(()z'l

CO7 ABFANG, SPEICHERUNG UND TRANSFER IN DER SCHIFFFAHRT

CQASTS, carbon capture,
storage and transfer in shipping

A technical and economic feasibility study

Publc Corcise Report

INTERREG
ﬁ“ schla B
ederlan

Europadische Union
Europese Unie

www.deutschland-nederland.eu




CQOASTS

Edited by
FME

Author:

JulianaMonteiro, Researchcientist at TNO

Reviewed ly:

Joan van den Akker, Naval Aitect at Conoslp International

Kurt SommerProject Manager Research & Development at Meyer Werft
CeeslJan VerhoeffProject Manager at FME

www.fme.nl/ www.marikoleer.de/ co2asts@me.nlor follow us on LinkedIn

18.05.2020

Corespondence ta
Leo van der BurdBusines®evelopment Managerat FME- leo.van.der.burg@fme.nl

Katja BaumanylanagingDirectorat MARIKQ katja.baumann@marikdeer.de

Projectpartners:

Co__NOSHIP @ University of Applied Sciences i ROLF JANSSEN GUMEBH
) . H o c H S C H U L E MEyER wERFT @ ELEKTROTECHNISCHE WERKE

PNTE RN AT EMDEN'LEER PAPENBURG 1795

Professionals in TOP performance ;.%“ Ei;ﬁ?&ﬁ ’ MARIKO
ﬁ m innovation ZEM pROJECTS FME \“Q;’ TECHNOLOGY
TAENPEIBPENS for life

CoPartner Leadpartner

Supportel by:.

Niedersachsische
Staatskanzlei

Ministerie van Economische Zaken
en Klimaat

groningen

Das Projekt COASTS wird im Rahmen des INTERREG V A Programms

INTE RREG Deutschland-Nederland mit Mitteln des Europaischen Fonds fiir Regionale
D Sc Ia d Entwicklung (EFRE) sowie durch nationale Kafinanzierung aus Deutschland

ﬁu und den Niederlanden gefordert.
e er an Het project COASTS wordt in het kader van het INTERREG V A programma

Deutschland-Nederland ondersteund met middelen van het Europees Fonds
voor Regionale Ontwikkeling (EFRO) en door nationale cofinanciering uit
Duitsland en Nederland.

Europdische Union
Europese Unie



CQOASTS

Table of Contents

1. The CQASTS Project @nd CONCEPL .....uuuiiieiiiiiiiiiei e e et e e e et e e s e e e e e s e ee s 1
2. HOW dOBS It WOTK2...oo ettt e e 1
3. THFEE USE CASES....eeiiiiiiiiie ittt ettt ekt e e et e ekt e e ekt e e ekt e e e e s abr e e e e anbne e e e 2
3.1. Use case I: Reference s@@er vessel (1050 KW.).......cooiiiiiiiiiiiiiiiiieeeee e 2
.11, RESUIS Of USE CASE.L.....eiiiiiiiiiii e 3
VESSEI AYOUL.......ooiiieiiec e e e e e e e e e e e e e e e e e e e e e e e e e e e e s e e e e e e s aaaaans 3
ECONOMIC TEASIDIIILY. ... et e e e e e e e 5
3.2. Use case IlI: Reference dredger (76D K............euviiieeiiiiiiiieiiee e 6
3.2.1.  ReSUIS Of USE CASE.IL....coiiiiiiiiiiie e 6
REtrofit CONSIAEIALIONS. ........eiiiiiiii ettt b e e e s 7
VESSEIAYOUL .....eeeiieiiiitte ittt e e e e e et e e e e e e e e e e e e e e e e e e e eas 7
Economic feaSibility...........coooiiiiiii e ——— 8
3.3.  Use case llI: Reference cruise ship (3600Q.KVV).........ccooiiiiiiiieeiiiiiiiiiee e 10
3.3. 1. ReSUIS OF USE CASE. UL ... 11
VESSEI LAY OUL. ...ttt e ettt e e e e e e e e e e e e e e e e e e e e nbb e e e e e e e eaann 11
Economic feasibility............oooiii i ———— 12
S o = V[0 I o o L3 (o2 PSRRI 12
4.1, LaW & FEQUIATION. ...ttt e e e e e e e e e e e e e 12
N I -1 g 1] 1 o 1= o | PSRRI 13
4.3. Safety and implementation...........cooiiiiiiiiiee e 13
5. How does it compare to other teChnNologIES2.....covvvvveiiiiiii e, 14

