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Abstract: Developing cost-efficient systems for transporting CO» is key to accelerate the deployment of carbon
capture and storage. The present work explores the impact of reducing the pressure of tank-based inland and
at-sea transport on their techno-economic performance. The study uses established techno-economic models for
CO, transport, adjusted with the most up-to-date knowledge on costs of low-pressure containment and transport.
Particularly, the impact of cargo tank material and design on the transport costs shows that low-pressure cargo
tank systems can be 50% less expensive than medium-pressure systems if materials with similar price and strength
can be used. This results in reductions in transport costs as high as 30% for long distances. This is partly driven
by the currently suggested size limitation on medium-pressure shipping which limits its economies of scale. If
this limitation is alleviated, the cost advantage of low-pressure shipping compared to medium-pressure is more
limited (10-20%) although it remains advantageous. The same scaling effects on capacity were not found for truck
and barge inland transport, thus yielding 1-10% cost reductions of low- relative to medium-pressure transport.
These results imply that future systems may combine medium-pressure inland and low-pressure at-sea transport,

and that efficient solutions connecting the two must be investigated.

Keywords: CCS; CO, Transport; Shipping; Truck; Barge

1. Introduction

Carbon capture and storage (CCS) is a key technology to reach the ambitious target of net-zero
emissions by 2050 set globally and by the European Union (EU). The deployment target involves that
230-430 MtCO, /yr should be captured, transported and stored globally by 2030 [1], but in 2023, this
amount was only 50 MtCO, /yr [2]. There are several key steps to overcome the gap: reducing costs of
CCS, as well as developing clear economic frameworks [3], financing mechanisms, and supporting
infrastructure. Intensified efforts have resulted in the development of more efficient capture and storage
technologies [4-7]. However, moving towards practical implementation has unravelled critical aspects
related to the long transport distances from inland CO, emitters to socially acceptable, permanent
storage sites. CCS implementation thus require the development and deployment of suitable transport
solutions. Several studies have highlighted the cost-efficiency of pipeline-based transport for large
transport capacity and short to medium distances [8-10]. However, considering the long construction
time, the cost inefficiency of pipeline-based transport for small transport capacity and long distances,
tank-based solutions (ship, barge, train, trucks) are likely to play a key role in both the short- and
long-term deployment of CCS [11-13]. As a result, more research effort has been put on different
aspects of tank-based solutions ranging from fundamental modelling [14,15], process and system
modelling [16-18], techno-economic evaluation [19-21], environmental aspects [22], contribution to
large-scale deployment [23,24], to safety and legal aspects [25,26].

In tank-based CO; transport systems, the CO; is typically transported in the liquid phase (LCO).
Transport of LCO» is in commercial operation at small scales for food-grade CO;. The first large-scale
projects transporting CO;, e.g. the Longship project in Norway, will soon be operational. In these
projects, CO; is transported at conditions commonly referred to as "medium pressure" (MP), i.e. at
12-19 bar and temperatures of -20 to -35°C. Over the past decades, it has been suggested that transport
conditions commonly referred to as low pressure (LP) may be more cost-efficient, i.e. 5-10 bar and -45
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to -55°C. Roussanaly ef al., Roussanaly et al. performed an in-depth comparison of shipping of CO; at
MP and LP to understand if transitioning to LP shipping could reduce cost. They concluded that LP
shipping could enable significant cost saving compared to MP shipping due to two main factors. First,
LP pressure ships are significantly cheaper than MP ships at equal ship capacity. Second, the reduced
pressure enables larger cargo tanks, which has been suggested to enable maximum ship sizes of 50-100
ktCO, /ship at LP while MP ships are limited to 10 ktCO, /ship [27].

Although informative to industry, a shortcoming of the study was that it relied on literature
data for ship costs [28], which may deviate from costs attained from shipbuilders. Additionally, the
capacity of the MP ships was limited to 10 ktCO, /ship' while industrial actors have indicated, but
not concluded [31,32], that MP ships with higher capacities can be built. Finally, Roussanaly et al.
focused solely on at-sea transport, whereas LP transport is also relevant for inland applications for
which Oeuvray et al., Oeuvray et al. and Becattini et al., Becattini ef al. have shown that tank-based
transport on ship, barge, train and truck can be expected to play a key role in Europe on both a short
and a long time horizon.

In the present study, we seek to enhance the confidence of the techno-economic comparisons
of LP and MP shipping through the use of up-to-date ship construction costs developed specifically
for large-scale transport of CO; together with an engineering actor with strong expertise in ship
construction. Furthermore, the study re-evaluates the impact that the current, assumed limitation on
the MP ship capacity has on the transport cost comparison relative to large-scale LP shipping. Finally,
the knowledge developed for the comparison of LP and MP shipping is adapted to also compare LP
and MP transport of inland transport and the resulting implications.

2. Materials and Methods

In order to perform the comparison of MP and LP transport pressure for both at-sea and inland
transport of CO,, two approaches are used to evaluate the transport supply chains. In the case of
the shipping, the techno-economic assessments were performed with the in-house tool iCCS [27,34],
developed by SINTEF Energy, while techno-economic assessments of inland transport were based on
the transport model of ETH Zurich [13].

