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ARTICLE INFO ABSTRACT

Recovering the waste heat is meaningful for reducing the fuel consumption and pollution emissions of marine
engine (ME). This paper proposes a system to efficiently convert the waste heat of the exhaust gas (EG) and
jacket cooling water (JCW) of ME into electrical and cooling energies largely required on the ship. The proposed
waste heat recovery system containes three sub-cycles, namely, the steam Rankine cycle (RC), organic Rankine
cycle (ORC) and absorption refrigeration cycle (ARC), which perform well in the utilization of high-, medium-
and low-temperature heat sources, respectively. The RC is combined with the ORC to recover waste heat from
EG. The RC uses a portion of the JCW as a working fluid, while the remaining portion of the JCW is gradually
utilized by the ARC and ORC as a driving heat source and a preheating source, respectively. The thermodynamic
performance of the proposed waste heat recovery system (WHRS) was evaluated. Furthermore, the effects of the
parameters including evaporation pressure, superheat and engine load on WHRS performance were analyzed for
design optimization. The designed WHRS can output 7620 kW electricity and 2940 kW cooling energy under the
rated operating conditions of the engine which improves the thermal efficiency of the engine by 10.5%, while
WHRSs based on single RC and the dual loop ORC can only improve the efficiency by 5.3% and 7.3%, re-
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spectively.

1. Introduction

In recent decades, crises related to fossil fuels [1-3] and environ-
mental pollution [4,5] have become serious problems worldwide. Of all
the fossil fuel consumed, 60-70% was consumed by internal combus-
tion engine [6]. Marine transportation has a very important position in
global trade, and marine engines (MEs) are the largest category of in-
ternal combustion engines. Annually, each ME generates a large
amount of waste heat per year which is released into the environment
along with the exhaust gas (EG), Jacket cooling water (JCW) and sca-
venge air, etc., which make its thermal conversion efficiency less than
50% [7]. If the waste heat can be partially converted into the energy
required on a ship, the fuel consumption and pollution emissions of ME
can be reduced, thereby improving the transportation capacity and
economic benefits [8-12].

Up to now, significant effort has been made to recover the waste
heat of MEs, and to convert it into useful energy using different tech-
nologies to meet various needs, such as electrical energy [13-19],
cooling capacity [20-22], and seawater desalination [23,24], etc. Be-
cause of the high demand for electrical energy in marine environments,
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most attention has been paid to power generation technologies that
utilize waste heat. One mature technology is the steam Rankine cycle
(RC), which can utilize a high-temperature heat source. In recent years,
low-boiling organic working fluids have been used in the Rankine cycle;
this is called the organic Rankine cycle (ORC). The ORC has great ad-
vantages in low-temperature waste heat recovery compared to the RC
[25,26] and is has become a focal point of research [11,27-31]. For
example, Cignitti et al. [32] designed a waste heat recovery system
(WHRS) based on the ORC for the EG of ME that takes cycle parameters
and working fluid into consideration; Yang [33] studied the payback
period of the ORC with HFC/HFC or HFC/HFO mixtures as working
fluids to recover waste heat from the EG of a large ME.

In addition to electrical energy, the demand for cold storage and air
cooling in marine environments is also very high. Absorption re-
frigeration technology has the advantage of recovering low-grade heat
[34-36]. Therefore, many scholars have used the absorption re-
frigeration cycle (ARC) to convert the waste heat of MEs into cooling
capacity. Wang et al. [37] used a double-effect ARC to recover the
waste heat from the EG of a ME with a coefficient of performance (COP)
of up to 1.1. Xu et al. [38] reviewed studies on the application of ARC in
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Nomenclature

Abbreviations

WHRS  waste heat recovery system
RC Steam Rankine cycle

ORC Organic Rankine cycle

ARC Absorption refrigeration cycle
ME Marine engine

COP Coefficient of performance
EG Exhaust gas

JCW Jacket cooling water

Symbols

h Enthalpy [kJkg ']

s Entropy [kJkg™ K™ ']
m Mass flow rate [kg:s™ ']

P Pressure [MPa]

w Mechanical work [kW]

I Exergy destruction rate [kW]

Q Quantity of heat [kW]

T Temperature [K]

n Efficiency

& Isentropic efficiency of pump

s Isentropic efficiency of expander
x Mass percentage of absorbent and refrigerant
Subscript

a Absorber

c Condenser

sup Superheat

g Generator

exp Expander

eva Evaporator

the waste heat recovery of ME, and indicated that the large amount of
heat carried by JCW, scavenge air and lubricant oil also need to be
recovered except that of EG. Salmi et al. [39] used the waste heat of the
EG, JCW, and scavenge air from the ME to drive an ARC; they found
that 70% of the compression electricity could be saved using this
system.

