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Abstract: In July 2023, the International Maritime Organization (IMO) presented an updated strategy
for decarbonizing maritime transport and achieving net-zero greenhouse gas emissions by 2050. It
is therefore imperative to explore innovative solutions to achieve a blue economy and maximize
energy efficiency on-board ships. For this reason, the current study aims to integrate the organic
Rankine cycle (ORC) and thermoelectric generator (TEG) on board a container ship to generate
electrical energy and reduce fuel consumption. The combined system will benefit from the waste
heat of a marine diesel engine installed on board. The current study uses R245fa as the organic
liquid and analyzes the effects of varying the evaporation pressure on the energetic and economic
performance indicators by modeling the combined system in Engineering Equation Solver (EES)
software. The results show that the energy efficiency of the ORC system increases from 12.3% at
3.5 bar to 17.3% at 8 bar. In comparison, the energy efficiency of the TEG unit is 6.9% at different
evaporation pressures. In addition, the energy efficiency of the TEG-ORC system is 18.3% with an
output of 1386 kW at 8 bar, which is an increase of 30.5% compared to the value at 3.5 bar. This
generated power reduces fuel consumption by around 1580 ton/year. From an economic point of
view, the energy production cost of the combined system is USD 618/kWh and USD 614/kWh at the
lowest and maximum evaporation pressure, respectively. Fuel costs and CO, tax expenditures could
be reduced by up to USD 1.169 million/year and USD 0.47 million/ year, respectively, through the
combined TEG-ORC system.

Keywords: waste heat recovery; energy efficiency; organic Rankine cycle; fuel saving; evaporation
pressure; container ships

1. Introduction

The International Maritime Organization (IMO) has developed several laws and
guidelines to regulate greenhouse gas (GHG) emissions from ships, intending to reduce
these pollutants by almost 30% by 2030 and 80% by 2040 compared to the pollutants
produced in 2008 [1,2]. To achieve this goal, numerous operational and technological
strategies have been developed to reduce greenhouse gas emissions and increase energy
efficiency on board ships [3,4].

Since almost half of the energy supplied to the ship’s engine by the fuel is released
as waste heat (WH) by exhaust gases, lubricating oil, scavenging air, cooling water, and
radiation [5,6], the scientific community is seeking out techniques to use this waste energy
as efficiently as possible [7,8]. For this reason, waste heat recovery (WHR) is considered an
effective measure to lessen the environmental effect of maritime transportation as well as
its operational costs by reducing fuel expenses. In addition, WHR technologies are easier to
implement on board than investing in an advanced power generation system such as fuel
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cells or batteries, as WHR technologies can be installed on board in-service vessels with
minor modifications in the engine room [9].

There are several scenarios for recovering waste energy such as WH-to-power, WH-
to-storage, WH-to-upgrade, and WH-to-cooling [10]. Each scenario has a contribution to
achieve energy and cost-efficient zero WH on board, taking into account the end-users’
needs and the particular technical characteristics of the ship types. The WH-to-power
scenario will be investigated further as it is the current object of study.

The power generation from WH available on-board ships is dependent on the WH
source temperatures; therefore, it is considered one of the thermodynamic limitations of
applying WH-to-power technologies. The WH sources that are characterized by medium
or high temperatures are considered more economically feasible and practical for power
generation. The technologies that can produce electric power from medium to high tem-
peratures [11] are Turbo-compounding (PTG, STG, Combined ST-PT) [12], steam Rankine
cycles [13], and thermoelectric generation [14]. Other technologies can lower the limit of
WH temperature such as organic Rankine cycles (ORCs) [15], Kalina cycles (KCs) [16], and
Isobaric Expansion Engines [17] that can produce power from low-medium temperatures.
Table 1 summarizes WHR technologies that can produce power from WH with some char-
acteristics such as their temperature range, recovery source, capacity, and efficiency [11,18].

Table 1. Waste heat to power technologies [11,18].

Technology Temperature Range Recovery Source Capacity (kW) Efficiency (1)
Organic Rankine cycle (ORC) Low-Medium Exhaust gas—] acl'<et 10-10,000 5-25%
water—charge air

. . . Jacket water/Charge B 140
Isobaric Expansion Engines (IEEs) Low air /Exhaust gas 1-1000 1-14%
Turbo compounding Medium-High Exhaust Gas 500-10,000 3-15%
Steam Rankine cycles (SRC) Medium-High Exhaust Gas 500-2000 3-20%
Thermoelectric generation (TEG) Medium-High Exhaust gas—Jacket water 1-80 1-20%
Organic flash cycles (OFCs) Low—Medium Exhaust gas—Jacket water 5-200 5-20%

Kalina cycles (KCs) Low-Medium Exhaust gas—Jacket water 20-100,000 7.5-35%

The WH to power technology proposed in the current study is the organic Rankine
cycle (ORC), which uses an organic medium on the same principle of steam Rankine cycles,
and the utilization of organic fluids gives the advantage of recovering low-temperature WH
from jacket water and charge air. ORC is considered advantageous in terms of the efficiency
and simplicity of the system [19]. Moreover, it can recover WH from exhaust gases by
integrating an exhaust bypass into the system and an economizer for heat capturing. The
efficiency of ORC ranges between 5 and 25%, and the high efficiency is partly because it
can generate power at lower load factors from the main engine [20].

