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Abstract

Anthropogenic Greenhouse gas emissions increase rapidly throughout years, forcing
International Maritime Organization (IMO) to set strict targets on reducing emission in
shipping. Carbon capture (CC) could be one of the solutions within the decarbonization
spectrum, given its potential for significant emission reduction. The shipping community is
already exploring CC solutions through concept studies, joint development projects and pilot
demonstrations. However, no clear window for CC inclusion in Carbon intensity index (Cll)
calculations has been provided by IMO, at the time this thesis is written. The objective of this
study is to explore, on a concept design level, the capacity of a CC system to improve the ClI
of a VLCC tanker vessel, to ensure regulatory compliance throughout her life expectancy. The
vessel’s annual operating profile and the benefits of tight heat integration are accounted. To
calculate the CC performance, a process model is developed of a conventional amine-based
carbon capture system integrated to the ship machinery, with waste heat recovery (WHR) for
CC heat supply. At design conditions all features of CCS and WHR components are
determined. At operating conditions, estimates of pumping and compression requirements,
reboiler duty and WHR production capacity are evaluated and accounted for in the total
footprint of the ship. The results are annualized and compared to base line no CCS conditions.
The associated increase in fuel consumption due to CC use is estimated, along with the CC
system’s capital and operational costs. Net present value of costs is accounted to investigate
the optimum carbon capacity of the CCS system.



Nomenclature

A Area [m?]

ACAPEX Annualized CAPEX

AE Auxiliary Engine

Aey Area of evaporator [m?]

Ay Area of preheater [m?]

b Fuel consumption of reboiler [tn/hr]

C Parameter estimated through regression fits,ClI
Gt Conversion factor of IMO from FO to CO,

Cstr Capacity of the stripper [ki/kg]

CAPEX Capitalized Expenditure

CaCoOs Calcium Carbonate

Cao Calcium oxide

Capr Capture rate

CalVyro Calorific Value of HFO [MJ/kg]

CcC Carbon capture

CCS Carbon Capture& Storage

Ccus Carbon Capture Utilization and Storage

Cll Carbon Intensity Index [gr/(tn'nm)]

Cllyef Reference Cll [gr/(tn'nm)]

CO; Carbon dioxide

CPuEa Heat capacity of MEA [kJ/(kgK)]

Cpy Heat capacity of gas [ki/(kgK)]

Cpg1 Heat capacity of gas, condition 1 [kJ/(kg'K)]
Cpg2 Heat capacity of gas, condition 2 [kl/(kgK)]
Cpgs Heat capacity of gas, condition 3 [kl/(kgK)]
Cpgev Heat capacity of gas in the evaporator [kJ/(kgK)]
Cogpr Heat capacity of gas in the preheater [kJ/(kg'K)]
Cpiiq Heat capacity of liquid solution [kJ/(kg'K)]

Cpiiga Heat capacity of liquid solution, condition 1 [kJ/(kg'K)]
Cpiig2 Heat capacity of liquid solution, condition 2 [kJ/(kg'K)]
Cpy, Heat capacity of water [kJ/(kg'K)]

CRF Capital Recovery Factor

con function of %w/w CO, with variation on ME load
dg Density of gas [kg/m?]

dw Density of water [kg/m?]

DG Diesel Generator

DWT Deadweight [t]

FF Friction Factor

FO Fuel Qil

g Acceleration due gravity [m/s?]

GA General Arrangement

Gm Molar gas flow rate per unit cross-sectional area
H Head [m]

H; Head of liquid [m]

H,, Head overall [m]

H,1 Head overall, condition 1 [m]

H,y Head overall, condition 2 [m]



HEX Heat Exchanger

HSE Health safety and environment

hin Enthalpy of liquid, inlet stream [kJ/kg]

hy Enthalpy at the pump [kJ/kg]

hpy Enthalpy at the pump, condition 1 [kJ/kg]

h’p Enthalpy of saturated water at the pump [kJ/kg]
h'p1 Enthalpy of saturated water, condition 1 [kJ/kg]

h" 1 Enthalpy of saturated steam, condition 1 [kl/kg]

i Interest rate

kn Knots

KPI Key Performance Indicator

kWh Kilowatt-hours

IEA International Energy Agency

IMO International Maritime Organisation

L Load of main engine [%]

L% Loading [%]

LeanLoad CO; loading of lean solution [mol/mol]

Lm Molar liquid flow rate per unit cross-sectional area
LMTD Logarithmic mean temperature difference [K]
LMTD,, Logarithmic mean temperature difference at the evaporator [K]
LMTD,, Logarithmic mean temperature difference at the preheater [K]
% Length to diameter ratio

L/G Liquid to gas ratio

M Total mass of CO,, Cll [gr]

ME Main Engine

MEA Monomethylamine

Mtpa Million tons per annum

Mcoo Mass flow rate of CO2 [kg/s]

Mco2—ctL Mass flow rate of CO2 that is going from gas to liquid phase [kg/s]
My Mass flow rate of gas [kg/s]

Mgas Mass flow rate of gas [kg/s]

Minw Mass flow rate of water, inlet stream [kg/s]

Ming Mass flow rate of gas, inlet stream [kg/s]

Mintiq Mass flow rate of liquid solution, inlet stream [kg/s]
Mout,exg Mass flow rate of exhaust gas, outlet stream [kg/s]
Moutg Mass flow rate of gas, outlet stream [kg/s]

Moutr Mass flow rate of rich solution, outlet stream [kg/s]
g Mass flow rate of steam [kg/s]

NH3 Ammonia

Nos Number of stages

NOx Nitrogen Oxides

NPV Net Present Value

n years of investment

OPEX Operational Expenditure

P Pinch [K]

P, Pinch of evaporator [K]

Pz Piperazine

Qnpi Hydraulic power of blower [kW]
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Tin
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Tbrout
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TRL

VLCC
VOPEX
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ATy,
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Mp
NMm1
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Np1
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Hydraulic power of pump [kW]

Heat exchange of HEX [kW]

Power of blower [kW]

Heat exchange of evaporator [kW]

Power of pump [kW]

Heat exchange of preheater [kW]

Heat of reboiler [kW]

CO; Loading of rich solution [mol/mol]

Ship Energy Efficiency Management Plan
Specific Fuel Oil Consumption [gr/kWh]

SFOC of DG [gr/kWh]

SFOC of ME [gr/kWh]

State of Art

Temperature [K]

Temperature at evaporator [K]

Temperature at blower, inlet stream [K]
Temperature of gas, inlet stream [K]
Temperature of liquid solution, inlet stream [K]
Temperature of liquid solution, inlet stream [K]
Temperature at preheater, inlet stream [K]
Temperature at stripper, inlet stream [K]
Temperature of water, inlet stream [K]
Temperature of rich solution, outlet stream [K]
Temperature of water, outlet stream [K]
Temperature of gas, outlet stream [K]
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Technology Readiness Level

Heat transfer coefficient of evaporator [kw/m?*K]
Heat transfer coefficient of preheater [kw/m?*K]
Velocity of gas [m/s]

Velocity of water [m/s]

Volumetric flow rate of gas [m3/s]

Volumetric flow rate of water [m3/s]

Very Large Crude Carrier

Variable Operational expenditure

Total transport work, Cll [tn'nm]

Waste Heat Recovery

Mass fraction of MEA or weight percent MEA
parameter estimated through regression fits, ClI
Temperature difference, inlet stream [K]
Temperature difference, outlet stream [K]
Efficiency of reboiler

Mechanical efficiency, condition 1

Mechanical efficiency, condition 2

Efficiency, condition 1

Efficiency, condition 2

Weight percent weight by weight
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1 Introduction

1.1 Motivation

With the increasing concern over climate change and the need to reduce greenhouse gas
emissions and extend the regulatory life of vessels, there has been growing interest in carbon
capture technologies as a means of mitigating the environmental impact of various industries.
In the shipping industry, vessel emissions are a significant contributor to carbon dioxide
emissions, making the development of a carbon capture system for vessels an important area
of research. This thesis aims to evaluate the technical and economic feasibility of
implementing a marine carbon capture system, as well as the potential environmental
benefits and regulatory implications. By examining these factors, this research can provide
insights into the practicality and potential of such a system, and assist the development of
policies and regulations to encourage its adoption in the shipping industry.

1.2 Regulatory framework

The Carbon Intensity Index (Cll) is a regulatory framework developed by the International
Maritime Organization (IMO) to measure and reduce the carbon intensity of shipping. The ClI
system measures the amount of carbon dioxide (CO;) emissions per unit of transport work,
taking into account factors of ship size, distance travelled, and cargo capacity. The ClI
regulatory framework provides a standard for measuring and reporting carbon emissions, and
encourages the adoption of measures to reduce emissions. Operational changes such as
reducing the speed of vessels or optimizing the routing of ships could be a short-term solution.
Technological solutions such as using alternative fuels, improving energy efficiency through
design changes or a CCS system may result in a significant reduction of Cll. According to the
IMO, the goal is to reduce the Cll of international shipping by at least 40% by 2030 compared
to 2008 levels, and to reduce the total annual greenhouse gas emissions from international
shipping by at least 50% by 2050 compared to 2008 levels [1]. A stricter scenario involves a Cll
reduction of 100% by 2050 (zero-50 scenario), which will be investigated as well. These
targets require significant efforts from the shipping industry, and the implementation of
effective regulatory measures to incentivize and enforce emissions reduction. The success of
the ClI regulatory framework in achieving these goals will depend on a range of factors,
including technological and economic feasibility, regulatory effectiveness, and international
cooperation. Figure 1.1 illustrates the Cll goal of 40% ClI reduction for a random ship case.
Letters A, B, C, D, E represent the rating of the vessel regarding their emissions, while SEEMP
refers to the Ship Energy Efficiency Management Plan.
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Figure 1.1: Required annual operational Cll (DNV, 2023) [2].

