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Abstract

The marine sector contributes significantly to global greenhouse gas (GHG) emissions and

a reduction is required in the sector’s environmental impact to meet present climate change

targets. This thesis conducts a well-to-wake life-cycle assessment of potential decarboniza-

tion solutions for the marine industry, aiming to identify the most promising alternative

fuels and evaluate the impact of including an onboard carbon capture and storage (OCCS)

technology for marine shipping vessels.

The analysis investigates various biofuels, methanol, and marine heavy fuel oil as a ref-

erence. Results indicate that methanol offers the highest potential for GHG emissions

reduction, but only if all upstream processes are produced sustainably. The effect is great-

est when coupled with the OCCS. Biofuels also present future potential for lowering GHG

emissions, though the choice of feedstock is critical. Using waste products like used cook-

ing oil has a minimal climate impact, whereas palm oil can result in greater environmental

harm than fossil fuels. All evaluated fuels show a reduction in global warming potential

when paired with OCCS technology and permanent storage of CO2 below sea.

Keywords: environmental shipping, methanol, FAME, biofuels, onboard carbon capture,

LCA, alternative marine fuels
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Nomenclature

Abbreviations

CO2 Carbon Dioxide

NA2SO4 Sodium Sulphate

NaHSO4 Sodium Hydrogen Sulphate

NOx Nitrogen Oxides

SOx Sulfur Oxides

0LUC Zero Land Usage

AGWP Absolute Global Warming Potential

CCS Carbon Capture and Storage

CTG Cradle-to-Grave

dLUC Direct Land Usage

e-MEOH Electric methanol

ECO Emission Control Areas

FAME Fatty Acid Methyl Ester

GHG Green House Gas

GWP Global Warming Potential

HFO Heavy Fuel Oil

ICE Internal Combustion Engine

iLUC Indirect Land Usage

IMO International Maritime Organisation

LCA Life Cycle Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment

LNG Liquid Natural Gas

MEA Monoethanolamine



MGO Marine Gas Oil

NaOH Sodium hydroxide

NG Natural Gas

OAT One-At-a-Time

OCC Onboard Carbon Capture

PM Particulate matter

RME Rapseed Methyl Esters

SCR Selective Catalyst reduction

UCO Used Cocking Oil

VLSFO Very Low Sulfur Fuel Oil

WTP Well-to-Pump

WTW Well-to-Wake



1 Introduction

1.1 Background

One of the most important issues of our time is the need to reduce the greenhouse gas

(GHG) emissions to meet the Paris Agreement’s requirements. A major contributor to

GHG emissions is the transportation sector. While various modes of transportation exist,

none match the energy efficiency of maritime shipping for international trade per shipped

kilo. However, despite its high effectiveness, maritime shipping still accounts for nearly 3%

of global GHG emissions [1] [2].

1.1.1 The Maritime Transport Sector in Numbers

The maritime transport sector is estimated to account for 80% of the global goods shipped

with an annual transported weight of 11 billion tons in 2021. The industry is currently

experiencing steady growth despite a decline in transported goods during COVID-19 which

grew by 43% between 2013 and 2021. [3] The maritime shipping industry is currently a

market with a decline in market competition with the top four carriers controlling half of

the global market [4].

1.1.2 Environmental Concerns

Today the maritime shipping sector is powered mainly by fossil fuels like heavy fuel oils

(HFO) and marine gas oil (MGO) . A result of the combustion of these fuels is the release

of carbon dioxide(CO2), the biggest contributor to global warming today.

Other emissions released from the combustion of marine fuels are nitrogen oxides (NOx)

and sulfur oxides (SOx) which have negative impacts on the environment, human health

and the biological ecosystem, like for example acid rain [5]. In 2015 the maritime transport

sector account for approximately 15 % of the emitted NOx and 13% of the emitted SOx

worldwide [6].

Additionally, some fuels release particulate matter (PM) during combustion. The release

of PM contributes to serious health effects like smog in urban areas, and both indirect and

direct consequences to the environment through heating of the atmosphere. [7] The PM

emissions from the maritime sector account for approximately 9% of the total global PM

emissions. [8]

1.1.3 IMO Regulations

Historically, the marine industry has been largely unregulated when it comes to exhaust

emissions and energy consumption. This is still the case for certain geographical areas

1



1.1 Background

but the International Maritime Organisation (IMO) has in recent years passed several

regulations to limit the emissions from maritime shipping with its 2018 GHG strategy.

The strategy has the following main targets:

• Reduce the carbon intensity by 40% by 2030, compared to 2008

• Reduce the total GHG emissions by 50% by 2050, compared to 2008 (Referred to as

the ”IMO 2050 goal” in the report)

The 2050 goals would require a minimum gross reduction of 75-80% of ship emissions if

the current 3.3% annual growth rate is continued until 2050.

IMO has also proposed a more ambitious strategy, the 2023 GHG strategy with the goal

of reaching net-zero CO2 emissions by 2050 [9]. The 2023 GHG strategy has not yet

been implemented and is planned to be adopted during the 2028 Marine Environment

Committee meeting [4].

Furthermore, IMO has set several global regulations to reduce harmful emissions from the

maritime sector. 1st of January 2020 the global upper limit on sulfur content in fuels was

set to 0.5% worldwide. HFO where the sulfur content has been reduced to 0.5% is denoted

very-low sulfur fuel oil (VLSFO) . In some emission control areas (ECA) the upper sulfur

limit in fuel is as low as 0.1%.

NOx was the first pollutant to be restricted by IMO. The Tier ll compliance was put into

use in 2011 and limits the NOx emissions to 14.4 g/kWh. However, the Tier lll maximum

was later implemented to limit NOx emissions to 3.4 g/kWh which put even more pressure

on engine makers. [10]

SOx emissions from an engine are mainly dependent on the fuel type. A fuel with high

sulfur content will emit a higher amount of SOx during combustion. NOx emissions are

instead a result of the combustion process and the amount mainly depends on the oxygen

content and temperature during combustion. [10]

To achieve the goals and comply with the regulations set by the IMO, a wide range of

actions need to be implemented. One initial step has been to increase the energy efficiency

of engines. Although engines have become increasingly more efficient over the last decade

through the use of direct coupling between engine and propeller, intelligent engine oper-

ation, and optimized engine design, this alone cannot achieve the set goals. Thus, other

measures need to be adopted. Currently, alternative fuels are progressing towards commer-

cial implementation. Examples include liquid natural gas (LNG), biofuels, methanol, and

ammonia, which can reduce CO2 emissions compared to standard fossil fuels [11]. However,

there are limitations associated with these alternative fuels. Some still require a mix of

renewable and fossil sources, some contain carbon and thus release CO2 upon combustion,

2



1.2 Previous Research on CCS in the Maritime Sector

and others are too immature for large-scale adoption.

Projections indicate that to achieve IMO’s 2050 goal alternative fuels can not alone fulfill

the goal, other sustainable innovations are necessary. A new promising technology is the

carbon capture and storage (CCS) technology to reduce CO2 emissions [12]. Using a CCS

aboard shipping vessels could therefore be a solution to achieve the IMO’s 2050 goals.

1.2 Previous Research on CCS in the Maritime Sector

Several studies on the topic of carbon sequestration from ships have been written with

most of the studies published in recent years since IMO set the new greenhouse gas goals

in 2018. This chapter will mention a few studies relating to this report and the topic of

carbon capture aboard marine shipping vessels.

Life-Cycle Assessment and Costing of Fuels and Propulsion Systems in Future

Fossil-Free Shipping. In this study, several alternative propulsion methods for marine

shipping vessels are considered and evaluated using a life cycle perspective. The study in-

cludes nine systems (cases) and several fuels, energy storage methods, and CO2 abatement

methods are analyzed in depth. The unique aspect of the report is the inclusion of the

entire cradle-to-grave aspect of each system. This allows the authors to incorporate the

entire life cycle in the conclusion. Case 2 in the study includes a post-combustion CCS

and runs on methanol. [1]

3



1.2 Previous Research on CCS in the Maritime Sector

Figure 1: Systems from Life-Cycle Assessment and Costing of Fuels and Propulsion Systems
in Future Fossil-Free Shipping [1]

The LCA results (Figure 2) from the study indicate that all of the alternative pathways

have the potential to reduce the global warming impact. The final conclusion of the report

is that the decarbonization methods studied increase the lifetime cost by 2.5-4 times. Fuel

cells perform better than ICE in terms of cost, environment, and energy utilization over

a lifetime despite the higher capital cost (this is sensitive to operation hours per year).

Several of the ICE systems are associated with high emissions of NOx and ICE’ operating

on hydrogen can mitigate a lot of these emissions resulting in a more environmentally

friendly operation. [1]

4



1.2 Previous Research on CCS in the Maritime Sector

Figure 2: Results from Life-Cycle Assessment and Costing of Fuels and Propulsion Systems
in Future Fossil-Free Shipping [1]

Technoeconomic evaluation of post-combustion carbon capture technologies

on-board a medium-range tanker. The study aims to differentiate different post-

combustion CCS methods for a medium-range tanker. The technologies considered are;

absorption with amine and ammonia, Cryogenic, and Membrane CCS.

5



1.2 Previous Research on CCS in the Maritime Sector

Figure 3: Flow chart of medium-sized tanker [13].

The systems are then evaluated by simulation in MATLAB and Aspen Plus to answer which

system is the best performing regarding cost, captured CO2, etc. Two fuels are compared;

HFO and LNG. The study concludes that the amine-based carbon capture system performs

best in regards of the CO2 abatement costs. Key points of interest extracted from the

results are the effective capture of CO2 of 75% correlates with an increase in onboard

weight of 3.3% and an increased fuel consumption of 19% during a round trip. The study

also concludes that LNG performs better than the HFO when used with the amine-based

system in terms of fuel economy and total emissions. [13]

Optimal capacity design of amine-based onboard CO2 capture systems under

variable marine engine loads The study aims to design an onboard carbon capture

(OCC) system that performs well over a wide range of engine loads while selecting a

proper system capacity. To identify the optimal capacity of the OCC system, five amine-

based OCC systems with different capacities are developed. The performance results are

quantified in terms of energy requirements, potential CO2 reduction rates, and capture

costs. [12]

CO2 concentration varies with fuel type, engine type, and the load. The energy required

to regenerate the solvent in the stripper (specific reboiler duty) is the main energy con-

sumption. A higher load gives higher specific reboiler duty [12]

6
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Figure 4: Variable design parameters [14]

Figure 5: Boiler duty vs engine load [12]

Figure 6: Figures from Life-Cycle Assessment and Costing of Fuels and Propulsion Systems
in Future Fossil-Free Shipping [12]

Special Case Studies in Sustainable Carbon Capture In this case study a hypo-

thetical vessel with LNG -fueled engine is discussed. The reference vessel is assumed to

7



1.2 Previous Research on CCS in the Maritime Sector

operate at 75 % engine load of the main engine. The absorber has a packing height of 7m

each. Here it is stated that the two main limitations on the capture rate are the cooling

capacity of the LNG and the heat in the flue gasses. This system is then able to have a

capture rate of 80.2%. The main results from the reference vessel and main results from

the CO2 capture are shown in tables 7 and 8.

Figure 7: Results from Reference Vessel Special Case Studies in Sustainable Carbon Cap-
ture [15]

Figure 8: Results from Special Case Studies in Sustainable Carbon Capture [15]

The conclusion by the authors is that there is a high level of synergy between the onboard

carbon capture and the LNG, thus lowering the cost of operation significantly. Due to

space limitations, specific boiler duty is not optimal. A clear reduction in CO2 abatement

cost can be achieved if the engine is operated at optimal levels, avoiding operation at low

engine loads. [15]

8



1.3 Purpose and Approach

Energy assessments of onboard CO2 capture from ship engines by MEA-based

post-combustion capture system with flue gas heat integration The study aims

to analyze the feasibility of an onboard carbon capture unit using numerical simulation

models together with supervised machine learning to estimate the operation parameters

for the OCCS. The study concludes that the exhaust gas from the engine is not sufficient

to heat the boiler sufficiently for a capture rate above 50%. An afterburner is utilized to

heat the flue gasses to a sufficient amount, receiving a capture rate up to 90%. The fuel

consumption is increased by 6-9% for LNG and 8-12% for diesel. [16].

