ed,e in the
evaporator was reduced, at 813.6—378 kW, and the exergy
destruction rate Ed,r = 210.6—107.3 kW inside the regenerator
was also reduced, in accordance with the increase in T;. Moreover,
the exergy destruction rate in the turbine 1 and the exergy
destruction rate in the pump were also reduced, at
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Fig. 11. Exergy destruction rates E4 of heat exchangers, pumps, and expanders when T;
is varied.

Eqy = 2542-106 kW and Eqp; = 4.811-4.224 kKW, respec-
tively. This signifies that because of the reduction in the tempera-
ture differential between the heat source temperature and the
lowest temperature of the upper cycle, the amount of heat Q.
supplied through the evaporator is reduced, and the energy devi-
ation in the upper cycle reduced overall.

With the lower cycle, however, the exergy destruction rate Edﬁpr
in the preheater was increased, at 156.2—892.4 kW, as was the
exergy destruction rate in the condenser Eq. = 170.1-334.4 kW.
In addition, the exergy destruction rate in the pump 2 and the
turbine 2 also showed a tendency to increase, at Ed_p2 =
12.87-419.8 kW and Eq, = 18.73—-298.6 kW, respectively. This
is because the amount of heat supplied from the preheater
increased in accordance with the increase in T;, and thus, the
maximum and minimum temperature differential inside the lower
cycle showed a corresponding increase. Thus, Fig. 10 demonstrates
that the non-monotonic properties of the sum Y £, of the exergy
destruction rate in accordance with Ty result in a counterbalance
between the contradictory properties of the exergy destruction rate
for the configurations inside the upper and lower cycles, with
respect to Ty.

Note that the entire data for T; =320 and 327 K (Figs. 9—11) for
the dual loop as well as the data for T; = 305 K for the single loop
are listed in Table 4. These data indicate that the energy and exergy
efficiencies of the dual loop system consist of the upper trilateral
cycle and the lower organic Rankine cycle, which, as suggested in
the present study, were larger than those of the single loop trilat-
eral cycle. That is, for the single loop trilateral cycle, the system
efficiency had 7y, = 0.09472 (=9.472%), with respect to the heat
effectiveness ¢ = 0.4863 and cycle efficiency of 7., = 0.1948
(=19.48%). Besides, the system exergy efficiency had
Nsyse = 0.2508 (=25.08%), with respect to the exergy effectiveness
of ee = 0.6749 and exergy efficiency of n. = 0.3717 (=37.17%).

4.4. Reduction of SFOC (Specific Fuel Oil Consumption) and CO»
emission

As shown in the schematic (Fig. 1) of the waste heat recovery
power generation system applied to the exhaust gas of the 2-stroke
diesel engine of the ship, the chemical energy of the fuel supplied to

Table 4
Data for energy and exergy efficiencies of single loop trilateral cycle at T; =305 K and
dual loop cycles at both T; =320 and 327 K.

Single loop Dual loop
T; = 305 K T = 320K Ty = 375K

e 0.4863 0.4848 0.8457
Neye 0.1948 0.1751 0.1293
Nsys 0.09472 0.08487 0.1093
ce 0.6749 0.6737 0.9564
Ne 03717 0.3657 0.6145
Nsys.e 0.2508 0.2463 0.5877
Ejn kW] 4821 4821 4821
Eout2 [kW] 1567 1573 2104
Wiet1 (kW] - 1512 719.8
Wea [kW] - 95.19 1350
Whet[KW] 1792 1607.2 2069.8
S Eq[kW] 1462 1485 1648
Ege[kW] 975.6 813.6 378
Eq4.[kW) - 2106 107.3
Eg.1 (kW] 315 254.2 106
Eqp1 kW] 5.021 4.811 4.224
Eqpr[kW] - 156.2 892.4
Eq4. kW] 166.4 170.1 3344
Eq pa (kW] - 12.87 419.8
Eq.0[kW] - 18.73 298.6
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the main engine is converted by the internal combustion engine to
the mechanical kinetic energy of the shaft output W, .. The heat
energy of the exhaust gas discharged from the main engine is
converted to electrical energy by the dual loop waste heat recovery
power generation system. The net power Wyee generated ulti-
mately will serve as the propulsion power 7,opuision = 0.44412,
being used as a secondary power to the main engine’s shaft output.
Thus, assuming no loss during transfer of the power generated by
the waste heat recovery power generation system to the propulsion
shaft, the conversion efficiency for the total propulsion output of
the ship relative to the chemical energy of the fuel can be defined as
the propulsion efficiency npopuision N €quation (35) below [40].

Npropulsion = (Wshaft + Wnet) /meHV = WProDulsion/meHV
(35)

The fuel is assumed to be DMC grade Bunker-A specified in ISO
8217 and the lower heating value is assumed to LHV = 10,063 kcal/
kg [15].