Different waste heat recovery technologies have different opti-
mal working temperature ranges. Integrated systems have thus been
proposed because they can make better use of waste heat. Liang et al.
[40] combined a RC with an ammonia/water ARC to recover the heat
from the EG of ME; the designed WHRS can output 5223 kW equivalent
electricity under rated conditions. Ouyang et al. [41] instead combined
a dual-loop ORC and an ARC to recover heat from the EG of ME.

The RC, ORC and ARC are most suitable for making use of high-,
medium- and low- temperature heat, respectively. Compared the com-
bined cycles of RC-ARC and ORC-ARC, RC-ORC-ARC combined cycle
can more effectively utilize the waste heat of EG of ME whose tem-
perature close to 573 K. However, no related research has been con-
ducted. Furthermore, previous researches focus on the waste heat of
EG, little attention was paid on that of JCW whose temperature is in the
range from 343 K to 393 K. ARC cannot completely utilize the heat in
JCW because the flow rate of JCW is comparable to that of EG [38,39]
and contains a large amount of waste heat. Ship doesn’t need so much
cooling energy converted from waste heat of JCW.

Therefore, this paper proposes an integrated WHRS based on RC,
ORC and ARC to comprehensively convert waste heat in EG and JCW
from ME into electrical and cooling energy. RC and ORC are used si-
multaneously to produce electrical energy. JCW is used for preheating
and EG is for evaporation of working fluid in RC and ORC. A part of the
cooling water is used as the working fluid of RC, which will not only
make a better utilization of waste heat of JCW, but also results in lower
ship weight compared with the method using extra fresh water. An ARC
is used to recover the heat of from the rest of the JCW. The thermo-
dynamic performance of the designed system is simulated and analyzed
for optimization design.

2. System description
2.1. Waste heat sources of marine engine

The ME that was selected for the present study is that of the MAN B
&W 14K98ME-C7.1-TII containership; the output power of the engine at
rated conditions is 84280 kW [42]. There are two main waste heat
sources, EG and JCW, that are valuable for recovery; their main char-
acteristics under different conditions are presented in Table 1 [42]. The

temperature of the JCW at the engine outlet was set to 358 K, and the
temperature of the EG from the engine changed with the engine load.

2.2. Waste heat recovery system

The WHRS designed in this study is shown in Fig. 1. The tempera-
ture-entropy diagram is shown in Fig. 2. It uses the RC, ORC, and ARC
to recover the aste heat of the EG and JCW from the ME. When the
engine is working, the WHRS can simultaneously generate electrical
energy and cooling energy. First, a portion of the JCW from the engine
is pressurized by a pump to the working pressure. It then enters heat
exchanger 1 and becomes steam after absorbing heat from the EG.
Subsequently, there is a large drop in the temperature of the EG, but it
still contains a large amount of heat that can be recovered. Thus, the EG
is used as the heat source for an ORC, transforming the working fluid to
a superheated gas. The steam enters expander 1 to generate mechanical
work and is condensed into a liquid state in condensor 1. Then, water
returned to the engine to cool the engine cylinders again.

The RC requires a portion of the JCW as the circulating working
fluid; the remaining JCW is used as the heat source for the generator in
the ARC, as shown in Fig. 1. In the ARC, the JCW heats the solution in
the generator, and the refrigerant is desorbed. The refrigerant is then
condensed into liquid in condenser 4, and its pressure is reduced by a
throttle. Subsequently, the refrigerant enters the evaporator to absorb
heat and realize refrigeration. It is then absorbed by the absorbent in

Table 1
The mass flow rate and temperature of the exhaust gas.

