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CHP Combined Heat and Power

COP Coefficient oPerformance

CSP Concentrating Solar Power

EER Energy Efficiency Ratio

EG Exhaust Gas

EGR Exhaust Gas Receiver

GHG Green House Gas

HFO Heavy Fuel Oil

HTF Heat Transfer Fluid

ICE Internd Combustion Engine

IEE Isobaric Expansion Engine

IMO International Maritime Organisation

KC Kalina Cycle

LTES Latent Thermal Energy Storage

NPV Net Present Value

O&M Operation and Maintenance

OFC Organic Flash Cycle

OFRC Organic Flash Regenerativgcle

ORC Organic Rankine Cycle

PGU PowerGeneration Unit

PTG Power Turbine and Generator

SCP Specific Cooling Power

SDWP Specific Daily Water Production

SFOC Specific Fuel Oil Consumption

SMCR Specified Maximum Continuous Rating

SRC Steam Rankin€ycle
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STES Sensible Thermal Ener§torage
STG Steam Turbine and Generator
STPT Steam Turbine Power Turbine (combined system)
TCS Thermochemical Energy Storage
TEG Thermoelectric Generation
TES Thermal Energy Storage
TRL Technology Readiness kv
VLCC Very Large Crudearrier
WHR Waste Heat Recovery
WHRS Waste Heat Recovery System
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The ZHENIT project aims to exploit waste heat recovery potentlabaod vessels using energy
management methods, clean energglutions andow-emissions ship services. The targets of the
project are new technologies development;lmrard validation, a regulatory framework analysis and a
replication roadmap at regulatory and economic level. Various waste heat recovery teasnwltgie
paired synergistically, and the experience gained with this project in holisiit@tyrating and
YIEYlFIAYy3a RA-HSENNERA sysedds, | higoéid propulsion technologies, and energy

management methods could be leveraged for futureliappon in neazero wasteheat vessels.

Various technological options for the recovery of marine engine waste heat are currently or potentially
available. However their temperature ranges of application, capacities, costs, efficiencies and overall
levelsof technological maturityary greatlyThe purpose of this report {®)to give an overview of the

state of the art of orboard waste heat recovery technologies for the shipping indudtjyfor each
technology provide an overview of the basic opegpfirinciple, its techneconomic performace and

review the potential for oitboard integration, and (c) provide algorithmic models to support the techno
economic assessment of the energy system investigated in ZHENIT. The technologies are categorised
into either developmental technologies investigd in ZHENIT, or other consolidated and
developmental waste heat recovery technologies. Each technology is contained within its ewn sub
section which is organised as follows: an overview of the technology ba&ingvprinciple, the
different architectues for the practical implementation of the technology, a discussion surrounding the
specific application to marine energy systems, the teaoomomic performance, and finally the

algorithmic model for technrecoromic assessment.

All of the waste heat revery technologiesitherconvert the excess heat frottme engine into electrical
power (waste heato-power), cooling power (waste hett-cold), mechanical power, opgradethe
excess thermal energy generateadded valudor some on board demarsilichassteam omesalinated

water.

The main technologies investigated in the context of the ZHENIT projeotgaric Rankine cycles
thermal energy storagesorption desalination and refrigerati@md isobaric expasion enginesAll of

these technologies nka& use of thermal energy, which in-baard applications can be expected to be

in the form of exhaust flue gas from ship diesel engines and the engine cooling fluids (jacket water,

lubricants).
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Organic Rankine cgslare waste heatto-powerthermodynamic gcles for power generation that can
make use of thermal energy to evaporate a working fluid / refrigerant with a relatively low boiling point

and run it through an expander to produce useful work.

Thermal energy stageenable the storage of waste heatiinche aforementioned heat sources and
Ad LI NGAOdzZ F NI & adAGSR G2 GKS AYGdSNXYAGGSyd ylridd

factor on the availability of hot exhaust gas and cooling fluids.

Sorption technologieleverage carefullyomsidered thermechemical adsorption reactions to generate
both desalinated water from seaater anda cooling/refrigeratioreffect, powered by ofboard waste

heat.

Isobaric engineare an uncommon type of heahgne, which are aimed, emoard, at conveihg

excess waste heat to mechanical work, which, as with the Organic Rankine Cycle, can be used to produce
St SOGNROIE LIRSSNE RNAGS | O2YLINBaaz2zNE SGOX Ly
aimedat fuel pumping in the aboard fuelinjection systems.

Six other technologies are investigated in the other consolidated and developmental waste heat
recovery technologies section. It emerges from this section that the main currently implemented waste
heat recovery igurbocompounding which ca recover between 3% and 10% of the fuel energy as
electrical power depending on the level of complexity of the system. Other waste heat recovery
methods with technological maturity levels varying from wide spretfte norrmarine industry (such

as steam Rankine cycleand absorption refrigerationto very low maturity levelghermo-electric
generationand unconventional power cycles suctKasinaor organic flash cycl@¢sre investigated in

this section.
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1 Introduction

Much of the energy inpuffuel) used in industrial thermal processes, heating systems and transport
does not result in useful work and is lost to the environmembaserted asvaste heatSuchenergy
inefficiencies arecertainly an issuefor marne applications. In a largeore, two-stroke internal
combustion diesel engirtgpically found in large modeitay vesse|sas much as 50% of the input fuel

is lost as thermal energy through various cooling fluid streardsthrough exhaust gas§l. These
types d engines consitiet 96% of the propulsion methsdor all civilian ships above 100 tda$ As a
direct consequence of this high amount of releasest@laeat, the shipping industry is responsible for
approximately3% of total worldwide GHG emissipasgth global trade through shipping expected to
grow further[3]. These factors havpwshed he International Maritime Organisation (IM@) aim
towardshaling shippingrelated emissions by 2030rough its Initial Strategy adopted in 203, in
directsup@ NIi 2F (GKS ! yA (SR bWakeuggghtaatior tazanibht slighatedchaSge D 2 |
and its impact@[5].

Various strategies can improve the energy efficiency and lowee@i4&orof shipg6]. Some of these
approaches include using alternative fuels to the traditional sh#awy fuel, such as LNG, hydrogen,
ammonia and advanced bioels, alternative means of propulsion such as modaits onboard

carbon capture and storage to direciippact carbon emissiondnclusion of renewable energy
generation technologies such as solar PV or solar hybrid systems, or even improving existing internal

combustion engine (ICE) technology

Since roughly 50% of fuel input is lost as waste heat, wastedtovery (WHR)ould be areffective

way to both improve vessel energy efficiency and lower GHG emissions. While some WHR methods are
generally in place aboard vessels such as waste heat bsilam turbine cyclesr turbocharging

there exist a nurper of potential technologies that could improve the energy efficiency of vessels
beyond what is currently achieve@urrent estimates show that total engine efficiency could be raised
from 50% to 60%, and 4% to 16% fuel efficiency improvement is ateihA)l
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2 On-board WHR technologies in ZHENIT

2.1 Organic Rankine Cycles

2.1.1 Introduction

The Rankine cycle is a thermodynamic cycle that converts thermal energyhieatrsaurcento useful
mechanical work through an expander/turbine tragenerallyto produce electricityln its most basic
configuration a Rankine cycle is composed of an evaporator, an expaodeected to a power
generation unita condenser andump in a tosed fluid loopThe traditional working fluid is water in
so-called Steam Rankine Cycles (SRC). Steam turbine shistgmniseen used for over a century
maritime applicationf2]. However, the performance of droard SRCs is limited by the temperature of
the available waste heabmbined with the lgjh evaporation temperature of watgf], which for SRCs
should ideally be above 3%Dto produce high pressure steam; at lower temapures the equipmaent
required is bulkyinefficientand expensive.

Organic Rankine cycles (ORC) leverage more effectively the lower tempesadtecheat orboard

ships by using organic fluids with low boiling points as the workingdRids argypicallydesigned for
biomass combined heat and power plants, waste heat recolesvytemperature geothermal sources

or solar applicationf8]. Variousdifferent working fluids are available to best tailor the ORC to the
available heat sourced/arious ORCconfigurations exist to make best use of the available heat
sources/sinks. Configurationdamworking fluid selection atsvo of the main factors which determine

the performance of the OR@ the context of the applicatioNet power output of current comercial

ORCs ranges from 10 kW' 10 MW [9]. Commercially available ORC systems, nowadays, range from a
few kWs upto 2.2 Mwe.

2.1.2 Technology overview
2.1.2.1Thermodynamic cycland basic operation

A fluid in arideal organic Rankine cycle undergfmes thermodynamic processeddiabatic pumping
- the pressure of a working fluid in the liquid phase is incretséite maximum ycle pressuren a
pump. Tke required electrical power input should be negligible compared to the expander work output.
Isobaricheatingcthe saturated liquid is heated by the heat souirtéhe evaporator brought to the
boiling point and fully evaporatedto vapour, and often superheated. In the ideal cycle, the pressure

stays the same during this procelsgntropic expansiarthe superheated vapour stream is expanded
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isentropically in a turbine / expander train to produce useful mechanical work apddssure vapour

at the turbine outlet. Expanders are selected either from turbines or positive displacement engines.
Isobaric coling the low pressure vapour flow is cooled and condensed back to the liquid phase. Some
thermal energy is extracted from thgocess at this stage, which can be useful depending on the
integration of the Rankine cycle in the broader energy sygléinHgure 1 shows the basic schematic
layout of the ORC.

180 TS diagram
(a) :f i (b)
: : 1 140
! ! 120
Y \+' | _
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| I I o
o I I ' : . 80
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. : : <3—— Cooling water
ump —r 40
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i 4 /
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Fgurel Rankine cycle (a) Basic system configurqtibjand (b)thermodynamic cycles in asTdiagranwith
RE347mcas working fluid12]

2.1.2.2Performance metrics

The performance of an ORC relates to the amount of useful work producdaltionréo the thermal
energy input toevaporate the working fluidind the electrical energy input to drive pumps and
auxiliariesThe main technical performance indicators of ORCs are the net useful workspuipghd
the cycle thermal efficienay, yThe net useful work produced hiyet cycle is the difference between

the useful work produced at the expandgf . and the work absorbed by the purjL, - Lequation
@)y:

?..4?-._?_{)D— (1)
The cycle thermal efficiency is the ratio between net useful wotgut =, _ produced by the cycle

and the provided thermal enerdy. (equation(2)).
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+—<| T gt Tg®e= T =0 0w (2)

ri - ri -
Cycle thermal efficiency generallyproportional to the heat source temperatueand the size of th
system Larger ORCs tend to be more effi¢i¢d]. Anothermetric is the heat recovery effectivendps
which quantifies the actual amount of energy extracted from the heat sdhrceompared to the
maximumextractableamount |, 1 , equivalent to the amount of energy removed from the heat source

until it is cooled to ambiertemperatureq|4 4 (equation(3)):

5 b- il F o «

Fove T Toos ©
With {|<> F .the inlet waste heat stream temperature, add f o dhe outlet waste heat stream
temperature. The performance of the ORf@pends mainly orthe choice of the working fluid, in
particular with respect to the heat source, and the cycle architecture. Thesdetsign choiceare

reviewed in the following section.

2.1.3 Architecture and implementation
2.1.3.1.1 General ORC configuration

The basic cycle configuration was presented in the overview of the technology, The following section
discusses some more advanced cycle architectures developed to improve overall performance and
whichtend to be encountered in practicEhe gaseous fluid ghe turbine outlet needs to be cooled

down to lowpressure saturated liquid temperature, and the liquid fluid at the pump outlet requires
heating to the high pressure saturated vapour temperaturgorAmon modification to the basic cycle

isto recover the heat from the turbine outlet and transféno the fluid at the pump outletiaa heat
exchanger called acaperator (also regenerataig form a secalled reuperatedor regeneratectycle.
Hgure2aschematically presents the layout of a typical regenerated cycléjguré 2b the associated

T-s diagram.

programme under grant agreement No 101056801. Views and opinions expressed are however

the author(s) only and do not necessarily reflect those @Btropean Union or the European G@lien
Funded by the Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the
European Union authority can be held responsible for them.

- This project has received funding¥ro G KS 9 dzNR LISFY ! yA2y Qa | 2NA~ 20| 140



/7 _,.\ Zero waste Heat vessel towards relevant
<]
Energy savings also thanks to IT technologies

-
W Y
Zhenlt D 1.1] WHR for Maritime applications catalog

@

My
Expander
S
@}ﬁl

Generator T

tger ®
s
@ g ® Condenser
pump

Evaporator

— My,

Recuperator
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Turbine bleeding uses part of the hot working fluid to preheat the stream ahead of therateapo
resulting inan overall increase to efficiencyhe working fluid is divided into different pressure levels
and processed in two different expandefgure 3 shows the typical laydwand TFs diagram of the

regenerated cyel
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Fgure3(a) Typical layout and (b)sTdiagram of the bleedeegenerated ORC process [13]

In dual loop or cascaded cycles, two Gipesaingwith different working fluidgeverage wastéhermal
energyfrom different tempeature heat sources. This cycle is useful to combine multiple waste heat
streams at dierent temperature levelsa likely scenario in marine energy systdaggire4 shows an

example layout of a dual loop cycle.
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FHgure4 Dualloop ORC for using multiple waste heat streams [3]

2.1.3.1.2 ORC configurations for mariapplications

While the previous section discussed the more general configuration of ORCs, the following section
explores the configuratianspecificlly suited to onboard applicationsSong et a[14] studied two
different configurations that are directly connectedthe main engine d a ship Hgure5a). The first
consists of two seate simple ORCs which recover heat from two sources: the exhaust gas and the
jacket cooling water. The system wasstructed by Tsinghua University and Hangzhou Clitesam

Turbine Power Co., Ltd@his configuration is complicated, due to the existence of two separate ORC
systems, and also requires a lot of space. Thus, in the above study, a modtfiddigoconfguration

was investigated, consisting of a single R@hich the jacket cooling water was used for preheating

the working fluid of the cycle and the exhaust gas for driving its evaporiétane®b).

Working fluid

(a) st oo Turbine (b) Exhavst gos
! VA o A ,\‘ |
' L HROrRion Sy Generator Turbine
Turbocharger ol L/ y
__Turbocharger | r 1 Te2 T = — \
r : 3 ’ e

pump

!

]
I Jacket cooling
water =

Diesel engine Preheater

Diesel engine

Working fluid
pump
=0

1 Tel
Condenser

-

FHgure5 (a) Two separate ORCs driven by exhgasiand jacket cooling water, (b) ORC configuration with
preheater and evaporator [12]
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Another configuration was analysed by Liths] and is depicted iRkigure6. The configuration isased

on a parallel ORC architestun which heat is retved from the exhaust gas of the engine as well as
thescavengesirc2 2 f SNJ 6{ !/ 0 ® ¢ KS &2 NJ Ay 3ssidré aimhthen dpht inthJdzY LIS
two paths. One part of the working fluid is heated infttat stage of thescavenge air coolavhile the

other one is heated by the exhaust gas. The two streams are mixed before entering the ORC expander.
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‘ s g ARFILTER
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SEAWATER/ e .
LT COOLANT © CONDENSER

Hgure6 Parallel ORC architectuis]

A recuperative ORC configuration to recoveatfeom exhaust gases including an intermediate heat
transfer oil circuit was analysed by Cd4ig], shown inHgure 7. Four working fluids are examined:
Benzene, Cyclohexane, MDM and Toluene. Th®©R&power ouput for engine loadsvaryingfrom
25% to 100%rangedfrom 288 to 68&W..
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Hgure7 Recuperative ORC configurat[@6]

i3 directly heated recuperative ORiZ. without an intermediate heat transfer oil circuit) which
preheating was carried outith the jacket cooling water and evaporatiaith the exhaust gases was
studied by Liy17], with the processshown schematicallyin Fgure 8. The net power output is
approximately60.5kW. and natural hydrocarbonsere selected as working fluids, &lto their ability
to work efficientlyat high temperatures.
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N~ 4"— NN
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Hgure8 Directly heated recuperative OR(]
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Mohammed et a[18] investigated an ORC to utilize multiple heat sources from a bulkroaessel,

shown inHgure9. The working fluid (R134a or R245fa) is heated in four stagesfirstiome the fluid

passes through the lubrication oil heat exchanger and then goes into the jacket cooling water heat
exchanger, with inlet temperatures of$5and 8% . Subsequently, in the third stage the working fluid

is heated by the scavenge air whixits the compress of the turbocharger and has an approximate
temperature of 148 . Finally, the working fluid is heated by the exhaust gas before entering the
expander. The evaporatigmessureof the cycle was varied from 50 to 75 bar to maximistésmal

efficiency.

T exhaust, in = 220 - 240'c ——
T cahsuat inm 140c | L °

Comp 7

T scavangs &, in = 140%

T scavenge air, out = 75°¢

T Jacket cooling, in = 75 - 89°c

T Jacket cooling, out = 65°c Teons, in

Diesel Engine /
/

T oil, in = 65°c 1T

T oil, out = 48 - 51°c

Hgure9 ORC with multiple heat sourdds]

2.1.4 Applications and uses

The principal manufactureas ORGas power generation systerage Ormat, Turboden and GB,20].

The main applications for ORCs bimass combined heat and power plgrgsotherma) solar and
industrial waste heat recoverfnalysis of the waste heat source on ships point towards heat sources
in the temperature rang®0 ¢ 30C°C, in particulathe waste heat from engine exhaughsesat 190-

300 °C which constitutes 80% of the waste engiggnerally after being cooled in a first stage inside
the engine turbochargersiand a further 10% in jacket cooling flui@RCs with low boiling point
working fluids have therefore good potential abw large marine vessedsd havebeen highlighted in

a number oWHRtechnological reviewd ] .
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Leontaritis et al[21] designed & kW, experimentabmalisubscaléOR(rototype running with R134a
targeted towards maritime applications, specifciallyefguloiting waste heat frofacket cooling water

of auxiliary diesel engines 82°Cand mass flow rate of approximately 1.5 kg/s. The ORC evaporation
pressure of the working fluid reaches the 25.3de prototype was tested in a laboratofygure 10),

with a boileremulatingthe heat sourcecharacteristics. A compact version of this prototype was

designed and experimentally tested for long operatgmeFHgure11[22].

FHgure 10 Experimental ORC prototype for naval applicatj@dtk
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Evaporator

<3 :
Scroll Expanders A

-

FHgure11 Experimental ORC prototy 2]

Some ORCs built fgrl @1 £ LILIX AOFGA2ya OFy OdNNByidite-o0S ¥F:
t 2 4 S NJFgure®?) whictvare modular, stackable ORC units with rated electrical power output 100

kW to 200 kW. The product description clairtfsat waste heat sourcesategoisedinto jacket water
temperatures (78C to 109C) saturated steam temperaturg$20°C to B0°C) thermal 0il(120°C to

180°C) andthe engine exhaust gas temperatures (up to°850an power the cyclé.KS | 6 2 S dzy
weight is either 2300 kg o#500 kg, depending on the electric outparid the maximum module
dimensions ard130mm x 1®4mm x1982mnmOrcan9 Y SNH& 2FFSNJ I aA YAt I NJ LJ
t I ORg@eld), with electrical power gemaion ranging from 1 kWe to 400 kWe, which uses thermal
power inputs of 25 kW to 4,000 kW, respectiv&lye fluid heat source range from 80to 140°Cand

gaseous heat source temperatures are above@5s0
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In partnership with Mitsubishi Heavy Industri¢®5], Caltenix Technologies developed the
HydrocurrentTM Organic Rankine Cycle Module 125EJW (Engine Jacket Water), an ORC designed to use
marine engine jacket water at 85°C as the heat acce with R245fa aslesignedworking fluidand

deliver a grospower output of 125 k\4[26]. The entire device measures 0.250m x 0.137m x 0.230m

i.e. 7.9 M and weighs 3,738 kg. The process layout is showrgime 13. The condenser and
evaporators are designed as brazed plate hgahangers, with sea water being used as the heat sink

for condensation. The expander/turbine train is an IPM Cargftegrated Power Module (IPM), which
consists in a radial turbine directly integrated with a generator in a single unit. The puptzée 32

pole and is rated 7.5 kiWwhich with the 125 k\M\gross power output of the generator results in a net

power gerration of 119 kWat design conditiong7].

