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ABSTRACT

Marine diesel engines lose a huge amount of fuel heat content in the form of exhaust gas and jacket cooling water,
especially onboard high-powered marine vehicles such as Ro-Pax ships. In this paper, the possibility of using the waste heat
of marine diesel engines as a source of heat for air conditioning absorption system is investigated. The thermodynamic
analysis, in addition to the environmental and economic analysis of the air condition absorption cycle operated with
two heat sources using lithium bromide as absorbent, are performed using the Engineering Equation Solver (EES)
software. The last 10 years have seen a steady growth in the passenger ferry and Ro-Pax market, with particularly strong
growth in passenger numbers. As a case study, a Ro-Pax vessel operating in the Red Sea area is considered, regarding
the profitability of using air conditioning absorption system. The results show specific economic benefits of the jacket
cooling water operated absorption refrigeration unit (ARU) over the exhaust gas operated unit, with annual costs
of capital money recovery of 51,870 $/year and 54,836 $/year, respectively. Environmentally, applying an ARU machine
during cruising will reduce fuel consumption by 104 ton/year. This, in turn, will result in reducing NO , SO, and CO,
emissions with cost-effectiveness of 7.73 $/kg, 20.39 $/kg, and 0.13 $/kg, respectively.

Keywords: ship emissions, IMO, lithium bromide-water ARU, thermodynamic analysis, economic and environmental analysis

NOMENCLATURE ABBREVIATIONS

h enthalpy, kJ/kg ARU Absorption Refrigeration Unit

m_ mass flow rate of refrigerant, kg/s CO, Carbon Dioxide

m_ mass flow rate of steam out of the evaporator, kg/s HC Hydrocarbon Emissions

m_, mass flow rate of liquid carryover from the evaporator, kg/s IMO International Maritime Organization
m_ mass flow rate of strong solution, kg/s NO_ Nitrogen Oxide Emissions

m__ mass flow rate of weak solution, kg/s PM Particulate Matter

v specific volume, m*/kg SO_  Sulfur Oxide Emissions

LiBr Lithium Bromide
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INTRODUCTION

For the year 2012, total shipping emissions were
approximately 938 million tonnes CO, and 961 million
tonnes CO2e for GHGs combining CO2, CH4 and N2O.
International shipping emissions for 2012 are estimated
to be 796 million tonnes CO2 and 816 million tonnes CO2e for
GHGs combining CO2, CH4 and N2O. International shipping
accounts for approximately 2.2% and 2.1% of global CO2 and
GHG emissions on a CO2 equivalent (CO2e) basis, respectively
[1]. This study estimates multi-year (2007-2012) average
annual totals of 20.9 million and 11.3 million tonnes for NO
x (as NO 2) and SOx (as SO2) from all shipping, respectively
[2, 3]. Moreover, recent studies of ship emissions state that
the shipping-related particulate matter (PM) emissions are
responsible for approximately 60,000 of cardiopulmonary
and lung cancer deaths annually, with most of those deaths
occurring along the coasts [4].

In addition to the abovementioned emissions, the
refrigerants used onboard vessels for air conditioning and
cargo cooling purposes are another source of ship emission.
These refrigerants are either ozone-depleting substances,
such as chlorofluorocarbons (CFCs), or their replacements,
such as hydro fluorocarbons (HFCs) 1,1,1,2-tetrafluoroethane
(R134a), and the mixture of pentafluoroethane, trifluoroethane
and tetrafluoroethane (R404a). All these refrigerants have
significant global warming potential [5]. Based on most
recent statistics, the average annual loss of refrigerants
from the global fleet makes the air conditioning equipment
responsible for about 69.8% of the total loss of refrigerants,
and 30.2% of this loss is related with the cooling equipment.
Fig. 1 shows the contribution of each ship type, based on the
loss of refrigerants due to air conditioning. It can be noticed
that the largest amounts of loss of refrigerants are from general
cargo and cruise ships [1]. Economically, there is a notified
increment of fuel oil prices which presents a challenge for
the marine industry.
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Fig. 1. Refrigerant emissions due to air conditioning from different ship types [1]

