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ABSTRACT

The utilization of the heat energy lost during costibn process is a critical problem for energy eersion for
marine application. In the maritime shipping sectaround 50% of the energy supplied by the fuelosg to the
surroundings. Practical methods to save the enéoglyhave been investigated extensively to uskothegrade energy for
power production, heat generation, and water desaion. In this paper, a review of the availablesteaheat recovery
systems is presented, highlighting the common rdsthaving higher energy utilization potential foatime applications.
This study helps to outline the suitable waste heabvery technologies that are suitable to useefich desired outcome

onboard of naval ships, and achieve higher efficies
KEYWORDS: Absorption, Development, Maritime, ORC,Waste HestoRery
INTRODUCTION

In the past few years, growing concerns were egpesabout the impact of maritime emissions on the
environment and marine life. Additionally, with thising emission levels from the maritime shippisgme regulations
were set to limit the emission levels and ensuee gafety of the environment. With these concernsind, several
technologies were introduced to reduce the emissamd maintain an efficient energy conversion. ©hehe most
prominent technologies is the Rankine cycle thatbeen explored extensively by researchers ovgrabtedecade. Shu et
al. [1] provided a reliable evaluation of an orgaRiankine cycle for a marine WHRS. The model isdusepropose an
ORC system to analyze the thermodynamic performahdéferent working fluids. The results indicatdtht an increase
in electricity production by 36-41% when the opienaal profile is included. A state of the art rewi of thermodynamic
cycles for heat recovery was given by lglesias (aaet al. [2]. The survey highlighted the charasters of ORC and
advantage over the other Rankine Cycles with thmaidifications. It was shown that closed processesaore efficient
than others, while still, the low efficiencies arelrawback. Chintala et al. [3]reviewed the potdrdf waste heat recovery
from the exhaust gas, water jackets and intakegehair of Cl engines. The study stated that en@R& system could
operate with the maximum thermal efficiency rangp®wt 10-25% and R245fa is a better organic worKiogl for

engine-ORC application based on better performaaglability, economic and environmental aspects.

The power generation efficiency improvement wasgestigated by Mito et al. [4] through a proposedeio
technique. The technique aimed to integrate thé fegected from the scavenge air cooling processstaa exhaust gas in
operating a single and dual pressure steam powegrggon cycles. The results showed a 2.3% incr@ashe cycle

efficiency, the power output by 9.7% of the engineited power, an exergy efficiency increase byo6a®d a reduction of
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both fuel consumption and carbon dioxide emissimdreasen et al. [5S]jcompared between dual pressSB@ and ORC
for low and high sulfur fuel cases. The comparisbaws that at high loads the net output powergkdri for SRC and the
ORC performance is higher at lower loads. Regartlimigine efficiency, the ORC turbine can achievghler efficiency

than SRC using c-pentane giving 10% increase ineglRech et al. [6] tried to exploit the heat friomar different dual

fuel diesel engines by investigating three ORC eyt configurations onboard an LNGC. The resulticated an

optimum speed of 16.5 knots on a loaded voyagédter performance of a single stage system wéii GWh at a peak
efficiency of 6.5%. Moreover, using the supercaticonfiguration leads to the optimum performanédhe two-stage
ORC giving a 2.3 GWh work and a thermal efficiemfy2.6% at 15.5 knots.