This project has received funding¥ro G KS 9 dzNR LISFY ! yA2y Qa | 2NA~ 28| 140
programme under grant agreement No 101056801. Views and opinions expressed are however

the author(s) only and do not necessarily reflect those @Btropean Union or the European G@lien

Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the

authority can be held responsible for them.



Zero waste Heat vessel towards relevant

Energy savings also thanks to IT technologies

s
-
W ®
Zhenlt D 1.1] WHR for Maritime applications catalog

Shipboard electric
power grid
W1 440V/60Hz/3Ph
or
380V/50Hz/3Ph

@

®

Heat source
(Jacket water, 80-85°C) Evaporator

Condenser
———

oe

s

Coolant
(Sea water, 10-32°C)

Hgure13 Process layout for the HydrocurrentTM Organic Rankine CyclaéviiebEJW

Below, some commercial ORC products are discussed. These products are not designed for ships, but
could beadjusted to exploit the waste heat from marine diesel engiregig28] offers a variety of

products of ORC with nominal capacity frordl80 kW. The products areNE>-10LT, ENQOLT, ENO

40LT, ENQOOLT and EN@BOLT. They are designed to use exhaust gas and water up 30. 120
Dimensions of the bigger ORC product BB T(shown inFigure14) are 2.3mx2mx 2.6m(11.96 ni
volume)and its weight is ,300kg.The designed working fluid i Z3zd(E) and the expected lifetime

is about 20 yearsieat exhangers abrazed plate typahe expander is a kinetic turbipandthe pump

is of multi-stage magnetic couplirtgpe, shown ir[28].
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Hgure14 Enogia ENQS8OLT [26]

Moreover,Enerbasqug29] has made a product called HRB, which is an ORC designed to convert
waste heatat the range 085953 with a maximum electric power 25 kMhat is suitable for waste

KSIFGiG NBO2OSNE TNRBY 21 01SiG O2¢26k S\ yday Adll BAS NY | TENRRYYdZY!
7.8% with 33 #th hot water flow whereas the total thermal power absorbed by the syst@#bikWth

The heat exchangers are drend tube type, but the configuration catsobe fitted with plate typs.

The dimensions of the ORC are 3.28188mx 1.75m(13.12 nf) and weighs about,200 kg. A general

overview of the HRA5 can be seen iRgure 15.
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Waste Heat Recovery Unit
for low temperature

-

Technical specification sheet

Hgurel15Enerbasque HRRB [27]

Lastly, the MT1 by Raf80] is an ORC which is fitted to a contajigEnerates electricity up to 20M.
and explois heat source attemperatures 158 (seeHgure16). The heat exchangers are plate type
the dimensions are 3.35m1.55mx 2.2m(11.42 nf) and the weight is ,500kg.Lastly, in this unit the
heat produced in the condenser can be used at rapres up to 50 and is available to several

application up to 150 kWith.

Hgurel6 Rank MT1 [28]

This project has received funding¥ro G KS 9 dzNR LISFY ! yA2y Qa | 2NA~ 31| 140
programme under grant agreement No 101056801. Views and opinions expressed are however

the author(s) only and do not necessarily reflect those @f&tropean Union or the European @lien

Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the

authority can be held responsible for them.



Zero waste Heat vessel towards relevant

Energy savings also thanks to IT technologies

°
Zhenlt D 1.1] WHR for Maritime applications catalog

2.1.5 Techneeconomics

Table 1 shows the a summary of techv@anonomic parameters for dmoard ORCs driven by engine
waste heat. Té basis for most of these results are simulations, as examples of practical applications of
on-board ORCs are spar3ée technical performance parametere those described earliersection

2.1.2.2 while eonomic performance is measured by specific cost, relating to the ORC plant capacity.

Tablel Techneeconomic parameters of dmoard maritime ORC applications

Heat

¢ Heat | Source Working :

Source| Temp Fluid i Rl
[°C]

LNG Cooling 82.8/ .

. 23,375 _ . Basic R245ca 426.90 7.39% [31]
carrier Fuid 51.9
LNG Cooling 82.8,/ :

. 23375 _ . Basic R245fa 424.60 7.33% [31]
carrier Fuid 51.9
LNG Cooling 82.8/ .

. 23375 _ . Basic R227ea 397.10 6.62% [31]
carrier Fuid 51.9
Diesel 2 Heat
Engine 1,000 EG+JCW 300/90 Sources Cyclohexane 95.70 20.75% [14]
(6cy) ORC
Diesel 2 Heat
Engine 1,000 EG+JCW 300/90 Sources Benzene 93.35 20.22% [14]
(6cyl) ORC
Diesel 2 Heat
Engine 1,000 EG+JCW 300/90 Sources Toluene 92.15 19.95% [14]
(6cyl) ORC
Diesel Two
Engine 996 EG+JCW 300 separatec R245fa 101.1 10.20% 2000 [14]
(6cyl) ORC
Passenge

. 23,400 EG 190 Regen. Toluene 481.99 20.90% [32]
Cruise
Passenge Methyl

: 23,400 EG 190 Regen. 426.86 18.50% [32]
Cruise cyclohexane
Passenge
Cruise 23,400 EG 190 Regen. Ethylbenzen 425.65 18.40% [32]
Passenge

, 23,400 EG 293.15 Regen. Benzene 395.73 22.00% [33]
Cruise
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Wartsila 5850/ EG

| &l Basic R123 625.28 16.38% 4470.82 [34]
ME+AE 2760 (ME+AE
- - EG Up to 55C - - 100 or 200 ~1020% [23]
- - JCW 75-109 - - 100 or 200 ~1020% [23]
. R236fa
- 80,080 EG 160 Basic 994.48 8.43% 2714.9¢ [35]
/IR245fa
. R2%fa
- 80,080 EG 160 Basic 1013.37 8.28% 2812.4C [35]
/IR1234ze
. R6M i
- 80,080 EG 160 Basic 971.49 8.44% 2727.77 [35]
/IR1234ze
EG(HT) 300HT) Water(HT)
- 1,000 Dual Loo| 100.50 10.13% [36]
+JCW(L™ /90(LT) /R123(LT)
EG(HT) 300(HT) Water(HT)
- 1,000 Dual Looj 115.10 11.60% [36]
+JCW(LT /90(LT) /R236fa(LT)
EG(HT) 300(HT) Water(HT)
- 1,000 Dual Loo| 103.90 10.47% [36]
+JCW(L /90(LT) /R245fa(LT)
- 16,600 EG Simple  R1233zd(E) 771.00 [15]
- 16,600 EG Simple  R1233zd(E) 848.00 [15]
- 16,600 EG+SAC Dual Loo| R1233zd(E) 584.00 [15]
- 16,600 EG+SAC Dual Loo| R1233zd(E) 678.00 [15]
. [25¢
- 1,950 JCW 80 Basic R245fa 125.00 6.20% 27]
- 4700 EG 350 Regen. Toluene 364 25.80% 2919.22 [16]
Wartsila Thermal
5700 ) 145 Regen. Toluene 684 26.70% [16]
6L50DF oil (EG)
Wartsila Thermal )
5700 : 174 Basic Toluene 364 20.60% [16]
6L50DF oil (EG)
4 Heat
ME 6550 10,100 SEneol ay Sources R134a 3398.7 41.10% [18]
MGC7 7 Jcw, Oil 189165 ' S
ORC
Wet
- 996 EG, JCW 207 /97 Dual loop steam(HT) 115.1 13.1%/10.89 [29]
/IR236fa(LT)

Based on literature articles, commercial product information, and reports, the main technomic
parameters of some selected ORCs are presentéahilel. A first observation that can be made is the

wide range of temperatures of the available heat sourEghausgases, cooling fluids (charge air or
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jacket water) ad lubricating oils are all waste heat carriers inside naval energy systems, and due to the
range of potential working fluids could all be leveraged to power anEXR&ust gases constitute the
majority of the waste heat (roughly 80%), however their terapares vary substantially depending on

the existence of already-place WHR methods (turbochargets.) and the variation in engine load

from the different engine operation speeddie variation in erige also affects the mass flow rate of

the exhaust gses[16], which potentially complicasethe design of therimary heat source heat
exchanger at the evaporator stagdore advanced ORC cycles such as dual loop ORCs can harvest
multiple waste heat streams at once, and these sypthibit high efficiencyCycle efficiency of various

ORC cyctedesigned for marine engy systems as a function of system net power output can be seen

in Hgure 17. Overall efficiencies can be expected in the range 5% to 25%.

300{0 T T T T T T
Regenerated
° <€ Cycles
25% r - ]
i \ i * [30]
o L ¢ e [13]]
20% . " . [31]
' e . e [32]
. Q o [33]
&15% . .« [34]
o [35]
o? o [14]
10%+ & ¢ [24]] -
LT ™ o [15]
] ’ * $
5% P S :
unfn 1 1 | 1 1 |
0 200 400 600 800 1000 1200 1400
Wnet [kW]
Hgurel7 Thermal efficiency of otboard ORC cycles as a function of net power output
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The economics of the generalised ORC are well studied in the literature through manyastlykess

of industrial and commercial implementatifi®,37] However, aly in a small number of studies have
the economics of OR@x naval applications been analysé&tie calculated specific cost of maritime
ORCsat design conditions from three different stud[@§,34,35]is shown irFigure 18 along with the
calculated specific cost of ORCs for heat recovery imaeal applications, taken from the review by
Lemmeng37]. In two of these studies based on modelling work, cost functions from Turtdr{Z8]
are adjusted and used to calculate ORC economic performanite third, cost of components and

balance of the system were taken from Aspen Tasc (r) and from manufacturer information.

Ly { K dzstuByfi34] pdybhek Periods between 4 and 8 years were calculated depending on the
working fluid. They estimated that the expander would represent the highest sharelinast#44%

to 52% of total capital cost, depending on the fluid), followed by the evaporator (21% to 22%), the pump
(13% to 19%) and the condenser (12% to 12%). , | y EAn the bedriRasepayback periods

around 5.8 years were calculated, with specific cost of ORC ardpnd n g lky[ 2/ | & A[BBA Q& & {
the cost of individual components weobtained from manufacturer information, and summed along

with a balance of system costs, and a 20% marki@.system cost was %80 ¥ 2 NJ kpoweH n | 2
output (design conditions at 100% engine load), which resultegpedfic costof 2 mn  gard] a2

payback period of-6 years depeding on the underlying assumptions.

10° v
. ®  ORC modules for heat recovery
° ORC projects for heat recovery
° ® ORC for naval applications
L ]
S
L4
—
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==
4 .
3 104} . .
Q . L 3
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“
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FHgure 18 Specific cost of ORC modules and projects, and of ORC for naval applications. Economic data for ORC
for heat recoery from[37], data for naval ORCs frqf6,34,35]
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2.1.6 Modelling organic Rankine cycles

The amount of energy absorbed by the ORC, 0, is expressed as a linear function (or piecewise
linear function) of the net power drawn from the ORC, o, usingthe performance idicator—

(equation(4))

0 b _p

0 0 0 4)
Where— is the thermal efficiency of the ORC

The power drawn from the ORC is constrained in Equ@arsing a rated design for ORC , with
upper and lower bounds indicated with variablgs andQ; .@ 0 is a binary decision variable
which indicates whether the ORC is included or excluded in the energy system.

Q0 0 o o6 0 6 O 0O @ o )

2.2 Sorption Refrigeration & Desalination
2.2.1 Introduction

Sorptionis areversible thermohemicalor thermophysicareaction used as the basis for certain
technologies to produceold power, clean water, or both simultaneously in hybrid systamsng

other thermal effectsThe working principle of gation is the ability of a porous material to capture
water vapour or some other gas and crystalise it onto its surBarption rérigerationleverages the

low evaporation temperature at low partial pressure of a refrigerant. Heat can be removed from a heat
transfer fluid to evaporate threfrigerant and bring the heat transfer fluid down to low temperatures
(-2°C to5°C), which ishe intended cooling effect of the cycl&@he temperature of the generated cold
stream therefore depends on the evaporation temperature at low partial pressure of the refrigerant.
Duringsorption desalinationsea watelis consecutively evaporateddsorbe then deseobedinto and

from a sorbent materiand condensed back into clean desalinated wdtesuch sorption systems,

sea water is used as the refrigerant. Thermal energy is required to regenerate the adsorbent material
and desorb the water for coedsation.Sorption refrigeration and desalinationakesuse of the two

above technologies i singlenybridsystem. The minimum temperature of the generated cold stream

is limited by the evaporation temperature of sea water at low partial pressure fgithe cotl stream
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in these hybrid systems is intended for air conditioning and chilling rather than actual refrigeration as

suggested by the name.

2.2.2 Technology overview
2.2.2.1Basic cycle configuration

An adsorption refrigeratior& desalinatiorprocess containthree essential componenté&igure 19). A

low pressureand low temperatureliquid sorbate (water) is turned to vapour in arevaporatorby
extractingheat fromthe surroundings, provided bydhilled water flow(which is cooled aa resulj.

The refrigerant in the vapour state is flown intcaglsorbebedwhere the sorption process takes place.

In refrigeration systems, the choice of sorbate affects the temperature at which evaporation occurs and
therefore the type of cooling effeobtained from the sorption cyc[89]. Water and ammonia are good
canddates for refrigeration as evaporation can occur down f&€ @nd-60 °C respectively. In any
adsorption system where desalination occurgtew is always the refrigeranthe water is later
removed from the sorbent material (the device is refered to akesorberduring this mode of
operation) In practice, adsorption and desorption cannot be carried out simultaneously; therefore in
order togenerate cooling continously, two adsorbers need to be operated asynchronoushciallago
two-bed system such ahown in the schematic example. The desorbed watkamsportedin the
vapour state into @ondenserthrough natural convectiowhere itis condensedising cooling water

(CWjinto a two-phase liquid/vapour state.

ater out

Hgure19 Schematicepresentation of the hybrid refrigeration/desalination cycle, using aaeorber bed
systemfor continuous operatiof40]
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2.2.2.2Performance metrics

The typical performance metric for refrigeration systems istlleemal coefficient of performance
(COP). Inraditional vapour compression systems, this metric would be the ratio of cooling effect to
work provided to the compressor. In a sorption refrigeration system, the COP becomes the ratio of

cooling effect tdheat providedequation(6)):

T — ©)

Where0 [kJ]is the cooling effect obtained at the evaporator, and [kJ]the thermal
energyprovided to regenerate the sorberifwo other frequently used metrics are Energy Efficiency
Ratio (EER)nd Specific Cooling Power (SCP). EER is thefrediolingenergyover electricityrequired

to operate the cycléi.e.auxiliariedike such as pumps, valves et@quation(7)):

oY — 5 (7)

SCHkWr/kg]is the specific cooling power i.e. tt@mount of cooling power per unihassof sorbent
(equation(8)):
0

Whered [kg] is th sorbent mass arfld  [s] is the cycle time. SCP can be ais@htedto the
volume of the adsorption machink the case of the hybrid cooling/desalination adsorpsystem,
the desalination performance of the system is measured thithSpecific Daily Water Production
(SDWP)mM?®/(kgsor day)] expressed as (equati¢®)) [41]:

3 0
.7 .y 9
Vo0 0 LA 0 )

Where( [1/day] is the number of cycles per day, calculared.as3486400 [s/day]lyce Q Y
[kJ/kg] is the latent heat of vaporisation of water at temperatyi@ [kg] is the mass of adsorbent,

" [kg/m? is the water density andl [kw] is the heat transfer rate at the condenser.
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2.2.3 Architecture and implementéion
2.2.3.1Standard systems

The adsorption and cooling desalination technology can be implemented employing different
approaches and exploiting different architectures. The most common one is based on 4edsvo
architecture, as represented Hgure 20, where two adsorbent beds are operated in coutrase, to
continuously produce cooling and desalinated water. This architecture ¢anplmved further using

heat recovery process between theds, to increase the thermodynamic aéfitcy of the process.

Cooling water in Cooling water out

Condenser

A u
Water vapor §

[== Hot water in

Cooling water in =

Water production phase
(Desorption)

Vapor capture phase

Reactor (Adsorption)

Cooling water out D Hot water out

S .
Saline
A\\ ater vapor
1 water
] © o000
oo °°
o
%oo o

N\

AVAVAVAVRVAVAVAVAVAVRVANATA

Evaporator
Chilled water in Chilled water out

Hgure 20 Standardwo-beds adsorption cooling and desalination architecjaf}

Among the possible improvements of the technology architecture, one of the most commonly
investigated is the fodpeds one, as representedkigure21. This configuttion allows to exploit most
of the enthalpy of the drivig heating source, by operating two adsorbers in series, even employing

different adsorbent materials, thus exchanging a larger amount of water per cycle.
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Hgure21 Fourbeds adsorption cooling and desadition architecturd42]

The research and development surrounding hybrid sorption refrigeratidrdesalination systems is
primarily driven by theaed to displace the more traditional vapour compression system which tend to
use environmentally damaging refrigerants (such as R22) and need to be phased out, arizbtre on
need for fresh water. Hoswer, compressor driven systems offer unique advastageh as their fast

and precise response to varying loads, to which sorption systems tend to respond discontinuously. On
the other hand, sorption systems require less moving parts, less electriogy ¢oely needed to drive
auxiliaries), and use thermahergy as the main energy input which is abundant on diesel engine
propulsed ship$6]. Thus, several dhe envisioned architectures on ships couple sorption sytcle
existing compression vapour cycles to leverage the benefits of both technologies, at the cost of
increased space and weight occupied by the system and the additional penalty on fuel comsumptio
The following section reviews some of the system archites proposed to integrate sorption

refrigeration to vessel energy systems.

