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Abstract

The International Maritime Organization has set targets for reducing greenhouse gas emissions from ships. Thus, it is impera-
tive to investigate novel technologies that have the potential to achieve these targets and reduce emissions in the short and
long term. Waste heat recovery (WHR) technology, which generates electricity from engine waste energy, is a promising
solution. This research examines the integration of a thermoelectric generator and organic Rankine cycle as a combined WHR
system onboard a passenger ship. The purpose of the paper is to analyze the TEG—ORC system parametrically and from a
techno-economic perspective. The results showed that the optimum design scenario is achieved by integrating the recupera-
tive ORC system (rcORC) with the TEG system, this integration produces 1569 kW as net output power (19% more than
the original TEG-ORC system) at an evaporation pressure of 55 bar. The exergy efficiency of the system is enhanced from
43.2 to 48.6% by the addition of the recuperator. Also, the efficiency of the power system (engine + TEG-rcORC system)
is 53.2% (+6.1% over the efficiency of the standalone engine). The integration of the TEG-rcORC system with the main
engine provides the ship with an energy efficiency existing index (EEXI) of 22.47 g-CO, ton™! nm~!, this value is lower than
the required EEXI by 11%. From an economical point of view, the levelized power cost of the TEG-rcORC system is 280.2
€ kW~!, and the annual saving in expenses is 1.05 M€ with a discounted payback time of 3.9 years.

Keywords Waste heat recovery - Ship energy efficiency - Fuel saving - Thermoelectric generator - Organic Rankine cycle -
Passenger ship

Introduction

The maritime transportation sector encouraged the enhance-
ment of energy efficiency and greenhouse gas (GHG) emis-
sion reduction by promoting the adoption of several energy
efficiency measures. These measure adoption was stimulated
by recent statistics on the emission levels from ships. Based
on the fourth IMO GHG study in 2020 [1], the GHG emis-
sions (carbon dioxide (CO,), methane, and nitrous oxide)
from the global fleet of ships (including domestic vessels
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and international shipping) have increased to 1,076 Mt of
CO,e in the fiscal year of 2018. For the CO, emissions after
2018, the data collected by the Data Collection System of
IMO showed that the CO, emissions from ships of or greater
than 5000 gross tonnage (GT) was 662 Mt CO, in 2019
based on consumption of 213 Mt of fuel from 27,221 ships
and 660 Mt CO, in 2021 based on consumption of 212 Mt
of fuel from 28,171 ships [2]. Therefore, IMO has released
several regulations and rules to control ship emissions, firstly
by placing a target in 2018 for reducing GHG emissions by
50% in 2050 compared to 2008 levels [3], then this target has
been enhanced in their recent strategy in 2023 [4] to achieve
carbon neutrality (zero emissions) in 2050 with reducing
these emissions by 30% in 2030 and 80% in 2040.

At the European Union (EU) level, ships emit about
3—4% of the total CO, emissions emitted inside the EU, the
contribution of maritime transportation was around 124 Mt
in 2021 [5]. To prevent these emissions from growing in
the future, the European Commission agreed to extend the
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EU-Emission trading system (ETS) to cover the CO, emis-
sions emitted from maritime transportation (ships with 5000
GT or above) to help in achieving a carbon neutrality target
in 2050. This extension started in January 2024 to cover
100% of emissions from ships that have trips between two
European ports and 50% of emissions from ships sailing
between a European port and another port outside the EU
[6].

To reach the decarbonization targets of IMO and EU, vari-
ous approaches could be implemented including technical
and operational measures [7-9]. These approaches could
be divided into improving the engine design and efficiency
management (such as hybrid diesel-electric; enhanced fuel
injection system; and waste heat recovery (WHR) systems,
CO, emission reductions of 3-8%), utilization of alternative
propulsion technologies (such as pre-swirl; contra-rotating
propellers; etc., 0.5-15% reduction of CO,), developing
innovative assistance propulsion systems onboard ships
(flattener rotors; solar panels; etc., 0.5%-50% reduction of
CO, emissions), voyage optimization (such as speed reduc-
tion; hull cleaning; weather routing; etc., 0-38% reduction of
CO, emissions), and utilization of alternative clean fuels (for
example, hydrogen; natural gas; methanol; and ammonia; up
to 100% reduction of CO, emissions) [7-9].

Conventional internal combustion engines (ICEs) pow-
ered by fossil fuels (heavy fuel oil (HFO) or marine diesel oil
(MDQ)) are considered the main power plant used onboard
ships [10]; however, over 50% of the fuel energy combusted in
these engines lost in exhaust gases, lubricating oils, scaveng-
ing air, and cooling water [11, 12]. Therefore, implementing
WHR technologies to capture the wasted energy from ICEs is
considered an effective approach to increase energy efficiency
and reduce fuel consumption which results in the reduction of
CO, emissions. In addition, the installation of WHR technolo-
gies onboard ships could be done without major modifications
to the existing engine rooms onboard and is easier than the
installation of innovative energy systems or utilization of dual
fuel engines in terms of capital expenses [13].

In the literature, there are several researchers reviewed
the WHR technologies for maritime applications like shu
et al. [14] and singh and Pedersen [12] who classify the
different WHR technologies including turbocompound
systems, absorption refrigeration systems, steam Rankine
cycles (SRC), organic Rankine cycles (ORC), thermoelec-
tric generators (TEG), and Kalina cycles (KC). Moreover,
Palomba et al. [15] assessed whether it would be feasible
to use WHR to power cooling and refrigeration equipment
on fishing boats, as well as offering recommendations for
system layouts and convergence. In contrast, Xu et al. [16]
examined all the options available for onboard cold storage,
mainly focusing on elements and generally classifying them
as absorption, adsorption, and hybrid refrigeration systems.
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Regarding the application of ORC in the maritime sec-
tor, Song et al. [17] have studied the utilization of the jacket
cooling water and exhaust gases for preheating and vaporiza-
tion of the operational fluid of ORC. Baldi [18] has exam-
ined the installation of an ORC onboard chemical tanker
and found that its application can reduce fuel consump-
tion by 11.4%. Mondejar et al. [19] found that the best heat
sources from ICE to be used for ORC are flue gases and
jacket cooling water. Lion et al. [20] examined the ORC
implication onboard ships by using heat energy available in
the exhaust gases and scavenging air. Moreover, the high-
temperature cooling water has been used to preheat the
working fluid in three different ORC designs by Casisi et al.
[21]. Additionally, a study by [22] proposed the utilization
of a WHR system based on ORC on board an oil tanker ship
combined with main engines and auxiliary engines pow-
ered by methanol, and LNG, respectively. It finds that the
attained energy efficiency existing ship index (EEXI) and
carbon intensity indicator (CII) have been reduced to fulfill
the current requirements and maintain the oil tanker’s CII
rating at levels B—C.