Several prior review publications by other researchers [6,21] had looked into WHR
installation on-board ships based on ORC with an emphasis on the current trends of this
technology and its prospective future. After examining three cycles—ORC, KC, and SRC—
in an integrated scenario using a large naval two-stroke diesel engine, Ulrik et al. [22]
concluded that the ORC had the most potential to improve the engine’s fuel consumption.
By collecting data from a chemical tanker, Baldi et al. [23] were able to create an operational
profile. This profile was then utilized to construct an improved ORC, which resulted in
a fuel consumption decrease of up to 11.4%. After reviewing the deployment of ORC
on-board ships, Mondejar et al. [24] concluded that flue gases and jacket cooling water
represented the ideal heat sources for this technology. A simulation has been conducted as
shown in [20] onboard a passenger ship based on quasi-steady-state modeling to examine
the effectiveness of a regenerative ORC, and the results show the capability of ORC to cover
22% of power demand during a round trip. A technical examination of ORC technologies
has been conducted by Chintala et al. [25] to investigate the viable working fluid; the results
concluded that R245fa is recommended as a viable option.
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Thermoelectric generators (TEGs) are devices based on solid-state semiconductors
designed to convert thermal power into electrical power. A set of thermoelectric modules is
arranged between two heat exchangers with each thermoelectric module being composed of
up to hundreds of thermoelectric pairs (electrically in series and thermally in parallel) [14].
TEG is regarded as one of the most likely WHR approaches to improve energy conversion
because of its many benefits [26-28], including low maintenance requirements, great
durability, environmental friendliness, silent operation, and its ability to be integrated
with other WHR technologies. As seen in [29-32], this technology has been used in space,
aircraft, automotive, and maritime applications. For TEG applications on-board vessels,
Kristiansen et al. [14] investigated the integration of TEGs on board a bulk carrier through
test records; the results concluded that a total of 133 kW can be recovered from different
WH sources with different temperatures and quantities. In order to evaluate the low-
grade WH recovery potential of TEG on-board ships, Georgopoulou et al. [33] designed
thermodynamic and dynamic models of TEG integrating with ship components. The results
showed that TEG can recover 1 kW and 26 kW from WH available in the auxiliary engine
exhaust gas and the main engine’s scavenge air, respectively. Furthermore, numerical
research has been conducted by [34] to assess the performance of TEG on recovering the
WH available from a marine engine; the findings demonstrate the ability of TEG to recover
2.9% of exhaust heat, which has a flow rate equal to 5.7 m3/s.

It has been discovered that employing a single WHR system to recover WH on-board
ships has its limits. The high temperature of exhaust gases, which causes a significant
temperature differential with the working fluids, is one of the challenges in employing
ORC to recover waste heat from them on-board ships [6,35]. Furthermore, because the
working fluid can dissolve at a temperature greater than that, the majority of working
fluids that can be employed in ORC have a decomposition temperature that limits their
ability to benefit shipboard exhaust gas levels.

In order to recover more waste heat and generate more electrical power, the integration
of the ORC system with the TEG device is proposed in the current article. The paper’s
goal will be accomplished by simulating the interaction between the marine engine’s waste
energy streams (exhaust gases, jacket water cooling, and scavenge air) and the TEG-ORC
system. Using an Engineering Equation Solver (EES), the thermo-economic study has
been modeled. This article uses R245fa as the organic working fluid and studies the
impact of varying the evaporation pressure of the organic fluid on the energy performance
indicators such as net generated power, waste heat rate, and energy efficiency of both
TEG and ORC systems and the combined system. Moreover, the paper investigates the
economic feasibility of TEG-ORC system installation by evaluating the energy production
cost, annual fuel cost savings, annual CO; tax reduction, and discounted payback time of
the investment.

2. Engine and WHR System Description
2.1. Marine Engine Description

The integrated TEG-ORC system is proposed to recover the WH from a marine diesel
engine installed on board a container ship. The ship has an overall capacity of 3950 TEU
(twenty-foot equivalent unit) corresponding to 51,741 tons as a maximum deadweight; its
main parameter has been reported before by the author [36].

