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Study of solvent-based carbon capture for cargo shipsthrough process modelling

and simulation
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Abstract:

Controlling anthropogenic COemission is crucial to mitigate global warmingarine CO, emissions
accounts for around 3% of the to@D, emission worldwide and grows rapidly with increasing demand
for passenger and cargo transport. The International Maritime Organization) (Hd® adopted
mandatory measures to reduce greenhouse géd4¢Gs] emissions from international shipping. This
study aims to explore how to apply solvent-based post-comhustidoon capture (PCC) process to
capture CQ from the energy system in a typical cargo ship and the cost dexfrdéferent integration
options through simulation-based techno-economic assessments. The sefectette cargo ship has a
propulsion system consisting of two four-stroke reciprocatirgine:s at a total power of 17 MW. The
study first addressed the challenga model development of the marine diesel engines and then
developed the model of the ship energy system. The limitations térmepting onboard carbon capture
were discussed. Two integration options between the ship enetgysgsd the carbon capture process
were simulated to analyse the thermal performance of the integrated systémestimate equipment
size of the carbon capture process. It was found that the cealpture level could only reach 73% when
the existing ship energy system is integrated with the PCC prdoesto limited heat and electricity
supply for CCS. The cost of G@apture is around 77.%0%ton CQ. With installation of an additional gas
turbine to provide extra energy utilities to the capture plant, the carbonedgtet could reach 90%
whilst the cost of C® capture is around 163.067ton CQ, mainly because of 21.41% more fuel
consumpibn for the additional diesel gas turbine. This is the first systematigdl in applying solvent-

based carbon capture for ships, which will inspire other researchers anethis

Keywords. CCS, Post-combustion carbon capture, Chemical Absorption, Onlwaabdn capture,

Marine propulsion enginé’rocess simulation
1 Introduction

1.1 Background

The rapid increase of atmospheric concentration of §iare the beginning of the Industrial Revolution
is the main cause for global warming and extreme climate conditionsTferefore, reducing
anthropogeni€0O, emissionfrom major emitters such as combustion of fossil-fuel is vital to achieve t

target of limiting average global temperature increase to 2°C in 2050 [2].
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Transport sector contributes second largest €@ission [3] Marine transport accounts for 11.17% of
transport thus approximately 3% of total global Gnission [4] Fuels such as diesel have been used to
drive ships since the 1870s and most marine vessels prifnariiyfuels to produce power for propulsion,
electricity generation and thermal energy for heating and hot wateW[8] the increase of population
and business activities, ship is an increasingly popular transportattiiod for travel and industry
goods.CO; emissions from ship transport are also predicted to rise to 1.6 billierbyp 2050 (See Fig.

1). Thus the International Maritime Organization (IMO) has adopted mandatorymaeas reduc&HG
emissions from international shipping [8Jn agreement was also reached for monitoring, reporting and

verification of CQ emissions from ships throughout Europe [7].
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Fig 1. CO, emission trend from ships [8, 9]

1.2 Marine CO2 emission reduction

There are several routes to improve thermal efficiency and to reducen@€sion of ship to comply with
the environmental protection demands such as optimal design of promystem [10, 11], replacement
with clearer fuels [12, 13], improving thermal efficiency through waste heedvery [14, 15] and carbon

capture and storage (CCS) [16]

For the alternative fuels roytkquefied natural gas (LNG) is an attractive condidate, which is widely
regarded as a clean and reliable fuel for ship propulsion systemnitsustion emits much less waste
gases such &0, and NQ [12]. In addition, the C@emission reduces arou8 — 30% because of low
carbon to hydrogen ratio of the fuel. One disadvantage of LNG is thaiNG tanks occupy more space

and account more weight than marine diesel oil (MDO) because of smaller agnsité fuel [13, 17].

Waste heat recovery (WHR) technology was investigated massively as an apjrdagsrove the
thermal efficiency of ship energy systefihe temperature of flue gases emitted from the engine is still as
high as 350 C, which provides enough temperature pinches to heat a cold proeass sirto generate

low pressure steam. Previous studies 2Z28conducted simulation and performance analysis of different



circulated fluids in WHR system and the heat integrations with theyflses and cooling system. Shu et

al. [15] made a comprehensive review of the application of WHR systehigs

Using solvent-based post-combustion carbon capture (PCC) technabgdd CQ@in the flue gases is
another approach for shi@O, emission reduction. Solvent-based PCC was proven to be the most
promising technology for carbon capture for onshore fossil fited power plants by massive studies
[23-26]. But significant challenges need to be addressed towards its onbdmatippbecause of the
natures of marine vessels such as off-shore, constant move aedcspatraintsin a feasibility study
conducted by Det Norske Veritas (DNV) and Process Systems Enterprig@&ifl), it was found that