REGULATIONS CONTROLLING SHIP
EMISSIONS

Due to the continuous increase of emissions from ships,
IMO issued a set of regulations regarding this concern in the
form of the International Convention for the Prevention
of Pollution from Ships (MARPOL), Annex VI. Regulation 14
limits the emissions of SO_and particulate matter (PM), while
Regulation 13 and the energy efficiency design indexes limit
the NO_and CO, emissions, respectively [6-8]. A solution
which leads to the reduction of ship emissions bases on
absorption refrigeration units (ARUs), which utilize engine
heat losses [9, 10]. The heat balance of the marine diesel
engine, being the most frequently used prime mover on ships
[11], shows that approximately more than 50% of the fuel input
islost in heat losses, including the exhaust gas (25.5%), fresh
water cooling (5.2%), charge air cooling (16.5%), oil cooling
(2.9%), and radiation (0.6%) [9, 10, 12]. Three of these heat
losses can be utilized, at different temperature levels, as a heat
source for ARU: exhaust gas (300-600°C), charge air (200°C),
and jacket cooling water (80-100°C) [12]. Exact amounts of
these heat losses will depend mainly on the cycle of operation
and engine speed.

Vapor compression refrigeration systems are in common
use onboard ships. These systems are powered with electric
energy [13]. Although they have the advantages of high
Coefficient of Performance (COP) and low purchase price,
their use will be phased out with time due to their contribution
to the greenhouse effect and ozone layer depletion [14].
Regulation 12 of the MARPOL convention, Annex VI,
issued by IMO, states that: new installations containing
ozone-depleting substances are prohibited on all ships from
January 2020 [15]. On the other hand, absorption cooling is
an environmentally friendly cooling method. It uses a number
of refrigerant-absorbent pairs, the most common of which
are water-lithium bromide and ammonia-water. They offer
good thermodynamic performance [10] and can be used
in single-stage and double-stage coolers, depending on the
input heat source. Single-effect types are suitable for waste
heat applications. The ammonia absorption cooling system
can provide cooling down to -60°C [16]. On the other hand,
water-lithium bromide absorption coolers can be used mainly
in air conditioning to cool down to temperatures above zero
Celsius [12].

This paper presents the thermodynamic analysis of a single-
effect water-lithium bromide absorption refrigeration
machine, starting with the cycle description and validation.
The analysis includes investigating the sensitivity of cycle
performance indicators. The paper also aims to study both
the economic and environmental effects of using absorption
refrigeration for reducing both the running costs of air-
conditioning during the ship cruise, and the harmful
emissions. A high-speed passenger ship is used as a case study.
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RO-PAX SHIP CASE STUDY

The Ro-Pax AlKahera is one of passenger ships operating
in the Red sea area. The ferry sails between the port of Duba
in the Kingdom of Saudi Arabia and the port of Safaga
in Egypt. The main technical data of the ferry are given
in Table (1) [17]. The increased number of these ships sailing
on the Red Sea have improved the maritime transport in this
area by increasing the number of voyages per year, which,
however, also increased the amounts of gaseous emissions
[13, 18]. These emissions have harmful impact on the Red
Sea environment.

Tab. 1. Technical data of the high-speed passenger ship ALKahera [17]

Ship Name ALKahera

Type Ro-Pax

IMO number 9441776

Year of build 2008

Flag Egypt

Passengers/crew 1200/18

Main Engine 4xMTU 20V 8000 M71R
Maximum Continuous Rating 4x7200kW @ 1,150 rpm * 1.5%
Service Speed 34 knots

Fuel Consumption at 90% MCR | 5.731 m*h

4x MAN D2866 LXE LSAM 46.2

Generating Sets VL12,228kW @ 1500 RPM

Specific fuel consumption of

generators 260 g/kWh

Air condition cooling capacity 200 kW (4 units)

