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Investigating the research potentialities for minimizing the emission of future vessels through developing novel power and
propulsion systems, use of advanced energy and power management approaches, and feasible interaction with infrastructure.
Project budget € 68120 Toegekend MIIP geld € 29700

Geplande Projectstappen (korte omschrijving)

In the coming months the following actions are planned:
- Aworkshop on “design and operation of low/zero emission vessels”, “scalability of new energy systems”, “RAMS of
modern energy systems”, and “incremental changes and retrofitting for sustainability”
- Research on improvement potentialities of vessel-infra interaction
- Aworkshop and a report on the vessel-infra interaction
- Creating a consortium and applying for an NWO grant related to zero-emission shipping

B: Projectvoortgang
Rapportagedatum Deze periode May 1, 2020 — September 1, 2020

Voorgaande periode September 1, 2020 — December 31, 2020

Totaal gerealiseerd (van de doelstelling) t/m deze rapportagedatum

- The research potentialities of the two first project parts have been determined and pinpointed
- Areportis developed about the findings in the first period
- Aconference paper is submitted to iSCSS in which a new energy management approach is proposed for vessels
with hybrid power generation.
A detailed discussions on the achieved goals and results are provided in the project report and also the scientific paper.

Reeds opgeleverde documenten e.d.

Besteed budget € To be determined by Resterend Budget € To be determined by
the financial the financial
department of the department of the
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Nog lopende activiteiten

- The research on Part 3 of the project is being continued (see project proposal for Part 3)
- Aworkshop is being planned in which the research results of Part 1 and 2 will be presented to the partners
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Ondervonden knelpunten en daarop ondernomen of te nemen acties

Refer to Chapter 6 of the project report

Nog te zetten stappen (volgende periode)

Refer to Chapter 6 of the project report and Part A of this form.
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Hymopsis

The shipping industry is facing increasing requincmenls & decnease ils ervironmental footprints. This chal
lenge is being sddressod through tbe use of allermatve focks and adoption of novel cnengy sownoes in achvanced
powet and propulsion systems. In this paper, an enengy F h i propesed to determine the opt
nﬂupﬂlbctmd:ﬁnnicm“mmdumlwhhhﬂmdmpm'l‘hpur-u-dpmp-hu
symbem of the vessel comsists ol a gas engine generator sel amd o sodid oxide el coll, both fed wills lpucliced
matural gos, aml a batlery. Specilic el o prlicn carves and icml capabilitics of the cogine amd Focl cell
ane el b0 determane the optimal split and the batiery is osed o deal sith e st losl irassenis during heavy
aperations aml abso providing power during low power demanding activities. The performance of the proposed
approsch bs cvaluated Tor o dredging vessel wiith a DO poswer amd propalson sysiem sl compared io 3 benchimak
verig| powered by gas capine generator scis oaly. The results indicabe a 16.5% meduction i Tued comssmplion
compared oo benchmark non-hybeid power system and convestionsl powes managoemenl.

Keyworde:  Solid oxude fuel coll, Badlery; Hybrd power pescration; [ power and propalson sysiem; Faergy man-
agement; Liguedicd natural gas

1 Iniroduciion

Incressingly stringent regulations on emissions of hucardous air pollutants, such ss sulphor oxides, nitrogen
oxides (NOy) amd particulate matier as well as groenhouse gases, in shipping drive the sdoption of aliermative
fuels and clean enengy conversson lechnologies [6], Ligpueficd natural gas (LNG) is emenging as a trensition fuel
towards clean, renewable allernatives, allowing immediote reduction of some of the foel bousd emissions. from
shippang, in particular sulfur am particulabe matier, os well as NOyg formation when barmed lean [T].