2.1. Shipping

The techno-economic assessments of the shipping transport chain, performed in iCCS, are de-
scribed in detail in Roussanaly ef al.. Essentially the assessments account for all the steps in the
shipping value chain, including 1) liquefaction of CO;, 2) supplying terminal with buffer storage and
loading systems, 3) shipping, and 4) receiving terminal with offloading systems, buffer storage and
reconditioning. The system boundaries are illustrated in Figure 1.

1 Thisis significantly smaller than what is projected for LP shipping due to the low steel weight and flexible ship arrangement

enabled by the lower pressure [29,30]
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Figure 1. Illustration of the system the boundaries considered in the two techno-economic models
applied in the present study.

To evaluate the impact of shipping construction costs and capacity limits on the overall design and
costs of the shipping value chain, we have kept the costs of steps 1, 2 and 4 as detailed in Roussanaly
et al.. For step 3, we have updated the construction costs curves for LP and MP ships based on
construction costs obtained from the shipping industry. A key driver for these ship costs is the material
used to build the CO, tanks. For the MP transport, tanks made of a high strength austenitic carbon
steel shorted NV690 is used while a high nickel steel shorted NVNi is used in the LP tanks. The
NVNIi is, however, weaker and more expensive that the NV690 and similar materials typically used
for containment at temperatures above -30 °C (i.e. MP conditions). Therefore, a LP ship cost scenario
utilizing "low-cost" materials was also developed. NV690 was chosen to represent the low cost material
since it is investigated for containment at LP conditions in the CETO project. Although the CETO
project preliminary conclude that further investigations are necessary before the NV690 can be used in
low-temperature applications, NV690 represents a realistic alternative for a LP tank material in terms
of material properties and costs [35]. Thus, the NV690 LP ship cost scenario can help uncover the
impact of finding less costly and stronger materials for LP LCO; containment. The two LP ship cost
scenarios are illustrated as a function of ship capacity in Figure 2 along with the MP ship cost curve.
Here, the ship costs follow the same scale affect with ship capacity as in Durusut and Joos, Durusut
and Joos, but were corrected to fit the cost resulting from the abovementioned, new industrial ship
costs for MP ships with NV690 tank material and LP ships with NVNi and NV690 tank materials.
Notice that ship prices generally depend on technical specifications and market conditions for the
shipbuilding industry, including price fluctuations of materials and equipment, as well as financing
and other aspects. Thus, prices taken from specific projects should be extrapolated with care, and only
relative LP and MP costs are used in the present study.
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Figure 2. The construction costs as a function of the ship capacity for LP (blue) and MP (orange) ship
transport. The dashed lines are the original (o) cost curves fitted to the data points (x) from Durusut
and Joos, Durusut and Joos. The values from Durusut and Joos are adapted to USD 2023 costs by a
factor of 1.2648. Filled circles e are the updated (u) construction costs of the LP (dark blue) and MP
(red) ships evaluated by the shipping industry. The resulting updated cost curves used in the present
study are depicted for MP (red line), LPnyn; (blue line) and LPNvyg90 (blue dotdashed line). The arrows
illustrate the shift in construction costs from Durusut and Joos to the present study.

The techno-economic assessments were then performed for the two LP cost scenarios with NVNi
and NV690 tank material and the MP scenario (with NV690) for transport distances ranging from
50 to 2000 km, and for annual volumes transported ranging from 0.2 to 20 MtCO, /year. For each of
these cases, the ship size considered, LP and MP, is optimised as in Roussanaly et al.. Another key
uncertainty for the comparison is the maximum ship size for which MP ship can be built. Recent
studies [28] and feedback from the industry indicate that ship capacities greater than 10 ktCO, /ship
are most likely unfeasible for MP ships with conventional tank configurations, whereas capacities of
at least up to 50 ktCO, /ship are foreseen for LP ships [27]. Reflecting the current consensus, base
case evaluations consider a maximum ship size of 10 ktCO, /ship for MP ships. Nonetheless, two
additional scenarios (15 and 30 ktCO, /ship) are considered to explore the impact of increased MP
ship capacity. Table 1 shows the specifications of the different scenarios. Here, the base case (BC)
is the case of shipping between harbours from Roussanaly et al., to which the results are compared.
Furthermore, all cases of LP and MP shipping were compared to the costs of pipeline transport for the
same distances and annual volumes. Details on the pipeline assessments can also be found in Ref. [27].
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Table 1. The specifications of the scenarios for transportation by ship evaluated in the present study. In
all scenarios, liquefaction and conditioning of CO» after capture is performed for pure CO; at 1 bar(a)

and 40 °C.
Scenario Tank material scenario Max ship capacity (ktCO,/ship)
LP MP LP MP
BC UND [28] UND [28] 50 10
MnvniCio NVNi NV690 50 10
Mnvni€Cis NVNi NV690 50 15
MnvniCso NVNi NV690 50 30
MnveooC1o NV690 NV690 50 10
Mnve9oCis NV690 NV690 50 15
Mnve9oCao NV690 NV690 50 30

2.2. Inland Transport

The techno-economic approach of the inland transport assessments is described in detail in
Oeuvray et al.. In short, the generalized cost assessment is based on connections and quotes for six
specific emitters studied in the DemoUpCARMA [36] and ACCSESS [37] projects. In the present
work, the techno-economic assessments were performed for two inland transport modes, truck and
barge, on connections from the emitters to harbours on the coast of the North Sea. It is worth noting
that due to their similar capacity with trucks, trains are not explicitly modelled in this study. For the
last stage from the harbours to a permanent storage site in the North Sea, we refer to the analyses
in the previous section. The overall costs of transport include capital investment, maintenance and
operational costs, intermediate storage and loading stations [13]. No conditioning nor reconditioning
along the inland value chain was included as illustrated in Figure 1. Furthermore, the costs of transport
were assessed for the specific annual volume of each emitter, and the transport distances following the
infrastructure available to that emitter. Together, this gave a map of the overall transport costs as a
function of the annual volumes and transport distances ranging up to 1.6 MtCO, /year and up to 1200
km, respectively.