Engine Engine Mass flow rate  Mass flow rate  Temperature of EG
load (%) power (kW)  of JCW of EG (kgs™)  (K)
(kgs™)

110 92,708 196.3 223.4 560.6
100 84,280 181.8 202.0 557.2
95 80,066 174.4 191.3 555.7
90 75,852 166.9 180.6 554.2
85 71,638 159.4 170.1 552.4
80 67,424 151.8 159.5 550.5
75 63,210 144.1 148.9 548.3
70 58,996 136.3 138.4 546.4
65 54,782 128.4 127.9 544.2
60 50,568 120.3 117.5 541.8
55 46,354 112.2 107.1 539.5
50 42,140 103.9 96.9 536.4
45 37,926 95.4 86.6 532.8
40 33,712 86.8 76.4 530.0
35 29,498 77.9 66.2 526.4
30 25,284 68.8 56.1 521.3
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Fig. 2. T-S diagram for RC and ORC sub-cycle.

the absorber, which forms a strong solution. The strong solution is sent
to the generator by a solution pump. After the refrigerant is desorbed,
the strong solution becomes a weak solution. The weak solution heats
the strong solution in the heat regenerator and then enters the absorber
after its pressure is reduced by a throttle.

In the ORC, the working fluid is pressurized by pump 2 and then
preheated by the JCW. This is to recover more heat from the JCW,
which still has a high temperature of about 353 K. After that, the
working fluid in the ORC enters heat exchanger 2 to absorb the high-
temperature heat of the EG; it becomes gas and then expands to gen-
erate mechanical work in expander 2. After expansion, the working
fluid is cooled in condenser 2 and becomes liquid. Finally, the working
fluid returns to the liquid pump to complete a closed cycle.

The discharge temperature of the EG (T3-) is set to be not lower than
413 K in this work because if it is lower than the acid dew point
(393-403 K), it will corrode the equipment. The temperature of the
JCW returning to the engine should not be too low; otherwise, the
combustion efficiency of the engine will be reduced. Thus, the JCW sent
back to the engine is selected to be no less than 333 K.

3. Mathematical model

As described above, the WHRS in this work includes three sub-cy-
cles: the RC, ARC, and ORC. In order to analyse the performance of the
WHRS, thermodynamic models for the three sub-cycles were estab-
lished based on the law of conservation of energy and the law of con-
servation of mass. Simulations were carried out using MATLAB soft-
ware.

3.1. Thermodynamic model for RC

The RC is used to recover high-grade heat from the EG and consists
of pump 1, heat exchanger 1, expander 1, and condenser 1. The ther-
modynamic model established for the RC refers to references [43,44].
The mass flow rate (m,,) of water in the RC is calculated by Egs. (1) and
(2) as follows:

Th =T + ATy (@)
mngg(TA - TD)
My =—""—"—"7¥98H—/—
hs — hg 2)

where T,, Tp, and Ty are the temperatures at points A, D, and F, re-
spectively; ATy, is the pinch point temperature; mg is the mass flow rate
of the EG; ¢, is the specific heat capacity of the EG; and h; and hy are
the enthalpies of water at points 3 and F, respectively. The consumed
power (W,) and exergy destruction rate (I,) of pump 1 for the pres-
surization of water in the RC are given by

Wy = my, (hy — hy,) = My (s — o)
&p 3

4

Ip = my Ty (s — $2a)

where h, and h,, are the enthalpies of water after and before, respec-
tively, being compressed by pump 1; hys is the enthalpy of water in
isentropic compression (calculated by REFPROP 9.1) [45]; s, and sy,
are the entropies of water after and before, respectively, being com-
pressed by pump 1; ¢, is the isentropic efficiency of pump 1; and Ty is
the ambient temperature. During heat exchange processes 2 to 3 in heat
exchanger 1, the EG discharges heat and its temperature decreases,
while the water absorbs heat and its temperature rises. The heat ex-
change capacity (Qne1) and the destroyed exergy rate (Ihe;) in heat
exchanger 1 are given by
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Qner = My (hs — hy) = mgcpg(TA - Ty) (5)

Ty
Ihe1 = Qhel(l - T—O) + my(hy — hs — Ty(sz — s3))

ave (6)
h—T

Tave = 1 Ta
n-A
T

()

where T,y is the average temperature of EG in heat exchanger 1 and h3
and s3 are the enthalpy and entropy of the water at point 3, respec-
tively.

The mechanical work output (Wexp1) and exergy destruction rate
(Iexp1) in expander 1 are given by

VVexpl = mw(h3 - h4) = mwgs(hzts - h3) (8)
Iexpl = mwTO(S4 - S3) ()

where s, and h, are the entropy and enthalpy of water at point 4, re-
spectively; ¢ is the isentropic efficiency of expander 1; and hyg is the
enthalpy of water in the isentropic expansion process (calculated by
REFPROP 9.1 [45]).