1.3 Purpose and Approach

This master thesis is a study conducted together with MAN Energy Solutions. The purpose

is to investigate the climate impact of different alternative fuels together with the use of

an onboard CCS. The study will use data from a MAN engine coupled with a theoretical

CCS unit. The climate impact assessment will be conducted using a life-cycle-assessment

according to the methodology outlined in ISO:14044. The investigated systems are as

follows:

• System 1: VLSFO + CCS

• System 2.a) Biofuel from palm oil + CCS

• System 2.b) Biofuel from rapeseed oil + CCS

• System 2.c) Biofuel from soybean + CCS

• System 2.d) Biofuel from used cooking oil + CCS

• System 3.a) Green methanol + CCS

• System 3.b) Methanol from natural gas + CCS

In an LCA a studied system is called product system. For consistency, the seven systems

will from now on be called that. The primary question addressed in this thesis is the

following:

Which of the systems has the best potential to fulfill the IMO 2050 goal of 50% GHG

reduction compared to 2008?

To answer this question, the two following sub-questions will be investigated:

• Which alternative fuel has the least impact on climate change?

• Is the CCS a possible innovation to reduce CO2 emissions in the maritime sector?

9



1.4 Outline of the thesis

1.4 Outline of the thesis

This thesis consists of seven chapters. The following chapter, Life Cycle Assessment Frame-

work describes the life cycle assessment (LCA) framework. This includes the working steps

and the principles of an LCA. The section is followed by a description of the impact cate-

gories concerned in the thesis.

Chapter 3, Case Study Description, describes the studied product systems. The chapter

provides an overview of the fuel production phases and how they work. Also, a description

of each component included in the product systems will be described and motivated.

Chapter 4, Applied Methodology, describes the method used, which consists of two parts.

The first part describes the process of modeling the product systems. The second part

describes the LCA process applied, including descriptions of all choices made and data

used in the thesis.

The results of the climate impact assessment are provided in Chapter 5, Results. This

chapter shows the product systems’ impact on specific impact categories, both with and

without the influence of the CCS. Also, a sensitivity analysis and a Monte Carlo simulation

are provided. The results are then discussed in Chapter 6.

In Chapter 7, a conclusion is drawn and the answers to the research questions are provided.

Finally, recommendations for future research are provided.

10



2 Life Cycle Assessment Framework

To answer the research question of this study an LCA has been applied. LCA is a method

outlined by the ISO 14040 and 14044, [17] [18] which is used to examine the environmental

impacts and aspects of a product system. This chapter introduces a brief introduction to

the LCA approach.

2.1 General Description

In the introduction of ISO 14040, the approach is described as follows:

LCA addresses the environmental aspects and potential environmental impacts(e.g. use of

resources and the environmental consequence of releases) throughout a product’s life cycle

raw material acquisition through production, use, end-of-life treatment, recycling, and final

disposal (i.e. cradle-to-grave). [17]

2.1.1 Principles of LCA

While implementing an LCA there are several fundamental principles to consider according

to ISO 14040. Some of these principles will be discussed in this section.

One of the most essential principles of an LCA is the life cycle perspective. An LCA

examines a product’s complete life cycle, starting from the extraction and procurement of

raw material to energy and material production, to manufacturing, utilization and finally

to disposal at the end of its life. This extensive approach allows for a systematic analysis of

each stage and process, enabling the identification and potential avoidance of any transfer

of environmental impact from one stage to another or between individual processes.

Furthermore, while performing an LCA the environmental impacts and aspects should be

in focus. Other impacts like economic or social aspects are usually not within the scope of

an LCA and therefore other supplementary tools may be used to involve these aspects.

Moreover, the LCA approach is relative and is built around the functional unit. The

functional unit is the useful output of the product system studied. All other processes

analyzed in the system are then related to the functional unit, to enable the execution of

the LCA.

Finally, transparency and comprehensiveness are important during the LCA process. As a

result of the complexity and width of the LCA as a tool, the importance of transparency

throughout the process increases, to ensure a proper interpretation of the results. Likewise,

it is important with comprehensiveness. By comprehensively considering all factors of

natural environment, human health, and resources, the study can identify possible trade-

offs. [17]

11



2.2 The LCA Process

2.2 The LCA Process

According to ISO 14040 an LCA consists of the four following phases:

• 1) The goal and Scope phase

• 2) The inventory assessment phase

• 3) The impact assessment phase

• 4) The interpretation phase

The first phase, the goal and scope definition is interpreted to ensure that the LCA maker

defines the scope and intended use of the LCA. In this stage decisions like the system

boundaries, the functional unit and geographical area are determined. The second stage,

life cycle inventory analysis (LCI) phase includes data collection of needed data to fulfill

the goals of the study. The inventory should include input and output data for each process

of the studied system. The life cycle impact assessment phase (LCIA) is the third step and

its purpose is to give more details to help understand the environmental impacts of the

processes in the study. Lastly, the life cycle interpretation phase is applied. In this phase,

the results from the LCI and LCIA will be discussed, analyzed, and summarised. Here

conclusions can be drawn to from the basis of decisions or recommendations according to

the goal and scope definitions. [17]

12



2.3 Environmental Impact Categories

Figure 9: Working principles of the LCA process. [14]

LCA is an iterative process and therefore each phase utilizes findings from the other. This

is illustrated in figure 9. This iterative approach, both within each phase and across the

entire assessment, enhances the comprehensiveness and reliability of the study and its

outcomes. [17]

2.3 Environmental Impact Categories

To systematically interpret the results of an LCA, three factors have been developed. The

purpose of these factors is to categorize emissions and resources used by the studied system

and translate them into entities that are aimed to protect. These factors are called areas of

protection and are divided into human health, natural environment, and natural resources.

Human health is measured by mortality, while the natural environment is measured by the

disappearance of species and the loss of biotic productivity. Natural resources are more

difficult to measure. This area of protection can be divided into subcategories such as

water resources, land resources, metal ores, or fossil fuels. [11]

All emissions and resources used along the studied product system pathway affect the en-

vironment in some way. For example, the release of CO2 contributes to climate change,

and SOx emissions lead to acidification. These environmental issues are called midpoint

impact categories, whereas the areas of protection are called endpoint impact categories.

13



2.3 Environmental Impact Categories

The relation between the different types of impact categories is shown in Figure 10. It

illustrates that the emissions and resources used from the life cycle inventory results con-

tribute to some identified environmental issues. Consequently, these environmental issues

affect the areas of protection.

When implementing an LCA, the use of only midpoint categories or both mid- and endpoint

categories can be employed, as long as this is clarified in the report. The advantage of using

only midpoint categories is that they are easier to quantify; however, the results might be

more difficult to use and interpret. Using endpoint impact categories has the advantage

that their units are easier to understand since they are measured in clear terms. On the

other hand, it is challenging to translate midpoint categories to endpoint categories, which

can result in misleading interpretations. [11]

Figure 10: The relation between mid- and endpoint impact categories. Figure inspired
by [11]

The main midpoint impact categories studied in this report will be explained in the fol-

14



2.3 Environmental Impact Categories

lowing part of this section.

Climate change Climate change affects both human health and the natural environ-

ment. Human health is directly affected by climate change through heat waves and other

extreme weather and indirectly e.g. by increasing infections and diseases. The natural envi-

ronment is affected by the loss of species due to increasing temperatures. Climate change

is an indicator of the potential global warming resulting from the release of greenhouse

gases into the atmosphere. [11]

Different greenhouse gases have different effects on global warming depending on their

radiative properties and the lifespan of the gas released in the atmosphere. Global warming

potential (GWP) measures the radiative properties over a specific time period relative to

CO2 for various emissions. To add the lifespan properties a number can be added after

the GWP. For example, GWP20 means that the effect of the warming of the earth over

20 years. The most common is using GWP100. The GWP is measured in the unit tonnes

CO2 equivalents. For example, CO2 has by definition GWP 1 regardless of the time period

used. Instead, the GWP100 for methane equals 28, meaning 1 tonne of methane affects

the environment as much as 28 tonnes of CO2 over a time period of 100 years. This is

because methane absorbs more energy than CO2, even if the lifetime is shorter. Over the

total period of 100 years, the warming effect is still higher, resulting in a higher value of

GWP100. [19]

To calculate the GWP over a time period the absolute global warming (AGWP) is needed.

It expresses the amount of radiative forcing over the time period caused by the emission

of 1 kg of GHG. This is expressed in Wm−2 · yr · kg−1. With the AGWP the GWP for a

GHG (x) at the time horizon (TH) can be recalculated from the following equation [20]:

GWPx,TH =
AGWPx,TH

AGWPCO2,TH
(1)

The equation provides the GWP over a specific time horizon in kg CO2 eq/kg GHG. The

number for AGWPCO2,TH and AGWPx,TH can be found in the latest Intergovernmental

Panel on Climate Change (IPCC) report. [21]

This report mainly focuses on climate change so the following impact categories to consider

will be briefly mentioned.

Stratospheric ozone depletion leads to damage to human health through the increase

in UVB radiation and therefore an increase in skin cancer and cataracts. This is mainly
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caused by the release of chemicals with bromine groups or chlorine that interact with

ozone. [20]

Ionizing radiation is increased by emissions of radionuclides from nuclear fuel. These

particles can damage human health through DNA damage. [20]

Fine particulate matter formation is mainly characterized by fine particulates less

than 2.5 µm released in the atmosphere. These can cause damage to human health through

respiratory issues. [20]

Photochemical ozone formation is the formation of ozone from mainly NOx or

NMVOC emissions. These can damage human health as ozone can inflame airways and

damage the lungs. Ozone can also cause harm to vegetation with a decrease in growth and

seed production. [20]

Terrestrial acidification is the change in acidity in the soil from inorganic compounds

such as SOx, NOx or NH3. This can damage terrestrial ecosystems by making the soil

less usable by plant species. [20]

Freshwater eutrophication is the increase in nutrients in freshwater that allows for

an increase in algae growth that can potentially disturb the local ecosystems. This mainly

comes from emissions of phosphorus and nitrogen. [20]

Toxicity accounts for the accumulation of toxic chemicals in the food chain and causes

damage to both the ecosystem and human health. [20]

Water use is water usage that causes the water to evaporate. Unsustainable water use

can cause damage to human health and ecosystems. [20]

Land use is the land usage that ultimately can cause a loss of species. This includes the

direct, local impact of land use on local species. This is affecting local species by a change

of land cover and ultimately loss of habitat. [20]

Mineral resource scarcity is divided into several levels. The initial effect is the de-

crease of a specific mineral. It is estimated that extraction will affect the total available

minerals and ultimately affect the scarcity of natural resources. [20]

Fossil resource scarcity evaluates how fossil extraction can lead to a future increase in

fossil resource extraction ultimately causing damage to natural resource availability. [20]
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2.4 Allocation, System Expansion or Avoided Burden

Allocation is needed when a process has multiple useful outputs. For example, a crude oil

refinery produces multiple types of oils from crude oil not only HFO that will be studied

in this thesis. This problem can be solved by either use allocation or system expansion.

Allocation means the burdens are allocated between the products in some way. This can

for example be done by physical characterization, like by mass, volume, or energy content.

In the example, this could mean that emissions from the refinery are allocated depending

on the energy content in the oils or the mass of the oils.

To avoid allocation problems it is possible to expand the system boundaries. This means

that all the burdens are included by expanding the system boundaries to include all affected

processes. [11] In the refinery example, this means that the emissions from the whole crude

oil refinery would be included not only the one representing the the HFO in the studied

product system. In ISO14044 it is stated that if it is possible allocation should be avoided

by system expansion. [18]

Von de Assen et al. [22] discuss a third concept regarding LCA’s in carbon capture studies.

He explains that there are common pitfalls that should be avoided. One of these is the

so-called avoided burden. This concept appears when multiple useful outputs in a process

occur, but only one is seen as a reason for operating. Emissions from other processes are

taken away from the system’s emissions because it is assumed that these processes are

replaced and their environmental burdens are avoided.

An example of avoided burden is the production of methanol through the synthesis of

captured CO2 and H2, which is illustrated in Figure 11. A CCS is placed at an electricity-

producing power plant to capture the CO2. The methanol is then produced with the CO2

and H2. This product system has two useful outputs, electricity and methanol. Depending

on what is seen as the main output the results for avoided burden look different. For

example, the methanol producer gets a surplus of electricity which avoids other electricity

production. On the other hand, from the electricity producers’ perspective, methanol is

seen as a surplus, which can be seen as avoiding burdens from other methanol producers.