1.3 CCS market overview

CCS systems are already used in land-based facilities to reduce the amount of CO, emissions
released into the atmosphere. This process enables the permanent removal of CO, that would
otherwise be released into the atmosphere. CCS systems are increasingly recognized as a
critical tool for reducing greenhouse gas emissions and achieving climate targets, and their
use is encouraged by governments and international organizations around the world. While
the implementation of CCS systems can be challenging, it offers significant benefits in terms
of reducing carbon emissions and mitigating the impacts of climate change. As Global CCS
Institute implies [3], the installed CCS capacity must increase from 40 Mtpa (Million tons per
annum) today to 5600 Mtpa by 2050 to limit global warming to 2°C. The capacity of projects
in development increased by 48% from the end of 2020 till September of 2021, making the CC
technology timelier than ever. It is estimated that 70-100 facilities must be built every year to
reach international goals, while there are only 27 operating facilities (figure 1.2) and 106
facilities are in construction, advanced or early development combined. As carbon capture
facilities increase, there is a bigger diversity in the scale of facilities. Carbon can be captured
through direct air capture, cement production, iron and steel production, waste to energy,
power generation (natural gas-coal), hydrogen production, chemical production, ethanol
production, fertiliser production natural gas processing. Figure 1.3 illustrates CCS projects by
sector and scale (Metric Tonnes per Annum Mtpa) over time. International Energy Agency
(IEA) [4] estimated that 800 Mtpa CO; will be captured globally by 2030 and 6000 Mtpa by
2050. DNV considers this scenario optimistic, as its own estimation is rather smaller. DNV’s
scenario of 175 Mtpa by 2030 and 2100 Mtpa by 2050 is considered closer to reality [4].

Regarding the utilization of CO2, fertilizer and oil and gas industry are the main utilizers of
CO,. Among with food and beverage production, mineral carbonation, metal fabrication,
chemicals manufacturing, water treatment and healthcare, they result in more than 230 Mtpa
of CO,. Estimates for 2030 are promising as they range from 1000 Mtpa to 7000Mtpa. The
sustainable development scenario 2020-2070 of IEA [4] estimates that 92% of cumulative
captured CO; will be destined for permanent storage and the other 8% for utilization, most of

13



which for feedstock for synthetic fuel production. Figure 1.4 demonstrates suitable storage
regions for CO,.

Given the maturity of land-based CCS systems, there is a growing need to explore the potential
of maritime CCS technology to reduce carbon emissions from shipping. While technological
solutions such as improved energy efficiency and the use of alternative fuels can contribute
to reducing the Cll in shipping, they may not be sufficient to meet the ambitious targets set
by the IMO to reduce carbon emissions from the shipping industry. As such, maritime CCS
systems represent a promising solution that can be further investigated and developed to
address this challenge. While research and development are required to identify and address
technical and economic barriers to the widespread adoption of maritime CCS, such systems
have the potential to significantly contribute to reducing carbon emissions from the shipping
industry. By investing in the development of maritime CCS technology, stakeholders can work
towards achieving the goals of the IMO and the Paris Agreement while providing an effective
solution for reducing carbon emissions from shipping.

Figure 1.2: World map of CCS facilities at various stages of development (Global CCS Institute, 2021) [3].
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Figure 1.4: Suitable storage regions of the world based on the global CCS institute's storage basin assessment

database (Global CCS Institute, 2021) [3].

1.4 Target of this thesis

The aim of this thesis was to develop a simplified model of a solvent-based CCS system that
could be applied to any given vessel based on its basic technical specifications given. The
research questions that will be addressed in this thesis include:

e Determining the required thermal and electric energy demand for the CCS system
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e Determining the required thermal and electric energy demand for the CCS system.

e Applying a WHR (waste heat recovery) system for energy saving.

e Evaluating the effect of energy demand on fuel oil (FO) consumption.

e Assessing how the results align with the operational profile of the ship.

e Examining how the implementation of the CCS system will reduce the overall CII.

e Analysing the costs associated with the CCS system.

e Estimating the investment required for a given time period, along with a sensitivity
analysis, to meet the IMO scenarios.

e Concluding which carbon capacity option is best and how many years it will extend
the regulatory life of the vessel.

e Evaluating the space impact of the CCS system.

Through this analysis, the thesis aims to provide insights into the implementation of CCS
systems on ships and contribute to reducing carbon emissions in the maritime industry. It
is worth mentioning that the main part of this thesis was conducted as an internship in
DNV R&D and Advisory Unit.

1.5 Summary of contents

In section 2, the focus will be on CCS technology where approaches and technologies of carbon
capture are illustrated, while maritime applications and current SOA (state of art) in shipping
is analysed. Section 3 contains the analysis of the CCS methodology where the aim, approach,
features and requirements of the model are described. Furthermore, the case ship is given
with her necessary data for the evaluation of the CCS system. The detailed development of
the model with all the sub-systems considered (pre-processing, carbon capture, liquefaction)
is described in section 4. Section 5 explores the CCS energy demand and the impact of WHR
system, describes the technoeconomic model while metrics and ClI calculations are the last
parts of this section. An application study for a specific carbon capture capacity and a
comparison regarding the basic results and the economic aspects of each examined capacity
are illustrated in section 6. Last but not least, a sensitivity analysis which takes into
consideration possible biofuel prices is made so as to converge to the conclusions of this
thesis.

1.6 Publication

The work of this thesis provided the basis for the following conference peer-reviewed paper:
Concept Assessment of a Marine Carbon Capture System for Vessel Regulatory Lifetime
Extension. 1. Beltsidis, C. Georgopoulou, G. Dimopoulos, L. Koukoulopoulos.

The paper was presented at 7 of March, 2023 during the 8™ International Symposium on
Ship Operations, Management and Economics (SOME) in Athens, at the Eugenides
Foundation Conference Centre Auditorium.
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2 The CCS technology

2.1 Approaches and technologies

There are multiple methods to capture CO2 from the use of fossil fuels and/or biomass. One
of these approaches is post-combustion capture, which involves separating CO, from flue
gases produced by burning fossil fuels. After treatment, most of the CO; is separated and
stored in a tank, while the rest of the gases are released into the atmosphere.

In an oxy-fuel combustion engine, combustion occurs using nearly pure oxygen, resulting in
flue gases composed mainly of CO,. Capturing the emitted CO; is necessary to moderate the
excessively high flame temperature.

Another approach is pre-combustion capture, which involves reacting a fuel with oxygen or
air and/or steam to create a "synthesis gas" consisting mainly of carbon monoxide and
hydrogen. The carbon monoxide is then reacted with steam in a catalytic reactor to produce
C0O2 and more hydrogen, which can be separated using physical or chemical absorption
processes to obtain hydrogen-rich fuel for various applications.

Various carbon capture technologies are already being effectively used in onshore projects,
including chemical absorption, physical separation, membrane separation, oxy-fuel
separation, calcium looping, chemical looping, and direct separation. These technologies
could serve as a foundation for designing a ship-based Carbon Capture System.

In matter of technologies there is a wide range that are already in use effectively in onshore
carbon capture projects [5]:

e Chemical absorption — The most common purification technology. The CO2 contacts
with a chemical in an absorption column.

e Physical separation — The main capture method used in natural gas processing. Most
plants use proprietary solvents

e Membrane separation — Separation of CO, from the gas mixture by polymer
membrane. Low-cost technology.

e Oxy-fuel separation — Same method described as above

e Calcium Looping — CO2 is captured at high temperatures by the use of two main
reactors. In the first reactor CaO sorbent captures CO, from gas stream to form CaCOs3

e Chemical looping — Chemical looping is similar two-reactor technology. In the first
reactor, small particles of metal are used to bind oxygen from the air to form a metal
outside, which is then transported to the second reactor where it reacts with fuel,
producing energy and a concentrated stream of CO,, regenerating the reduced form
of the metal.

e Direct separation — It is used in cement production. The limestone is heated indirectly
by a special calciner. CO, is stripped directly from the limestone resulting in low
energy costs.

Carbon capture technologies are already used in onshore industry plants, providing an
adequate pillar to design a ship-based Carbon Capture System.
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2.2 Maritime CCS

Onboard carbon capture and storage is an innovative and

highly promising solution for

decarbonizing the maritime sector, as such systems may be established to non-technological
advanced and pollutant vessels with no complicated intervention to the methanological parts

18



of the them. The feasibility of this approach has been established through successful
implementation of a range of CCS technologies, including chemical absorption using amine or
ammonia scrubber and thermal stripper systems, high-gravity rotating packed beds,
temperature swing chemical adsorption, membrane separation, cryogenic separation, and
CO2 mineralization. Previous studies [14-16, 23, 29, 30, 34, 40, 41] have shown that CCS
systems perform well in matters of capture rate and overall CO2 reduction, as this thesis will
explore. Furthermore, no significant changes are expected in trim & stability and DWT aspects.
The cargo space is not reduced, as CCS systems are usually established at the main deck of the
vessel. However, the cost of onboard carbon capture remains relatively high and is expected
to decrease with increasing Technology Readiness Level (TRL) and economies of scale, similar
to other novel maritime decarbonization technologies. Figure 2.1 illustrates the TRLs as
European Union implies. The challenges about the effective and universal use in maritime
industry are the following:

e Investment cost compared to other decarbonization solutions.

o  Future framework and IMO regulations regarding CCS.

e Vessel (retro-)fitting potential.

e Satisfactory carbon storage formation or utilization of CO..

e Advanced efficiency to reduce cost per ton of CO2 captured and extend regulatory
life of vessel .

TECHNOLOGY READINESS LEVEL (TRL)

ACTUAL SYSTEM PROVEN IN OPERATIONAL ENVIRONMENT

SYSTEM COMPLETE AND QUALIFIED

SYSTEM PROTOTYPE DEMONSTRATION IN OPERATIONAL
ENVIRONMENT

TECHNOLOGY DEMONSTRATED IN RELEVANT ENVIRONMENT

TECHNOLOGY VALIDATED IN RELEVANT ENVIRONMENT

2l )o N )o)o

TECHNOLOGY VALIDATED IN LAB

EXPERIMENTAL PROOF OF CONCEPT

TECHNOLOGY CONCEPT FORMULATED

RESEARCH DEVELOPMENT DEPLOYMENT

BASIC PRINCIPLES OBSERVED

Figure 2.3: TRL definition (TWI global) [6].
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2.3 Commercial outlook

The implementation of Carbon Capture and Storage in maritime transport has become
increasingly important in the context of reducing greenhouse gas emissions from the shipping
industry. Currently, there are several CCS maritime projects that are in different stages of
development. Regarding the offshore carbon capture, the liquid absorption technology which
is a post-combustion process, has gained ground. Post-combustion technologies are the most
popular as the intervention with the engine is minimized [4]. Mitsubishi Shipbuilding has
already designed the world’s first marine based CO, Capture system (small scale) which
successfully separates and captures CO, from exhaust gas [7], while lonada’s Membrane
Decarbonization system for marine use combines proven chemical absorption processes with
porous ceramic tube membranes to remove CO, from flue gas without creating a throwaway
sludge product as figure 2.2 demonstrates [8],[9]. Bildfinger and Compact Carbon Capture (3C)
are also working on marine CCS concepts [4],[9].