The heat released from the water steam during condensation pro-
cesses 4 to 1 in condenser 1 (Q.;) is calculated by

Qe = My (hy — hy) (10)

where h; is the enthalpy of water at point 1. The flow of cooling water
Mew1 in the condenser 1 is:

Qa

m = -7
vt (hwl,in - hwl,out) (11)

Where hy1, our and hyq, in are the enthalpies of cooling water at outlet
and inlet of the condenser 1, respectively.

The exergy destruction rate of the condensation process in con-
denser 1, I.; is calculated as follows

Icl = mw(h4 - hl - TO(S4 - Sl)) + Mew1 (hwl,in - hwl,oul - %(swl,in - swl,oul)
(12)

where sy1, out and sy1, in are the entropies of cooling water at outlet and
inlet of the condenser 1, respectively.

The mechanical work output Wyc and exergy destruction rate Izc of
RC are given by

Wee = Wexp1 — Wp (13)
e =1Ip + et + Iexpl + Iy 14)

The thermal efficiency (7rc) and the exergy efficiency (’rc) of RC
are given by

Wre
Npe = ——
K Qha (15)
, Wre
TRe T Ytk (16)
RC RC

3.2. Thermodynamic model for ARC

In this work, the ARC is used to recover the waste heat of the JCW
from the ME and to produce cooling energy, as shown in Fig. 1. It
consists of several main components: a generator, condenser, eva-
porator, absorber, pump, and heat regenerator. In this work, NH3/H>0
and H,O/LiBr were tested as the working pair of the ARC. When NHjz/
H,0 is used, the ARC needs a rectifier because NH; and H,O have a
relatively small difference between their boiling points; therefore, both
NH; and H,0 exist in the vapour phase in the generator. The thermo-
physical properties of refrigerants can be obtained from REFPROP 9.1.
The basic mass balance and energy balance in the generator of the ARC
are expressed as [46,47]
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Table 2
Parameters of the WHRS.
Properties Value Units
Isentropic efficiency of pump 0.8
Pinch point temperature in heat exchanger 1 20 K
Pinch point temperature in heat exchanger 2 8 K
Isentropic efficiency of expander 0.8
Initial temperature of cooling water 25 K
Pinch point temperature in condenser 5 K
Discharge temperature of EG 413 K
Efficiency of electric generator 0.96
Pinch point temperature in generator 5 K
Efficiency of heat regenerator 0.8
Ambient temperature 298 K
Table 3

The coefficients in Eq. (22d) [49,50].

i m; n; a; i m; n; a;

1 0 1 —-7.6108 9 2 1 2.84179 x 10°

2 0 4 2.56905 x 10! 10 3 3 7.41609 x 10°

3 0 8 —2.47092 x 10% 11 5 3 8.91844 x 102

4 0 9 3.25952 x 10% 12 5 4 —1.61309 x 10°

5 0 12 —1.58854 x 10? 13 5 5 6.22106 x 10?

6 0 14 6.19084 x 10 14 6 2 —2.07588 x 102

7 1 0 1.14314 x 10 15 6 4 —6.87393 x 10°

8 1 1 1.18157 x 10° 16 8 0 3.50716 x 10°
Table 4
The constants in Eq. (23c) [51].

n  a, b, Cn dy

0 —954.8 —3.293 x 107! 7.428 x 1073 —2.269 x 107°

1 47.77 4.076 x 1072 —1.514 x 10™*

2 -1.592 -1.361 x 107° 1.355 x 10~°

3 2094 x 1072 —7.136 x 107°

4  -7.689 x 107>
my3 = My + my a7)
mizhiz = myghyy + myhy 18)
My3Xi3 = MiaXis + My 19)

where m;5 and x;3 are the mass flow rate of the weak solution and the
mass percentage of the refrigerant in the weak solution, respectively;
my 4 and x4 are the mass flow rate of the strong solution and the mass
percentage of the refrigerant in the strong solution, respectively; m; and
h; are the mass flow rate and enthalpy of the refrigerant, respectively;
and h;3 and hy4 are the enthalpies of the strong solution and weak so-
lution, respectively. The following equations are used to calculate m;3
and my 4

1— x4
mz=————my
X3 — X (20)
1—x
my=—"m,
X3 — Xi4 21)