[22] states that this approach is inappropriate since it does not distribute the environmental

burdens among all processes, but assigns them only to one. Instead, allocation or system

expansion are better choices to obtain numbers representing the whole picture. [22]

17



2.4 Allocation, System Expansion or Avoided Burden

Figure 11: Avoided burden result from different perspectives [22]
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3 Case Study Description

In this chapter, the product systems chosen will be described. The seven systems look

similar including the same components, but with minor differences. A simplified model

of the product systems was made and is shown in figure 12. As shown in the figure the

systems include an engine, two flue gas treatment components, and an onboard carbon

capture. The engine produces useful mechanical work that controls the shaft on the ship.

The waste heat produced from the combustion will be used in the carbon capture system.

The CCS and the flue gas treatments also require some electrical energy, which will be

produced by a generator, which is driven by the engine. Furthermore, there are auxiliary

systems onboard that require electricity, which will be delivered by the generator. Each of

the processes in the product systems will now be further described and motivated.

Figure 12: Simplified picture of the studied systems

3.1 Fuel

Before the fuel can enter the engine to power the ship, the fuel needs to be produced and

transported to the ship. The production pathways for the fuels will be described in this
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3.1 Fuel

section. Product system 1 will work as a base case and will run on today’s most common

marine fuel which is VLSFO [23]. Product systems 2 a) to 2 d) run on a biofuel called Fatty

Acid Methyl Ester (FAME). The difference between the product systems is the feedstock.

Lastly, the product systems 3.a) and 3.b) consist of methanol, with two different production

pathways. The fuels in this study were chosen because they can be combusted in MAN’s

engines. The different feedstocks were selected to observe the impact of the production

phase.

3.1.1 VLSFO

VLSFO is a fossil fuel made from crude oil. After extraction of crude oil various oils can

be separated through atmospheric distillation and vacuum distillation, which is made at

a crude oil refinery. During these processes, the crude oil is heated and separated de-

pending on their densities. The heaviest residual oils from the refinery are called HFO

and are primarily used in the shipping industry. As mentioned the fuel combusted at sea

needs to contain a maximum sulfur content of 0.5 wt%. To reduce the fraction of sulfur

in HFO two processes can be used; direct or indirect hydrotreatment. Direct hydrotreat-

ment is a process used to directly remove the sulfur from heavy oil residues. This can

be managed through e.g. hydrodesulfurization, hydrotreating, or hydrocracking. These

processes involve the use of hydrogen gas under high-pressure conditions to change the

molecular structure in the HFO. Indirect hydrotreatment is instead achieved through mix-

ing of low-sulfur and high-sulfur components to obtain a specific sulfur content. The low

sulfur component has either been hydrotreated before or contains low sulfur from the be-

ginning. [24] The pathway from crude oil extraction to the onboard fuel is shown in figure

13. It is worth noticing that the picture is simplified since the process of crude oil becom-

ing VLSFO can look in many different ways. Each step of the process requires energy and

causes pollutants as shown in the figure.

Figure 13: Simplified picture of the production pathway of VLSFO
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3.1.2 Biofuel

Biofuels is a broader term to describe fuels derived from biomass; e.g. plants, waste,

algae, or animals. [25] There are three generations of biofuels to consider. First-generation

biofuels use already cultivated plants and vegetables as feedstock, normally used in other

industries like the food industry. The second generation comes from cellulosic biomass that

can be grown on land not suitable for row crops. This biomass can come from grass, trees,

or crop residue. The third generation of biofuels is made from oil-producing algae [26].

Figure 14: Simplified picture of production pathway for biodiesel

The different generations of biofuels come with different opportunities and challenges. This

report will only consider a first-generation biofuel; biodiesel, more specifically FAME. The

production processes for each fuel type are different and require different catalysts, pro-

cesses, and additives. This report only considers various kinds of FAME, since FAME is

considered as one of the most realistic biofuels for the maritime industry [27] [28]. FAME

is produced from vegetable oils, yellow grease, or used cooking oils or animal fats. This

is done through transesterification where fats and oils are converted into biodiesel with

glycerine as the byproduct. The input products are usually mixed with a short-chained

alcohol (usually methanol) that reacts with the oil or fat. A catalyst is required and can be

different materials, the most common are sodium hydroxide or potassium hydroxide. [29]

See Figure 15 .

21



3.1 Fuel

Figure 15: Schematic over FAME-production [29]

The most common feedstock in the EU is rapeseed oil or sunflower oil, while USA uses

soybean, corn, and rapeseed oil as its main feedstock. The initial feedstock will affect the

properties of the final product with feedstocks being either unsaturated or polyunsaturated.

The feedstock should match what is best for the intended purpose.

Biodiesel can be used in many different concentrations, denoted as BX or BDX (X =

%biodiesel), with concentrations from 2% up to 100%. Risks with using high concentrations

of biodiesel include hose and gaskets breaking down. B100 fuels are not currently well

supported for the personal consumer but farm equipment and ship engines that allow

B100 exist and are getting more common [29].

Biofuels are widely considered to be a low-emission alternative to fossil fuels. The environ-

mental burden of a biofuel is not so straightforward to calculate and several concepts need

to be addressed before an impact can be calculated.

Carbon Neutrality or CO2 Uptake The emissions from biofuels during combustion

are typically lower than petroleum diesel. This comes from the mass balance of carbon.

The biomass will store some amount of carbon and instead of allocating the negative CO2

during plant growth, it is allocated during the combustion of the fuel. The CO2 emissions

are therefore computed as negative CO2 emissions during combustion [29]. This is the

concept of carbon neutrality. There is however debate whether the assumption of CO2
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3.1 Fuel

balance should be accepted or not. The main reasoning is that land would probably grow

crops anyway and the CO2 from biogenic CO2 should only be accounted as negative if the

fuel has contributed to additional growth of biomass [30]. This can further be motivated

by the fact that the CO2 uptake potential in harvested crops is usually far lower than the

CO2 uptake potential of native plants and vegetation. [31]. To compensate for this the

land use change is accounted for each feedstock. This is a way to try and account for the

removal of native vegetation.

Land Usage Change Is a measurement of how the growing of crops relates to the

increase in the transformation to farmland from other biospheres. There are three ways to

assess land usage impact; zero land usage (0LUC), direct land usage (dLUC), and indirect

land usage (iLUC).

Figure 16: DLUC vs ILUC [32]

The 0LUC does not consider the impact of land use change at all. dLUC is the impact

associated with new farmland being constructed to allow for the growth of biofuel and is

illustrated to the left in Figure 16. The iLUC considers land required that is not directly

related to the cultivation of the crop and is illustrated to the right in Figure 16. Estimating

the impact caused by disturbing native ecosystems or biomass supply chains is a complex

topic with large deviations in the estimations occurring [33]. The land usage change is

not exactly measurable so the land usage change emissions are estimated based on several

factors [32] and can potentially be far lower than the actual value [30] [34].
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3.1 Fuel

Four different feedstocks for biodiesel are considered in this study. System 2b) and 2c),

from rapeseed, (called rapeseed methyl esters (RME)) and soybean, are the most common

feedstocks in Europe and the US, which are the geographical areas chosen. Furthermore,

system 2a) palm oil and system 2d) used cooking oil (UCO) are included to represent a

possible worst and best-case scenario for biodiesel. [35]

3.1.3 Methanol

Methanol is today known as a renewable energy source and is considered a promising

alternative fuel, to achieve carbon neutrality [36]. Today methanol is mainly produced

from syngas with natural gas (NG) as a feedstock. [37]. Methanol is generally created by

steam-reforming natural gas to produce a synthesis gas. In the steam-reforming process,

natural gas reacts with steam or CO2 to create the syngas, which contain carbon monoxide

and hydrogen. The chemical reactions look as follows:

CO2 + CH4 → 2CO + 2H2 (2)

H2O + CH4 → CO + 3H2 (3)

Liquid Methanol is then created through methanol synthesis, letting syngas react with

hydrogen to form methanol and water according to the following reaction [38]:

CO2 + 3H2 → CH3OH +H2O (4)

Zin et. al [36] discusses the environmental footprint depending on the methanol production

pathway. They explain that methanol can be produced from captured CO2 together with

renewable hydrogen to achieve carbon neutrality. Renewable hydrogen can be produced

through water electrolysis with electricity from only renewable resources such as wind or

solar energy, and the CO2 can be captured with the use of carbon capture [36]. Methanol

produced from this process is called green methanol or e-methanol (e-MEOH). Su et.al [39]

state that producing green methanol requires 1.045 times more electricity than conventional

methanol. On the contrary, the traditional method of methanol production consumes 2.5

times as much thermal energy as the e-methanol. Thus, the total direct and indirect CO2

emissions from green methanol are almost a third of the emissions from the conventional

process. Because of this big gap between the various methanol production processes, this

thesis will include both the conventional pathway, using NG-methanol and green methanol.
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3.2 The Engine

3.2 The Engine

Ship engines come in different variants. There are four-stroke engines or two-stroke engines.

The Two-stroke engine has come to dominate the ocean-going shipping vessels. This mainly

comes down to the increased efficiency of the slow-speed two-stroke engines. [10]

The engine used in all product systems is a 22.5 MW slow-speed, two-stroke direct drive

engine from MAN. The engine model is called 7J80Me-C10.5 and can run on both heavy

fuel oils, biofuels, and methanol. In reality, the engine looks different when running on

methanol. Firstly, a specific coating in the cylinders is needed and secondly, a pilot fuel is

needed to start the engine when running on methanol [40]. These differences are not taken

into consideration in the product systems. This is because the differences are considered

small and therefore have an insignificant impact on the LCA. The efficiency of the engine

is assumed to be 50% throughout the entire thesis. The flue gas compositions produced in

the engine depend on the fuel. The flue gases that will be considered in this report are the

SOx, NOx,N2O PM, and CO2 emissions.

3.3 Flue gas treatments

To reduce pollution from the engine, flue gas treatments can be used. Two commonly used

technologies to minimize flue gas emissions are Selective catalytic reduction (SCR) and

scrubbers. Both will be used in all the product systems in this study.

3.3.1 SCR

The most promising flue gas treatment to reduce NOx emissions is an SCR system ac-

cording to Ligang et al. [41] The NOx emissions depend on combustion temperature,

combustion time, and air-fuel ratio, but the NOx emissions will always be a trade-off with

the CO2 emissions. Therefore, in the MAN engine, all fuel types release allowed amounts

of NOx emissions at the cost of increased CO2 emissions. [40] Because of that, all product

systems will include an SCR system.

When flue gases from the engine enter the SCR an urea solution is sprayed on the flue

gases. With flue gas temperatures above 200°C, the urea will decompose to form ammonia,

which reacts with the NOx to form nitrogen and water according to the chemical reactions

below [41].

4NH3 + 4NO +O2 → 4N2 + 6H2O (5)

2NH3 +NO +NO2 → 2N2 + 3H2O (6)
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3.3 Flue gas treatments

Accordingly, ammonia works as a reducing agent, but to do so high temperatures are

needed. Because of this, the SCR will be placed before the scrubber (as seen in figure 12)

in order to maintain higher exhaust gas temperatures. The NOx capture rate efficiency

can reach above 95% [41]. Also, an ammonia slip can occur from an SCR because of an

incomplete reaction between the urea and NOx [42].

3.3.2 Scrubber

To reduce SOx emissions wet scrubbers are most commonly used in the maritime sector. [43]

For the VLSFO case, product system 1, a scrubber will therefore be used to remove the

sulfur content, even if the sulfur content is already below the IMO regulations. This is

because the SOx levels should be put to a minimum before entering the CCS for optimal

operation conditions [40]. In the biofuel and methanol cases, the scrubber will not operate

since their flue gases do not contain any SOx. There are different types of wet scrubbers;

an open loop system, a closed loop system, or a hybrid between the both. In the open loop

system sea water is sprayed on the flue gases after entering the scrubber. The SOx reacts

with the water and forms sulfuric acid H2SO4 which is shown in the following chemical

reaction [44]:

SO2 +H2O +
1

2
O2 → H2SO4 (7)

The natural alkalinity of the seawater then neutralizes the sulfuric acid. The water is then

discharged into the ocean. In a closed-looped scrubber system, fresh water combined with

sodium hydroxide (NaOH) is used to neutralize the water. The chemical reactions are

shown below:

NaOH +H2SO4 → NaHSO4 +H2O2NaOH +H2SO4 → Na2SO4 + 2H2O (8)

The reactions result in the formation of sodium hydrogen sulphate (NaHSO4) and sodium

sulphate (NA2SO4) [44]. The closed-loop system is on the contrary recirculated in the

system and only a small bleed-off occurs. For the hybrid case, the scrubber can operate

in both closed and open mode. This might be useful for areas where the alkalinity in the

seawater is too low and then the system can operate in a closed system mode. [43].