In terms of the state-of-the-art CCS systems, several companies have developed different
technologies for CO, capture, compression, transportation, and storage in the maritime
industry. Aker Solutions has developed a subsea carbon storage concept that consists of a gas
compression station, a subsea pipeline, and an offshore reservoir for CO2 storage [10]. On the
other hand, Japanese shipbuilder Mitsubishi Shipbuilding, part of Mitsubishi Heavy Industries
(MHI) Group, has launched world’s 1st liquefied CO2 transportation demonstration test ship
intended for carbon capture, utilization and storage (CCUS). ENAA, Kawasaki Kisen Kaisha (K
LINE), NGL, and Ochanomizu University will accelerate their research and development of the
LCO, transportation technology and contribute to the reduction of the cost of CCUS
technology and realization of LCO, safe large-scale long-distance transportation [11]. The
Porthos project in the Netherlands is a joint venture between the Port of Rotterdam, Gasunie,
and EBN (figure 2.3), and is set to capture and store 2.5 million tonnes of CO; per year from
2024 onwards [12]. Another project is the Northern Lights project in Norway, which aims to
develop an infrastructure for the transportation and storage of CO,, with the potential to store
up to 5 million tonnes per year. Phase one of the project will be completed in 2024 with a
capacity up to 1.5 million tonnes of CO; per year [13].

Despite these developments, several challenges remain for the implementation of CCS in the
maritime sector. These include the high costs of CCS technologies, the lack of infrastructure
and regulatory frameworks, and the technical challenges associated with CO; transportation
and storage at sea. Therefore, it is essential to continue research and development efforts
towards the improvement and commercialization of CCS technologies in the maritime sector.
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3 Analysis methodology

3.1 Scope and approach

This study aims to apply a simplified solvent-based post-combustion carbon capture process
which will be available for use for every given vessel. In order to evaluate the performance of
the CCS system, a VLCC with a specific annual profile was chosen, while the data that were
used are well known and easy to be found in every ship case. The goal is to explore the
behaviour of the overall system for various CCS sub-system capacities. To serve this scope, the
optimum CCS capacity is investigated, having as an objective the maximum overall ClI
reduction and thus the maximum regulatory life extension of the vessel. Despite the possible
satisfying results on Cll reduction for the optimum CCS capacity, a technoeconomic analysis is
necessary, so as to account in all parameters. The energy penalty of the CCS system, the initial
investment, the additional costs and the biofuels use so as to have a compliant vessel with
IMO regulations throughout the lifetime of the investment are investigated in order to
converge to the final result of this study.

3.2 Model specification

In previous works, scientific analyses of CCS onboard ships were conducted, focusing primarily
on the assessment of the systems consumptions [14-16], rather than the intended effect of
CCS on regulatory compliance and related carbon intensity metric, Cll, which is the key
element of our analysis.

To estimate performance, we follow a systems’ engineering approach in the modelling and
simulation of the system at various operating modes, as presented in [17] and [18]. Systems
engineering is one of the key elements of the holistic ship design concept that is presented in
[19] and [20].

The CCS process includes four individual sections:

e Pre-processing: Includes the pre-treatment of the gases before entering the
carbon capture process.

e Carbon capture: The main process where the absorption of CO, takes part.

e Liquefaction: The CO2 captured is liquified and driven to storage tank.

e Waste heat recovery for energy efficiency improvement.

The system is designed to capture 99% of carbon processed. If exhaust gas flow exceeds the
capacity of the CC system, the excess is assumed to bypass the system. If exhaust gas flow is
lower than 20% of the capacity of the CCS system, the system is inactive to mitigate FO
increase, as emissions are relatively low in this range of ME load. All necessary parameters
for part load behaviour are evaluated concurrently with the design ME load. The contribution
of WHR is analysed for varying loads to examine the best coverage of extra energy
requirements imposed by CCS.

The Cll of the baseline vessel without CCS is calculated to examine the impact of the CC
system. The reference tanker operates in various conditions which depend on ballast sailing,
laden sailing, and non-sailing modes and its respective speeds. Each condition is described by
a unique set of parameters, consisting of: main engine (ME) power, electric power demand,
boiler fuel oil flow and time in each specific condition / mode. The calculations performed
with the model are coupled with the operational profile of the ship to examine the additional
energy requirements for the operation of the CC system and finally evaluate the Cll reduction.
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Both exhaust gas flow and temperature of exhaust gas inputs come from International
Maritime Organization (IMO) NOx technical file of the reference ship (testbed performance
measurements), while the exhaust gas mass content in CO, (%w/w) is evaluated through fuel
consumption of IMO NOx technical file along with IMO’s conversion factor Cs, assuming
conventional fuel operation.

In the WHR section, the important parameters are the overall heat transfer coefficient and
the heat transfer area of evaporator and preheater, which are calculated so that the steam
production is maximized. In that way, we achieve the best possible energy saving, as electricity
is produced through a steam turbine generator. At part loads of ME operation, the steam flow
is calculated by keeping the design characteristics of nominal load and by making the
appropriate adjustments.

3.3 Case ship

A Very Large Crude Oil tanker (VLCC) will be the reference ship of this study. The case study
vessel specifications, drawings and performance data were provided by Euronav Ship
Management LTD. The vessel has one W7X82 Hyundai-Wartsila main engine with nominal
rating of 33250 kW x 84 rpm. She also supplies 3 Hyundai-Himsen 9MELOAD1/32 auxiliary
engines with a total output of 4590 kW x 900 rpm. The fuel consumed by the engines belongs
to HFO. All data used in this study were gathered from her shop tests and the general
arrangement (GA). Table 3.1 shows the main characteristics of the selected reference ship
gathered from her general arrangement, while figure 3.1 illustrates the GA of the reference
VLCC.

Table 3.1: Basic characteristics of case ship.

Deadweight 300000 tones
Length overall 333.08 m
Beam 60 m
Draft 20.5 m
Nominal rating ME 33250 x 84rpm kw
Auxiliary power 4590 x 900rpm kw
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Figure 3.1: GA of the case study VLCC.

The year-round operational profile of the reference vessel will be matched up with the
onboard integration that follows in the next section. The model that this study has developed
will be able to screen the performance of the CCS system in each sailing condition for a chosen
carbon capacity. The operational profile of the vessel was necessary so as to examine the
overall result of the system, and the corresponding Cll reduction. Figure 3.2 gives a generic
view of the operation of the VLCC.
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8%

Frequency per year %

Figure 3.2: Vessel operational profile.
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4 CCS model description

The selected onboard CCS system consists of three subsystems:

- Pre-processing
- Carbon Capture
- Liquefaction

Pre-processing

Following the combustion process in the main engine, flue gases are directed towards a pre-
processing stage, while a portion is directed to the funnel (in instances where the ME load
exceeds the design load of the CCS system). During the pre-processing stage, the exhaust
gases are treated in preparation for the carbon capture process. Waste Heat Recovery (WHR)
technology is utilized to recover the heat carried by the gases after combustion (this sub-
system will be described later in this study), resulting in the cooling of the gases and the
production of steam. Subsequently, the flue gases enter a cooling tower, wherein the
temperature of the gases is significantly reduced, facilitating the absorption process. The
temperature drop is accompanied by a corresponding pressure drop, which is mitigated using
a blower. Water is circulated within the cooling tower, and the necessary water pump and
cooler equipment ensure that the flue gases reach the appropriate temperature for
absorption. Figure 4.1 demonstrates the stream of exhaust gas and water in the pre-

processing section.

Flue gas out

Cooling <

tower

Figure 4.1: Pre-processing section design.

Cooling Tower

In direct-contact heat exchange, the hot and cold streams are brought into contact without
any separating wall, and high rates of heat transfer are achieved. Water-cooling towers are a
particular example of direct-contact heat exchange. To serve their scope, water circulation
consists of a cooling tower, a pump and a cooler. Figure 4.2 demonstrates a typical direct-
contact cooler [21].
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Figure 4.2: Typical design of a direct-contact cooler (Chemical Engineering Design,2008) [21].

Carbon Capture

The cooled flue gases enter the absorber where they react with MEA solution. CO; goes from
gas to liquid, while pure gases (CO; removed) go to funnel. The rich solution of MEA now has
CO,, MEA and water. The pump drives the rich solution to the cross-heat exchanger (HEX),
where the rich solution gets heat so as to reach the stripper at proper temperature. Stripper
distillates CO; from rich solution. CO; stream is ready for liquefaction section. Rich solution,
after the distillation of CO;, turns into lean solution, as part of CO, remains. The percentage of
CO; in the lean solution depends from the cyclic capacity of MEA. The lean solution is heated
and gets regenerated. Then it is driven back to cross HEX, where it is cooled from the passing
rich solution. The end of the cycle comes when it is cooled. Then it gets back into the absorber
at the desired temperature. Figure 4.3 contains all the parts required for the carbon capture
and illustrates the stream of the solutions as well.
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Cooler

Figure 4.3: Carbon Capture section design.

Packed Columns

Gas absorption is a unit operation in which soluble components of a gas mixture are dissolved
in aliquid. The inverse operation, called stripping or desorption, is employed when it is desired
to transfer volatile components from a liquid mixture into a gas. Both absorption and stripping
make use of special equipment for bringing gas and liquid phases into intimate contact [22].
In this study two packed columns are used, absorber and stripper. A separate analysis will
follow.

Cross Heat Exchanger

The cross HEX takes part in the biggest thermal exchange of the CC system. Cold stream (rich
solution) and hot stream (lean solution) exchange heat to reach stripper and absorber
correspondingly at the proper temperature. Considering all parameters, the model was built
so as to solve the CC system by changing U-factor and A of the cross HEX.