the carbon capture and storage (CCS) is feasible for marine vesséte &8@ emission can redudsy

up to65%[16, 27], but the report is not in public domafypart from this, there is no publication on this

topic so far
1.3  Aim of thisstudy and its novelties

This paper aims to explore how to apply solvent-based post-combaatizon capture (PCC) process to
capture CQ from the energy system in a typical cargo ship and the cost degrddferent integration
options by simulation-based techno-economic assessm@ensgrve this aim, the objectives of this study
include (1) to develop a steady state process model in AspehoPklsp energy system and to perform
model validation; (2) to develop a steady state process model in Asp&oPLES system including
MEA-based PCC process, €@ompression and tank storage; ® carry out techno-economic
evaluations for the integration between ship energy system and the G@8 syith and without an

additional diesel gas turbine.

To the best knowledge of the authors, this paper presented the firstaysatstudy in applying solvent-
based carbon capture for ships, which contributes to an in-degérsteinding for the deployment of
CCS on ships. This study started from the modelling of the @fdiptbcess of the marine diesel engine,
the final models of the integrated system (energy system of @B&argo ship integrated with a full
function CCS system) were developed in Aspen®Phtsindustrial scaleBy carrying out simulation-
based techno-economic evaluations for different integration optibissstudy answered key questions
relevant with potential commercial deployment of solvent-based carbon captsteps, including (1)
what are the capture levels that could be reached for the integrated systeon wittiout an additional
utilities supply, (2) the selections of @g@ompression and storage method, (3) the key design features,
such as equipment size and process parameters of the CCS systé#), the cost degrees of different

integration options.



2  Mode development of ship energy system
2.1 Referencecargo ship

Table 1 shows the main characteristics of the selected reference shipjsadiatiddle size cargo ship.
The ship has two 9L46 marine diesel engines from Wartsila to prprigeellsion power of 17 MW and it
also supplies 3MWelectricity by integrating three power generators. The fuel consimpéite engines

belongs to heavy marine oil, which is further specified to be diesel isttiuy.

Table 1 Characteristics of the reference cargo ship [28]

Item Value
Size Gt 35,000
Length (m) 220.0
Beam (m) 28.2
Draft (m) 7.0
Propulsion engine 2* Waértsila 9L46
Deadweight fnt) 12,500
Propulsion power (MW) 17.0
Auxiliary power (MWe) 3.0

The sketch of the ship energy system can be seen in Fig. 2. Thdteesrenain parts including the
propulsion system, auxiliary power generation and WHR system. Thelpian system consists of two
four-stroke marine diesel engines, which are directly coupled with two sbyelters through respective
gearboxes. Three electricity generators are also connected to the gearboxes topaoverf &lectric
power demand of the ship. There is one WHR system for each saiglefipropulsion engine. A typical
WHR configuration is a single pressure steam cycle with a steam druimtegrated heat exchanger and
a steam turbine. The steam generated from the steam cycle goes to tudtesmwith a generator to

produce another part of electricity.
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Fig 2 Sketch of ship energy system
2.2  Modd development of marine diesel engine
2.2.1 Modelling of engine cylinder

The marine diesel engine converts the chemical potential energy of time rfizel into mechanical
energy driving the ship. Most modern ships use reciprocatingldiegines as prime mover considering

operating simplicity, robustness and fuel economy compared with mtingg mover mechanisms [29]

The key parbf model development of marine diesel engine is modelling of thermal prioséts diesel
engine cylinders. There are two major challeng&sthe thermal process happening in cylinders includes
several unit processes including compression, combustion and expa(®jat is a reciprocating

movement with dynamic work output.

In the model, this process was divided into three main units which areressign,combustion and
expansion The flowsheet of engine cylinder model in Aspen Plissdisplayed in Fig 3. The PR-BM
property method (Peng-Robinson equation of state with Bostoniddathodifications) is used for the
properties predictionThe compression and expansion have been simulated using Clocks ip Aspen
Plu®. The Compr block can be used to model polytropic centrifugal oiti@osdisplacement
compressors and isentropic compressors or turbines. The combuestimm svas modelled as RGibbs

block. The pressure of combustion was set at 2.4 MPa, which isetine pressure of the diesel engine.
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Fig 3 Modelling of single engine cylinder in Aspen Flus
2.2.2 Modelling of marine diesel engine

In additionto the engine cylinders, the diesel engine has a fresh air intake systémmjeation system
and a cooling system. The flowsheet of the diesel engine is shown i Hilge fresh air goes to air filter
first and then is pressurized by a turbocharger. It is cooled to redeirgubrature before injection into
cylinders. In the cylinders, the air is mixed with diesel fuel and thessprized to a certain pressure to
reach the spontaneous ignition temperature. The hot exhaust gas @idcfiang the cylinder will be
cooled down first and a part of the flue gas enters the turbashdrge two sections of the turbocharger
were also simulated using Compr blocks and the coolers were simwatihbX model blocks in Aspen
Plus.
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Fig 4. Model flowsheet of the marine diesel engine in Aspen®Plus

2.2.3 Model validation of marine diesel engine

For validation purposef the marine diesel engine model, the simulation results were comparettievith
performance data at different loads from Wartsila product handbeokddne diesel engine [30], as
shown in Table 2. The results appear to be in good agreement. Thgeaatisolute percentage error
(APE)is 2.44% and the maximum absolute percentage error (MAPES4% at 75% load.