However, natural gas engines are mol on par with diesel peneratiors when it comes. bo losi following capabali-
ties [B]. When pure gis engines are wsed, the big lomd steps encountered when dredising may cose the engines o
cul off, disrupting the operation and potentially domaging the system. Dual fuel engines can prevent power loss
by swile i o diesel mode, but this s oo asdesired soluton, Plybridisation with auxiliery esergy storage, sech as
Mywhoecls or hatteries, may ofler o better solution, s wis demonstraled by Mestemaker e al, [17)] previously.

Solild omice Tuel colls (SOFCs) provide an alternative o convert natural gas into clectneity Tor power and
propulsion systems [19). The fuel is comverted trough an electrochomscal resction, thes omitteg te high tem
perwture combustion process. As a resull, electrical effichencies can be as high as 65% hasial on the lower heating
walue (LHY), and emissions of methane, solatile organic compousls aml NOy ane practically sero [25). Despite
thi: prospects of low specilic Tuel consumption and virtually moe aandoos aic pellutant emissions, SOHCs are only
applied in niche markets such as combaned est and poseer amld distributed power peneration Tor remote bus inesses
and dalacenters with po secess o a reliable electricity grid [30]

Maritime aggplication of SCHCs las been stsdied in various research and demonstrstion peojecis. An SOFC - gas
turhine combined system generating electricity, heat and cooling was studied in the FELBCTTAS project [24]. In
the METHAPU project, a 20 kW methanal -Meelled SOFC system wis demonsirted on the Bolo camier Willenius
Wilhelmsen |1, 21]. This demonstrtion was complemented with a life cycle analysis and a conceptual design of
an offshore supply vessel |23, 9] A diesel-Toelled SOFC system was developed in the SchiBE project, demon-
sirating efficiencies up 1o 55% on the MS Forester |18, 15] This stsdy is part of the GasDrive progect, aiming o
minimise emissions und energy losses of sea with LNG, combined prime maosvers, undersster exhassts and nano

hall materinds | 27].
In this paper, the performance of an SOFC power plant combined with a gas nl.gn: pnm-h-' st and a batiery
is shuddiead, A povel energy management approach is proposod which i taneously del the eptimal split

batween different power sources is shadied. A DC rnl.l'llgrhl is wand for energy distribution and LNG is considened
as the primary [l Tor both the engine and the SOIC. Specilic fuel consumption (SPFC) curves of a gas engine and
SO are used such that quaslratic programming approeches can be adopied o solve the optimisation: problem,
while respeciing the transient Hmitations of the power sources, especially of the SOPC module.

The performance of an all-clectnc DC power and propulsion (PPS) system with instanianeous cnergy manage
menl is evaluaied bn a cose sindy of o cuiier suction drsdger (CS0). The deedging operating profiles are provided
by Royal TG, while the component maosdels and their relevant parameters are provaded by Damen Schelde Naval
Shiphuilding and Royal THC. The SOFC ks designed i cover the base losd reguired during drediging, while the
pas engine- penerwlor set i used o follow Large hoad Muctuations. Since the lomd Duchations imposad by dredging

#°°°7% Maritime
::uoooo‘:) by Holland.
S, / High Tech, Hands On




eee Nederland Maritiem Land
@ @ ® High Tech, Hands On

Figure 1: 1D PPS ol & dredging vessel with hybrd power peneridion,

operations are typically oo fust for o pare gas engine, & batlery is used as well for peak shaving and assisting ihe
ongine o ncdidress (st runsicnts.

2 System descriplion
I (his section, the DO PPS with hybrid power genceration is discussed and o mathematical model is given (or
ik AT Sismpen L.