2.2.3.2Cascade systems

The layout of the cascade system, studied by Palomba[48hlis shevn inFgure22. An adsorption
chiller in a basic configuration acts as a topping cycle by using hot ergmestegases as the heat
source for desorption, and seeater as the cooling/condensing fluid, to produce chilled watbkis

cold stream is then used to cool the condenser of a traditional vaqgmyapression refrigeration system
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which operates as a bottdng cycle. The cooling effect produced in the vafo@ YLINB a a4 A 2y O
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LTpump ()

MTpump2

Hgure22 A sorption refrigeration system as a topping cycle using exhaust waste heat, with a compression
vapour cycleperating as a bottoming cycle in a cascade layout. Numbers dimatiram refer to 1: engine and
exhaust heat, 2: sorption chiller, 3: condeniseat exchanger using seawater, 4: vapour compression chiller, 5:

cold storagg43]

2.2.3.3Seres hybrid system

The configuration employing a series connection between sorption and compression nmiaghnee,

23, is more relevant whenever both cooling and refrigeration loadsiaraltaneouslypresent on

board. In those ca&s, the adsorption machine can be used either to cover the base load or to provide
a cooling effect along with the compression machine. Usually it allows to achieve higher flexibility in

operation thanks to thepossibility of modulating the operation foettcompression machine, thus

reducing the electricity consumption as much as possible.
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FHgure23 Cooling hybrid configuration with series connection between sorption and compresstiem s
engine; 2 sorptionchiller; 3 seawatercondensing heat exchanger for sorption chilleryépour compression
chiller; & seawater condensing heat exchanger for compression chitldatibe heat exchanger for
compression chiller;t7brine heat exchangdor sorption chiller; 81 three way valveof series operation;

10t cold room[43]

2.2.4 Applications and uses

Adsorption cooling and desalination technologgtilsin a developmesat stage. In the literaturetiere

are some relevant studies reporting about the realization anihtp®f labscale installation for the
validation of the technology. For instan&ztekler et al[44] developed an experimentaldaratory

scale prototype of a combined chillidgsaliration adsorption device, with roughly 1.1 kW cooling
capacity usingathree-bed configuration, employing silica gel as adsorbent material, which is the most
commonly employed due to the low cost amthievablegood performanceThrough a series of studies
they presented the performance of the device, which can be sedégure 24, with variousoperating
conditiors, demonstrating the possibility of achieving COP up to 0.6 and SCP higher than 150 W/kg
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Hgure24 Experimental prototype of three-bed hybrid chilling1.1 kW)and desalination adsorption device,
front view (top picture) and back view (bottom pictuf3]

One of the first largscale prototypes was presented by Thu et[4b], employing fowbeds
configuration with silica gel as adsorbent and implementing an internal heat recovery strategy to
maximize the overall efficiencligure 25 represents the installation of the system at {sdmale. The
prototype was operated under different conditions, varying the driving temperature in order to
demonstrate the feasibility of operation at temperatsiges low as 70C. The results confirmed the
possilility of achieving SDWP ranging from 4.2I(tanne day) at 50C driving temperature up to
13.46m3(tonne day) at 88C. Those results were only achieved when the new control strategy was
applied.More recently, other adsorbent materials wegm®posed, such as innovate composites based
on silica gel and ionic liquidshich could dramatically reduce the driving temperature of the process
down to 50°C[46,47] Further investigations will be needed at large scale, to validate the applicability

of sucha class of materials under real operating conditions.
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Hgure25 Overviewof the fourbeds AD cycle showing the heat recovery between the condenser and the
evaporator[45]

2.2.5 Techneeconomics

Simultaneous sorption desalinatiand cooling in the same device is a novel developmental technology,
and therefore techneeconomic data is largely absent. The most viable strategy to evaluaéshime-
economic performance is to consider the device primarily as a refrigeration/calahnce, with
desalinated water as a secondary added benefit, and derive the tedammmics from pure sorption
cooling / refrigerationlt should be mentionned hower that the desalination feature would imply (a)
an increase in initial investment duetimgher device complexity and due to maintenance (to remove
precipitated salt from the sorbent), and (b) the added benefit of saving fuel / power on other

desalination technologies, such as powering miifish desalination.

Table2 CAPEX and power rating for different adsorption chillers

Model Cooling Power CAPEX Ref
[kW] we K | 2

InvenSor LTC30 e plus 10-35 1,327 [48]
SorTech eCoo 2.0 Silica Gel IP20 16 1,188 [49]
Unnamed Silica gel / water adsorber 8 1,331 [50]
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According to adsorption technology experts, current cocuigprption devicesn Europego up b a
maxmimum power rating df00 kW. Due to the system being based on sorbent, lbeeldechnology is

more feasibly scaled down than scaled up (differently from absorption chillers where larger volumes of
liquid for absorption are more economically viablgjpical investment costs and cooling power rating

for various adsorptiochillers ae shown infable2.

2.2.6 Modelling adsorption refrigeration & desalination

Due tothe lack of experimental data on a prototype developed both for cooling and desalination
provision, for the first stage of the project a simplified mitig approach was selected, by exploiting
experimental outcomes obtained on an adsorption chiller tkateCNR ITAE lab in the framework of a
previous EHunded project, HYBUILBL]. The tested machine was based on a-bed configuréion

with zeolte SAPEB4 as adsorbent material. It was tested underdabled controlled conditions as
reported in[52]. For the specific case of ZHENIT, the experimental dataset was considered limiting the
driving temperature of the process at 85, since ofvoard ofa vessel this driving temperature should

be guaranteed. Ondhis operating conditiomvasfixed, the exprimental data were fitted with linear

and polynomial equations, using afitting parameter the temperature difference between the inlet
temperatureat the condenser/adsorber (MJand the outlet temperature from the evaporator {lJT

also defined asvaporatorcondenser temperature liffTec.

The obtained equations to characterize an adsorption cooling and desalination machine are as follows
(coefficient of performance iequation(10), specific cooling power gquation(11) and specific daily
water production irequatin (12)):

600 meimtY mincsY T@u (10)
o QW o,
YO UTQ minPpey 1™ X o 11
NGB QQ ey
OSSO 6 O T8 WYY p RIGQY (12

While the water production is maximised for low&l values, the minimum feasible temperature
difference is around 5 Kh@ practial operational value fa¥'Y in the onboard energy system is in the

range 20 K to 25 K, based on discussions with the technology developerslfBAENR
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The amount of energy absorbed by the SCD, 0, is expressed as a lineamnttion (or piecewise
linear function) of the net power drawn from theaste heat exiting the engind 6, usingthe
coefficient of performance (COP) of the system (equdti@)). 0 is a binary decisiowariable

which indicates whether the SCD is on or off at time t.
0 6

o 1 1 13
30 A 0] (0} ( )

Ceca

The cooling power produced by the SCD is constrained in Eq(atjarsing a rated design for SCD,
'O , with upper and lower bounds indicated with variables andQ; .@ 0 is a binary
decision variable which indicates whether the SCD is included or excludee@iretgy system.

Qn U F W O U /5 O Qp U F @ O (19

2.3 Thermal Energy Storage

2.3.1 Introduction

Thermal energy storage (TEQ)technology @signed to resolve the mismatch between the availability

of thermal energy at a certain heat source, anditbatdemandelsewhere Time discrepancy between

the supply and demand for heatdshon-negligible source of systelavel inefficieng. For example,
renewable thermal energy sources such as solar or waste heat are often characterised by their
intermittency, and without storagé¢heir potential is limitedo the immediateheatdemand with any
unstored energy being lof83]. Aboard marie vessels, the timgrofiles of available waste heat from

the engine exhaust, and of the-bward energy demand are very likely to be mismatched, and TES is an
obvious solution to smooth out the fluctuations of the engine thermal loBs#isis wayTES can be a

key element to the synergistic implementation of multiple WHR technologies aitbimergysystem.

Broadly speaking there are three classes of TES each based on their own physical phenomenon: sensible
thermal energy storage (STESkrebn increasing the temperature in the thermal mass of a material,
latent thermal energy storage (LTES) levesdbe phase change enthalpy during a phase transition of

a sacalled phasehange material (PCM), and thermochemical energy storage (TCS)orelibe

enthalpy of reaction of reversible endo/exothermic reacti®3} TCS is at an early déey@ament stage

and still displays too many technical barriers for demanding applications such aSTMZBRs thaost

mature TES technology (TRL-8 [54]), features some of the cheapest and simptistigns, and can
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be performed with a wide range of materials that cover a broad temperature.ah§& combines a
good technology readiness level (TREe 8[54]), energy storage densit¥00- 300kWh/m? [55]), and
a wide variety of potential materials sdt to different temperature ranges. Th&TES andTES&re
suitable TES candidat®r on-board waste heat recoverandare the focus of this entry in tfWHR

catalogue.

2.3.2 Technology overviey
2.3.2.1<*nsibleThermalEnergySorage

With STES, heat is stored by raising (during charge) or lowering (during discharge) the temperature of a
solid or liquidohase[56]. Typical materials used for STES are water, rocks, sand, concrete, molten salts,
more recently metdic materialsc their sekction mainly depends on the temperature level of the
application.SES is a mature technology with applications ubiquitous across society: water storage for
domestic heating applicains, underground STES for large storage cagméitr district heating
networks molten salts TES for medium temperature heat storage {€250 waste heat applications

or concentrated solar power (CSP) plaatsong others Waterbased STESwidely used in domestic
applications for the delivery bt water, and is a sinlp and coseffective way of storing heat below
120°C[57]. In STES systenieat is generally transferred by direct contact betweenHkeat Transfer

Fluid HTH and the storage mediurfb8]. The main weaknesses of STES are the relatively low energy
storage densitiebelow 100kWh/m?, the fluctuating power output during discharge, and heat losses

which limit storage duration arehforcegood insulatiori53].

2.3.2.2Latent ThermalEnergySorage

LTES leverages the constant temperature thermal energy absorption during the phase change of a
storage medium, generalig asolidto-liquid or solieto-solid transitionDuringcharge a HTF brigs

heat to and melts the PCM, with the total chargeable energy being determined by thechhage
enthalpy of the storage mediunihe charging temperature has to be higher than the melting point of

the PCM for the heat transfer to occuring discharg, the HTF extracts the thermal energy from the
PCM, causing it to solidify and revert to its original state before chafgmgnain disadvantage of LTES

is the low thermal conducitivty of PCMs, generally below 1 WIE®Kwhich enforces heat transfer
enhancement methods such as fabrication of composite materials, increasing heat transfer surface with

fins etc.. which are all methoasth high physichfootprint thereforedecreagng the energy storage
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density ofthe final systemi.e. A tradeoff between improving charge/discharge power and lowering

energy storage density

% Temperature Sensible
(a) 4 ()

Temperature of / '©®
Phase Change &
< =

|Heat Source TES Heat Sink | | ¥ Latent /4

7'

Range of temperature
control

7/ Sensible

P Stored Heat

Q 25

Hgure26 (a) Schematic representation of TES confegdid for both STES and LTES), (b) thermal energy storage
material temperatureas a function of stored headuring sensible and latent heat stord§é]

The choice of PCM is generally predicated on the temperature of the availabsoheat.Solid/solid

and solid/liquid transion PCMs can broadly be categorig®d organic paraffins, organic nqmaffins,
inorganis, and eutecticsA selection of PCMs that have been proposed to be used for various WHR
applications ad spanning a rage of temperatures applicable to the temptnas of onboard waste

heat streams can be seen Table 3. Organic fatty acids, inorganic salt hydrates pacdhffins are
typically the selected PCM for low to medium temperatQte 800°C) applicationsParaffins are a very
common type of organic PCM used commercially, available from many suppliers such as Rubitherm,
PCM products, and others. They are a wsod,solid obtained as a byproduct of petroleum treatment
processes. Their melting point is generally found betweég 2d 67C [61], they present good
cyclability (heat storage performance is mairgdirover many storage cycles) and stability, which is
counterbalanced by the tendency to volumetrically expand during melting and by thdamal
conductivity.Molten salts anabther relatively novel metallic PCMs an@rganicauised for medium to

high tenperatures {70 to 560°C [62]), particularly in the case of industrial waste heat and solar
applicationg53]. Inorganic salt hydrates are another major class of PCM. They are characterised by
melting points in the 1% to 150Ctemperature rangg63], higher thermal conductivity than other
PCMgapprox.0.5 to 1W/K/m), low cost and relative abundesg The main drawback is stabilitydan
cyclability. Inorganic salts will tend to aggregate into large blocks, can hydrate in chemical sorption
reactions which changes their crystalline structure and can result in deliquescence, and their energy

storage denity tends to degrade with multipleeht storage cycles.
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Finally, eutecticare generally binary or ternary mixtures of existing R@Mk the mass ratios of the
components designed to tailor the thermophysical properties of the mixture, in particulangnmel
temperature and storage densitiEutectics based on inorganic salts mixtures are particularly well
studied[64].

Table3 PCMsandtheir thermophysical propertiesised for internal combustion engine waste heat recovery,
list originally compiled if65]

PCMCompound PCM Melting Heat of Thermal Density| Ref

type Temperatue | Fusion | Conductivity
[°C] [kJ/kg] [W/m/°C]
NaSQ.10H0 Inorganic 32.4 254 0.544 1,485 [66]
NaHPQ.12H0 Inorganic 36 265 - 1,522 [67]
Lauric Acid Organic 41-44.2 211.6 0.192 1,007 [68]
Stearic Acid Organic 55.1 160 0.172 848 [69]
NaOH.:0 Inorganic 58 - - - [70]
Paraffin wax Organic 5860 214 0.167 790 [71]
Climsel C70 Inorganic 70 144 0.65 1,700 [71]
D-Sorbitol Organic 8995 185 - 1,525 [72]
Xylitol Organic  92-94 256 - 15030  [73]
Na Inorganic 91 113 85 930 [74]
Erythritol Organic 117.6 339.8 0.72 1,480 [75]
73%NaOH/23%NaNO Eutectic 237 280 0.63 2,241 [64]
59%LiCl/41%KCI Eutectic 352.7 251.5 = 1,880 [76]
NaNG Inorganic 307 172 0.5 2,257 [77]

2.3.2.3Thermochemical energy storage

Thermochemical energy storage (TCS)isad storageechnology that leverages reversible chemical
reactions which arendothermic (i.e. absorb heat) in one direction amdthermic (i.e. release heat) in
the other. Equation(15) shows the generic form of such a thermochemical react@ombining two
previously separatedompoundso and 6 results in theformation of product © 6 and release of

enthalpy of reactiony “@; the reaction in this direction constitutes the heat discharge Stepversely,
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compoundd dcan absorb enthalpy of reactionQvhich will caus® andé to separate consituting
the heat charge stepAs long as the two prodts are kept separatdneat is stored indefinitely and

without losses, assumimgp material degradation by some othenysical mechanism.

06 WO o o (15)
Compared to the other two TES technologies, LTES and STEH®WEOBeshighest energy storage
density, virtually lossless storage by kagpheconstituting compounds separate with energy stored
as chemical bonds in the -salled thermochemical material (TCM), and allows for some degree of
control over the dischargeower by acting on the rate of reaction (the rate of reaction is controlled
through the rate and amourof compoundd put into contact withd). The main limitations of TCS are
a low technological maturity which translates into very few commercially available devices, with most
working prototypes currently at the lab / bench top scaled some system complexity asatexd with

having to transport both heat and mass in/out of the TCS device.

Table4 TQV characteristicsList originally compiled [i8]

Reaction| Thermochemical | Volumetric Storagg Temperature
Type Material Type Density [kWh/rd] Range [°C]

Sorption  Zeolites 136200 25-230
Silica Gels 3141 130150
Metal-Organic 0.17 kWh/kg 30-100
Framework
Aluminophosphates  0.13 kWh/kg 30-277
Salt Hydrates 361-867 24-214
Composites 166-308 30-250

Reaction =~ Ammonia Based <830 350750
Metal Based 803¢ 2,050 300-1,400
Carbonates 300-889 500-1,730

Energy storage density, and charge and discharge temperature strongly depend onnseflebgo
thermochemical reaction. A wide variety of reversible exothermic/endothermic reactions can be used
as a TCS mechanisand selection shoulde carried out according to the target applicati@roadly

speaking, most thermochemical reactions for TE®iéner gasgyas or solidgas, and are categorised as
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2.3.2.4Performance metrics

The primary performance metric of TESteys is energy storage density [kKWPFncalculated as the

ratio of energy storageapacity over storage volume (equatid®)):

(6] o 16
- (16)
Where O [J or kWh] is the stored energy, aad [m?] the storage volumeThe power

output/input during either discharge or charge is genetallgulated relatively to the storage size, using
discharge and charge power densities [kW/mespectivef calculated with equation&d 7) and (18).

- 0
) & 1
Up ® ( 7)
0 0 (18)
Un o
Where0 [W] andD [W] are the average charge and discharge pewaering the charge

and discharge cyclegespectivelyThe economic performance of TES can be quantified with the cost
per installed unit of energy storagapacitythed LIS OA FA O Ol LlasTaldulatedWB(EONI we K |

&

- &
° 0

19

2.3.3 Architecture and implementation

Fundamentallyall thermal energy storage devices revolve around the same underyling concept of some
heat storage medium, and the necessaeyices for heat tragportduring storage and heat extraction
during dischargfs5]. In many cases the heat storage medaan be some naturally occuring area e.g.
aquifer, cavern,underground storag¢79]. Howevey for the storage of low to medium temperature
industrial waste heat, and specifically marine vessel engine exhaust heat, the heat storage isiedi

generally contained within, or is, a marade engineered structure with some insulating component to
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minimise heat losses during the storage perigghichoptions forsensible or latentteat storage medi

structures at [50-350°C] temperature rangere packed beds, tanks, and heat exchanger layouts.

2.3.3.1Hot and Cold Two tank layout

Ideally, excess thermal energy is transported to the TES witholnsa®gvhich can be achieved by
having the HTF transportirtbe excess thermal energy also act as the heat storage material. HTF
containing excess thermal energy is stored in-aadled hot tank, while HTF that has extracted heat
from the TES and relieved it toettarget application is stored in a separate container called the cold
tank before beingpumped badk to the heat source when neededhis layout is represented

schematically ifigure27.

thermal thermal
CNCTRY cnergy
Q 0
- 0y = 0y
= =

Power Power
plant plant

(A) (B)

FHgure 27 Sclematic representation of hot and cold tvtank TES layout, with (A) configuration where the HTF at
the heat source is also the TES material, and (B) configuration where the HTF at the heat source is different from
the TES material with an intermediditeatexchangef80]

2.3.3.2Thermoclinelayout

The main issue with twiank layouts is the physical footprint of such a system resulting in low system
scale volumetric energy storage densiysimilar process can be performed, except bwh hot and

cold fluics are stored in a single tank, with hot fluid systematically stored or removed from the top of
the tank, and cold fluid from the bottom the taf80]. Due to the density difference of the single fluid

at high and low temperatures, the hot and cold regions of the tank are separatedtéyperature
gradient[58]. Such a layout is a well established technology irafid&lled thermoclindseeFgure

28).
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FHgure28 Schematicepresentation of thermocline TE&h the temperature grdient shown at a function of its
position along the thermoclinavith A: a diffuse temperaturgradientand B: a sharp temperature gradi¢58]

2.3.3.3Packed bed storagayout

Packed bed thermal energy storage is a typical architectmmgsting in a storage container, a storage
material and a heat transfer fluid. The TES materigdcked into a porous medium within the storage
tank, generally supported by a screen, and a heat transfer fluid is flown through the intersiticial void
cau®d by the natural bed porosityhis layout is represented schemalticinFHgure29. In the case of
STES, typical storage materéalks pebblesrocks and sanfB1]. For LTES, PCM is generally encapsulated
into spheres for containment purposes aisdtherefore preventedrom leakim during heat charge
induced meltingPacked bed storage is characterised by the use ofrgigneheap storage materials
and adirect heat exchange between HTF and storage material resulting in a simple @asign.
properties of the porous medium needte carefully designed to avoid significant pressure drop when
flowing the HTF anmhinimisefan electrical energy consumptiarith directly impacts system efficiency
[82].
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Hgure 29 Schematic representatioof packed bed thermal energy storage, adapted f[88)

2.3.3.4Thermal energy storagm a heat exchangelayout

For LTES applications, PCMs are typically deployecswuthin cylindrical or cubical containers in so

OF £ f SRI 2B QP ¢KS t/a Oly 0SS SAGKSNI gAUKAY (K¢
tubes, with the leat being injected or extracted by a fluid flow in the space not occupied by the PCM
Agyenim et al[84] suggested a classification of different PGAdes storages depdent on the

container geometry and the PCM laydseeFgure 30). This type of pipdéayout is also relevant for

sensible TES, as high thermal capacity metallic rods can be laid in this fashion for high packing efficiency,
as demonstrated by Energy Nesthwtheir developped Thermal Battg85], which will be discussed in

more detail in the next séon.
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(a) Pipe model  (b) Cylinder model (c) Shell and tube model (d) Rectangular or slab container

FHgure30 Schematiclassification of LTES P®lked storages in pipe layout based on container geometry and
inner material distribution, proposed by Agyenim ef&]

2.3.4 Applications and uses

While not an active applicationrfthe direct use of waste heat, TES aboarsiselsan be seen as a
technological enabler used to better connect in time and space the highly intermittent available waste
heatfrom the engine with the energy demands on ttb®ne of the technical specitieis of orboard

WHR, in addition to the intermittent nature of waste heat availability, are the multiple temperature
levels at which waste heat is available. Waste heat streams are present in engine exhaust gases, cooling
circuits, lubricating oil, and alge air, all available at temperatures anywhere betweé@ a0d 306C.