Table 2 Comparison between model predictions and data &éogine handbook

Load con;?ne*llption Airrgltzw Engine output| Flue gas flow rate
@) | g e (kW) (kgls)
Handbook 10800 19.3
100 0.537 18.8 Model 10805 19.34
APE%) 0.05 0.21
Handbook 9180 171
85 0.441 15.98 Model 890 16.4
APE (%) 3.00 4.09
Handbook 8100 15.7
75 0.401 14.1 Model 8062 14.5
APE (%) 0.47 7.64
Handbook 5400 10.3
50 0.27 10.3 Model 5477 10.57
APE (%) 1.43 2.62

2.3  Modéling of ship energy system

The single train flowsheet of Aspen Plusiodel of the ship energy system is presented in Figlt 5
consists of three main parts including the diesel engine propulsitemsyesuxiliary power generation and
WHR system.
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Fig 5. Flowsheet of the ship energy system (single train) in Aspeff Plus

The flue gas discharged from diesel engine goes to the WHR system. Usitegaated heat exchanger

to recover heat from the flue gas of diesel engines, the WHR systenprigdiace superheated steam,
which expands in a steam turbine coupled to an electric generator, ehegating electricity. The
integrated heat exchanger (see Figc@mpromises three parts: the economizer, the evaporator and the

superheater. The steam discharged from steam turbine is condaedsigéra pumped by the feed water



pump into the feed water tank. The feed water is initially preheatedt frpm the high temperature stage

of the engine and then enters the water/steam drum.

For the model developed in Aspen Pluthe STEAMNBS property method is used for steam cycle for
accurate evaluation of the steams properties. The three sections of thatedtdgeat exchanger have
been modelled as HeatX blocks. The HeatX model determines the outlet stream cobdaieth on heat
and material balances and estimates the surface area requirement using a calogtaa the heat
transfer coefficient The steam turbine is simulated by Compr block. Table 3 presents thesgro
conditions and thermal performance of single train WHR system atl8&&p which is normally the
design pitch point with maximum propeller efficiency for marine dieseinen@0]. It is noticed that the
total heat energy recovered from flue gas is around 338W28and the electricity generated from WHR

system is aboui62.20kWe. The energy conversion efficiency is around 19.1% for WHR system.



Table 3 Simulation results of single train WHR system at 85% load

Items Value
Flue gas flow rate (kg/s) 16.42
Flue gas inlet temperature (°C) 362.00
Steam pressure (bar) 8.50
Feed water tank pressure (bar) 1.20
Condenser pressure (bar) 0.065
Minimum pinch temperature (°C) 10.0
Flue gas exiting temperature (°C) 170.1
Flow rate of steam generated (kg/h) 4207.99
Superheater thermal duty (kW 344.75
Evaporator thermal duty (kWY 2446.40
Economiser thermal duty (kWY 606.13
Steam generator electric power (KW 683.23
Feed water pump power (kv 1.91
Economiser circulation pump power (kW 0.23
Evaporator circulation pump power (kW 0.48
Condensate water pump power (RW 0.30
Condenser sea water pump power gkw 18.13
WHR net electric power (kW 662.20

3  Model development of carbon capture, compression and storage
3.1  Onboard carbon capture

For fossil fuel-fired power plants, carbon capture based on chemisatpdibon is the most promising
approach for large scale commercial deployment [24, 31]. Using amirensto absorb C®from flue
gases is a proven technology [23] although great amount of thermay émeeguired for rich solvent
regeneration which results in high cost of carbon capture and preyétsticommercialization [32, 33].
However, its application for capturing G@&om shipsencountrs several challenges because ships are

constantly moving vessels with limited space as well as limited suppljlioés [34].