Many researchers have investigated a different kihevaste heat recovery systems that are usediverss
applications. Chen et al. [7] proposed an ammoratewvcombined power and cooling system, in whiah waste heat
contained in the jacket water and exhaust gas aht@nnal combustion engine can be recovered efiity to generate
power and cooling energy simultaneously. The resoitan economic analysis indicate that the progpasstem has a
good economic benefit. A novel NH3-H20-LiBr absdoptcycle was investigated, Liang et al. [8] props system that
uses an electrodialysis device to separate the frildn the solution stream entering the absorbethso the LiBr is
retained in the generator as much as possible.liResdicated that, due to the integration of eledialysis process, the
operating temperature in the generator is sigmfigaeduced and the COP of the proposed systempsved compared
to the regular NH3-H2O-LiBr absorption refrigerati@ycle when LiBr mass fraction varies from 0% 0% For
optimum energy utilization, a hybrid system carubed to utilize the energy from different heat sear Su and Zhang[9]
studied a hybrid compression-absorption refrigeratair-conditioning (AC) system combined with ligudesiccant
dehumidification. The PEE of the proposed syster®4i®7% higher than that of traditional absorptiefrigeration AC
system at the same operating condition. Moreow@npared with the traditional absorption refrigevatiAC system, the
generation temperature of the proposed system earease from 100 °C to 60 °C due to the existehtleeocompressor.
Although there have been many studies on the Rardynle, there is still hardly any comprehensiweeww of the recent
developments in waste heat recovery technologi@sanne applications. To the knowledge of the argththere is a lack
of literature on hybrid waste heat recovery systémasfocus on the generation of both power and. thedhis context, this
review aims to highlight the current technologidsVdHRS and the trends of hybrid systems that @ilihe low and

medium grade temperatures.
WASTE HEAT RECOVERY FOR MARINE APPLICATIONS

The fuel used in combustion engines is not utilisatirely due to the heat energy that is lost ®oghvironment
through the combustion process. The largest podfdhe lost heat is from the exhaust gases, aadrnitbe seen from the
Sankey diagram shown in Fig.1, there is about 2505%e fuel's energy that is lost to the surrounggi [10] through the
exhaust gases and others. The available temperafutiee waste heat is the primary factor to be icred when
determining the quality of the heat. There aredhmin categories of waste quality such as lowdinme, and high
quality and it depends on a range of temperatushaan in Table 1. The higher efficiencies are aebil with higher heat

quality for the waste heat recovery systems, butrfarine, the usual quality is either low or medium
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Marine Diesel
Engine

Exhaust Gas, 25.5%

ea: Radiation. \//Waste heat energy

Figure 1: Sankey’s Diagram of a Typical Marine Diesl Engine

The major contributors to waste heat in a marimgiree are exhaust gas, scavenge air and enginmgaoahter.
The range of exhaust gas temperature varies freond2stroke engines, but four-stroke engines haglken temperatures.
Although the exhaust temperature is dependent warakfactors including ambient conditions and #mgine’s load, a

general range for the two-stroke engine is 325234hAd for four-stroke-engines, it is 400-50[1]

Even higher exhaust temperatures are attained ahfdal engines when operating on gas fuel. Engmaing
water temperatures of 80—90 are relatively standard for most engines; nevértise for some dual-fuel and gas engines,
the cylinder head cooling water temperature caolrd25C, at cooling water pressure of 3—4 bars. Out ofitted waste
heat streams, the highest quality is supplied byetthaust from the waste incinerator and has tjigebkt potential in terms
of utilization by a WHRS. While on the other hain tincinerator operation is intermittent and tharity of the heat
supplied is quite small as compared to other stsedevertheless, incinerator heat could be usexp#vate a dedicated
WHRS or to supplement WHRS designed for other siseor better efficiency during incineration acties. Together
with a high mass flow rate and a reasonably highperature the exhaust gas offers itself as the waste heat source,
both in terms of quantity and quality. The utilinat of exhaust gas-energy depends on the lowegideature to which it
could becooled in a heat exchanger. In the casagifhes burning fuel oil, there exists a risk afrosion due to sulphuric
acid condensation in the exhaust stream. Theref@HRS utilizing the exhaust gas should be designeghsure that the
exhaust gas is not cooled below the acid dew pdihis factor limits the heat recovery from the exdtagas. Many
suppliers recommend that an exhaust outlet temperaf not less than 1685to avoid acid corrosion and soot build-up in
the exhaust gas heat exchangers. The use of cléaglerin future can reduce the risk of acid forioatat lower
temperatures and can increase energy recoverythemxhaust gases.