Reboiler

Stripper’s reboiler duty is to regenerate the MEA solution at the bottom of the stripper
column. The heat reverts the carbamate formation reaction, thus regenerating the amine and
freeing up CO,. This heat comes from a burner of heavy fuel oil. The free CO; is produced at
the top of the stripper column as a gas. The thermal demand is calculated through the gaseous
CO; produced and the specific reboiler duty of the stripper.

Solvent Selection

A wide variety of solvents has been considered in studies, with the most common being
solvent solutions of MEA [15,16] ,PZ [15] ,as well as NHs [23] . This study took into
consideration a recent detailed analysis [14] which compares the main candidate-solvents (30
wt% MEA, 30-40 wt% PZ, 2-28 wt% NHs) using Key Performance Indicators (KPI).
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Despite PZ has better characteristics when coming to Heat Demand (74% compared to MEA)
and twice the absorption capacity of MEA, its health safety and environment (HSE) KPIs are
considered not acceptable. Toxicity in humans and low Biodegradability (Solvents with low
biodegradability are not preferred as they will persist in the environment they have been
emitted in) doesn’t make the PZ the ideal solvent.

NHs needs 68% of heat demand for regeneration compared to MEA, while its Oxidative
degradation is very low compared to MEA. However, its Ecotoxicity is not acceptable.

Taking into consideration the above, this study selected to use MEA solution. The appropriate
concentration of MEA in the solution is 30 wt%, as used is most of the studies conducted on
CO; absorption in a packed column [24-26] . In the study done by Setameteekul et al.(2008),
the increase in MEA concentration at low temperature of 30°C resulted in low increment of
mass transfer coefficient, which is due to low spreading ability in the packing surface [27] .
Thus, this study will be conducted with 30 wt% MEA, as selected solvent.

CO; handling and storage

This section has not been modelized. A typical ship-based Liquefaction process contains a 1 or
2-stage compression (space limitations). Flash columns and dryer purify CO2 for
condensation. CO; is stored near the triple point (-57°C, 6.5 bar) . The row for the liquefaction
of CO; is shown in figure 4.4.

n : ) - ' h» ’ e O = m—

Figure 4.4: Liquefaction section design.
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5 Onboard integration and vessel system

5.1 CCS energy demands
Cooling Tower and Blower Integration

The cooling tower cools the flue gas, so as to achieve the optimum absorption capacity. The
tower treats the flue gas right after the WHR system, so the entry temperature is known, as
well as the desirable exit temperature which is the same of the absorber entry gas
temperature. Studies imply that the optimum gas entry temperature into the absorber in the
range of 70-90°C [14, 28-31].

The energy penalty of the cooling tower arises when the total output of the pump and the
cooler is calculated. Industrial catalogues [53] were used to estimate the output of the coolers,
taking into account the intended decrease of gas temperature and their inflow. The equations
used for the pump and blower output calculation are illustrated below figure 5.1, where the
position of the variables in the gas and water stream is given:

M
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Figure 5. 1: Pre-processing system and variables.
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The cell ‘Flue gas to funnel’ refers to bypass case, where ME load exceeds the design ME load.
Tinwand Tinp are design characteristics of the pre-processing system. Regarding liquid to gas
(L/G) ratio, a study which analyzed a range between 0.75 and 2.25, implies that the optimum
L/G ratio is in the range of 1.25 to 1.5, as figure 5.2 demonstrates [32].
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Figure 5.2: Effect of L/G ratio (Thermal and Exergy Analysis of Counter Flow Induced Draught Cooling Tower,2015)
[32].

In this study a L/G ratio of 1.35 will be used. In terms of sizing, this study used the methods of
Cornell and Onda, as illustrated in Chemical Engineering Design book [21]. Although these
methods are mainly used for packed columns, Chen and Chia [33] mentions that direct-
contact coolers between gas and liquid are designed along the same lines as gas absorbers.
The widely used structured packing for absorption applications and cooling towers of
Mellapak 250Y was selected [14, 15, 29, 34]. Taking into consideration both methods the
diameter and the height was estimated for each ME load.

Absorber and Stripper

Absorber with a chemical reaction is a present-day commercial gas absorption process. MEA
will be the solvent that is going to react to CO,. Studies imply that the optimum temperature
for the entering solution of MEA is 40°C, while gas enters absorber in the range of 70-90°C.

Regarding the loading of lean and rich solution, this study took into account similar studies
[29, 30, 34, 37-39] and used an average CO, loading of 0.45 mol/mol for rich solution and 0.26
mol/mol for the lean solution. The heat capacity of MEA was calculated through the below
equation as [35,36] imply:
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Where:

Heat capacity of MEA solution

Temperature in Celsius

mass fraction of MEA or weight percent MEA
CO; loading (molCO,/molMEA)

The L/G ratio of exhaust gas and MEA solution system inside the absorber varies from 1.26 to
1.62. In all ME loads the ratio is above 1, which means that the amount of solvent is sufficient
and bulge will not appear at the top of the absorption section [30]. Furthermore, the L/G ratio
is well below 2 and thus the important increase of reboiler duty (with no corresponding results
in CO, reduction) is avoided [40]. As for the efficient nominal MEA make-up, [41] implies that
1.5 kg is required for the absorption of 1 ton of CO2.

The efficiency of the absorber (carbon absorption) depends from the number of stages,
mMGm/Lm factor and y1/ya:

e m = (mole fraction in vapor) / (mole fraction in liquid)
e Gmn=molar gas flow rate per unit cross-sectional area
e Ly =molarliquid flow rate per unit cross-sectional area

e y; and y,: the mol fractions of the solute in the gas at the bottom and top of the
column, respectively

This study selected a carbon capture rate of 99% in the absorber. A percentage of 100% would
not be feasible, as many Nog (hnumber of stages) are required (resulting in a very big absorber
height). The optimum solution for the design problem of the absorber arises when mGn,/Lnis
as high enough to favor stripper without significantly increasing the number of stages needed
in the absorber.

The structured packing type of Mellapak 250Y was selected for the absorber as well. Following
the same methods as for the cooling tower (Onda’s and Cornell’s), diameter and height was
calculated.

Target pressure drop should lead to a satisfactory flooding at selected diameter. Pressure drop
was verified with Robbin’s and GPDC method from Perry [22] and Onda’s method from
Chemical engineering design [21] resulting in a result close enough to the target pressure
drop.

As studies imply [17, 29, 30] the rich solution enters the stripper at about 120°C. Stripper
needs 2 less Nog than absorber. The type of packing will be the same as the absorber while
the same approach was applied for pressure drop and sizing.

Reboiler

Stripper’s reboiler duty is to regenerate the MEA solution at the bottom of the stripper
column. The heat needed comes from a burner of heavy fuel oil (HFO-calorific value 42.7
MJ/kg) with high efficiency (97%). The free CO; is produced at the top of the stripper column
as a gas. The thermal demand is calculated through the gaseous CO, produced and the specific

32



reboiler duty of the stripper. Considering that an advanced stripper will be used, its’ duty is
2.9 MJu/kgCO, [54-57].

Carbon capture

The challenge in Carbon Capture integration was to calculate the design characteristics of the
cross HEX, while achieving the intended conditions in terms of temperature, efficiencies and
ratios. The model calculates the UA of the HEX through iteration to the target temperatures.
The equations and all the variables that were used can be found below, as well as a figure
which illustrates the position of the main variables. Regarding the Coolers’ and Pumps’
demand, the same equations as the pre-processing section were used. In figure 5.3 the
position of the variables is given:
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Figure 5.3: Carbon capture system and variables.
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Liquefaction Integration

As mentioned above, the liquefaction section has not been modelized. Although, the energy
penalty for the liquefaction of CO; is significant and thus is included in the calculations. A
comparison of the energy consumption for CO, compression process alternatives implies that
a 1-stage compression requires 130 kWh/tCO, for liquefaction [43]. This estimation was used
in this study as space limitations will be a challenge in a marine based CCS system.

Integration results

In table 5.1, the results of the integration are illustrated. The results describe the performance
of the system for different carbon capacities, supposing that the vessel is moving with a
consistent ME load which will be her design load. As described in previous section, the design
load is the load where the CCS system is capable of capturing maximum CO; possible for the
given capacity, so no bypass and no part loads are taken into consideration. Figure 5.4
illustrates the electricity demand and reboiler duty with variation on design ME load, while
figure 5.5 demonstrates CO; captured and total extra fuel with variation on design ME load.

Table 5.1: Integration results

Design ME load 75% 65% 60% 55% 50% 45% 30% %
Output 18015 15613 14412 13211 12010 10809 7206 kw
Gas flow 144.3 130.8 123.9 116.7 109.4 101.9 78.4 tn/hr
CO; in exhaust 6.92% 6.73% 6.60% 6.45% 6.28% 6.09% 5.40% w/w
CO; captured 9.89 8.71 8.09 7.45 6.80 6.14 4.19 tn/hr
Heat duty 4638.4 4087.7 | 3795.9 | 3496.2 | 3190.9 | 2894.8 1965.8 kw
Electricity demand 2661.6 2346.9 | 2185.7 | 2022.6 | 1858.8 | 1696.7 | 1,209.94 kw
Steam Generator 865.4 703.7 630.3 561.7 497.8 438.4 285.15 kW
Extra fuel-electricity 16.43 13.08 | 11.48 9.94 8.49 7.14 3.73 tn/day
Extra fuel-reboiler 9.68 8.53 7.92 7.29 6.66 6.04 4.1 tn/day
Total extra fuel 26.11 21.61 19.40 | 17.24 | 15.15 | 13.18 7.83 tn/day
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Figure 5.4: Electricity demand and reboiler duty with variation on design ME load.
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Figure 5.5: CO2 captured and total extra fuel with variation on design ME load.