This ship has an overall length, breadth, and depth of 262 m, 32 m, and 20 m, respec-
tively. At the actual sailing condition, the ship sails at a service speed equal to 23.7 knots
and a real draft of 10.33 m; this speed can be reached by using a rated power of 32.7 MW
which is 77% of the specified maximum continuous rating (SMCR) of the installed main
engine (42.5 MW). This main engine belongs to the two-stroke engine type from MAN with
model number MAN 8S90ME-C. The engine’s main specification is reported in Table 2 [37].
Moreover, Figure 1 shows the fuel consumption rates and exhaust gas data at different
engine loads focusing on the data of the actual sailing condition at 77% load factor (these
data have been extracted from the engine datasheet through MAN CEAS) [38].
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Table 2. Main specifications of marine diesel engine [37].

Specification MAN 8S90ME-C
Main engine type Two-stroke diesel engine
Number of cylinders 8
NOx emission compliance Tier III
Engine speed (rpm) 84
Specified maximum continuous rating—SMCR 425
(MW) ]
SMCR speed (rpm) 84
Specific fuel consumption at MCR (g/kWh) 166.1
Ship power demand at actual condition (MW) 32.7
1 180
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Figure 1. Fuel consumption and exhaust gas data at different engine loads [38].

The heat dissipation from the engine is divided into five different streams as shown in
Figure 2; this Sankey diagram has been developed by the author based on the data extracted
from the engine data sheet and correlated at the rated service power of 32.7 MW [37,38]. As
shown in Figure 2, the exhaust gases, jacket cooling water, and scavenging air contribute
25.7%, 5.8%, and 9.7% of fuel energy, respectively. Moreover, the temperature of the exhaust
gases, jacket cooling water, and scavenge air are 221 °C, 85 °C, and 100 °C, respectively.

2.2. WHR System Description

At a low cost, the TEG system can collect WH at high temperatures even if its energy
efficiency is rather poor. Although ORC technology is generally effective in recovering
WH at medium and low temperatures, it has a large footprint and high system power
production costs. Therefore, it is proposed in the current study to integrate TEG and ORC
systems to achieve energy and cost-efficient zero WH to maximize performance and output
power from the WH sources that are accessible on-board ships. Figure 3 shows the system
flow schematic for the integration between the TEG-ORC system and the main engine
WH streams. The suggested system consists of the following components: pump, TEG,
preheater, condenser, expander, and evaporator.
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Output power
32,700

B Jacket cooling water (85 -C)
3,595

Fuel

62,500

n Lubrication oil (40 <C)
2,791

Scavenge air (100 <C)
6,081

Exhaust gases (221 -C)
16,083

Radiation

1,250

Figure 2. Sankey diagram of the engine MAN 8590ME-C at a power of 32.7 MW; the values of heat
and power are expressed in kW [37,38].
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Figure 3. Description of the TEG-ORC combined system integrating with the ship’s main engine.

The combined system is proposed to benefit from the exhaust gases from the main
engine as a heat source in the TEG unit while utilizing jacket cooling water and scavenge
air as a heat source in a preheater to increase the temperature of the working medium
before entering the evaporator. The high temperature with high-pressure working medium
is released from the evaporator to be expanded in an expander which provides enough
power to run the integrated generator. Then, the low-pressure vapor enters the condenser
to be condensed and enters the pump which delivers the working medium to the TEG’s
cold side.
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3. Energy and Economic Analysis Methods
3.1. Thermal Modeling of TEG-ORC System

Engineering Equation Solver (EES) software is used to simulate and model the inte-
grated TEG-ORC system’s performance. The model is developed based on thermodynamic
laws, and every part of the TEG-ORC cycle is regarded as a control volume for the purposes
of energy modeling. Starting with the pumping of organic fluid into the system, the power
and efficiency of the pump can be calculated as shown in Equation (1).

v1 X (P, — Py)

P— (1)

Wpu = mof X (hz — hl), Npu =
where Wy, m, s and 7, are the pump power in kW, the mass flow rate of organic fluid
in kg/s, and pump efficiency, respectively. The specific enthalpy of organic fluid at the
inlet and outlet of the pump are h;, and hy measured in k] /kg, respectively. As shown in
Figure 1, the pump is followed by the TEG unit, which is composed of the cold side and
hot side; Equation (2) can be used to calculate the heat released on the cold side by using
the organic fluid data [39].

Qc = myf X (h3 — ) 2)

where Qc is the heat absorption rate on the cold side and /3 is the enthalpy of organic fluid at
the outlet of the cold side. The efficiency of TEG may be calculated using Equation (3), which
is based on the theory of the thermoelectric efficient liquid-based electricity generation

apparatus [40].
L VI ZTy -1
T+ZTw + 1

where ZT), is a variable depending on the TEG material, and its value can be in the range
of 0.2 and 1.6; for the current study, it will be considered as 0.8 [41]. On the other hand, T},
and Ty are the average temperature of organic fluid and exhaust gases across the cold side
and hot side, respectively. Therefore, the TEG power can be calculated as the product of
the heat absorption rate at the cold side and the TEG efficiency [40].