Table 1: Waste Heat Quality Classification and Its Range of emperature

Waste Heat Quality | Range of Temperature
Low <232

Medium 233 — 650

High > 650

Current Waste Heat Recovery Technologies

Different technologies can utilize the waste heatnf the marine engine, and they are categorizeddbas the
waste heat grade. These technologies have beerandetbntinuously developed to ensure efficient @piiimum energy
conversion. These systems are extensively usedubeaaf their advantages including utilization oflgy with high

efficiency, easily integrated into the system, barused on different types of vessels, and safpénation.
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The Ideal Rankine Cycle

This thermodynamic cycle is commonly used for hergrgy conversion into mechanical work in the narin
application. A working fluid is used for heatingdaavaporation throughout the operation of the cyafgich is normally
water and turned into steam. The cycle consist®wf main components namely, turbine, pump, conelerend boiler.
The layout of the cycle with its components arevahdn Fig. 2 along with the ideal temperature-epyrdiagram for the
steam Rankine cycle. There are no restrictionstha use of different working fluids or temperatussges, but the
performance of the cycle is variable depending @resal factors including the field of applicationdathe utilization of

energy.

Tin
Boiler

Weab out

5

Figure 2: Ideal Rankine Cycle with a Typical T-S Dagram
Rankine Cycle with Water as the Working Fluid

The most common type which has been used for yedhe steam Rankine cycle that uses water as tkirvg
fluid. This thermodynamic cycle was used extengiweler the past century for power generation amehi first found in a
maritime application with the launch of SS Turbimal894 [12]. In terms of the main propulsion aniliary power, the
steam turbines have been used in both for powedystmn. However, the diesel propulsion system tespreferred
choice for power generation, but the Rankine cgele still offer an optimum utilization of power asvaste heat recovery
system. The steam Rankine cycle can utilize medjuality waste heat i.e. exhaust gases to heat ¢inkirvg fluid in the
boiler. In addition to the combination of other law medium quality heat sources for feed waterihgathe overall
efficiency of the cycle could be improved. A praiio of an increase in the cycle efficiency by 8.8%ough the use of
SRC WHRS was shown by Theotokatos et al. [13] fdGLpowered dual fuel diesel engines, and 28% wdpkerating in
diesel mode. In their study on WHR for large comaships, Ma et al. [14] found that an SRC couldticbute to about 3—
3.5% overall plant efficiency within the engine ogting range from 50% to 100% of engine SMCR, whilerking
together with an exhaust gas driven power turbliieng et al. [15] analyzed SRC for marine 2-strekéaust heat with
varying degree of superheating and condensing texnpes, gaining overall plant efficiency of 4.55% with an exergy
efficiency of 45-55%. Traditionally, SRC is an efint WHR option for source temperatures above 3802C, while at
lower temperatures steam system becomes less féedtivee and requires bulkier equipment. Also, tiaste heat at the
lower temperature is unable to provide sufficienergy to superheat the steam, which is a requirenemprevent

condensation and subsequent erosion of turbinéng§ti6].

NAAS Rating: 2.73- Articles can be sent to editor @ mpactjournals.us




A Review of the Developments of ORC and Absorption Refrigeration Waste Heat Recovery 15
Systems For Marine Applications

Hence, this technology is used for both offshand anshore application for power generation andtevhsat
recovery. It has been proven that it offered sdveeaefits as a waste heat recovery system fromumeduality waste
heat sources. The operation of this technologpiisicered safe because of the water usage andhaaper to operate the
components. The cycle doesn’t require any spexalihg for the crew as most of the crew is algetaimiliar with this
basic cycle and its operation procedures. Howetierefficiency of the cycle is low when operatinghatow-grade waste

heat source, but the operation of this cycle givemerits and operation makes it an asset.
ORGANIC RANKINE CYCLE (ORC)