The saturation pressure of the NH;/H,0 mixture can be calculated
as a function of temperature [48,49]

lg P/kPa=A - T/LK (22a)
where

A = 7.44 — 1.767x + 0.9823x? + 0.3627x> (22b)
B = 2013.8 — 2155.7x + 1540.9x% — 194.7x3 (220)

The enthalpy of the NH3/H,O mixture can be calculated based on
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Fig. 3. Effect of evaporation pressure and superheat of RC on its performance.

the temperature and concentration as follows:

16 T mi
h(T, %) =100 a,-( - 1) £
Pt 273.16 22d)

where a;, m; and n; (i = 1-16) are coefficients which are given in
Table 3, xis given by
17.03x
17.03x + 18.015(1 — x) (22e)

X =
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Fig. 4. Effect of evaporation pressure and superheat of ORC on its performance.
The concentrations of the strong and weak H,O/LiBr solutions can . = 904+ 11257, — Tova
be calculated from the temperatures in the condenser, evaporator, ab- v 134.65 + 0.47T, (23b)

sorber, and generator [50]:
where X; and X,, are the concentrations of LiBr (kg LiBr/kg solution) in

_49.04 +1.125T, - T¢ the strong and weak solutions, respectively, and Tg, T, Ta, and Tey, are
T 13465 + 0.47T, (23a) the temperatures in K in the generator, condenser, absorber, and eva-
porator, respectively.
The enthalpy of the H,O/LiBr solution is calculated by [51]

S
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4 3 2
h(T,X)= Y, aX + T Y, X/ + T Y X/ + T°dy

j=0 j=0 j=0 (230)

where T is the temperature of the solution, which is between 273 K and
463 K; X is the concentration of the absorbent in the solution (kg LiBr/
kg solution); and a,, b,, c,, and d, are parameters whose values are
given in Table 4.

The energy balance in the heat regenerator is described as

Tis=¢eli+ (1 —¢e)Ty

My (hyg — hys) = myz(hyz — hyp)

where h;5 and h;, are the enthalpies of the solution at points 15 and 12,
respectively; ¢ is the efficiency of the heat regenerator. The power
consumed by pump 3 (Wp3) is calculated by

Wiz = myz(hiz — hy)

(24)
(25)

(26)

where h;; is the enthalpy of the solution at point 11. Knowing the re-
quirements of cooling energy, the mass flow rate of the refrigerant in
the evaporator is defined by the energy conservation law as follows:

Q.
hio — ho

m-> = Mg =

7 9 @7)
where hg and h;( are the enthalpies of the solution at points 9 and 10,
respectively, and Q. is the cooling capacity of the evaporator. Given all
of the enthalpies and mass flow rates, the energy changes in the

generator (Qg.), absorber (Q,), and condenser (Q.) can be calculated by

Qge = M7hy + myhyy — myzhys (28)
Qa = myohyy + myghis — My hyy (29)
Q. = my(hg — hy) (30)

where h;¢ and m; ¢ are the enthalpy and mass flow rate of the solution at
point 16, respectively; m; is the mass flow rate of the refrigerant at
point 7; and m;o and m,; are the mass flow rates of the solution at
points 10 and 11, respectively. If the thermoelectric conversion effi-
ciency is 0.38, the coefficient of performance (COP) is defined as

QE

Wp3

COP = ——————
Qge+ 038

(31)

3.3. Thermodynamic model for ORC

The mass flow rate of the organic working fluid (mg) can be calcu-
lated by
Moy (Ty — Thy)

mg =
I’l,4’ - I’LF’

(32a)
Ty = ATy + Ti (32b)

where Ta,, Tp, and Ty are the temperatures at points A’, D’ and F/,
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respectively; AT, is the pinch point temperature; and hy and hg- are the

enthalpies of the organic working fluid at points 4’ and F’, respectively.
The inlet temperature of the EG at heat exchanger 2 is equal to the
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outlet temperature of heat exchanger 1:
hy — hy
g Cpg (33)

Th=Tp=T — my

The temperature of the EG at point B’ (Ty-) can be obtained by the
following equation:

ms (hy — hy)
Mg Cpg (34)

Ty =Ty —

The consumed power (Wp,) and exergy destruction rate (I,z) of
pump 2 are given by the following equations:

th’ - hl’

Wp2 = mg(hy — hy) = mg
£ (35)