The TEG cold side is employed as a first-stage preheater to the organic fluid before
entering the ORC cycle. Then, there is a heat exchanger (preheater) installed to increase the
temperature of the organic fluid by using the WH available in jacket cooling water (jw) and
scavenge air (sa); the heat balance inside the preheater is described in Equation (4).

TL

nrec = (1 — E)

)

Qpre = Mof X (hy —h3) = mjw,sa x (hp — hE) 4)

where Qpre and 11y, 5, are the waste heat rate at the preheater in kW and mass flow rate
of jacket cooling water and scavenged air measured in kg/s, respectively. After that, the
organic fluid is directed into the evaporator, and it is converted into vapor by absorbing the
WH available at the exhaust gas stream. The energy balance equation for the evaporator is
shown in Equation (5)

Qevap = mof X (h5 - h4) = Mexp X (hB - hC) (5)

where hp and h¢ are the specific enthalpy of exhaust gas at the inlet and outlet of the
evaporator, respectively. Also, Qcuap is the waste heat rate of the evaporator in kW. The
saturated vapor produced from the evaporation process is injected into the expander to
produce mechanical power based on the expansion process, which can be converted to
electrical power by installing a generator. The expander’s electric power can be calculated
as shown in Equation (6).

he — hs
he — hss

Wexp =My X (h6 - h5) X Nmy Nexp = (6)
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where Weyp, 1lexp, and 17, are the expander power in kW, expander efficiency, and mechani-
cal efficiency, respectively. There is a condenser in the proposed system configuration to
condense the organic fluid and convert it to saturated liquid again; the energy balance of
the condenser is shown in Equation (7).

Qeond = Mg X (hl - hé) = Mew X (hcw,out - hcw,in) (7)

where Qy,4, and ., are the condenser’s heat rate in kW and cooling water mass flow rate
in kg/s, respectively. Furthermore, hy, iy, and hey out are the specific enthalpy of cooling
water at the inlet and outlet of the condenser, respectively.

It is expected that variations in kinetic and potential energy are minimal; therefore,
they are ignored in the current study. The different components of the integrated system are
assumed to be simulated under steady-state conditions. The main parameters inserted into
the EES software as inputs in the modeling phase to evaluate the specific cycle performance
are listed in Table 3.

Table 3. The values of input data and parameters [38,41].

Parameter Value Parameter Value
Moy, (kg/s) 52.6 Nexp 85%
Ton (°C) 221 ATgpp (°C) 65
Tjw (°C) 85 ZTpm 0.8
Tsa (°C) 100 ATpm °O) 5

ﬂpu 90% ATppZ (OC) 5

There are parameters referring to the hot source data such as the mass flow rate of
exhaust gases (11,,,), the temperature of exhaust gases (T,,,), the temperature of scavenge
air (Tsq) and the temperature of jacket cooling water (Tj,). Meanwhile, there are other
independent variables such as the approach point (AT,pp), which refers to the temperature
difference between the WH source and the working medium temperature at the evaporator.
Moreover, the pinch point temperature difference at the hot source (AT 1) and cold source
(ATpp2) are defined as independent variables.

The process of choosing a suitable organic fluid for the current study is challenging,
and the subject has drawn a lot of interest from scientists. Based on several working fluids,
Tian et al. [42] studied the techno-economic effectiveness of an ORC, and the results showed
that R123 and R245fa have the greatest power generation capability and highest thermal
efficiency. Moreover, the findings of the study conducted by Larsen et al. [43] showed
that R245fa as a working medium for maritime applications seems to be doable with little
risk. Consequently, the current study employs R245fa as an organic fluid in the combined
TEG-ORC system. R245fa has a chemical formula of CF3CH,CHF, with a molecular weight
of 134.05 g/mol. The critical temperature and pressure of R245fa are 154.01 °C and 36.5 bar,
respectively [44,45].

The energy performance indicators of the thermodynamic model are the net output
power and energy efficiency of the ORC system, TEG system, and integrated TEG-ORC
system. Table 4 shows the utilized equations to calculate these indicators.
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EPCrgc =

Table 4. Equations for energy performance indicators.

System Net Power (kW) Energy Efficiency
Wirp— W
ORC Wore = Wexp — Wpu florc = %
TEG Worre — N — (11— Ty, VITZTu-1
TEG = NTEG X QC nreG = (1— =) * VTR T 1k
Wreg-orc = Wgy, + Weap+ Wreg =W,
) p — Wey+Wreg =Wy,
TEG ORC WTEG _ Wpu WTEG*ORC - Qpre+QevuP+QC

3.2. Economic Modeling of TEG-ORC System

Economic analysis is essential for a thorough evaluation of the TEG-ORC system, as
its goal is to identify the product cost rate for each element at the combined cycle and the
entire system cost. The energy production cost (EPC), which can be calculated by dividing
the cost of the system under investigation by its output power, is an economic indicator
used in the current study to measure economic performance. Moreover, the effect of the
decreased cargo space has been incorporated to the EPC evaluation due to the crucial
impact of volume needed to install the WHR on the economic indicator. Equation (8) [46]
can be used to determine the EPC of ORC.