5.2 ME, AE and reboiler

The CCS model uses seven technical specifications that have variation on ME load. Thus, for
each ME load there is a unique set of technical data that will be used in the evaluation of the
performance of the CCS model. The data regarding the ME and AE (except from CO; content
%w/w which was calculated through IMO Cf=3.206) of ME loads of 25%,50% and 75% are
taken from IMO NOx technical file of the reference ship while loads of 40% and 65% were
calculated through iteration. The following equations describe each technical specification as
a function of ME load:
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Five different Loads (25%,40%,50%,65%,75%) with their main characteristics are illustrated in
table 5.2. Main engine power % and output (kW), exhaust gas flow (), temperature of exhaust
gas (), specific fuel oil consumption (SFOC) of diesel generators (DG) and ME, CO, content
%w/w (con) in flue gas, uncorrected Fuel oil/day consumption can be found in Table 5.2,
Figure 5.6 describes the SFOC of ME while figure 5.7 demonstrates the CO, content in the flue

gas.

Table 5.2: Basic technical data for each ME load.

ME Power 75% 65% 50% 40% 25% %
ME Output 18015 15613 12010 9608 6005 kw
Exhaust Gas Flow 40.08 36.35 30.39 26.19 19.52 kg/s
Temperature of Ex.Gas | 467.80 464.74 460.65 458.25 455,15 K
SFOC - DG 245.00 247.00 250.00 257.00 265.00 gr/kWh
%w/w CO2 6.92% 6.68% 6.28% 5.93% 5.12% %
SFOC - ME 163.1 164.83 168.3 171.19 176.4 gr/kWh
Fuel oil/day (ME) 70.50 61.83 48.51 39.40 25.42 tons
185
150 SFOCy;=-1.6L72+260.41+27.8 gr/kWh
= ",
2 s =
S~
&
) “e.,
L 170 -
‘
T N S ...
...... .
160
0% 10% 20% 30% 40% 50% 60% 70% 80%
Load %

Figure 5.6: SFOC of ME with variation on ME load.
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Figure 5.7: CO2 content %w/w with variation on ME load

5.3 WHR
Preheater

The preheater heats up the feed water close to saturated water temperature (below
saturating temperature to avoid evaporation in preheaters’ tubes) by gaining heat from the
low-temperature flue gas. It is located in last part of WHR where the exhaust gas has the
lowest temperature. The difference between the water exit temperature of the preheater
(which is the same as the evaporator entry temperature) and the saturated water
temperature is usually termed approach temperature difference. The pressure of water that
gets in the preheater plays crucial role in msteam production. Low pressure results in high steam
production.

Evaporator

The evaporator further heats up the feedwater coming from the preheater up to the proper
saturated water conditions and evaporates the entire mass flow to saturated steam, providing
energy equal to the latent heat of the water. The gas temperature is higher than that of
preheater. Gas enter evaporator with the temperature of the exhaust gas.

Steam generator

Evaporator delivers the steam to a steam generator for electricity production. The electricity
gained from the heat of the exhaust gases eases the additional electricity need due to CCS
system. Steam generator is considered to be advanced to achieve high efficiencies.

To examine the results of such an energy saving system, mathematical modeling is necessary.
The equations and all the variables that were used can be found below, as well as figure 5.8
which illustrates the position of the main variables.
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Figure 5.8: WHR system and variables.
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Regarding the units, they are counted in metrics as table 5.3 defines:

Table 5.3: Units

Q (power)
T (temperature)
h(enthalpy)
Cp(specific heat capacity)

(mass flow)

P(temperature difference)

The model was based on degrees of freedom. We have 10 equations with 18 variables, so 8
inputs are needed to have the system solved. From the 8 inputs we already know 6 and the
other 2 are given as design characteristics of the WHR system. The results of the modeling of
WHR are pictured in figure 5.9. The gain of electricity is for the design ME load, meaning that
for each carbon capacity the gain of electricity is for the matching design ME load.

950,0
850,0
750,0
650,0
550,0

450,0

Qelectric (kW)

350,0
250,0

150,0
25% 35% 45% 55% 65% 75%

Design ME load

Figure 5.9: WHR performance with variation on ME load.

5.4 Cll

To set the objective of Cll reduction, the Cll of the case vessel should be calculated, following

the guidelines that IMO suggests [44]. For a defined group of ships the reference line is
formulated as follows:
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Where Cll. is the reference value of 2019, Capacity is the DWT (deadweight) of the vessel,
while a and c are parameters estimated through regression fits, taking the attained CC and
the capacity of individual ships collected through IMO DCS in year 2019 as sample. All values
used for the calculation of the Cll and the Cll itself are illustrated in table 5.4:

Table 5.4: Values used for Cliref calculation.

Ship type

Capacity

a

C

Cllye

Tanker

300000

5247

0.610

2.39

The attained annual operational Cll of individual ships is calculated as a ratio of the total
mass of CO, (M) emitted to the total transport work (W) undertaken in a given calendar
year, as follows [45] :

e Mis calculated by multiplying the total mass of consumed fuel oil, HFO (heavy fuel

oil) in our case, with IMO conversion factor C.

e Wi is calculated by multiplying the total distance travelled in a given calendar year
with its DWT.

e No correction factors are applied.

All values used are illustrated in table 5.5:

Table 5.5: Values for attained Cll calculation.

CF

Nautical miles

M (tons)

w

attained Cll

3.206

70523

43372.6

~2.12*10712

2.05

In maritime there are possible scenarios regarding the Cll reduction over the years. The most
well-known and prevalent are the annual Cll reduction of 2% and the zero emission till 2050
scenario. This study will make its’ estimations and the calculations taking into consideration
the toughest to achieve. The different colored areas at figure 5.10 below represent the rating
of the vessel compared to the required Cll for zero 2050 scenario, as IMO suggests [46]. The
red line pictures the current Cll of the vessel, which will not be compliant with IMO regulations

at 2027.
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Figure 5.10: Current case ship Cll and IMO ClI reduction scenario of zero emissions till 2050.

5.5 Technoeconomic model

To evaluate the economic feasibility of carbon capture system, the total annual cost (TAC) is
divided with the total CO; reduction in the year-round operational profile of the reference
ship. TAC is calculated by annualized capital expenditure (ACAPEX), fixed operational
expenditure (FOPEX), and variable operational expenditure (VOPEX) as equation below
defines:

A preliminary cost estimation considering all machinery required for the CC system follows.
Chemical engineering design [21] provides a function with its parameters for different
equipment that calculates the cost of each part, having as an input its capacity. Multiplying
the capital cost with the installation factors proposed by Hand, a total economic overview of
the CC system is given. For the liquefaction process, rapid cost estimation has been applied,
as this study doesn’t estimate capacities for liquefaction machinery. This method was
conducted considering similar liquefaction applications [47-51].

ACAPEX is calculated by multiplying CAPEX with capital recovery factor (CRF). CRF is a function
of economic life of the plant and the interest rate. In this study we assume an economic life
of 25 year and an interest rate of 8%.
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FOPEX includes long term service agreement costs, overhead cost, operating and
maintenance cost (O&M) and other costs fixed for the plant no matter if it is running at partial
or full load or shutdown. FOPEX can be easily estimated as the 3% of the CAPEX.

VOPEX includes the cost of electricity consumption for pumps, blower, compressors, the cost
of heat for solvent regeneration, the cost of cooling utilities and the cost of MEA solvent make-
up. In previous section extra fuel requirements have been analysed for the 320-day
operational profile of the ship. The current price of MDO is about 650S/ton. The current price
of MEA is 2.35/kg [52] while [41] implies that 1.5 kg of MEA is required for the absorption of
1 ton of CO,. Table 5.6 illustrates the basic economic elements for the evaluation of the
investment that will be done for each carbon capacity in the next section.

Table 5.6:Elements for economic evaluation

Interest rate 8%

Economic life of plant (years) 25

CRF 0.094
MDO (S/T) 650.00
kg MEA / ton CO2 1.5
MEA (S/kg) 2.3
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6 CCS application study

6.1 Load dependent CCS performance

In this subsection the CCS performance for a given capacity will be investigated. The
investigation will start from onboard integration detailed calculations in each stream section
of the CCS system, and will conclude to the economic aspects of the selected carbon capacity.
The carbon capacity that will be analysed belongs to design ME load of 65%.

WHR performance

In table 6.1 and figure 6.1, the performance of the WHR when having design ME load is
given, while figure 6.2 illustrates a random part-load performance of 26% (0.4xDesign ME
load), when the capture capacity is designed for ME load of 65%. All calculations have been
done with the method described in section 5.3. The names of the variables remain the same.

Table 6. 1: Characteristics of heat exchangers — WHR design ME load.

Q (kw) UA (kW/K) LMTD (K)
Preheater 157 4.8 32.57
Evaporator 1122 65.92 17.02
Towrg 434.25 t T, 358.15
(. 497.3358 P, 7
CPorg 1.145 gy 357.7
Cp, 4201
PREHEATER
Tingr 438.0 Tor 428
Pinar 502.1 o 7
CPingr 1.146 g 653.4

EVAPORATOR _ 10.0

T 26474 T., 438
he 536.5087 P, 7
Cp.s 1154 he, 2762
m, | 33 m., 0.53

Qrotal | 1279.38

Figure 6.1: WHR performance for design ME load of 65%.
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CPuse | 1146014 | h, 3577
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PREHEATER
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g 5038 = 7
Chngr 1.1467 h, 653.4

EVAPORATOR 47779522
Tig 45534 Te 438
Flo 524.3683 Pe 7
CPing 1.151601 h.., 2762

m. | 18 m. 0.234

Q 561.63248

Figure 6.2: WHR performance for ME load of 26% for carbon capacity of 65%.

Pre-processing performance

The mathematic approach is described in section 5.1. Figure 6.3 illustrates the detailed numbers of pre-
processing performance for the design ME load of 65%, while figure 6.4 is for the part-load of 26% of
ME load.

_ 36,35 o | 509,27

Toms 350,00 I

[Cold flue gaz to urnel | 0.00]
coolfing Tower Tiew 32315
H 5.00 Mo 43.07
u] 250
Cooling
tower
1716
T 7
M omy 36.35
L 434.25
Bt it 43734

o 340,31
Mo 43.07

Figure 6.3: Pre-processing performance at design ME load of 65%.
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Figure 6.4: Pre-processing performance at part load of 26% with carbon capacity design of 65%.

Carbon capture performance

The mathematic approach is described in section 5.1 as well. Figure 6.5 illustrates the detailed numbers
of carbon capture performance for the design ME load of 65%, while figure 6.6 is for the part-load of
26% of ME load.