Furthermore, TEG systems have been applied in aviation,
automobile, and marine fields [23—-26] thanks to their dura-
bility, low maintenance needs, ecologically consciousness,
and compatibility integrated with other WHR technologies
such as ORC. Using a set of experimental records, Kristian-
sen et al. [27] looked at the installation of TEGs inside a
bulk carrier. Their findings showed that 133 kW could be
restored from several waste heat supplies with various quali-
ties. Moreover, Georgopoulou et al. [28] found that up to 26
kW can be recovered by using TEG which absorbs the waste
heat available at the scavenging air and exhaust gases from
the main and auxiliary engines, respectively.

To obtain an improved performance and output power
from the waste heat sources available onboard ships, it is
recommended to integrate WHR systems to achieve energy
and cost-efficient zero waste heat. There are some efforts in
the integration of the ORC and KC as presented in [29] where
the authors propose their integration in a combined WHR
system to recover waste energy available in the exhaust gas
and jacket water waste heat from a combined heat and power
engine. The study examined the optimal values of different
parameters to be used for KC. Moreover, the study’s results
concluded that the net power output from the combined
WHR system was equal to 211 kW (divided into 168.69 kW
for KC and 42.34 kW for ORC) with thermal efficiency equal
to 26.5% and the payback period is 4.2 years.

Moreover, there is another contribution by He et al. [30],
they conducted an experimental campaign to study the inte-
gration between ORC and KC in a combined WHR sys-
tem from an ICE and examine this integration from energy
balance and exergy analysis perspectives. Furthermore, the
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ORC has been integrated with SRC and power turbine to
generate more power by using the waste heat available in
marine low-speed diesel engines as shown in [31]. The study
proposed the utilization of exhaust gas from diesel engines
as a high-temperature heat source to power the power turbine
and the installed turbocharger in the diesel engine.

Based on the findings from this literature survey, it is
found that a single WHR system has limits in generating
power from various waste heat sources from ICEs. One of
the difficulties of recovering waste heat like exhaust gases
onboard ships by using ORC is exhaust gases’ temperature,
which is considered a high one and results in a huge tempera-
ture gradient between it and the working fluids. Moreover,
the decomposition temperature of most of the working fluids
that can be used in ORC gives the limitation to benefit the
full of the exhaust gases onboard ships because the working
fluid can be resolved at a temperature higher than that one.

In order to avoid these limitations in recovering the waste
heat sources from marine ICEs, the paper integrates TEG and
ORC in a combined WHR system onboard a passenger ship.
The combined WHR system will be investigated by conduct-
ing parametric analysis and techno-economic approaches and
employing energy efficiency, exergy efficiency, levelized power
cost, discounted payback time, and EEXI as key performance
indicators. The parametric analysis is conducted via MATLAB
by investigating the effect of various parameters including work-
ing fluid specifications, TEG scale, evaporation pressure, and
temperature on the system performance.

Description of case study and WHR system
Case study description

The case study is selected to be a Ro-Ro Passenger ship that
is called “Europa Palace” [32, 33]. The ship is operated in
the western Mediterranean Sea in Europe between Greece
and Italy ports. The passenger capacity is 1800 distributed
into 242 cabins, 8 superior cabins, and 48 armchairs. More-
over, the garage capacity onboard the ship is 2200 1 m~!
which can carry up to 870 vehicles. The summer deadweight
and gross tonnage equal 6515 tons and 32,728 tons, respec-
tively. The ship’s length and breadth are 204 m and 25 m,
respectively. The ship speed service is 29 knots.

The ship is propelled by using four marine diesel engines
from Wartsilla, and there are another three diesel generators.
Because the proposed waste heat recovery system will be
installed to convert the wasted heat from the main engines
onboard the ship into electrical power, the main parameters
of the main engine are shown in Table 1 [34].

Based on the datasheet of Wartsila 12V46F [34], the
waste heat of the engine is divided into five streams includ-
ing exhaust gases, lubrication oil, jacket water cooling,

Table 1 The main parameters of the installed engine onboard the ship

Parameter Value

Main engine type Wartsila 12V46F

Rated output power at 85% load/kW 12,240
Number of cylinders 12
Engine speed/rpm 600
Combustion air mass flow rate/kg s 25.1
Specific fuel consumption/g kWh™! 175
Exhaust gas mass flow rate/kg s~! 222
Exhaust gas temperature/K 609
Jacket cooling water heat/kW 1530
Jacket water temperature/K 353

Rated power: 12,240

Jacket cooling water (353 K): 1,530 i

Fuel: 25,938
Lubricating oil (313 K): 1,244

Charge air (373 K): 3,958 I

Exhaust gases (609 K): 6,609 I

Radiation: 357 =

Fig. 1 Sankey diagram of the engine (Wartsila 12V46F) at 85% load,
the values of heat and power are expressed in kW

charge air, and radiation. Figure 1 shows the Sankey diagram
of the engine at 85% load as it describes the distribution of
heat flows and power while mentioning their temperatures. It
is noted that the lubricating oil temperature is 313 K which
can be neglected to be used as a waste heat source to be
recovered through the proposed WHR system. The exhaust
gases contribute about 25.5% of fuel energy, while jacket
cooling water and scavenge air contribute about 5.9% and
15.3%. Moreover, the generated power from the engine at
85% load is 12,240 kW and by evaluating the efficiency is
found to be equal to 47.2%.

In the paper, it is proposed to install the combined
TEG-ORC system to absorb the wasted energy in the
exhaust gas and jacket water heat from one main engine.
The analysis aims to investigate the effect of changing differ-
ent working parameters on the performance of the combined
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Fig.2 Diagram of TEG-ORC system installed with ICE

TEG-ORC system; therefore, the engine is assumed to be
operated under rated conditions as shown in Table 1.

Description of TEG-ORC combined system

In this paper, the waste heat from ICE is proposed to be
recovered by using an integration between TEG and ORC
as expressed in Fig. 2. The WHR system has the following
components: evaporator, turbine, condenser, pump, TEG,
and preheater. The working fluid is condensed in the con-
denser to be pumped by using a pump that increases the pres-
sure of the working fluid to the evaporator pressure. Then the
high-pressure fluid is preheated in the cold side of TEG by
absorbing the heat supplied in the TEG’s hot side from high-
temperature exhaust gases. The working fluid’s temperature
increases by entering a preheater located between TEG and
the evaporator which uses the main engine’s jacket cooling
water as a heat source. After that, the organic fluid enters the
evaporator in which the organic fluid is converted to be in
the gas phase by using the exhaust gases as a heat source at
constant temperature. Then, the superheated vapor enters the
turbine in which the kinetic energy of high-pressure vapor is
converted to mechanical energy, then converted to electrical
power by using a generator. The low-pressure vapor enters
the condenser to be liquified again to complete the cycle.
In the current study, there is another configuration for the
combined cycle by integrating TEG with recuperative ORC
(rcORC), this configuration will be called TEG-rcORC. The
recuperator is proposed to be added after the stream com-
ing from the ORC turbine and before the TEG as shown
in Fig. 3. The hot side of the recuperator will be fed by
the exhaust vapor extracted from the ORC turbine while the
cold side will be fed by the cold working fluid coming out
from the pump. The cold working fluid from the pump is
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Fig.3 Diagram of TEG-rcORC system installed with ICE

considered a high-pressure fluid, therefore, it can exchange
heat with the high-temperature vapor that comes out from
the turbine.

