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Preface 
The initiative for this report was taken back in 2019, when Ultragas, later Navigator Gas, wanted 
to investigate whether CO2 could be handled and transported by the existing fleet, thus sowing 
the seeds of a cross-industry collaboration between Ultragas, Evergas and EPIC Kosan.  

A joint venture between Ultragas and Evergas was formed called Dan-Unity CO2, whose purpose 
was to build competencies in the handling and transport of captured CO2 as cargo. 

When it became clear that existing tonnage could not satisfactorily handle CO2 as cargo, it was 
therefore quite natural to develop a new CO2 carrier ship design and not least enter a dialogue 
with the CO2 capture chain (CCS) including emitters, transporters and not least the CO2 storage 
about what the design should be able to do. 
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It was clear that CCS would be a significant part of various countries' climate goals, not least in 
Europe, and that in this connection there would be a need for transport from emitter to storage 
both by land and sea. This could take place with larger or smaller quantities and at varying 
distances but would be a continuous process so that a CO2 carrier would be a kind of sailing 
pipeline, as LNG transport arose 30-35 years ago.   

This report is made possible under the Danish Maritime Fund's grant scheme, which aims to 
provide financial support for initiatives that contribute to promoting Danish shipping and 
maritime industry. The project was carried out in the period spring 2021 to spring 2025 in 
collaboration between Ultragas (later Navigator Gas) and Evergas (later Seapeak).  

Our work has been publicly presented on several occasions: 

 CO2 – Seaborne Transport – from an owner's perspective; Danish SNAME (Skibsteknisk 
Selskabs Fond) – Copenhagen 23 January 2023 by C. Manniche 

 CO2 Shipping & Terminals Conference 2023 - CO2 carrier design; London 27 June 2023 
by C. Manniche  

 CCS – Owner's perspective - part II; Danish SNAME (Skibsteknisk Selskabs Fond) – 
Copenhagen 4 November 2024 by C. Manniche 

 CO2 Shipping & Terminals Conference 2024 – In panel debate; London 18 June 2024 by 
C. Manniche  

A big thank you and recognition of the Danish Maritime Fund's purpose and work to make this 
project possible and to support Blue Denmark. 

The project group consisted of: 

Mihir Navalkar – Seapeak 

Ajay Arora – Seapeak 

Carsten Manniche – Navigator Gas (author) 

Gentofte 18th November 2025 

Background & Purpose 
The project involved the preparation of several CO2 tank designs, associated piping systems and 
related cargo equipment for onboard storage and handling of a CO2 cargo volume for several 
ship sizes.  

Dan-Unity CO2 wanted to clarify the technical challenges and, not least, get an overview of 
potential showstoppers as well as their solutions and costs to develop an actual newbuilding 
specification in time. 

The background for the project is to understand and handle any challenges in the CCS chain 
and ensure that future designs live up to the requirements of a given CCS chain. In addition, 
there will be a due focus on the final price per ton of CO2 stored and the contribution of shipping 
to this, as well as the CO2 footprint of the transport part. A 16,000 m³ CO2 MP carrier was 
developed for the ARA to Iceland route.  
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Summary 
In the start-up phase of the project, there was a somewhat narrow focus on optimizing the ship 
design as a "stand alone" design, partly due to a lack of understanding of the needs of the 
upstream and downstream CCS chain. This resulted in a prioritization of transport in the low-
pressure area (LP) close to the triple point (transition from three-phase to two-phase), which 
meant that the tanks could be made larger and thus keep the ship's newbuilding price down.  

However, it became clear that it was necessary to design the ship to the needs of the CCS 
chain, especially in terms of energy requirements for handling and cooling, but also to keep 
CAPEX down. Furthermore, it became clear that the CCS chains were not the same and that the 
ship's design had to be tailored to it, which made CAPEX and partly OPEX larger, but the total 
cost of final storage per ton of CO2 smaller.  

The need to cooperate with the various CCS chain links, in particular upstream, i.e. the emitters 
(cement plants, power plants, etc.), became evident, when the Norwegian project Northern 
Light saw the light of day. Here, the focus was on smaller vessels of size 7,500 m³ in the medium 
pressure (MP) range, which quickly became the standard for a CO2 carrier, especially in the 
smaller segments. Therefore, the focus of the project also changed towards MP. 

The project ended up developing several designs of diƯerent sizes and pressure ranges in 
collaboration with German/Japanese TGE Marine, where the size of 16,000 m³ CO2 MP was the 
subject of a more detailed design development by the Danish ship consulting firm Knud E. 
Hansen, which is explained in detail in this report.   

Deliverable 
Designs – LP: 

Sizes: 7,500 m³, 12,500 m³, 12,500 m³ shuttle, 14,000 m³, 21,000 m³, 22,000 m³ & 56,000 m³  

Approval in Principle (AiP) by ABS for 12,500 m³ and 22,000 m³ early in the project phase. 

Designs – MP: 

Sizes: 16,000 m³ & 24,000 m³ 

Detailed design – MP: 

Size: 16,000 m³ 

Documents and drawings for all designs: 

 Cargo tank Outline Specification 
 Cargo Tank drawing 
 FEED study report 
 General Arrangement Plan 
 General Outline specification 
 Cargo Handling System 
 Outline Specification for cargo system 
 Pipe Routing Analysis 
 Pressure built-up – time calculation 
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 Approval in Principle – 12,500 m³ & 22,000 m³ LP 

Further documents and drawings for 16,000 m³ MP: 

 Lines Plan 
 Lightweight Calculation 
 Speed & Power 
 Propulsion Report 
 EEDI Calculations 
 CFD Analysis  
 Emission Reduction Report 
 Intact Stability 
 Damaged Stability 

Conclusion 
CCS is expected to be a cornerstone in the transition away from fossil fuels, and here transport 
by ship plays an important role. Transport by ship can take place between emitters for storage, 
both oƯ- and on-shore, possibly as shown in the figure below.  

 

 

 

 

 

 

 

Source: Navigator Gas 

The project is based on previous Navigator Gas studies of a conversion of an LPG carrier for the 
transport of CO2, which turned out not to be possible due to the almost twice as high density 
compared to ordinary LPG cargoes.  

Therefore, Evergas (later Seapeak) and Ultragas (later Navigator Gas) chose to investigate the 
possibilities of designing a suitable size CO2 carrier for the emerging market. As an example of a 
market, the focus was on ARA for Iceland (the Carbfix project) with a low-pressure design of 
varying sizes, as low-pressure would be most optimal for the ship design alone.  

However, it became clear that the emitters primarily focused on medium pressure driven by the 
Northern Light project, so it was decided to detail design a medium pressure design of 16,000 
m³ for the Carbfix project. 

The size of the CO2 carrier follows a multiple of the largest CO2 cylindrical tanks that can be 
built for that pressure and is highly dependent on available material, which is preferably 
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of writing is precisely 4,000 m³. Currently, the maximum tank size for low pressure is 7,000 m³ 
and therefore the design below is a multiple of this size.  

In popular terms, it can be said that the cargo tanks are designed in line with the CCS chain's 
quantity requirements and that the ship is designed around the tanks, however, with respect for 
maximum draught, speed and consumption, maneuverability and so on.  

It is expected that the maximum tank sizes will increase as dedicated materials and class rules 
are developed. However, the heat treatment requirements of the completed tanks may be a 
limiting factor for the tank manufacturer. 

In collaboration with ECA Engineering, a CCS model chain has been created, where the 
emitter's need for transport volumes can be varied and the ship size/pressure can be optimized 
based on several inputs such as distance, quantity, OPEX, CAPEX, speed, CO2 footprint and 
much more. The model is available as an app and can be used by anyone by contacting the 
project group or directly to ECA Engineering.  

Methanol has been chosen as the fuel, as it is expected to be possible in the long term to bunker 
green methanol based on captured CO2 in Iceland. This will provide a not insignificant 
advantage in the context of the EU ETS/EUAs as well as FuelEU Maritime for the route between 
Iceland and ARA. The methanol is placed in tanks amidships because of the weight balance, but 
also because of leak stability requirements for separation of the cargo holds.   

The Wind Assisting Propulsion System (WAPS) has been studied in detail for four Flettner rotors, 
but a more in-depth study needs to be carried out, especially regarding their mutual interaction. 
In addition, they have achieved savings and thus payback hampered by the advantage of the 
consumption of green methanol in connection with the calculation of EUAs and FuelEU 
Maritime, but of course also depending on the price of the methanol. However, the ship is 
shown with four Flettner rotors. 

The ship's accommodation has been moved to the front of the ship to provide a better balance 
and optimize trim. The position of the accommodation at the front during operations in the 
North Sea and the Atlantic can be discussed, and especially the accelerations at sea in relation 
to the welfare of the crew, must be examined in detail. 