CApRrc X (i < (L+i)N/ @ +i)N - 1) + Cogm, orc + Crcs

EPCorc = (8)

Wore x To

where EPCpopgc is the EPC of ORC measured in USD/kWh, CApgc is the purchase ex-
penses of the ORC power plant measured in USD, Cogn1, orc is the cost of maintenance
and operation of ORC expressed in USD, and Cgcs is the reduced cargo space expenses
measured in USD. Moreover, T, is the expected WHR operational hours, i is the interest
rate and N in the number of investment years. The annual maintenance and operation costs
are assumed to be 2% of the total capital cost of the ORC system [47]. For container ships,
the expenses of reducing cargo space per trip due to the installation of WHR on-board
container ships is assumed to be 900 USD/TEU [48,49].

Similarly, Equation (9) can be used to calculate the EPC of TEG unit at the combined cycle.

(CATEG + CApipe) X ((Z x (1+ l)N/ (14 i)N — 1)) + Coe&M, TEG + Cres

. ©)
Wree x To

where CArgg and CAp;p, are the purchase expenses of TEG and the flue gas pipeline

expressed in USD, respectively, while Cognm TEG is the maintenance cost of the TEG unit

measured in USD.

Equation (10) is proposed to be used in the current study to calculate the total purchase
cost of each device (Cggy,) in the TEG-ORC system while taking into account the design
specifications such as the operational pressure and the construction material. Here, C, is
the primary purchase cost of the device, Clj,4, is the base cost index (assumed to be 522),
and Clpresent is the present cost index (assumed to be 800) [50].

CI resemn
CEqu:Cb(Bl—FBzXFMXFp)X#Mt (10)

log,, Cp = Ky + K3 x log;, Z + K3 X (1ong)2

The previous equation has different correction coefficients which are tabulated in
Table 5 [51]. The coefficients relating to the cost, material and pressure corrections are
symbolized with K, Fj; and Fp, respectively. Moreover, there is a factor (Z) which is based
on the required area of heat exchangers or the required power of the expander and pump.
The expander corrections factors are assumed to be 3.514, 0.589, 0 and 3.5 for K1, K5, K3
and Fp, respectively [51].
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Table 5. Values of different correction coefficients [51].
Coefficient TEG Unit/Preheater Pump Evaporator Condenser

Ky 2.8483 3.5793 3.2138 3.2138
K, 0.2168 0.3208 0.2688 0.2688
K3 0.07961 0.0285 0.07961 0.07961
C —0.065 0.1682 —0.06499 —0.06499
(@) 0.05025 0.3477 0.05025 0.05025
Cs 0.01474 0.4841 0.01474 0.01474
B 1.8 1.8 1.8 1.8

B, 1.5 1.51 1.5 15

Fum 1.25 1.8 1.25 1.25

Equation (11) is proposed to be used for evaluating the entire purchase expenses of
the ORC system.
CAorc = ), Crqu (11)
Equ
Finally, the total EPC of the TEG-ORC system can be evaluated as shown in Equa-
tion (12) based on the net power generated by the system (Wrgg_orc) and the expected
operational hours (t,p).

EPCrpc—orc = EPCorc + EPCreg (12)

On the other hand, the benefit of installing the TEG-ORC system on-board ships is
that it will result in generating electrical power that can be used for auxiliary systems or
Hotelling services and hence reducing the fuel consumption on board. The annual savings
of applying the WHR system on-board ships in terms of savings in fuel consumption
(ASann, fuer) can be calculated as shown in Equation (13), which is based on multiplying
the expected fuel consumption in tons corresponding to the power output from the WHR
system (W) per trip by the fuel cost in USD/ton (CA ).

ASaun,fuel = Y Whet X To x SFCpg x CAfye x 1072 (13)
trips

where the average specific fuel consumption of the diesel generators SFCp that will be
replaced by the TEG-ORC system is considered in the equation and expressed in kg/kWh.
In addition to the savings in fuel costs, there are other potential savings in terms of CO,
emissions taxes, as different regions nowadays push to implement their own emission
trading system to reduce emissions from different industries including maritime trans-
portation [52]. The annual saving in CO; taxes resulting from applying the WHR system
(AS4n,c0,) can be evaluated as shown in Equation (14) by taking into account the conver-
sion factor between tons of fuel burned and tons of CO; produced (CF f), and the CO, taxes
(CT¢p,) are expressed in USD/ton-CO,.