Number of trips per year 250

The heat flow analysis for one of the main engines indicates
that there are two high waste energy streams that have
potential to be recovered using ARU. These two streams are
the heat losses in the exhaust gas and in the jacket cooling
water. With the exhaust mass flow rate of 8.7 kg/s and the
temperature of 460°C, the exhaust gas represents 25.5%
of the total input power of 16,093 kW. On the other hand,
the amount of heat transferred to the jacket cooling water
is 1,091 kW at the mass flow rate of 26.11 kg/s, the output
temperature of 85°C, and the temperature difference
of 10°C [19]. Based on the technical data of the case study,
the Carrier absorption unit (16LJ11) with nominal cooling
capacity of 264 kW [20] can be used onboard to cover the
required refrigeration load of 250 kW. The required mass
flow rates of hot water flow and cooling water flow for the
selected model are 10.4 kg/s and 17 kg/s, respectively, while
the inlet and outlet temperatures of these flows range within
95°C — 75°C and 29.4°C - 38.4°C, respectively. The mass
flow rate of cooled water is 11.4 kg/s, with inlet and outlet
temperatures of 12.27°C and 6.7°C, respectively. Both, the
exhaust gas source and the jacket cooling waste heat source
can provide the system with the required hot water mass flow
rate of 10.4 kg/s, and the temperature difference between
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95°C and 75°C. The absorption machine is assumed to be
used only during the cruise period of 8 hrs.

THERMODYNAMIC ANALYSIS OF THE ABSORPTION
AIR CONDITIONING CYCLE

The most popular refrigeration and air conditioning
systems are based on the vapour absorption systems. These
types of systems are reliable, relatively inexpensive. A simple
single-effect absorption refrigeration cycle consists of eight
components: generator, condenser, evaporator, absorber,
pump, two throttle valves, and heat exchanger (HX), as
shown in Fig. 2 [21]. The working fluid is a mixture of water
and lithium-bromide. The generator provides the cycle with
the heat (Qg) to evaporate the water from the water-LiBr
solution to high-pressure steam. The produced steam flows
to the condenser, in which the thermal energy (Q ) is rejected
to the cooling medium.

A throttle valve reduces the steam pressure and allows
it to return to the vapor phase. The evaporator represents
the cooling capacity (Q,) of the absorption machine.
The exit low- pressure steam of the evaporator is absorbed
into strong lithium-bromide solution coming from the
generator by rejecting the heat energy (Q,) to the cooling
medium. The output temperatures of the absorber and the
condenser may have the same values, depending on the design
of their cooling cycles [22-25]. Before the solution returns
to the generator for a new cycle, its pressure at absorber exit
is raised using a pump. The solutions leaving the generator
and the absorber are referred to as strong and weak solutions,
respectively, with reference to the percentage of lithium-
bromide [26]. The solution heat exchanger preheats the weak
solution using part of the heat energy of the boiling strong
solution leaving the generator, which improves the cycle
efficiency.

Waste heat from
main engine

(my 7

Condenser Generator

3 4

Heat exchanger

Fig. 2. Schematic diagram of the water-lithium bromide absorption cycle
driven by main engine waste heat

With the intention of conduct the performance
evaluation of the water-lithium bromide absorption cooler,
some assumptions and initial values are to be considered.
The required initial values are: the evaporator capacity (Q,),
output temperatures of the generator, condenser, evaporator,



and absorber, and the effectiveness of the solution heat
exchanger. The basic assumptions for the thermodynamic
model are: the cycle is steady-state, the refrigerants
at evaporator and condenser outlets are assumed saturated
vapors and saturated liquids, respectively, the flow restrictors
are adiabatic, the heat loss to the surroundings is negligible,
and there are no pressure losses in pipes and heat exchangers.

The mass fractions of strong and weak solutions, measured
in kg LiBr/kg, are X and X , respectively. These fractions
can be expressed in terms of temperatures (°C) of the generator
(Tg), condenser (T), absorber (T,), and evaporator (T), using
Egs. (1) and (2) [9]. The indexes presented in Fig. 2 are used
to nominate the state points in the cycle.
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Based on the above assumptions, the mass and energy
balance equations can be applied to the absorption cycle
shown in Fig.2, taking into account the operating conditions
at each point. The liquid carryover from evaporator is assumed
to be 2.5% [27]. Applying the energy balance equations
to the absorber, the condenser, and the evaporator, gives the
following expressions:

)

Qa = My hyg + M hyy + mghg — mygh; @)

Q. = my(h; — hg) (4)

Qe = my1hyo + mypphy; —mphy ()
The ratio of the solution mass flow rate leaving the absorber

to the vapor mass flow rate entering the condenser is called
the cycle circulation ratio (F).

mWS

F= (6)

mr
The temperatures of the solution heat exchanger exit points
can be determined from the energy balance (7) and the heat
exchanger effectiveness (g, ) equation (8).
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The coefficient of performance (COP) measures the
refrigeration cycle performance. It can be calculated using

Eq. 9).
COP = L )
Qg +W,
where Qg is the heat input to the generator. It can be
determined from the generator energy balance, Eq. (10).