Lo = mpTy(sy — sy) (36)

where h;- and hy are the enthalpies of the organic working fluid at
points 1’ and 2/, respectively; h,y is the enthalpy of the organic working
fluid in isentropic compression (calculated by REFPROP 9.1); and sy
and sy are the entropies of the organic working fluid at points 1’ and 2/,
respectively. During processes 2 to 3 in the preheater, the heat of the
JCW is recovered to preheat the working fluid. The heat exchange (Qn)
and exergy destruction rate (Iy) in the preheater are calculated by the
following equations:
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Fig. 10. Comparison of the WHRS proposed in this work to the SRC and dual-
loop ORC systems.

Qph = my(hy — hy) = mg(hg — hs) (37)

Ln = mg(he — hs — Ty(sg — $5)) + me(hy — hy — Ty(sy — s3)) (38)

where h3- and s3- are the enthalpy and entropy of the organic working
fluid at point 3, respectively; hs and hs are the enthalpies of the JCW at
points 6 and 5, respectively; and sg and ss are the entropies of the JCW
at points 6 and 5, respectively.

The heat exchange (Qpe2) and exergy destruction rate (I,e2) in heat
exchanger 2 are expressed as

Qnez = mp(hy — hy) = mgcpg(TA‘ - Tp) (39)

T
Ihez = Qnez (1 -2 ) + mg(hy — hy — To(sy — s4))

ave' (40)
7 Ty — Ty
Toe = In TX
T 4D

where T",. is the average temperature of EG in heat exchanger 2.
The mechanical work output (Weyp2) and exergy destruction rate
(Iexp2) in expander 2 are calculated by

Wexp2 = me(hy — hy) = mgég (/’l4' - th') (42)

Iexp2 = meTo(sy — sq) (43)
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where s4- and hy are the entropy and enthalpy of the organic working
fluid at point 4’, respectively; ss- and hs are the entropy and enthalpy of
the organic working fluid at point 5, respectively; and hs; is the en-
thalpy of the organic working fluid in the isentropic expansion process
(calculated by REFPROP 9.1 [45]).

The amount of heat exchanged in condenser 2 is expressed as

Qe = mg(hs — hy) (44)
The flow of cooling water (m.y2) in condenser 2 is
ch
Meyp = ————————
oz hwz,out - h'wz,in (45)

where hyz, oue and hys, in are the enthalpies of the cooling water at the
outlet and inlet of condenser 2, respectively.

The exergy destruction rate in condenser 2 (I.») is calculated as
follows:

Iy = me(hy — hy — Ty(ss — s1) + Meywa (Myzin — Pwzout — To(Swzin — Swa.out)
(46)
where Sz, ou and Swo, in are the entropies of the cooling water at the
outlet and inlet of condenser 2, respectively.
The mechanical work output (Wogrc) and exergy destruction rate
(Iorc) of the ORC are calculated by

Wore = Wexp2 — Wp2 (47)
Iorc = Ipz + Iph + ey + Iz + Iexpz (48)

The thermal efficiency (yrc) and exergy efficiency (1’rc) of the ORC
are given by

o = Worc

R Qpn + Qne (49)
o= Wore

ORC ™ Tore + Wore (50)

3.4. Thermal and exergy efficiency of the waste heat recovery system

The total mechanical work output of the whole system (W) in-
cludes the work from the RC and ORC, which can be expressed as

Whet = Wke + Wore (51)
The thermal efficiency of the designed WHRS () is calculated by

- u/net + Qe
Qge + Qhel + Qhez + Qph

7)
‘ (52a)

The output work efficiency of the designed WHRS (17,¢) is calcu-
lated by

Whet

7 =
net Qhel + QheZ + Qph

(52b)
The exergy efficiency of the output work in the designed WHRS ()
is calculated by

Whet

/) i —
B Wt + hn (53)

where I;, = Izc + Iorc is the total exergy destruction rate of the de-
signed WHRS.