The ship's speed is relatively high and depends on the final rotation and frequency of calls, but 
also on the necessary engine power for operation in the waters between ARA and Iceland. 

CO2 tanks – pressure, design & material 
CO2, as cargo, is far heavier than normal cargoes such as ammonia, LPG, butadine and propane 
for LPG carriers both under low and medium pressure +/- 1100 kg/m³ (see Fig. 1), where 
ammonia is approx. 680 kg/m³. This is one of the reasons why transport in the existing LPG 
carrier would result in significant modifications such as the installation of extra shutters in the 
tanks due to sloshing from partially loaded CO2 as well as general reinforcements. 

In addition, CO2 will fall under IGC, which primarily covers the more volatile and lighter loads. 
So the combination of heavier loads and for the lower temperature at LP means that the current 
designs and not least the tank material are not optimal for transporting CO2. 
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ChemiLogic Cooperation 

Fig. 1 Phase diagram for clean CO2 

 

Low pressure – low pressure (LP) 
Transport at low pressure is just above the triple point (see fig. 1) and takes place at 
temperatures between approx. -55 C° to approx. -40 C°, pressures between approx. 5.8-10 bar 
and with a density of approx. 1170-1120 kg/m³.  

The advantage of low pressure is that the tanks can be designed larger (larger diameter) and 
thus fewer in number. Limiting factors are the maximum diameter of the tank, maximum plate 
thickness as well as minimum temperature for material testing (-70 C°) for testing of the 
maximum plate thickness as well as the tank builder's facilities, not least the requirement for 
heat post-treatment of the tank after assembly.   

The risk of low-pressure tanks is the formation of dry ice (which does not expand), so a certain 
kind of safety margin to the triple point is necessary also to be able to handle the influence of 
any impurities on the distance to the triple point. However, the influence of impurities will not be 
dealt with in this report but will have a significant impact on the CCS chain, not least during the 
handling of vapor return from loading of tanks land- and ship-based.  

In addition, the greater pressure, which is somewhat above normal, on the tank foundation, the 
saddles, must also be assessed, but it is expected to be able to handle due to the experience 
with LPG tanks of varying formats. 
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Medium pressure – mid pressure (MP)       
Transport at medium pressure has a larger margin to the triple point (see fig. 1) and takes place 
at temperatures between approx. -33 C° to approx. -21 C°, pressures between approx. 14-19 bar 
and with a density of approx. 1070-1040 kg/m³.  

The advantage of medium pressure is that the tanks and associated systems have a larger 
margin to the triple point and thus the risk of dry ice build-up, but due to the relatively higher 
pressure, it is only possible to build with a smaller diameter and thus more tanks for the same 
load volume.  

Medium pressure has long been in focus for projects with transport in smaller ships and on 
shorter distances such as for Northern Light, while it is expected that the focus on low pressure 
and thus larger ships will increase especially for projects in Asia, but also for projects outside 
the EU, e.g. to Iceland. 

During our conversations with upstream emitters, the question was what pressure we, as 
shipowners, wanted to receive the CO2 in. This has opened a debate about what the emitter 
expected the most optimal pressure and temperature would be for the emitter's capture, 
transport and intermediate storage until loaded into the ship, which has not always been clear 
to the emitter.  

In our opinion, the CO2 tanks on board the ship can advantageously be built in an area from low 
to medium pressure, which favors and optimizes the upstream cost of capture, transport 
(preferably pipes) and not least storage on the quay. So, tank pressure and temperature do not 
have to be either low pressure or medium pressure but can also be a level in between.     

The transport of CO2 under high pressure, which takes place at temperatures above +5 C°, 
pressures above 40 bar and with a density of approximately 900 kg/m³ or less, is not covered in 
this report. However, it can be mentioned that especially in the case of final storage in the 
subsoil on land, as on water, CO2 can be advantageously received at high pressure, as it must 
be pressurized before pumping down (with temperature increase as a result) in the subsoil at 
+200 bar pressure. 

Impurities 
It is not the purpose of this report to describe and deal with the eƯect of impurities in CO2, but 
since impurities can have a greater impact on the CCS chain, we will briefly explain our 
considerations. 

Impurities have an impact on the thermodynamic, physical and chemical values of the CO2 
flow. However, it is uncertain to what extent the influence is, but there is no doubt that 
especially for LP, the type and level of impurities will pose a risk. Since the number of impurities 
can be relatively large, their influence on each other and not least the location of the triple 
point/phase unknown and with many variables, research and standardization work are ongoing 
in the area. The uncertainty about the consequences of the content of impurities means that 
current CCS projects such as Northern Light work with a CO2 specification of high purity, which 
is understandable, but which is also expected to have a negative eƯect on the cost per stored 
CO2. 

It should also be mentioned that there is usually a small residual load left in the tanks, so-called 
heel after unloading, which will contain a greater level of impurities. The amounts of impurities 
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will increase after several load/unload cycles, which will eventually create a relationship beyond 
the design values of the tank. Therefore, we have found that the handling of vapor return is 
extremely important for the CCS chain's functionality and not just for the ship.     

Impurities can hardly be avoided in captured CO2 and since there is currently no actual 
standard for the level of impurities, the CO2 tanks are designed for pure CO2.  

Lately, it has been the norm to use the Northern Light specification for impurities, but other 
project-defined specifications are also in play. There is a need for an actual common standard, 
but also that one standard can have an adverse influence on the CCS chain depending on the 
source of the captured CO2 and the final transport, storage and storage method.  

Our tank design is intended for pure CO2, but we have included the following composition of 
impurities in our considerations of their eƯect on tank design see Fig 2. 

 

 
Source: TGE Marine 

Fig. 2  Composition of impurities of captured CO2 

Since CO2 usually comes from combustion or cement production, several gases with a low 
boiling point such as nitrogen, oxygen, methane and argon will be present in the captured CO2 
which must be handled along the CCS chain. The eƯect of these gases on the cargo tank design 
will mainly be a higher pressure. As an example, nitrogen can be used, which will increase the 
pressure significantly even at relatively small amounts – see Figure 3 below. 
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Source: TGE Marine 

Fig. 3  Boiling point pressure of CO2/N2 mix 

As can be seen, a tank with MARVS of 7.5 barg will be able to handle an N2 content of up to 
approximately 0.2% mol in the liquid before the safety valves will lift and the vapors will be 
vented. 

Free water will also be a by-product of capture of CO2, which is not wanted in the CCS chain due 
to the risk of a rapid reaction of corrosion and which must therefore be removed, which can 
happen in several ways in the chain. It will be necessary to remove water even before land-
based transport and storage, but there is uncertainty at what level. The solubility of water in 
CO2 depends on temperature and pressure, as well as the content of gases such as oxygen, 
nitrogen and methane, which will significantly reduce solubility. The water content of pure CO2 
is about 80 ppm (mass) and 200 ppm (mole) at -50 C°. 

 

 Source: TGE Marine 

Fig. 4  Solubility of water in pure CO2 

However, as can be seen from the specification used (fig.4), the requirement for the < 30 ppm 
mole in the captured CO2 may be met depending on the content of impurities, as there is some 
margin to the 200 ppm mole at a temperature of -50 C°.   
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Tank Design 
Gases under low and medium pressure are usually transported in so-called type A, B, C or 
membrane tanks, each of which has its advantages.  

Since CO2 must be transported in liquid form at a minimum of approximately 5.3 bar, it is 
currently only type C tanks that are relevant.  

They are available as cylinder, bi-lope or tri-lope tanks see Fig. 5-7. Bi- and tri-lope tanks are 
primarily bilt to be able to fill the ship's volume for lighter cargoes, whereas CO2 tanks have 
more need for buoyancy due to the higher density/weight of CO2 than space in the hold.  

  

Source: TGE Marine 

Fig 5 Cylinder cargo tank type C  
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Source: TGE Marine 

Fig 6 Bi-lope cargo tank type C  

 
Source: AC-INOX 

Fig 7 Tri-lope cargo tank type C  
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Since CO2 is almost twice as heavy as ammonia, only the cylindrical type C tank is relevant for 
transporting CO2. Our calculations also show that bilope tanks will consist of 15% more steel 
than cylindrical tanks, not least because of the heavy design of the center shutter.  

However, the tanks will generally be heavier due to the stronger structure, but otherwise not be 
as significantly diƯerent from normal LPG/ammonia type C tanks. However, the relatively low 
temperature and high pressures, both for LP and MP, will have an impact on the construction of 
the tanks, as experience has shown.  

Especially the heat treatment of the tanks after welding has proven to be a challenge for 
production, so it is recommended that the design and thus the size of the tanks consider where 
the tanks are to be built and their production facilities. 