A closed-loop wet scrubber system will be used in this study, to enable routes at any sea,

even where the natural alkalinity in the seawater is low. This type of scrubber can have a

removal efficiency above 95%. The scrubber does not only remove SOx emissions but also

some PM. The PM2.5 removal rate is usually about 10% according to Yang et al. [43].
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3.4 Carbon Capture

After the flue gases have been cleaned from SOx, NOx, and PM the flue gases enter an

onboard carbon capture system with the purpose of capturing as much CO2 as possible.

There are several types of carbon capture technologies. The technologies can be divided

into post and pre-combustion. The pre-combustion technology refers to capturing the CO2

before combustion. Shortly, gasification is used to partially oxidize the feedstock and pro-

duce syngas. The syngas undergoes a water-gas shift reaction to increase the concentration

of H2 and CO2, which is then captured from the gas mixture and the separated H-rich gas

can be used as a clean fuel. [15] The advantage of the pre-combustion technology is that it

reduces the gas volume which reduces the equipment investment. Furthermore, it allows

higher CO2 concentrations, which reduces the energy consumption.

The post-combustion working principle is instead based on capturing the CO2 after com-

bustion. The advantage of this technology is its ability to be retrofitted to already existing

plants. Since the CCS in this study will be used on an already existing vessel the post-

combustion technology will be best suited for this project. The post-combustion technology

can be divided into four technology categories; absorption, adsorption, membranes, and

cryogenics. The most dominant technology in the field is absorption technology. [15]. This

technology is also considered most suitable for this study since many other case studies have

been performed on this technology for onboard use [12] [1] [15]. In all these case studies

the used absorbent has been amine. Thus, the amine-based post-combustion technology

will be chosen for this case study.

The absorption carbon capture system is seen in Figure 17. It contains two main com-

ponents; an absorber and a desorber. The solvent used in the system is a 30 wt% mo-

noethanolamine (MEA) solution which is the most common amine used for this technol-

ogy [12] [1] [15].

Before, the upstream exhaust gases enter the absorber the gases need to be cooled in a

cooler since the MEA solvent is more favorable with lower temperatures. When the cooled

gases enter the absorber the CO2 is absorbed in the lean MEA solvent. [12] This reaction

is as follows [45]:

CO2 +HOCH2CH2NH2 → HOCH2CH2NHCOO− +H+ (9)

The reaction shows that MEA (HOCH2CH2NH2) reacts with CO2 to produce a carba-

mate ion (HOCH2CH2NHCOO−) and a proton. On top of the absorber, a water washing

section is placed, to minimize amine losses before the clean gas is vented. The CO2 rich
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MEA solvent exiting the base of the absorber traverses a lean-rich heat exchanger before

proceeding into the stripper. Afterward, the CO2 is desorbed by the heat input from a

reboiler. The chemical reaction is the reversed reaction shown in Equation 9. Furthermore,

the CO2 is extracted from the upper section of the stripper, whereas the revitalized, heated

solvent from the lower section of the stripper flows through the lean-rich heat exchanger

before returning to the absorber for recirculation. [12] To compress and liquify the CO2 a

compressor and a condenser is needed [13]. Finally, the liquefied CO2 will be stored in an

onboard tank on the vessel.

Figure 17: Design of the Onboard Carbon Capture

Worth noticing is that pumps is not shown in figure 17, since they do not play a major

role in the systems energy consumption and therefore do not play a major role in the LCA.

The water in the water wash is also neglected since there is no wastewater and the mass

balance is obtained during the operation phase. [46] The major energy consumed in the

CCS is due to the reboiler, called reboiler duty. This energy is waste heat taken from the

engine and afterburner.

3.5 Afterburner

If the thermal waste heat from the engine is not enough to cover the CCS reboiler duty, an

afterburner can be used to boost the thermal energy. An afterburner is an additional com-

bustion component, where additional fuel is combusted together with air and mixed with
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the flue gases from the engine. [16]. The boiler duty and the additional fuel consumption

will be calculated in Chapter 4.1.3.

3.6 Carbon Storage

When the CO2 has been captured and liquefied the carbon can either be sold and used as

a feedstock, called carbon capture and usage (CCU), or permanently stored in the ground,

called carbon capture and storage (CCS). [47]

CCU is a term to describe all scenarios when the CO2 is used in another process as a

feedstock. The CO2 utilization pathways are numerous with the main ones being the

chemical industry and agriculture. Some processes directly relating to this thesis are in the

production of both Urea (used in the SCR) and Methanol. [48] Calculating the impact from

CCU can be challenging as allocation issues can occur depending on the system boundaries

as mentioned and exemplified in chapter 4.3.1.

A promising method of storing CO2 permanently is using deep unmineable coal seams

through adsorption. Adsorption refers to the adherence of gas molecules to the surface of a

solid material. In this context CO2 molecules adhere to the surface of coal seams, effectively

trapping them underground [47]. Another option is dissolution in so-called saline aquifers,

which is defined as porous and permeable reservoir rocks that contain saline fluid in the pore

spaces between the rock grains. Sequestration in saline aquifers relies on three mechanisms:

trapping of CO2, dissolution, and finally formation of minerals in the pore spaces. [49] A

current example of storage in deep saline aquifers is the Sleipner project in Norway that

sequesters CO2 from CO2 reduction of oil. [50]

In this study, the CO2 will be transported to a harbor and permanently stored in the

ground. This decision was made for two reasons. Firstly, treating the CO2 as a feedstock

will imply that LCA will receive two useful outputs, which leads to an allocation problem.

Secondly, storing the CO2 in the ground will be the only way of receiving negative CO2

emissions [22], and therefore the most efficient way of achieving IMOs 2050 CO2 reduction

goal.

Permanent CO2 storage is a possibility for the future but lacks commercial maturity as

of 2024. Therefore few actual measurements can be found and no large-scale example of

commercial facilities can be used. This report will therefore consider planned projects as

the basis for permanent storage. Several projects exist and one of the projects, closest to

realization is the Northern Lights project in Norway. A project with the capacity to store

1.5 Mt CO2/year. [51] The Northern Lights project aims to be a part of a larger CO2

sequestration network in Europe and will require liquid CO2 to be delivered to the harbor

from industrial sites.
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The applied methodology is divided into two parts; System Modeling and the LCA Proce-

dure. The main method used in the report is an LCA, but to be able to apply it some parts

of the product systems had to be modeled. Firstly, the required models will be explained,

and afterward, the LCA process for this study will be described.

4.1 System Modeling

4.1.1 Modeling of the Systems Energy Consumption

To apply an LCA the energy flows through the product systems had to be calculated.

Thus, the first model was set up to calculate the energy consumption of each process in the

systems. The simplified model is shown in Figure 18. Chemical energy enters the engine

and afterburner as fuel, called EC,fuel. The engine converts chemical energy to mechanical

work, EM that goes into the shaft EM,shaft and the generator. The thermal energy is

divided into useful thermal energy, called waste heat return unit ET,WHRU , and thermal

losses EL,engine. Furthermore, the generator converts the mechanical energy to electric

energy, EE,generator, and some losses EL,generator.

Furthermore, the chemical energy from the fuel also enters the afterburner, which converts

the chemical energy into thermal energy ET,afterburner and some losses EL,afterburner. These

depend on the afterburner efficiency.

Figure 18: Energy Consumption for each Process

The useful energy from the engine was assumed to be all the mechanical work. Therefore,

the engine efficiency includes both EM,shaft and EE,generator. The expression of the engine

efficiency and the waste heat return unit efficiency is therefore as follows:
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ηengine =
EM,shaft + EE,generator

EC,fuel
(10)

ηWHRU =
EWHRU

EC,fuel
(11)

Likewise, the efficiencies for the generator and the afterburner could set up as follows:

ηgenerator =
EE,generator

EM − EM,shaft
(12)

ηafterburner =
ET,afterburner

EC,fuelafterburner
(13)

The efficiencies calculated were used in the software to receive the correct process flows.

4.1.2 Modeling of Flue Gases

When setting up the complete LCA product systems some simplifications were done com-

pared to the reality. One of these are simplifications regarding the flow of flue gases. In

figure 19 two models are shown. The left one is a representation of reality, where after

combustion, the flue gases enter each flue gas treatment component after each other. All

flue gases first enter the SCR, where most of the NOx is removed. The remaining gasses

then enter the scrubber where most SOx and some PM are removed. Lastly, the remaining

flue gases enter the CCS. In other words, all the flue gas treatment components need to

handle more than one type of flue gas. Instead, in the right model, only the gases that are

mainly treated in the component are assumed to enter the component. Only SOx and PM

are assumed to enter the scrubber, NOx the SCR, and CO2 the CCS. This simplification

was made to avoid problems in handling multiple gases in the component. For example, in

reality, not only CO2 enter the CCS, but how the leftover SOx and NOx affect the CCS

is complex and difficult to handle.
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Figure 19: Real (left) and simplified (right) model of the flue gas treatments, where E2A
stands for emissions to air.

4.1.3 Modeling of Onboard Carbon Capture

The CCS is a complex component with many flows and parameters that can be calculated.

Therefore, it was modeled in a way that each parameter had a meaningful impact on

the result obtained in the LCIA without making the computations and data collection

unnecessarily complex. This was especially important during the operation phase of the

onboard carbon capture system as several flows occur, but only some flows contribute to

energy consumption, increased emissions, and material usage.

To model the impact of the CCS during operation, a selection of in-and-out parameters was

used. This selection was based on previous studies [1] [52] [16]. The majority of data and

parameters in Table 1below were taken from research studies on carbon capture aboard

shipping vessels to ensure capability with the rest of the ship’s systems while some data

points had to be derived from research focusing on other point-carbon capture facilities. All

parameters were linearly scaled and normalized to the same unit to analyze the deviation
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among the different systems and try to identify key parameters that had to be included in

a later sensitivity analysis. The parameters as in- and outputs from the CCS are outlined

in Table 1.

Table 1: Process table for the operation phase of CCS with functional unit = 1/tCO2

Inputs to OCCS

Parameter Symbol Unit

Thermal energy (boiler duty) Eth GJ/tCO2

Electrical energy Ee GJ/tCO2

Flue gas feed flow FFluegas kg/tCO2

MEA feed flow FMEA kg/tCO2

NaOH FNaOH kg/tCO2

Output from OCCS

Parameter Symbol Unit

Captured CO2 CO2captured tCO2/tCO2

Emissions to Air E2AX kg/tCO2

The specific values of each parameter are shown in Table 3 and were taken directly from

the literature. However, the value for the parameter Thermal Energy could not be taken

directly from the literature but had to be computed to find a value. The thermal energy

requirement of the CCS is primarily the thermal energy needed to heat the amine-CO2

mixture in the stripper to make the CO2 release from the amine. The so-called re-boiler

duty is therefore the key point of interest when it comes to deciding the magnitude of Eth.

The literature is not entirely concise in how much thermal energy needs to be added per

ton CO2 captured. Determining the thermal energy usually requires advanced calculation
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4.1 System Modeling

on a case-to-case basis. [53] Determining the exact figure is not within the scope of this

study but ensuring the correct components are included. Previous studies on CCS are

conflicted if the thermal energy from the engine is enough to reach a capture rate above

50%. [52] [16]. It was therefore needed to estimate the thermal energy required to determine

if the thermal energy from the engine alone was sufficient to power the reboiler or if an

afterburner was needed. Eth,boiler was estimated using the surrogate model presented by

W.Chung and J.H.Lee [53] to calculate the re-boiler duty within +/ − 5% for a generic

amine-based carbon capture unit. In the surrogate model, the following parameters were

needed to estimate the boiler duty, Eth,boiler:

PFEED = pressure of flue gas (14)

xCO2 = molfraction of CO2 (15)

rCAP = capture rate (16)

P eff
CO2

= PFEED · xCO2(1− rβCAP ) (17)

Eth,boiler = αlnP eff
CO2

+ fstm,0 (18)

The values of the flue gas pressure and the CO2 mole fraction were obtained from MAN,

while the parameters α, β and fstm,0 were given from the study by W.Chung and J.H.Lee

[53]. Moreover, the capture rate is set to 70% since this is a capture rate used in previous

studies [1] [52]. With these parameters the boiler duty Eth,boiler was estimated for the

various product systems.

Additionally, the need for an afterburner could be calculated. According to the previous

model in figure 18 the additional thermal energy from an afterburner was calculated from

the following relations:

ET,afterburner = ET,boilerduty − ET,engine (19)

ET,engine =
q · (1− ηengine) · ηWHRU

xC · CtoCO2
(20)

Where q is the heating value of the fuel,(see table 2) xC is the carbon content in the fuel and

CtoCO2 is the mole fraction of carbon that turns into CO2 during combustion. The latter

values are 0.86 (for VLSFO) and 3.67 respectively according to [54], [55]. The complete

calculations are provided in Appendix 8.