Only the medium-pressure inland transport was assessed in Oeuvray ef al.. In this work, the costs
of LP and MP cargo tanks for the trucks and barges were estimated using the relations between the
transport pressure, tank diameter and length, and tank wall thickness displayed in Equation (A5) and
Equation (A6) in Appendix A. Similar to the shipping assessments, two material cost scenarios for the
LP cargo tanks were evaluated; one using a manganese steel, shorted NV400Mn, qualified for use at
temperatures below - 45 °C?, and one using the same material as in the MP cargo tanks, namely NV690.
The relative costs of the LP versus the MP transport were then assessed using the techno-economic
framework of ETH described briefly above. In these assessments, the LP and MP tank sizes were equal
and the same as in Oeuvray et al., meaning that the truck tank volume was 26 tCO; and the barge tank
volume was 380 m°>.

In the second part of the inland assessments, we explored the impact of increased size of the
cargo tanks on the inland transport. The aim of these assessments was to investigate if LP vessels
can hold larger cargo tanks, and thus potentially have higher capacities, than the MP vessels, thereby
reducing the costs of the LP inland transport. Since no difference between the MP and LP barges were
found in the analyses, the details and results of the tank assessments are included and discussed in the
Appendix B.

2 Itis worth noting that the material used for the LP truck tanks is different from the LP ship tank. This is due to the different
geometries of the tanks, making different LP materials suitable.
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3. Results and Discussions

3.1. Shipping

The different scenarios of LP and MP shipping displayed in Table 1 are compared to shed light
on the mechanisms that impact the costs of the two transport modalities. Since the techno-economic
comparisons are performed for a wide range of transport distances and annual volumes, the results
are presented as a series of cost comparison heat maps, where the cost difference between the LP and
MP shipping is calculated as:

LC]y — LCHp
LCy7

oqv = 1)
Here, the LC is the levelized cost of CO» transport, including conditioning, as commonly used in

literature at the given annual volume (V) and transport distance (d). The dotted lines in the heat maps

represent the limit to the left of which pipeline transport is more economical than shipping.

3.1.1. Impact of tank material in shipping

Figure 3 shows the relative costs of LP versus MP shipping for two different cargo tank materials
in the LP ships and maximum MP ship capacity at 10 ktCO,. The cost difference between LP and MP
is smaller in the present study than in the BC of Roussanaly et al. in line with the shift up in LP and
down in MP ship costs illustrated in Figure 2. Nevertheless, the LP shipping remains less expensive
than MP shipping for all annual volumes and transport distances. In the NVNi scenario, cost reduction
up to and larger than 20% is achievable in most relevant cases (i.e. where pipeline is not economically
preferred).

BC pipeline limit

~ MnvesoC1o

!40%

Annual volumes (Mt/yr)
o
Relative cost difference (%)

-y

-40%
=" o
500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000

Distance (km) Distance (km) Distance (km)

Figure 3. The relative cost difference of LP and MP shipping as a function of transport distance and
annual volumes CO» for (from left to right) the base case, the NVNi tank material and the NV690 tank
material scenario. The maximal MP ship capacity is 10 ktCO; /ship in all three cases. The dotted brown
lines show the pipeline cost limit compared to the LP case (i.e. compared to the LP BC, MnyniCio
and Mnyyg90Cqp in the left, middle and right panels, respectively). The transparent dotted lines in the
middle and right panels show the pipeline cost limit in the LP BC. Pipelines are more economical than
LP shipping left of the dotted lines. For clarity, this area is scratched out to highlight that the area is
less relevant for shipping.

By qualifying lower-cost materials, such as NV690, for LP containment, the costs of shipping can
be further reduced as seen in the rightmost panel of Figure 3. In this scenario, cost reductions for long
distances and large annual volumes at more than 30 % can be achieved.

Another consequence of qualifying less expensive materials for LP containment, is that the area
in which LP shipping is more economic than pipeline transport increases. This is illustrated by the
reduction in the scratched area in the Mnvg90C1o (right panel) compared to MnvniCio (middle panel)
in Figure 3, and highlights the importance of material development and qualification for the the
long-term relevance of (LP) shipping compared to pipeline transport.


https://doi.org/10.20944/preprints202410.1671.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 October 2024 d0i:10.20944/preprints202410.1671.v1

7 of 21

3.1.2. Impact of the maximal capacity for medium pressure ship’s cargo

In the previous section, the MP ship’s cargo capacity was kept at 10 ktCO, in accordance with
the BC and with common practice. However, the MP capacity limit arises from engineering and
mechanical features of the ship construction and design, and it is still uncertain if this constrain could
in the future be relaxed. Therefore, we have analysed the impact of increasing the MP ship’s cargo
capacity on the cost difference between LP and MP shipping. We emphasise that analyses of the
feasibility of larger MP ships are beyond the scope of the presented work.