Qg = Mgshy + mehy; —my,shs (10)

Wp is the power required to pump the solution from the
exit absorber low pressure (P)) side to the generator high
pressure (P,) side.

Wp = M,V (Py — PL) (1)

First law of thermodynamics has been used to analyze
and optimize inclusively the performance of absorption
heat transformer operating with LiBr/H20O as the working
pair. The mass and energy equations for the water-lithium
bromide absorption cycle are analyzed using the Engineering
Equation Solver (EES) software under steady-state operation.
The solver has the built-in functions of thermodynamic
properties of steam and water-lithium bromide mixtures.
It performs multiple iterations using the mass and energy
balance equations to determine the values of enthalpy (h)
and mass flow rate (m) at each point of the absorption cycle
based on the input data.

The performance of steam and water-lithium bromide
mixtures for the current EES model were verified using the
cases provided in [28, 29]. In addition, the current water-
lithium bromide absorption cycle, modelled using the EES
program, was validated on theoretical and experimental
data provided by [27]. The main input parameters were:
cooling capacity equal to 11 kW, temperatures of the
generator, absorber, condenser, and evaporator, equal to
90°C, 34.9°C, 30°C, and 6.7°C, respectively, strong and weak
mass fractions amounting to 60% and 55.5% respectively,
and the heat exchanger effectiveness equal to 60%. Table (2)
compares the results of the current study with those published
in the literature. The maximum percentage difference between
these results was 1.13% for the cycle COP.

Tab. 2. Cycle validation

Parameter Published Present study .Percentage
study [27] difference (%)
Condenser (kW) 10.78 10.90 +1.11
Generator (kW) 14.2 14.35 +1.05
Absorber (kW) 13.42 13.44 +0.15
Pump (kW) 0.29 0.289 -0.34
COP 0.704 0.696 -1.13
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ENVIRONMENTAL AND ECONOMIC ANALYSIS
OF THE ABSORPTION AIR CONDITIONING CYCLE

The reduction in the quantity of annual emission during
cruise after applying ARU (ER, . ) can be calculated using
Eq. (12)

ARU

ERARU = PE . TS . Fe (12)

where P, is the saved electric power in kW at cruise, T, is
the number of sailing hours per year, and F_ is the emission
factor for the engine in (g/kWh).

ARU can be considered as one of the emission reduction
measures. The annual emission cost-effectiveness after
applying ARU onboard the ship (ACE, , ) can be calculated
with respect to the reduction of each type of pollutant
emissions using Eq. (13) [6, 30].

ACEARU i (13)

where, C_ is the total annual cost of ARU machine which
includes capital, operating, and maintenance costs in ($/year).

The total annual installation cost (C ) of the ARU system
depends on the annual initial money recovery (AMR),
the installation cost (C, ), the annual maintenance and
operating cost (C_, ), and the heat exchanger cost (C, )
in the case of the exhaust gas operated ARU. C can
be calculated using Eq. (14)

Cti = AMR + Cins. + Cm&o + CHE (14)

The annual money recovery (AMR) when applying ARU
depends on the unit cost (UC), the expected ship age after
applying the absorption system (n), and the interest rate (i)
[31]. AMR can be calculated using Eq. (15).

AMR = UC i@+ D" 1
= X ——— 5
A+"—1 )

Fuel saving due to the use of ARU instead of CRU during
sailing (m,) depends on the electric power saved during
the trip (P,) in (kW), the specific fuel consumption of the
generator (beg) in (g/kWh), and the number of sailing hours
per year (T). Thus, m can be calculated using Eq. (16).