L1 Power and propulvion syiiem architeciure

A DE PPS architecture s salocted Tor this shsdy, since dse 1o advinces in the domain of semiconhscions i is
perceived as ome of the most ellicient srchileciemes [29). The sisdied DO PPS architeciome is shosen i Figgore 1
Severnl mlvantiges of DO PPS wre the possibility Tor oplimal engime lomling, variable diesel engine speed, and
Tuel elliciency, which make this FPS suilable for ships sith dilTerent operstionsl prolibes. Moreoves, mn incresse
ol Mexibility in the design stoge and o odecrense in the member of comverling stiges are among adviniages of 1C
o il mscrograds |28, 0], As o resubl, DC-PPS con be o proper power system casdidale for o wade range of
e ls,

I o ll-electrie DO PPS, the relutionship between the energy sources and propulsive snd son-propalsive hoads
are extablished thoough a DC microgrid, bs Figure | s gas engioe geseror, s SOPC, and o battery ane used on
ench side of the PPS as cncrgy suppliers, and dredging pumps and cutiers in pasallel with propulsive induction
mschines are the mgor losds,

2.2 Component modely

I this section & mathematical model is given for different major comganents of te DC PPS. For the model of
synchronous gencrabor, comverters, rectilber, wnd the DC-link the reader is relerved 1o | 13].

221 Sor¢

A mowdel s developed o calculate the curent-willage charclenstics, fuel consumption for different haads and
transient response of & typical SOPC system with internal reforming of natural gas, Soch systems ane describod
axlansively in lilersure, Tor example by Ahmed e al. [4] and van Biert e al. [26] The modelling equstions ane
Tormulated such that the main dopendencies are captured comectly, while omitting detailod simalation of alectro
chemisiry, thermal monagement and the power consumplion of halsnce of planl components.

The eleciric powar produced by tha SOPC stisck is caleulated Trom:

Farart = Uactlact = UcattPoant ik (n
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where Uy the vollage produced by a single cell and s the sumber of cells connecied in series in the stack.
Assuming thal the stack is operabed in the region where the internal losses are dominated by an equivalent ohmic
resistance, Ky, the single cell voltage is caleulated (rom [22):

Uit = Uiy — Tonmk Ry 2
Uy 16 o wirtwal open circuit voltage. The actual open circuil vwoltage would be higher, but fall rapidly at low
lomds dhe Lo activation losses, as is schematically shown in Figore 2. Since the the SOFC will hardly operie a

such low londs, stalic apd activation lnsses are subiracied from the reversible solinge in the model o acoount for
the losses al low load:

Uiy = Uy — Ml (51

dﬂﬁc[l.,b

Lo

Figure 2: Schematic overview of the simplificd method vsed io estimaie the cell poiential from the reversible
pedtenlial By, visltage boss al open circuil Alfpe, stack camenl fgey and cquivalent ocll resistance By

The muwdel accounts for both constast wnd losd-dependent power consumplion by the auxiliary system compo-
nents b caleulade the aciual sysiem power. For any requested SOFC sysiem power, ihe corresponding stack power
thus Follows from:

Pt = Prastem{ | + Fioas jur) + Flows s i

The simck curment required o produce thal pewer can be caloulated by solving Egquations {1} and (2), givimg:

Uty — vl’{u;,n,:l-hﬂ.,m,,hru
2aRey

Tt = (5
A rabe limiter is applied o the sisck current o comply with the typical operating limits imposed by SOFC
syabemn manulueturers | 2];
Wanaca ™ = Ty i6)
The stack currend s wsed w caleulate the actual voliage of the sieck, as well & the average voliage of a single
cell. The single cell voluge can be used o caleulate the stack efficiency. The efficiency is defined as:
Fosack
Narant = ——+ T
i
where ny is the molar fuel fow and Ay the molar lower heating value of the fuel. Since the fueel low is direcily
comelated o the stack cument, Equation (7) can he shown o be mathematically equivalent o

_ Vet .
Taract = Ay wFuy, ()

with z the member of electrons exchanped For complete electrochemical oxsdition of the fuel, F Faradays constant
anid ary the Twel frsction utilised in the siack, here assomed o be 085, The system efficiency, wsed lo calculate the
actual SOFC fuel consumption, subsequently follows from:

P
L — m;'::" ()
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222 Gas engines

The pas engine is the primary energy supplier. The engine dynamics can be approximated by nonlinear or
linear equations (see, &g, 16111211111, depending on the kevel of sccuracy needed. In this paper, a linear mosdel
is adopted to accomaodate the relationship between the foel imdex and produced torgue (2, by means of a transfer
Tunction xs below [5]:

O = = (Oun + Kenfn), (10)

where K is the torque constant, [, is the governor setting (e, foel index and fow) and 5 is the torgue buildup
conslant which determines the response speed of the gas engine and is determined by the engine specification and
spoed. The power penerated by the engine is calculated as:

[ (1)

where 6y, represents the redational speed.