Table 4. Limitations of onboard CCS in a typical marine vessel

Features of marine vessel Limitations of onboard CCS
Offshore Tank storage of solvent and captured,CO
Limited space Sizes of equipment
Limited utilities Supply of heat, electric power and cooling utilities




Constant movement Construction limitation (such as heights of the column

Table 4 summarized the limitations of onboard CCS considering severaleteaf shipslt is easy to
understand that storage tanks are required for both solvent maketgamtaored C@ In CCS onshore
application,CO; will be pressurized to dense phase for pipeline or motorway transportstmre or
offshore geography storage site [35, 36]. But for onboardicagipn, captured CoOwill be stored in
liquid phase in tanks, which could be unloaded after ships reach the ponatéo supply, Kvamsdal et
al. [37] presented water in an solvent-based PCC process atshnrefplatform could be in a neutral
balance without make-up. In terms of cooling utility, seawater isoa gource for cooling down the hot
stream to atmosphere temperature. However, it is not suitable for ciy@yecessin which the target
operating temperature is lower tha&s0-C. Another main limitation is that the equipment size of CCS
system should be minimized to occupy less space and less weight. Hathex@ishould be a trade-off

between equipment size and energy consumption in terms of econontmpente perspective.

One special consideration is about the height of the absorber andpherstvhich are two main pieces
of equipment of this carbon capture procédse total height of the packing is one of key factors to
consider Higher packing bed benefits the absorption efficiency. Previous stutiegd that for CCS
onshore applications, the normal range of the packing height of thdabaad the stripper is from 20 to
306 meters [33, 38, 39]Adding the height of the basthe spaces of the bottom and the top of the
column and the space between each packing bed for gas-liquid itedtistr, the total height could then
be around 50 meters. Even for large size vessels, this packing keightealistic from ship design point

of view.
3.2 Development of rate-based model of carbon capture process

Solvent-based carbon capture process uses chemical solvent sibnasthanolamine (ME), a
benchmark solvent [40], to absorb £® flue gas from fossil fuel-fired power plants or industrial
facilities. To describe this reactive absorption process, the rate-based model upey Pis8 was

proven to be able to provide an acceptable accuracy for performanazipngd 1, 42]

The model of PCC capture plant used in this study is develojegl Aispen Plu& based on our previous
studies [43], to which more details can be referred. Fig. 6 shensdkel flowsheet of this PCC process
The packing sections of the absorber and stripper are specified itisthes same type of packing and
with the same dimensions of the pilot plant. Then the simulatiofisaging this model were compared
with the experimental data for validation purpose. The validation resultsalgoead agreement between
model predictions and experimental data regarding several key design paraamgteoperational
variables such as lean loading, rich loading, capture level and the temperatiless mfoboth the
absorber and the stripper [43h terms of solvent selection, although 30wt% MEA is regarded as a
standard solvent historically, 35wt% MEA solvent was presented in maet gablications [44, 45] and
also one key report from IEAGHG [31], considering its better balanceebataolvent regeneration heat

requirement, degradation and corrosivity.
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Fig 6. The flowsheet of PCC process with £&@mpression and storage in Aspen Plus

In order to describe this process better, several technical terms are definedaas follo

CQOz loading in lean solvent (lean loading) and rich solvent (rich loadingple brasis are defined

Equation ().

LCO, | + LHCO; | + |COZ |+ IMEACOO™ |

C0; loading (mol CO; fmolMEA) =

[MEA] + [MEA* ]+ [MEACOO- ] 1)
Specific duty is defined by Equation)(3
Qupe (G] /o CO,) = Gren
e ¥ Fooycap 2

where @, is heat dutyof the reboilerr,___, is mass flow ratef CO; captured.

3.3  Development of modelsfor CO2 compression and tank storage

There are many studies on transporting liquick @@ ships. Liquid phase is regarded as the most energy-
efficient condition for tank storage [4]. To achieve tlatemi-refrigerated storage tank is preferred at the
temperaure around -3& per 6 bar to -58C per 7 bar [3], which is near the triple point of JSee Fig.

7). For this cryogenic process, great ammount of cooling utilitedsired. So tis semi-refrigerated
process is conducted on the onshore sites or the ports for theh@Otransporting senarios. However,
cooling utility for a cryogenic process (at around ®GYis limited on a ship. In this study, t, was
liquified by a compression process with much less cooling utility reognt for the intercoolers.
According to its phase diagram, the supercritical point of @@e is at the pressure of 73 bar and at
temerpature of 39C [46] (See Fig. 7). Considering the margin for temperature variatidringpact of
impurities [47], the pressure of GGtorage tank was set at the pressure of 100 bar. Thereforés ©O

dense phase or supercritiphase for a wide temperature range

11
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As captured C@leaves from the stripper top at a pressure of around 2.0 bar, pression traing
required to pressurize the @@ its storage pressure. With convetional centrifigual or integrated-gear
compressqré-16 stages compressor is normally required. The multistage coiprass only means a
great capital investment for the equipment material, construction and instatiasiprbut also need a big
installation spaceAiming to address the challenge of high investment cost, supersami& sfave
compression technology was developed [49] specific te @Mpression. This compression technology
was successfiyl tested a 9:1 pressure ratio 8 MW L£ahit with a 111 bar discharge pressure and its
scale-up is in process for 500 - 800MW power plant [50]. THoels wave compressor only needs two
stages and the potential capital cost saving for the compression ch@inass0% [51] in addition to
reduced carbon footprint requirement. The discharge temperature ofessegICQis as high as 246-
285°C [52] due to higher pressure ratio of each stage, providing an opipprtoin compression heat
integration with the main processes of ship energy systentabdn capture plant [32]n this study,
supersonic shock wave compression technology was adopted ferc@®@pression. The model