ASaun,co, = Y, Whet X Ty X SFCpg x CFp x CTcp, x 1072 (14)
trips

Furthermore, the discounted payback time (DPT) is another economic indicator for
the TEG-ORC system’s implementation. It may be evaluated using the anticipated yearly
fuel savings and CO, taxes savings. The current study’s discounted payback time may be
assessed using Equation (15) [51].

_ CATEG-ORC i }
ln [1 Asunn/fuel"'ASann,COz X (8 1)

1

DPTreg-0rC = — (15)
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Waste heat utilization rate (kW)
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where DPTTrc_orc is the discounted payback time in years, CAtrc_orc is the total
capital cost of the TEG-ORC system, and (i) is the interest rate.

4. Results and Discussion

The current study studies the integration between TEG and ORC systems and the
waste heat available from a marine two-stroke engine at a specific rated power; therefore, a
parametric analysis will be introduced to show the effect of evaporation pressure on the
system’s performance. There are different performance indicators considered in the current
study including energy indicators such as net power output, thermal efficiency and WH
rate, while the economic indicators include the energy production cost, annual fuel savings,
annual CO, emissions taxes saving, and discounted payback time.

Firstly, by considering the input data in Table 3 and taking into account the critical
temperature of the R245fa, the effect of evaporation pressure on the WH rate utilization of
the evaporator, heat exchanger, and TEG cold side is analyzed as shown in Figure 4.

Iil i R R N
35 4 45 5

5.5 6 6.5 7 7.5 8
Evaporation pressure (bar)

B Evaporator ® Heat Exchanger TEG cold side
Figure 4. The effect of different evaporation pressure on waste heat utilization rate.

As shown in Figure 4, there is a slight impact of the evaporation pressure on the
WH utilization rate at different components as its value reduced from 9151 kW at an
evaporation pressure of 3.5 bar to about 8658 kW at 8 bar. Moreover, the WH utilization of
the evaporator has the highest contribution by about 65-80% of the total WH utilization
rate. On the other hand, TEG’s cold side makes a small contribution to the total WH rate by
about 12-13% at different evaporation pressures.

Then, the impact of evaporation pressure variation on the power output and energy
efficiency is analyzed and presented in Figure 5.

The results in Figure 5 show how raising the evaporation pressure causes the ORC’s
energy efficiency to improve steadily from 12.3% at 3.5 bar to 17.3% at 8 bar. While the
evaporation pressure has no effect on the thermal efficiency of TEG, which is more related to
its figure of merit, the TEG efficiency is 6.9% at different evaporation pressures. Moreover, the
efficiency of the TEG-ORC system increases steadily from 13.3% at 3.5 bar to 18.3% at 8 bar.
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Figure 5. Evaporation pressure versus the net output power and system efficiency.

Moreover, the power output from the expander increases from 990 kW at 3.5 bar to
about 1328 kW at 8 bar, while the pump power rises from 6.7 kW to 16.4 kW at 3.5 bar
and 8 bar, respectively. On the other hand, the TEG output power is about 75-78 kW
at different evaporation pressures. Because the power output of ORC increases with
evaporation pressure, the net output power from the TEG-ORC system increases from
1062 kW at 3.5 bar to 1386 kW at 8 bar, corresponding to a 30.5% increase in the output
power when raising the evaporation pressure. Moreover, the integrated TEG-ORC system
has the potential to reduce fuel consumption by 1211 ton/year at 3.5 bar and 1580 ton/year
at 8 bar.

The current study is based on the energy conservation balance and mass balance inside
ORC components which has been extensively validated and has sufficient accuracy [53,54].
Also, because the current study is a primary numerical investigation of integration between
TEG and ORC systems by utilizing the waste heat available for a marine two-stroke
engine, it is recommended to elaborate on experimental tests in the future to validate the
numerical model.

The indicated system’s gravimetric and volumetric power densities are 0.041 kW /kg
and 32 kW /m?, respectively, based on the commercial ORC and TEG that are currently
available on the market [55-57]. As a consequence, as indicated in Figure 6, the weight
of the decreased cargo on board the container ship as a result of the system installation
ranges from 24 to 32 tons depending on the TEG-ORC’s output power and evaporation
pressure. On the other hand, the reduced cargo volume ranges from 31 to 41 m3 based on
the expected volume of the TEG-ORC system.

Regarding the economic assessment of TEG-ORC system installation on board the con-
tainer ship, it can be accomplished by calculating the energy production cost as discussed
in Section 3.2. The base case scenario has been applied by using operational hours equal to
6000 h/year, while the number of years is assumed to be 20 years and the interest rate is
equal to 10%. The results of EPC for both ORC and TEG systems after applying the formula
in Equations (8) and (9) are shown in Figure 7.
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tion pressure.