The design of the CO2 cargo tanks is important for the design of the ship, as the ship as such is 
designed around the tanks with the required capacity. So, the design of the tanks has an indirect 
impact on the ship's hull propulsion performance as well as the CO2 footprint of the transport 
part. 

At the beginning of the project, calculations of the maximum load capacity for the LP tanks were 
approximately 3,000-3,500 m³/tank but ended up at approximately 6,250 m³/tank using the 
normal materials available (5% nickel low temperature steel). This meant that we decided to 
include a 12,500 m³ ship design in our study.  

It is expected that in line with the development of materials, more geared towards the transport 
of CO2 under lower temperature and higher pressure/density than LPG/ammonia loads, the 
maximum capacity of low-pressure tanks will increase to over 10,000 m³ per tank in the coming 
years. This, of course, will have a positive eƯect on the final cost of storing captured CO2.         

For MP tanks, the maximum tank capacity ended up at 4,000 m³ for this project, but here too it is 
expected that the maximum capacity will be increased in line with the development of tank 
material for CO2.    

Tank design – LP 
As previously described, the most cost-eƯective tank design and thus ship design for the 
transport of captured CO2 LP.  

Therefore, we initially chose to focus on LP in the sizes 7,500 m³, 9,500 m³ (later increased to 
12,500 m³), 22,000 m³ and 50,000 m³. As the LP tank sizes were increased from the original 
5,500 m³ to 6,250 m³, a 22,000 m³ design would be changed to 25,000 m³, but along the way it 
became possible to increase the LP tank size further to 7,000 m³ per tank through detailed and 
direct calculations.  

This meant that additional ship designs were examined for a 2, 3 (in a row) and 8 (in pairs) tank 
version, respectively, i.e. in 14,000 m³, 21,000 m³ and 56,000 m³.  

At the time of writing, it appears that LP tanks with the right materials can be increased to over 
10,000 m³, which will have an impact on the chosen sizes for this study.  

However, we chose to focus on the above sizes with a view to the following markets: 7,500 m³ 
for intra-Europe, 14,000 m³ for intra-Europe + Western Mediterranean, 21,000 m³ for Europe for 
Iceland and finally 56,000 m³ for international operations. In particular, the 21,000 m³ was 
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tailor-made for Iceland and the Carbfix storage project and 7,500 m³ and 12,500 m³ were also 
made in a shuttle solution with bow unloading to buoy intended for the Greensand project.  

After several optimizations of the maximum tank size, we ended up at 7,000 m³ per LP tank with 
the following data: 

   

   

 

 

 
Source: TGE Marine 

Fig 7a Typical cross-section of a cylindrical C-type tank 
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Source: TGE Marine 

Fig 8 Typical saddle constructions: fixed saddle support on the left and selectable on the 
right. 

The 7,000 m³ is a large and heavy tank, but the saddle pressure was acceptable after further 
calculations made by TGE Marine, which will have to be verified in a future study. It should also 
be noted that for simple reasons it is not possible to load two saddles with a third, as it will only 
be two saddles that carry at a time. For information, a special pressed wood composite is used 
for weight transfer, as the composite material has not proven to be suitable so far. 

 

 
Source: TGE Marine 

Fig 9 Typical anti-floating stopper 
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The tank is also established with so-called anti-floating measures that prevent the tank from a 
vertical movement so that a loosely standing tank does not shoot through the weather deck if 
the cargo hold is filled by accident.  

The above tank designs are based on a 14,000 m³ vessel with the following dimensions: 

 

As previously mentioned, the ship was designed around the 2 x 7,000 m³ tanks and the first 
round of the design spiral produced the following ship: 
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Additional material for 7,500 m³, 12,500 m³, 21,000 m³, 22,000 m³ and 56,000 m³ can be 
studied in Appendix A.  

Tank design – MP 
MP tanks were not originally part of our studies, as the focus was on optimising the ship design 
from a cost perspective, but as several projects in the EU, including not least Northern Light, 
focused on transport at MP, we chose to investigate this possibility as well. 

TGE Marine investigated the possibilities of increasing the maximum 2,500 m³ per MP tank, 
which proved possible first to the 3,750 m³ as for the Northern Light vessels and later to a 
maximum of 4,000 m³. It was not least the acceptance of the increased load on the saddles that 
made the tanks' capacity greater, as the length of the tank increased to over 40 m. However, it is 
necessary to verify the increased saddle load by a detailed calculation with an appropriate 
safety margin, which is extremely important as it has an impact on the capacity of the tank and 
thus the size of the ship.   

It is expected over time that the maximum capacity per tank will increase to over 5,000 m³, 
especially when more tailor-made material is on the market. However, it also depends on the 
resistance of the saddles as mentioned. 

The material for the 4,000 m³ tanks used is the available P690QL2 and vessel sizes a multiple of 
4,000 m³ cylindrical tanks, i.e. 16,000 m³ (pair) and 24,000 m³ (pair). 
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As can be seen from the above, the maximum plate thickness is 50 mm due to the high 
pressure, while the diameter is reduced compared to the LP tanks. We chose to focus on 16,000 
m³, as the nascent CCS market, not least in the UK, pointed towards larger ships than Northern 
Light. However, 16,000 m³ was perhaps just below the optimal for Iceland and the Carbfix 
project due to OPEX including fuel consumption.    
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As can be seen from the figure above, the holds are separated by fuel tanks/voids, which is 
necessary due to the ship being specified to be able to survive a one-compartment damage to a 
cargo hold and adjacent compartments. Perhaps a bit of a tough requirement, but since the 
ship is single-hull in one piece of the vertical side and the cargo is almost twice as heavy as 
normal gas cargoes, we chose to make increased demands for survival for safety reasons. The 
requirement makes the ship longer and thus more expensive, but without knowing how much 
more expensive.    

Additional material for 24,000 m³ MP can be studied in Appendix B.  

Tank material 
Cargo tank size is a function of the diameter, maximum pressure and plate thickness and the 
material composition. The higher the material strength, the thicker the plate thickness and the 
greater the pressure, which however has a negative impact on the impact toughness under the 
low design and test temperatures. The low impact toughness test temperature makes the 
design process complicated as direct calculation/approval may be necessary; a process that 
takes time. 

The use of high-strength steel and thus a larger diameter also has an impact on the fatigue life of 
the material, which must be considered when designing the tank in detail. 

It is possible to build CO2 tanks from material with a composition that is not mentioned in the 
IGC, which several steel mills are in the process of.  
 
The Austrian company Voelstalpine has in recent years been working on the development of 
materials designed for CO2 MP tanks, which will replace the previous so-called 5% nickel 690 
MPa (yield) material with a design temperature of only -10 C°. The product F550 TMCP 
Toughcore, approved by Class, has a design temperature down to -40 C° and can be supplied in 
thicknesses up to 60 mm. F550 (Mpa) TMCP Toughcore has a low nickel content of <1% and 
possibly cheaper to manufacture than normal 5% nickel steel.  
 
Voelstalpine is working on developing a material more aimed at LP tanks called F460+ TMCP 
Toughcore but has not received the final Class approvals. However, this is expected shortly. 
Asian steel mills also work on materials better aimed at CO2 MP & LP tanks, so it is expected 
that the construction of the tanks will come down significantly in price in the future.       
 

As previously mentioned, the project's focus was initially focused on LP tanks, where the 
collaboration with TGE Marine developed into bigger LP tanks, which also applied to MP tanks.  
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The development in size for MP tanks was from 2,500 m³ to 4,000 m³ per tank, which also 
developed the size of the ship as it was a multiple of the maximum tank size. That is, 7,500 m³ 
design initially consisted of 3 x 2,500 m³ tanks and later consisted of 2 x 3,750 m³ tanks. 
Likewise, the final 16,000 m³ design consisted of 4 x 4,000 m³ tanks (pairs) as shown in principle 
in Figure 10 below. 

 

 Source: Dan-Unity CO2 

Fig. 10 Typical arrangement of two cylindrical CO2 tanks in pairs 

The development for LP tanks started with 3,750 m³ and ended in 7,000 m³ tanks, which will 
possibly be increased with the new materials, as mentioned earlier. However, attention must be 
paid to the increased load on the saddle foundation. 

Pressure build-up 
The pressure build-up as a function of time was examined for pure CO2 for LP and MP, even 
though impurities will change in the calculations. However, it was estimated that the impurities, 
as mentioned earlier, did not have a major impact on the holding time, but that a time margin 
should be built in for safety's sake. 