Methodology

The current paper assesses the performance of the
TEG-ORC system by using parametric and techno-eco-
nomic approaches via a methodology consisting of different
phases as shown in Fig. 4. These phases have been modeled
and simulated in MATLAB software.

The first phase is to identify the case study (ship) by
reporting its main specifications and the installed ICE
onboard. Then, the second phase is to analyze the waste
heat that exists from the engine by describing its Sankey
diagram and reporting the temperature and quantities of
waste heat at the design point. After that, the description of
the TEG-ORC system configuration considers the available
waste heat flows to be captured from the engine. Then, the
parametric analysis is conducted through thermal modeling
of the combined system and studying the effect of differ-
ent parameters on the system performance, these param-
eters include the working fluid specifications, TEG scaling,
evaporation pressure, and temperature. Also, the effect of
these parameters will be studied from an economic point
of view by evaluating the capital expenses of the system in
different cases. Then, the economic assessment will be done
through the evaluation of levelized power cost, annual fuel
or CO, savings, and discounted payback time. Finally, the
technical analysis will be conducted by studying the effect of
the TEG-ORC system installation on the EEXI of the ship.
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Fig.4 The methodological
approach for the assessment of
the TEG-ORC system
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Thermal modeling of the combined system

A few presumptions underpin the thermodynamic study,
including the disregard for heat leakage in the condenser and
heat exchanger, the constant pressure during evaporation and
condensation, and the disregard for the preheater’s internal
resistance. Every system component is viewed as a control
volume for energy modeling, and the laws of thermodynam-
ics are applied accordingly. The energy balance equation can
be applied to each part of the suggested system as indicated
by Eq. (1) [35].

QC.V - WC.V = 2 mout * hout - 2 min * hin (1)

where QO y and W  represent the power work and heat rate
that exist in the control volume. While 7z and h are the mass
flow rate and the enthalpy of the working medium, respec-
tively at the inlet (in) and outlet (out) of the control volume.
There are several components in the proposed system, there-
fore, the thermodynamic formula of each one is shown in
Table 2. Where the subscripts p, wf, ex, hs, pre, ev, T, cond,
and rec refer to the pump, working fluid, exhaust gas, the hot

‘| * Annual fuel & CO, saving

f——
<

e Capital and operational cost
I » Levelized power cost

1 |_- En;rggl e_ﬁic;en:y;xi;iti;g;hi; B
|.| index I
I

| * Discounted payback time 1

side of TEG, preheater, evaporator, turbine, condenser, and
recuperator, respectively.

Based on the Seebeck effect, the thermodynamic mod-
eling of TEG can be established by defining the cold side
that releases heat from its interaction with the ORC work-
ing medium and the hot side that absorbs the heat from the
exhaust gases. The energy balance formulas that are used to
calculate the rate of heat released (Q,), and the hot absorp-
tion (Q,) inside the TEG are presented in Eq. (12-13) [39].

. 2 %R T, —T,
QC=n[aNP*TC*IO+K0(Th—TC)+ = 0]:11* S
2 T,
(12)
: I %R Ty —T,
QH=n|:aNP*Th*IO+Ko(Th_Tc)+ 0 0]=n*u
T
(13)

In Egs. (12-13), there are some coefficients such as the
Seebeck coefficient (ayp) and the thermal conduction coef-
ficient (K ), while there are some parameters for the ther-
moelectric couple such as the thermal resistance (r,), the
current flow (1), and the electrical resistance (R,). The heat

Table2 Thermodynamic

. . Component Formula Equation no

balance equations for different

components [36-38] Pump Wp = s X (= ), My = »*l*;f’j;IPl) ¥))
The hot side of TEG Ons EG = 1ty X (i — hp) 3
Preheater Opre = 1ty X (hy = hy) = ringy, X (hyy — hg) “
Evaporator Qe = titge X (hs — hy) = titgy X (hg — he) (5)
Turbine W =ty X (hs — hg) Q)
Condenser Qeong = Tiigs X (hy — hyg) @)
Recuperator Oree = Tty X (g — hy) = tingg X (hg — hy) ®)
ORC Wore = Wy — W, ©
ORC efficiency Wore (10)

TEG-ORC efficiency

MORC = 5" +0pe

, = WmctWore
TEG-ORC Qey+Opre +0Ohs TEG

an
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loss is neglected as assumed in the proposed configuration
so that the conversion efficiency of TEG can be estimated
based on Qc and Qy,.

Based on the theory of efficient liquid-based electricity
generation apparatus inside thermoelectric, the efficiency of
TEG can be evaluated as shown in Eq. (14) [40].

(1 TL> V1+ZTy — 1
mreg = \ 1 - = | ¥ ———— (14)
Ty \/1+ZTM+T—i

where ZT, is a variable governs the internal conversion effi-
ciency of TEG, while T; and Ty are the mean temperature
across the cold side and hot side of TEG, respectively.

The second law of thermodynamics is given more con-
sideration when assessing the system performances since it
offers more insightful analysis. The total exergy of a fluid
stream may be expressed as shown in Eq. (15) by ignoring
the chemical, kinetic, and potential exergies while consider-
ing the physical exergy only [35].

E; = Ej = iy + [(B = ho) = To(s; = 50)] (15)

where (Ej) is the exergy rate measured in kW, (7}) is the
temperature, and (s) is the entropy. The subscript (j) can be
replaced by the different state points. The exergy efficiency
(exergy) Of the proposed system can be evaluated as shown
in Eq. (16) by considering the waste heat from exhaust gases
and jacket cooling water as the exergy input to the system
[41, 42].

" _ Wogg + Wore _ Wogg + Wore 16
exergy Em gy X (hA - hc) + mjw X (hp — hg) (16)

For each component in the system, the exergy loss rate
can be evaluated by applying the exergy balance equation as
shown in Eq. (17) [43].

Eloss,i = Z Ein,i - Z Eout,i (17)

where EIOSSJ is the rate of exergy loss in kW for compo-
nent (i). The overall exergy loss from the proposed system
can be evaluated by summing the exergy losses from all
components.

Economic modeling of the combined system

The economic assessment modeling relates the system
cost to the system ineffectiveness and the working envi-
ronment properties. In this paper, the production cost of
electricity is divided into two sources (ORC and TEG). For
each component, there are two cost categories that will be
considered, the capital expenses (CapEx) and operation/
maintenance expenses (OpEx). Moreover, the economic
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modeling will depend on some operational factors such
as the operation time (7,), number of years (N), and the
interest rate (i).

The economic assessment is achieved in the current study
by evaluating the levelized power cost (LPC) that is calcu-
lated by dividing the total expenses including CapEx and
OpEx by the generated power. Because the investigated com-
bined WHR system includes two different systems (ORC and
TEG), the LPC will be studied twice. Firstly, the levelized
power cost of ORC may be evaluated by using Eq. (18) [44].