Figure 4 shows the relative cost difference between LP and MP shipping with maximum cargo
capacities of (from left to right) 10, 15 and 30 ktCO, /ship for the NVNi (upper) and NV690 (lower)
material scenarios. The figure clearly illustrates the decrease in cost difference as the MP ship’s cargo
capacity is increased. This effect arise from the fact that the number of vessels needed in the MP fleet
decreases as the MP ship’s cargo capacity approaches that of the LP ship. Thus, the cost difference
relays increasingly on the difference in construction costs of single ships, which accounts only for a
part of the total transport costs. Nevertheless, LP shipping remains less expensive than MP shipping in
all scenarios because the construction costs of LP ships are smaller than those of MP ships, as depicted
in Figure 2. Naturally, increasing the difference in construction costs of the LP compared to the MP
ships by qualifying less expensive materials for LP containment, increases the difference in overall
costs of transport between LP and MP shipping, as illustrated in the lower compared to the upper row
of Figure 4.

MyvniC1o

Pipeline limit

\

MyvniCao .

MyuniC
20- INVNiC15 .

=]

Annual volumes (Mtlyr)
3

Relative cost difference (%)

o

S S10%

MnvegoCio - MnvegoC15 Mnves0Ca0

20~

Annual volumes (Mtlyr)
Relative cost difference (%)

500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000

Distance (km) Distance (km) Distance (km)

Figure 4. The relative cost difference of LP and MP shipping as a function of transport distance and
annual volumes CO; for (from left to right) 10, 15 and 30 ktCO; /ship in the NVNi (upper) and NV690
(lower) material scenario.The dotted lines show the pipeline cost limit compared to the LP shipping
scenario. To the left of the dotted lines are the volume-distance regions where pipelines are more
economic than LP shipping. For clarity, this area is scratched out to highlight that the area is less
relevant for shipping.

3.2. Inland Transport

To also shed light on the impact of transport pressure on two key inland transport modalities,
trucks and barges, this work compared LP and MP-based transport based on the scenarios displayed
in Table 2. The relative costs of LP versus MP modalities are calculated using Equation (1).
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Table 2. Overview of the inland transport scenarios.
Transport Scenario Capacity (m®) Number LP material MP material
tanks

Truck TruckMnv400Mn 26t 1 NV400Mn NV690
TruckMnvego 26t 1 NV690 NV690
Baree S BsMnNv400Mn 3040 8 NV400Mn NV690
8 BsMnwves90 3040 8 NV690 NV690

3.2.1. Truck Transport

In the case of truck transport, the cargo capacities of the LP and MP trucks are equal at 26 tCO»,
and the LP and MP trucks differ only in the material used and the tanks” wall thickness. Figure 5
shows the relative levelized costs of the cargo tank, transport without liquefaction and transport
with liquefaction for truck (upper), barge (middle) and ship (lower) transport. The difference in wall
thickness between the LP and MP truck tanks yields a 46 % reduction in the tank material costs when
the NV690 steel is used both for LP and MP containment. Nevertheless, the overall cost reduction was

found to be less than 1 %, contrasting to the results for the shipping assessments. This key difference
between the behaviour observed for truck and ship-based transport is linked to the tank dimensions in
the truck case, which are limited by road constrains, restricting the economies of scale accessible by
truck transport. Additionally, the ratio between OPEX and CAPEX is proportionally larger for trucks
than ships, reducing the impact of the tank costs.

LP tank material more costly than MP

LP tank material same as MP
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-30%
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-60%

-70%

Amount: 0.5 Mt/y
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Tank

Transport
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Transport
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Figure 5. Comparison of relative levelized costs between LP and MP of the tanks, transport without

liquefaction and transport with liquefaction for truck (upper), barge (middle) and ship (lower) transport.

The comparison is shown for a representative distance and annual volume for inland (0.5 MtCO;
and 500 km) and at-sea (5 MtCO; and 1000 km). The asterix (*) marks that the ship tank costs are
normalized over the tank volume. The maximum ship capacity for LP and MP shipping is 50 ktCO>

and 10 ktCO,.
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3.2.2. Barge Transport

Barges can transport larger volumes of CO, compared to trucks and can access the scales lacking
in truck transport to make LP less expensive than MP transport. The middle row of Figure 5 shows the
cost difference between LP and MP tanks, and the resulting difference between the LP and MP barge
transport costs with and without liquefaction. In these barge assessments, the tank configurations
are kept equal for the LP and MP barges, meaning that the LP and MP barge transport only differ in
terms of tank costs. Similar to the truck assessments, the tank material cost differences were at 39 %
for NV400Mn and 46 % for NV690 scenarios. The resulting difference in transport costs at 5-10 % are
higher than for truck, but significantly lower than for ship transport. This is due to the higher capacity
of the barges compared to the trucks, resulting in a relatively higher contribution from the tank costs
to the overall costs. Nevertheless, the cost difference between LP and MP barge transport remains
marginal as long as the capacity of the LP and MP barge is equal. The barge capacity was explored
in the present study, and the results reported in Appendix B.2, but little potential for expanding the
capacity of the LP barge beyond that of the MP was found.