For the LP tanks (-55 C°), the critical pressure for pure CO2 was  set at 4.18 barg as the lower 
limit and 7.5 barg for the safety valves, while for the MP tanks (-35 C°) the critical pressure for 
pure CO2 was  set at 11 barg as the lower limit and 19 barg for the safety valves. The maximum 
fill limits were set as follows – see Fig. 11. 
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Fig. 11 Maximum tank filling values 

The tank strength calculations have not considered sloshing at the lower fillings, as it is not 
expected to have an impact, but it must be assessed more carefully in the final design. 

 

Fig. 12 Vapour pressure values for calculating the pressure build-up 

The ambient temperature for the calculations was 32 C° for lake water, maximum air 
temperature of 45 C° with an average temperature of 25 C°.     

 

Fig. 13 Cargo tank data - overview 

The insulation of the tanks fluctuated between 250-300 mm PU foam depending on tank size 
and the overall long holding time was striking – see Fig. 14. The figure below shows the holding 
time for a 3,750 m³, which is the shortest time of all.  
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Fig. 14 Cargo tank pressure build-up as a function of time for a 3,750 m³. MARVS at 7.5 barg  

The expected long holding time meant that the project team decided not to install a refrigeration 
system due to the relatively short EU routes (3-7 days) and that the ships were not designed as 
combi carriers for cargo other than CO2. 

Ship design – MP 
Due to the development of MP CCS projects around Europe, not least for Northern Light, it was 
natural to investigate a MP design and the choice fell on 16,000 m³ (two cargo tank pairs) and 
24,000 m³ (three cargo tank pairs), where the result from the first round in the design circle can 
be studied above and in Appendix B below.   

The 16,000 m³ design is with 4 x 4,000 m³ cylindrical tanks in pairs based on TGE Marine outline 
and chosen as the size for a more detailed study in collaboration with the ship consultant 
company Knud E. Hansen (KEH).  

The task for KEH consisted of the development of the hull design as well as an optimization of 
hull performance and associated propulsion system with full focus on alternative green 
propulsion means for a route between ARA and the Carbfix storage project at Straumsvik, 
Iceland.  

Due to the operation in the North Atlantic, the foreship will be designed with greater strength 
(steel weight), less flare (slamming) and a focus on bottom silting. In addition, the focus was on 
the stern, as twin propulsion could be an advantage for speed and consumption. 

The design process itself consisted of two phases with milestones:  

 Phase 1:  Two hull shape optimizations of speed/consumption for single and twin skeg 
 Milestone:  Choice of hull shape 
 Phase 2:  study of diƯerent propulsion methods 
 Milestone:  Choice of propulsion 
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The actual content can be studied in Appendix E below.  

It became clear relatively quickly that the twin skeg design did not have the original expected 
advantage, so the single skeg was chosen as the final aft design. Earlier in the project, a pod 
solution was not chosen due to the area of operation and the relatively long route. 

Friction – single & twin skeg 

 
Source: KEH 

To calculate speed & power, an empirical model was first used, which was later replaced by an 
actual CFD model. The hull lines were developed in NAPA and imported into CAESES for 
hydrostatic calculations and general optimization - hull dimensions are shown in Fig. 15. 

 
Source: KEH 

Fig. 15 Baseline design 

The speed & power optimization is calculated without appendages and rudders. Roughness for 
appendage was set to 150my. 

The result of the two stern ships was judged on wave movements at a wave height of 1.5 m and 
4.0 m and a speed of 15.5 knots as well as EEDI speeds and the result is shown in the tables 
below. 



Dan-Unity CO2 & Danish Maritime Fund                                                                                                25 | 
P a g e  

 

 

Table 3 shows the reduction of optimized hull shape resistance with single skeg compared to 
base design, where Table 4 shows the comparison of the drag reduction between single and 
twin skegs.  

Table 4 shows that the single skeg hull performs better, which was perhaps to be expected as 
twin skeg is often advantageous for larger and faster ships. After this, the single skeg hull was 
chosen with an approximately 5-6% lower resistance than the baseline design. 

 
Source: KEH 

Fig. 16 Baseline design in blue and optimized version in green 

The diƯerence between the baseline design and the optimized design is as the table below, 
where the LCB was moved slightly forward, which can be seen on the wave system. 
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However, it was clear that the foreship of the optimized single skeg design could be further 
optimized, which was done during the optimization of speed & power. 

 
Source: KEH 

Fig. 17 Wave system – baseline at the top and optimized hull at the bottom 

Speed & Consumption – single skeg 
Speed & power estimation was calculated by Hydrocomp NavCad and for the optimized single 
skeg design described above, however, with appendages and wind resistance included.      

Several optimized hull types were developed and the below shows the relatively large 
improvement, especially for the higher speeds between the optimized hull HULL02_002 and the 
further development of HULL11 – see table below.  
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At the design speed of 15.5 knots, the further improvement is a whopping 12.9%. This may also 
show the conservatism of the original empirical starting point. The result is due to a raising of 
the aft lines (less wet surface and better release of the water after the propeller) as well as the 
addition of a built-in bulb and a better interaction between the fore and aft ships. 

Source: KEH 

Fig. 17 Baseline design in red and optimized version in green 

However, the improvements could have been slightly better, but consideration was given to 
minimizing double-curved cladding plates – HULL23. 

For the speed and power calculation, the main engine MAN 5G60ME-C10.5-LGIM-EGRBP with 
MCR of 9771 kW at 94 rpm and a shaft generator of 700 kW was chosen, as well as a 4-blade fix 
pitch propeller developed in cooperation with Everllence. More on this later. 

The design parameter was as follows: 

 Design speed 15.5 knots with 15% Sea Margin  
 Design speed 14.5 knots with 55% Sea Margin  
 The following conditions are considered for the design speed points:  
 Design draught (9.7m) on even keel,  
 90% MCR on main engine,  
 700kW on PTO,  
 Deep water,  
 Calm weather (BF0) with no wind, waves or current,  
 Salt water 1.025t/m3 at 15 deg C, and  
 Clean bottom and appendages.  

The speed & power curves and tables can be seen in Appendix F. 
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Propulsion 
The propulsion system was optimized for the 4-5 days round trip between ARA and Iceland in an 
area that requires suƯicient power in reserve. Since the design speed is relatively high and thus 
power installed, we have chosen not to calculate the minimum power according to IMO 
guidelines to be able to maneuver in rough weather, as it is not expected to be a problem. 

Several drives, such as diesel-electric and direct drives, have been investigated, but the choice 
fell on a conventional and direct drive as shown in Figure 18 based on a slow-moving 2-stroke 
engine. 

 
Source: KEH 

Fig. 18 Direct drive was chosen with three auxiliary motors as well as a shaft generator  

In addition, the power take-out (PTO) via a shaft generator with an electrical output of 
approximately 700 kWe@90%MCR (approximately 800 kWm) is installed to minimize 
consumption on the 4-stroke auxiliary engines due to their slightly lower fuel economy. Both the 
main engine and the auxiliary engines will be powered by methanol.  

The following main engines (dual fuel) and turbocharger (t/c) were examined: 

 5G60ME-C10.5-LGIM-EGRBP, SMCR: 9.771 kW@94 rpm + MAN TCT40-ML 
 6S50ME-C9.6-LGIM-EGRBP, SMCR: 9.771 kW@108 rpm + MAN TCT40-ML 
 7S50ME-C10.5-LGIM-EGRBP, SMCR: 9.771 kW@94 rpm + MAN TCT40-ML 
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Source: KEH 

Fig. 19  Comparison of three sizes of main engines – methanol – from Everllence  

Based on the comparison, the somewhat larger engine in bore was chosen 5G60ME-C10.5-
LGIM-EGRBP, but in a de-rated version to improve eƯiciency and with one less cylinder.  

When choosing a 5-cylinder engine for a 4-blade propeller, the propulsion system and the hull 
beam must be examined for any harmful vibrations/resonance, which has not been done here.   

Neither the shaft generator nor auxiliary engines are specifically chosen other than their 
performance. In a future and more detailed study, the electrical balance will be prepared and 
here it will be assessed whether CO2 should be able to be cooled, as it will have a greater 
impact on the electrical balance. However, with the current cargo tank's degree of insulation, it 
should not be necessary to cool the cargo for 4-8 days of travel and cargo handling, but it should 
be investigated. 

The propeller – the four blade – is a CPP due to the installation of WAPS but may need to be 
changed to an FPP if WAPS is not installed. The design of CPP has been verified by Everllence, 
Frederikshavn. 

Energy optimization    
As mentioned earlier, various commercial models showed that a CO2 carrier and thus the CCS 
chain is economically aƯected more by OPEX, not least by the fuel costs than for the 
newbuilding price.  

Therefore, we have focused on improving energy eƯiciency by studying several diƯerent 
eƯiciency improvement measures, an excerpt of which can be studied in the following. 
However, most have not been studied in detail for this ship, but more based on experience from 
previous installations and projects. 