Mg = beg. Pg. T (16)

The fuel cost saving (C,) will depend on three main factors,
including: the amount of saved fuel, fuel prices (C, in $/ton),
and the yearly fuel price change (PI). This can be expressed

as the following equation:

Cts = myg. Cr. [1 £ PI™ (17)
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RESULTS AND DISCUSSION

The results compare the performance of two ARU waste
heat recovery systems. The first system uses the main engine
exhaust gas as the heat source for the generator, while the
second uses the jacket cooling water. In the study, the operating
temperatures of the condenser and the absorber were assumed
within the range from 20 to 40°C, based on the used cooling
water conditions [9, 32]. The assumed hot water temperatures
were within the range of 95°C to 86°C, with the average
generator output temperature of 90.5°C, for the exhaust gas
operated generator, and within the range of 85°C to 75°C,
with the average generator output temperature of 80°C, for
the jacket cooling water operated generator. This was based
on the main engine heat balance data and the selected carrier
model for ARU unit. The evaporator temperature for this unit
is 6.7°C [20]. The generator temperature for a single-stage
water-lithium bromide ARU unit was assumed within the
range from 75°C to 120°C [21, 33, 34]. The cooling capacity
of the ARU unit was assumed equal to 250 kW based on the
ALKahera high-speed passenger ship technical data shown
in Table (1).

The results include the effect of condenser and evaporator
temperatures on the performance of the absorption
refrigeration cycle. In addition, the environmental
and economic results of applying the above two waste heat
recovery operated ARU machines onboard the ship selected
as the case study are discussed.

THERMODYNAMIC RESULTS

Although ARU consists of many components, only its three
components: condenser, absorber and evaporator, play a key
role in its applicability onboard ships. It is noteworthy that
the effects of the condenser and the absorber on refrigeration
cycle performance reveal nearly similar trends, which also
coincide with those recorded in the published paper [35].
In this section, the effect of condenser and evaporator
temperatures on the water-LiBr refrigeration cycle is studied
as follows:

Effect of ARU condenser temperature

The effect of the condenser temperature on the performance
of the water-lithium bromide refrigeration cycle is examined
by changing T and T , while simultaneously maintaining
T =30°C,and T = 6.7°C. Fig. 3 shows the effect of condensation
temperature on the cycle COP and the required generator
power for both exhaust gas and jacket cooling water heat
sources. The required generator power increases significantly
with the increasing condensation temperature. Its maximum
values change from 325 kW for the generator operated
on jacket cooling water, to 315 kW for the generator operated
on the exhaust gas. In contrast, the cycle COP decreases
with the increase of condenser temperature. This COP trend
coincides with the experimental results presented in [36].
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Fig. 3. Effect of condensation temperature on COP and generator power

Variations of absorber power and strong solution mass
fraction at different output condensation and generation
temperatures are illustrated in Fig. 4. As the condensation
temperature increases, the strong solution mass fraction
decreases, while the absorber power increases. As a result
of the increase of condensation temperature by 20°C, the
strong solution mass fraction increases by an average of 6.8%
when the generator operates on the exhaust gas heat source,
compared to the jacket cooling heat source. This is due
to the increased exit generator temperature from 80°C to
90.5°C. On the other hand, the absorber power decreases by
approximately 0.7% when the solution mass fraction increases
by 6.8% at the same condensation temperature. This is due to
the increased strong solution mass flow rate from 0.237 kg/s
to 0.30 kg/s.
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Effect of ARU evaporator temperature

The influence of the evaporator temperature on the

power. We can observe that both quantities decrease as
the evaporator temperature increases. The required pump
power of the jacket cooling water operated generator is
lower than that of the exhaust gas. As a result, the economic
performance of the absorption cooling machine is improved
with the increased evaporator temperature, especially when
the temperature of the available heat source is low. This
coincides with the results published in [32].
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Fig. 5. Effect of evaporation temperature on circulation ratio and pump power