223 Batiery
A moddel from [240] is usedd o simulade the batiery dynamics. This is suitable for power and cnerpy management
purposes, The State-of-Charge (S0(7) of the battery is determined using:

Socll-+1) = Sac(k) — ()i, (12

where 1y s the cell Coulombic efficiency, 1., 1 = 1 for discharge and 1y < 1 for charpe. Parameter Cy 15 the
nominal capacity of the bailery, & is the sampling time, Ad is the sampling period, and &, is the batiery current. The
batiery weltage can be derved as:

= v (Soc{k]) — iy, (13)
where Ay is the open circuit voltage of the battery and is a function of S, and f, s the balbery resistance.

3} Proposcd Encrgy Management Approach
The energy management approach is designed to determine the optimal split between different energy sources
instantancously. The optimisation problem is formulated wsing the SFC of the encrgy sources. Take

&
59Cea [ Pon (k) = tnFin (k) + == + Bion (14)
Faal)
as SFC function of the gas engine in which a., by, and ¢ afe constanl variables and & is the time comsiant.
Similarly the SFC curve of the SOFC can be defimed as:

e
Pk}

where Py, i the generated power by the SOFC. In case of offshore charging, the penalty for the use of the battery
in discharge mode depends on bow efficiently the battery can be charged. As a resull, this varable s determimed
by the ship operator and based on the SEC curves of the pas engime and SOFC as well as the battery bosses. This
wartable is estimated based on how much feel s required to charge the battery. Let us indscate this constant with
iy The unit of this variable is g (k8. In Figure 3, the SFC curves of a gas engine and an SORC iz shown. The SFC
curve of the engine 15 estimated hased on the data of an existing engine and SHC data of the SOFC = caloulated
thsiretically hasod on the resulis in Section 22,1

Using Eouations (14) amd {15) and the penalty for the battery usage, the overall fuel comsumption of the cach
PPS side in discharge masde, ol every sampling time & of the energy management modube, can be estimated as:

Sorp (Fom (), Fiol(k), Phan (k) = o Pog (k) + bron Fon (k) + Com +aticFic (k) -+ b Fie (k) + 5 + o Phom(K)  (16)

where Py is the baltery’s power. Based on Equation (16), a quadratic optimisation problem can be formulated o
determine the optimal split between different encrgy sources as:

Spry (Polk)) = et (k) + + b (1%

;r-““]hr[l*ﬁn}h““]i[!’u(h D Fe(k+ 1), Aun(k+1)) (am
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() Voltage of the DC-link (indicating the stability).

() Generted DC cwrrent by differeal sources, () Battery SoC during the operation,
Figure 4: Simulation results of 3.5 his deedging in rock with the battery on initial charge mode.
Table 1: Encrgy deliverod and fuel consumption for rock and sand cutting with hybrid power genoration using the

energy management approach, compared (o a non-hybrid conventional benchmark, The hybrid system is ovaluated
for two different initial battery SoCs.