When dealing with the Rankine cycle, it is usuaéscribed by the operation of the steam and tleetsfion the
turbine’s blades. There have been many effortsnfarove the overall efficiency of the cycle by uswternative fluids.
The organic Rankine cycle is a modified cycle frbra ideal Rankine cycle that uses organic fluideiad of the regular
water/steam working fluid to operate the systeneréhare different kinds of fluids that can be usedh as hydrocarbon
gases, refrigerants like hydrochlorofluorocarbohkCECs), and using the regular water working fluithe cycle
components are similar to those of the steam ayotkoperate in similar way. At moderate heat soten®eratures, the
best efficiency and highest power output are Ugwditained by using a suitable organic fluid imsteof water in the RC.
This is mainly because the specific vaporizatioattad organic fluids is much lower than that of @rafThus the organic
working fluid “follows” better the heat source ftlito be cooled [17]. An ORC plant can be arrangedhany different
configurations to achieve the optimal cycle efficig and reduced heat losses. A detailed reviewiftédrent advanced
ORC configurations and layout stating the possipglications is available in the work of Pierobdrale [18] stated ORC
efficiency of 20-30% for offshore applications usigas turbine exhaust heat. Larsen et al. [19¢ sket highest optimum
ORC system efficiencies ranging from 20% to 30% lf@at source temperature ranging from F80to 360 °C,
respectively, for marine applications. This coulthtlate into an improvement of the overall pldficiency between 10%
and 15% approximately. On average, optimistic satiohs forecast overall plant efficiency improversebetween 15%

and 20%, while realistic expectations lie welllie range of 7-10% improvement with ORC [20]. Stdfiet al.

For ideal working fluid, Zeotropic binary mixturesve been suggested for ORC due to better ther@ahmvith
the heat source and improved system efficienciagpab 15% as compared to pure working fluids. Qeda of working
fluid has been studied in various works suggestipimal fluids for different applications and heabperties. OPCON
Marine has commissioned the first ORC-WHR plantaaddM/V Figaro and expects fuel savings around 4-6fthe
case while expecting a savings potential of 5-16f@fther installations. On the other hand, OPCO8sldeveloped ORC-
WHRS for shore industry for up to 1.5MWcapacity d@strating the potential capabilities [21]. Turbod&gRL of Italy,
claims an efficiency figure of 19% for heat soutemperature of 250—-30C and projects efficiencies of around 25% for
hotter sources [22]. A list of commercial ORC plaminufacturers can be found in the work of Schustel. [23]. An
ORC has several advantages over an SRC plantvetelmperature heat sources. Organic fluids havdaver specific
heat of vaporization and require less amount of figaevaporation. The evaporation process takasepat lower pressure
and temperature. The expansion process ends wafie region, and hence the superheating is noiiregtjavoiding the
risk of blades erosion. The smaller temperaturéeice between evaporation and condensation agsmsnthat the
pressure-drop ratio will be much smaller and thingpke single stage turbines can be used [24]. OR&@excellent

potential for WHR and improving the overall plaffiG@ency. ORC system can be designed to utilizéhlbow quality and
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medium quality heat energy. With a carefully seddcivorking fluid which offers higher system effioay, is chemically
stable and safe in handling and storage, ORC dffieiexcellent solution

SUPER-CRITICAL RANKINE CYCLE (SCRC)

In the previous two modifications of the ideal Rimekcycle, the working fluid is heated in the evagtor at a
pressure lower than the critical pressure allowirtg pass from liquid phase to wet phase and lfintal the vapor phase.
However, in the Super-critical Rankine cycle therkimmg fluid is fed to the boiler at a pressure @ghhan its critical
pressure and then it is directly heated from theidi state into the supercritical state, bypassirgtwo-phase region,
which allows it to have a better thermal match with heat source, resulting in less exergy destruckikielewicz [25]
claimed relative improvements of about 5% in coriguar to subcritical cycles for a selection of orgdatuids. Schuster et
al. [26] compared subcritical and supercriticallegaunder the same parameters and found supeatiticles to be more
efficient by around 8% relative efficiency gain whiis due to lesser exergy destruction. Karell&g faund a gain of
about 13% relative efficiency for SCRC than sulizaltcycles.