Recovery of the waste heat is further complicated by the variation in these temperature levels with the
AKALA QA 2LISNI GA2YI fd gsdgeaphicdl Haation Whicly iags yamileyitSasxr € 2 |
temperature and seaater temperature.

As a way to adress the flexibility constraint, Pandiyarajan f6ilsuggested, from their first and
second law analysis of 4moard energy systems, a cascaded LTES with multigle With decreasing
melting points. From the thermodynamic analysis they found that theoretically
15.2%/14.2%/11.4%/10.4% of total energy from fuel input could be recovered at 100%/ 75%/50%/25%
main engine loads respectively. However, cascaded PCMs haye Ineain investigated theoreticgll
through simulation, will only a limited number of experimental demonstrators acklle, and have

not been optimised for dynamic heat sour{®@g]. Thusgcurrent conceptual designs forarineTES&im

for aparticularlocation within the orboard energy systento couple a specific waste heat stream with

arelatively narrow temperature range with another WHR technology
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operation, such as in port and other hlitg periods (hoteling periods are periods when hoteling energy
needs i.e. crew and passenger energy needs are high), tte tharmal energy produced by the main
engines is insufficient to meet the immediate hot water needs, which is matched by additense

in the auxiliary system®n merchant ships which use auxiliary boilers for thiaard heating demand,

Baldi etal [88] in their preliminary analysis concluded that,80D m® TES could reduce boiler fuel
consumption by 80%asing approximately 268,000 US$ (&7¢ n € 0 LIS NI s¢hgmAtitzdiagram

of a simiér layoutfor hot water production ora cruise shigvith a comparison to the conventional
systemis shown irFHgure31[89].

Other WHR technologies can be synergistically combinedT&#in a report on a prior project for
implementing energy efficient technologies on sh@i3, the combination of storingngine waste heat

in a TES which can then be used to drive an ORC is suggested as a promising concept. In the analysis wa
assumed the integration of a PCM based TES device storing approximately 450 MJ / 12pdatfimgde

on the materialthe TES volume waetween 1600 and 300 n? and mass between,870 and 2010

tons, equivalent to a,580 n¥ water sensible heat storagkt was assumed that the ORC uses the latent

heat of the PCM during LTES discharge, to heaworking fluid with a boiling point 1T

to decks from decks

(a) (b) to decks from decks
111 |
Y Y Y
Control volume for energy balance ‘
b e
my,, +m,,
. f
s
M+,
to .
| —— le iy, =

My + 1M, R l* m

FHgure 31 (a) Conventiondlot water system on a cruise ship (b) modified with[BE[S

As discussepreviously, the technological readiness level of TES depends on the TES subclass of interest.

The storage devices of interest in this report are those which oemisat at the available temperature
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ranges of Diesel&roke engines waste heat (exhagases around 28€, and seawater, cooling water,
scavenge air and lubricating oil in the rang&@&IMCC), that can store heat with large fluctuations, a
consequence of the high engine load variation, and that display @mgiyhenergy storage density
(above50 kWh/m? should be a minimum requiremeat systemleveli.e. including all TES equipment
such & pumps, piping and complete container voldirsi@ce orboard installation of WHR devices is

constrained by space.

2.3.4.1STES

To this daya large number ofommercial STES devices can be found on the market foravigmg
applications. Compact low to mediuentperature STES devices that can be charged with fluctuating
charge powers are reasonable candidates, such as STES targeted toward industrial ivasiavieea
Various options can be found commercially available on the ménketgy Nestleveloped a maular
STES devigBigure 32a), ThermalBattery gemperaturesup to 400C) based on concrete storage with
metallic componers for structural rigidity andnhanced heat transfej85]. Ecolech Ceram also
developed a modular STES sysi{émgure 32b), EcoStock (temperatures up tg0Q0°C), based on
ceramoemetallic materials for the storage of industrial waste heat or heat convertedstemicity (via
power-to-heat) generated from intermittent sources such as solar[¥, Lumenion[91] have
developed a stedbased commercial STES solution for industrial waste heat, shéigara33.

Hgure32 (a) Therma Battery by Energy Ne@5], (b) Eco Stock by EcoTech Ceji@bh
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FHgure 33 Lumenion steebased thermal energy storageft: conceptual design, right: actu0 kWh
implementationin University of Applied Sciences (HTW)ratooy [91]

2.3.4.2LTES

LTES is at a lower technology readiness level than STES, and as such fewer commercial devices suitabl
for marine appplications are alable, with most of thealevant LTES designs being at the pitoject

scale or even at the R&D scale. The main commercial solution based on PCNssimsthgCentral
Bankthermal battery (Plentigrade P58 PCM formulat[®&), shown inHgure34. The storage material

P58, modified sodium acetate trihnydrd@3]which has a latent heat density of approximately 264 kJ/kg
(=106 kWh/m) [94], has an adaptable melting point up to ~32@hat is tailored upon formulation.

brm

g e
&‘

Hgure34 Sunam@PCMbased LTES2]
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An example of TES specific telmard applications is the ledzale hybrid sensible/latent TES designed

by Frazzica et al[95], targeted towardshot water production on shipsrgguires a minimum
temperatureof 50°C to prevent legionellaBased on the study by Baldi et[@6], they established that

two available waste heat streams, one aroun88D°C and the other between 70 and 9@Cwhich

are the high and low temperature water cooling floypical ofa cruise ship energy system, are
available to charge a TES. From the requirements of the heat load and the available heat sources, they
selected @ CM called S58hich is a salt hydrateasedmaterial developethy company PCHoducts

with melting point 58C The device is pictured kgure35. It contains 20 tubes of maeencapsulated
PCMcontained in polypropylenibes (total PCM volume 40 difor a total device volume of 100 dm
arranged as a bundle in a cylindris&inlesssteel tank The system is designed for heat to be
transported to and from the TES during charge and discharge by circulating water, to mimic the potential
integration of the system with a cruise ship watesed cooling circuitsvith flow rates ofl0 to 15 kg
water/min during chargeand 9 to 12 kgwater/min during dischargeAverage discharge powers
between 15 kW and 20 kW were achieved depending on the discharge tempgvatiaie wasn the

65°C to 85C range.

N\

(N

Discharge Charge
N —{] R — ouT

395

®: @

PCM Tubes

ORI )

Discharge
> out

\_)/@

Charge

IN—™*

Fgure35Hybrd STES/LTES forlomard waste heat storage, targeted towards hot water produdiddetailed
explodedtri-dimensional view an(b) schematic representation with sensors and flow dire¢86h
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2.3.5 Technoeeconomics

Table5 reports techneeconomic performance indicators for a variety of TES applications (sensible and
latent), including energy stage density, efficiency and volume, and installation costs specitiorage

OF LI OAG e 3% ¢RI K wpRpaKok®YF G(KS LINBaSyGdSR ¢9{ aeaidsSy
YR 3N @St (I yla Palaffif RT8tubm-tank RTES)percosts présénted io this
section are systertevel costs, i.e. thepélude the cost of the thermal energy storage medium, the non

negligiblecost of the container / heat exchanger, and installation.

Table5 Techneeconomic properties of thermal energy storage. Storage costs are shgstelie., cost of the
entire processmaterial,and installationData origimlly synthesised if97]

Type Material Storage Typical Cost Cost
Density Volume weRY we k1
[kWh/n?] [m?3]
Tank - 60-80 50%- 90% 0.05-0.5 1,220¢ 34.8-
3,550 101.5
- 300 470 155
- 5,700¢ 120-150 3.4-4.3
12,000
Pit - 60-80 < 8% 1,000¢ 30-148 0.9-4.2
200,000
Borehole - 15-30 6%- 54% > 5000 14-60 0.9-4.0
Aquifer - 30-40 70%- 90% 5,000¢ 25-40 0.83-
100,000 1.33
Shell and tube LTES NaNQ 42.8 - 700 - -
Shell and tube LTES KNQ@/ NaNQ 38.8 - 58.3 - -
Packel bed LTES LeCQ/K2CQ/NaxCQ 65.7 77.4%86.1% 1.9 - -
Packed bed LTES NaNG 85.5 - 11 - -
Shell and tube LTES AFSi (8812) 28.7 - 13.9 - -
Shell and tube LTES AFSi (8812) 34.6 - 13.1 - -
with heat pipes
Packed bed LTES LeCQ/KCQ/Na2CQ 114.8 0.6 83,333 - -
Packed bed LTES KNQ 189.5 - 50,000 - -
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Packed bed LTES ALSi(75-25) 82.5 32.5% 44.1% 0.4 - -
Shell and tube LTES KNQ/ NaNQ - 0.7 - - -
- Sodium Nitrate - - 77,161 - 50.04-
79.92
- Chloride + Carbonate - - - - 17.64-
Salts 18.72
- KOH - - 83,333 - 18.36-
19.80
Shell and tube LTES Sodium acetate 68.1 90%- 95% 6.7 - -
trinydrate
Packed bed LTES D-mannitol 100.6 - 14,805 - -
Tube in tank LTES Paraffin - 95.3% - - 37.4
- Paraffin RT82 - - 6.0 - 259.9
- Sodium acetate - - 2,500 - 58.3
trinydrate
- Erythritol - - 1,400¢ - 36.72-
2,700 41.76
- Erythritol - - 2,400.0 - 16.6

A methodology for TES modelling suggestd@dhis to express the stored heat as the eqient heat
stored in a volume of hot water in a therolime between temperature of the hot part and the cold
part, as shown in equatid@0).

p 0

&) &) _ . - 0 — (20)
" on Y ; Y ; -

Equation(20) expresses the volume of hot water stored at tim@t as a function of the volume of

hot water stored at the previous time , the volume of hot water added or drawn teten those
time steps, and the amount of heat lost (usinthermal efficiency term- ). The volume of the
storage is constrained for the optimisation between the minimum and maximum allowable volume of

stored hot water (equatio(B31))

programme under grant agreement No 101056801. Views and opinions expressed are however

the author(s) only and do not necessarily reflect those @Btropean Union or the European G@lien
Funded by the Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the
European Union authority can be held responsible for them.

- This project has received funding¥ro G KS 9 dzNR LISFY ! yA2y Qa | 2NA~ 61| 140



Zero waste Heat vessel towards relevant

=
) > Energy savings also thanks to IT technologies

e <Ay
°
Zhenlt D 1.1] WHR for Maritime applications catalog

Funded by the
European Union

YOO w W Y06 w (21)

A constraint is added to ensure the amount of water stored at the first time step is equal to the amount
stored at the final time step (equati@¢@?)).

[®) [®) (22

2.4 |IsobaricExpansiorEngines
2.4.1 Introduction

Isobaric Expansion (IE) Engines are unconventional heat to mechanical power converters, that can
essentially b described as heat engines without a polytropic gas/vapour expaf@dbnwork is
extracted from a theoretically isobaric gas expamsiccuring within a cylinder. |IE engines are the oldest
type of heat engines. It will suffice to mention that Savery, Newcomen, and Watt ptmps this

group [100,101] Worthington direclacting steam pumpl02] and the Bush copressor[103] also
represent this type of engineshese machines were later rapéd by more efficient welinown water

steam expansion machines such as piston steam engines as well adust@aas. Over the past
decades, many IE engines have been proposed and studied again under different names and for
different applications. Thauorent status of the |IE technology and important modifications to make IE
machines competitive and cestfective alternatives to statef-the-art heat conversion technologies

are presented ifi99].

One of the main advantages of the isobaricamsion engine is the potential for work extraction from
aYltf GSYLISNI G§dzZNB RAFFSNBYyOSa 6nc¢ x o floddosp F yR
In these temperature regionghe techneeconomic performance of other waste heat to power
converters, such as ORCs or other types of heat engines, is insufficient to justify their use. Another
featureof isobaric expansion engines are their relatively simple design due to the isobariisbbadc

nature of the expansion process, enablingthise as simple compressors, pumps and other converters
with specific speeds and torquEs].
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2.4.2 Technology overview
2.4.2.1Thermodynamic cycle and basic operation

Encontech proposed significant changes to the original concepts of the Worthingtonpstegnand

the Bush thermacompressor, aiming to increase their efficiency to levels comparable or even superior
to modern heat agines, above of all ORC power plants. These modifications include the application of
dense working fluids with high thermal exyigion at high process temperature and low compressibility

at low temperature instead of gases, new concepts for efficient feggneration/recuperation and
further technical improvementdhe working principle of isobaric expansion engines is basedon th
continuous isobaric expansion and compression of a workingThedtwo basic implementations of

the isobaric expansion emgi, Worthington steam pumps (higher TRL) and Bush thermocompressors
(higher theoretical efficiency99,105]are illustrated schematically kigure 36.

Steam
out

Steam
in

Fgure36 Basic layout of isobaric expansion engii@ in the Worthington steam pump configuration. 1. steam
cylinder, 2: pumping cylinder, 3: steam piston, 4; pumping piston, 5: connecting stejrf:inlet valve, 7
steam outlet valve,Bliquid inlet valve, ® liquid outlet valve.and (b) in the Bush thermocompressor
configuration. 10: linear actuator, 11: cold side cylinder, 12: sealed piston, 13: hot side §98hder

A working fluid is heated and cooled using heat exchangers, a heater and a cooler. The pistons of the
Worthington pump are rigidly connected by rod 5 and mogetizer as a unit. The steam cylinder is
equipped with steam inledidmission valve 6 and outlet/exhaust valve 7 shown at the top. Accordingly,
the pumping cylinder has inlet/suction valve 8 and outlet/discharge valve 9. The inlet and outlet valves
of the seam cylinder are forcedly actuated; the valves of the pumpimdeylare selacting.When

the inlet valve of the steam cylinder opens, steam enters the cylinder and moves the piston performing
pumping stroke in the pumping cylinder. The valve remaies dpring the whole stroke, i.e., steam
enters the cylinder at catant pressure and does not expand in the cylinder. Therefore, during the
whole stroke, the pressure in the steam cylinder remains congtaatpump uses a very simple valves

actuation systm without a cuoff mechanism and has no crank gear and no flglviumping of the
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working fluid in liquid phase from the cooler to the heater is performed by a feed pump. The Bush
thermo-compressorFgure36b, does not use a&eédpump which is necessary for the Worthington type

IE enginesThe linear actuator of the Bush type IEE sets the piston into a reciprocating motion. Moving
to the left, the piston displaces some part of the working fluid from the cold to the hot ptoeé of
cylinder. The working fluid passes the cooler, the regenerator and the heater and heats up. Pressure in
the cylinder rises, and a part of the working fluid is displaced to produce useful work. Moving to the
right, the piston displaces the hot, comprede/orking fluid through the heater, regenerator and cooler

back to the cold part of the cylinder. The pressure in the cylinder drops down. As soon as it becomes

lower than the set pressure the working fluid returns back to the cyliAfterwards, the oglerepeats.

2.4.2.2Performance metrics

The main performance metric for isobaric expansion engines is the thermal efficiency defined by the
ratio of net produced work [J]over the thermal energy input [JJused to heat the hot
side fuid (equation(23)).
i S— (23
The cycles of the Worthington and Bush tgmgines are different. Their performance metrics are

presented lelow.
WorthingtonType Engie.

The net produced work is the difference between the raw pumping work output [J] from the
driving cylindeand the work provided to pump the working flad [J]to the IEE (equatio(24)):
W W ® (29

The raw work outpusf the driving cylindecan be theoretically estimated witaquation(25)):

W 0 0 W (25)
Where 0 and0 [bar] are the high and low pressure levels at the beginning and end of the
expansion process, respectively, ama [m? the change in steam volume in the driving cylindlee.
pumping workw s calculated with equatin(26):

@ & Qb AY; Q0 AY (26)
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Whered [kg]isis the mass of working fluid pumped per cy&hs the specific fluid enthalpy [kJ/kg],
and”Y; and”Yj [°C] arethe temperatures at the pump outlet and inlet, respectivélye thermal
energy inpud [J] is calculated with equati¢7):

0 & Q0 HY Q0 HYj (27)

Where”Y and”Yp [°C] arethe temperatures at the heater outlet and inlet, respectively. The
temperature at the heater inlet is determined by the heat exchange psorethe recuperator. A
method for the determination of the heater inlet (or the temperature at the recuperatdef)uwas
developed by Enconteclihis method is presented in the publicati¢®8,106]

BushType Engine

The useful work generated dugithe cycle is:

W 0D 0D 0@ (28)

where the total engine volum® consists of the volumes of the hot spaie, the cold spacey and

the regenerator®w which des not change during engine operation. The interdependence of
temperatures and volumes of the individual engine garments and the pressure is expressed by the
equation for the total mass of the working fluid:

a "ORY @ ” OAY ® ” ORY @ (29)
The heat supply to the hot part is determined from the enéajgince of this space, neglecting changes

of kinetic and potential energies:

0 0@ YO (30)

0 is the energy required to heat the displaced working fluid from the regenerator outlet
temperature (or low cycle temperatuf¥, if there is no regenerator) to the high cycle temperatite

A method toestimate the performance of the regenerator lige tsame as for the Worthingtegpe
engine. With equation§28) and (30), the thermal efficiency, equatiof23) can be evaluatedThe
modelling of the Bustype engine is explained in more detailli7].
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2.4.3 Architecture and implementation
2.4.3.1Worthington DirectActing Steam Pum@rchitectures

In the Worthington steam pump configuration, two pistons are rigoiyectedoy a connecting shaft.

The hotsteamisproduced by evaporating water using the heat source. The two cylijstiessn/power
cylinder and pumping cylinddBature inlet and outlet valves, with the steam inlet/outlet valves being
forcibly actuated, and the liquid inlet/outlet valve beisglfactuated. Opening steam inlet valve lets
steam enter the cylinder and movtge steam pistorf driving pistontowards volume expansion, and
resultsin the pumpng piston performing its stroke and pumps liquid out of the pumping cylinder
through the iquid outet valve. During this entire process the steam inlet valve remains open, resulting
in the expansion procesgcurringwithout pressure variation, i.e. isobaric expansion. Once the stroke
is completed, the steam inlet valve is closed while thansteutletvalve is opened. Steam exits the
steam cylinder and the piston moves back under the pressure of liquid entering the pump cylinder
through the liquid inlet valve, which completes the cycle.