ST = 4= (=1 (=] o1 =T 15



CQOASTS

1. The CQASTS project and concept
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consortium of Germanral Dutch companies and knowledge institutions in order to develop and

establish technalgies for moreenvironmentally friendly and less @@nhtensive shipping

technologies that could be established on the market in relatively steon.

The CQASTSechndogy concers post-combustion carbon capture and storage on LNGlégel

ships Thisindudes CQ absoption by an aqueous solution containing a chemically active amine
(30wt% monoethanolamingnd subsequent liquefaction and storage on board. The liqustiecd
CQ could then be transferred in the port and sold to potential end usespecially for production

of renewable fuels {Euels) A comparable system of this kind is currently not available for shipping
worldwide.

The project supports the transitih to more sistainable and sustainable shipping througbss
border cooperation, therby implementing the environmental and transport policy goals of
Germany, the Netherlands and the EU in the shipping sector and contributing to achieving the
climate goas of the Pas Agreement 2015.

2. How does it work?

The gaeral concept of the CQapture unit includes the items shown kigurel. In an aminebased

CQ capture unit, the flue gas is introduced in an absorber coluvhere the MEAreactswith CQ to

form carbamates. These species are regenerated tmfriee amine and free Gy applying heat, in

the reboiler of a stripper column. The free amine is circulated back to the absorber column, and the
process is repeated.he freeCQ is produced at condenser at the top of the stripper column with a
purity of ca. 98%. The main impurity is water..@xompressed to 7 bar, dried, and then liquefied at
around-50°C. The liquid C@s stored in tanks.

LNGfuelledshipsintegrate perfecty with carbon captureand liquefaction as the heat of the exhaust
gas andhe cold of the LNG vaporization can be utilized in the process, greatly reducing the
operational costs of the procesbhe heat is applied in the solvent regentwa step, wherea the

cold is applied in the GOquefaction step.

The equipment involveth the process (packed columns, pumps, heat exchangers, compressors, etc.)
are standard and are therefore available in the market.
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3. Three use cses

3.1.Use case I: Reference sesaer vessel (1050 kW)

The smallest use case is a conceptidear vessel design developed by Conoship International. The
vessel is basedn a modulailLNGelectric propulsion plant: three Sandfirden GLA 821C gas generator
sets fitted into one 26feet ISO container provides thpwer required for propulsion, as well as the
auxiliary power. Totahaximumoutput is 1050 kW.

Figure2. Use case 1 sedver vessel (source: Conoship International)




CQOASTS

Fuel isstored in one or more tank containers. Fuel capacity thus be altered, depending on the
demand. For this reason, the capture and storage systems will also be plaegf-foot ISO
container footprint; if occasionally an increased fuel capacity igired, the capture plant and/or
CQ storage tanks cabe replaced by fuel containers.

Main dimensions and installed power of the vessel for this case are typicakfoivee vessls. The

total installed power is also similar to that of large inlandghgers, so the system developed for this

use case cahe extrapolated to a fairly broad range of vessels. As the system developed for this use

case is based on a260ot ISOfootpriy i = | Wadl yRINRQ dzyAld tA1S GKAa (
large nunber of vessels, reducing the cost per unit.