parameters of C£compression and storage are presented in Table 5

Table 5. Model parameters 6, compression and storage

Parameters Value
Compressor inlet temperatufe] 20.0
Compressor stage number 2
Compression pressure ratio per stage 7.2
Compressor isentropic efficiency (%) 75
Compresesr intercoolers exit temperaturéQ) 20
Compressr pressure drop of intercoolers (bar) 0.05
Pressure of C@storage tank (bar) 100.0
Temperature of Costorage tank®C) 20.0

12



4 Integration of ship energy system with CCS

4.1  Scenario set-up
For the ship energy system integrated with CCS, the amount of fumlroption and the required size of

solvent storage tank and captured.G@rage tanks depend on the distance and the duration of the sailing.
To perform case studies using ship energy system integratec @gh a typical international sailing is
adopted with the route between the ports of Trieste in Italy and IstanbutkeyTl[28] (see in Table 6).
During the sailing, it was assumed that the marine diesel engine would heogtakated at 85% load

neglecting the impact of weather condition changes.

Table 6. Key information of the selected sailing route [28]

Route Trieste (Italy) and Istanbul (Turkey)
Distance (km) 2,075
Average time per crossing (hour) 58
Average load of engine 85% of full power
Sailing speed (knot) 20

4.2  Integration interfaces

When applying CCS foa ship energy systenthere are several integration interfaces between these two
processes. These include: (1) connecting flue gas from the ghigyesystem to the PCC process, (2)
extracting low pressure steam or other hot process stream frolmgrensrgy system to provide heat for
solvent regeneration in the PCC proce83,réturning condensate from the reboiler of carbon capture
plant to ship energy system, andsdipplying electrical power from ship energy system to the PCC and
CO, compression processes.

In CCS onshore application such as carbon capture from power phenistegration of CCS results in a
lower power output from power plantslowever, in ship CCS scenario, same propulsion power and
energy utilities need to be maintadhin order to transport goods and/or people for a certain sailirig.rou
Under this constraint, an auxiliary utility source is required because thesishigy system could not
provide enough electric power and thermal heat for carbon cag¢pleyment towards 90% carbon
capture level. Two design options (i.e. two case studies presented in $dc3i@and 4.4) were evaluated

in order to compare with the reference cargo ship without carboareapt

4.3  Ship energy system integrated with carbon capture process (Case 1)

Fig. 8 (a) shows the process diagram of the reference cargerghigy system, which was defined as the
Reference Case. Fig. 8 (b) presents the process diagram efetece cargo ship integrated with carbon
capture process, which was defined as the Case 1. As can be seehc@asders that the energy utility
required by carbon capture is supplied by ship energy system Tisedlugh preliminary thermodynamic

analysis, it was found that the heat requirement for solvent regenestios capture level of 90% could

13



not be met even using all the steam generated by WHR. In this sifueggaiming the WHR system does
not exist, the flue gas from the diesel engine was directly lined to thpestrgboiler. After exchanging
heat with the solvent, the flue gas then goes to the pre-treatment ln&t@ES system.

Propulsion power

B e

A
15.26 MW, i Electricity power for ship
Diesel 1 1.33 MW,
3176.3 ka/h ' Flue gas
; : 118232 3 kg/h
Diesel propulsion
engine RIS
Air
115056 kg/h '
Electricity power for ship
Aux.power | 255MW, -
generation
(a) Process diagram of the reference cargo ship energy system (Reference Case)
A
1 Propulsion power Heat for PCC
1 15.26 MW, 7.8 MWy,
Diesel : ."““““"““““,i, Flue gas
3176.3 kg/h N i 110780.3 kg/h
. . —_—
Diesel propulsion
angine Carbon capture
 EEEE——
—_—
Air A CO, Stream
115056 kg/h ' ' 7452 kgh
H Electric power for PCC |
-'# 0.86 MW,
Aux_power | T
generatiomn | -
Electric power for ship
1.69 MW,

(b} Process diagram of cargo ship energy system integrated with PCC process (Case 1)

Fig 8. Process diagrams of (a) the reference cargo ship energy systfare(Re Case) and (b) the cargo

ship energy system integrated with carbon capture process (Case 1)