The properties of the fluid for SCRC are crucial fearine application and needs to be selected Whrefhe
critical point of the fluid has to be lower tharetloutlet temperature of the boiler so that thedflaomes out in a
superheated state. For marine WHR it is difficalbheat water to its critical point and can be edetlileaving only organic
fluids for SCRC applications. Also, the criticairtperature should be higher than the seawater teyperso that the fluid
could be condensed in a condenser. For example,l@®2 critical temperature of 3@ making it difficult to condense
with seawater cooling especially in warm areas wlsgawater temperature is higher thai@5making it unsuitable for
marine applications. With proper fluid selectiordararefully developed SCRC system can provide bgtas over RC

and ORC plants by offering better efficiency anddo emissions.
Absorption Refrigeration

To improve fuel economy and environmental compkanmany studies focused on the available waste heat
recovery technology. There are current effortstiiiza the different types of waste heat for onlibships for refrigeration.

There are several types of refrigeration technologing used for marine applications.

Sorption refrigeration systems as shown in Fig.8 i p-T plot is given in Fig.4 are driven by thma energy
and requires less electricity, and it can utilize tvaste heat of the engine and improve the ermrgyersion efficiency.
Therefore, fuel can be saved considerably. Bothorgiien and adsorption refrigeration are sorpti@irigeration

technologies [28].

0. §==m| Condenser |«
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Figure 3 - A Schematic of A Single Effect Water-Lilb Absorption Refrigeration Cycle
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Challenges to the absorption cooling system onbsiapd applications were also addressed by suggestin
potential solutions. Fernandez-Seara et al. [29igied, modeled and analyzed a gas-to-thermal WiitR system for a
trawler chiller fishing vessel. An ammonia-watesaiption refrigeration plant was used for onboardling. Synthetic oil
was used as a heat transfer fluid. The influencgeafmetric design parameters and thermal operatingitions were

studied on heat exchangers and system thermalrpefe.

Logp & 100, H, 0 . 40% H.0

T
Figure 4 - Log p-T of a Single-Effect Water-LiBr Rdrigeration Cycle

Menzel et al. [30] presented an experimental shfdyn ammonia-water absorption refrigeration systsing the
exhaust gas of an internal combustion engine asnargy source. The exhaust gas energy availabititythe impact of
the absorption refrigeration cycle on engine penmce, exhaust emissions, and power economy walasted. Kaita
[31] developed equations for calculating the vap@ssure, enthalpy, and entropy of LiBr solutiohkigh temperatures
using measured data of vapor pressure and heatigaphich are very helpful for the modeling andsidm of triple-effect
water-LiBr absorption chillers; these temperatunes pressures are higher than those used in tnaglitdouble-effect
chillers. The developed equations were valid foncemtrations between 40 and 65% and also for teatyress of 40—
210°C. Lansing [32] described and analyzed the mhymaimulation and the computer modeling procediira water-LiBr
absorption refrigeration system. The concentrabibrefrigerant and solution in the range of inténgas from 0.50 to 0.65
kg LiBr/kg solution. The results from this simutatii were heat rates, line concentrations, pressanesthe overall COP.
Kim et al. [33] carried out an experimental study & vertical countercurrent slug flow absorber vigkwith the
ammonia-water mixture at low solution flow rates fredict precise absorption performance in thé abaorption heat

pump system, they developed a data reduction modsdtain local heat and mass transfer charadtavist