Mo s 33.93 Moe, 59.60
Toss 323.0 Tons 309.7
Pors 355.3 4 |hes 1067.9
%w/wco2 | oors sw/wecoz2|  2.06%

20180.5 4084
Absorber Column 735 4493
Height 11 98.7 141
Diameter 2 53.0
Stripper Column
Height 7
Diameter| 2
[ 36.35
Ta 350 Cooler Tag 4080
Ny 385 | 1306.2
%w/w €02 6.73%
M 57.18
T 313.0
h, 1079.1

Figure 6.5: Carbon capture performance at design ME load of 65%.
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Figure 6.6: Carbon capture performance at part load of 26% with carbon capacity design of 65%.

Capex estimation

The methodology for the Capex calculation is described at section 5.5. Table 6.2 contains

analytic cost estimation as Chemical engineering design proposes [21]. Variables, , n and
installation factor () are different for each mechanic part of the CCS system, while S stands
for the main design characteristic of the part. The formula for the cost calculation is defined

below:

Table 6.2: Analytic CAPEX estimation.

Equipment No S a b n Installation Factor C
Evaporator 1 329.62(m?2 17000 13500 0.6 3.5 S 1,548,829
Preheater 1 23.99 10000 88 1 3.5 $ 17,388
Cooling Tower 1| 49.06656|L/s 61000 650 0.9 4| S 147,433
Absorber 1]  34.5576[m3 0 3200 1 4 S 442,337
Stripper 1] 21.9912m3 0 3200 1 4 s 281,487
Preprocessing&Ca |Coolers 2| 1825.8533|kwW 4900 720 0.9 25| S 1,555,829
pture Cross HEX 1 1173.51|m2 10000 88 1 3.5 $ 371,442
Blower 1| 124613.49(m3/h 4200 27 0.8 2.5 $ 809,126
Pumps 3| 165.84288|L/s 3300 48 1.2 4 S 91,799
Boiler 1 5400(kg/h steam 4600 62 0.8 2| S 124,643
Tank 1 1581|m3 53000 2400 0.6 3|8 650,987
Stream Turbine 1 1279.38|kw Cost Estimation Through Diagram 3| $ 426,342
Dryer 1
Liquefaction Condenser 1 Rapid Cost Estimation S 2,298,347
Flash 2
Compressors 2
Intercoolers 2
s 8,765,987
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6.2 Annualization

In order to evaluate the best performance, the operational profile of the vessel will be
matched-up with the CC system. Different capacities will be evaluated so as to converge to
the optimum design. Below, the operational profile of the case ship is given (table 6.3). This
table contains various parameters related to the operation of a ship in different modes
(sailing, manoeuvring, harbour, loading, unloading). The data includes the condition of the
ship (Ballast or Laden), the mode of operation, the condition of the port (Harbour or At Sea),
the log speed (in knots), average main engine power (in kW), average electrical power (in kW),
average main engine load (as a percentage), average fuel oil flow for auxiliary boiler (in kg/h),
and percentage of time spent in a specific sailing mode. For example, the first row describes
the ship when it is in Ballast condition, sailing in Port, in Harbour condition, with log speed of
0 knots, and with no main engine power or load. However, there is some electrical power
consumption of 689.1 kW, and some fuel oil flow for the auxiliary boiler of 0.04 kg/h.
Additionally, the ship spent 3.75% of the time in this specific sailing mode.

Table 6. 3: Detailed operational profile of case ship.

%Time
Average Average | in
Average of of Elec Average | of boiler | specific

Condition Condition LOG ME Power power of ME FO Flow | sailing
B/L Sailing mode port Speed(kn) | (kW) (kw) Load % | (kg/h) mode
Port Harbour 0 0.0 689.1 0% 0.04 3.75%
Port Loading 0 1.6 896.6 0% 244.53 1.42%
Manoeuvering | At Sea 1 1807.7 887.3 8% 0.08 0.13%
Manoeuvering | At Sea 2 3826.9 837.5 16% 15.54 0.11%
Manoeuvering | At Sea 3 6112.7 751.9 25% 0.35 0.15%
Manoeuvering | At Sea 4 1226.6 769.1 5% 0.92 2.56%
Manoeuvering | At Sea 5 1401.1 774.5 6% 0.73 2.11%
Manoeuvering | At Sea 6 1958.6 830.2 8% 0.02 2.11%
Manoeuvering | At Sea 7 3892.7 852.6 16% 8.25 0.40%
At Sea 8 4943.8 847.5 21% 1.28 0.89%

At Sea 9 4910.8 843.2 20% 0.20 4.35%

At Sea 10 6745.8 899.8 28% 3.02 1.86%

At Sea 11 8506.9 861.7 35% 7.52 2.78%

At Sea 12 10324.4 807.6 43% 28.67 9.03%

At Sea 13 11147.1 765.1 46% 28.42 3.85%

At Sea 14 13448.1 805.3 56% 67.53 1.76%

At Sea 15 15218.0 848.8 63% 0.00 1.34%
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%Time
Average Average | in

Average of of Elec Average | of boiler | specific
Condition Condition LOG ME Power power of ME FO Flow | sailing
Sailing mode port Speed(kn) | (kW) (kw) Load % | (kg/h) mode
At Sea 16 17458.5 829.1 73% 0.00 1.72%
At Sea 17 18027.3 859.7 75% 0.00 0.06%

Laden Port Harbour 0 0.5 816.4 0% 4.77 10.97%
21 Laden Port Unloading | O 0.0 1095.9 0% 1900.90 | 0.77%
22 Laden Manoeuvering | At Sea 1 3462.8 871.4 14% 12.87 0.13%
23 Laden Manoeuvering | At Sea 2 2469.1 872.6 10% 9.91 0.08%
24 Laden Manoeuvering | At Sea 3 2484.6 888.0 10% 11.27 0.04%
25 Laden Manoeuvering | At Sea 4 5041.7 874.9 21% 13.30 0.02%
26 Laden Manoeuvering | At Sea 5 5942.4 844.8 25% 3.78 0.11%
27 Laden Manoeuvering | At Sea 6 6034.6 853.9 25% 4.52 0.20%
28 Laden Manoeuvering | At Sea 7 7564.6 858.0 31% 3.66 0.34%
29 Laden At Sea 8 9303.1 726.5 39% 2.36 0.53%
30 Laden At Sea 9 8780.3 749.5 37% 3.61 0.75%
31 Laden At Sea 10 11246.2 759.2 47% 7.83 3.38%

32 Laden At Sea 11 12613.4 765.9 53% 3.71 18.77%

33 Laden At Sea 12 12188.4 749.1 51% 12.39 12.44%
34 Laden At Sea 13 14475.6 787.4 60% 13.63 6.38%
35 Laden At Sea 14 15645.4 766.5 65% 9.50 4.67%
36 Laden At Sea 15 15654.3 767.0 65% 0.21 0.04%

For each CCS capacity, the following technical specifications must be calculated:

e CCS status: The amount of CO, captured as a percentage of the CC system capacity
(see Appendix Algorithms).

e Capture rate: The exhaust gas flow driven to the CC system for treatment as a
percentage of the overall exhaust gas flow.

e ME emissions without CCS.
e ME emissions with CCS (see Appendix Algorithms).
e CCSreboiler demands (see Appendix Algorithms).

e CCS electricity demands (see Appendix Algorithms).
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e AE load corrected and no of AE used: The load to cover the overall electricity
demands and corresponding number of AE.

e Nautical miles in each operational condition.
e ME fuel oil consumption: Already know by vessel data.

e AE fuel oil consumption: new calculations due to extra electricity demands of CCS
system.

e Boiler fuel oil consumption: new calculations due to extra demands of CCS system.
e Overall CO; emitted.

All FO consumptions (ME, AE, Boiler) were calculated by using a polynomial equation which
calculates the consumption as a function of ME load. The equations for ME and AE were
illustrated in section 5.2 while, the equation for reboiler follows below:

The algorithms used for some technical specifications above are described in the last section
of this study. The emissions were calculated through IMO Cf=3.206.

The main results of the calculations explained above are shown in table 6.4.

Table 6. 4: Main results of annualization for each carbon capacity.

Design ME load 30% 45% 50% 55% 60% 65% 75%
Cll with CCS 1.49 1.24 1.17 1.15 1.14 1.13 1.15
Days/year 320

nm 70523

ME fuel tons/year 12279.5
AE fuel tons 4372.8 5613.2 5971.1 6226.3 6378.9 6460.1 6613.8
Reboiler fuel tons 1730.9 1800.3 1789.3 1790.6 1793.1 1780.8 1814.4
FO _CCS tons/year 18383.2 | 19693.0 | 20039.9 20296.4 | 20451.5 | 20520.4 | 20707.7
FO_noCCS tons/year 15896.57

FO Increase % 13.53% 19.28% 19.28% 21.68% 22.27% 22.53% 23.23%
FO Increase tons/year 2486.7 3796.5 4143.4 4399.8 4555.0 4623.9 4811.1
CO; tons

reduction/year 19433.3 | 24754.1 | 26125.7 26686.9 | 26895.8 | 26995.2 | 26561.7

The performance of the CCS system over the vessel trade pattern is described for different
capacities in the table above. Despite having a generic view of the performance of the CCS
system, there are no data for the economic evaluation of the carbon capacities to investigate
the optimum one. Table 6.5 contains economic calculations for each carbon capacity with the
equivalent CII. Figures 6.7 and 6.8 demonstrate the CAPEX and OPEX with variation on design
ME load correspondingly, while figure 6.9 shows a comparison between CO; reduction and
cost per CO, reduction with variation on carbon capacity. The formula used for the calculation
of the economic elements is described in section 5.5.
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Table 6.5: Economic evaluation for each carbon capacity.