3.3. Implications on the Transport Chains from Capture to Storage

The above results highlight that while it is likely that moving to lower shipping pressure for
transport at sea could significantly reduce cost, there is little benefit in moving to lower pressure for
inland transport (truck and barge) compared to the current commercial MP approaches. However,
many of the current and future CCUS projects require transport both inland ° and at-sea *, at least in
mainland Europe. Considering this, three main situations may arise.

¢ Firstly, MP continues to be used for both at-sea and inland transport. This could be the case
if large MP ships can be manufactured and cost-efficient materials for LP shipping are not
qualified, or if experience with and trust in currently commercial technologies prevail over the
cost reduction potential of the novel technologies.

¢ Secondly, both inland and at-sea tank-based transport move from MP to LP. This would cor-
respond to a situation in which at-sea shipping moves to low-pressure due to significant cost
savings and inland-based transport transitions to similar conditions to ease the overall transport
integration as the transport pressure has little bearing on the cost.

¢ Finally, another possibility is that at-sea transport transitions to LP shipping due to the significant
associated cost savings, whereas inland-based transport continues to operate at MP. This could
especially be the case if different actors are involved for the at-sea and inland planning and
operations or if both systems (LP at-sea and MP inland) can be smoothly integrated together.

The first two situations are likely to lead to a smooth integration of at-sea and inland operations.
However, the third situation, which is also more likely in the near future, raises some questions that
would need to be addressed to reach implementation. The following subsections discuss two of these.

3.3.1. Integration MP Inland and LP at-Sea Transport: How to Design Safe, Reliable and Cost-Efficient
Hubs

A key element of integrating a MP inland system and a LP at-sea system is a safe, reliable, and
cost-efficient hub between the two systems. This hub needs to ensure that the reception of the MP
COy, transition from MP to LP, temporary storage, and loading of the LP CO, are performed safely
and efficiently to ensure the continuous operation of both systems.

One of the challenges in a hub connecting MP inland and LP at-sea transport is to develop buffer
storage system(s) compatible with both LP and MP conditions, either by having one (joint) system or
by separating the LP and MP buffer storage systems (i.e. having two systems in the hub). Specifically

As many CO; emitters are located far from the coast

4 As CO; storage take place offshore due to the lack of social acceptability of onshore storage
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for the joint system, the material selection is difficult since unalloyed steels, such as NV690, typical for
MP containment often become brittle at temperatures around and below -30 °C[38]. The alloyed steel
alternatives for LP containment, such as NV400Mn and NVNj, represent both a decrease in strength
and an increase in material costs, making them little attractive for MP containment. Thus, the easiest
option from a supply chain point-of-view is to implement separate buffer storage for LP and MP. This
system redundancy ensures that the storage always operates within its range, but at the cost of the
double system expenses.

Single buffer storage systems can be achieved in three ways, where the first two involve that the
entire hub is either operated at MP or at LP. The buffer storage will then be tailored to the specified
pressure- and temperature-level, saving the costs of the double storage system. Disadvantage of the
first case are that the MP is significantly more costly than the LP storage [27], and that LP CO; cannot
be received without adding compression/expansion facilities to the hub. Vice versa, the LP storage
in the second case may be less expensive than the MP, but MP CO; cannot be loaded from the hub
without adding the same costs of compression. In the latter case, there is an added uncertainty related
to whether the cooling from the decompression of MP CO; received to the hub is sufficient to cool the
mixture to the LP target temperature. If not, costs from reconditioning and liquefaction must be added.

The third solution involves a buffer storage system that can handle both LP and MP CO,. This
requires that LP tank materials are used, but with tank wall thicknesses appropriate for MP containment
(i.e. thicker walls than in tanks used solely at LP). Needless to say, this involves a high cost in the
current situation where only expensive materials can be used for LP containment. The alternative
becomes more attractive, however, if the NV690, or a similarly less expensive, steel can be used safely
at temperatures below -30 °C, retaining the same flexibility in terms of conditions on the received and
loaded CO; as in the dual system, but at a smaller cost.

While "any" material cost-competitive with those used for MP containment will enable the above
alternative, qualifying the current MP tank materials for LP conditions has the additional benefit
of enabling reuse of facilities for MP reception, storage and loading, which are deployed or under
deployment now. In the light of the recent findings in the CETO project, it is apparent that further
investigations into if and how current MP tank materials can be repurposed to LP containment are
required, along with efforts to find less expensive materials for CO; containment.