Load

Fgure37 Integration of theWorthington steam pump IEE into a power cycle. 1: feedwater pump, 2: internal
heat recovery, 3: evaporato#: condenser, 5: loywressure hydraulic accumulator, 6: higfessure hydraulic
accumulator, 7: hydraulic mot¢®9]

According to Glushenkov et f19], the sinplest way to leverage the work produced by a Worthington
steam pump IEE is by connection to a hydraulic circuit and generator, as stiyune87. Water is
transported by the feedwater pump (1) through a recuperative heat exghig2) and evaporator (3)

which functiors using the thermal energy source, upstream of the steam inlet vakleusted steam

is cooled down in the recuperative heat exchanger and condensed back to liquid water in a condenser
(4). The work produced byedtcycle is trasported by the hydraulic circuit to the generator to produce

electrical power.
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Hgure38 Various implementations and architectures of Worthingge IEEs. (a) Simple nmyenerative with
hydraulic motorand gerrator, (b) regenerative with hydraulic motor and generator, (c) regenerative with
thermal barrier piston and diaphragm, (d) regexiere with cranlgear, (e) regenerative with rotary lobe

machine[105]

As illustrated byigure38, various options exi§t05]to improveon thecycle performancer alter the

useful work extraction compared to thmsic layoutFigure 38a). The efficiency of the cycle can be
improved through theise of aegererative heat eghanger to preheat the inlet steam using the outlet
(Hgure38b). The regenerative heat exchanger also lowers the thermal load on the condenser thereby
reducing its size and exchange atéhigh temperatures are present, a single acting free pistoni¢wh

acts as a thermal barrier piston) can be used in conjunction with a diaphFgymre 38c), which,
depending on the finalonfiguration, can act as eitharpressure transmitter between the piston and

the working fluid, or as both the pump and driver for the cylinders. The diaphragm provides practical
advantages such as reducing friction and leakage potehtialuseful workan be extracted from the

L 9 @rviag piston through kinematimechanismsuch ascrankgear Fgure 38d) or arotary lobe

machine Figure38e) when shaft power or electrical power generation are needed

2.4.3.2Bush Thermocompressor Based Expansion MaclAmelsitecture

Isobaric expansion engines timee Bush thermocompressor layout distinguish themselves from the
Worthington steam pumps by using a single sealed piston which sepasatgteaylinder into a cld
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side and a hot sidé simple integration of Busiipe IEE in a power cycle is illustchbeHgure39. The

two sides of the cylinder are connected and communicate to one another through a heater, a
regenerate and a coolein series Thepiston can be set in motion downwards through a linear actuator.
Part of the old fluid is displaced from the cylinder towards the hot side, being heaideévaporated

by the regeerator and heatembefore entering the hot s&l cylinder Pressure in the dt side of the
cylinder rises, which forces the rest of the cold fluid out of the cylinder cold side into a diaphragm unit
which transfers this pressure to a hydraulic circuit. The hydraulic circuit transfers the mecharkical wor

to some power generation pcess (hydraulic motor for exampl)8].

FHgure39 Integration of the Bush thermcompressotbased IEE into a power cycle. 1: cylinder, 2: piston, 3:
heater, 4: regeneratqi5: cooler, 6: connecting rod, 7: linear actuator, 8: diaphragm umigréreturn valves,
10: hidh-pressure accumulator, 11: legressure accumulator, 12: hydraulic moj@®]

During its return upwards ntion, the piston displace&¢ hot fluid out of the hot side cylinder, through

the heater/regenerator/cooler series, back into the cylinder cold side. The pressure inside the cylinder
cold side drops, and once that pressure is below the suction pressupslthfluid in the diaphrag

unit is forced back into the cold side cylinder. The cycle is com@atecan be repeatednce the

piston finishes itstroke

2.4.4 Applications and uses

The IEEs are particularly attractive as vajsiven pumps and compressatse to their lack ofomplex

kinematics and multiple energy conversion steps. In such applications, heat can be efficiently used to

This project has received funding¥ro G KS 9 dzNR LISFY ! yA2y Qa | 2NA~ 68| 140
programme under grant agreement No 101056801. Views and opinions expressed are however

the author(s) only and do not necessarily reflect those @Btropean Union or the European G@lien

Funded by the Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the

European Union authority can be held responsible for them.




Zero waste Heat vessel towards relevant

=
) > Energy savings also thanks to IT technologies

e <Ay
°
Zhenlt D 1.1] WHR for Maritime applications catalog

Funded by the
European Union

provide direct pumping and compression, that is, without intermediate generation of shaft power or
electricity, its transnssion and then conveam back to mechanical energy typical of today's industry.
The energy from the pumped liquid flows can be converted to shaft power (rotary motion) or electricity
using offthe-shelf hydraulic motors. Another option is thecadled punp as turbine (PAT)dknology,

which uses maasarket centrifugal pumps that operate in reverse mode i.e. as turbines. In this case,

the installation is turned into a he&-power converter.

Using a differential piston arrangement (a combination of tistops with differendiameters), the IE
enginepump can deliver any pressure of the pumped liquid. This allows the gngimeto be used

for highpressure applications such as hdat/en water desalination, oil hydraulic power units, €he
results olained with IEEs areewy promising showing that the engine is a valuable alternative to the
current technologies, especially at low temperatures (<°@)Gnd low power range (< 500 kW). The
technology is easily scalable and reproducible in all indsisttiere there is a teperature difference

> 20 °C. Thus legrade solar, geothermal, biomass energy, and industrial waste heat with a
temperature above 30 °C can be involved in various energy conversion processgeddigie pumps

for water desalinatioand heat engines fa@enerating mechanical energy (electricity) using geothermal,
biomass, and solar energy, waste heat of diesel engines, as well as of SOF®EEMBIET cells are

examples of promising applicationghichare presented below.

2.4.4.1Up-THERM engine for microand mintCHP systems

The UpTHERM heat engine (also known as Encontech, or ECT engine) is a ndypkBesdt engine
suitable as a prime mover for mie@HP and mirCHP systems (UpTHERM). The engine targeted

characteristics are dellows:
1 Electric power output: 3 kW with a possibility of scaling upattew MW.
1 Fuel or heat source: natural gas and concentrated solar thermal power.

1 Thermal efficiency: not less than 40% of the Carnot efficiency, i.e. higher thi&T C/A H)
whereTC and TH aredhtemperatures of the cooler and heater, respectively.

1 Engine cost in mass production: several times less than the cost of the available Stirling
type engines of the same power (20011 € k1 2 & Npdzn w RR A H D
1 Projected maintenance fraaterval: 50000 hous.

1 Environmentally safe working fluid, suhwater, air, carbon dioxide.

This project has received funding¥ro G KS 9 dzNR LISFY ! yA2y Qa | 2NA~ 69| 140
programme under grant agreement No 101056801. Views and opinions expressed are however

the author(s) only and do not necessarily reflect those @Btropean Union or the European G@lien

Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the

authority can be held responsible for them.



Zero waste Heat vessel towards relevant

Energy savings also thanks to IT technologies

D 1.1] WHR for Maritime applications catalog

1 Applicable for micr&€HP systems for houses.

The UpTherm engine was studied in a small power range (< 30 W) and in a broad range of heat source
temperatures, up to 600°C. Schematic overview of the-WBIERM engine principgssembly drawing
of the engine and its picture are showrFigure40[109].
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Figure40 Schematic overview of the JIHERM engine principle, assembly drawing and picture of the engine.
For details, sefl09]

The layout of the CHP test setup used for the engine study is shBigaied41. The obtained efficiency
(3¢ 7%) and power density (up 16200W/L) were much higher compared to the previgusldied IE

engines.
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Figure41 Layout of the CHP system engine test setup

2.4.4.2Pump for reverse osmosis desalination

Bushtype engine was developed and tested as a-pigissure pump for reverse osmofRO)water
desalination. Twengine versions, with a displacer actuated by an electric motor and withdaigetf
displacer, were tested using hot water heawther by an evacuated tube solar collector or by an
electric heaterThe scheme of the experimental setup for testingehgine with selfiriven displacer

nd its picture are showRigure42.
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Figure42 Scheme and picture of the experimental set up. 1: engimap (internal diameter 30 mm, stroke of
the displacer 40 mm), 2: heating jacket, 3: cooling jacket, 4: diaphragm unit,-Eetnamvalves, 6: high
pressure accumulator, 7: lepressure accumulatp8: throttle valve, FT: flow transmitter, PI: pressure
indicators, PT: pressure transmitters, TT: terapee transmitter

Hot water (shown in yellow) with a temperature from 60 to 95°C was pumped through the heating
jacket, providing the heat supply. €oép water (shown in blue) with temperature of 280°C was
supplied to the cooling jacket for the haajection. Refrigerant R134a was used as a working fluid.
Pictures of the solar powered test setup are showrgure43.

Engine Design Specification : Cylinder Diameter : 30 mm ; Displacement : 40 mm

Hgure43 Solar powered test setup for water desalination
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Thedeveloped engingump is characterized by a very high specific power (power per uniheat
displaced working fluids) up to 1.2 kW/L with a useful power of about Zth&/obtained thermal
efficiency was at least 6.4 %. This value is very high, dspedian compared with the efficiency of
known thermally driven pumps, which do not exceed 1 % (mosty®41%)110]. The engingoump

can generate very high pressure using lower grade heat (starting fré@) &0d terefore can be used

for RO processes elimating the consumption of electricityhe efficiency of these machines can be
very high even at ultrlow heat source temperatures at which all welbwn energy conversion
technologies are not applicablapplicdion of the IE enginegumps for RO degahtion promises a
considerable improvemerb the economics of this process because of the replacement of electricity

by renewable energy and substantial reduction of the capital cost.

2.4.4.3Vapor compressor for refrigation

A heat driven vapor compressor fefrigeration based on Worthington type IEE was developed and

tested. An assembly drawing of theclinpressor is shown Figure44.

FHgure44 Assembly drawing of the-t&mpressor. 1. compressor cylinder cover, 2: compressor cylinder, 3a and
3b: compressor and driving pistons, 4: guiding cover, 5: connecting rod, 6: vapor driver cylinder, 7: inlet and
outlet valves, 8valve cover, 9: pillars1Rnd P2: ports for suction and discharge valves

The guiding covet is equipped with a port intended for the connection of a pressurized gas receiver
providing a gas spring and a port intendedMierventilation of the compresor cylinder and lubricatio

of the compressor cylindgaiston pair.The wlume ofthe drivingand compressionhambesis 0.502 L
(internaldiameter 80 mm, length 100 mnAn experimental setp for testing the EEompressor was
developed and tested. Tleeheme of the experimentaktup, and its picture are shownHgure 45.

The setup included the singheting IEcompressor itself and power and refrigeration lodpsthis
scheme, a recuperator was not used due to the relatively smalideature difference bateen the

heat source and the heat sink.
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FHgure45 Experimental Worthingtotype IEEcompressor schematic representation and picture of the
experimental test rig. D: driving chambefRCcompression chamtsHE: heater, P: feedump, CC: cooler, C:
condenser, E: evaporator, EV: expansion valve/throttle. (Kronberg & Glushenkov 2022; Kronberg et al. 2022;
Encontech Hengine refrigerator)

In the experimentsthe R134a refrigerant was used as the workingl fln both the power aoh
refrigeration cycles. The-tBmpressor was heated with hot water in the temperature rang@830C
and cooled with tap water at 1520 °C. The operating frequency was in the range @fl0-&Z.The
minimum temperature obtained ithe evaporator reache##14 °C. The most stable operation was
observedwhen the temperature in the evaporator was a littegher. At temperatures of the heat
source and heat sink of 3& and 20°C the enginecompressor produced cold down bl °C.The
developed compressor waslperfectlyevenat a heat source temperatutelow50°C No other energy

conversion technologies are known to compete with the developed compressor.

2.4.4.4Heat to electricity caverter

The energy from the pumped liquid flows provided by the Worthingtpa engine pump can be
converted to shaft power (rotary motion) or alternatively to electricity by means ofkmeAin
commercial hydraulic motors. The second option isadledpump as turbine (PAT) technology, which
uses commercially available centrifugahyms working in reverse regime i.e. as turbines. In this case
the installation is turned into a hedtiven electric generator. In contrast to the conventional -well
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known geneators it can produce electricity using verygmde heat (> 40 °C)he availale hydraulic
motors require a rather high pressure drop of about 80 bar for the most efficient operation. Therefore,
to demonstrate this application of the engine it wadrat iodified and then coupled with a hydraulic
motor (MI04 VafSpe radial pistonkydraulic motor, efficiency 96%) and a wind turbine alternator.
Schematic representation of the IEE for production of shaft power, its picture and a picture of the test
rig for electricity generation from lograde heat is shown iRigure46. The modified enginpump
(Figure46) contains a differential piston reciprocating inside a differential cylinder (pumping cylinder).
Compared to the engirpump diameter of the pumpingylinder was decreased four times. Thigse

design without transmission or crank gear etc. allowed to increase the generated prgssuBé bar.

HPE;
I

Figure46 Experimental Worthingtotype IEE coupled with hydraulic motelM, its picture and picture of the
test rig

The enginegenerator was tested at the same conditions as the ergimep Encontech: IE engine
generates electricity). The achieved electric power was up to 4007k power was limited by the

heat exchangrs and ould havebeenincreased.

2.4.4.5IEEs for electricity generation in geothermal plants

Engine heating is performed dirgchy hot water from a geothermal well with a temperature of 70°C,
120°C and 180°C. Cooling the IE engine is performed3l°20coting water. The hot water flow rate
is 100 n¥hour. The generated electricity is used by househdidse temperature oflie hot water is

high, say 120180°C, then engine cooling can be performredead withhot waterat a temperature
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60-100°C, whickan be used for house heating purposes. This highly energy efficient process (no energy

losses due to engine cooling) id nonsidered here, but certainly deserves attention.

Working fluids and efficiencieRefrigerant R134a can be used as a working #@t1 hot water
temperatures of 70°C, 120°C. At-120 bar pressure differences and a temperature 6.80°C, the

cycle eficiency is about 8%see Figure49, in section2.4.6 on the nodeling of IEE performance
Refrigerant R32 can be used as a working fluid at a temperature of the hot water -0L82T
Efficiency of the IE cycle with R32 as a function of temperature and pressure difference generated by
the engines shown irFigure47 (left). At 1@ ¢ 200 bar pressure difference and a temperature in the

range of 1206 18C0°C, theaverage cycle efficiency is aboufd5
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. —e~  without regeneration ) —— with regeneration
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Figured7 Efficiency of IEycle as a function of temperature and pressure difference generated by engine.
Working fluids: R32 and €0

At high water temperatures (approximately above 120°C) carbon dioxide could be an interesting
working fluid. The efficiency of tH& cycle with CCas a function of temperature and pressure
difference generated by the engine is showirigure47 (right). At 100¢ 200 bar pressur difference

and a temperature in the range of 15D80°C, thecycle efficiencgan be higher than 20%ome results

of the calculations are presentedTiable®6.
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Table6 Electricity generation in geothermal plants

Water temperature dropC

Generated mechanical power, kW 35 186 372 1,050 1,400 1,750
Energy productionGWh/year times 0.3 1.6 33 9.2 12.2 15.3
/2802 1efrF 18 93 186 524 700 870

*number of houses was estimated assuming annual electricity consumptioo@&Wh (family with 1 child)

D 1.1 WHR for Maritime applications catalog
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justified by the fact that compared to ORC installations (with specific @800f 4,000e k { 2 0 (KS Yz2ali

expensive componengexpander (irbine) and high pressure pumare eliminated. These specific costs also
follows from the costs of small scalgjieres made so far extrapolated to mass production.

2.4.4.6Heat driven highpressure pump for ORC system

Glushenkv et al.[104]developed an experimental Worthington type #SE higkpressure feed pump
ofthe ORCung ¥ mn 128 6L9 Sy3aAyS LlzyYLl Ay 9/ ¢Qa f
shown inAgure48b, and a schematic focused on the actuakkkpis shown irfdigure48a. The layout
consists in particulaof two driving cylinderseach with their own pistgnconnected to a pumping
cylinderthat isdivided intotwo by a single pistarThe three pistons are interconnected by two rods,

and therefore move together as myoperating withR134a as the working fluid

In the layout, the device is a dual acting IE#&. working vapour is sequentially fed to the driving

021

cylinders on either side of the pumping piston. If vapour is admitted and expanded in the right driving

cylinder, this driveghe rightsided driving piston to the left, pumping liquid out of the left side of

pumping cylinder, and forcing exhaust working fluid vapour out of the left sided driving cylinder. At the

end of this half cycle the reverse operatiorcasried out, commting the full stroke. Asynchronous

opening of the relevant valsallows for continuous pumping.
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Hgure48 Experimental Worthingtotype IEE (a) schematic representation 1: driving cylinder, 2: pumping
cylinde, 3: pistons4: connecting rods, Brivingvalve coversé: pumping valve covers: valve actuators, 8:
inlet suction valve9: discharge valve4 0 manifold (b) picture of the experimental test fi04]

The performance of the device for three operating conditions (hot water temperatures 86.5°C, 60°C
and 40°C at a heat source consisting 2 x 12 kW heatatg)ds in

Table7. The heat input, work of the feed pumpdathe net work presented are per cycle.

Table7 Performance and key properties of the daating Worthington IEF.04]

| P | PR | T | Too | Qua | W | W |
bar bar °C °C kJ kW kJ %

28 55 86.5 11 29.13 0.19 1.58 54
15.4 5.2 59.7 12.5 14.23 0.09 0.71 5
10 4.9 40 10.8 8.78 0.06 0.33 3.8

The results obtained can be compared with the results for similar systems used for pumping water in
the same temperature range of the heat source aedttsink (8@ 90 oC and 1Q 30 oC respectively).

For comparison, a water pump based on the thermal popump (TPP) was takddll] Its
performance, according to the authors, is on par with or betten tthee performance obtained by
similar existing systemirror! Reference source not fourghows the main pesfmance data of the c

ompared engines.
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Table8 Comparison of nonconventional heat engifte34]

Heat engine Volume Pressure Cycle Power, W Efficiency, % | Power
power difference, | period, density,
cylinder(s), L bar S W/L
TPP system 200 1 0.5 0.6
IE engingpump, 0.02 15 2.5 20 6.4 1,200
Bush type
IEenginepump, 1 23 4 500 5.4 500

Worthington type

The significant advantages of the Bush and Worthington type IE engines over sistitey yétems

can be seen in terms of efficiency and power output. Compared to conventional heat engines (diesel,
Rankine cycle, ORC, gas turbines), the presentediite @ag be used at low heat source temperatures

(< 100°C) and has a very simple design

2.4.4. 7Implementation of the IEES in marine energy systems

Waste heat recovery from diesel engines, and especially marine diesel engines (cooling can be done
relatively easyl by ambient water), is one of the most promising applicatiotieedEE. Among vaous
techniques for lowemperature waste heat recovery, the Organic Rankine Cycle (ORC) is one of the
best heat recovery optiofl12]. However, despitextensive research, there are virtually no stories of

successfupracticaluse of the ORC system to recover diesel engine waste heat.
Compared tdDRC systems the IEEs have the following advantages:

1 All sources of waste heat can be used (exhaust gasemjstxgas recirculation, coolant

and even charge air with a temperature 63D °C)

1 Can operate at variable diesel engine power efficitrasessince the efficiency of the IEE

is not sensitive to its speed (frequency of the reciprocating movement pfdtoa).

1 The thermal efficiency is independent of the engine size. Thigsahultiple small engines
to be used instead of a single large engpreyiding additional flexibility with variable

diesel power and the ability to use different small engineslifferent applications.

1 Power output can be hydraulic, pneumatic or sipafver. Therefore, the engine can be
used for any application where nfemical power is needed. Pumping, compression and

injection of the diesel fuel is an interesting applicatigfi. applications of the IEEs
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presented in this document can be implemented on board (prime mover of CHP system,
water pumping, reverse osmosis dbsation, vapor compression for cooling or air

conditioning, electricity generation).
1 Simpler and obgper.

Also, IEE can be proposed as an autonomous engine ifmaimeengine). The study shows that when
using carbon dioxide as a working fluid, the lseaircewith temperatureabove600°C and the pressure

drop of 200 bar created by the engine, the efficienahefengine can reach 50%.