In case of the evaporation temperature is increased,
while maintaining both T_and T, at 30°C, the mass fraction
of the absorber power and the weak solution mass fraction
decrease. At the same time, the strong solution mass
fractions are kept at the same levels, as shown in Fig. 6. The
decreasing power and mass fraction take their lowest values
when the evaporation temperature reaches its condensation
temperature. In addition, the mass flow rates of both the
strong and the weak solution start with high values, which
then decrease by 55.77% and 67.09%, respectively, at the end
of the considered evaporator temperature range, for the
generator exit temperature of 80°C. These reductions are
equal to 46.65% and 60%, respectively, when the exit generator
temperature is increased to 90.5°C. These results also indicate
that the absorber power for the jacket cooling water and the
exhaust gas heat sources is nearly the same at high evaporator
temperatures, starting from 15°C.

performance of the water-lithium bromide refrigeration cycle
is studied in this section. This analysis is made by varying
T, and T, while simultaneously keeping T and T_at 30°C.
The temperature of the refrigerant leaving the evaporator
varies from 5°C to 25°C at the two generator temperatures
of 90.5°C and 80°C. Fig. 5 shows the effect of evaporation
temperature on the circulation ratio and the required pump
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ENVIRONMENTAL AND ECONOMIC RESULTS

Practically, using ARU will lead to savings in the required
generator power, and consequently to the reduction of both
fuel consumption and emissions. For the examined case study,
using ARU will save fuel consumption by 104 ton/year, at the
fuel price of 720 $/ton [37]. This saving will result in dispensing
with one of the diesel generators during ship cruise. The
emission factors for the high- speed diesel engines fueled with
marine diesel oil (MDO), with 1.0% sulfur, are respectively
equal to 10.81 g/kWh, 4.1 g/kWh, 0.3 g/kWh, 645 g/kWh, and
0.2 g/kWh for NO , SO , PM, CO,, and HC emissions, during
cruise [38, 39]. Based on these factors, the emission rates in
kg/min during trip for each main engine can be calculated as
shown in Fig. 7. For the case study, the SO_and NO_emission
rates are 0.3936 kg/min and 1.038 kg/min, respectively, during
cruise mode for each main engine. These rates should be
compared with IMO 2020 and IMO 2016 (Tier III) rates of
0.24 kg/min and 0.287 kg/min, respectively. The same can
be done for the maneuvering and stand-by modes. From Fig.
7,both NO_and SO_emission rates of the high-speed diesel
engine will not be combatable with the new IMO emission
limits during ship cruise. This highlights the importance
of using ARU to meet the stringent IMO regulations.

[ Manoeuvering and standby modes

OCruise mode

—

IMO 2020 IMO 2016

EMNOx
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Fig. 8. Yearly emission reduction after applying ARU

Economically, the application of the ARU unit can be
judged from the annual installation costs and its recovery
period. The capital cost of the ARU unit ranges from 500 $/
kW to 700 $/kW, with the installation cost amounting to 12%
of this cost. The annual operating and maintenance costs are
8 $/kW and 0.008 $/kWh, respectively [13, 27, 40]. For the
application of the carrier absorption unit (16LJ11), the capital
and installation costs are $218,817 and $206,976, at yearly
fuel saving of 52,000 $/year, for the exhaust gas and jacket
cooling water operated
ARU units, respectively.
The heat exchanger cost is
the added cost only for the
exhaust gas operated ARU
unit, and not for the jacket
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Diesel
engine

Diesel engine

cooling water operated unit.

It adds extra expenses to
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Fig. 7. Comparing emissions of case study vessel with IMO limits