In this regard, data for the propulsion power of the main engine
is shown in Fig. 12, as the LHV term . As a result, the data
measured from the actually operating ship is represented by open
circles, and data for the base engine showed a linear correlation
W proputsion(= Wsnag) = 0.44412 x 1y LHV. Herein, there was a
correlation R = 0.997. Conversely, closed squares in Fig. 12 indicate
the data for the main engine using the exhaust gas heat recovery
power generation system, with regard to the two representative
exhaust gas heat sources described above. For these two points, a
linear correlation mepulsion = 0.47236 x s LHV with R = 1.
Thus, Fig. 12 shows that the slope values signify the propulsion
efficiency, so depending on whether or the waste heat recovery
system is being applied to the main engine, there was a propulsion
efficiency of 7propuision = 044412 (=44.412%) and 0.47236
(=47.236%). This means that in comparison to the case of a base
engine on the basis of the energy of the fuel in an actually operating
ship, this waste heat recovery system offers a 2.824% improvement
in propulsion efficiency.

Furthermore, the SFOC (Specific Fuel Oil Consumption) defined
as the mass flow rate of the fuel consumed per unit propulsion
power in the main engine is given in equation (36) below [40].

SFOC [g—fuel/kWh] = mf/vvprm;)ulsion (36)
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Fig. 12. Comparison of propulsive efficiency Npgopuision fOr the base engine and the
engine with the dual loop heat recovery system.

In this regard, open circles in Fig. 13 indicate the fuel con-
sumption rate consumed relative to the propulsion output in the
ship’s main engine. Based on this result, the base engine has a linear
correlation iy = 0.19241 x mepulsion with R = 0.997. In addition,
with regard to the two points of the closed squares illustrating the
case where the exhaust gas heat recovery system was applied to the
engine, there was a correlation of m; = 0.18075 x mepulsion with
R = 1. In Fig. 13, the slope values signify the SFOC of the main en-
gine. Thus, as was explained above, this signifies an effect wherein
the improved propulsion efficiency from the waste heat recovery
power generation system caused a 6.06% reduction in the SFOC of
the actually operating ship’s main engine, from 1924 to
180.75 g fuel/kWh.

Moreover, the value found by multiplying the fuel consumption
rate per unit power by the mass ratio of CO, generated per kilogram
of fuel, as mentioned above, can be regarded as the main engine’s
SCE (Specific CO; Emission) [g o, /kWh] [20]. Therefore, the SCE for
the base engine and the engine using the exhaust gas heat recovery
system is SCE pise = 580.6934 g o,/kWh and SCE gc-
HRs = 545.5035 g o, /kWh, respectively. Consequently, this sig-
nifies that the amount of fuel conserved by the waste heat recovery
system for the exhaust gas can result in reduction in specific CO,
emissions of approximately SCE = 35.19 g 5, /kWh, in contrast to
the base engine during ship operation.

The error analysis was additionally performed for determining
the difference in the assumed thermodynamic properties such as
the heat source and the efficiencies of pumps and turbines in the
dual loop waste heat recovery system with T; = 327 K; the results
are listed in Table 5. Based on the reference value for Ty =327 K, as
explained previously, when Cp i, for the exhaust gas was varied up
to +3%, the energy and exergy efficiencies of the system had the
maximum variation of approximately 3%. And when Tj, for the
exhaust gas was varied up to +2%, the energy and exergy effi-
ciencies of the system had the maximum variation of approxi-
mately 5%. However, the net output of turbines and the propulsion
efficiency, which are directly linked to the SFOC and SCE, were
almost constant with the variation of the G, and Tj, conditions.
Although the conversion factor difference of +-10% for the mass flow
rate of the exhaust gas directly influenced the output of the tur-
bines and the propulsion efficiency including SFOC and SCE varied
by about +0.62%, the propulsion efficiency was slightly affected by
the efficiency variations of £5% for the pumps and turbines in the
dual loop.
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Fig. 13. Comparison of specific fuel oil consumption SFOC for the base engine and the
engine with the dual loop heat recovery system.
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Table 5