2.4.5 Technoeeconomics

An IEE system can be constructed out of commercially availableexubaingers and simple
machineable parts. Over 90% of initial investment costs will consist of the -heateler and
regeneratorheat exchangrs. However the costs of these components will vary greatly depending on

the chosen working fluid, available temperature differengerall power output required among other

design parameters. As such it is difficult to provide a single figure basdy sim@ power rating.
Furthermore any return minvestment will depend almost solely on the application which initially
generated the bat. Therefore to provide a general levelized cost of enectpallengingTo still provide

an estimate; a LKW IEE@ni Y @ KIF @S 'y AYAGAIf-03yOGwMNr85E 0SS
12 L99 dzyAl YI & NBI dzA NB | y5.000TEeDarfirve echnezdhdmicS Sy
evaluation of earlier versions of the IEEs-{Uprm engine) are quite promising.

Table 9 taken from an overvievof micro CHP systenj413] (added and correctéd reports the
performance of known technologies, compared with the etgubcharacteristics of JpHERM engine:

Table9 Performance of known CHP technologies

Eff|C|enC|es ) ifi Service | Lifetim
€ kK { 4 interval | e,

total electrical [hourg [hourg

Diesel engine  Gas, biogas, fuel 6590 3545 5-20,000 2-3 340 10,000
oils,rapeseedoil 2,000
Spark ignition  Gas, biogas 7092 2543 36,000 2-3 450- 5,000
engine 2,500
Microturbine  Natural gas,gas 6590 1530 15-300 900
oils, diesel, 2,500
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ORC, Bosch Waste heat, 12-17 1217 40-375 3,000

WHR OR 75 120-150°C

375

Stirling engine  Natural gas, gas 6596 25 31,000 15 2,500 10,000
oils, any heat, > 4,500 50,000
500°C.

Stirling engine Heat at 1000C 98 28 35 70 4,000 100,00

SD-E 0

Stirling engine  Natural gas 96 14 1 1000 MF"

in micrecCHP. 0

Vitotwin 300

W2

Up-THERM Any heat, > 108C 40(1- 0.01- 15 200- MF 50,000

engine TdTH) 1000 500

" increases rapidly withedreasing power
” MF = maintenance free

Performance and costs reported in the table concern only the enginet(ietctricity converter),

and not the entire CHP system. It is worth mentioning that for micro power range W.pQHhe
electrical efftiency of the innovative engine is incomparabdaking a comparison with the
commercially available system Vitotwin 3@0of the German company Viessmann, with an electrical
efficiency of 14%, assuming a cooler and heater temperatures of 300 K andr@&§fiektively, for a
power < 3 kW, the efficiewy of the innovative engine would be 25%, almost double than actual
technologiesThe theoretical study by Kirmse et[dll4] showed that the UATHERM engine can be
regaded as an attractive alternative to the ORC engine at certain temperatures of theoheat as

the power output is comparable to or even higher than the power output of the equivalent ORC engine,

while thespecific costs are much lower.

! http://www.stirling.dk/page_content.php?menu_id=40&type=submenu

2 http://lwww.viessmann.com/com/en/press/press_releases/combined_heating_and_powe@stiz4.html
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2.4.6 Modellingthe isdbaric expansion engine

2.4.6.IMILP model

The amount of energy absorbed by the TBE, 0, is expressed as a linear function (or piecewise linear
function) of the net power drawn from the IHE, 0, usingthe thermal efficiency of the engine
(equatbn (31)).1 0 is a binary decision variable which indicates whether the IEE is on or off at time
t.

P

O o 0 0] 0 (31

Where— is the thermal efficiency of the isobaric expansion endihe.work produced by the IEE is
constrained in Equatiof82) using a rated design for IEE , with upper and lower bounds indicated
with variablesQ;, andQy .w 0 is a binary decision variable which indicates whether the IEE is

included or excluded in the energy system.

0 0 @ 6 0 0 0 0 @ o 32

2.4.6.2BENCONTECH model

Based on the experimentally validated performance maps of the laboratory scale |Epeingpsewe

can propose to estimate the real efficiency as 80 % ofttheretical. Showin Figure49 (left) is the
predicted efficiency of an IEE system running on R134a at varying high cycle pressures. Points where
the efficiency sharply drop off are where the high cycle tempegatumsufficient to boil the fluid at

the set high cycle pressufi@134ds only one of the fluid available to use in an IEE, it is not necessarily
the most optimal choise for efficiency. Some mixtures can provide higher efficiency in certain

temperatureand pressure ranges as showrrigure49 (right).
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Figure49: Thermal efficiency of model IEE running on R134a (left) and a mixture of 80 mol% ammonia and water
(right)

Net power outpit of an IEE system running on R134a may be approximated via the following formula
wherein"Vis the high cycle temperature in celcargl0 is the heat input in watt

@ O MInnéy pdio Yo (33)
The power density (defined as the work performed by the ergimep per unit volume of the engine
cylinder) fa different heat sink temperatures is shownFgure 50 as a function of the heat source
temperature.

3.0
25
<
2 20
E
‘@ 15
C
[
©
£ 10
32
O
& 05
0.0
0 10 20 30 40 50 60 70 8 90 100
temperature heat source, C
——Theat sink=10°C ——T heat sink=20°C ——T heat sink = 30°C
FHgure50 Power density of IE engipaimp
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The developed engirgump can be implemented in a widewer range reaching from 1 kW to several
MW. Figure49 and Hgure 50 can be used as a guideline for performance of the real size IE engine
pumps.
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Gonsolidated and otherevelopmental m-board WHR
technologies

3.1 Turbocompounding

3.1.1 Introduction

According to MAN Diesel and Turbo documentation (as 0£2018) on existing WHR technologies for
marine Diesel engind$,115] the main options for efficiency improvement are tugsdiven energy
systems using engine exts gases. This type of WHR is also referred to as turbocompounding. While
in automotive applications the recovered power can be directly transferred to the crankshaft as
mechanical power (mechanical turbocompourgjnin marine applications it is geneyaitcovered for
electricity production using a generator and gearbox (electrical turbocompounding), due to the large

rotational speed differential between turbines and the slesirdke engine crankshaff16].

3.1.2 Technology overview
3.1.2.1Power turbine and generator (PTG) system

The simfest turbocompunding system are Power Turbine and Generator (PTG) systems: a power
turbine is directly driven by exhaust waste gases and connected to a generator via a gearbox. Part of
the exhaust gas (~8% to 12%) bypa#ize usual turbochargenssing a scondary gas connection from
exhaust gas receiver (EGR) @adirectly used to run the PT. While running at SMCR, a PTG system can

be expected to produce electrical power equivalent to 3% to 5% ENMER
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Hgure51 Exampldayout of power turbine and generator PTG WHR sy@vaiN[1])

PTGs are suitable for a total main engine power below 15,000 kW, and are the cheapest and smallest
option for turbocompounding systems, since the only components needed apewer turbne and

a new exhaust gas line. The design of the power turbines are generally derived from the turbocharger
designd117,118] A standard layout for the PTG WHR system is shdwguie51.

3.1.2.28eam turbine and generator (STG) systems

Building upontie previous system, the next system in terms of complexity is the Steam Turbine and
Generator (STGystem: a steardriven turbine is connected to a generator via a gearbox. Steam is
produced from large single or dyaiessure boilers driven by the engihaust gases. To run the STG,
bypassed exhaust gases are mixed with exhaust gas exiting thehtngmrctrain, to increase the
temperature of the exhaust gas flow (*60approx.). While running at 100% SMCR, STG system can be
expected to produce electat power equivalent to between 5% and 8% SMCH. STGs are suitable

for main engine power below 25,000 kW. Differently from the Biersy the ST system is relatively
expansive and requires more space for installation. The existifey system would likely need

expansion, along with installation of multiple pipes for exhaust gas, steam, and condensed water. A
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condenser needs to be iadled with the steam turbine, and can in some cases be as large as the turbine

itself.

3.1.2.3Combined seam turbine / power turbine and generator (FT) systems

The third and most complex turbocompounding system consistsambirmed Steam Turbine, Power
Tumine and Generator (T): a combination of the two above systems. In the usual configuration, the
power turbine connected to the generator via a gearbox, with the steam turbine further connected to
the same generator by another gearbox, all on the sdra#,swith the exhaust gases first being used

to produce steam in a dupressure exhaust gas boiléhen expanding through the power turbine. A
schematieexample of the specific layout of this turbomachinery on a single shaft can be Bggmean
52[118]. If space in the onboard machinery is limited, the two systems may be found cateapalfts,

with each their an dedicated generatofd19].

No. 1
reduction gear
Generator No. 2 Power
Steam reduction gear turbine
G -‘H ' Io turbine ,—\ H"'
Automatic
clutch

FHgure52 Exampleof a steam turbine, poer turbine, gearboxes and gema#or interconnected on the same
shaft[118]

This solution cahe used for marinesystems with high electrical wer demand. The combined system
has the most potential of the three systems. While running at specified maximum continuous rating
(SMCR), SHT system can be expected to produce electrical power equivalent to approximétely 10

SMCHR115]. Combined SPT systems are suitable for main engine power above 25,000 kW.

Wartsila developed and presented the perforro@mresults of a combined FSITsystem[117] The
WHRS was integrated to energy system with a SulzerE2XR8C engine (68,640 kW SMCR) and
features a duapressure steam turbined( £ f SR W& (i S Yn FjuweN?) & EdgdpfeSNie ( 2 ND
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section at 8.5 to 9.5 barg, lepressure section at 3 to 3.5 barg and running at 6750 rev/min which is
reduced down by the gearbox to 1800 rev/min for the generator. dqmately 10% of engine SMCR

was recovered as electrical power, degmg on engine operating conditions and load, with ~6,500 kW
recovered at 100% SMCR. Yagi et al. for Mitsubishi Heavy Indad@ijeteveloped a combined FST

WHRS integrated to an engine with 47,740 kW SMCR featuring a single pressure Mitsubishi ATD52CLM
steam turbine rated at 2,500 kW, usingain at 267C / 5.88 bar (8,700 rpm), a 1,700 kW rated
Mitsubishi MPZ2 power turbine (20,000 rpm). The WHR system recovere@%%f engine load as
electrical power, with 4,159 kW recovered at 100% SMCR.

GenSet GenSet
Economiser Economiser

Exh. gas boller
sections:

f

LP steam drum

LP Evaparator

= {
B L P-cire. pump

HF-steam
arum

HP Evaporator

HP Superhaater f:pifggtﬁgé
services

Exhaust gas

ST & PT unit

Scavenge E E

air cooler
O [l |

Main engine

Condensater V‘
pump I8

D)

Feedwater

Jackst

acuum deaerator tank

Fgure53 Exampleof combined PTST system suggested by MAN

Ma et al. simulated the performance of a combineeSFTsystem for a 00 ton container shifiL20].

They assumed a MAN 9K98KIE engine (54,180 kW SMCR), single pressure sieaime using 27%C

/ 7 bar steam. Depending on engine load, 8% & D2 engine load was recovered, with 6,700 kW
recovered at 100% SMCR. MAN present the performance of the combi®3d $tem in their WHR
document[1], applied to a MAN B&W 10S90ME engine (48,510 kW SMCR), with a dual pressure steam

turbine, the low pressure steam at 4.5 bar / 2&8and highnqessure steam varying from 10 bar / 269
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at 100% engine load, to 6dar / 256C at 50% load. 7% to 9% recovery was achieved depending on
engine load, with 4,315 kW recovered at 100% SMCR.

3.1.3 Technceeconomis
3.1.3.1Technical Performance maps

Fgure 54 shows the complete performance maps of these combineBTS3ystems as a function of

engine load. Above ~50% engine load, the combined systems can recover approximately 7% to 14% of
engine l@ad as generated electricity for diard demand. fle performance is dependent on many

factors suctasengine conditions, weather, ship condition etc. However, a clear trend points towards
system efficiency improving with the power rating of the main ergjidethe engine load. A significant
dropoffiso@d SNWSR 0SSt 2¢ pr: SyarayS f2FrR F2NJ al Sia | f
CF3A SO 1t oQa ae ad Sy Tpass valveltdtBeapSwerStyftihg i Slosdd2andRaa |
minimum engine loai required to start operating the combined-8Tsystem.
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FHgure54 Performance of combined FSIT WHRS: fraction of engine load recovered as electrical power as a
function of engine load. The totacovered energy is counted ¢he sum of electrical power outputs of the
steamturbine and power turbine
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3.1.3.2Economic Performance

The economic performance of-twoard WHR depends obviously on the size of the ship, but also on the
operational profile which depends strongly on the typshi. The operational profile gives a frequency
distribution of ship load operation over the ¢egi of a year, which, in combination with performance
diagrams of the WHR system as a function of engine load (as sHfegun@34), yields the total amount

of generated electricitylhe quantity of recovered electricity yields the total heavy fuel oil (HFO) savings
(HFO cost = 150 $US/ton), from which annual savingbecaalculated. Annual savings should also
account for secondary savings incurred by reducing total engine usaigéemaace and lubrication
savings primarily. Operation costs of the WHRS should also be account®thfiyi et al[121]
collected data from various manufacturers including MAN, and provide the follovti@gnmestment

costs for turbocompounding WHR:

1 n H sgkWadnstalled for SPT systems, which can drop down to-PB0e/kW on ships with
main engine power above 50,000 kW due to economics of scale, /080%/year

maintenance costs.
1 320€/kW installed ér STG systems, wit1,000:/year maintenance cds.
7 1056ek12 AyadlffSR T B500&/edr DainfeRadcé O¥Msi> GAGK M

Fgure 55 shows the economic performamcof various turbocompound WHRS using the above
methodology and assumptions. Systems with higher complexity {jwedhBTPT systems) display the
largest initial investment (lowest point of intersect with vertical axis at year 0) and high return rate (slope

of the cash flow curve). Payback times around 5 years can be expected for these types of WHRS.
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Hgure55 Economi@erformance of variousirbo compoundingVHRS, cash flow normalised for engine power
rating at 100% SMCR, 20 years system lifetime assumed, 6% interest rate

3.1.4 Modelling turbocompounding systems

The amount of energy absorbed betturbocompounding systemiO 0, is expressed as a linear
function (or piecewise linear function) of the net power drawn fromTgd 0, usingthe thermal

efficiencyof the systemequation(31)).] 0 is a binary decision variable which indicates whether
the TCis on or off at time t.

O o _iﬁ 0] o (34)

Where — is the efficiency of théurbocompounding systemThe work prodced by theTCis
constrained in Equatiof82) using a rated design farCO , with upper and lower bounds indicated
with variablesQ; and™Q; .® 0 is a binary decision variable ish indicates whether th&Cis
included or excluded in the energy system.

Q0w 0 0 O QO w o (35)
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3.2 Seam Rankine Cycles

3.2.1 Introduction

The Rankine cycle is the basrking cycle used in vapour power plafits]; its main function is the
conversion of thermal energy into electrical energy. Heat is tasedaporate a working fluid, and the
vapour isexpanded in a turbine to produce mechanical work. Steam Rankine cycles (SRC) are
conventional versions of this cycle using water as the working fluid. SRCs are a mature technology with
multiple examples of gghications for industrial WHR in steel, cemetigmical and power production
industries, which range from ~50 kW to several hundred$vig§ [122].

3.2.2 Technology Overview
3.2.2.1Working principle

The simplified layout of a SRC is showkiginre 56 [11]. A subcooled liquid water flow is pumped and
supplied to a boiler, using an electrical work supply to the pumg] In the boiler, water is heated up

to its boiling point, evaporated and gea#ly superheated beyond the boiling point, using thermal
energyd [J]from the heat source. At the outlet of the boiler, water vapour is supplied to a éyrbin
where it is expanded to a lower pressure, providing a net work output as mechanicaleengligyhe

main turbine shaft is generally connected to an electric generator. At the turbine outlet, the water
vapour is condensed back to the liquid ghdy extracting heat  [J] before returning to the pump,

thus completing the cycl@23].

W,

I

I e P

| .

| '\/‘{» Qou

} ~3——— Cooling water

Pump '
-\ |— Condenser
s AR |
4 |
\
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FHgure56 Basic layouof a Steam Rankine Cycle with energy and work fblys
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SRCs require a high temperature waste heat source in order torat@pad suprheat liquid water to
steam. Steam at around 17 bar will typically be superheated up te2#B0([61,124] Superheating

the steam is often required to prevent water condensation which causes damage to the turbine blades
by erosion. Thus, due to the pinch poimthe heat &change, the boiling and superheating process in
the SRC requires a heat sources at temperatures beyorf€ 3@bich can be obtained from exhaust

gas flows from fossil fuel plants or large diesel engines.

Typical SRC cycles can generally parated intosingle pressure systems and dpegssure systems

[125] The heat exchange between exhaust gases and the water flow for each of the two systems are
compared inAgure 57, which slhws a heat transfer diagram typically used when analysing SRCs. For
single pressure systems, a minimum steam pressure of 7 bar with boiling poit@ i$8hosen to
preventacid condensation in the boiler as recommended by manufacturers.

A —LExhaust gas
300 Single-pressure \\"atc’w’slculn
Dual-pressure water/steam
@) < o
=, 20°C
L 200 10 bar/180 C N
E 15C
S 7 bar/165 C !
o 150 - =
o 4 bar/144.C]
g 100
| Preheated
= \.\Iuhlwll}u'f
_ éhyzll sources
S0 T T T T 1 >
0 20 40 60 80 100

Heat transfer (%)

Fgure57 Heat transfediagrams for single and dyatlessure SRC syste[ti25]

3.2.2.2SRC configurations and-twoard irtegration

The simplest integration of the SRC to marine energy systems iisdthydiise the exhaust gases in a

boiler heat exchanger to vaporise the water flow. Senary gt2] estimated with a thermodynamic

model that the integration of a SRC aboard a La\fiec can recover up to 16% of the waste heat (i.e.

8% fuel efficiency increase with a 50% engine efficiency) at 100% SMCR, generating ~7 MW electrical

power. In this config@ation steam is generated at 17 bar, superheated t2860 a SRC layout where
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water is preheated in economiser, evaporated and superheated using exhaust gases as the heat carrier
as shown irHgure 58 [124]. This layout is relatively sifgpas the Rankine cycle is in the most basic
layout (single loop, no regeneration) and uses a single temperature heat source, for electrical power

generation without ay coupling with other WHR technologies.

Exhaust gas out
te

Economizer hiw : :

Feed water tank
91" tvaporator |h,
Super heater | "¢

2| .
f

Exhaust gas in Feed wate
Condenser d
pump

Steam turbine

FHgure58 Simplifiedsteam Rankine cycle layout using exhaust gases to heat, evaporate and superheat a flow of
water[124]. Thesteam turbine is commonly connected to a generator to convert the mechanieal output
to electrical power.

Indeed, coupling the SRC with other WHR technology which can leverage the heat recovered during
steam condensation has been investaghin various configurations. Furthermore in some layouts
multiple waste heat sourceseaused in series to generate steaRiveraAlvarez et al[126] suggest
coupling a SRC with a conventional turbocompounding steam turbine, a typical currently implemented
WHR technology for marine energy systems (see preseni®n3.1on Turbocompounding), in a-so

called ombined cycle systerithe layout is shown Higure59. In theiranalysis, they evaluate the trade

off of increasing the efficiency of the two coupled turbine systems which increases system weight and

therefore technical compleyit space required ehoard and results in increased fuel consumption.
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| 0,

Topping Cycle

Bottoming Cycle

FHgure59 Combinedyas turbine cycle with steam Rankine cycle for marine energy sy&26hs

Liang et al[127] used a thermodynamic model to evaluate the performance of a SRC coupled to an
ammoniawater pair based absorption refrigeration eytbsorption refrigeration cycles are reviewed

in more detail further in this report in sectiGi The condenser of the SRC serves as the evaporator in
the absorpion refrigeration cycle, with water condensation occuring in th€38 82C temperature

range at 0.7 bar absolute pressure. SRC working fluid is preheakeghekiet cooling water (JCW,
temperature around 31%) from the engine cooling systems, ancpevated and superheated by heat
from the exhaust gases which are available around@24t 100% SMCR, they calculated a cycle net

power output of 128 kWand cyle efficiency of approximately 19%.