4.4  Carbon capture with an additional diesel gasturbine power plant (Case 2)

In Case 2, an additional gas turbine was employed to provide both eledriditthermal heat to the
carbon capture plant towards a carbon capture #\@0%, whose process diagram can be seen in Fig. 9
Same with Case 1, no WHR system was used in Case 2. Flue gasdmfiotihe marine diesel engine
and the additional diesel gas turbine are directly lined to the stripper reboieparhof electricity
which is 1.33 MW generated from WHR systems in Reference case is provided byditiersd diesel
gas turbine. There are two considerations: (1) it avoids energy logsg @ucomplex conversion process,
such as the WHR system in Reference Case, and (2) it makegeset ghs turbine power plant in

balance between power generation and producing thermal heat to carbonmapture

14
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Fig. 9 Process diagrams of ship energy system integrated with carbonecppioess with an additional

diesel gas turbine power plant (Case 2)

The type of gas turbine used in this process is an industrial multi-Aseltugbine [53, 54] with a
maximum electricity output of 3.MW.. Diesel was selected as the ftelavoid an additional storage
and supply system for other types of fuels different ftbenpropulsion engine fuel. The modelling of gas
turbine in Aspen Plifswas performed by combining three process sections including air €ssopy
combustion reactor and gas turbine. The model flowsheet can bendéign 10. The combustor section
was simulated with an RGibbs reactor block [SHje vent oxygen is controlled to a certain value to
ensure complete (equilibrium) combustidi. calculates the equilibriums by the Gibbs free energy
minimization, thus the complicated calculations of reaction stoichiometry artids are avoided with
only required inputs of the temperature and the pressure of the ré&R®M was used for the property

calculations for this gas turbind.he key process parameters were presented in Table 7.

,,,,,,,,,,,,,,,,, GASMIX

DFPUMP

ATRCOMH EXPENDER

HOTGAS6 o
C)— AIRIN { HOTGAS4 |

I
i > W
fffffffffffffffffffffffffff ﬁ R L1 -

WORKSUM

Fig. 10. Model flowsheet of diesel gas turbine in Aspen Plus
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Table 7. Process parameters of diesel gas turbine

Process conditions

Ambient temperature (°C) 20
Atmospheric pressure (bar) 1.00
Diesel fuel flow rate (kg/h) 680
Air mass flow rate Kg/h) 25,538
Compressor pressure ratio 9.7
Combustor temperature (°C) 1,227.2
Compressor isentropic efficiency 0.84
Turbine isentropic efficiency 0.89
Turbine back pressure (bar) 1.03
Exhaust gas temperature (°C) 686.3
Electricity generated (kW 2442

5 Results and discussions

5.1  Thermal performance of theintegrated systems

Table 8 summarizedhte thermal performance of these three catieshe Reference Case, the electric
power generated by WHR is 1.32W., which could be a significant supplemeatthe ship electric
power network. The overall energy efficiency is around 3%.b8sed on low heat value (LHV). In Case
1, the carbon capture level can red@% with same fuel consumption. However, it should be noticed
that, because the original WHR system was cancelled and auxiliaer jovequired for carbon capture
and compression, the shortage of electric power could be around2Vi8&ompared with Reference
Case, which may not be acceptable. The overall energy efficiency of Cagd35%. In Cae 2, with
21.41% more diesel fuel consumptiolne awxiliary diesel power plant provides 2. MWV, electric power
and 4.43 MW, heat to the system, which could make the carbon capture level to réaci 198 overall

energy efficiency is around 42.16% in LHV.

Table 8. Thermal performance of the ship energy system with\Wwi€©G8 system

Case 1 (with Case 2 (with
CCS, but
o Reference Case ; CCS and
Description without g
(no CCS) - additional
additional | yiies supply)
utilities supply) pply
Diesel consumption of propulsion engines 3176.28 3176.28 3856.28
(kg/h)
Propulsion power output (MW) 15.26 15.26 15.26
Ship aux. electric power generation (MW 2.55 1.69 2.55
WHR electric power output (MY 1.32 - -
Electric power output of the additional dies i i 244
gas turbine (MW) '
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(I:Ezlzfutig FE)rt:;)v(\:lzrSSC(z'?/ls\Xymption of auxiliary in 3 0.10 011
S T :
Stripper reboiler duty (M) - 7.80 12.21
Fuel consumption per single trip (tons) 184.22 184.22 223.67
CQO; emission per single trip (tons) 593.10 172.00 59.31
Capture level (%) - 73.00 90
Overall energy efficiency (%, fuel LHV) 51.19 45.35 42.16

5.2 Process conditions and equipment sizes of carbon capture process

To match the capacity requirement (i.e. to handle the flue gas froritherergy system), the model of
CO;, capture process developed and validated at pilot scale has been scaled upnbabkecical
engineering principles to estimate packed column diameters and presguigedrdhe details of the
scale-up method can refrprevious studies by Lawal et al. [57] and Luo [43]