Knowing these equations and parameters the additional energy from an afterburner was
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computed for all product systems. The calculated values were positive, and therefore it

was stated that an afterburner was required for the systems.

Table 2: Parameters used to compute the boiler duty for each product system

Fuel Heating value [MJ/kg] wt% C in fuel
mol% CO2

in flue gas

VLSO 41.1 [40] 85 [55] 5.2 [56]

Biofuel, UCO 37 [40] 77 [40] 5.2 [56]

Biofuel, Soy/Rapeseed/Palm 37.4 [40] 78 [40] 5.2 [56]

Methanol 19.9 [40] 62 [8] 11.1 [8]

4.2 Software Modeling

To perform the LCA several product systems had to be set up. The calculation of the total

flow amounts, LCIA results, and other aspects relating to the modeling was done using

an LCA software. There are several large software available for LCA; GaBi, SimaPro,

oneClickLCA, GREET RnD, etc. All of the software have different niches and approaches

that make them suitable for different purposes. This project was conducted with the help

of an open-source software called OpenLCA. The choice of software might impact the

outcome and should be considered when reviewing the final results [57].

OpenLCA is the only free open-source LCA software suitable for professional use and was

therefore chosen in this study. It is developed by the company GreenDelta and allows for

easy implementation of databases, flexible editing of process flows, and iterative develop-

ment of the model.

The modeling of the product systems in openLCA takes place over several levels, which are

visualized in Figure 20. The lowest level is the flow. The flows have three subcategories;

elementary flows (green), product flows (blue), and waste flows (orange). The elementary

flows are flows to or from the environment, the product flow is a flow inside the product

system and waste flows are flows that are unwanted by-products. The flows are modeled

as input and outputs in what is called a process (pink border). A process is considered a
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black-box with a certain amount of input flows and a certain amount of output flows. The

process requires a reference flow to which all other inputs and outputs are related (e.g.

flow amount [kg/kg reference flow]), which is the bold flow in Figure 20. The processes are

lastly connected to other processes to create an entire product system.

Figure 20: Elements used to model in OpenLCA

These product systems are used to determine the total elementary flows to the environment

to assess the impact of the product system. Each elementary flow is characterized by what

is called a characterization factor. This factor is used to convert an elementary flow to

an impact equivalent. Example: 1 kg Methane to 25 kg/CO2eq to determine the global

warming impact from that elementary flow.

4.3 Life Cycle Assessment Procedure

To answer the research question of this thesis, an LCA has been applied to the product

systems analyzed. In this section, the entire LCA process will be described. Firstly, the

scope will be described, then the life cycle inventory process, and last the life cycle impact

assessment.

4.3.1 Scope

In this section, all parts that have to be included in the scope according to ISO 14044 will

be discussed.

Functional Unit The functional unit for this study was chosen to be 1 MJ on the shaft.

This means that the useful output of the product systems is work on the shaft. All other

processes in the product system were therefore normalized to this value.
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Geografical Area The market share of MAN’s low-speed diesel engines is 80% counting

by installed power. [58] This means that MAN’s engines can be found all around the world.

Therefore, to simplify and limit the scope of this thesis the theoretical ship in this thesis

was assumed to travel between Rotterdam harbor and the harbor in Los Angeles. These

harbors were chosen since they are the largest ones in Europe and North America [59], [60].

Time Horizon This thesis aims to assess emissions related to the IMO 2050 goal and

thus 2050 was the shortest time horizon applicable. However, regarding the effects of

climate change, a 100-year perspective was used, meaning GWP100 was adopted.

System Boundaries The system boundary applied in the study is shown in Figure 21.

It shows that this study focused on the ship’s fuel pathways and operation phase. Neither

the ship’s manufacturing nor the ship’s end-of-life treatment was included. This was not

included since the ship was assumed to have already been built. The study’s goal was to

find the best innovation for an already existing ship and since the ship looks the same for

all systems, manufacturing, and end-of-life are not considered. The CCS manufacturing

phase was not included either even if it did not already exist on the ship. This was mainly

because there was not enough time to include the manufacturing of the CCS within the

time frame of this study. Moreover, other consumables for the operation phase were not

included. This could cover oils for the engine etc. This was not included since these are

considered minor compared to fuel consumption, so the effect was considered negligible.

Figure 21: The system boundaries for this report
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Cut-off criteria The project had to include as much of the required data as possible.

Due to limitations in available data, a cut-off criterion was set: All processes needed to

have 95% of the mass represented and 95% of the energy. No single flow greater than

1% of the total mass or energy could be omitted from the LCI. This cut-off criteria were

suggested by ISO 14044 [18] and therefore chosen in this thesis.

Data requirements and data quality requirements The project only considered

emission data from published articles, established databases, or government institutions,

with the exception of some manufacturing data. The time perspectives for each data point

were different. The emissions and chemical compositions of HFO had to be from after 2020

due to IMO regulations. The production of different biofuels and methanol fuels was as

recent as possible but no strict limit was set. The data for the operation of the CCS also

had to be as recent as possible and studies using CCS in a maritime context or together

with an ICE were used when possible. When feasible, all geographically significant data

was taken from the EU or the US.

Allocation Allocation was only necessary during the production of each fuel. Each

source specifies the allocation method. GREET, which was the most used database in this

study utilizes mass allocation. Regarding biofuels, GREET employs different accounting

methods based on the origin of carbon sources: biogenic carbon emissions are considered

carbon-neutral, while biogenic carbon sequestration is seen as negative carbon emissions.

Also, sequestration carbon for methanol production is seen as negative. On the other hand,

fossil carbon emissions are considered as positive carbon emissions, while fossil carbon

sequestration is seen as carbon-neutral. [61] These numbers taken from GREET were well-

to-pump perspective meaning only the burdens from production and transportation to

pump are taken into account. Fuels capturing CO2 can therefore have a net negative value

before combustion. By expanding to a well-to-wake perspective the captured CO2 were

released to the air and therefore not net negative anymore. (See Chapter 2.4 for more on

allocation)

Comparisons between systems It was possible to compare the systems as all the

systems have the same functional unit and similar pathways except for the magnitude of

some values and the fuel production.

Critical review This study was reviewed by professors at Lund University and a student

opponent during the final presentation of the Thesis.
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4.4 Life Cycle Inventory

In this section, the life cycle inventory will be presented. First, all process flows for the

product systems are shown and after that, the data inventory is presented.

4.4.1 Product System Processes and Flow

The product systems were simplified into unit processes as seen in Figure 22.

VLSFO WTP Engine operation Operation OCCS CO2 Storage CO2 transport CO2 permanent storage
In In In In In In

Residual oil Fuel CO2 from engine Concentrated CO2 Captured CO2 Transported captured CO2
Resource depletion Consumables Thermal energy Electrical Energy EU std marine transport Out
Electrical energy Out Electrical energy Out Out Emission to air

Out Mechanical energy MEA feed Captured CO2 Transported captured CO2
HFO 0.5 % S Thermal energy Other Resources Emissions to air Emissions to air
Emissions to air CO2 from engine Out

SOx from engine Concentrated CO2
PM from engine Emissions to air

Biodiesel  from Soybean NOx from engine
In Other E2A from engine

Soybean oil Scrubber
Methanol In
Electrical energy SOx from engine
Resource depletion PM from engine

Out Consumables
BD100 Soybean Electrical Energy
Emissions to Air Out

Emissions to air

Biodiesel from Rapeseed oil
In SCR

Rapeseed oil In
Methanol NOx from engine
Electrical energy Consumables
Resource depletion Electrical Energy

Out Out
RME Emissions
Emissions to Air

Biodiesel  from UCO
In

UCO
Methanol
Electrical energy
Resource depletion

Out
BD100 UCO
Emissions to Air

Biodiesel  from Palm oil
In

Palm oil
Methanol
Electrical energy
Resource depletion

Out
BD100 Palm oil
Emissions to Air

Figure 22: Overview of the significant processes that make up the product systems

The process flows of the product systems were modeled in the software openLCA, which is

shown in Figure 23. This figure shows the entire product system of the VLSFO case. All

seven product systems were built with the same layout but with different values depending

on the fuel. All product systems can be found in the Appendix.
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Figure 23: Process Diagram as modeled in OpenLCA. (NOTE! The values are not neces-
sarily the ones used as specific values are changed before the calculation of the LCIA)

The first process in the product systems is the production of the fuels. The production

data is mostly taken from GREET and ProBas. Which fuel is taken from which database

is shown in Table 4. The produced fuel flows into the engine called consumption of fuel,

and the afterburner. The engine has mechanical energy to the shaft as a reference flow,

whilst the afterburner has thermal energy as a reference flow. From the combustion of fuel

process, flue gases enter the SCR, scrubber, and OCCS separately. The flue gases which is

not captured are released into the air. These processes also consume some substances; the

SCR consumes urea, the scrubber NaOH, and the CCS consumes MEA. The production of

these consumables are included in the model, and their data points are taken from various

sources listed in Table 4. There is a product flow from the OCCS called liquefication, which

includes cooling and compression of the CO2. This process has liquefied CO2 as a useful

output. This flow goes into the process Transportation and storage which transports the

liquefied CO2 and stores it permanently in the ground.

The last process in the product system is called OCCS Lifecycle. The only purpose of this

process is to clarify the functional unit. The process says that the mechanical work from

the engine is used on the shaft, which is the functional unit of the entire product system.

4.4.2 Data Inventory

To model the product systems in openLCA several data points were collected. All the data

used in the LCA is listed in table 3. In this section, some of the assumptions and decisions
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made concerning the data points will be explainedd.

Table 3: Data Collection summary with Values and Sources

Component Parameter Value Unit Reference

Engine ηEngine 50 % MAN

ηWHRU 25 % Estimation, MAN

Flue gas
CO2 concentra-

tion
- g/MJshaft MAN

NOx concentra-

tion
- g/MJshaft MAN

SOx concentra-

tion
- g/MJshaft MAN

PM concentration - g/MJshaft MAN

Afterburner ηAfterburner 85-95 % [62]

SCR
Urea consump-

tion
1.6 kg/kgNOxin MAN

Electricity con-

sumption
0.039 MJ/kgNOxin [63]

NOx removal rate 95 %

Ammonia slip 5, 72 · 10−6 kg/kgNOxin [42]

Scrubber
Freshwater con-

sumption
111 kg/SOxin [64]

Electricity de-

mand
0.157 MJ/kgSOxin [65]
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Table 3: Data Collection summary with Values and Sources

Component Parameter Value Unit Reference

NaOH consump-

tion
0.0012 kg/MJshaft MAN

SOX removal rate 95 % [43]

PM removal rate 10 % [43]

CCS Boiler Duty Calcuated value MJ [53]

Electricity con-

sumption
98.3 Wh/kgCO2in [1]

MEA consump-

tion
1.6 kg/tCO2in [66]

NaOH consump-

tion
0.12 kg/tCO2in [1]

Activated Carbon 0.07 kg/tCO2in [1]

Freshwater con-

sumption
18.1 kg/tCO2in [1]

Capture rate 70 % [1]

MEA, emissions

to air
0.06 kg/tCO2in [1]

Ammonia, emis-

sions to air
0.03 kg/tCO2in [1]

Liquefier
Electric consump-

tion chiller
0.0645

kWh/kg

CO2
[1]
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Table 3: Data Collection summary with Values and Sources

Component Parameter Value Unit Reference

Electric consump-

tion compressor
0.1

kWh/kg

CO2
[67]

CO2, emissions to

air
1

% of boil of

gas
[1]

Transpor-

tation

Transportation

by ship
0.752 t*km ProBas

Permanent

storage

CO2, emissions to

air
0.5

% of stored

CO2
[68]

Urea The urea consumption is a water solution with 40 wt% urea. [40]

Electricity consumption The fuel cost from electricity consumption of the SCR, scrub-

ber, and CCS was included in the initial assessment of this thesis. However, it was assumed

that the generator onboard produces enough electricity without additional fuel consump-

tion. In reality, a generator would require more mechanical energy which in turn would

require an increase in fuel consumption for the same energy on the shaft. This value is

estimated to be between 2 - 19 % depending on the study [15] [1]. There was also an option

to use external generators fueled by e.g. diesel thus requiring another fuel in the model. To

simplify the product systems the generator was therefore not included. Instead, an increase

in energy requirement was included in the sensitivity analysis to assess the assumption to

omit the fuel consumption from electricity production. This is equivalent to reducing the

engine efficiency to match the energy required to power the generator.