Environmental benefits of the use of ARU unit become
clear when comparing the yearly emission reduction in ton/
year after applying the ARU unit, as shown in Fig. 8. The
yearly emissions from the main engine are 102.7 ton/year,
38.87 ton/year, 2.981 ton/year, 6115 ton/year, and 1.987 ton/
year for NO , SO, PM, CO,, and HC, respectively. Applying
the ARU unit during cruise mode will reduce these emissions
down to 4.32 ton/year, 1.64 ton/year, 0.12 ton/year, 285 ton/
year, and 0.08 ton/year, respectively.
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the total ARU cost, but it
improves the performance
of the generator, compared
to direct use of exhaust gas [13]. The initial heat exchanger
cost is $10,572 which presents 5.7% of the capital cost of the
exhaust gas operated ARU unit. The total lifecycle cost (LCC)
of the two ARU units depends on the ship age and the working
years remaining after the installation. Fig. 9 shows the LCC
for the exhaust gas and jacket cooling water operated ARU
units over 18 years of operation, assuming the average ship
age of 28 years [6, 41]. The capital cost of the jacket cooling
water operated ARU unit is $184,800, while that of the exhaust
gas operated ARU is $195,372, representing 57.38% of LCC
for this unit. For the jacket
cooling water operated
ARU unit, the operating
and maintenance costs
are $38,016 and $76,032,
respectively, representing
11.8% and 23.6% of LCC.
Therefore, evaluating the
total LCC will help making
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Fig. 9. Total lifecycle cost elements for waste-heat operated ARU units over
remaining 18 years of operation
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decision about purchasing
an ARU unit. The decision
will be based on the unit which minimizes energy and
maintenance costs.

Maintenance
costs



In addition, the economic decision for applying the ARU
unit should consider the time required for money recovery.
Fig. 10 shows the yearly fuel saving cost and the annual cost
for capital recovery with payback periods for the exhaust gas
operated ARU unit. The payback periods should be compared
with the available economic life of the ship. For the case study,
the annual costs for capital money recovery are 54,836 $/year
and 51,870 $/year for the exhaust gas and jacket cooling water
operated ARU units, respectively, ati = 10%, and the payback
period of 6 years. Moreover, the fuel saving cost has to be
considered in order to evaluate the total economic benefits
of applying the ARU unit onboard the case study ship. The
annual fuel saving cost at the end of 18 years of ship operation
will amount to $127,478, at 3% fuel price increment.

CONCLUSIONS

The performance of a water-lithium bromide absorption
cooling machine installed onboard a ship has been analyzed.
Asa case study, a Ro-Pax vessel operating in the Red Sea area
was investigated. The above performance was discussed from
thermodynamic, environmental, and economic points of
view. The main conclusions can be summarized as follows:
o With reference to the thermodynamic analysis, both

exhaust gas and jacket cooling water heat sources can

provide the required heat for the ARU generator to cover

the required cooling capacity of 200 kW.
o From the environmental point of view, the application
of ARU machine will
decrease fuel consumption
by 104 ton/year. This will
reduce the NO_and SO_
emissions by 4.324 ton/
year and 1.64 ton/year,
respectively. The highest
reduction will be in CO,
emissions, by 258 ton/year.
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Fig. 10. Annual capital recovery and fuel saving cost after applying the exhaust
gas operated ARU unit

On the other hand, calculating the annualized cost-
effectiveness for each reduction in emissions will show extra
eco-environmental benefits of applying the ARU unit for the
main engine. Fig. 11 evaluates the cost-effectiveness of each
emission reduction. The lower the annual emission cost-
effectiveness, the higher the economic benefit of reducing the
emission parameter. The effectiveness costs of reducing SO_
emissions are 20.39 $/kg and 19.25 $/kg $/kg for exhaust gas
and jacket cooling water operated ARU units, respectively,
as shown in Fig. 11. NO_emissions will be reduced with cost-
effectiveness of 7.73 $/kg and 7.30 $/kg, respectively. The most
economic cost-effectiveness option for applying the ARU unit
is for the reduction of CO, emissions, which are reduced by
258 ton/year, with cost-effectiveness of 0.13 $/kg.
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Fig. 11. Annual NOx, SOx and CO2 emission reduction cost-effectiveness after
applying ARU unit

T
100,000

smooo0  soooo o According to the
economic results, using
exhaust gas and jacket
cooling water waste-heat
sources for ARU machines will annually save 127,478 at
the end of the expected ship lifecycle, at 3% fuel price
increment. Based on the total lifecycle cost analysis, the
jacket cooling water operated ARU unit is more economical
than that operated with exhaust gas, at capital and
installation costs of $218,817 and $206,976, respectively.
This will lead to the reduction in SO, NO_, and CO,
emissions with cost-effectiveness of 20.39 $/kg, 7.73 $/
kg, and 0.13 $/kg, respectively. Both analyzed systems can
be considered an economic option for newly built ships or
currently operated ships with available payback period of
six years.
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