As shown in Figure 7, the energy production cost of the TEG system increases slightly
with the increment of evaporation pressure as the EPC is 411 USD/kWh at 3.5 bar, while it
increases to 419 USD/kWHh at 8 bar. On the other hand, the energy production cost of the
ORC system reduces as the evaporation pressure rises because the net output power of the
ORC system increases with the rising of evaporation pressure, as shown in Figure 5. The
ORC'’s energy production cost is 207 USD/kWh at 3.5 bar, while it reduces to 195 USD/kWh
at 8 bar. Based on these results, the energy production cost of the TEG-ORC system can be
evaluated; its value is 618 USD/kWh at the lowest evaporation pressure and 614 USD/kWh

at the maximum pressure.
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The installation of the TEG-ORC system on-board ship has financial benefits in parallel
with its energy-efficiency benefits; these financial advantages are based on the yearly fuel
consumption savings resulting from the electrical power produced.

Therefore, it is crucial to investigate the effect of evaporation pressure on the yearly
fuel costs savings as proposed in Section 3.2 and utilizing Equation (13). The base case
scenario utilizes 740 USD/ton-fuel as the cost of marine diesel fuel based on the recent
price reported by DNV [58]. Moreover, the savings in CO, emissions taxes can be evaluated
at different evaporation pressures by using Equation (14). The base case scenario utilizes
92 USD/ton-CO; as the cost of CO, emissions taxes based on the average price in 2023
extracted from World Bank data [52], while the CO, conversion factor for diesel fuel is
3.206 ton-CO; / ton-fuel [1]. The results of annual savings of fuel costs and CO; tax expenses
are shown in Figure 8 for TEG and ORC systems at different evaporation pressures.

3.5 4 4.5 5 5.5 6 6.5 7 7.5 8
Evaporation pressure (bar)
i Fuel-ORC CO2-0ORC i Fuel-TEG H CO2-TEG

Figure 8. Annual fuel cost savings and CO, tax expenses resulting from installing TEG and ORC
systems on board a container ship.

Based on the results of generated power from the ORC system which prove the pro-
portional relationship between net output power from the ORC system and the evaporation
pressure, the evaporation pressure has the same effect on the resulting savings in fuel costs
and CO, tax expenses. The maximum savings on fuel costs and CO, expenses are 1.106 mil-
lion USD/year and 0.44 million USD/year, respectively, while the minimum savings at
3.5 bar as an evaporation pressure are 0.83 million USD/year and 0.33 million USD/year,
respectively. On the other hand, the evaporation pressure has an inversely proportional
impact on the savings in the case of the TEG system, as its generated output power reduces
with the increment in evaporation pressure. However, the savings range on fuel costs and
CO; expenses are 63-66 k USD/year and 25-26 k USD/year, respectively. Based on these
results, the integrated TEG-ORC system has the potential to save fuel costs and CO, tax
expenses up to 1.169 million USD/year and 0.47 million USD/year, respectively.

Moreover, the discounted payback time (DPT) can be calculated based on the results
of savings in fuel costs and CO; tax expenses by utilizing the formula in Equation (15).
It was found that the DPT for implementing the TEG system and ORC system is about
3.8 years and 1.7 years, respectively. Meanwhile, the integrated TEG-ORC system has an
overall DPT of 1.8 years, which indicates that installing it on-board ships is a financially
feasible option.
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Furthermore, the sensitivity analysis is conducted to further identify the effect of
system component cost variations on the energy production cost. Similarly, the effect of
changing fuel costs on the expected fuel expense savings from the installation of both TEG
and ORC systems on board is investigated in the current study. The system components
costs and fuel price are assumed to be changed in the sensitivity analysis by +=30% com-
pared to the base case scenario; the results are shown in Figure 9 considering 3.5 bar as the
reference evaporation pressure.
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Figure 9. Results of sensitivity analysis with emphasis on fuel cost and system cost.

Firstly, the energy production cost of the TEG system reduces from 411 to 287 USD/kWh,
328 USD/kWh and 370 USD/kWh when reducing the system component cost by 30%, 20%,
and 10%, respectively. Furthermore, it shows an increasing trend when the component
cost is increased; for example, the energy production cost is 534 USD/kWh when the
system cost increases by 30%. Likewise, the ORC’s energy production cost increases up
to 269 USD/kWh when the system component cost rises by 30%, while it reduces to
145 USD/kWh in conjunction with a 30% reduction in system cost. Therefore, the energy
production cost of the combined system between TEG and ORC systems increases to
803 USD/kWh when the cost of system components increases by 30%.

Moreover, Figure 9 shows the effect of changing fuel prices on the expected savings
from the WHR installation. Fuel expense savings from the TEG system increase from 66k
to 85.6k USD/year when the price increases by 30%, while these savings decrease to 46.1k
USD/year for a 30% reduction in fuel price. Additionally, the savings from the installation
of ORC on-board ships reduce to 0.58 million USD/year in conjunction with the reduction
of 30% in fuel price. On the other hand, it increases to 1.08 million USD/year when the fuel
price increases by 30%.