3.3.2. Handling of Impurities in Combined Low- and Medium Pressure Transport Chains

Another challenge with combining MP and LP transport chains is related to impurities. The
impact of impurities has attracted much attention in the CCS field recently[39], and the efforts have
uncovered a wide range of impacts depending on types of impurity, concentrations, and conditions
in the specific part of the value chain in question. Corrosive species (e.g., H, SOx, NOx) can lead to
significant corrosion in the presence of water, but the corrosivity depends greatly on the conditions in
and composition of the mixture[40]. Similarly, non-condensable impurities such as Ar, Hy, N, O, and
CH,4 must be limited in order to prevent undesired events such as two-phase flow and pressure build-
up during the operation of the CCUS value chains. Again, permitted levels of the impurities depend
on the conditions and composition. In particular, lower thresholds are allowed for LP compared to MP
conditions. To ensure safe operation of the CO; transport value chains, emitters are currently required
to purify their captured CO, mixture to levels appropriate for the point in the value chain with the
lowest resistance to impurities. This is sensible when the conditions throughout the transport value
chain are similar, e.g. when LCO; is transported at MP from the emitter to the permanent storage.
At varying conditions, however, this requirement could lead to an unfair distribution of the costs of
purification. Especially, this is the case for systems with MP inland and LP at-sea transport, where
the purity requirements may be more relaxed in the first part of the transport system (at MP) than the
latter, and where parts of the costs and responsibilities of purification could be transferred from the
emitters to the hub connecting the LP and MP transport. The disadvantage of such an arrangement is
that the risk of cross-contamination between emitters, transport vessels and hubs increases, and that
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the cost reductions from the reduced need of purification at the emitter does not compensate for the
added costs of handling of impurities in the hub. Future studies towards optimising impurity levels
will thus be required in order to identify the best strategies to cost-efficiently handle impurities when
considering MP inland and LP at-sea transport.

4. Conclusions

This study investigates the impact of transport pressure on the techno-economic performance
of CO; transport of tank-based inland and at-sea transport (ship, barge, truck). The study builds on
established techno-economic models for inland [13] and at-sea [27] CO; transport, updated to integrate
the most up-to-date knowledge on costs of low-pressure containment for CO; transport developed
in collaboration with industrial actors. Particularly, the present study has investigated the impact of
the cargo tank material and design on the overall transport costs. Different cargo tank materials were
investigated for low-pressure containment; high-nickel and high-manganese steel alloys, which are
currently qualified for use in low-temperature CO, tanks, as well as an austenitic high-strength carbon
steel, which is a material used for commercial medium pressure CO; containment. Although the latter
is not currently qualified for low-temperature applications, it was included to investigate the impact of
less expensive and stronger materials for low-pressure and -temperature containment.

The transport pressure and the material chosen for the cargo containment system can have a
significant impact on the costs of the system. Lower transport pressures, along with less expensive and
stronger materials (such as carbon steel), reduce the costs of the cargo tanks by up to 50 % compared to
equal-sized medium-pressure cargo tanks. A major contributor to the tank cost reduction is the reduced
wall thickness required at lower pressures, which has the additional effect of enabling construction of
larger low-pressure cargo tanks compared to medium-pressure ones. The larger dimensions of the
low-pressure tanks enable in turn the construction of transport vessels with larger capacities, which is
key in the comparative assessments of low- and medium-pressure shipping.

In at-sea shipping, the results highlight that low-pressure shipping can reduce costs up to 30
% for long distances if high nickel steel is used. This result is not only driven by the reduction in
material costs at equivalent tank design, but also by the limitation on the capacity of the medium-
pressure ship, which traditionally has been at 10 ktCO,/ship. The latter plays a stronger role in
the overall cost reduction. Consequently, the cost reduction enabled by low-pressure shipping falls
to around 5-10% if larger medium-pressure ships up to 30 ktCO,/y can be built and assuming the
same cost trends as today, thus limiting the value of transitioning to low-pressure shipping. On the
other hand, if materials with low cost and high strength, such as unalloyed steel, are qualified for
low-pressure and -temperature containment, low-pressure shipping becomes even more cost-attractive
than medium-pressure. In fact, cost reductions up to and beyond 30% can be achieved if the medium-
pressure ship capacity remains limited. Even if large medium-pressure ship can be manufactured,
low-pressure shipping involves at least 10% cost reduction. Hence, low-pressure shipping would likely
become predominant independently of whether larger medium-pressure ships can be manufactured.
In conclusion, and as illustrated in Figure 6, medium-pressure shipping may remain a key element
only if larger medium-pressure ships can be constructed with the same costs trends as indicated for
these ships today, and less expensive materials for low-pressure and -temperature containment cannot
be used.
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Figure 6. Summary and take-home messages from the inland and at-sea transport assessments. Low-
pressure (LP) at-sea transport is more economic than medium-pressure (MP) in all cases except for
when the ship capacity is similar for LP and MP (vessel capacity: LP ~ MP) and the tank material of
LP tanks is more expensive than that of MP (tank material: LP > MP). LP and MP inland transport are
equivalent in all cases.

On the contrary, the techno-economic analyses for inland transport chains (truck and barge)
indicate that low-pressure transport would only provide limited cost-reduction compared to medium-
pressure. In particular, the cost reductions are insignificant for truck-based transport while for barge-
based transport they are in the range of 5-10 %. The strong differences with at-sea shipping are linked
to the fact that the tank dimensions are constrained by the maximum dimensions of the trucks and
barges, which limited some of the scale effects observed in the at-sea case. Medium-pressure transport
is therefore likely to remain the main transport condition for barge and truck transport as schematised
in Figure 6.