 Anti-fouling paint 
 CO2 for cooling the accommodation  
 Variable Frequency Drive (VFD) 
 Hull lines 
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 Wind Assisted Propulsion System (WAPS) 
 Propeller and Rudder  
 Air Lubrication  
 Fuel and route optimization/performance system 

The ship is intended to run on methanol, and it is debatable whether this is the best solution, as 
the choice of fuel also depends on the outcome of the IMO MEPC GFIs in 2026, the adaptation 
of FuelEU Maritime with future GFIs and access to the various green fuels. However, the choice 
is based on access to (green) methanol in Iceland. See the influence of GFI's, FuelEU Maritime 
& EU ETS in chapter Rules & Regulation: IMO GFI's, FuelEU & EU ETS.  

The choice of fuel for propulsion will have an impact on the payback for the energy 
optimisations due to the large variance in price per tonne and in particular for the price per MJ.  

In the following, we will briefly go through the above-mentioned energy optimization 
possibilities based on our own experiences and input from the company Njord. 

Anti-fouling paint 
The development in silicone-based anti-fouling over the last 10 years has been great and today 
there are several products on the market. The advantage of silicone-based anti-fouling is less 
roughness and better resistance to fouling during idling achieved by a significantly lower 
content of biocides. As an example, Navigator Gas has applied silicone-based anti fouling for 
the last 6-7 years with good improvements up to 8-10% on average on consumption over a 
docking period. 

Therefore, the hull will be applied with silicone-based anti fouling with an expected additional 
price of approximately. USD 50-80k/ship. 

CO2 for cooling the accommodation 
As something new, it should be investigated whether liquid CO2 can be used to cool the 
accommodation, but with due respect to the disadvantages of CO2 during a leak in the aircon 
system. As far as is known, CO2 as a refrigerant in ships has not been tested in recent years. 

Variable Frequency Control (VFD) 
There are several consumers, such as diƯerent pumps, engine room fans, etc., that can be 
advantageously optimized by a so-called VFD – Variable Frequency Drive – which regulates 
according to the pump demand and not 0 or 100% as standard. 

Hull lines 
As mentioned earlier, the current hull lines can be further optimized, although to a lesser extent. 
The focus will be on the foreship's lines for operation in the North Atlantic as well as the inflow 
to the stern. A further 3-5% better performance will be the goal. 

Wind Assisted Propulsion System (WAPS) 
As the vessel is designed to operate from ARA to Iceland, it was decided to investigate the 
possibility of optimizing performance when installing WAPS due to the prevailing wind expected 
to be westerly and in from transverse directions. Calculations show that the optimal wind 
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direction for several WAPS technologies is in from the stern of the transverse and significantly 
decreasing with headwinds and tailwinds. 

 

   

 Source: Norsepower 

Fig. 20 Trust from the Flettner rotor principle as a function of wind strength and direction  

Two WAPS technologies were investigated, Norsepower (Flettner Rotor) and BAR Technologies 
(suction wings) for the following route round trip – see Fig. 21. 

 

Source: Norsepower 
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Fig. 21 Route – Amsterdam to Straumsvik round trip 

The comparison of BAR and Norsepower fell out in favor of Norsepower (Flettner) Rotor Sails 
and will be reviewed briefly in the following. 

The starting point for the study of the eƯect of Norsepower rotors was the following: 

 4 x Flettner rotors:  35 m x 5 m (H x D) 
 Lengthoverall:   163,0 m 
 Beammoulded :      26,6 m 
 Draftdesign:        9,7 m 
 Draftballast:        6,0 m 
 CAPEXtotal:  USD 4,56 mill 
 OPEXyear  USD 0,05 mill   
 Rotor eƯiciency: 70% 
 At Sea:   70% 
 Speedladen:   15,5 knots 
 Speedballast:   15,5 knots 
 Voyagesannual:  20 rejser 
 Est fuel consumpvoyage  56 mt/dag – metanol + pilot (MGO) 
 Est fuel consumpannual  11.000 mt – metanol + pilot (MGO) 
 Est fuel consumpvoyage  26,3 mt/dag – MGO 
 Est fuel consumpannual  5.200 mt – MGO 
 Fuel pricemethanol 800 USD/mt 
 Fuel priceMGO  650 USD/mt 

The expected payback scenarios for WAPS on the route in question are calculated as follows 
and at an 8% interest rate: 

 

Source: Navigator Gas 

Fig. 22 Payback estimates as a function of fuel savings in tonnes per year – ex emission 
benefits. Orange curve: MGO & blue curve: methanol  
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As can be seen from Fig. 22, the fuel savings must be at least 10% on average for WAPS, which 
few people do not even expect on this advantageous route. This means that it is the lower 
emission costs from the EU ETS (EUA's), FuelEU Maritime and the upcoming IMO GFI's that will 
bear the investment in WAPS.  

The impact of the various emission control programmes can be studied under the chapter Rules 
& Regulation: IMO GFI's, FuelEU & EU ETS. Furthermore, it can be mentioned that EEDI phase III 
cannot be met by MGO alone, which can be studied under EEDI phase 1-3 results.    

However, we decided to continue with four Norsepower (Flettner) Rotor Sails of the above size 
on the ship, but it should be mentioned that especially the mutual rotor eƯect as well as the 
eƯect on the ship's course stability and heeling must be investigated more closely.  

In particular, the interdependencies of four rotors, accommodation and equipment on decks 
can have a negative impact of up to 20% reduction in savings, according to Navigator Gas' 
previous studies. It is expected that the result of the above studies can reduce the number of 
rotors to two. 

Propellers and Rudder 
The propeller is a CPP with a built-in control system, possibly supplied by Danish Frugal, of 
pitch/rpm and optimization of blade design to an average speed of about 14 knots.  

This may seem like a relatively high speed for a smaller ship and not least for a cargo of CO2 of 
low value, but since the ship is part of a CCS chain, the time for transport is an important 
parameter.  

However, the speed must be matched with the requirements for the CCS chain both in terms of 
time, route optimization and what rates and quantities the final storage requires, but also about 

the CO2  footprint of the journey, especially if the fuel is MGO.  

The rudder can have a minor impact on the ship's performance and there are several variants 
that are optimized for the ship, speed, manoeuvrability and route. The rudder system chosen is 
a so-called gate rudder, which has proven eƯective, but which is also a relatively new and 
untested design for larger ships. Therefore, it will require deeper investigation and, not least, the 
expectation of a larger CAPEX due to the shipyards' lack of experience with the installation. 
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Source: Wärtsilä 

Fig. 23 Gate Rudder  

According to Wärtsilä, gate rudders have advantages such as better fuel performance, 
manoeuvrability, and lower noise and vibration levels.  

Air lubrication - hull 
Air Lubrication Systems (ALS) have been tested and to some extent built especially for cruise 
ships, but also for a small number of merchant ships, especially ships with a larger block 
coeƯicient, as a relatively large flat area/flat bottom is necessary. 

CO2 carriers built for Northern Light are installed with ALS and we wanted to investigate this for 
our double the size of the vessel. 

ALS can be popularly described as air lubrication that replaces water with air, which in theory 
makes sense, but can be a challenge in practice. There are several variants, but the most 
common is an installation in the flat bottom of the ship, which pumps a kind of air curtain out of 
the hull via openings in the hull (either as openings in the hull or in a basin in the flat bottom).  

The air replaces the water and thus reduces friction due to a lower density of air in relation to 
water. There are advantages and disadvantages associated with this, and one of the challenges 
is to hold the air curtain so that it does not blow up along the side and avoid aƯecting the 
eƯiciency of the propeller if the air curtain continues into the propeller. In addition, the 
buoyancy of the ship will certainly be reduced due to the diƯerence in the density of water and 
air.       



Dan-Unity CO2 & Danish Maritime Fund                                                                                                35 | 
P a g e  

 

Njord assisted us in the study, as they had previously done a study with the Alfa Laval 
OceanGlide air lubrication system (hereinafter referred to as OceanGlide) on a slightly larger 
ship than ours.  

Oceanglide was developed in 2014 and was intended to create an even and dynamic layer of air 
in the ship's flat bottom. OceanGlide consists of compressors that supply air through wing-
shaped air distribution bands that are attached to the bottom of the ship. The air distribution 
bands generate small, uniform air bubbles that fuse together to form an even layer of air. The 
amount of air injected by an air distribution belt is adjusted by a control system to optimize the 
performance of the air supply under the given load and sail conditions.  

The installation covers the flat bottom by dividing the hull into sections, so that each part of the 
air layer can be controlled and optimized.  

System configuration utility  
The location of the air distribution bands is determined by the area of the flat bottom, as well as 
the location of the compressors and the need for electrical wiring and/or ventilation.  