Preheater

2 pl
- I = . Evaporator |
— Engine 2
Radiator <+
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Woutput -]~
., _Condenser2
- | | y
7
g — | SHX (Solution
Sea water 12 heat exchanger)
V-1 KA 4 6
V_’)

: Pump2
3 Evaporator 2 10
. — 5

25| 24
Air Absorber

FHgure60 Onboardsteam Rankine cycle coupled with absorption refrigerdfiii]
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In their comparison of various power cyclesrharine WHR, Larsen et |dl28] suggest using engine

JCW and charge air successively to pretmeatvater circuit of a SRC before carrying out evaporation in

a dualpressure boiler system (3.4 bar and 9.8 bar) using the exhaust gases. The integrated cycle at 100%
SMCR increased the fuel efficiency of the system from 49.4% (engine and turbuchbmenMiHR),

to 51.1% with the SRC, equivalent to a 3.44% cycle therfic@rety.

On a bulk carrier, Vanttola and Ku@&H from VTT Technical Researcht@eaf Finland, evaluated via

pinch analysis that the integration of a SRC could lower auxiliary fuel expenditure 18.8%, which
effectively corresponds to a total fuel consumption éese of 4.7%. The methodology used aimed to
identify the maximum energyecovery (MER), while also accounting for the various ship operating

conditions relating to its yearly operational profile.

3.2.3 TechnoEconomis
3.2.3.1SRC Technical performance

The performancef the SRC is generally measured with the cycle thermal efficiency ddedittee ratio
between the net work production (equal to the difference in work produced at the turbine and work
provided to power the pump) and the thermal energy provided, seetiequa6).

e e (36

There are little to no examples of currently integrated SRCslioand energy systems. As has been
seen in the previous section, most studies wwaohe theoretical integration of SRCs and the evaluation
of their behaviour and performance through moitgjl The technical performance of these SRC

systems proposed in the literature is shown in
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Table10. Theproposed systems use either a single heat source for theedtiling process (exhaust
JFrasSas YFENJSR a4 WwI9DQ Ay GKS KSIG &a2dzNOS (eLlSac
cooling water (JCW), and charge air (CAC). In the lattetheaispe, temperature and extracted power

from each heat souecare indicated.
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Table10 Technicaperformance of proposed enoard integrated SRCs

ICE Powe T heat source Heat Source P heat source W net
[MW][ [°C] Type [kw]

11.7 373.0 70164  16%20% [124]

51.5 325.4/89.9 EG/JCW 654.7 127.8 19.5%  [127]

19.7 234.0 EG 3426.9 864.0 3.4% [128]

- 300200/148/ EG (AE)/CAC/  1000.0/359.3/242.8 162.7 16.3%  [61]
85 Jow

3.2.3.2RC costing elements

Oak Ridge National Laboratory reporféd2]the findings of consulting and technology company ICF
which feature cost estimates for the instaltetand maintenance of SRCs as a function of the cycle net
power output, which can be seen Table 11. Inhouse data, commercially available systeand
discussions with industrial stakeholders helped develop thes@stimates. Capital costs for SRC range
from ~ 3,500e/kW at low capacities to 400 e/kW for the largest system3he authors of the initial

study specify that these values do not agtdor contingency for sitepecific charatceristic, and actual

cost could potentially be higher; however these values provide a reasonable estimate and inform how

the cost could scale with installed capacity.

Table11ICF's steam Rankine cycle cost estim@iagital investment and O&M} a funton of installed
capacity, reported by Oak Ridge National Laboratory (ORNL,)d&&3]converted to euros and annualised

Capacity (kW) Capital Costs O&M Costs
6ekl20 0ekl?2

50-500 3,500 0.015
500- 1,000 2,900 0.01
1000-5000 2100 0.009 [122]
5,000- 20,000 1,750 0.007
> 20,000 1,400 0.006
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3.2.4 Modelling the steam Rankine cycle

The amount of energy absorbed by tBRC'O 0, is expressed as a linear function (or piecewise
linear function) of the net power drawn from tI®RC0O 0, usingthe thermal efficiencyf the
system(equation(31)).1 0 is a binary decision varigblvhich indicates whether theRGs on or

off at time t.

P

"0 0 0 o] 0 37
Where— s the efficiency of th&€RCThe work produced by th8RGs constrained in EquatidB2)
using a rated design f@RCD , with upper and lower bounds indicated with variad®s and

‘Qr .w 0 is abinary decision variable which indicates whetheBfR@s included or excluded in

the energy system.

~

Qy O w o6 0 o0 0Q O w o (38)

3.3 ThermoelectricGeneration (using Seebeck effect)

3.3.1 Introduction

Thermoelectric generators (TEG) are devices based osstaikdsenitconductors designed to convert
thermal power into electrical poweA set of thermoelectric modules are arranged between two heat
exchanges, with each thermoelectric module being composed of up to hundreds of thermoelectric
pairs (electrically in seriesd thermally in paralle])29]. Therugged, reliable nature of TEG has made

it a technology of choice in extreme environments. The traditional fiedgpications of TEGs wasl/is

the space industry, used dard long distance satellites due to the compact, continuous, reliable
supply of ectricity[129]. Nowadays TEG is increasingly being investigated for heat recovery in various

transport and industrial sectors, including the maritime sector.

3.3.2 Technology overview
3.3.2.1Working principle

A temperature difference between two different semiconductors yieldstage gradient between the

two materials via the soalled Seebeck effect. The magnitude of the generated voltage gradient
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depends mainly on the temperature difference and the material constituting the two semiconguctors

see equatior{39).

@ Y'Y Y (39
Heat is provided on one side of the semiconductors, and rejected on the other side. TEG devices are
assembled by combinirgemiconductor pairs: one-type semiconductor (with excess electrons i.e.
negdive charge) and one-fype semiconductor (with a missing electron i.e. positively charged). A
typical arrangement is showsthematicallyn Hgure 61 [130]. A metallic, conducting striggold or
nickel)acts as the junction between twaemiconductorsExamples a$emi conductor material could
be bismuth tellurid¢BiTes) or lead telluride (PbT¢)131,132]

Waste heat Exchanger

W | [Conducting Stripe | |

‘_
-—
—
-—
-—
R —
—
—

Semiconductor

‘ i I [ I E—1
[ Ceramic Plate

Sink heat Exchanger

® &

FHgure61 Typicalayout of a thermoelectric generatfit30]. Pairs of semiconductors are arranged electrically in
series, and thermally in parallel

In the context of marine applications, the main advantages of TEGeateperation, no moving parts

which reduces mainte@nce requirements ahresults in a long lifespatfow weight and physical
footprint, and direct conversion between thermal and electrical power (different from mostdeat
electric converter with an istmdiate mechanical energy conversion using anrater). The main
disadvantages are the low conversion efficiency (below 5%) and low power ratings which result in poor

costefficiency[130]
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3.3.2.2Performance Metrics

The performance of TEG devices is evaluated affinggncy—, which depends mainly on the coldesid
/ hot side temperature difference, calculated with equat(éo):
Y "Y8I7Ip—(I)"Y P

"Y L

Y Y (40)
ip 7Y wy

Where™Y is the tot side temperature;Y cold side temperature,Ythe average temperature’Y
“Y+Y /2 and® "¥ an overallimensionles§igure of merit for TEG devicesgth being the factor of
merit. The factor of meritd depends on the propertiesf éhe semiconducting materials constituting
the TE deviceas is shown in equati¢hl), wherg ,”, and_are Seebeck coeffcient, electrical resistivity
and thermal conductivity of positively (p) and negatively (n) chargeit@eductors, respectivelZ.T
typically ranges eveen 0.5 and 2133].

(41)

Fgure62shows the graphical representation of equai{), i.e. the effet of source/sink temperature
difference on thermoelectric efficiency for various figures of nagfjtalong with the theoretical Carnot
efficiency Outside of very large temperature differencg$ & 200°C), thermoelectrigenerationcan

be expected tshow an efficiency below 10%.

60% T T . . T .

—e—7T=0.5
—e—ZT=0.8
50% [ ZT=1.0
—e—7T=2.0
—&— Carnot efficiency

e

FHgure62 Thermoelectric efficiency values for various figures of merit ZT, compared to theoretical Carnot
efficiency, with heat sink temperature50°C, adapted frofi29]
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3.3.3 Applications

Fgure63andHgure64show examples of designs of TEG devices for marine waste heat recovery. These
designswere made specifically for the recovery ofahdrom flue gases from ehoard waste
incinerators.The TEG iRigure 63 uses sea water {& to 30C) as heat sink. The device geometry was
optimised for maximum efficiency, maximunt pewergain or cost per unit power [$/W] minimisation,

with module thickness and spacing as the optimisation varidbésgces were obtainedith net work

outputs between 27.4 kWand 57.7 kwdepending on the objective function for the optimisation,
which costbetween 2.46 $/Wand 7.42 $/W.

The TE@evicein Fgure64is designed for waste heat recovery in a ship waste incinerator plant, which
is a type of ofboard waste and pollution management device that operates at terhpereange 850
1200°C with exhust gases that are typically cooled down to below’@53ty heatingl K S &dsh LIQ a
water supply[134]. The dimensions of théeviceare 500 mm length, 100 mm inner diameter with 6
mm pipe thicknessand the system is constituted of 42 individual TEG modules arranged into a
hexahedronWith a maximum hot side meperature of 520C (cold sidat 30°C), a 882V, power output

can be achieved, which corresponds &4+ efficiency according to the authors. This efficiency is likely

to belower since pumping power for cold side cooling was not added to the final dradagge.

Thermal spreader

Flue gas channel

Cooling channel

_ TEM
“ |sec

Hgure63 TEG heat exchangexampleg135]. TEM = thermoelectric moduleed= section length
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Fgure64 TEG designefr recovering waste heat from ship incinerator axst gagl34]

Due to small sizas demonstrated in the preceding figueesd low net pwer output, TEG inaliation

is typically envisionneak arrays of TEG modules arranged onto the surfaces of suitable ducts carrying
waste heat, such as exhaust ducts ird@en shipsln this applications a probaypitfall is cooling the

TEG on thedadd side, which could require pumping thus making overall efficiency negligible. Armenakis
et al. suggest attaching TEG arrays to the inner surface of the ship hull, below the lower watee line
inner side of the wehull metal plates is almost alwaysoter than 30C; thus when considering the
potential temperature range of exhaust gases and TEG performancedrasaaperature difference

overall efficiency should be reasonable, especially with cooling without pgimpihwith an infinite

heat sink[136]. This infinite cooling capacity is generally highlighted as one of the main reasons why
TEG could be particularly suited to marine applicatj@@8] Another aspect supporting TEG is the
ability to convert difficult to recover heat, such as in the case of radiated heat energy; TEG needs simply
to be installed orthe machinery surfaceAccording to Freer and Pow§ll33], the main cumnt
limitation to TEG in marine ajgdtions are the high cost / low availability of the best performing-semi
conductor materials, and efforts should be focused on developing new high performance materials for

economic viablity to be achieved.

3.3.4 Technoeconanmics

Thermoelectriggenerators andnodulesare available from various manufacturers including Tegmart
[137], HiZ[138], Tecteg[139], and Marlow Industriegd140]. The following section anaiscosting
elements of TEG based on the commercial modules provided by these manufatheerssolute cost

of thermoelectric modules tends to increase as the power output of thdutedncreases (sedgure
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65). All of the analysed TEG modules cost betweea 10l y & fortalnsolute power outputs in the
range 1W. to 80 We. However, as can be seen frdAgure 66 the specific cost of modules with
increasing power density tends to decrease, incentivising purchases of high power TEG atozides
5 kW/m?, Surfacespecific power outputs can be found in the range 5 to 5@k#/ For TEG modules

above 5 kWm?the spediic cost can be expected intherange@Qn nn & kK | 2
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Hgure 65 Absolute cost of commercial TEG modules as a function of maximum power output
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Hgure 66 Specific cost of commercial TEG modules as a function of surface power output
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3.3.5 Modelling thermoelectric generation

The amount of energy abded by theTEG™O 0, is expressed as a linear function (or piecewise
linear function) of the net power drawn from tieEG 0 0, usingthe efficiencyof the system
(equation(31)).1 0 is a binary decision variable which indicates whetheiT&&is on or off at

time t.

P

0 0 0 0] o) (42

Where— s the efficiency of th@ EGThe work poduced by thelTEGs constrained in EquatidB2)
using a rated design fafEGO , with upper and lower hnds indicated with variablé®@;  and
Qr .o 0 is abinary decision variable st indicates whether th€EGs included or excluded in

the energy system.

Q O o o 0 o0 0 0 @ 0 43)

3.4 Absorption Refrigeration
3.4.1 Introduction

Cooling capacity is needed in iitiare applications, regardless of the ship type, in the form of cabin air
conditioning, medicine preservation, and food storage and transport, particularly aboard fishing
trawlers etc.. While most cooling power generation machinery is electrically poyweazht research

has been motivated by the search for energy efficient-de&en refrigeration systems. On shipsch
refrigeration systems can be driven by the waste heat supply diesel engine exhaust gases and
cooling flows. Absorption refrigeian leverages the low boiling point of a refrigerant to remove heat
from another fluid flow as the refrigerant evaporates, resulting in the intended cooling effect. A heat
source is hen used to regenerate the sorbent and recover the refrigerant in vajooor. Thus,
absorption systems are similar to common vapour compression systems, except that rather than
compressing a refrigerant between evaporator and condenser using mechaeicgl, é¢he refrigerant

is absorbed by a secondary liquid to form a sahytwhich is later regenerated using thermal energy.
One of the main advantages of absorption refrigeration is that the process of pumping the working
solution that has absorbed the frigeratant requires significantly less work than compressing the

equivaént vapour in the vapourompression system, due to the lower specific volume of the liquid
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solution[11]. Typical refrigerant/absorbent wking pairs are ammonia/water (water is the absorbent),
and water/LiBr (water is the refrigerant), with the former suited to lower temperature application
(evaporation of the refrigant occurs at sulzero temperatures) while the latter may be targeted
towardslow-temperature heat sources sinegaporation occlwgat ~5C[141]

3.4.2 Technology overview
3.4.2.1Working principle

Three key stages form the absorption refrigeration cj@l1¢ which is schematicallsepresented in
FHgure67. Evaporatiorduring which the liquid refrigerant flows from the condenser (state 2), through
an expansion valve (staB and into an evapotar. The refrigerant evaporates by removing the heat

at low temperature from a second flow (water), thereby producing the intended cooling effect (state
13 to 14) Absorptionduring which the refrigerant vapour is chemically absonbedsolution tank ckdd
absorber, thereby forming the smlled strong solution. This chemical reaction is exothermic, and
cooling water is circulated through the absorber to remove the excess heat (states 15 to 16) since the
amount of water which can babsorbed by the refgerant increases as the temperature of the
refrigerant decreasefll]. The strong solution is then pumped to a higpegssure towards the
generator (states 10, 9 and 8he refrigerant then undergoesgeneration the stage during which the

heat source is useih desorb the refrigeranin the generatorthereby returning it to the vapour state,

from the absorbent whicls now the secalledweak solution. Weak solution is returned to the solution
tank through a valve (states 7, 6 and 5), whilst the refrigerant vapour is returned to the condenser (state
1), thereby completing the cycle.
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FHgure67 BasidPrinciple of Singleffect Absorption Refrigeration Cy[1d2]

3.4.2.2Performarce Metrics

The main performance metric for absorption refrigeration systems is the coefficient of performance
(COP) which is the ratio of useful cooling power obtained at the evaporator (i.e. thechhage
enthalpy absorbed by the cycle working fluidgrahe heat provided at the generator and the power
required for pumping the working solution (Equat{éd)):

000 = (44

3.4.2.3Cycle configuration

In practice, two modifications are often made to the basic cycle shown previolsiyurie67. The
interface betwen the generator and the absorber features a heat exchanger so that the strong solution
entering the generator is preheated by the flow of weak solution returning to likerlaer. This
modification reduces the amount of heat needed at the generator tonergge the absorbent. The
other modification typically found is the addition of a rectifier between the generator and condenser;
the function of the rectifer is to removieaces of absorbent from the refrigerant as it enters the
condenser. The modified dgcwith rectifier and intermediate heat exchanger is showigare 68.
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The systm presented ifigure68 can still be considered as a simple absorption cycle since it is formed
of a single absorption age.Multiple stage absorption cycles areable of achieving refrigeration at
significantly lower subero temperature$l143).
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FHgure 68 SingleEffect Absorption Refrigeration Cycle with Intermediate Heat Exchanger and Hédfifier

Qc W

Hgure69 (left) 2AA WHR absorption chiller by WorldEnergy which uses hot water at apgtasrbe heat
source. Retrieved frofd44]. (right) hot water driven absorptiahiller designed by Kawasaki Thermal
Engineering, retrieved frofi45]
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3.4.3 Applications

Cao et al[142]proposeal a configuration for the integratiarf absorption refrigeratioonboad a cargo
ship targeted towards cabin air conditioning, using waste heat carried by the main exhaust gas flow. The
performance of the system was evaluated with modelling and simuldt@nschematic representation

of the configuration can be seenkigure 70. Heat from the exhaust gas is used to produce hot water
which acts as the heatarrier into the generator. The absorber and the condenser are cooled by sea
water. Clean water brings the evaporation heat to the refrigeraittértbe evaporator, and this process
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FHgure 70 Integrationof an absorption refrigeration cycle in a marine application, directly using exhaust gas
waste targéed towards cabin air conditionirg42]

The performance and temperature levelvafrious absorption cooling devices designed forzarb

refrigeration using ammonia as the refrigerard shown in Table12. Cycles are shown with increasing
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level of system complexityingle stage cycles which refrigerationtap30°C while with more complex
systemswith two stages, two cascaded stages or an additional compression step refrigeration
temperatures can be brought down as lows®C in someases.

Table12 Performance and characterisgtiof subzero refrigerating absorption deeig using ammonia as
refrigerant, data originally synthesised14d3]

Cycle Evaporation Working Fluid
Temperature

Singlestage -30to5°C 0.25-0.55 NHs - H:O [146]
-18t0 3°C 0.49-0.58 NHs - H:O [147]
-8°C Solar COP  NHs-LINQ [148]
0.066- NHs - LING - H20
0.093
-10 °C 0.6 NHs - H0 [149]
-30t0 10 °C / NHs - H0 [150]
Doubestage cascade -20to 0 °C 0.17-0.31 HO- LiBr // NH - [151,1%]
H0
-20to 0 °C ~0.25 NHs - HO // NH; - [152]
LINQ
-701t0-30 °C 0.20- 0.65 NHs - H:O [153]
-45°C 0.25 NHs - H2O // CQ/NHs  [154]
Doublestage -15to 0 °C 0.32 NHs - LINQ [155]
0.29 H2O- NHs
-15°C 0.27 NH; - NaSCN [ref]
0.27 NHs - LINGQ
Absorption/Compression  -10 °C 1 NHs - H:O [155]155]
-50 °C 0.58 NHs - H0 [155]

3.4.4 Technoeconomics

Table13reportskey investment, installation and O&M cdstisabsorption chillers, based on composite

values (i.e. values synthesised from various sagbes which to do not refer to a particusystem)
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provided by US department of Enefdj$6]. Installation costs for absorption rigieration systems can

be found in the range 500 2,n n N eThq Higher costs tend to be found for the lower capacity
systems. Furthermore can be seen the high share of construction and installation which are
approximately up to twice the cost of purchrasthe equipment.