Capacity of CCS
system 30% 45% 50% 55% 60% 65% 75%
CAPEX (S) 5,831,563 | 7,154,775 7,511,116 7,940,659 8,359,464 8,765,987 | 9,497,674
ACAPEX (S) 546,294 670,251 703,632 743,871 783,104 821,187 889,730
FOPEX (S) 174,946 214,643 225,333 238,219 250,783 262,979 284,930
MEA/year (S) 67,045 115,316 123,969 128,732 131,149 132,348 132,668
VOPEX (S) 1,616,325 2,467,693 2,693,185 2,859,887 2,960,728 | 3,005,503 3,127,209
TAC(S) 2,337,566 | 3,352,587 | 3,622,151 | 3,841,978 | 3,994,617 | 4,089,670 | 4,301,870
CO;
reduction/year
(tons) 19,433.3 24,754.1 26,125.7 26,686.9 26,895.8 26,995.2 26,561.7
CO;
captured/year
(tons) 24,058.0 33,425.0 35,933.1 37,313.6 38,014.3 38,361.7 38,454.3
S/ton CO2
(decrease in
total emissions) 120.29 135.44 138.64 143.96 148.52 151.50 161.96
Cll with CCS 1.490 1.239 1.174 1.147 1.138 1.133 1.153
$10.000.000
$9.500.000
$9.000.000
$8.500.000
& $8.000.000
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O
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Figure 6.7: Capex with variation on design ME load.
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Figure 6.9: Comparison between CO2 reduction and cost per CO2 reduction with variation on carbon capacity

At Figures 6.7 and 6.8 it can be observed that the capital expenditure and variable operating
expenditure increase proportionally with the increase in carbon capacity. Additionally, the

fixed operating expenditure which is expressed as a percentage of CAPEX, also shows an
increasing trend.

However, when considering the overall CO, reduction, it is noteworthy that a peak is observed
in the curve with respect to variations in capture capacity, specifically the design ME load. In
Figure 6.9 this observation is clear, as CO; reduction is compared with cost per CO, reduction.
This inference suggests that a certain optimal point exists in terms of carbon capture capacity
beyond which increasing the capacity would not result in significant benefits, while incurring
higher costs in terms of CAPEX, VOPEX, and FOPEX. Therefore, careful consideration and
analysis of the associated costs and benefits are crucial in determining the appropriate level

of carbon capture capacity to achieve a balance between the desired reduction in CO,
emissions and the associated economic feasibility.
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6.3 Investigation on optimum capacity

The Cll with CCS at different capture capacities is calculated, as shown in Figure 6.10. To ease
the presentation of results, we associate the capture capacity to an equivalent ME load (each
capture capacity equals the CO; in the exhaust flow of a specific engine load). The observed
plateau of the curve with CCS indicates the counteracting effects of CO, capture and total fuel
consumption, over the total emissions of the vessel with CCS. The higher the CCS system size,
the higher the consumptions and, thus, the ability of the CCS system to clean all emission
stream. Furthermore, we observe that the variation with the load is low. This is because the
vessel operates mostly at low speeds, as it was shown in Table 6.3 and, therefore, from an
engine load and on, any increase in the capture capacity does not affect the capture potential
and the effect on CII. Figure 6.11 shows the regulatory lifetime extension of the vessel with
variation on design ME load of the CCS system.

—e—Cll with CC ——ClIl without CC

2,000

1,800

1,600

1,400
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1,200
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0,800
25% 35% 45% 55% 65% 75%
Design ME load of CCS system

Figure 6.10: CIl with CCS, with variation on design ME load
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Figure 6.11: Regulatory lifetime extension with CCS, with variation on carbon capacity
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The parametric analysis indicates that the optimum capture capacity in terms of Cll reduction
belongs to design ME load of 65%. The Cll decreases by 44.7% (from 2.05 to 1.13) with a
corresponding reduction of CO, of 26995 tons. This design secures a lifetime extension of 14.2
years if we consider the zero-50 scenario and an extension of 24.3 years if we consider the 2%
Cll reduction annually as figures 6.12 and 6.13 illustrate. Although, the Fuel oil consumption
increases by 23% (from 15897 to 20520 tons). The economic aspect of the CCS system is crucial
for the shipowners and thus investment analysis will follow in the next section. Despite the
fact that the design ME load of 65% has the best performance in Cll reduction there may exist
other designs more economically beneficial if costs of fuel, biofuel to be compliant with IMO

regulations in the whole vessel lifetime, capex and opex are counted in.
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Figure 6.12: Lifetime extension for zero-50 scenario
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Figure 6.13: Lifetime extension for 2% scenario

Net present value estimation — Scenario 1; 2% reduction annually

Both scenarios regarding the Cll reduction will be taken into consideration, as there is a big
variation between them. For the NPV calculation there have been accounted the following:

a. The total annual cost (TAC) as shown in table 6.5 and described in section 5.5.

b. The fuel Operational expenditure (OPEX) based on a price of 6505/ton conventional
Marine Diesel Qil (MDO), for the years where the Cll is below Cll.. (cells colored with
light green in tables below). The regulatory lifetime extension per capture capacity is
shown in Figure 6.11. The fuel tons per year, based on which the fuel cost is estimated,
are shown in table 6.4.

c. The fuel OPEX of the combination of biofuels and CCS to ensure that the Cll is below
Clliet. We assume that the biofuel price is twice the price of conventional MDO. The
share of biofuels into the fuel mix is analogous to the necessary emissions reduction
to achieve a Cll equal to Cll,. The biofuels are green (no carbon footprint) and the
CCS system will be out of use during the time that biofuels are used.

d. The NPV calculation represents the NPV of the total costs of owning and operating
the carbon capture system.

Tables 6.6-6.8 demonstrate the %biofuel use of total fuel, the sequent tons of biofuel
and the extra cost due to biofuel use correspondingly. Table 6.9 contains the
calculation of the cashflows for each carbon capacity, while figure 6.14 illustrates the
results from table 6.9. Scenario 1 will be referenced as 2%.
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Table 6.6: % biofuels use of total fuel for each reference year with variation on design ME load. Scenario 2%.

%Biofuel use of total fuel
Ref.
year Cllres 30% 45% 50% 55% 60% 65% 75%
2039
2040 1.46 2.1%
2041 1.41 5.3%
2042 1.36 8.5%
2043 1.32 11.7%
2044 1.27 14.9%
2045 1.22 18.1% 1.5%
2046 1.17 21.3% 5.4% 0.1%
2047 1.12 24.5% 9.2% 4.2% 2.0% 1.2% 0.7% 2.5%
2048 1.08 27.8% | 13.1% 8.3% 6.2% 5.4% 5.0% 6.7%
2049 1.029 31.0% | 17.0% | 12.4% | 10.3% 9.6% 9.2% | 10.8%
2050 0.981 34.2% | 20.8% | 16.4% | 14.5% | 13.8% | 13.4% | 15.0%
Table 6.7:Usage of biofuel in tons for each reference year with variation on design ME load. Scenario 2%.
Biofuel tons
Ref. year 30% 45% 50% 55% 60% 65% 75%
2039
2040 381
2041 971
2042 1561
2043 2152
2044 2742
2045 3332 296
2046 3922 1057 28
2047 4512 1817 845 406 236 152 519
2048 5103 2578 1662 | 1253 1096 1019 1378
2049 5693 3339 2479 | 2099 1956 1886 2237
2050 6283 4099 3295 | 2946 2816 2752 3096
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Table 6.8: Total extra cost due to biofuels use with variation on design ME load. Scenario 2%.

Overall Extra cost (Biofuel=2xMDOS)

Ref year 30% 45% 50% | 55% 60% 65% 75%
2039
2040 0.21
2041 0.55
2042 0.88
2043 1.21
2044 1.54
2045 1.87 0.17
2046 2.20 0.60 0.02
2047 2.54 1.03 048 | 0.23 0.13 0.09 0.30
2048 2.87 1.46 095 | 0.71 0.63 0.58 0.79
2049 3.20 1.90 1.41 | 1.20 1.12 1.08 1.28
2050 3.53 2.33 1.88 | 1.68 1.61 1.57 1.77

Table 6.9: NPV detailed calculation for scenario 2% with annual cashflows of reference years and variation on

design ME load.

Carbon capacity 30% 45% 50% 55% 60% 65% 75%

Year after Cashflows (mS$)

investment
1 2.34 3.35 3.62 3.84 3.99 4.09 4.30
2 2.34 3.35 3.62 3.84 3.99 4.09 4.30
3 2.34 3.35 3.62 3.84 3.99 4.09 4.30
4 2.34 3.35 3.62 3.84 3.99 4.09 4.30
5 2.34 3.35 3.62 3.84 3.99 4.09 4.30
6 2.34 3.35 3.62 3.84 3.99 4.09 4.30
7 2.34 3.35 3.62 3.84 3.99 4.09 4.30
8 2.34 3.35 3.62 3.84 3.99 4.09 4.30
9 2.34 3.35 3.62 3.84 3.99 4.09 4.30
10 2.34 3.35 3.62 3.84 3.99 4.09 4.30
11 2.34 3.35 3.62 3.84 3.99 4.09 4.30
12 5.54 3.35 3.62 3.84 3.99 4.09 3.84
13 5.87 3.80 3.62 3.84 3.99 4.09 4.59
14 2.34 3.35 3.62 3.84 3.84 3.84 3.84
15 2.55 3.35 3.62 3.84 3.84 3.84 3.84
16 2.88 3.35 3.62 3.84 3.84 3.84 3.84
17 3.22 3.35 3.62 3.84 3.84 3.84 3.84
18 3.55 3.35 3.62 3.84 3.84 3.84 3.84
19 3.88 3.35 3.62 3.84 3.84 3.84 3.84
20 4.21 3.52 3.62 3.84 3.84 3.84 3.84
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Carbon capacity 30% 45% 50% 55% 60% 65% 75%
21 4.54 3.95 3.64 3.84 3.84 3.84 3.84
22 4.87 4.38 4.10 4.07 3.98 3.93 4.14
23 5.21 4.82 4.57 4.56 4.47 4.42 4.63
24 5.54 5.25 5.03 5.04 4.96 4.92 5.12
25 5.87 5.68 5.50 5.52 5.45 5.41 5.61

NPV(mS) 85.77 91.75 95.28 99.87 101.52 |102.59 |105.99

110,00
105,00
100,00
o«
£ 95,00
>
o
=2
90,00
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25% 35% 45% 55% 65% 75%

Design ME load

Figure 6.14: NPV with variation on design ME load. Scenario 2%.