CapExppe * (% (1+ DN /(1 + )N = 1) + OpExope
WORC * T,

LPCope = (18)
where LPCypc is the levelized power cost of ORC (€
kWh™!), CapExogc is the capital expenses of ORC system,
and OpExc is the operational expenses including the main-
tenance cost of ORC system. Although there is no direct
formula to calculate the capital cost of ORC, it can be evalu-
ated by calculating the base cost of its components such as
condenser, evaporator, turbine, preheater, and pump. The
capital cost of these components (CA, ;.. ) can be evaluated
as shown in Table 3 [45, 46], in which (A) represents the
surface area measured in m2.

The area (A) of different components like evapora-
tor, condenser, and preheater can be calculated by using
Eq. (19) [49].

O;

A= —-t
17 LMTD, x U, (19

where LMTD; is the logarithmic mean temperature differ-
ence of the heat exchanger (i), while U, is the overall heat
transfer coefficient for evaporator, condenser, and preheater
that assumed to be 99, 764, and 524 W m 2 K/, respectively
[50].

The capital cost of each component defined in Table 3
should be calculated at the present year, this can be done
by converting the capital cost from the base year to the
present year by using the Chemical Engineering Plant Cost
Index (CEPCI) as shown in Eq. (20) [51].

Table 3 The capital cost of different components [45, 47, 48]

Component Capital cost/CA; e

Evaporator CA,, =309.14 X AT®
Condenser CAcona = 516.62 X AYS |
Pump CA, = 3540 x W07!
Preheater CA,, = 10,000 + 324 x Agi? !
Turbine CAy = 4750 x Wy

Thermoelectric generator CArgg = 1000 X Wegg
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A cA CEPCI jyeqent
. = . X ————
i,present i,base CEPCIbase (20)
where CEPCI ;o is the Chemical Engineering Plant Cost

Index for the present year (2023) that is considered to be
about 800 [52], while CEPCI, . is the Chemical Engi-
neering Plant Cost Index for the present year (2010) that
is considered to be about 522 for all components instead of
evaporator that is assumed to be 390 [47]. Furthermore, the
levelized power cost of TEG system may be evaluated as
shown in Eq. (21).

(CapExrgg + CAppe) (% (1 + DY /(1 + DN = 1)) + OpExrgg

LPCrpg = -
Wigg * T,

2y

where the capital cost of TEG is calculated as shown in
Table 3, while the capital cost of the exhaust pipeline
(CA,ipe) can be evaluated based on the equation of preheater
as described in Table 3.

For maritime applications, the implementation of this
kind of WHR system onboard ships leads to economic ben-
efits in terms of reduction in operational expenses including
the reduction in fuel expenses resulting from the generated
power from the wasted energy of engines. Moreover, this
reduction in fuel consumption resulted in a reduction of CO,
emissions which leads to a reduction in CO, taxes following
EU-ETS in Europe. These benefits are combined in one for-
mula as shown in Eq. (22) in which (ASg1.co,) is the annual
savings in fuel expenses and CO, taxes.

ASfuel-COz = Z Wigg.ore * To % SFCpg # (CAgy + CFy CTC03) 107

trips
(22)
where Wi orce 18 the net electric power produced from the
TEG-ORC system in kW, T is the planned sailing time of
trip in hours, SFCp; is the specific fuel consumption for the
installed diesel generator onboard ship (kg kWh™!), CA;,
is the diesel fuel cost (€ ton™!), CF ¢ 1s the conversion factor
between diesel fuel and CO,, and CT', is the cost of 1 ton
of CO, emitted (€ ton!) based on EU-ETS requirements [6].
Moreover, one of the crucial economic indicators for the
installation of the proposed WHR system is the discounted
payback time (DPT). It can be calculated based on the
annual saving of the operational expenses resulting from the
operation of the TEG-ORC system. The DPT in the present
study can be evaluated as shown in Eq. (23) [50].

CapEx ]
Inl1 = &¥P=*tEG0RC (ez _ 1)
AStuel-co,

(23)

DPT1gg.ore = — F

where CapExrgg.ore 18 the total capital expenses of the com-
bined system after applying the inflation effect by using the

same formula in Eq. (20), and (i) is the interest rate that
assumed to be 4%.

Technical analysis approach

The technical analysis of the TEG-ORC system can be
accomplished by investigating the effect of the addition
of this kind of WHR system on energy efficiency by using
technical regulatory indicators as recommended by IMO.
EEXI is the regulatory indicator for the in-service fleet
like the investigated case study. The attained EEXI is an
indicator to assess the ship performance in terms of energy
efficiency (g-CO, ton™! nm™') and its value must be equal
to or less than the calculated required EEXI to comply
with the IMO rules and regulations. The required EEXI
can be calculated as shown in Eq. (24) [53].

X

EEXI,,, = a * DWTS, * (1 - =)

ship 100 (24')

where DWT is the deadweight of ship in tons, and (a and c¢)
are constant factors that vary with the type of ship to calcu-
late the reference line of EEXI (for RO-RO passenger ship,
they are equal to 752.16 and 0.381, respectively). While X
is a reduction factor, its value is based on the ship type and
its capacity (for the investigated case study, its value is 5%)
[54].

While the attained EEXI that must be lower than the
required EEDI can be estimated as shown in Eq. (25)
[55], this equation has been simplified in comparison to
the original one.

i # Py # CFyg # SFCy + (Pag — S0 fu, # P

Je # DWT gy,

/’\E,cﬁ.l) # CF g % SFC\g

EEXI,, = e

(25)
where Py is the power of main engine and for the purpose
of EEXI calculation, its value is 75% of the maximum con-
tinuous rating of installed engines onboard. SFC and CF are
specific fuel consumption and CO, conversion factor corre-
sponding to the main engine (ME) or auxiliary engine (AE).
P, 1s the auxiliary engines power, in case of unavailability
of electric power table like the current case study, its value
can be evaluated as shown in Eq. (26) [55].

Pup = 0.866 % GT*7% (26)

Moreover, P g . is the saving in auxiliary power result-
ing from the installation of innovative energy efficiency
technologies such as the installation of WHR systems, and
Jei 1S the availability factor which should be equal to 1 if the
installed technology can be used at any time [56]. Vj is the
reference ship speed for the purpose of EEXI calculation, it
can be evaluated as shown in the guidelines [55]. f; and f,
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are the correction factors for RO-RO passenger ships, their
values can be calculated as shown in Eq. (27-28) [55].

1

f:
R (L/B) (B ¢ (Lyy /) @7
_ (Dpwr/GT\"* .
. <W> (28)

where Lpp, B, d, V are length, breadth, depth, and underwater
volume of the case study, respectively. The exponents a, f3, 7,

and ¢ are 2.5, 0.75, 0.75, and 1, respectively [55].