The vessel's operating profile is input to the compressor dimensioning, because draught and 
higher speeds require more air volume in the system. The typical dimensions of an air 
distribution tape are 60mm (H) x 600-800mm (W) x the width of the vessel's flat bottom and are 
designed to be installed without extensive hull modifications.  

The piping and instrumentation diagram – see Fig. 24 – represents a typical configuration for an 
installation with three air distribution belts.  

 
Source: AlfaLaval 

Fig. 24 Typical piping and equipment for ALS  

Air is supplied to each air distribution belt through a single pass-through from the ballast tank, 
supplied by screw compressors. 

The control system controls the airflow to each of the air distribution bands via a combination of 
pressure sensors, flow control valves and proprietary inlets in the oscillators.  

Calculations of the potential net savings under optimal conditions were a 6% reduction in 
power on the axle, i.e. approximately 2-3% on fuel consumption, which in our case could not be 
covered by a payback calculation, so we chose not to pursue it further.  
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Since OceanGlide and other systems can be retrofitted, it cannot be ruled out to take it up later, 
especially if the operation profile of the ship becomes more favorable for an ALS system.   

Fuel and route optimization/performance system 
A fuel and route optimization/performance system will be installed on board to optimize the 
sailing as well as collect system data from diƯerent consumers to minimize fuel consumption 
as much as possible.  

This has proven to be an advantage especially when training the crews to increase their 
understanding of the importance of this, especially as the ship is part of a CCS chain. In 
addition, it is possible to actively follow real-life data as well as support decisions regarding hull 
cleaning etc.  

However, it is not expected that a trim optimization will be of any significant advantage if the 
ship is in regular service between ARA and Iceland loaded with CO2, as the hull is optimized for 
the draft 50/50 ballast and loaded. However, trim optimization will certainly be an advantage if 
the ship sails on longer routes or changes cargo.    

It will also be necessary to be able to demonstrate and report the ship's fuel consumption and 
emissions to be able to document the ship's CO2 footprint in the CCS chain. This footprint is 
expected to be one of the success parameters for a given CCS chain, as requirements for a 
limited footprint could be set by a possible CCS project support measure. 

Other initiatives 
There are several other options for optimizing energy consumption such as VFD controlled 
pumps and fans, economizers on the auxiliary machinery exhaust, LED lights, electric pre-
heaters instead of an oil-fired boiler, onboard carbon capture in the case of using HFO/MGO 
and so on.  

However, these initiatives are not discussed here but should be part of a detailed study further 
down the design spiral.   

Rules & Regulation: IMO GFI's, FuelEU & EU ETS 
As the reader may be aware, there are several diƯerent maritime and emission reduction 
initiatives running and coming in the near future.  

Without going into detail about the measures, the European FuelEU Maritime is a well-to-wake 
initiative to appreciate a shift away from fossil fuels. In addition, the EU ETS is a tank-to-wake 
emissions trading system, where the upcoming IMO GFI is the UN's global tool for limiting GHG 
emissions. All three programmes have integrated a charge for non-compliance with the 
maximum emission limits, where the installation of WAPS results in a reduction both in the 
calculation of the ship's maximum emission limit and in the reduction of emissions discharged. 

In the following, we have simulated the expected benefit of installing four Norsepower Rotor 
Sails for FuelEU and EU ETS applicable to the route between ARA and Iceland as well as the 
emission requirements in 2030.  

We have not included the IMO GFI, as it has not been finally adopted at the time of writing and 
that the price for tier I & II has not been set. 
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Source: Navigator Gas 

Fig. 25 Payback estimates as a function of fuel savings in tons per year – including emission 
benefits. Orange curve: MGO ex emission benefits, dotted orange curve: MGO including 
emission benefits & blue curve: methanol ex emissions benefits (including emission benefits 
are almost the same with ex emission benefits)  

As can be seen from the above figure 25, the benefit of fuel savings is of course aƯected by the 
fuel price, and since the price for MGO and (blue) methanol with similar energy content is 
currently approximately 1:2.5, the payback time for WAPS installation will of course be shorter 
for methanol compared to MGO.  

The benefit of the fuel savings in terms of the emission cost (from the EU ETS & FuelEU 
Maritime) is significant for MGO as a fuel compared to methanol, where the benefit of the 
savings from the EU ETS is oƯset by the reduction of the surplus from FuelEU Maritime. 
However, this is route specific, but for ARA to Iceland, it does not appear that the reduction in 
emissions will mean an advantage for methanol. 

However, it must be said that the design advantage of having WAPS installed is not included 
here, and that it should be calculated before the decision on whether WAPS should be installed 
is made.    

Fuel review 
The 16,000 m³ MP CO2  carrier will operate in an EU area with a high focus on GHG emissions 
and is expected to meet requirements for CO2 emissions footprint from the CCS chain's 
responsible party. As mentioned, the CO2 carrier is designed for ARA-Iceland return, i.e. intra EU 
ETS system, but in and out of FuelEU Maritime as Iceland is not a member of the EEA.   

In addition, the requirement for the ships' energy eƯiciency is increasing through greater 
requirements for the ships' Energy EƯiciency Design Index (EEDI), which since its 
implementation in 2015 has been 30% stricter, which will have a negative eƯect on the ship's 
speed and consumption when using fossil fuels.   
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There are therefore several good reasons to compare diƯerent fuel types for current and future 
requirements, so that the ship can operate sensibly and competitively over its 25-year lifetime.        

Iceland is one of the pioneers when it comes to the production of green methanol based on 
hydropower and thermal energy as well as captured CO2, possibly imported by ship. It was 
therefore obvious to use this opportunity to bunker green methanol in Iceland for at least a 
round trip to ARA, but it should be mentioned that the supply of green methanol as fuel at 
another area of operation must be studied in detail.  

We chose to focus on green methanol as a fuel but also considered biofuel B100 as a possible 
alternative. 

Methanol veras MGO and B100 biofuel 
As mentioned earlier, it would be possible to bunker green methanol in Iceland in the long term 
but chose to compare the use of green methanol versus MGO on the ARA Island route. 

Input for calculation and comparison between green methanol and MGO for the EU ETS and 
FuelEU Maritime: 

 Distance ARA - Island: 1200 miles each way 
 Speedladen:   15,5 knots 
 Speedballast:   15,5 knots 
 Voyagesannual:  20 voyages 
 Est fuel consumpvoyage  56 mt/day – methanol + 5% pilot (Biofuel B100) 
 Est fuel consumpyear  11.000 mt – methanol + 5% pilot (est 260 mt Biofuel B100) 
 Est fuel consumpvoyage  29,9 mt/day – Biofuel B100 
 Est fuel consumpyear  5.900 mt – Biofuel B100 
 Est fuel consumpvoyage  26,3 mt/day – MGO 
 Est fuel consumpyear  5.200 mt – MGO 
 Fuel pricemethanol: 800 USD/mt 
 Fuel price Biofuel B100: 750 USD/mt 
 Fuel price MGO:  650 USD/mt 
 Biofuel B100LCV: 37 MJ/kg (RED-II) 
 Biofuel B100GHG: 22 gCO2e/MJ 
 MethanolGHG:  4.4 gCO2e/MJ (source: Methanol Institute)  
 FuelEU Maritimepenalty: EUR 640/tCO2e 
 CO2Correction factor - MGO: 3.206 (TtW) 
 CO2Correction factor – B100: 0 (TtW) 
 CO2Correction factor – Metanol: 0 (TtW) 
 No WAPS installed 

As mentioned, the not insignificant advantage in the rules of installing WAPS is not included, 
which would be a point for further investigation.  

However, we chose not to include the power from WAPS due to the obvious advantage of being 
able to bunker green methanol in Iceland but chose to show the CO2 carrier with Flettner rotor 
for later assessment.   

FuelEU Maritime has developed an increasing requirement for maximum GHG emissions per 
MJ, while the EU ETS is constant until 2030, when a revision of the performance will be carried 
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out. It should be noted that the EU ETS is a so-called Tank-to-Wake consideration, while FuelEU 
Maritime is Well-to-Wake, which means that, for example, black LNG has an advantage over 
HFO/MGO, so this will not be the case for FuelEU Maritime. 

 

 
Source: ABS 

Fig. 26 Maximum GHG per MJ emission requirement from date to 2050. The actual GHG 
emissions per MJ for green methanol are indicated by the dotted line 

FuelEU Maritime – MGO 
Marine Gas Oil (MGO) is today a well-known fuel that does not require any further introduction.  