Table13 Composite absorption chiller investment and O&M costs, costs converted and annualised, taken from
US department of Energy documéhb6]

Design Heat Nominal Equipment| Construction Installed O&M Costs
Source Cooling Cost and Cost (cts/kWh)
Capacity 0 € K11 Installation 0€ K13
(kW) 0€kKli?
Single Hot Water 175 652 1,293 1,945 0.195
Stage 1,540 301 444 746 0.065
LP Steam 4,620 266 318 584 0.032
Two HP Steam 1,155 386 587 973 0.097
Stage 4620 324 389 713 0.032
Exhaust 1,155 431 639 1070 0.097
Fired 3,500 301 347 648 0.032

3.4.5 Modelling absorption refrigeration systems

The amount of energy absorbed by Higsorption refrigeration systei©® 0 , is expressed as a linear
function (or pieewise linear function) of the net power drawn from tABS0 0, usingthe
coefficient of performancef the system(equation(31)).] 0 is a binary decision variable which
indicates whether thé\BSs on or offat time t.
O o 0 0600 (45)

Where— s the efficiency of th&BSThe work produced by thabsorption refrigeration systeim
constrained in Equatio(82) using a rated desig® , with upper and lower bounds indied with
variablesQ; andQ; .@ 0 is a binary decision variable which indicates whetherAB&is

included or excluded in the energy system.
O O ®w o6 0 o6 0O O w o (46)
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3.5 Organic Flash Cycles
3.5.1 Introduction

Organic Flash Cycles (OB€lpng to the same class of WHR technology as ORCs, i.e. power generation
cycles where a liquid flove turnedto gasby a heat sourcédefore expansion in a turbine. More
specifically, OF@se a modified variant of the ORf&veloped as a result of the limitations of trilateral
ORCs due to the absence of tplvase expanders, for which research is stifjoimg[157] Another
limitation to conventional, singleomporent ORCs is the inevitable temperature mismatch between
the heat source (which displays a linear temperature profile) and the working fluid (which, outside of
the preheating and superheating, shows a Aeathermal emperature profile during phase change)

In the OFC heat is provided to the working fluid until reaching a saturated liquid state veyitbur

phase being generated in a consecutive flash evaporation step. This method enables a narrow
temperature differamce between heat source and workingdithroughout the entireneat exchange

[158], thus minimising irreversibilitiemnd exergy destructiofL59]. While the potential of OFCs has
been extensively studied through thermodynamic modelling, practical applications are still very limited
[159]

3.5.2 Technology Overview
3.5.2.1Working Principle

The basic layout of an OFC is shown schematic#iigure 71 [160]. In the OFC, the working fluid is
heated in the heat exchanger up to a saturateditigstate. After contact with the heaource, the
working fluid is throttled, or flash evaporated, to a lower pressure heppdur mixture. The flow is

then separated into saturated liquid and saturated vapour phases. The vapour phase expands in the
turbine; as with all power cycles ofamWHR class, useful cycle work is extracted at this stage. The lower
pressure vapour phase at the turbine outlet is then mixed with the liquid phase exiting from the flash
evaporator outlet which has bypassed the exparahd had its pressure lowered teethondensastion
pressure by a throttling valve. The tane is pumped to a higher pressure before returning to the heat

exchanger, thus completing the cycle.
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FHgure71 Schematicepresentation of a conventional Organic FlasheQggbut[160]

3.5.2.2Performance Metrics

As for most vapour expansitmased power cycles, the performance of the OFC can be quantified by
the net work output as the turbine, and the efficiency of thermal energy to méaiaenergy
conversion. Net work outpud is the diferent between the work output at the turbine and the work
provided to circulate the working fluid through the process (equ##i@)):

W W (47)
The thermal effieincy— is the ratio between the net work output of ti=Gwith the thermal energy

used to evaporatéhe ammoniawater mixture (equatior48)):

all — (49)

3.5.2.3Configurations and cboardintegration

A common variation of the conventional OFC is the ddidgla OFC, which is inspired from the double
flash steam cycle found in geothermal power generation p[a6]. The layout of the doublflash

OFC is shown schematicallfgure 72. The flash evaporation process is carried out in two steps at two
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different pressure levels. The vapour phases separated from each evaporator are expanded in two
different turbines (high pressure, HP, and low pressure, LP) connected tartiee tgin. This
modification is known to increase the amount of working fluid evaporated and expanded, and therefore
increase power production compared to the conventional OFC.

Hgure 72 Schematic representation of the doublasth OFC layo(i61]

In practice, the temperate difference beween the returning working fluid and the heat source is large
enough toenforce a very large heat exchange surface area, negatively affecting cost. A commonly
suggested cycle architecture improvement is to leverage the enthalpy of thagvéitkd liquidpohase

at the outlet of the flash separator by mixing it with the working fluid which has been expanded and
condensed beforehand (in the conventional cycle the vapour and liquid phases are mixed before
condensation). This smlled Organid-lash RegeneratvCycle (OFRC), presented schematically in
FHgure 73, has the benefit of reducing heat exchalsgefacearea requirements of the condenser and

of the main heat exchaer[160,162] In their cycle analystmparing OFRC to Ol<ing {pentane as

the working fluid Baccioli and Antonelli60] noted a surface are@duction of ~47%nd ~6%or the

main heat exchangend cormenser respectivelycorresponding to a cost reduction of ~1&86 ~6.5%

for these components
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Fgure73 Schematic representation of a Organic Flash Regenerativddyyelg160]

3.5.3 Technoeconomis

Table 14 shows a synthesis of technical performance data of proposed OFC |&atatsvas either
directly extracted from the scientifliterature or derived from available secondary data, while certain
values were unavailablin thesesuggested systemslectrical power outputs in the rangec¢®200 kW

can be expected using heat sources with power approximately 100 to 2Q0&nkMith temperatures
between 120C and 20€C. As is commonly seen wiffower cyclebasedWHR technologies, overall

performance can beegn to scale with heat source temperature.

Table14 Synthesis of technical performance data of Organic Flash Cycles in scientific literature

Type Phieat source THeat Source WOFking Whet " th [%] Ref
[KW] [C°] Fluid [KW]
OFC

530.0 180 R245fa 50.65 9.56% [158]

OFC 508.9 180 R123 43.97 8.64% [158]

OFC 552.6 180 o-xylene 45.04 8.15% [158]
This project has received funding¥ro G KS 9 dzNR LISFY ! yA2y Qa | 2NA~ 115] 140

programme under grant agreement No 101056801. Views and opinions expressed are however
the author(s) only and do not necessarily reflect those @Btropean Union or the European G@lien
Funded by the Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the
European Union authority can be held responsible for them.




» Zero waste Heat vessel towards relevant

Energy savings also thanks to IT technologies

°
Zhenlt D 1.1] WHR for Maritime applications catalog

OFC 741.3 150 N-heptane [162]
OFRC 571.7 150 N-heptane [162]
OFC 100 180 | pentane 7.09 7.09% [160]
OFRC 100 180 | pentane 6.70 6.70% [160]
OFC 2717 150 | pentane 144.41 5.31% [163]
2 phase 2717 150 | pentane 165.52  6.09% [163]
OFRC

OFRC 150 Pentane 15.60% [164]
OFC 150 Pentane 9.03% [164]
OFRC 175 Pentare 17.50% [164]
OFC 175 Pentane 12.40% [164]
OFRC 200 Pentane 19.02% [164]
OFC 200 Pentane 17.01% [164]

Baccioliet al.[162] and Bonolo de Campos et §l.64] provide data for the specific cost @FCs and

more specifically the regenerated variant, based on thermodynamic analysis, process simulation and
cost functions from Turton et aJ38]. At constant heat source power, the performance, size and
therefore specific cost of the constituting machinery was found to be highly sensitive to the heat source
temperature (HTF inlet temperature at the maimrahexchanger)lncreasing HTF inlet temperature

from 80°C to 170°C and therefore the temperature diffeeem the main heat exchanger (with a
constant power of 900 kW maintained through variation of HTF flow rate) resiits aounteracting

effects:

1 incease of required heat exchange surface aaed therefore cost of the main heat

exchanger and condenser

1 decrease of the flow rate entering the expander and therefore decrease imeedgize
and cost

The final effect of HTF temperature variation orataipecific cost of the OFRCs can be seEigtme
74. Specific costs OFRC can be seen to level out aroy@do3D00e k 1 2 F2NJ KSIF G &3
temperatures beyond 14C.For heat sources at temperatures below ~1@0°C specificinvestment

cossare above £#00€ K | 2 @
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Hgure 74 Effect of heat source temperature on the specific cost of regee@@FCs, data frofi62] and[164]

3.5.4 Modelling the organic flash cycle

The amount of energy absorbed by tl#-C"O

0, is expressd as a linear function (or piecewise

linear function) of the net power drawn from ti@FG 0 0, usingthe efficiencyof the system

(equation(31)).1

time t.

0 is a binary decision variable which indicates whetheiQlR€is on or off at

0 (49

Where— s the efficiency of th©FCThe work produced by th@FQs constrained in EquatidB2)

using a rated design f@@FCO

the energy system.
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0 @ o (50)
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3.6 Kalina Cycles

3.6.1 Introduction

Kalina cycles ametype of power cycle designed to convegit to electricity ira similarclass oMWHR
technologyas steam and organ Rankine cyclest was originally introduced in 19§365] as an
alternative to the aforementionned Rankine cyclesth potentially higher efficiency and lower
components ost, describedas condensation supplemented by absorption, following expansion in a
turbine.While, since its conception, the cycle has been extensively studied in terms of thermodynamics,
energy and exerggfficiencies few actual applications may be faljeither commerally available or
implemented in industry166¢168]. Thus this technology can still be considered as a developmental
WHR technology, and shduherefore be discussed as a potential alternative to Rankine cycles rather
than an estabshed technology.

3.6.2 Technology Overiew
3.6.2.1Working principle

Kalira cycles leverage the nasothermal phasehange behaviour of ammonigater mixtures which
are zeotrogdgc mixes.Kalina cycle are thislitableto operate usingvariable temperature heat sources
such as renewable heat sourcésolar, geothermal, industrial or engine waste hdag5]. The
evaporation tempeature of the mix varies with the watammonia composition of the mixture. The
higher the ammonia content, tHewer is theboiling temperatur€dHgure 75). Kalina cycle is composed
of three main process units: boiler, turbine, and condensation/distillation sySteencomposition of
the mixture is controlled in the condensation/diatilbn swtem in order to adapt the boiling point to

the temperature of the available heat source.
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FHgure75 Bubbleanddew pointin phase diagrarfor the ammoniawater mixture as a function of ammonia
mass contentfor a constanpressure adapted froni2]

The basic configutian of the Kalina cycle is shown schemdltiidgaFHgure 76. Useful work is produced

by expandinghe superheated ammoniwvater vapour flow in a turbine. The ammomiater mixture

at the turbine outlet is coed (distiller, and eheaters 1 and 2)mixed with a weak ammonia solution
returning from a separatofurther down the processand condensed in an absorber. The liquid
ammoniawater flow is pumped to a higher pressure, heatdtiiee stagedy the outletof the turbine

befare being separated into a weak ammonia solution and an amrnichiaapour(separator) The
weak solution is returned to the turbine outlet as described previously, while the vapour is cooled. Some
of the original watewapour solutionis added to the vapg, to obtain a ~70% ammori@ntent
solution which is then cooled, condensed (wateoled), pumped, preheated, and sent to the boiler

to be turned to superheated ammonigeater vapour, thus completing the cyclgseful work is
extraced at the turbine,ltermal energy is provided at the boiler, and electrical energy is spent pumping
the fluid.
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Hgure 76 Schematicepresentation of a Kalina cycle standard layout, adapted [ft6i

3.6.2.2Configurations and ofboard integration

The ntegration of Kalina cycles is typically envisionned to recover high temperature waste thermal flows
found in energy intensive diistries (steel, cement, petrochemicals, power generation), and in the
exhaust flows from gas turbines and large engifgare77 shows a proposed layout for a Kalina cycle

as a WHR method for the exhaust gases of a 97 -kWblkke Diesel enginfl69]. In this system, ra

engine cooling circuit (waste &eat temperature 87C, flow rate 1.6 kgjsis used to preheat the
ammoniawater mix, while e thermal energy in the EG at the outfegmperature 540C, flow rate
0.177kg/sg F G KS Sy 3AAy S QuibindisioNs & @y Euapokai andl Niperhemd50°C

the mixture.
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Hgure 77 Integrationof a Kalina cycle as a bottoming cycle to a Diesel engine, generating useful work using the
exhaust gases and engine coolant If§0]

Bombarda et al[170] compared the potential for recovering and converting waste heat froge lar
Diesel engineswo 17.9 MWengines with EG at 35 kg/s twoth engines and temperature 346)1G
electricity with either atODRC or a Kalina cycle. The layout for the proposed Kalina cycle integration is
shown schematically gure78. The results indicated that the Kalina cy@le.5% recovery efficiency)
presents a slight increase in performance over the @QRB% recovery efficiencg) the cost of larger

heat exchangers, a larger plant and overall more complicated Imanly due to potential corrosion

of dissolved ammonia with many metatsd much higher pressure in the Kalina cycle (50 to 100 bar)
compared to the ORC (10 haf}e results of this specific study indicate that the Kalina is probably not
advantageous irmarine energy systems, where compactness and system simplicity are major

requirements, compared to ORCs.
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Hgure 78 Schematicepresentationof aKalina cyclen aDiesel engin&VHRlayout[170]

3.6.2.3Performance metrics

Performance of the Kalina cyclensasured with the newvork output [kW] and cycle thermal efficiency
" [%]. Net work output is defined as the difference between useful work produced at the turbine and
work provided to tle pumps (equatiofbl)):

W W W (51
The thermal efficiencigs the ratio between the net work output of the Kalina cycle with the thermal
energy used to evaporate the ammomater mixture (equatio (52)):

W
- — (52)

3.6.3 Techneeconomis

Very few commercially Kalina cycles are currently commercially available. Most works on this type of
cycle can be founith scientific literature using thermodynamic models and laboratorpiyjees. Table

15 summarises the technical performance data from theroretical and practical works on Kalina cycles,
for a variety of heat soues mostly focused on waste heat sources from industrial processks
exhaust gas and cooling circuits from engifiesnperatures vary from 180 to ~556C Kalina cycle
thermal efficiencies are found between 7.6% (low temperature heat source) to a marin3.6% in

the case of a 522 heat source from gas turbine exist gases.
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Table15 Synthesi®f technical performance data of Kalina cycles either commercially available or found in
scientificliterature. Dataoriginally synthsisedin andtable adapted from European project SoWhat deliverable

1.6[166]
-
Gas Flow From Oxygen Conversion 3,450 10.4 [171]
Vapour Flow 116 3,300 7.6 [172]
ClinkerEG + Cooling 360 8,600 - [173]
Clinker Cooling - 4,750 - [174]
Vapour Flow 179 1,362 20 [175]
Thermal Oil 200 278 11.7 [176]
Generic Indstrial Heat Source 300 739 21.7 [177]
Coal Combustion Flue gas 150 320 12.3 [178]
Cement Preheater EG 390 3,430 23.3 [168]
Engine EG + Cooling 524/ 86.8 21.7 25.6 [169]
Engine EG 439 217 18.8 [179]
Engine EG 346 1,615 19.7 [170]

566 3,137 28.6 [180]
550 - 30 [181]
Gas Turbine EG 522 86,136 35.6 [182]
550 - 30.7 [183]
560 2,700 32.9 [184]

Consequetty, economic data on costing aspects of Kalina cycles are very dpansest economic
studies on Kalina cycles, the capital cost of such plants is stated to be expected as comparable to the

cost of Rankine cycleased power plants of the samapacity
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Table16 shows a summary of Kalina cycle investment cbstsKalina cycles above 1 MW costs can be
found in the range ,000¢ 1,500 /kW, while below 500 kW investments costs are higher, in,6082
3ann €k {[A78N} y3S
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Table16 Costing elements for Kalina cycles taken from literatwdiest Capacity refers to the power output of
the Kalina heat recovery cyceosts annualised

Geothermal < 500 2,000¢ 3,000 2009 [178]
Geothermal 1,850 1,150 2013 [185]
Cement Plant 6,000 1,500 2005 [186]
Gas Turbine Bottoming Cycle 86,000 1,157 1991 [182]

3.6.4 Modelling the Kalina cycle

The amount of energy absorbed by k€ 'O 0, is expressed as a linear function (or piecewise linear
function) of the net power drawn from tHéGC 0 0, usingthe efficiencyof the system(equation
(3D)1 0 is a binary decision variable which aadés whether th&KCis on or off at time t.
a~ s P~ .
O 0 —0 0] o] (53
Where— s the efficiency of thEKC The work produced by th€Cs constrained in Equatidf2) using
arated design faKCO , with upper and lower bounds indicated with variaflgs andQ; . 0

isa binary decision variable which indicates whethektfis included or excluded in the energy system.

0O 6 0 0 00 » o (54)
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4  Conclusions

Ten different waste heat recovery have beeviewed in this report: the four technologies investigated
in the context of the ZHENIT project, andather meaningful waste heat recovery technologies which
are either already implemented or with clear potential for marine engine waste heat redeaehyof
the investigated technologies either convert waste thermal energy into another form (electidal,
mechanical), provide some added value with respect to thieoamd energy demands (i.e. waste heat
is used for water or desalinatigndr support(a) the other technologies, and potentially (b) the
synergestic implementation of multiple technologjgsermal energys storage}-or eachtechnology
was reported its basic working principle, the typical architectures and layouts, the implicatitsns of
specific implementation in marine diesel engine waste heat recovery and the technomic
performane. The results presented in this report allow to

1. understand the basic operating principles and typical implementation architectures of the

wasteheat recovery technologies.

2. review the specificities of integrating the waste heat recovery technologieaonenenergy

systems.

3. quantify the expected performance, operating conditions, size and costs of the investigated
waste heat recovery technologies.

4. carry out basic modelling of each waste heat recovery technology in the context of the-techno

economic assesnent of the broader energy system.

The results gathered in this deliverable can support other tasks and workpackages in the ZHENIT project,
notably through the provided algorithmic models and teckeumnomic dataThe main characteristics

of the investigied WHR technologies are summarisetiable17.

Table17 Summary of the investgiated WHR technologies

Technology Technology Type Capacity

Heatto-Power 10- 10,000 kW ' F 25% 1,000-
MAANZNNJ

Adorption Desalination & Heatto-Cooling 1-50 kw COP =0.20.8 1,000- 1,500
Cooling ekKil?2
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TES Load Matching 50- 200 " T-1Q0% 1-mnn €
kWh/m?
IEE Heatto-Mechanical 1-1,000 kW ' F 14% 500- 2,500
Power ekKil?2
Turbocompounding Heatto-Power 500- 10,000 ' F15% 100- 500
kw ekKil?2
Steam Rankine Heatto-Power 500- 20,000 ' F 20% 1,000- 3,500
kwW ekKil?2
TEG Heatto-Power 1-80W ' [ 20% 1,000-
MPpXZnnan
Absorption Refrigeration Heatto-Cooing 150- 5,000 kW COP =0.10.6 500- 2,000
eKil?2
OFC Heatto-Power 5-200 kW ' F20% 2,000-
MHZ AN
Kalina Heatto-Power 20- 100,000 T -38%p 1,000- 3,000
kwW ekKil?2
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