Performance evaluation assumptions

The parametric analysis is achieved to study the effect of
changing main system’s parameters on the performance from
thermodynamic, economic, and technical perspectives. The
condenser pressure is recommended to be equal to or more
than 1 bar to prevent the leakage of air into the WHR sys-
tem. Additionally, the integrated WHR system model in this
work is based on the following assumptions: (1) pumps and
turbines are presumed to be adiabatic equipment operating
with a suitable range of isentropic efficiencies; (2) changes
of kinetic and potential energy and exergy are considered
to be insignificant; (3) the drop in pressure throughout the
piping system is ignored; (4) the pinch point temperature is
assumed to be 5 K; and (5) the systems are operating under
steady-state conditions.

The utilization of the WHR system for maritime appli-
cations has some limitations that reduce the number of
variables especially when the ORC is implemented as a
WHR system. First, the temperature of the heat source is
restricted to a specific range based on the main engine used
onboard and the value of its load factor. For example, the
engine emits exhaust gas at a temperature ranging from 300
to 550 °C, as well as the cooling water temperature ranges
between 80 and 100 °C. Secondly, seawater is used as cool-
ing medium in the ORC condenser whose average tempera-
ture value is around 25 °C, and the outlet temperature is set
at 35 °C to prevent tube corrosion.

The engine is considered to run at rated conditions as
shown in Fig. 1 since the study’s research aims to optimize
the settings for TEG—ORC utilization in heat recovery. The
main design point parameters for the simulation inside
MATLAB model are described in Table 4.

The ORC mediums are divided into dry, wet, and isen-
tropic fluids. The difference between these types is based on
their results in the expansion processes which depend on the
slope of the saturated vapor curve in temperature-entropy
diagrams [57]. When the expansion process ends in the
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Table 4 Design point parameters and constraints for TEG-ORC sys-
tem

Parameter Value
Exhaust gas mass flow rate/kg s~ 22.2
Exhaust gas temperature/K 609
Jacket water cooling temperature/K 353
Pump / turbine efficiency/% 80%
Temperature difference in preheater/K 60
Pinch point temperature difference/K

Cold end temperature difference of condenser and TEG/K 5

Table 5 Thermo-environmental properties of the working fluid [59,
60, 62]

Property Value
Chemical formula CHCI,CF;
Boiling point/K 300.9
Molecular mass/g mol ™! 152.9
Density/kg m™ 550
Critical temperature/K 456.8
Decomposition temperature/K 600
Vapor/liquid specific heat/kJ kg™! k™! 0.7270.965
Ozone depletion potential 0.012
Global warming potential 120

two-phase area at the turbine’s intake, for instance, because
the slope of the saturated vapor curve for wet fluids is nega-
tive, the turbine’s blades may be damaged, and its efficiency
may be reduced. On the other hand, the expansion process
ends in the superheated region because the slope is positive
for dry working fluids. Furthermore, the cycle efficiency by
using dry working mediums is higher than that one by using
isentropic fluids [58].

In the current paper, the dry working fluid R123 has been
selected to be the working fluid in ORC cycle. This selection
has been done based on its features such as low cost, avail-
ability, low ozone depletion, excellent environmental proper-
ties, and thermal stability. Moreover, it complies with safety
requirements as recommended by IMO as shown in Table 5
[59, 60] in terms of autoignition temperature, flammability,
flashpoint temperature, and toxicity. Moreover, dry liquids
such as R123 have a decomposition temperature of 600 K,
so it will increase the ability to operate at high temperatures
without liquid decomposition such as occurs in exhaust gas
recovery from main engines. The comparative thermody-
namic analysis between several working fluids conducted by
Aghahosseini and Dincer [61], its results showed that R123
is displayed the optimal potential to improve the ORC cycle
efficiency and hence possessed the lowest irreversibility.
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Results and discussion

For maritime applications, the net output power from the
combined waste heat recovery is more crucial than the out-
put power of every component in the integrated system.
Moreover, the size and mass of the proposed integrated
system must be controlled to eliminate the high size and
mass that cannot be fitted inside the engine room of the ship.
Therefore, the volumetric expansion ratio of the turbine must
be well calculated to control the size of the system.

Effect of working fluid specification on TEG
performance

By using the set data in Table 4 which describe the input
data of the model, the performance of TEG can be pre-
dicted. The exhaust gas from the main engine is considered
the heat source of the TEG unit, while the working fluid is
considered the heat sink. The heat source has a constant
temperature and mass flow rate equal to 609 K and 22.2 kg
s~!, respectively. While the temperature and mass flow rate
of the working fluid can differ to select the optimum point.
In the current analysis, the value of the working fluid’s mass
flow rate will be changed between 0.4 kg s™! and 1.4 kg
s~! with the temperature of 300, 304, 308, and 312 K. The
pressure of the working fluid is kept constant at 40 bar. The
performance of TEG in terms of output power and efficiency
is shown in Fig. 5.

As shown in Fig. 5, the highest performance is deter-
mined by using working fluid with a high mass flow rate
and lower temperature. The output power from the TEG is
estimated to be 304 kW with efficiency of 6.84% when the
mass flow rate and temperature of working fluid are 1.4 kg
s~! and 300 K, respectively. On the other hand, the output
power and efficiency are 221 kW and 5.7%, respectively,
when the mass flow rate and temperature of the working
fluid are set at 0.4 kg s~! and 312K, respectively. Moreover,
the output power of TEG at 300 K is increased from 236 to
304 kW with an increment in the efficiency from 5.88% to
6.84% when the mass flow rate is increased from 0.4 kg s~!
to 1.4 kg s

The performance results in Fig. 5 reveal an inverse rela-
tionship between the working fluid inlet temperature and the
output power from the TEG unit. This prediction is consid-
ered logical and correct as the increment in mass flow rate
and lowering of temperature leads to a lower mean tempera-
ture of the working fluid in the cold side of the TEG. There-
fore, the performance of TEG is predicted to be enhanced
since the difference in the mean temperature between the hot
side and cold side became larger.

Furthermore, the working fluid specification influences
the levelized power cost of the TEG which can be evaluated

by using Eq. (21). The results have been graphically pre-
sented in Fig. 6 for different mass flow rate cases and four
sets of working fluid’s temperature at the inlet of TEG cold
side.

The economic results show that the lowest levelized
power cost can be achieved by using the highest mass flow
rate case and the lowest inlet temperature. The optimum lev-
elized power cost equal to 239 € kW~! that is occur at mas
flow rate of 1.4 kg s~! and working fluid’s temperature equal
to 300 K. This value is considered better than the achieved
value by using a flow rate equal to 0.4 kg s~! by about 7.2%
for the same working temperature.

Effect of TEG scaling on combined WHR system
performance

Furthermore, the effect of TEG scaling will be investigated
to show the potential impact on the performance of the
integrated WHR system. From the theoretical concept, the
increasing of TEG scaling will lower the temperature of the
flow stream at point B which enters the evaporator because
more heat is predicted to be absorbed into TEG with the
scaling increment. Therefore, different configuration and
scales of TEG is proposed to be investigated at two different
evaporation pressure, one for the subcritical (30 bar) and the
other for the supercritical (55 bar). The TEG configuration
effect can be managed by varying the temperature of stream
flow at point B, which is controlled to be lowered from 600
K to about 430 K.