Capture rate The capture rate of the CCS in this study was set to 70%. Since this

study uses an afterburner it will be possible to boost the thermal energy enough to reach a

capture rate above 50% according to Einbu et. al [16]. In the study made by Juyoung et.

al [12] a capture rate of 90 % is used, while Kanchirallan et. al [1] uses a capture rate of
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70% in their study. Accordingly, values between 50% and 90% capture rate can be found

in previous studies. Therefore a mean capture rate of 70 % was used in this study.

MEA consumption The MEA consumption is a water solution with 30 wt% MEA.

Even if MEA is reused in the CCS a MEA consumption is required because of MEA

degradation. This occurs because of irreversible reactions between the amine and residual

products from the flue gas pre-treatment, like SOxandNOx [69] To minimize the content of

SOx and NOx an SCR and scrubber is therefore of utmost importance. As mentioned the

flue gases were modeled in a way so that the CCS only has CO2 as a flue gas input. This

was made for simplicity in modeling. MEA degradation was still taken into consideration.

Transportation The captured, liquefied CO2 was assumed to be transported by sea at

a distance of 725 km. This represents the distance between Rotterdam harbor and the

harbor in Stavanger, close to the Northern Lights project in Norway, where the CO2 is

assumed to be stored. [51]

Permanent storage The emissions associated with the permanent storage are based

on the environmental permission for the Northern Light project. [68] No other emissions

associated with the permanent storage could be found and none could be provided by

institutions such as the Norwegian Offshore Directorate when inquiring. There are likely

other emissions associated with storing CO2 permanently.

4.4.3 Databases

The databases used in this thesis were GREET, ProBas, ELCD, and Ecoinvent. What

dataset is used for each fuel and consumable is shown in Figure4. Briefly, this section will

provide some information about each database.

GREET GREET stands for Greenhouse Gases Regulated Emissions and Energy Use in

Technologies and was developed by Argonne National Laboratory with support from the

U.S Department of Energy [61]. All data is therefore based on the US market. GREET was

developed to serve as a guide for decision-making, research, development, and regulatory

measures in the transportation and energy sector. It mainly includes fuels and consumables.

[70] This database was chosen because it was the only database including HFO with a sulfur

content of 0.5% found.

ProBas ProBas is a database that was directly downloaded to openLCA for free, through

their webpage called openLCA Nexus. It is a German database developed by the German
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Federal Environment Agency. It includes units and combined processes for energy, mate-

rials, products transportation services, and waste. [71] The database was chosen since it

included the data needed and was easy to implement into the software.

ELCD ELCD stands for European Life Cycle Database and was also directly downloaded

to the software through openLCA Nexus for free. This database is developed from EU-

level business associations by Green Delta. The dataset includes materials, energy carriers,

transport, and waste management. [72] The database was chosen since it is a broad EU-

based database, which was easy to implement in the software and contained key values not

found in GREET or ProBas.

Ecoinvent EcoInvent is a non-profit organization based in Zurich Switzerland, which is

committed to providing high-quality data for environmental assessments over the world. [73]

The dataset was accessed through a University license. It is worth noticing that the license

was only available for an old version of Ecoinvent from 2015. Thus, the database is only

chosen for processes that could not be found in the other databases.
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Table 4: Production of consumables and where the data comes from

Consumable

Upstream

Emissions

Source

VLSFO GREET

BD palm oil ProBas

BD rapeseed oil ProBas

BD soybean GREET

Biofuel UCO GREET

E-methanol GREET

Methanol NG GREET

Urea GREET

NaOH ELCD

MEA
Ecoinvent

3.2

4.5 Life Cycle Impact Assessment

Lastly, the third phase, LCIA, will be presented, in this chapter.

4.5.1 LCIA Method and Impact Categories

When choosing the LCIA method it was found that no single LCIA method is standard

for marine fuel analysis, which can be seen in Table 5. Instead, the project’s goal and

geographical scope worked as an indicator of what LCIA method is best suited. This

project aims to analyze which fuel together with CCS can decrease CO2 emissions the

most, therefore using only midpoint impact categories suits well enough. Based on the

data collected during the LCI, the preferred method is either ReCiPe 2016 or EF 3.0 as
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both contain lots of data for the elementary flows with characterization factors as GWP100.

ReCiPe 2016 is an LCIA method developed by a collaboration between three universities

and one institution. It can be used for several geographical areas while EF 3.0 is developed

by the EU and is primarily intended to be used with the EU as the geographical scope.

ReCiPe and CML-IA share similarities as ReCiPe is a development of an early CML version.

The two methods can however indicate different impacts so a critical analysis of all LCIA

results, no matter the method, is needed to draw correct conclusions. This project will

use ReCiPe 2016 as the LCIA method of choice due to the extensive number of midpoint

categories and no restrictions in geographical areas.

Table 5: LCIA methods used in other research

Method Subject / Scope Source

ReCiPe 2008 Alternative marine fuels (WTW) [74]

EF 3.0 Alternative marine propulsion (CTG) [1]

IPCC Alternative marine fuels (WTW) [27]

CML Alternative marine fuels (WTP) [11]

ReCiPe 2016 Alternative marine fuels (WTW)

Internal

document

at MAN

Table 6 shows all impact categories considered in ReCiPe.
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Table 6: Impact Categories ReCiPe 2016

Midpoint Categories

Category Unit

Particulate matter kgPM2.5 eq

Trop. ozone formation kgNOx eq

Ionizing radiation kBq CO-60 eq

Stratos. ozone depletion kgCFC11 eq

Human toxicity (cancer) kg1.4-DCB

Human toxicity (non-cancer) kg1.4-DCB

Global warming kgCO2 eq

Water use m3

Freshwater ecotoxicity kg1.4-DCB

Freshwater eutrophication kgP eq

Trop. ozone (eco) kgNOx eq

Terrestrial ecotoxicity kg1.4-DCB

Terrestrial acidification kgSO2 eq

Land use/transformation m2a crop eq

Marine ecotoxicity kg1.4-DCB

Mineral resources kgCu eq

Fossil resources kg oil eq
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4.5.2 Sensitivity Analysis

The model is a parameterized model with the function to calculate the well-to-wake emis-

sions for a propulsion system connected to a carbon capture unit. To do this, an LCA was

conducted using data from several sources. Thus, a rigorous analysis regarding the models’

parameters was needed to determine if some factors are dominant, behave unexpectedly,

or otherwise need further studying or checking.

A way to do this was to conduct a sensitivity analysis of the values. There are several

methods to do this but the one-at-a-time (OAT) approach was utilized in this report. OAT

works by changing one parameter individually and assessing if the response to the final

result is proportionally affected by the change compared to a base case. The OAT approach

can also allow for the inclusion of parameters that were assumed to not be important to

the result like the electricity load in this report.

4.5.3 Monte Carlo Simulation

To investigate irregular behavior in the model further, a Monte Carlo simulation was

conducted. The Monte Carlo simulation is also referred to as the gambling approach and

was used to determine how random changes in the data affect the spread of results. Each

included parameter was assigned an uncertainty distribution, e.g. normal distribution with

a standard deviation of +/- 10%. The Monte Carlo simulation was then randomized to

each parameter according to the set distribution several times to asses the total mean and

distribution from all the iterations. The final result from the Monte Carlo assessment gives

the most accurate uncertainty measurement of the model by including cascading errors

that can propagate over several linked unit processes [75].
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5 Results

In this section, the results from the LCA will be presented.

5.1 Global Warming Potential

The global warming potential of each fuel type is shown in Figure 24. If looking without

capture of CO2 from the CCS (green columns), it can be stated that system 2.a) has the

highest global warming potential of 0.352 kg CO2 eq, followed by system 3.b) methanol

from NG with 0.192 kg CO2 equivalents. System 1, VLSFO, has a GWP of 0.186 kg

CO2 eq. The fuel with the lowest GWP is system 3.a) green methanol with only 0.011

kg CO2 eq, followed by system 2.d)BD100 UCO, system 2.c) BD100 Soybean and system

2.b)BD100 RME, with respectively 0.029, 0.057, and 0.137 kg CO2 eq.

Figure 24: GWP of each product system. The green column shows results without the
impact of CCS, purple with the impact of CCS, and blue the difference between the two
cases.

The global warming potential with the effects of the installed CCS is also shown in Figure

24. The provided figure shows that system 2.a) with palm oil still has the highest GWP

with a value of 0.283 kg CO2 eq, followed by system 3.b) methanol from natural gas with

0.116 kg CO2 eq, system 1, VLSFO with 0.091kg CO2 eq and system 2.b)BD100 RME with

0.037 CO2 eq. These product systems result in positive GWP values. On the contrary,

system 2.c)BD100 Soybean, system 2.d)BD100 UCO, and system 3.a)Green methanol all

receive negative values of the GWP. Each value is respectively -0.056, -0.088, and -0.104kg
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CO2 eq.

Table 7 shows the additional fuel consumption and energy consumption when operating

the CCS.

Table 7: The increase in energy and fuel when using the CCS

No CCS BD100 Palm oil BD100 RME BD100 Soy BD100 UCO Green MeOH NG MeOH VLSFO

Fuel Energy consumption [MJ] 2 2.245 2.245 2.245 2.252 2.271 2.271 2.249

Fuel mass consumption [kg] - 0.060 0.060 0.0600 0.061 0.114 0.114 0.055

Increase in fuel consumption [%] 0.00% 12.26% 12.26% 12.26% 12.62% 13.55% 13.55% 12.45%

5.2 Biodiesel, With and Without Uptake of CO2

To show the difference between various accounting methods for biofuels, an example is pre-

sented for BD100 Soybean in Figure 25. The graph shows how the results differ depending

on how biodiesel is accounted for. The CO2 emissions can either be seen as neutral, because

of the uptake of CO2 or not. Both cases of with and without uptake of CO2 are shown in

figure 25. The same results but with the effect of CCS are also shown in the graph. The

standard accounting method is to include CO2 uptake.

Figure 25: Global warming potential difference when considering CO2 uptake in biomass
for product system 2.c) BD100 Soybean. The results are shown with and without uptake
of CO2 from the CCS
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5.3 Biodiesel, difference depending on land usage change

The difference in GWP for different amounts of land use change was computed as an

example in the case of BD100 RME. The results are shown in Figure 26.

Figure 26: Effect from land use change on Product system 2.b) BD100 RME

5.4 Other Impact Categories

All impact categories accounted for in ReCiPe are shown in Figure 27 - 30. The provided

picture illustrates the comparative indicator outcome of each system variation with the

impact of CCS. Each indicator’s maximum result is standardized to 100% and the results

of the alternative variations are displayed relative to this benchmark. As seen in the figure

not all impact categories have a value for all systems, because of missing data points. The

missing data is due to limitations in GREET and flows included in the modeling of the

CCS come from other databases that map to other impact categories as well.
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Table 8: LCIA results for each product system with CCS. Green represents lower values
and read represents higher values.