5. Conclusions

The current article exploits waste heat from a marine two-stroke diesel engine mounted
on a container ship to analyze the performance of a novel integrated WHR system between
ORC and TEG. This article uses R245fa as the organic working fluid and studies the
impact of varying the evaporation pressure of the organic fluid on the energy performance
indicators such as the net generated power, waste heat rate, and energy efficiency of both
TEG and ORC systems and the combined system. Moreover, the paper investigates the



Processes 2024, 12, 355

15 of 18

economic feasibility of TEG-ORC system installation by evaluating the energy-production
cost, annual fuel costs savings, annual CO, taxes reduction, and discounted payback time
of the investment. The energy and economic analysis have been conducted on Engineering
Equation Solver (EES) software.

The combined system configuration is based on employing the TEG system as a
preheater for the organic fluid by absorbing the waste heat at the engine’s exhaust gases;
moreover, the TEG unit generates power based on the Seebeck effect. There is another heat
exchanger after the TEG unit and before the ORC’s evaporator that employs the jacket
cooling water and scavenges air as a heat source. The main results from the energy and
economic analysis of the TEG-ORC system are summarized as follows:

e  The total WH utilization rate of the TEG-ORC system was found to be slightly affected
by the evaporation pressure, decreasing in value from 9151 kW at 3.5 bar to around
8658 kW at 8 bar. Furthermore, the evaporator’s WH consumption rate contributes
the most, accounting for between 65 and 80% of the entire WH rate.

e  The results show that the energy efficiency of the TEG unit is 6.9% at different evapora-
tion pressures while the efficiency of the ORC increases gradually from 12.3% at 3.5 bar
to 17.3% at 8 bar. Additionally, the TEG-ORC system’s efficiency rises gradually, rising
from 13.3% at 3.5 bar to 18.3% at 8 bar.

e  Furthermore, the pump power increases from 6.7 to 16.4 kW while the expander’s
power output increases from 990 to 1328 kW when the evaporation pressure rises
from 3.5 to 8 bar, respectively. Also, the TEG’s output power varies between 75 and
78 kW depending on the evaporation pressure. Therefore, the power output from the
TEG-ORC system increases by 30.5% when the evaporation pressure rises from 3.5 to
8 bar.

e  The EPC of the TEG system is 411 USD/kWh at 3.5 bar and rises to 419 USD/kWh
at 8 bar, indicating a modest increase, while the EPC of ORC system reduces from
207 USD/kWHh at 3.5 bar to 195 USD/kWh at 8 bar. Therefore, the EPC of the combined
system is 618 USD/kWh and 614 USD/kWh at the lowest and maximum evaporation
pressure, respectively. The sensitivity analysis with emphasis on the system compo-
nent cost shows that the EPC increases to 803 USD/kWh at 3.5 bar as evaporation
pressure when the cost of system components increases by 30%.

e  Fuel costs and CO, tax expenses might be reduced by up to 1.169 million USD/year
and 0.47 million USD/year, respectively, using the combined TEG-ORC system. More-
over, the sensitivity analysis results indicate that an increase in fuel cost by 30% leads
to an increase in savings in fuel expenses up to 1.17 million USD/year.

It is strongly encouraged that subsequent studies in the future will explore how
the integrated TEG-ORC system influences IMO metrics like CII, and EEXI in order to
guarantee adherence to regulations and the achievement of IMO goals. Furthermore, it is
suggested that future performance evaluations be broadened to consider additional factors
such as TEG material factor and hot source quantity/quality.
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Nomenclature

Abbreviations

EES Engineering Equation Solver

GHG Greenhouse gases

IEE Isobaric Expansion Engines

IMO International Maritime Organization
KC Kalina cycle

OFC Organic flash cycle

ORC Organic Rankine cycle

PTG Power turbine generator

RCS Reduced cargo space

SMCR Specified maximum continuous rating
STG Steam turbine generator

SRC Steam Rankine cycle

TEG Thermoelectric generator

TEU Twenty-foot equivalent unit

WH Waste heat

WHR Waste heat recovery

Variables

AS Annual savings (USD)

C Cost (USD)

CA Capital cost (USD)

EPC Energy production cost (USD/kWh)
h Enthalpy (k] /kg)

i Interest rate (—)

K Cost coefficient (—)

m Mass flow rate (kg/s)

N Number of investment years (years)
Q Waste heat rate (kJ/s)

SEC Specific fuel consumption (kg/kWh)
T Operational time [hour]

\%\Y Power (kW)

Z Area (m?)

| Efficiency (%)

Subscripts

ann Annual

cond Condenser

w Cooling water

DG Diesel generator

evap Evaporator

exh Exhaust gases

exp Expander

jw Jacket cooling water

of Organic fluid

O&M Operation and maintenance

pu Pump

sa Scavenge air
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