Figure 7 shows the power prediction of the TEG, pump,
ORC turbine, and the combined WHR system at different
temperatures and two evaporation pressures. The same data
inputs that described in Table 4 are kept constant over the
different configuration of TEG. The increment in tempera-
ture of point B as shown in Fig. 7 related to the lowering of
TEG scaling as illustrated before.

As shown in Fig. 7a simulated at subcritical conditions,
the TEG power reduces with the increase of temperature
and lowering of the TEG scaling as TEG power reduces
from 240 kW at approximately 430 K to about 45 kW at
600 K. While the power of the pump and ORC turbine are
kept constant through the simulation at about 56 kW and
1226 kW, respectively. Therefore, the net power from the
combined WHR system is about 1,410 kW at the lowest
temperature (430 K) and reduces to 1,215 kW at the highest
temperature (600 K).

Similarly, Fig. 7b which simulated the supercritical con-
ditions proves the same trend occurred in the subcritical con-
ditions. The TEG power decreases from 224 to 35 kW while
keeping the power of the pump and ORC turbine constant
at 119 kW and 1371 kW, respectively. Furthermore, the net
power from the combined TEG-ORC system is predicted
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Fig.7 Effect of TEG scaling 1600
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to decrease from 1,479 kW to 1,287 kW when rising the
temperature from 430 to 600 K.

The results prove the efficient performance of the pro-
posed WHR system under several conditions, particularly
the lower range of temperature that relates to the increment
of TEG scaling. Especially, the exhaust gas entering the
evaporator with a lower temperature helps to prevent the
resolving of the working fluid.

The integration of the proposed WHR system with the
marine engine influences total efficiency; moreover, the
amount of fuel saving is considered one of the potential
benefits of using the TEG—ORC system. Therefore, Fig. 8
investigates the potential benefits of the proposed WHR
system on the efficiency of marine diesel engine and fuel
saving at subcritical and supercritical conditions.

The results presented in Fig. 8 show that the highest
efficiency improvement occurs when using high scaling of
TEG with lower temperature at the inlet of the evaporator.
In subcritical conditions, the efficiency improvement rate
reduces from 5.44% to 4.61% coinciding with the increase
in the temperature of exhaust gas entering the evapora-
tor from 430 to 600 K. A similar trend is observed in the
supercritical conditions as the efficiency reduces with the

460 480 500 520 540 560 580 600
Temperature at point B/K

ORC turbine

(a)

Pump Combined TEG-ORC

460 480 500 520 540 560 580 600
Temperature at point B/K

ORC turbine

(b)

Pump Combined TEG-ORC

increase in temperature. The efficiency improvement is
about 5.7% at 430 K, while it reports 4.93% by increasing
the temperature to 600 K.

Furthermore, Fig. 8 shows the effect of TEG scaling on
the fuel saving amount at subcritical conditions, it records
the highest saving of about 244 kg hour™! at 430 K, while
the lowest saving of about 207 kg hour™" at 600 K. While
these values increase to 256 kg hour™' and 221 kg hour™!
by using supercritical conditions and coinciding with tem-
peratures of 430 K and 600 K, respectively.

From the economical point of view, the influence of TEG
scaling can be assessed by calculating the levelized power
cost and the discounted payback time as shown in Fig. 9.

As expected, the TEG scaling has a direct impact on lev-
elized power cost of TEG as the increasing of scaling and
lowering the temperature at point (B) from 600 to 430 K at
subcritical conditions reduces the levelized power cost from
791 € kW~! to 466 € kW', while the LPC reduces from
915 € kW™ to 480 € kW' at supercritical conditions. The
similar trend is observed when calculating the discounted
payback time of investment in TEG-ORC system as shown
in Fig. 9. The discounted payback time at 600 K and 30 bar
is about 3.1 years, while it lowers to about 3 years with an
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Fig.9 Effect of TEG scaling on levelized power cost and payback
time of TEG-ORC system

improvement equal to 3% when the temperature reduces to
430 K. Also, at supercritical conditions, the DPT improves
by about 3.2% when the temperature reduces from 600 to
430 K.

Effect of temperature and evaporation pressure
on the ORC performance

The ORC is composed of turbine, condenser, pump, and
evaporator. The highest temperature occurs on the inlet of
the turbine and the output of the evaporator (point 5) as
shown in Fig. 2. Therefore, the temperature at this point
can be utilized to investigate the performance of the system
under different evaporation pressures. The condensation
temperature is kept constant at 300 K with the assumption of
operating the ORC system alone without its integration with
TEG to investigate the effect of the maximum temperature
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on the system performance. Figure 10 shows the impact of
evaporation pressure and maximum temperature (Ts) on the
ORC performance in terms of the specific power (net output
power per unit of working fluid mass flow rate, measured in
(kW kg~! s) and the total net output power measured in kW.

As shown in Fig. 10, there is a direct relationship between
the temperature and the specific power, the specific power
increases gradually with the increment in the maximum tem-
perature. This gives evidence of the ability of the selected
working fluid to convert heat to power in parallel with the
increase in the maximum temperature. On the other hand,
the output power has a different impact based on the type of
conditions whether it is subcritical conditions or supercritical
conditions in terms of the evaporation pressure. For example,
when the evaporation pressure is 20 bar that describes work-
ing on subcritical conditions, the power is increased and then
reduced slightly with the rising of the maximum temperature.
The maximum achievable net output power is 288 kW at
465 K, while the minimum achievable out power is 277 kW
at 590 K. On the other hand, the net out power increases
with the rising of maximum temperature when operating at
supercritical conditions. For an evaporation pressure of 80
bar, the output power is increased from 300 kW to about
382 kW with an improvement equal to 27% when raising the
maximum temperature from 485 to S90K.

Furthermore, the effect of overheating and different
evaporation pressures on the volumetric expansion ratio is
analyzed as shown in Fig. 11. The results revealed that volu-
metric expansion ratio reduces when the maximum tempera-
ture rises at different evaporation pressures. For example, the
volumetric expansion ratio reduces from 33 to about 21.4
when the temperature of working fluid at the turbine inlet
increases from 445 to 600 K at 30 bar as an evaporation
pressure. For supercritical conditions at 50 bar as an evapo-
ration pressure, the expansion ratio reduces from 80 at 475
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K to about 37.7 at 600 K. These results prove the ability of
R123 to recover waste heat and convert it into useful power
at different conditions of temperatures at the turbine inlet,
especially when it rises.

Effect of recuperator addition on the performance

To investigate the effect of recuperator addition to the sys-
tem, four different cases will be studied at different evapora-
tion pressures. The first two cases are based on using simple
ORC and rcORC to recover the exhaust heat from the engine,
while the other cases are based on the integrated systems of
TEG-ORC and TEG-rcORC. The net power output has been
calculated for all cases at different evaporation pressures as
shown in Fig. 12.