The process parameters and equipment sizes of the capture plarasri@asl 2 are presented in Table 9
In both caseshe packing heights of the absorber and the stripper are 12.&6®.2m respectively, much
shorter than onshore CCS scenario. However, low packing hemghteadto a hich L/G ratio. Slightly
higher rich loading in Case 1 results in a smaller L/G ratio and lower spedificalupaed with Case 2.
The capture level reaches 90% in Case 2, which causes significant equipmentrsineribcsaying
36.1% and 72% increment of the cross-section area for the absorber and strippectiesly. The
reason for the difference is that the required cross-section arezbfnan is decided by both gas phase
and liquid phase loadings inside the column. The flow rate of flue ganfaedses by 22.20% in Case 2
because of extra diesel consumption for the auxiliary power plant. Howeeearaptured C@increases
53.14%, which results in a bigger stripper. It is also found that thieneoof CQ storage tank is big. But
this tank could be unloaded and replaced with empty one in the intemmedirts in the sailing route

[58], then the volume requirement could decrease by a big margin.

Table 9. Overall performance of the carbon capture process

Description Case l Case 2
Flue gas flow rate (kg/s) 32.84 40.13
Flue gas C@content (mol %) 5.69 5.66
Solvent MEA content (wt%) 35.00 35.00
Capture level (%) 73.00 90.00
Process
N CO, captured (kg/s) 2.07 3.17
conditions
L/G ratio (kg/kg) 1.73 2.06
Lean loading (mol C& mol MEA) 0.308 0.308
Rich loading (mol C@ mol MEA) 0.481 0.457
Stripper reboiler duty (M) 7.80 1221
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Specific duty (Gg/ton CQ) 3.77 3.85
Absorber diameter (m) 4.2 4.9
Absorber packing type Mellapak 250Y Mellapak 250Y
Absorber packing height (m) 12.5 12.5
Absorber flooding factor 0.651 0.639
Equipment| Stripper diameter (m) 1.6 21
sizes Stripper packing type Mellapak 250Y Mellapak 250Y
Stripper packing height (m) 6.5 6.5
Stripper flooding factor 0.639 0.618
MEA tank volume (rf) 0.65 1.02
CO, tank volume (%) 561.30 937.4

6  Economic Evaluation

6.1  Economicindex
For the economic evaluation, the cost of ,G®oided (CCA) was used as the economic index in this

study. CCA was calculated through dividing total annual cost (TACCO, captured annuallyas
expressed in Equation (3). TAC is a sum of annualized capital expen@itd>AX), fixed operational

expenditure (FOPEX) and variable operational expenditure (VOREdgfined in Equations (4) and (5).
TAC

CCA =

E’o:_rcp

TAC = ACAPEX + FOPEX + VOPEX

ACAPEX = CAPEX x CRF

3

4

(5)

The following assumptions were made: (1) all thets are corrected to €2016 using the harmonised
index of consumer price (HICP) in Eur@rezone [59], (2) the captured G@ixture has no economic
value, (3) MEA-solvent make-up rate is around 1.5 kg perofo€0, captured [60], (4) the major
cooling utility is provided from sea water [28].

6.2 Cost breakdown

6.2.1 CAPEX
CAPEX includes equipment itself, materials and installation, labour cost, enginesd management

cost and other costs happened during the projectrootisn and commissioning. As theesis for the
equipment cost estimatigrthe type and material selection of main equipment can refer to two IEAGHG
reports [31, 61].

The direct material cost could be calculated based on their reference value inssaahdcéhe specific

scaling factor for different types of equipment, by EquatigrigB].
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PC =PC® (%] (Iip] (6)

whereX is the value of selected index related to equipment capacisycost index for different years

and geographical areas is the specific scaling factor and the value is 1.0 for structurddngainside

the columns and 0.6 for other equipment according to six-tenths6&jlePL © is the direct material cost

of the base case, which can be derived from the IEAGHG report [31].

The annualized CAPEX is the total CAPEX multiplying by capital recovery fa@&+), which is

calculated by Equation XT62].

CRF = _z{s +1)" @)
i+1m -1

wheren is the economic life of plant arids the interest rate. It is assumed a project life of 25 years and

8% of interest rate.

6.2.2 Fixed OPEX

Fixed OPEX (FOPEX) includes long term service agreement costs, overhead parstting and

maintenance cost (O&M) and other costs fixed for the plant no matter ifiiigng at partial or full load

or shutdown. FOPEX can be simply calculated by Equation (8)

FOPEX = 0.03 x CAPEX (8)

6.2.3 Variable OPEX
VOPEX includes the cost of electricity consumption for pumps/blower/compyabsocost of heat for

solvent regeneration, the cost of cooling utilities and the cost of MEArgofmaeke-up. In this study,
electric power and thermal heat required by the carbon capture proaressupplied by the ship energy
system and the auxiliary power plant. The cost of this part can be calcbizded on extra fuel
consumption. Other utility costan be calculated by multiplying the market unit price with its amount

obtained from the simulation results. The unit prices can be seen inIDalith the costs given in Euro.