In EU SECA, fuels with a content above 0.1% sulphur are not allowed unless a so-called 
scrubber, which cleans the flue gas of sulphur, is installed. If a scrubber is installed, HFO with 
up to 3.5% sulphur can be burned, but we have chosen to ignore this solution in this study.  
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     Source: ABS 

Fig. 27 Development in annual CO2 surplus/deficit from MGO as fuel   

FuelEU Maritime – B100 biofuel: 
Variations of biofuel are on the market today and many ships have experience with storage, 
handling and incineration, not least in EU waters.  

Of course, it is unknown how demand and price develop over time, but biofuel is a clear 
candidate as a transition fuel between fossil and green fuels. Since LCV is slightly lower than 
MGO, the expected annual consumption in tons is slightly higher in comparison. The B100 
biofuel used here is a so-called generation II biofuel.       

 
     Source: ABS 

Fig. 28 Development in annual CO2 surplus/deficit of B100 biofuel as fuel   
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FuelEU Maritime – green methanol 
As previously mentioned, there is access to green methanol in Iceland, which will future proof 
the operation of the CO2 carrier also after 2050 and create a not insignificant surplus of CO2 
equivalents, which can either be sold to the CCS chain, on the CO2 exchange or pooled with 
other vessels.  

Methanol has a lower LCV, so the consumption in tons is about 2-2.5 times greater than MGO 
and B100 biofuel. Methanol emits GHG, but since it is produced on captured CO2, and the 
manufacturing process is powered by hydropower or thermal energy, it is considered green. 

  
     Source: ABS 

Fig. 29 Development in annual CO2 surplus/deficit of green methanol as fuel   

EU ETS (EUA) 
The EU ETS value is calculated as emitted CO2 [mt] x EUR 80 x 50% for journeys in and out of the 
EU, while intra-EU journeys are calculated as emitted CO2 [mt] x EUR 80. Since Iceland is a 
member of the EU ETS, only intra-EU trips are counted, while stays in port are not included. 

The EU ETS is calculated from Tank-to-Wake (TtW) where both B100 biofuel and green methanol 
are 0, whereas MGO has a correction factor of 3.206 converted to tonnes of CO2. 

So, for the GO, the annual ETS accounts in EUA's (or EUR as here) will be as follows: 

5,200 mt MGO x 3,206 x EUR 80 = EUR 1.34 mill per ship/year 

IMO GFI's 
GFI's are not included here as mentioned earlier, as the proposal has not been adopted at the 
time of writing and that some form of adaptation of FuelEU Maritime is expected in that case the 
IMO finally adopts and ratifies GFI. When the final result is available both regarding the IMO's 
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adoption and the EU's revision of FuelEU Maritime, the cost of the diƯerent fuels must be 
recalculated.  

EEDI – preliminary calculations 
EEDI is of course an important parameter for every ship design and therefore a preliminary 
check of EEDI was calculated for phases 2 & 3 for diƯerent fuels, of which the following is an 
excerpt. The calculations have been made in accordance with MEPC.254(67) and 
MEPC.308(73). 

We have examined MGO, methanol, biofuel and LNG (grey) and followed guidelines 
MEPC.1/Circ.905 and MEPC.308(73). All fuels have been tested with and without WAPS. 

Since the CO2 carrier has installed a high powered main engine to be able to achieve the design 
speed of 15.5 knots in both ballast and loaded, EEDI phase 3 would not be able to be fulfilled 
with MGO.  

In fact, the design speed would drop by about 2 knots to below 13.5 knots, which would have a 
relatively large impact on both the CCS chain's eƯiciency as well as CAPEX to maintain the 
required transport sequence.  

But since we did not have knowledge of the full CCS chain, such as the transport of tons of 
captured CO2 per year as well as the capacity of the storage and storage process, we chose to 
stick with the 15.5 knots. 

We included LNG (grey) and biofuel as possible fuels just to understand the diƯerence between 
MGO, methanol and LNG. The biofuel used is a 45% blend so as not to exceed any NOx 
requirements, but that B100 would certainly be a more suitable and contemporary alternative to 
methanol. See Appendix H for the calculation of Cf for B45 blend. 

For the calculations, the following LCV and correction factors were used: 

 

Source: KEH 

Fig. 30 EEDI – LCV & CO2 correction factors 

The result of the preliminary EEDI calculations can be seen in Figure 31 below. It was clear, 
which was not unexpected, that MGO would not be a suitable fuel either for now or in the future 
in the envisaged area of operation and speed.  

However, it was a bigger surprise that the improvement was not greater when installing WAPS.  
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The calculations showed the not unexpectedly large impact the diƯerent fuels had on EEDI, 
which was also the intention of the IMO when EEDI was discussed and adopted.    

 
Source: KEH 

Fig. 31 EEDI – results of the preliminary calculations.  

The calculations also showed that the design speed could be diƯicult to maintain even when 
using methanol and without WAPS, so it is necessary to get a more detailed description of LCA 
from the source both for the EEDI calculations, but also for the FuelEU Maritime calculations. 

It was somewhat surprising that biofuel (B45 blend) had a somewhat more positive influence on 
EEDI than methanol, which should be verified by a continuation of this project.  

LNG delivers the best EEDI result, but we do not believe it has the necessary futureproofing in 
the EU area, so we chose to ignore it. 

Lightweight estimate 
The lightweight estimate for the CO2 carrier was estimated especially to get a better picture of 
the steel weight, as it would be expected to be somewhat larger than for normal LPG/c with a 
load density of approximately 0.68 tons/m³ (ex VCM loads) compared to CO 2 of approximately 
1.10 tons/m³. In addition, the weight of the cargo tanks themselves and the impacts on the 
saddles were also somewhat greater. 

The lightweight estimate included welding, hull curvature and a 4% margin and ended up at 
approx. 10,500 tonnes, which is estimated to be approximate. 750 tonnes higher than 
equivalent sizes of LPG/c. Of course, this must be carefully calculated by a more detailed study. 
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Source: KEH 

Fig. 32 The lightweight calculation – the cargo tanks are included in group 1000  

Stability – intact and leakage stability 
Intact stability is calculated according to the 2008 Intact Stability Code via NAPA software and 
the following conditions are examined: 

 
Source: KEH 

Fig. 33 Load conditions and intact stability check 

It was not expected that the intact stability would cause problems, which the above result does 
not indicate either.  
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Leak stability was calculated according to the 2014 IGC International Code for the Construction 
and Equipment of Ships carrying Liquefied Gasses in Bulk and as a 3G type and via NAPA 
software. The model in NAPA was made for the hull up to 16.3 m above the baseline and the first 
floor of the accommodation. The deterministic method was used for one-room damage 
between the main shutters as well as relevant bottom damage.  

During the calculations, it became clear that it would be advantageous to share the two cargo 
spaces with a batch of methanol tanks, not only in terms of trim, but also to meet leak stability 
requirements. 

The final compartment division can be seen in Fig. 34 below. 

 
 Source: KEH 

Fig. 34 Space division for leak stability calculations 

As an example of a major damage where the ship survives, is shown in Fig. 35. It was clear that a 
two-compartment damage involving the center tanks as well as a cargo hold and associated 
bottom tanks would cause the design to fail, but the placement of the center tanks has added a 
better safety to the design. 
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Source: KEH 

Fig. 35 Typical one room injury with survival 

Line drawing 
The first versions of the lines were carried out with a focus on propulsion optimization, optimal 
trim and limitation of double-curved plates.  

When continuing the design, focus should be placed on further optimisation of the hull shape, 
both in terms of propulsion optimisation, but not least crew welfare at the front of the ship. This 
could possibly be done by introducing greater buoyancy or a so-called Ulstein X-bow® to limit 
acceleration in rough seas.   
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Source: KEH 

Fig. 36 Line drawing 

Description of the CO2 carrier 

 

The final design for this study is with four separate CO2 tanks, each with a 100% capacity of 
4,000 m³ installed in two cargo holds separated by methanol fuel tanks amidships.  

The accommodation is located at the front of the ship to ensure a more balanced weight 
distribution during full load and not least in ballast, which can be a challenge due to the higher 
weight of the cargo. We consider the ship design as a so-called deadweight vessel and not, as is 
normal for LPG carriers, a volume vessel. 

As the ship will sail 50/50 loaded/ballast, performance in ballast condition is just as important 
as under full load, so the goal of the design is to be able to sail as close as possible to even keel 
without much use of ballast, which meant that the accommodation was moved forward in the 
ship.  

With an area of operations that includes the Atlantic Ocean and the North Sea, the comfort of 
the crew is important, especially in the expected major accelerations that are to be expected by 
moving the accommodation out into the bow. There are several ships in operation with the 
accommodation in front and a few have observed challenges with comfort in rough weather, so 
it must be ensured that this is taken care of, possibly with an acceleration-dampening foreship, 
e.g. as the Ulstein X-bow®.  
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The bridge is closed for comfort, and the lower rows of windows must be examined for strength 
against green sea impact. 