Simulation Initial Energy delivered (kWh) Fuel consumption (kg) | SFC
Menano SoC (%) | Batary  Gas H!Snu SORC | Gas nq!hn SOrC @Wh)
hybod rock I8 972 13240 M 24 867 1678
hyhod rock R 575 12840 6509 2368 168 1563
benchmark rock 10560 x 2 2080 x 2 1923
Iybrid-sand 18 1001 15360 N 2875 11352 1664
hybrid-sand 92 §59.2 14950 BK16 2803 10109 156.7
benchumark - sand 12060 x 2 2529 % 2 1953

shown in Figure 4b, As i result of Tosd fluctuations, the DC-link voltage also fluctuates. However, it stays around
its nominal point which indicstes that the proposed encrgy munagement approach properly allocates the loads. The
DC-link current generated by cach power source is included in 4¢ and the battery SoC is shown in 4d. The battery
in churged first and then discharged during the dredging operation.

The simulation results of 4.7 hes dredging in sand is included in Figure 5. The power shares for different energy
sources over time, determined by the energy management approach, is shown in Figure Sh Figure 5 shows the
fuel consumption rate of the SOFC and the g engine, and the power gencrated by cach energy source is shown
in Figure 5d. In both Figures 4 and 5 it can bo seon that o base load is provided by the SOFC, while transients are
followed by the battery amd the gas engine.

Tble T summarises the overnll results for the Toad profiles in Figure 4o and Figure Sa. Each case s carmied oot
for two different battery modes, The results are compared 10 o case where only engine generator sets are installed
10 comparo the fuel efficiency to a conventional PPS. The results indicate thist the fuel consumption is significantly
decrensed with the hybeid PPS. The SEC of the hybrid PPS with the proposed encrgy management approach is
1618 w/AWh on average, while itis 1938 p/AWh for the benchmark system with gas engine generator sets only.
I'his indicates that the proposed approach can reduce the Tuel consumption with 16.5% comparcd (o the benchmark
system with gas engioe-genceator sets only.

5  Conclusions

In this paper, an encrgy management spproach is proposed for s novel power and propulsion system (PPS) with
hybrid power goneration which conxists of a gas engine, o solid oxide fuel cell (SOFC), amd a battery. The energy
misnagement approach is designed using the specitic fuel consumption curve of the gas engine and the SORC. The
optimisation problem of the encegy management is formulated such that the quadratic progranuning approaches
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(<) Fuel consumption rate of the engine and SOFC, (d) Generated power by by energy sources.

Figure §: Simulation results of 4.7 hrs dredging in sand with the battery oo initial discharge mode.

cin be used to solve the optimisation problem. A dredging vessel of Royal THC is used as the case study with

Iwo cutler suction dredging operating profiles in rock and sand. The results ind a 16.5% reduction in fuel
consumpiion compared (o a beochmark non-hybeid power system and conventional power management.
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Appendix

* BOFC: U = 1038 W, Alfgc = 001 ¥, fepry = THN, P pa = 0025, Pl = 0025, R = 00478 63,
JUIJ-='|'H-'9.2H|1'||:|| I z=8, F =985 C mwl l,t;=ﬂ.3ﬁ,{!r’f““=l].?“tg_“=*n1

+ Gas Engine: Kg o W0, six cylinders, 6.8 MW, diesel-generior gear raio: i

= Synchromous generator 1@ 6150 MW, 6600 v, 60 Hz, 10 poles, H = 071, r, = 000363, rg = 0.2, iy =
0,722, feq = 01072, Ly = 0.0323, Ly = 00005, Ly = 00320, Ly = 04820, Ly = 00163, Ly = 00144
and Lyy = 00163, Resistance values are in obo and inductance values are in Heory.

» Synchronous penerator 11: 3,456 MW, 6600 v, 60 Mz, 10 poles, H = 056, r, = L0601, rg = 0177,
e = LA, g o L1726, Ly o O0GT68, Legg = 00507, Ly = (WOGI2S, Lg = 0L3204, Ly = 002702,
-'-mq =014 amd I'.‘q =001 . Resistance valises are 1n ol and induectance valoes are in Ilu'r:r.

= Rectifier: Six-pulse reclifier, elficiency factor: 98.1%.
« DC-link: © = | F
= Bidirectional Converter-battery: L. = (LOD0SH, w, = 500V, r, = 00125,
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