Table10. Key economic evaluation cost inputs

Description Unit Value Source
Diesel fuel price €//L 1.391 (in Italy) DKV [64]
MEA price* €/ton 1,290 ICIS [65]
Number of roundtrips lyear 55 Livanos et al. [28]
Ship life year 25
Interest rate lyear 0.08

* Price of free delivery
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6.3 Resultsand discussions

The economic assessment was carried out based on 55 roundtrigspé@rithis cargo ship. Table 11
summarized the overall cost of @@aptured and breakdown details. For Case 1, the CCA is around 77.50
€/ton CO2. However, there would be a shortage of 2V for the electric power and the capture level

is only around 73%. In Case 2, the major cost is caused by diesel fsahgution, which accounts for
about 61.75% of total annual cost. The CAPEX in Case 2 is obvibigdher than in Case 1 because of
larger equipment size for the CCS system required and it has an exéalagdiesurbine. With these two
main contributors, th€CA in Case 2 is as high as 163®in CO..

Tablell. Economic evaluation results

Description Case 1 Case 2
CO; captured (ton/year) 46,321 71,627
CAPEX (M€) 34.99 43.06
Annualized CAPEX (M¢€/year) 2.45 3.01
Fixed OPEX (M¢€/year) 1.05 1.29
Variable | Fuel cos{M¢€/year) - 7.25
OPEX Solvent make-up cosMg/year) 0.09 0.13
Total annual cost (M€/year) 3.59 11.68
CCA (€/ton COp) 77.50 163.07

It should be noticed that the cost of £&voidance in Case 2 should be close to the upper limit towards
90% carbon capture level. One reasoning is that the extra fuel consunyitiomyncovers the heat and
electricity utilities for CCS system but also fully replenish the electricity g¢eerby original WHR.
However, for the nely designed ship energy systems, there could be a large potential to miniisize th
extra fuel consumption by optimal design considering the balaihdéferent types of utilities. Another
reason is that the cost of @6torage tank could be reduced by unloading and reloading with empsy ta

in intermedium ports but it varies for each sailing route.

Furthermore, the benchmark solvent MEA is used for carbon captooessrin this study. With
proprietary solvents such &$-1, the cost of C®avoidance could be reduced around 10% [31]. Another
cost reduction potential is related with applying process intensificatiocept, such as rotating packing
bed (RPB). With RPB technology, the size of absorber and the strippler floe reduced more than 10

times, which will decrease the capital cost significantly [66].

7  Conclusions

This study presented the study on applying solvent-based carbumecégr ships to reduce the €O
emission from ship energy system through model-based technomicorassessment. The study
discussed the design considerations of on-board CCS against the fedtahéiss, such as offshore,

limited space, limited utilities and constant movem&pecial attention was put on the packing heights of
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the columns from ship design point of vie@apturedCO, was pressurized by a compression process to
its dense phase or supercritical phase for the temporary tank storage to ay®idntaunt of cooling

utility.

For the model developmemtf the ship energy system, the study first addressed the challenges of
modelling single engine cylinder reciprocation procd$® models of marine diesel engine and ship
energy system were then developed in AsperffRingd diesel engine model was validated with data from

the product handbook at different engine lodd® validation results appear in a good agreement.

Three cases were analysed for ship energy system with or witleocarhon capture system based on an
international sailing scenarién the Reference Case (cargo ship without carbon capture), the electricity
generated from WHR is around 1.32 M\hd the energy efficiency of ship energy system is around
51.15%. In Case 1 (cargo ship with carbon capthee without additional utilities supply), the heat
recovered from flue gas could only meet solvent regeneratiorrdepzsitement at 73 % carbon capture
level whilst the shortage of electricity is 2.18 M@bmpared with Reference Case. The energy efficiency
of ship energy system drops to 3%%. The cost of C@captured is around 77.%dton CO,. In Case 2
(cargo ship with carbon capture), an additional digses turbine was employed to provide 2.44 MW
electricity and 4.43 MW heat to the integrated system to achieve carbon capture level to réaciigid
21.41% more diesel fuel consumption. The overall energy efficiency thefs16% and the cost of GO
captured is around 163.C7ton CO.. With the potential application for proprietary solvents, process
intensification and the new process configuration for the carbon reaptecess, the cost of GO

avoidance could reduce

In a summary, as the first systemic study on applying solvent-lwasbdn capture for ships, this paper

obtained key insights for the integration of ship energy system asithon capture process, and also

provided a solution to capture 90%O, emission from ship energy systems, to significantly reduce
carbon footprint of cargo ships.
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