A consequence of these results is that while inland transport may remain at medium pressure,
at-sea transport is likely to transition to low-pressure shipping. In that case, there are still open
questions associated with the connecting hubs and the handling of impurities, and more detailed
investigations are required to identify safe, reliable, and cost-efficient solutions for connecting the
transport of CO; from inland emitters all the way to the selected offshore storage.
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The following abbreviations are used in this manuscript:

CCS  Carbon Capture and storage

EU European Union
LCO, Liquid CO;
Lp Low-Pressure

MP Medium-Pressure

Appendix A. Tank Geometry and Cost Calculations

In the following, we describe the calculations of the tank geometries and costs used in the inland
transport assessments in the presented work. We have considered cylindrical tanks with spherical end
caps with wall thickness limited to 50 mm[41]. The wall thickness limit determines the maximum size
and volume of the tank together with the design pressure and the tank material strength. The tank
design pressure of a tank with length, L, and diameter, D, is calculated as:

where P and Py, is the maximum overpressure and the maximum liquid pressure, respectively. The
maximum overpressure is taken as the largest value of either the allowed overpressure of the tank
design or the minimum vapour pressure, P ;. The minimum vapour pressure is given by:

Pomin = 0.2+ AC(pr)'? (A2)
A = 0.00185(0, /0 4)? (A2a)
C = max(D,0.45L) (A2b)

The maximum liquid pressure, Pg;, depends on the liquid height and the vessel’s acceleration. As-
suming that the vessel’s acceleration in the x- and y- directions are independent of one another, the
acceleration vector is a = ayx + ayy + (g + a,)y. The liquid height in the xz- and yz-plane, Z,,, can be
calculated along the perimeter of the tank using;:

Zg y=z-cosp+y-sinp+D/2 (A3a)
Zg x =z cosp+x-sinfp+D/2 (A3b)

where B € [0, Bmax marks the boundaries of the tank.The liquid pressure is then taken as the maximum
pressure in any of the planes according to:

Pyy = max(ag_yZp—y0;ap xZp_x0) (A4)

where @ ypt5y/ and Zg_/, are the acceleration and corresponding liquid height in the z-x/y-plane,
and p is the density of the LCO,. The equilibrium pressure in eq. A1l influences the plate thickness,
w, together with the diameter, D, of the tank and the material strength. The material strength is
respresented by the manimum allowable stress, 73, and the joint efficiency, v. The resulting minimum
wall thickness for the cylindrical, Weyl,s and spherical, Wspp, parts of the tank are:

P,;D
Weyl > o (ASa)
2000 + qu
P,;D
“ (A5b)

Weppy > ——————
H = 40030 + Py
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In this work, we assume that the joint efficiency is 1.0. Based on equations A5, the total cost of the tank
is given as:

D
Ctank = (4nwsph(5)z + ND(L - D)wcyl)tosteelcsteel (A6)

where pgpeo; and ¢ is the density and costs of the steel material used for the tanks.

Appendix B. Impact of Changing Tank Sizes and Configurations on the Inland Transport
Assessments

A second part of the inland transport assessments were conducted to investigate if if there is a
difference in the cargo tank size that can be transported by LP compared to MP vessels. The aim of
these evaluations was to explore if the costs of LP versus MP inland transport are different due to
different tank sizes and cargo capacities. In the following, we discuss the methodology of and results
from the cargo tank calculations for the inland transport.

Appendix B.1. Methodology

To explore if there is a difference between the tank size that LP and MP inland vessels can
transport, the tank size was increased within the outer boundaries of the vessel. That is, the total
length(s) and diameter(s) of the tank(s) were restricted so that they did not exceed the length and
diameter of the vessel. For the truck transport, the single tank was already maximized with respect to
the truck’s dimensions, and no further expansion of the tank size was possible. The tank calculations
were thus only performed for the barge transport.

Increased cargo tank sizes were explored for the largest barge (Barge L) with length 135 m and
width 17.5 m. Reducing the number of tanks on the barge, frees space for increased volume of the tanks.
Thus, the number of tanks on the barge was reduced step-wise from 12 (the number of tanks reported
in [13]) to 2. As a first approach, the volume of the tanks were maximized within the available space
on the barge, but with the limitation that the total volume of the tanks did not exceed the (original)
capacity of the barge at 4650 m>. For each configuration of the tanks, the required wall thickness and
minimum vapour pressure were calculated according to Equation (A5) and Equation (A2) for materials
and pressures relevant for both LP (7 bar pressure and steel materials NV400Mn and NV690) and
MP containment (15 bar and steel material NV690). Both configurations (LP and MP) where then
controlled against two criteria:

® The wall thickness of the tanks, calculated using Equation (A5), must be less than 50 mm [41].
¢ The minimum vapour pressure, calculated using Equation (A2), must not exceed the design
pressure set to 10 and 22 bar for LP and MP tanks, respectively.

and the configurations violating these were "disqualified". The point here is to investigate if for a
certain tank configuration (i.e. certain number of tanks and corresponding tank dimensions), the MP
tanks violate one or more of the criteria while the LP does not.

In the approach described above, there is space on the barge not utilised since the tank sizes
are limited by the original capacity of the barge (at 4650 m®) In a second approach, this constraint
was removed. That is, the tank volumes was maximized completely within the limits of the barge
dimensions, also allowing for an increase in the barge capacity. Again, the aim was to investigate if the
MP tanks are more constrained in size than the LP tanks. However, no considerations of the feasibility
of the barge, such as the increase in draft, were included. Additionally, it was assumed that the barge
design (the width, length and depth) would not change despite the increased capacity.
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Figure A1. Illustration of the two approaches for the barge tank calculations performed herein. The

approach with constrained barge capacity (left) is termed By Cg,, and the unconstrained barge capacity
(right) termed By Cyar. In each approach, there are multiple tank configurations, where the number of
tanks on the barge varies from 10 and 2. The barge capacity in the B; Cy4, approach varies between
2570 m? and 18000 m3. Each configuration was evaluated for MP and LP transport, and in the LP
transport regime, both the NV400Mn and the NV690 steel were assessed. The illustration is not to scale.