3.5. Calculation conditions

Before calculating the thermodynamic performance of the designed
WHRS, some parameters need to be set. Their values are provided in
Table 2. The selection of organic working fluids directly affects the
performance of an ORC [52-54]. Therefore, many scholars have studied
the performance of working fluids in ORCs [55-58]. According to the
design conditions of this study, cyclopentane was selected as the
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working fluid, as recommended in the literature [59].
4. Results and discussion
4.1. Thermodynamic analysis of RC and ORC

RC and ORC are used to cascade utilize the heat of exhaust gas and
produce electrical power. Fig. 3 shows the effects of evaporation pres-
sure (p) and superheat (ATs,,) of RC on its performance. It can be seen
that the higher the evaporation pressure is, the smaller the output
mechanical work as shown in Fig. 3a. The reason is that the higher the
evaporation pressure is, the higher the evaporation temperature which
results in an increase in the temperature of exhaust gas at the outlet of
heat exchanger 1 as shown in the Fig. 3e. Further, it results in less heat
of the EG being recovered by RC as shown in Fig. 3f. On the contrary,
the thermal efficiency of RC has an increasing trend as shown in Fig. 3c.
In addition, as evaporation pressure rises, the exergy destruction rate
decreases, and the exergy efficiency increases as shown in Fig. 3b and d.
Compared with the evaporation pressure, the effect of superheat of RC
on its output work, exergy destruction rate, thermal efficiency and
exergy efficiency and the recovered heat of exhaust gas is slight. The
reason is that as the superheat of RC increases, the enthalpy of steam at
point 3 only has slight change, which results in a slight change in the
heat input into the RC and the temperature difference in heat exchanger
1.

Fig. 4 shows the effects of superheat and evaporation pressure of the
ORC on its performance with T, at 483 K. Because the superheat and
evaporation pressure of ORC has no effect on RC and ARC, therefore the
effects of superheat and evaporation pressure of ORC on its perfor-
mance is same to that on WHRS. Generally, as the superheat and eva-
poration pressure increase, the output mechanical work and exergy
destruction rate of the ORC decrease, as shown in Fig. 4a and b, re-
spectively, whereas the thermal efficiency and exergy efficiency exhibit
a contrary tendency, as shown in Fig. 4c and d, respectively. Compared
with RC, the effect of the superheat of the ORC is more pronounced.
According to the results provided in Fig. 4e and f, it can be concluded
that the smaller the superheat and evaporation pressure are, the lower
the released temperature and the more heat can be recovered from the
exhaust gas.

4.2. Thermodynamic analysis of ARC

There are four factors that have an important influence on the
performance of the ARC: generation temperature (Tg), absorption
temperature (T,), condensation temperature (T.), and evaporation
temperature (Tey,). Fig. 5 shows the effects of these four factors on ARC
performance with NH3/H,O (Fig. 5a and b) or HO/LiBr (Fig. 5c and d)
as the working pair. It can be observed that the COP of the ARC changes
monotonically with T,, T, and Tey,: the COP increases as Tey, increases
and decreases as T, or T, increases. In contrast, as Ty increases, the COP
first increases and then decreases. As expected, H,O/LiBr produces a
higher COP than NH3/H50. At Ty, = 275.7 Kand T, = 298 K, the COP
of H,O/LiBr reaches 0.79, which is much higher than that of NH;/H,0
(0.57), although the T. for HoO/LiBr is higher than that for NH3/HO0,
but NH3/H,0 has a much lower Tey..

4.3. Thermodynamic analysis of WHRS

The effects of the parameters of the ORC and ARC on the perfor-
mance of the whole WHRS are the same as the effects on the ORC and
ARC themselves because the ORC and ARC have no influence on the
other sub-cycles. The evaporation pressure and superheat of the RC
have a significant influence on the performance of the total mechanical
work output of the WHRS. The evaporation pressure and the superheat
of RC determine the temperature of exhaust gas for heating the working
fluid of RC and ORC; meanwhile, they also affect the amount of JCW,
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which is the heat source of the ARC. When the temperature of the ex-
haust gas remains unchanged, the effects of the evaporation pressure
and superheat of RC are reflected in the effects of Ts which is the
combined temperature point of the RC and ORC sub-cycles. Therefore,
Fig. 6 shows the effect of Ty on the performance of each sub-cycle and
the whole WHRS at the engine load of 100% and the optimal condition.
Ta, Tc and Tey, are set to 298 K, 313.2 K and 278.2 K, respectively while
the superheat of RC and ORC is set to 20 K and 10 K, respectively. It can
be seen that the larger the Tp, the smaller output mechanical work of
RC, but the greater the total output mechanical work as shown in
Fig. 6a. For thermal efficiency, ORC and RC both show rising trends,
but the output work efficiency of the WHRS first increases with in-
creasing of Tg and reaches the highest value 7, = 22%, and then
slowly declines as shown in Fig. 6b. Since the flow rate of water in RC
decreases as Tg rises, the flow rate of JCW for providing heat for the
generator in ARC increases, so the cooling energy also gradually in-
creases. The COP of ARC is unchanged because the heat source tem-
perature does not change.