BD100 Palm oil (w CCS) BD100 RME (w CCS) BD100 Soybean (w CCS) BD100 UCO (w CCS) eMeOH (w CCS) MeOH NG (w CCS) VLSFO (w CCS)

Impact category Reference unit

Global warming kg CO2 eq 2.83E-01 3.67E-02 -5.58E-02 -8.80E-02 -1.04E-01 1.16E-01 9.13E-02

Ionizing radiation kBq Co-60 eq 1.32E-05 1.32E-05 1.32E-05 1.33E-05 1.29E-05 1.29E-05 1.31E-05

Land use m2a crop eq 4.73E-07 4.73E-07 4.73E-07 4.77E-07 4.61E-07 4.61E-07 4.71E-07

Freshwater ecotoxicity kg 1,4-DCB 2.78E-06 2.81E-06 2.76E-06 2.79E-06 2.70E-06 2.70E-06 2.96E-06

Freshwater eutrophication kg P eq 5.87E-08 5.90E-08 5.83E-08 5.89E-08 5.69E-08 5.69E-08 6.13E-08

Fine particulate matter formation kg PM2.5 eq 5.31E-05 5.31E-05 6.70E-05 5.81E-05 5.95E-05 8.07E-05 9.86E-05

Stratospheric ozone depletion kg CFC11 eq 1.18E-09 1.18E-09 5.56E-07 9.03E-09 8.48E-08 9.11E-08 8.14E-08

Human non-carcinogenic toxicity kg 1,4-DCB 1.87E-04 1.87E-04 1.87E-04 1.88E-04 1.82E-04 1.82E-04 1.91E-04

Fossil resource scarcity kg oil eq 2.25E-02 2.00E-02 1.35E-02 1.39E-02 3.52E-03 6.23E-02 5.16E-02

Water consumption m3 5.92E-04 5.92E-04 5.77E-03 7.00E-04 1.48E-03 6.77E-04 8.36E-04

Marine ecotoxicity kg 1,4-DCB 2.97E-06 3.87E-06 2.55E-06 2.56E-06 2.49E-06 2.49E-06 2.80E-06

Terrestrial ecotoxicity kg 1,4-DCB 3.74E-03 3.74E-03 3.74E-03 3.77E-03 3.65E-03 3.65E-03 3.89E-03

Mineral resource scarcity kg Cu eq 7.12E-07 7.12E-07 7.12E-07 7.19E-07 6.94E-07 6.94E-07 7.10E-07

Human carcinogenic toxicity kg 1,4-DCB 7.39E-06 7.39E-06 7.39E-06 7.46E-06 7.20E-06 7.20E-06 7.39E-06

Ozone formation, Human health kg NOx eq 4.69E-04 4.69E-04 5.17E-04 4.69E-04 5.14E-04 5.75E-04 5.11E-04

Ozone formation, Terrestrial ecosystems kg NOx eq 4.69E-04 4.69E-04 5.17E-04 4.69E-04 5.14E-04 5.75E-04 5.11E-04

Marine eutrophication kg N eq 2.37E-07 2.37E-07 2.37E-07 3.81E-06 2.31E-07 2.31E-07 2.37E-07

Terrestrial acidification kg SO2 eq 1.72E-04 1.72E-04 2.09E-04 1.82E-04 1.89E-04 2.51E-04 2.19E-04

Table 9: LCIA results for each product system without CCS. Green represents lower values,
red represents higher values and white represents missing or zero values

BD100 Palm oil (wo CCS) BD100 RME (wo CCS) BD100 Soybean (wo CCS) BD100 UCO (wo CCS) eMeOH (wo CCS) MeOH NG (wo CCS) VLSFO (wo CCS)

Impact category Reference unit

Global warming kg CO2 eq 3.52E-01 1.37E-01 5.66E-02 2.94E-02 1.14E-02 1.92E-01 1.86E-01

Ionizing radiation kBq Co-60 eq 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Land use m2a crop eq 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Freshwater ecotoxicity kg 1,4-DCB 8.70E-09 3.19E-08 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.77E-07

Freshwater eutrophication kg P eq 3.05E-10 5.92E-10 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.83E-09

Fine particulate matter formation kg PM2.5 eq 4.60E-05 4.60E-05 5.81E-05 5.04E-05 4.86E-05 6.60E-05 8.65E-05

Stratospheric ozone depletion kg CFC11 eq 9.84E-10 9.84E-10 4.85E-07 7.83E-09 6.97E-08 7.48E-08 7.17E-08

Human non-carcinogenic toxicity kg 1,4-DCB 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.29E-06

Fossil resource scarcity kg oil eq 1.95E-02 1.73E-02 1.17E-02 1.20E-02 2.79E-03 5.11E-02 4.54E-02

Water consumption m3 1.72E-17 1.72E-17 4.51E-03 8.91E-05 7.45E-04 8.26E-05 2.17E-04

Marine ecotoxicity kg 1,4-DCB 3.62E-07 1.14E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.22E-07

Terrestrial ecotoxicity kg 1,4-DCB 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.44E-04

Mineral resource scarcity kg Cu eq 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.32E-10

Human carcinogenic toxicity kg 1,4-DCB 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.71E-08

Ozone formation, Human health kg NOx eq 4.09E-04 4.09E-04 4.51E-04 4.09E-04 4.22E-04 4.73E-04 4.50E-04

Ozone formation, Terrestrial ecosystems kg NOx eq 4.09E-04 4.09E-04 4.51E-04 4.09E-04 4.22E-04 4.73E-04 4.50E-04

Marine eutrophication kg N eq 0.00E+00 0.00E+00 0.00E+00 3.12E-06 0.00E+00 0.00E+00 8.95E-10

Terrestrial acidification kg SO2 eq 1.49E-04 1.49E-04 1.81E-04 1.58E-04 1.55E-04 2.06E-04 1.92E-04
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5.4 Other Impact Categories

Figure 27: Relative Results from the LCIA with CCS

Figure 28: Relative Results from the LCIA with CCS
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5.5 Sensitivity analysis

Figure 29: Relative Results from the LCIA without CCS

Figure 30: Relative Results from the LCIA without CCS

5.5 Sensitivity analysis

A one-at-a-time perturbation approach was used to assess the individual impact of the

moving parameters included in the study. The moving parameters have been defined as

the parameters calculated and interpreted from other works of literature and does not

include upstream processes taken directly from databases such as GREET, ProBas, and

Ecoinvent. Different allocation methods for the project have not been included in the
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sensitivity analysis as the system only has one usable output; power on the shaft. The

total kgCO2eq, difference from the baseline and the relative absolute effects can be seen in

Figure 31.

Figure 31: OAT sensitivity analysis of foreground variables

5.6 Monte Carlo

The Monte Carlo simulation allows the parameters to be simulated using a normal dis-

tribution with a standard deviation of 10% per variable to assess the spread of the data

using random samples for a simulation length of 10000 iterations. The parameters were

the following: the thermal energy needed to power the CCS, the emissions from the engine,

the MEA consumption of the CCS, the transportation distance of the liquefied CO2, the

efficiency of the engine, and the carbon emission related to permanently storing CO2. (The

Monte Carlo simulation can include unrealistic values, impossible for an actual system.)

σ = 0.012 (21)

N = 10000 (22)

Mean = 0.091 (23)

α = 5% (24)

Confidence.interval95% = 0.091± 0.00024 (25)
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5.6 Monte Carlo

Figure 32: Monte Carlo (VLSFO) from OpenLCA
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6 Discussion

In this chapter, the results from the previous chapter will be discussed.

6.1 Impact of Database

When discussing the results, it is important to mention the differences in the use of

databases. As shown in Figure 24 it seems like palm oil affects global warming almost

twice as much as VLSFO. It is important to remember that data points for BD100 Palm

oil and BD100 RME production pathways are taken from ProBas, while all other fuel

pathways are taken from GREET. This means that different assumptions might have been

made e.g. different allocation methods. Therefore, a comparison between the different

datasets should be done with great caution, since the relative results between the datasets

might differ. However, if comparing the results in this study made by Chen et al. and

Siregar et al. the results seem reasonable. [76] [35] Comparison between the fuels using the

same database can however be done.

6.2 Global Warming Impact Without CCS

When observing the GWP results from GREET in Figure 24 it can be stated that green

methanol has the least impact on global warming, while methanol produced from natural

gas has the second greatest impact. This implies that contribution from the fuel upstream

processes influences the results markedly. According to the methanol institute [77] the life

cycle carbon footprint can be reduced by more than 90% if using e-methanol instead of

natural gas-based methanol. This is in line with the results of this study with a GWP

reduction of around 95%. Moreover, according to Su et. al [39] the total CO2 emissions

can be reduced by around 70% by using green methanol instead of conventional. The

difference in results might depend on differences in the scope. Su. et al only mention CO2

emissions, while this study includes other emissions that also affect global warming, which

could give a higher value for the natural gas in this study.

Furthermore, it is noticed that methanol from natural gas gives an even greater GWP than

VLSFO, which not only depends on emissions during methanol synthesis but also because

of the lower heating value of methanol, meaning a much higher fuel consumption for the

same amount of energy on the shaft.

Moreover, comparing the different biodiesel, it is stated that biodiesel from palm oil has the

most impact on global warming. This great impact could depend on the high environmental

cost of the production and the long fuel transportation. This fuel pathway, taken from

ProBas, accounts for palm oil from Indonesia, which entails longer transportation of the

fuel compared to the ones produced in EU and the US. Also, biodiesel made from palm
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6.3 Global Warming Impact With CCS

oil has a high environmental impact during the production pathway. According to Siregar

et. al [35] the high GWP could be explained by the great emissions of methane from palm

oil mill effluent and fertilizing process during the cultivation of palm oil and the land use

change from growing the palm-biomass. The lowest emissions come from the BD100 UCO,

a biofuel made from waste products that do not contribute to additional land mass being

occupied by the growing of foods.

6.3 Global Warming Impact With CCS

Observing the results with the influence of CCS compared to the results without (see

Figure 24), it can be stated that the CCS has a great impact on the results. It is noticed

that the GWP for all product systems has decreased, and several systems have a negative

impact. The cases using fossil fuels will always have a positive value since all emissions

released into the air will increase the GWP and nothing during fuel production contributes

to CO2 sequestration. If it was possible to capture all emissions from the product system

it could as best receive a neutral GWP if the entire upstream was CO2 neutral. The non-

fossil fuels have the potential to reach net negative CO2 emissions as some form of carbon

sequestration occurs during fuel production. Biofuels remove CO2 from the atmosphere

and store it in the biomass and green methanol stores CO2 from industrial processes.

A correlation can be seen from the results in Chapter 5.1 that the greatest total reduction

in GWP is achieved by the fuels with the lowest upstream production impact. This is

because the OCCS contributes to additional fuel consumption.

There is reason to be cautious about the extent of the impact of green methanol. The

upstream processes from green methanol are taken from the GREET database and how

GREET allocates CO2 from a well-to-pump perspective has been mentioned in Chapter 2.4.

The case with the green methanol included in this thesis has 61.88% of the captured CO2

come from natural gas processes (see Appendix). The burden of the upstream emission

seems to be allocated mainly to the point source emitters in the upstream and little burden

is allocated to the fuel itself. The more critical way to calculate the emission would be

to imagine all fossil emissions as zero until they are released into the atmosphere. For

example, a coal power plant digs up 1 mol of coal and burns it in their power plant. The

1 mol of carbon becomes 1 mol of CO2 that is captured and stored. It is then used to

make fuel. It is currently at net zero carbon emissions as the CO2 is still stored in the

fuel, storing it forever would keep it at net zero. Instead, it is combusted and the 1 mol

of CO2 is released and not captured again, making the total emissions from the entire

cradle-to-grave emissions carbon positive. This burden should then be shared among the

CO2 emitters proportionally. The argument against this shared burden is that it can allow

the big point source emitters to claim that their activity is more sustainable than it is and
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expansion of relatively high-emitting industries can occur instead of the transition toward

greener alternatives.

The biofuel is more straightforward. Some of the fuels have low enough upstream emissions

that the CO2 uptake from the biomass and the permanent CO2 storage is enough to

compensate. This is not the case for BD100RME or BD100 Palm oil. The BD100 RME

is close to reaching net zero and an increase in the capture rate would allow for the global

warming impact to be reduced.

Since this study does not include the manufacturing phase of the CCS, environmental

impacts linked to it are missing e.g emissions, used materials, and energy usage during

the manufacturing. The omission of some life-cycle processes could potentially present the

CCS in a more favorable way than reality and should therefore be taken into consideration.

Manufacturing should be further investigated to get the whole cradle-to-grave perspective

of the CCS.

6.4 Difference in Accounting Methods for Biofuels

The method of allocating emissions for biodiesel is a complex topic discussed earlier in

Chapter 3.1.2 and to display the large difference from different accounting methods Figure

25 and 26 was constructed from the LCI results and calculated into an LCIA result of

GWP.

CO2 Uptake The CO2 stored in the biomass accounts for a net negative CO2 balance to

the atmosphere after production for the BD100 Soybean, the net negative is subsequently

increased by the same amount of CO2 released to the atmosphere after combustion. This

way of accounting is recognized by several organizations [78] [79] and follows the assumption

of CO2 balance. It can be shown from the results that biofuel has the potential to remove

CO2 permanently from the atmosphere but that is only the case if the CO2 uptake is large

enough compared to the emissions from production, transport, etc.

Land Usage Change The impact of different land use changes has been discussed earlier

and the difference for the BD100 RME is shown in Table 26 to further illustrate the drastic

impact to global warming potential if the crops cause any type of land usage change. It is

stated by Sammy El Takriti et.al. [32] that the demand for low land use impacting biofuels

is rising as the need to reach greater climate regulations increases. The use of waste to

produce biofuels has also been indicated by the results in Table 24 to be the biofuel with

the lowest global warming impact.

This report mainly focuses on global warming impact. The aggregation of crops affects the

local ecosystems among other things and other impact categories should be considered to

60



6.5 Impact of Other Impact Categories

come to a full conclusion regarding the benefits and threats of using biofuels.