Main dimensions of this vessel cannot be increased, as that would make the vessel too large for
some inland waterways (lockiridges et.). Hence, any volume required for the capture system and
CQ storage willhave to be found within the main dimensions of thenbbmark design. The

challenge is to fit the system on board while losing as little hold volume as possible. Saguods

for weight: all weight that is added will be at the expense of deadweightagpa

Main dimensions:

- Length over all: 89m

- Breadth moulded: 13.4m

- Depth moulded: 6.5m

- Draught abt. 45m

- Deadweight: abt. 3300 tonnes

3.1.1. Results of use case |

In case | there isa good balance between the heat available in the exhaust gas armbtti@vailable
from LNG vaporisation. Based on the LNG storage temperati® °C at 1,1 bar), on the engines
consumption, the exhaust gas flowrate and temperajuaed on the pe-defined conditions for the
CQ storage (7bar;48 °C), a maximum flowratef 232 kg/h of C&can be liquified, corresponding to
acapture rate of 75% at design conditions

Assuming that the captured G@ offloaded every time the vessalikers, the C@storage capacity
daK2dzf R O2NNBALRYR gAlK &8sk Bas drvmisabiieapacityfotizd&dm OF LI OA i
(19.8 tonnes) LNG, leading to a required storage capacity is 40.5 tonaésaC88 ).

The total required power is 13 kWhe amount ofcooling water that is needed is 28,6%h. The
total weight, including thesolvent inventory andiquid CQis estimated at 97 ton. The €8orage
tanks require a total volume o243, estimated on a period df4 days operating with thepecfied
sailingprofile. The storage tanks can hold approximately 47 ton of CO

Vessel lgout

Based on thelesigned Cg&xapture liguefaction and storage plant, a possible layout of a capture

module is made. Following the design of the fuel tanks anggoglant, the capure system is also

based on a 20 ft. container footprint, and £$foragetanks are 2Gt. tank containers. Although the

footprint of the system is small, it does require quite some height to be available: the top of the

quench tower anaf the absorber ad stripper columns are at 10.5amesl 6 2 S G KS a1 ARQa
Because of ta nature of the essel (low air draught to fit under bridges), the capture modiieuld

not be any higher than this. It should be noticed that the abgsorcolumn wasgit in two, to

accommodate this design constraint.
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Figure3. Concept layout capture plant use case | with 20ft container footprint
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propulsion uni and the fuel tanks. The propulsion container (or engine room) is sepéfeien the
fuel tanks by means of a (removable) floor.

To accommodate for the capture module, an additional bay is added in front of the existing one, at
the expense ohold length.Because of the height of the capture module,rtustbe placed at the

tank top. The height of the double bottom is reduced to a minimum (800 mm a.b.). This creates just
enough height so that visibility from the bridge istiseverely impactethy the captue module. The

new layout of the vessel is shown in the figure below.
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Figure 4. Use case | layout with carbon capture system

To compensate for the reduced length of the hold, the hold is heightéye260 mm, so thathe
hold voume remains equal to that of the original vessel.

Two 20 ft. Cetank continers (22 reach) are vertically placed on either side of the capture module
to store the C@ Vertical tank containers are a natandard solutior{most tank containes are
always placel horizontally), but in this case are necessary to redbeesystenfd F2 2 G LINRY G | &
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as possible. Total GBtorage capacity is44¥ ¢ KA OK A& Ay ol fly0OS gAGK (K
the capture rate of theapture system. Thigansverse sctionin the figure below shows the
arrangement of the captureystem andstorage tanks on the vessel.

Stability calculations were done and show that the stability of the vessel is not severely impacted by
the increased hght of the hold andhe added wéght ofthe capture system and storage tanks. The
trim of the vesel is als not changed a lot.
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Figure5. Use case | transverse section showing the capture system and storage tanks

Economic feasibity

In contrast tothe hold volime, theweight added to the vessel cannot be compensated, so the
weight adled by the capture system is at the expense of deadweight capacity.