Error analysis for the difference of the thermodynamic assumptions in the dual loop heat recovery system.
At T, = 327K Ref. value Cpin T; fc Np1 Mp2 N Ne2
Cpin [K]/kg K] 1.012 +3% - - - - - -
T [K] 510 - +2% - - - - -
fc 53.8168 - - +10% - - - -
Tl 0.85 - - - +5% - - -
Np2 0.85 - - - - +5% - -
N 0.85 - - - - - +5% -
Ne 0.85 - - - - - - +5%
Nsys 0.1093 +2.84% +4.67% —5.31% 0 —0.09% +0.09% —1.01% +1.10% —1.65% +1.56% —4.39% +4.30%
Nsys.e 0.5877 +1.14% +3.54% —2.99% 0 —0.03% +0.07% —0.80% +0.90% -1.11% +1.11% —3.01% +3.03%
Wee [KW] 719.8 0 0 ~10.00% +9.99% —024%+025% 0 —525% +524% 0
WnetZ [kw] 1,350 0 0 —10.00% +10.00% 0 —1.56% +1.70% +0.37% —0.37% —6.67% +6.59%
Tpropulsion 0.47236 0 0 —0.61% +0.61% ~0.01% +001%  —0.06% +0.07%  —0.10% +0.10%  —0.27% +0.26%
SFOC(gfue1 /kWh] 180.75 0 0 +0.61% —0.62% +0.01% —0.02% +0.06% —0.07% +0.10% —0.10% +0.27% —0.26%
SCE[gcoz/kWh] 545.5035 0 0 +0.61% —0.62% +0.01% —0.02% +0.06% —0.07% +0.10% —0.10% +0.27% —0.26%

Next, the long-term economic impact of the dual loop heat re-
covery system applied to the present container ship was discussed,
with consideration of the repeating route. The SFS (Specific Fuel
Saving) was defined as the total fuel quantity saved per route and is
calculated as follows.

SFS[kg/a route] — / (ASFOC x Wpar ) dt 37)

where ASFOC is the difference between the SFOC of the base engine
and the SFOC of the engine using the exhaust gas heat recovery
system. The above calculation indicated that a total fuel quantity of
approximately 97.58 ton could be saved per route using the dual
loop heat recovery system. Further, approximately 2341.89 ton of
fuel can be saved per year when the route is regularly repeated as
part of a round-trip twelve times a year.

5. Concluding remarks

A waste heat recovery power generation system for recovering
exhaust gas heat discharged from a main engine and recycling it as
a propulsion power was theoretically applied to a 6800 TEU
container ship operating on a China—Korea—U.S. route. Two
representative heat source conditions were selected based on
actually measured data for the fuel consumption rate and exhaust
gas temperature. In this case, a dual loop waste heat recovery po-
wer generation system with an upper trilateral cycle using water as
the working fluid and a lower organic Rankine cycle using R1234yf
as the working fluid was utilized, and the thermodynamic prop-
erties of the exhaust gas heat recovery system depending on
changes in the boundary temperature between the upper cycle and
the lower cycle, T; = 320—375 K, were studied.

The upper trilateral cycle showed that the amount of heat
recovered from the evaporator and the amount of heat transmitted
to the lower cycle from the upper cycle through a regenerator were
reduced together, according to an increase in the boundary tem-
perature. However, in the lower organic Rankine cycle, because the
amount of heat transmitted to the preheater from the discharge gas
heat source of the outlet of the evaporator was increased, loss was
minimized with respect to the heat source of the exhaust gas ul-
timately discarded downstream of the preheater. Therefore, the net
output of the dual loop waste heat recovery power generation
system increased to Whet = 1,607.19—2,069.8 kW, according to
the increase in T; = 320—375 K.

At T; = 375 K, the dual loop heat recovery power generation
system has a heat effectiveness of ¢ = 0.8457 and a cycle efficiency
of Ny = 0.1293 (=12.93%), and as a result was confirmed to have a
maximum system efficiency at 75y = 0.1093 (= 10.93%). In such a

case, the waste heat recovery system exhibited an exergy effec-
tiveness of e« = 0.9564 and an exergy efficiency of 7. = 0.6145
(=61.45%), confirming maximum system exergy efficiency at
Neyse = 0.5877 (=58.77%).

Consequently, the energy and exergy efficiencies of the dual
loop system consisting of the upper trilateral cycle and lower
organic Rankine cycle with a boundary temperature of T; = 327 K
were improved in comparison with those of the single loop trilat-
eral cycle with Ty = 305 K. Further, the volumetric expansion ratio
of the expander for the upper trilateral cycle in the dual loop heat
recovery system could be significantly reduced with the increase in
T; from 320 to 375 K.

When this dual loop heat recovery power generation system
was applied to the main engine of the actual operating container
ship, there was a propulsion efficiency of npropuision = 0.47236
(=47.236%), which theoretically confirms a 2.824% improvement in
the propulsion power owing to the waste heat recovery system in
comparison to the base engine, which has propuision = 0.44412
(=44.412%). This improvement in the propulsion efficiency was
confirmed to lead to the reduction in the specific fuel oil con-
sumption of the main engine during actual operation from
SFOC = 192.41 to 180.75 g fuel/kWHh, and reduction in the Specific
CO, Emission by about 6.06% from SCE = 580.6934 to
545.5035 gicoz/kwh.
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