A different solution was presented by Garimellaagt [34] for a single-effect water-LiBr absorpticand
supercritical CO2 vapor compression coupled cyEhe system was modeled for application on a navigl $§he exhaust
heat (175-275°C) of the onboard gas turbine power pvas used as the power source for the geneshtbe absorption
heat pump. Megawatt-scale cooling loads are redudgeadvanced naval electronics. In order to rea&lV/cm2 cooling
fluxes with plausible technical advances while agpieg on large surface areas, it is necessary ve,Har example, a
coolant available at -40°C. This is why vapor coesgion with a liquid CO2 tank is needed. Additibnaiost naval
ships require medium-temperature cooling (5°C) &bectronics and the AC. The evaporation of the aiiEm
refrigeration system was divided into two differesthges. The first stage was used to chill theidigDO2 vapor
compression cycle in order to meet the coolingagfemeeds on demand. This arrangement improvesftbiency of the

vapor compression cycle. The second stage is usedhé steady-state cooling of electronics and ugethe AC.
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Recuperative and solution heat exchangers weredadihe system to improve its efficiency. The C@iRhe individual

absorption cycle was estimated to be 0.7803 andhfoicombined total-energy-input based COP, it egtanated to be
0.594, which means that all the cooling power poeduis divided by all the energy needed in the adessystem. The
electrical COP was also defined as the total cgofiower divided by the system’s electricity poweoripression and
pumping) requirements; it was estimated to be 5.68% cascaded absorption/vapor compression cyateestimated to
save up to 31% of the electricity consumption ia tase ship studied when compared to an equiviienstage vapor-

compression system.

Typically, refrigeration is produced using vapomywession, which consumes considerably more etégtri
compared to an absorption refrigeration systems Eléctricity is produced at a rather low efficignsing diesel engine
combustion. The chilling process is necessary fiderént requirements in maritime transport. Foample, the AC, ice-
making, and medical or food preservation all nesfiigeration [35]. First, state-of-art and fundanads of absorption
refrigeration are introduced. Two of the most cartinal absorption refrigeration systems are exgdowith a steady-
state thermodynamic model. These systems use {estex refrigerant) and lithium bromide (as absapp@md ammonia
(as a refrigerant) and water (as absorbent) asimgrkairs [36]. Equations suitable for higher tengperes of LiBr
solutions are selected [37] in the ammonia-watee dhe model takes the operation of the rectifito mccount. The
process data of the exhaust gases and cooling flates in different climate conditions and operatiprofiles for a B.
Delta37 bulk carrier is studied to estimate theigefation potential for ships in general. Energgduction by WHR,

cooling power possibilities, and annual fuel sagiage evaluated in ISO and tropical conditions.
CONCLUSIONS

This paper highlighted the key technologies of fenkine cycle and Absorption refrigeration for mari
applications. There were several modificationshef original Rankine cycle that were discussed sigcthe organic and
the supercritical cycles. An extensive review oftbtechnologies has been carried out based onutvent trends and
available waste heat energy resources on a maesgel/ In terms of heat recovery potential, itoignfd that the exhaust
gases are the primary contributor that offers &adligemperature for heat recovery. In addition,fthiel selection of the
working fluid inside an ORC is considered an esaépart of the primary design process and carediignificantly in
terms of performance. The supercritical cycle isthar promising technology that deals with mediuraliy heat sources
with high energy recovery ratio. On the one hahd, itleal Rankine cycle has been used for yearpened itself as a
reliable source. However, on the other hand, tiseege continuous search to improve the energy efiity of the vessels
and provide optimum solutions. While the Rankineleyis safe, the organic and supercritical cycl&erohigher
efficiencies. Moreover, the application of refriggon onboard of marine ships was studied by masgarchers especially
focusing on thermodynamic analysis. The carried inuéstigations used different operation conditidmysvarying the
temperatures of generator, condenser, absorber,eaaporator. The performance of the cycle was asad when
improving the effectiveness of the heat exchangdrdid not affect the circulation ratio. To conaudhe proper selection
of waste heat recovery systems could increase bl efficiency reduce operational costs and sioiss by following

the IMO regulations.
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