A single propeller (CPP) with propeller boss cap fin (PBCF) is installed aft with a gate rudder to 
increase maneuverability as well as improve performance. Bow thruster is also installed. 

The fuel tanks are located with four methanol tanks amidships, four under the accommodation 
and two MGO tanks also under the accommodation.  

Day and service tanks are located in the engine room together with the methanol treatment 
system, which is located in a separate fire-insulated room. 

Four Flettner rotor sails are placed in pairs, but as mentioned earlier, it must be carefully 
examined whether it makes sense, especially in terms of their influence on each other and not 
least the payback time. We are uncertain whether it makes sense to use WAPS, especially when 
using green methanol for propulsion, and if so, whether the payback is satisfactory, and 
whether two or four should be installed. So, it will be natural to investigate these scenarios in 
detail in the further design process. 

The holds are separated by methanol tanks amidships, primarily due to the balance of the ship, 
but also because of the leakage stability, where the ship has diƯiculty surviving the necessary 
damage in the event of a one-room cargo space damage. It must be said that several published 
CO2 carrier designs are shown without this separation of the cargo holds, but it has not been 
possible for us to meet the leak stability rules without the tanks amidships.     

Pocket Plan: 
For the presentation of the CO2 carrier, a pocket plan was made – see appendix D – which can 
be used for newbuilding brokers or directly for shipyards in collaboration with Knud E. Hansen.  
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CCS chain and model 
 

 

 

 

 

 

Source: Dan-Unity CO2 

 

Fig. 37 Typical CCS chain 

As mentioned earlier, it became clear that when developing a ship design, it would be necessary 
to know more about the CCS chain, both downstream and especially upstream, to optimize the 
CCS chain and not just the ship. We were often asked by the emitter what our requirements 
were for the delivered CO2, where we just as often returned with a: what do you want and what is 
the most optimal for you? 

Therefore, a model for simulation of the entire value chain for CCS was developed with the help 
of ECA Engineering.  

The model is built using so-called object-oriented programming, which means that it can easily 
be configured to simulate diƯerent designs of value chains.  

An example could be several emitters with diƯerent CO2 qualities that are connected to one or 
more storage facilities and which, for example, share a tank system consisting of many 
individual tanks, which then finally fill one or more ships that sail on a regular service to one or 
more disposal sites.  

Figure 38 shows an example where the software is configured to simulate two emitters, each 
with its own CO2 capture facility (Cap) and lead facility (Liq), and where both emitters deliver 
liquid CO2 to a terminal (Term) that finally fills a ship (Ves) sailing to a landfill field.  

 
Source: ECA Engineering 

Fig. 38  Example of a CCS value chain that is configured using the software. The chart is 
displayed by clicking on "ccs chain model" in the software's graphical user interface (GUI). 
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Basically, the CCS value chain consists of well-known unit operations such as burners, motors, 
absorption towers, cooling towers, compressors, heat exchangers, nozzles, pumps and tanks, 
and in many cases the same unit operations can be used in several parts of the value chain.  

For example, a gas turbine, cement burner and marine engine use the same class (super class) 
for calculation of combustion products and energy generation, as all fuels can be characterized 
based on a chemical settlement and the calorific value.  

Likewise, for the simulation of a CO2 terminal, the object uses the same class (super class) for 
the simulation of its pressurized and insulated tanks, just as the object of a ship is used to 
simulate its pressurized and cooled tanks. 

The above objects all need thermodynamic data for the currents that go in and out of the 
objects. The objects are therefore programmed to communicate with a so-called CapeOpen 
standard, whereby they can extract all necessary thermodynamic data from existing functions 
for calculating densities, enthalpies, and entropies such as a function of pressure, temperature, 
and composition.  

This is particularly relevant for mixtures, as only small impurities such as N2, O2 or NOx have a 
major impact on the energy used to produce CO2 and as the split between gas and liquid is 
strongly nonlinear. Furthermore, it is important to comply with standards defined for the final 
CO2 (e.g. Northern Light). 

The overall model is used to optimize the ship size for a case in collaboration with an emitter.  

Figure 39 shows that a ship with a capacity of 12,000 m3 CO2 will have the lowest total costs 
(OPEX including fuel plus depreciation on CAPEX).  

The most important parameters for optimizing the ship size can be adjusted in the panel on the 
left of the figure and all have a very large impact on the optimal ship size that exists. 

 
Source: ECA Engineering 

Fig. 39  Optimization of vessel size in an emitter's CCS value chain. The Y-axis shows the total 
total cost, which is the sum of the depreciation of the investments and the operating costs. The 
X-axis shows ship sizes from 5,000 to 30,000 tons of CO2 capacity. In the panel on the left, you 
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can select diƯerent numbers of ships and change the design pressure as well as a number of 
other relevant parameters. 

The above is shown as concrete examples, but the strength of the model is of course that 
another CCS chain can easily be configured, illustrated, simulated and optimized using the 
developed software. 

The program is available via an app and can be tailored to the CCS chain in question that is to 
be investigated. It is possible to access the app by contacting ECA Engineering. 

Abbreviations 
AiP:  Approval in Principle 

ALS:   Air Lubrication Systems 

ARA:  Amsterdam-Rotterdam-Antwerp trading area 

CAPEX:  Capital Expenditures 

CCS:  Carbon Capture & Storage  

CPP:  Controlable Pitch Propeller 

EEA (EEA): European Economic Area 

EEDI:   Energy EƯiciency Design Index  

ETS:  Emission Trading Scheme 

EUA:   European Union Allowance 

EEA (EEA): European Economic Area 

FPP:  Fixed Pitch Propeller 

GFI:  Greenhouse Gas Fuel Intensity 

GHG:  Green House Gas 

HFO:  Heavy Fuel Oil 

IGC:  International Gas Code (2016 edition) 

IMO:  International Maritime Organization (UN) 

Class:  Classification societies such as ABS, DNV, Lloyd's and more 

LCB:  Longitudinal Center of Bouyancy  

GATE:  Light Emitting Diode 

LCA:  Life Cycle Analasys 

LCV:   Lower Calorific Value 

LP:   Low pressure 
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MARVS: Maximum Allowable Relief Valve Setting 

MGO:  Marine Gas Oil 

MP:  Mid pressure 

OPEX:  Operational Expenditures 

PBCF:  Propeller Boss Cap Fin 

PTO:  Power-take-out (shaft generator) 

RED II:   Renewable Energy Directive II (European) 

SECA:  Sulphor Emission Controlled Area 

TtW:  Tank-to-Wake  

VCM:  Vinyl Chloride Monomer 

VFD:  Variable Frequency Drive 

WAPS:  Wind Assisted Propulsion System 

WtW:  Well-to-Wake 

 

  



Dan-Unity CO2 & Danish Maritime Fund                                                                                                53 | 
P a g e  

 

Appendix A – LP Ship Design 

Appendix A – 7,500 m³ LP CO2 carrier 

 

 
Source: TGE Marine 
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Appendix A – 12,500 m³ LP CO2 carrier 
 

 
Source: TGE Marine 

 
Source: TGE Marine 

Fig 40 12,500 m³ LP CO2 carrier 
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Appendix A – 14,000 m³ LP CO2 carrier 
 

 

  
Source: TGE Marine 

Fig 41 14,000 m³ LP CO2 carrier 
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Appendix A – 21,000 m³ LP CO2 carrier 
 

 

  
Source: TGE Marine 

Fig 42 21,000 m³ LP CO2 carrier 
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Appendix A – 22,000 m³ LP CO2 carrier 
 

 

 

 
Source: TGE Marine 

Fig 43 22,000 m³ LP CO2 carrier 
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Appendix A – 56,000 m³ LP CO2 carrier 
 

 

   

Source: TGE Marine 

 

Fig 44 56,000 m³ LP CO2 carrier 
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Appendix A – 12,500 m³ LP CO2 shuttle carrier for Greensand 

 

  
Source: TGE Marine 

 

Fig 45 12,500 m³ LP CO2 carrier with turret oƯ-loading; for Greensand project 
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Appendix B – MP ship design 

Appendix B – 24,000 m³ LP CO2 carrier 

 

  
Source: TGE Marine 

Fig 46 24,000 m³ MP CO2 carrier – Iceland & Carbfix trade 
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Appendix C – Approval in Principle by ABS: 12,500 m³ 
LP and 22,000 m³ LP 
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Appendix D – 16.000 MP design: Pocket Plan 
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Appendix E – 16,000 MP design: scope of work 
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Appendix F – 16,000 MP design: speed & performance 
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Appendix G - Engine type & layout: 
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Appendix H – calculation of the CO2 correction factor for 
B45 blend 

 