Total loss of cargo capacity is thus 94.5 tonnes. Typical day rates of a 36e0kacweight geneal
cargoveselarer NP dzy R € ndT1TH LISNI 2yyS RSI RésBokt3dali 0 OF £ Od:
Market Reporf1]). Based on these figures the reduced deadweight will result in a decrease in
SFNYAy3a 2F FNBdzyR € HpZInnn LISNI &SI N

The esimated CAPEX for 6hCQcapture, liqgueF  OG A2y | yR &a02N} 3S a&dadasSy Az
levelisedCQct LJG dzNB O2 a i | Y 2 dirgaihySakingliro cansideratiorktlie 2oyt income,

cost of utilities, labour, maintenance, use of chemicals, etaualised CAPEX cesponds td67% of

this cost.

What is not quantified in this study, but might be vegyavant: the significant decrease CQ-
emissions might deliver the vessel a competitive edge over other vessels: it might be that a vessel
that emits less than half # greenhous@ases bits conventional competitors, is chartered at
significantly highedayrates than these competitarghis could be stimulated by governments and
ports; for example, the port of Rotterdam offers Lil@led vessels ragted port tariffs lecause of

the envirmmental benefits of these vessels compared to conventional diestdd vessels. A similar
discountis not unlikely to be implemented for vessels that have significantly lowee@@sions

than conventional vessels.
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3.2.Use case |l: Refence dredge 7600 RN)

The LNGueled dredger Ecodelta was selected as second use Thedzcodelta is a trailing sia
hopper dredger designed by Conoship International, built by Barkmeijer Shipyards in Stroobos and
operated by dredimmg company Van Déamp from golle.

1

Figure6. Use case 2 Ecodelta (sourcen@shiplinternational)

Main power is provided by four Dual fuel ABC 12DZD generator sets of 1900 kW each, giving a total
power of 7600 kW. Additionallghere are two auiliary gensts: one500 kW Sandfirden OL 821 F
diesel generator set and one 232 Sardén GL820 C gas generator set.

As the Ecodelta is an existing vessel, the carbon capture plant will be designed as a retrofit. The
design allows foinstallation of th the captire systen and the C@storage tanks on deck, so the
hopper volume is notféected by the capture system. Stability and deadweight capacity will be
affected by the added weight on deck. The consequences of this for vessatiopsrare

investgated in thé use cas.

Main dimensions:

- Length over all: 134 m

- Breadth moulded: 214 m
- Deph moulded: 8.4m

- Draught: abt. 6.6m

- Hopper volume: abt. 6000 n¥

3.2.1. Results of use case Il

Due to the fuel mix that is used (dual fuel enginaning on LNG ahdiesel),m this cae the CQ
capture rate is limited by the amount of cold availafslem LNG evaporation. Therefore, a maximum
capture rate of 54% can be achieved, and this value is used in the system design.

Considering the operatiat profile of thedredger, itis decide that thevessel should have enough
CQ storage capacityor 6 cantinuous days of operation. The amount of &&@ptured varies between
0.94 and 1.40 tonne/hour, depending on the specific operation. A total otdiides (163 rf) CQ

per week is stimated b be captued. Thus, a G@torage capacity of 163 His required
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The total power is 95,2 kW. The amount of cooling water that is needed is #60 rhe total
weight, including the solvent inventory and liguif is estimated at 31 ton. TheCQ storage tanks
havea total volume of 178 fhand can approximately holt87 ton of C@

Retrofit considerations

The Ecodeltaurrently has no waste heat recovery system for the exhaust gases of its four main
gengating sets. The exhaust gasare routedo the air through a silencer. Each engine has its own
exhaust and silenceln the capture system retrofit, these silencers aeplaced by exhaust gas
economizers which also act as silencers. The economizersigrive heat required for theapture
process. Tis way, the heat recovery system requires minimal extra space.

After the economizers, the exhaust gases are diventerhfthe stack to the capture system by
means of a diverter valve. After the diverterwed, the exhaust gas linesifn all fourenginesare
combined and routed to the capture system. The diverter vadresire that each separate engine
can run independety of the capture system.