In order to clearly show the contributions of the two sub-cycles, RC
and ORGC, at different engine loads, the output mechanical work of the
RC and ORC at the optimal condition is shown in Fig. 7. The superheat
of RC and ORC is set to 20 K and 10 K, respectively. It can be observed
that the ORC accounts for a larger proportion of the output mechanical
work than the RC does and that the contribution of the ORC to the
output mechanical work increases with the decreasing engine load. Our
system is therefore better than a single RC or ORC. In addition, as can
be seen from Fig. 8, the output mechanical work and the cooling ca-
pacity of the proposed WHRS increase as the engine load rises, reaching
7938 kW (which can produce 7620 kW of electricity if the efficiency of
mechanical work converted into electricity is 0.96) and 2940 kW, re-
spectively, under rated conditions (100%).

If the ME works 300 days per year at an engine load of 100%, the
electricity saved by the designed WHRS over one year is

Acooling

A =0.96 X A +
-work COR;

= 60.91 x 10° (kWh)

64
where COP, is the COP of the compression refrigeration system used in
the current ship. In this work, the COP. was taken as 3.5. Based on a
fuel combustion efficiency of 176 gkWh™?, the designed WHRS can
save 10,720 tons of fuel per year.

Three factors were defined to evaluate the performance of the de-
signed WHRS. The first is the improvement in the output capability, -
which is defined as

Whet + Qe

Moc = P

(55)
where P, is the engine power. The second is the improvement in the
mechanical output of the engine, which is defined as

%et

Np = ——

P, (56)

The third is the equivalent improvement in the mechanical work
output of the engine, which is defined as
Qe
0.96 X COR;
k

Whet +

Nevw = (57)
Fig. 9 shows ni0c, 7emw, and np under different engine loads. Ob-
viously, the designed WHRS significantly improves the performance of
the studied engine. When the engine load is 100%, #p, 7Emw, and 7ioc
are 9.4%, 10.5%, and 12.9%, respectively. Currently, it is common to
use a WHRS based on a single RC to recover the waste heat of MEs.
Therefore, the proposed WHRS was compared with a WHRS design
based on a single RC (SRC) in Fig. 10. To verify the advantage of the
proposed WHRS, it was also compared with the dual-loop ORC system
proposed by Song and Gu [60] in Fig. 10. The results show that the
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output mechanical work and the improvement in the mechanical output
(np) of the engine from the proposed WHRS are approximately 78% and
30% greater than those from the SRC and dual-loop ORC systems under
the rated conditions of the engine, while the equivalent improvement in
the mechanical work output from the proposed WHRS is 98% and 44%
greater than for those from the SRC and the dual loop ORC system,
respectively.

5. Conclusion

In this study, an integrated WHRS was designed for utilization of the
waste heat from ME to produce the electricity and cooling energy.
Based on the above analysis, the WHRS designed in this study has the
following characteristics:

1) The proposed WHRS based on the RC, ORC and ARC can not only
make a highly efficient utilization of the waste heat from the EG and
JCW which are at different grades because the sub-cycles of the RC,
ORC and ARC are excellent for recovering high-, medium- and low-
temperature heat, respectively, but also product the electrical and
cooling energy flexibly to meet the demand on the ship.

2) The evaporation pressure and superheat of the RC and ORC de-
termine their output mechanical work, while the temperatures in
the generator, absorber, condenser, and evaporator determine the
cooling capacity of the ARC. Reasonable optimization of the com-
bined temperature (Tp) of the two sub-cycles (RC and ORC) can
effectively improve the total output mechanical work of the WHRS.
In addition, as the engine load increases, the output power and
cooling capacity of the designed WHRS both increase.

3) The designed WHRS significantly improves the thermodynamic
performance of the ME. When applied to the MAN B&W 14K98ME-
C7.1-TII ME, 7938 kW output power and 2940 kW cooling capacity
can be achieved by the designed WHRS under 100% engine load of
82480 kW. Correspondingly, the designed WHRS can save 10,720
tons of fuel per year.
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