The results revealed that the addition of the recuperator
to the ORC system and TEG—ORC system increases the net
output power by a significant amount. For the ORC system
only, the net power output enhances by increasing the evapo-
ration pressure as it increases from 302 to 389 kW (+29% as
an improvement) when the evaporator pressure is increased
from 20 to 80 bar, respectively. While for the rcORC sys-
tem, the net power output increases from 437 kW at 20 bar
to 521 kW at 80 bar. The improvement in net power output
of the ORC system from the installation of the recuperator
has been presented as a green vertical line in Fig. 12, the
improvement range is between 34 and 46%.

Likewise, for the TEG—-ORC system, the net output power
increases by adding the recuperator to the system, for exam-
ple, the net output power corresponding to 55 bar is equal
to 1569 kW, while it was 1322 kW without recuperator.
Nevertheless, the improvement percentage achieved in the
TEG-ORC system after the addition of the recuperator has
been reduced to the range between 11 and 19%.

Furthermore, the results indicate that the integration
between the TEG and ORC gives the opportunity to gener-
ate more power as shown at different evaporation pressures.
However, the enhancement is significantly dependent on the
evaporation pressure of the working fluid as the increas-
ing trend is changed to be more gentile when reaching and
exceeding the critical pressure. For example, the net output
power of the TEG-ORC is enhanced by about 17%-19%
when increasing the pressure from 20 to 55 bar, while the
enhancement percentage is lowered to be between 17 and
11% with increasing pressure up from 55 bar. A similar trend
has been observed in using ORC only with the recuperator
as shown in Fig. 12.

From the economical point of view, Fig. 13 shows
the effect of recuperator addition to the ORC system and
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TEG-ORC system on the annual saving in operational
expenses which has been calculated based on Eq. (22).

There is a significant improvement in the annual saving
of expenses (fuel expenses and CO, taxes) resulting from
the addition of a recuperator because of the increased gen-
erated power. The annual saving achieved in the proposed
TEG-ORC system is in the range of 770k € — 920k € at
different evaporation pressure between 20 and 80 bar, while
this range rises to 903k € — 1.05 M€ when the recuperator
is integrated to TEG—ORC system. The optimum point in
terms of annual saving of expenses is achieved by using
an evaporation pressure equal to 55 bar in the fourth case
(TEG-rcORC) as the annual saving in expenses equals 1.05
ME.

Furthermore, the levelized power cost has been calculated
to examine the influence of recuperator addition by using
the discussed procedure in Sect. "Economic modeling of
the combined system". The LPC has increased from 220.3

35 40 45 50 55 60 65 70 75 80

Evaporation pressure/bar

rcORC =O=TEG-ORC TEG-rcORC

€ kW~ to 267.3 € kW~! when recuperator addition is done
for ORC system only, while the LPC is increased by addition
of recuperator to the TEG-ORC system from 233.2 € kW~!
to 280.2 € kW~!. The effect of recuperator addition to the
system can be assessed by evaluating the discounted payback
time, and its results are shown in Fig. 14.

The results shown in Fig. 14 reveals the direct impact of
recuperator addition to the two cases as the payback time
increased from 3 years to 3.7 years for ORC system only,
while the payback time increases from 3.2 years to 3.9 years
for the integrated TEG—-ORC system.

Exergy analysis results
To assess the performance of TEG-ORC system with or

without the addition of a recuperator, the second law of ther-
modynamic can be considered since it offers more insightful
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Fig. 14 Discounted payback time expressed in years for recuperator
addition to ORC and combined TEG-ORC systems

analysis. Therefore, the exergy analysis of the proposed sys-
tem with and without recuperator is done under two differ-
ent conditions, one for subcritical conditions at evaporation
pressure equal to 30 bar and the other based on supercritical
conditions at 55 bar. The results of main parameters such as
volumetric expansion ratio, mass flow rate of working fluid,
net output power, and efficiency improvement over the main
engine’s efficiency are shown in Table 6.

As shown in Table 6, the volumetric expansion is
increased with the addition of recuperator to the proposed
system as it increases from 30 to 31.1 at subcritical condi-
tions, while it increases from 50.4 to 63.7 at supercritical
conditions. It reflects that working in subcritical conditions
is more beneficial than in supercritical conditions in terms of
the size and mass of the turbine that based on the volumetric
expansion ratio.

Moreover, the net output power of the proposed sys-
tem is evaluated at 30 bar, and its value is 1,224 kW and
1,458 kW for TEG—ORC system and TEG-rcORC system,
respectively, while these values are increased when operat-
ing at supercritical conditions to about 1,322 kW and 1,569
kW. The net output power from the TEG-ORC system is
added to the rated power from the main engine to evaluate

the total energy efficiency as shown in Table 6. The effi-
ciency improvement after the addition of the proposed sys-
tem at 30 bar is 4.7%, and 5.6% for TEG-ORC system and
TEG-rcORC system, respectively. Also, the addition of a
recuperator to the TEG-ORC system rises the efficiency
improvement from 5.1% to 6.1% at 55 bar, respectively.
The exergy losses of each component in the proposed
system are evaluated while modeling it with and without
recuperator. For example, the exergy losses at subcritical
conditions for TEG-rcORC case study is 300.6, 154.2, 22.8,
525.6, and 58.2 kW for turbine, condenser, pump, TEG,
and recuperator, respectively, while the exergy losses of
the same system components at supercritical conditions are
356.4, 152.4, 33, 964.2, and 42 kW, respectively. Figure 15
shows the contribution percentage of each component to the
total exergy losses for four case studies that investigate the
TEG-ORC system and TEG—rcORC system at 30 bar and
55 bar. The total exergy losses are 1825 kW, and 1742 kW
for TEG—ORC system at 30 bar and 55 bar, respectively,
while the total exergy losses are 1699 kW, and 1660 kW
for TEG-rcORC system at 30 bar and 55 bar, respectively.
In all cases, the TEG has the largest contribution in the
total exergy losses of the system by about 40%, 31%, 55%,
and 58% for cases a, b, ¢, and d, respectively. While the pump
contributes by the lowest percentage in the total exergy losses
of all cases by about 1-2%, it is followed by the recuperator for
cases of TEG-rcORC system at 30 bar and 55 bar. Moreover,
the results indicate that contribution of evaporator in exergy
losses of the TEG-ORC system and TEG-rcORC system at
subcritical conditions is more than its contribution in supercrit-
ical conditions. However, the exergy losses’ contribution from
TEG at subcritical conditions is lower than its contribution
in supercritical conditions. The result implies that the system
would recuperate a sizable quantity of power once TEG tech-
nology achieves progress in more energy conversion efficiency.
The exergy efficiency of the TEG-ORC system is 40.2%
and 43.2% when evaporator pressure is 30 bar and 55 bar,
respectively, while the exergy efficiency improves to 46.2%
and 48.6% through the addition of the recuperator to the
system at 30 bar and 55 bar, respectively. This improvement

Table 6 Results of main
parameters for TEG-ORC

Subcritical conditions Supercritical conditions

system and TEG-rcORC system Parameter TEG-ORC TEG-rcORC TEG-ORC TEG-1cORC
at subcritical and supercritical
conditions Volumetric expansion ratio 30 31.1 50.4 63.7
Turbine power/kW 1098 1302 1224 1398
Pump power/kW 60 74 91 128
TEG power/kW 186 230 189 299
Net output power/kW 1224 1458 1322 1569
Engine + WHR energy efficiency/% 51.9% 52.8% 52.3% 53.2%
Efficiency improvement/% 4.7% 5.6% 5.1% 6.1%
Mass flow rate of working fluid/kg s~! 20.52 25.38 17.82 25.2

@ Springer



6400

A. G. Elkafas

Fig. 15 Contribution percent-
age of each component in
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is due to the ability of the recuperator in recovering a greater
portion of the working medium’s energy that exhaust from
the turbine which results in less exergy loss in the condenser.
Therefore, the results demonstrate the potential benefits of
adding a recuperator to the TEG-ORC system in terms of
improving the exergy efficiency and generating more power.