6.5 Impact of Other Impact Categories

GREET focuses on GWP and therefore other impact categories are missing data points to

make legitimate conclusions from the fuel streams alone. In the study made by Kanchi-

rallan et.al [1] the decrease of GWP seems to entail some trade-offs, like human toxicity

or freshwater ecotoxicity. From Figure 27 - 30 it is possible to identify that all impact

categories are affected and it seems like most of the impact in the other categories comes

after the CCS is added. There can not be any conclusion drawn from this except that the

CCS will affect all impact categories in some way. However, it can not be determined if

this impact would have been noticeable if the fuel upstream was modeled with the other

categories in mind.

6.6 Quality of the Model

Two numerical methods were employed to verify the model parameters (see Chapter 5.5

and 5.6). The sensitivity analysis in Figure 31 indicates that no single parameter tested

has a large impact on the total global warming output, instead other parameters like

fuel production for the different fuel types and emissions during combustion are the main

deciders of the total global warming for each product system. Two exceptions to this are

the capture rate and the inclusion of electrical load. The capture rate, when increased by

25% gave a 28% response. An explanation for this is the relatively low impact from VLSFO

production and a different result is expected when compared to fuels with the majority of

the climate impact during production of the fuel.

The other example of a large impact was the inclusion of emissions related to the production

of onboard electricity. This was done by moving energy output from the shaft to output for

electricity production by the required amount to power the scrubber, SCR, and CCS. This

is the equivalent of reducing the engine efficiency by the electrical load amount. The global

warming impact was relatively large with an increase of approximately 5.4%. The scenario

of reducing the output on the shaft is not the standard method of electricity generation and

actual onboard electrical production commonly comes from other generators powered by

other fuel than that of the engine (e.g diesel) [80]. This however indicates the importance

of including the onboard power production in future more in-depth studies for an actual

system implementation. It is however kept out from this report as the scope would grow

to include more energy sources and it is assumed that the results would change almost

equally relative to each case. Thus, the results when comparing the fuel systems to each

other are still valid. A big difference could occur if the flue gasses are to pass through the

exhaust gas treatment systems.
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The Monte Carlo simulation from figure 32 was conducted to further investigate if some

flows or variables were sensitive to change. The Monte Carlo simulation also supports the

model not being reliant on a single or a few parameters for the total output.

The total energy consumption calculated in the model gives rise to 12.26% to 13.55%

increase in total energy consumption according to Table 7. This value is within reason to

other similar studies like Kanchiralla et.al [1] with an increase of 19%, Einbu et.al [16] with

an increase of 6%-12% or Sridhar et.al [13] with a fuel penalty of 1.8% to 19%.

Parameters that have not been tested are flows from background processes like chemi-

cal production or fuel production. The amount of each resulting product flow (e.g mo-

noethanolamine produced from the upstream process monoethanolamine production) is

tested in the sensitivity analysis and the Monte Carlo simulation. It is assumed that the

total impact of changing flow parameters in the background process would yield a small

response to the total output as the response of changing the resulting flow was small. The

difference in the production of fuels is assumed to be assessed by including several fuel

types.

6.7 Sources of Errors

In the study, some parameters have not been taken into consideration which might have

affected the result. Firstly, all physical parameters regarding the CCS have not been

considered. For example, the modeled systems do not include sizing of the absorber and

desorber. Previous studies discuss problems with space limitations onboard vessels and

therefore sizing of the height and width of the column might be limited [12]. This could

affect the performance of the CCS. Moreover, the change in transport work due to lost

load has been neglected. Adding a CCS to a vessel will take up space that otherwise

could have been used to transport goods. The additional transportation weight will lead

to added emissions. Furthermore, the engine load has not been taken into account. During

operation, the engine load will vary, for example during cruising and maneuvering of the

vessel. Also, the engine load will increase due to the added weight from the CCS technology

itself and the captured CO2. This will affect both the fuel consumption and the emissions.

However, in this study, the engine load is assumed to be unaffected which is a simplification

compared to reality.

6.8 What is Slowing the Transition to Renewable Fuels

The need for low-emission solutions is urgent and implementing new technologies as soon

as possible to reach the IMO goals is needed. The systems investigated in this report

are a possibility for this as seen in the results and further discussed in section Chapter
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6. However, several challenges are involved with converting the theoretical model to a

real-world option.

Capacity limitations As mentioned in chapter 3.1.2, biofuels have several challenges.

One is the limitation of the total capacity of producible biofuel [81]. IEA believes that

the shortage of available feedstock can be mitigated by seeking out new supply chains.

This could, however, lead to more food going to fuel production, another feedstock, or

new farmland being produced that could lead to native biospheres being pushed aside

for fuel production. There are however opportunities with biofuels and if the transition

is done responsibly and each impact factor is carefully monitored during a large-scale

implementation, biofuels could be a promising replacement to fossil fuels.

Green methanol is the clear winner when reviewing the total well-to-wake global warming

impact found from the results. These results display the great potential of electro fuels if

they are produced by green electricity and care is taken during combustion to limit the

emissions to the atmosphere. But green methanol suffers even more than biofuels when

reviewing the total capacity of production, making it a solution that is dependent on how

the market for green methanol develops over time. A change that is projected to happen

and the total capacity to go from almost none to 22.4 Mt/year in 2029 [77]. 22.4 Mt/year

is approximately 3.4% of the total projected fuel consumption by the maritime industry in

2030 [82], and about 1.6% if the lower heating value is considered.

Cost This report does not have cost within its life cycle scope but it will be a relevant

factor when considering what option will be the easiest to implement. Only looking at the

cost/toe of fuel there is currently a large difference in price for the different fuels as can

be seen in Figure 33. These differences will be reduced over time and CO2 emission costs

need to match the increased fuel cost to make the green transition lucrative for the ship

owners.

The cost analysis indicates that e-Methanol has the most to gain from the future market

prices and will be cheaper than FAME by 2050 (see Figure 33).
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Figure 33: Projected fuel cost between 2020 and 2050 USD/toe [83]
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7 Conclusion

The LCA carried out in this study can be used to answer the research questions initially

posed.

Regarding which alternative fuel has the least impact on climate change, it can be concluded

that both methanol and biofuels have great potential to reduce CO2 emissions. However, it

is important to consider how the fuel has been produced and make sure the entire process

is clean. Otherwise, the impact of climate change might be worse than continuing with

fossil fuels. With a completely green production like green methanol, the impact will be

the lowest. Regarding biofuel using waste products like used cooking oil has the least effect

on global warming.

Regarding CCS as a possible innovation to reduce CO2eq emissions, it has great potential

which is shown by the thesis result. The CO2eq emissions will be reduced significantly

regardless of which fuel is used, with fuels having a lower environmental impact during

production, receiving a greater total GWP reduction from the OCCS. However, the CCS

technology has other trade-offs that affect the environment differently, which must be

considered.

With this in mind, it can finally be stated which product system has the best potential to

fulfill the IMO 2050 goal. It is concluded that all the examined product systems displayed

reduced global warming potential with the CCS. The reduction is despite increased fuel

consumption and permanent storage included. The results indicate that using a CCS

onboard the shipping vessel could be a possible solution to reduce the maritime industry’s

emissions. The combination of systems should then be green-methanol as far as possible

and then use biodiesel from waste products like used cooking oil. Other feedstock is also

relevant but care of which one and how that specific feedstock relates to the land use change

is needed to effectively reduce the greenhouse gas emissions.

Other impacts from the CCS have not been able to be concluded due to a lack of data on

the fuel production pathways.

7.1 Further Research

First of all this thesis focuses on decreasing GHG emissions to reduce the impact of climate

change. However, there are other environmental concerns to take into account. Further

research could be done by choosing a database that focuses on other impact categories as

well. Furthermore, the manufacturing phase of the CCS was not included, which might

have a great impact on the environment.

In addition, a more in-depth model of how the onboard CCS and the ship systems interact
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7.1 Further Research

could receive better operation parameter values. For future research, this can be done

using simulation software, leading to greater insight into how fuel parameters affect the

OCCS performance.

A more in-depth analysis of how the fuel pathways affect the global warming reduction

from the OCCS and a comparison among different databases should also be conducted

to identify problems and opportunities by including an OCCS. Future studies should also

compare the impact of utilizing the captured CO2 instead of permanently storing it to

investigate the impact from a more circular CO2 life-cycle.
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8 Appendix

Appendix 1: Methanol Calculation from GREET

Captured CO2 used in eMeOH production is modeled based on the pathway found in the

GREET database. GREET allows for eight different point-source pathways of captured

CO2.

1. ethanol refinery

2. ammonia plant

3. natural gas processing plant

4. hydrogen steam-methane reforming (SMR)

5. cement plant

6. steel plant

7. natural gas combined cycle (NGCC) power plant

8. coal power plant

The above options will be mixed according to the current spread of facilities in the US and

weighed against the capacity for each sector.

Table 10: Share of captured CO2 based on industry USA

Source Market share

Electric 6.28%

Ethanol 8.07%

H 4.04%

NG 61.88%

NH3 19.73%
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Table 11: CCS facilities in the USA (2023) [79]

Facility Name Type CO2 captured [Mt/year] CO2 captured [%]

Terrell NG 0.5 2.24%

Enid Fertilizer NH3 0.2 0.90%

Shute Creek NG 7.0 31.39%

Great Plains NH3 3 13.45%

Arkalon Ethanol 0.5 2.24%

Century Plant NG 5 22.42%

Bonanza BioEnergy Ethanol 0.1 0.45%

Core Energy NG 0.4 1.79%

Air Products H 0.9 4.04%

Coffeyville NH3 0.9 4.04%

Lost Cabin NG 0.9 4.04%

PCS Nitrogen NH3 0.3 1.35%

Petra Nova Electric 1.4 6.28%

Illinois Industrial Ethanol 1 4.48%

Red Trail Energy Ethanol 0.2 0.90%

Total production 22.3 100.00
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Appendix 2: Energy Demand Calculations

The Matlab code was used to determine if an afterburner would be necessary. The software

later calculates the specific values for both the reboiler and the afterburner using the

formulas and syntax presented below.

%%

r = 0.7; %Capture rate

alpha = -0.5659;

beta = 0.1603;

Pfeed = 1;

q=[41.2 , 19.9, 37, 37.4] '; %Lower heating values for all

fuels

x_CO2 = [0.052 , 0.11, 0.052 , 0.052] ';
Eb = (alpha * log(Pfeed*x_CO2 .*(1-r)^beta) + 2.453)*r %

Boiler duty

eta_e = 0.5; %Engine efiiciency

eta_w = 0.25; %Ammount of usable waste heat

x_C = [0.85 , 0.62, 0.77, 0.78] '; %Carbon content in each fuel

C_to_CO2 = 3.67; %C to CO2 factor

Ee = q*(1-eta_e)*eta_w /(x_C*C_to_CO2) % MJ / kgCO2inToCCS aka

kgCO2outOfEngine

Ea = Eb - Ee %After burner load

Appendix 3: Process Diagrams from OpenLCA

All of the process diagrams shown are taken from the modeling done in OpenLCA. The

specific parameter values in the image does not represent reality as the software computes

several of the values at execution of the LCIA.
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Figure 34: BD100 Palm oil process diagram OpenLCA

Figure 35: BD100 RME Process diagram OpenLCA
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Figure 36: BD100 UCO process diagram OpenLCA

Figure 37: Green Methanol process diagram OpenLCA
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Figure 38: NG Methanol process diagram OpenLCA

Figure 39: VLSGO process diagram OpenLCA
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Appendix 4: Stoichiometric Fuel Calculations

Table 12: Calculations to determine fuel parameters

Methanol CH3OH O2 O2 luft N luft CO2 H20 O22 N

mol 2 3 3 12 2 4 0 12

g/mol 32.4 32 32 14 44 18 32 14

g 64.8 96 96 168 88 72 0 168

Percentage 0.111111111 0.222222222 0 0.666666667

Table 13: Calculations to determine certain fuel parameters [40]

FAME type C H O C H O C H O kg/kg fuel LCV kg/kJ in fuel

UCO mono unsatturated 19:1 20 38 2 240 38 32 77.4% 12.3% 10.3% 2.84 37 76.72

Rapeseed / Soy polly unsatturated 18:2 19 34 2 228 34 32 77.6% 11.6% 10.9% 2.84 37.4 76.03

Tallow satturated 18:0 19 38 2 228 38 32 76.5% 12.8% 10.7% 2.81 37 75.82
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