/| dZNNByidtesxs GKS [bD FTNRY (theSankx8ragrtor sPateulazSt Gyl A
water-glycolmixture. In order to cool the captured €Qsing the cold from theNlG, the LNG is to be

routed through an additional ret exchanger that uses the captured G heating medium. The

existing vaporizer is ndb be removed, as the vesseli S y @ildl feSble Fokun without the

capture system in operation. Moreover, eviétthe capture system is in operation, there coblel an

imbalance between the cold required for gi@uefaction and the heat required fduel

vaporization. The exisng vaporier canbe used for compensating for this imbalance.

Because both C@nd NG are hazardous gases, the heat exchanger is tomblesed in a gasght
compartment. To keep cryogenic lines as short as possible, #ieetiehanger is to be placetbse
to both the ING tank and the GQ@anks.

The cooling capacity required for theeéncooling between compression stages can be praviole
the existing aft rack cooler.

Vessel layout

The liquefaction and storage of the ¢aped CQ should be locatedlose to theLNG tak. On this
vessel, the engines are located in the forward part ef viessel and the LNG tank is located in the aft
part of the vesselThe capture equipment is placed near the funnels in front of the hoppleitst

the CQtanks and thdiquefaction plantare placed aft of the hopper. The captured 4©&thus

routed in gaeous form from the capture plant to the liqguefaction plant.

The net weight increase of the vessel due to the capture system and theredg©@amounts to

around 217tonnes. Thissard I G A @St & avltf ¢SAIdsplacemadddeBR (2
y2id aSOSNBfte AYLIOG G(KS @SaasStQa adloAraftAadeod

The system required for the capture process consists, among other things, of selemhswith a

height of more than 8 mtres. Theseolumnsshould be placed so that the navigation bridgsibility

is not Imited too much. Hence, the columns are placed forward of the portside funnel increasing the
blind sector to around 2°, which is well witithe limits specified by SO8Aegulatios.

Theexisting silencers are replaced by exhaustegamomizers which ddole as silencers. After the
economizers, diverter valves rout the exhaust gases to the capture plant.
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The rack cooler (required mairfigr the quench columnas wellasall otherequipment requred for
the capture process is located in a fgwonstruced enclosed room on the forecastle deck, next to
the portside funnel. The general layout of the forward part of the capture systshmoisn infigure

7.

Economic feasitlity

The Iss in argo capacity is estimated at 178 ton or aba02n¥. Based on a voine price of 2.50

ekMMKAA AYLI ASa f2aid Ay owhanhShe 2olimeiplimiing (biddils RNBER3I A y 3
about 30% of the trips the case). Assuming 27 trips per week, 47 operational weeks per year and 30%

of those volumeconstraint, thiswouldNB a dzf G Ay 'y AyO2YS f2aa 2F wmnn

The estimated CAPEX for the;@0 LJi dzNB X f AljdzSFI OGA2y FyR aG2NJ 3S
levelisedCQ O LJG dzNB 02 &G | Y 2aldegdy BKhg itit@ consislgpation theil@stincome,

cod of utilities, labour, maintenance, use of chemicals, etc. Annualized CAPEX corresponds to 58% of
this cost.

The C@storage tanks are placed on the main deck, between the accommodation and the hopper.
This is directly above the tank space. In the tardcspample roonis available for the CO

liquefaction plant. Because the gfanks are located so close to the LN@Ks, the length of the
cryogenic lines can be kept to a minimum.

The tank space is already provided with forced ventilation of 5 air @sapegr hour. Oleck, there is
space for 4 2@eet tankcontainers and 2 4feet tankcontainers (stacks of 2), providifor a capacity
of around 175 i Deck strength should be evaluatédgure 8hows how the CQanks could be
arranged o deck.
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Figue 7. Layoutforward part capture system






