Technical analysis results

This section shows the results of the technical analysis and
the effect of the installation the proposed WHR system
onboard the case study. The technical regulatory indicator
recommended by IMO to the existing ships in-service called
the EEXT has been evaluated for the case study. Figure 16
shows the results of the reference line and the required EEXI
for passenger ships that have a DWT of up to 12,000 tons,
these values have been calculated by using the formula in
Eq. (24). For the case study which has a DWT of 6,515 tons,
the value of EEXI on reference line is 26.5 g-CO, ton™' nm™,
while the required EEXI is 25.2 g-CO, ton™' nm™".

As mentioned before in Sect. "Technical analysis
approach", the attained EEXI must be compared with the
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required EEXI to assess the energy efficiency level of the
ship and its compliance with the IMO requirements. By
using the formulas in Eq. (25), the attained EEXI of the ship
before the addition of the WHR system is 27.8 g-CO, ton™"
nm~!. By comparing this value with the required one, it is
observed that the attained EEXI is higher than the required
one by 10.4% which proves its unfulfillment with IMO rules.
Therefore, the WHR installation is mandatory for this case
study to reduce the attained EEXI to an acceptable level.
The attained EEXI has been recalculated by considering
the net output power from the proposed WHR system in
different cases as mentioned in Table 6. The results show
that attained EEXI is 23.65 g-CO, ton™! nm™! (lower than
the required EEXI by 6%) by using the TEG-ORC system at
subcritical conditions (30 bar). Also, by using TEG-rcORC
system, the attained EEXI is 22.85 g-CO, ton~! nm~! (9%
lower than the required EEXI). At supercritical conditions
(55 bar), the attained EEXI is improved to be 23.32 g-CO,
ton™' nm™' and 22.47 g-CO, ton™! nm™! corresponding to
TEG-ORC system and TEG-rcORC system, respectively.
In this way, the attained EEXI in the case of using the
TEG-ORC system or TEG-rcORC system at 55 bar is lower
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than the required EEXI by 7% or 11%, respectively. These
results prove that the installation of the TEG-ORC system
enhances the energy efficiency of ships and facilitates the
fulfillment of current and future IMO requirements.

Conclusions

In this paper, a combined WHR system formed by TEG and
ORC was applied to recover the waste heat that exists in the
exhaust gases and jacket cooling water from a marine diesel
engine installed onboard a passenger ship. The performance
of the system has been investigated with emphasis on energy,
exergy, economic, and technical analysis. The TEG—ORC
system consists of TEG, preheater, turbine, condenser, and
pump, while the second scenario (TEG—rcORC) proposed
the installation of a recuperator between ORC turbine and
TEG. The parametric and techno-economic analysis of the
combined TEG-ORC system has been modeled and devel-
oped by using MATLAB. The dry fluid (R123) has been
employed as a working medium as it can operate at high
temperatures without decomposition and is considered an
eco-friendly fluid thanks to its lower global warming poten-
tial. The effects of working fluid specifications on TEG
performance, TEG scaling, temperature, recuperator addi-
tion, and evaporator pressure are investigated based on the
evaluation assumptions and input parameters from the diesel
engine. The main findings from the parametric analysis are
summarized as follows:

e Using a working fluid with a high mass flow rate and
low inlet temperature results in the best performance for
TEG. When the working fluid's mass flow rate and tem-
perature are 1.4 kg s~ and 300 K, respectively, the net
output power from the TEG is 304 kW with an efficiency

of 6.84%, and its levelized power cost is equal to 239 €
kW,

The results indicate that the increasing of TEG scaling
leads to better performance of the combined WHR sys-
tem. By using high TEG scaling at subcritical conditions
(30 bar), the net output power and levelized power cost of
the combined WHR system is 1,410 kW and 466 € kw1,
respectively. Moreover, the efficiency of the integrated
power system with combined WHR system is improved
by about 5.4% with achieving fuel saving equal to 244 kg
hour™.

The findings demonstrate the ability of the working fluid
(R123) to collect waste heat and transform it into usable
power under a variety of temperature circumstances at
the turbine inlet, particularly when the temperature is ris-
ing. For example, under supercritical conditions (80 bar),
the ORC’s output power is increased from 300 kW to
about 382 kW with an improvement equal to 27% when
raising the maximum temperature from 485 to 590K.
Furthermore, the volumetric expansion ratio reduces
from 104 to about 64 when rising the temperature from
485 to 590K.

The results revealed that the addition of the recuperator to
the combined WHR system enhances thermo-economic
performance by a significant amount. For example, at evap-
oration pressure of 55 bar, the net output power is enhanced
by about 19% from 1322 kW without a recuperator to 1569
kW by adding a recuperator, moreover, the exergy effi-
ciency of TEG-ORC system is enhanced from 43.2% to
48.6% by the addition of recuperator which improve the
integrated thermodynamic efficiency of the power system
(engine+ WHR system) from 52.3% to 53.2%. Therefore,
the annual saving in operational expenses is enhanced to
achieve up to 1.05 M€ as savings by adding the recuperator
to the combined WHR system. While the LPC is increased
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by the addition of a recuperator to the TEG-ORC system
from 233.2 € kW' t0 280.2 € kW™ with an increase in the
payback time from 3.2 years to 3.9 years.

e The technical analysis results revealed that the installa-
tion of TEG-ORC system will facilitate the fulfillment of
EEXI requirements as recommended by IMO. The findings
prove that the attained EEXI in the case of subcritical or
supercritical conditions is lower than the required EEXI by
6-11%.

The current paper showed that the TEG-ORC system is
appropriate for recovering waste heat from marine diesel
engines at different parametric conditions while achieving
optimum performance at supercritical conditions. Moreover,
the thermo-economic performance is significantly improved
by the inclusion of the recuperator in the system. Furthermore,
the installation of this integration TEG—ORC system onboard
system is recommended to facilitate compliance with cur-
rent and future IMO regulations especially the EEXI, and the
results prove its economic benefit in terms of reduction in fuel
expenses and CO, taxes.
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