Net present value estimation — Scenario 2; Zero 50

Scenario 2 will be referenced as zero-50. In table 6.10 the detailed calculation of NPV for
scenario 2 can be found, following the methodology described for scenario 2%. Figure 6.15
shows the cashflows with variation on carbon capacity.

Table 6.10: NPV detailed calculation for scenario zero-50 with annual cashflows of reference years and variation
on design ME load. Scenario zero-50.

Carbon capacity 30% 45% 50% 55% 60% 65% 75%
Year after Cashflows (m$)
investment
1 2.34 3.35 3.62 3.84 3.99 4.09 4.30
2 2.34 3.35 3.62 3.84 3.99 4.09 4.30
3 2.34 3.35 3.62 3.84 3.99 4.09 4.30
4 2.34 3.35 3.62 3.84 3.99 4.09 4.30
5 2.34 3.35 3.62 3.84 3.99 4.09 4.30
6 2.34 3.35 3.62 3.84 3.99 4.09 4.30
7 2.34 3.35 3.62 4.39 3.99 4.09 4.30
8 2.34 3.35 3.62 3.84 3.84 3.84 4.30
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Carbon capacity 30% 45% 50% 55% 60% 65% 75%
9 2.83 3.35 3.62 3.84 3.84 3.84 3.84
10 3.44 3.35 3.62 3.84 3.84 3.84 3.84
11 4.06 3.35 3.62 3.84 3.84 3.84 3.84
12 4.67 4.06 3.62 3.84 3.84 3.84 3.84
13 5.29 4.80 4.58 4.59 4.46 4.46 4.64
14 5.90 5.54 5.36 5.39 5.27 5.27 5.43
15 6.52 6.28 6.15 6.18 6.08 6.08 6.23
16 7.13 7.02 6.93 6.98 6.89 6.89 7.02
17 7.75 7.76 7.71 7.78 7.70 7.70 7.81
18 8.36 8.50 8.49 8.58 8.51 8.51 8.61
19 8.98 9.24 9.27 9.38 9.32 9.32 9.40
20 9.59 9.98 10.05 10.18 10.13 | 10.13 | 10.20
21 10.21 10.72 10.83 10.98 10.94 | 10.94 | 10.99
22 10.82 11.46 11.61 11.78 11.75| 11.75| 11.79
23 11.44 12.20 12.39 12.58 12.55 | 12.55| 12.58
24 12.05 12.94 13.17 13.37 13.36 | 13.36 | 13.38
25 12.67 13.68 13.95 14.17 14.17 | 14.17 | 14.17

NPV(mS) 125.46 | 135.05 137.64 141.77 | 141.61 | 142.25 | 145.03
150,00
145,00
140,00

?

< 135,00

o

2
130,00
125,00
120,00

25%

Figure 6.15: NPV with variation on design ME load. Scenario zero-50.
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6.4 Fuel price sensitivity analysis
Performing a sensitivity analysis on biofuel price is of paramount importance when
considering a future investment in maritime. Biofuel prices can fluctuate significantly due to
various factors such as feedstock availability, production costs, government policies, and
global market dynamics. By conducting a sensitivity analysis, investors can assess the potential
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impact of price variations on the profitability and viability of their maritime ventures. The
following analysis allows for a comprehensive evaluation of the investment's sensitivity to
changes in biofuel prices, enabling better risk management and informed decision-making.
Furthermore, given the long-term nature of maritime investments, understanding the range
of possible price scenarios can help investors devise robust financial strategies, negotiate
favourable contracts, and develop contingency plans. Ultimately, a sensitivity analysis on
biofuel price prediction provides the necessary insights and foresight to navigate the
uncertainties inherent in the biofuel market, ensuring a more prudent and successful
investment. The analysis will be conducted with the following estimations:

Estimation 1: Biofuel price =1.5xMDO Price

110
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NPV (mS)
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25% 35% 45% 55% 65% 75%
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Figure 6.16: NPV with variation on carbon capture, estimation1. Scenario 2%.
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Figure 6.17: NPV with variation on carbon capture, estimation1. Scenario zero-50.



Estimation 2: Biofuel price =3xMDO Price:

120

115

100

95
25% 35% 45% 55% 65% 75%

Design ME load

Figure 6.18: NPV with variation on carbon capture, estimation2. Scenario 2%.
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Figure 6.19: NPV with variation on carbon capture, estimation2. Scenario zero-50.
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7 Conclusions

The thesis presented a method to assess the potential benefits for regulatory compliance with
CCS, subject to the hypothetical assumption that CCS is considered as a decarbonization
solution that could impact ClI.

The scope wat to investigate the impact of a CCS system on Cll and the extra energy
requirements. A mathematical model was developed for a VLCC tanker, with and without CCS,
plus with the option of WHR for additional power production onboard the vessel. The
operational profile of the ship case was linked with the onboard integration to evaluate the
performance of the CCS system in real conditions. It was shown how important the design-
for-trade is for determining the right capture capacity of the CCS system, for minimizing CAPEX
and OPEX and maximizing benefits.

The results indicated that there is significant Cll improvement for all carbon capacities.
Regarding the impact of the CCS system, when it is designed for capacities above 60% of the
main engine load, there is no remarkable improvement on Cll, because of the frequent
presence of vessel’s operation at low speeds. At the same time, CAPEX increases dramatically
after 60%, and fuel OPEX increases above 50%, because of the need of one more generator to
operate the CCS and liquefaction units.

The biofuel price and the decarbonization scenario of IMO are important parameters
regarding the optimum carbon capacity and other possible solutions for CO, reduction.
Currently the TAC of a CCS investment is high, making it hard to be considered an acceptable
solution yet. Improved efficiency and its offshore maturity will lower significantly the
investment cost

The main conclusions of the thesis are listed below:

e Forvessels with a DWT of 300000 tons, that operate mostly at low speeds and
correspondingly low ME loads, the smallest capacity of 30% design ME load has the
best performance overall.

e The CCS system capacity design ME load of 30% reduces Cll by 27.3% (from 2.05 to
1.49), extending the regulatory lifetime by 10.2 years.

e The fuel consumption increases by 13.5%, resulting in an additional CO; production
of 7972 tons.

e The Capex of the plant is estimated at 5.8 million S, while the opex and vopex will
be 1.8 million $ per year.

e To secure compliance till 2048 (lifetime of investment:25 years, zero-50 scenario) a
usage of 4.7% of biofuels is required for the year 2034. The share of the biofuels
increases proportionally till 2048 rising up to 88.1% usage.

e The NPV of costs of the CCS system (lifetime of investment:25 years, zero-50
scenario, biofuel price=2xMDO price) is expected to be 125.5 million S for the
capacity of 30% design ME load. A loss of 5 million $ is expected if CCS and biofuel
usage combined are be the decarbonization solution for the reference vessel
compared to only biofuel usage. When biofuel price increases to 3xMDO price, a
gain of 65 million $ is expected for the investigated decarbonization solution.
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9. Appendix-Algorithms

CCS status:
IF(MEload<0.01, 0, IF(MEload >0.2*designload, IF( MEload /designload> 1, 1, MEload
/designload ), 0))

The given algorithm is a nested conditional statement that calculates a value based
on the input value MEload and constant value designload.

If the MEload is less than 0.01, the result of the algorithm will be 0.

If the MEload is greater than 0.2 times the designload, the algorithm checks whether
MEload / designload is greater than 1. If it is, the result of the algorithm will be 1,
otherwise, the result will be MEload / designload.

If the MEload is between 0.01 and 0.2 * designload, the result of the algorithm will
be 0.

ME emissions with CCS:

IF(MEload<0.01, 0,

IF(MEload<0.2*designload, (a*MEoad”2 +b*MELOAD +c)*D,
IF(MEload<=designload, a*MEload”4 +b*MEload”3+c*MEload”2+d*MEload+ e,
(a*MEload”2 + b*MEload +c)*D — CO2cap)))

The given algorithm is a nested IF statement that calculates a value based on the
input value MEload, the constant value designload, and coefficients a, b, c, d, e, and
D.

If the MEload is less than 0.01, the result of the algorithm will be 0.

If the MEload is greater than or equal to 0.01 and less than 0.2 * designload, the
algorithm will calculate the result using the quadratic formula (a * MEload?2 + b *
MELOAD +c) * D.

If the MEload is greater than or equal to 0.2 * designload and less than or equal to
designload, the algorithm will calculate the result using the quartic formula a *
MEload”4 + b * MEload”3 + ¢ * MEload”2 + d * MEload + e.

If the MEload is greater than designload, the algorithm will calculate the result using
the quadratic formula (a * MEload”2 + b * MEload + c) * D - CO2cap. In summary,
this algorithm calculates a value based on the MEload, designload, a, b, ¢, d, e, D,
and CO2cap inputs, and returns a result based on which condition of MEload the
input falls into.

CCS reboiler demands:
IF(MEload<0.2*designload, 0, a*MEload”2+b*MEload+ c)

The given algorithm is a conditional statement that calculates a value based on the
input value MEload and constant values designload, a, b, and c.

If the MEload is less than 0.2 times the designload, the result of the algorithm will be
0.

If the MEload is greater than or equal to 0.2 times the designload, the algorithm will
calculate the result using the quadratic formula a * MEload”2 + b * MEload + c.

In summary, this algorithm calculates a value based on the MEload, designload, a, b,
and c inputs, and returns either 0 or the result of a quadratic formula depending on
the value of MEload.
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CCS electricity demands:

IF(MEload<0.2*designload,0,IF(MELOAD<designload,a*MEload*4+b*MEload”3+c*MEload”2
+d*MEload+e,maxeldemand))

The given algorithm is a nested conditional statement that calculates a value based
on the input value MEload and constant values designload, a, b, ¢, d, e, and
maxeldemand.

If the MEload is less than 0.2 times the designload, the result of the algorithm will
be 0.

If the MEload is greater than or equal to 0.2 times the designload and less than
designload, the algorithm will calculate the result using the quartic formula a *
MEload”4 + b * MEload”3 + ¢ * MEload”2 + d * MEload + e.

If the MEload is greater than or equal to designload, the algorithm will return the
value maxeldemand.

In summary, this algorithm calculates a value based on the MEload, designload, a,
b, ¢, d, e, and maxeldemand inputs, and returns either 0, the result of a quartic
formula, or maxeldemand depending on the value of MEload.
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