The two approaches are illustrated schematically in Figure A1l with the capacity constrained
scenarios to the left in the figure, termed By Cg, and the unconstrained scenarios, termed By Cyar, in the
panel to the right. The costs of each cargo tank configuration was calculated according to Equation (A6)
relative to the cost of the MP tanks on the (original) Barge L with 12 tanks, each with the volume
380m°.

Appendix B.2. Results and Discussions

In the following the results from the barge tank calculations are discussed, first for the approach
where the barge capacity was constrained to 4650 m3, and then for the approach with unconstrained
barge capacity.

Appendix B.2.1. With Barge Capacity Constraint

Figure A2 shows the relative costs of the LP cargo tanks in the B, C;, approach as a function of
the volume of each tank. Recall that the tank volume increases as the number of tanks decreases. This
increase in volume is enabled by the increase in the length-to-diameter (L/D)-ratio of the tanks. The
relation between the LD-ration and the relative costs are shown in the inset. Three observations can be
made in Figure A2: 1) LP tanks are less expensive than MP tanks, both when NV400Mn and NV690
are used, 2) The costs of the tanks increase with increased volume, 3) All configurations are valid for
both LP and MP apart from the largest tank volume and the use of the NV690 steel in the LP tank
(which is excluded for LP). The consequence of these observations is that the overall barge transport
costs cannot be reduced by increasing the tank sizes, neither for LP nor MP barges.
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Figure A2. Costs of LP barge cargo tanks as a function of the cargo tank volume in the By C;, scenarios
with NV400Mn (in blue) and NV690 (in orange) tank materials relative to the tank costs of the MP
barge in the B, C,,;, scenario. The inset shows the relative costs as a function of the L/D-ratio. The
crosses mark tank configurations where the minimum vapour pressure exceeds a reasonable design
pressure, assumed to be at 10 bar for LP and xx for MP.

The fact that the tank costs increases with increasing tank volume is counter-intuitive. This can be
explained by the increase in L/D-ratio associated with increased tank volume (and decreased number
of tanks). The increased L/D-ratio implies that the cylindrical part of the tank increases. Since the
wall thickness of the cylindrical part is larger than the spherical as seen in eq A5, the total material
consumption per tank is not linear with the tank volume. In fact, the inset in figure A2 shows that
there is a strong relation between relative tank costs and the L/D-ratio, meaning that the optimal tank
configuration is not necessarily the one that maximizes single tank volume, particularly when the
diameter is restricted more than the length of the tanks, as is the case for Barge L.

Appendix B.2.2. Without Barge Capacity Constraint

In the calculations where the total capacity of the barge was not constrained to the capacity of
the original Barge L at 4650 m3, the barge capacity increased to 16000 m> as the number of tanks were
reduced to two. Figure A3 shows the relative costs of the LP cargo tanks in the B; Cy,, approach as a
function of the barge capacity.
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Figure A3. Levelized costs of LP barge cargo tanks as a function of the barge total volume in the By Cyg,
scenarios with NV400Mn (in blue) and NV690 (in orange) tank materials relative to the levelized tank
costs of the MP barge in the B, C,,;; scenario. The inset shows the relative costs as a function of the
L/D-ratio. The crosses mark tank configurations where the minimum vapour pressure exceeds a
reasonable design pressure, assumed to be at 10 bar for LP and xx for MP. The stars mark points where
the wall thickness exceeds 50 mm.

As in the previous approach (with constrained barge capacity), the costs of the cargo tanks
increases with increased volume. The increase in volume is associated with an increase in L/D-ratio,
as in Figure A2 for all configurations that are not excluded because they either violate the minimum
vapour pressure requirements or the wall thickness limit. We notice that one configuration, the one
with largest capacity and largest individual tank volumes, is excluded due to the wall thickness in
the MP configuration (and the LP configuration using NV400Mn tank material), but only due to the
minimum vapour pressure in the LP configuration using the NV690 material. The minimum vapour
pressure is controlled by the L/D-ratio as seen in Equation (A2), and can be reduced by reducing this
ratio closer to 2.22. The configuration with two tanks and unconstrained barge capacity was therefore
assessed closer with slightly reduced lengths (L) of the tanks’. Reducing the length of the LP NV690
tank by 8 % reduces the minimum vapour pressure of the to within the restriction at 10 bar. We now
have a tank configuration for which the barge capacity exceeds that of Barge L (4650 m®), but is slightly
smaller than the maximum capacity for configurations with two tanks. Figure A4 shows the relative
total costs of the two tanks on the barge as a function of the barge capacity. The barge capacity is here
varied by varying the diameter of the two tanks. As visualized by + in the figure, there is a range of
barge volumes above 6000 m? for which the both the LP cargo tanks is allowed while the MP cargo

5 This means that the tank volume was not maximized relative to the available space on the barge.
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tanks exceed the wall thickness limit. Similar to the previous scenarios, the relative costs of the tanks
increase with increased barge capacity, however, by less than 2 % points for an almost double barge
capacity, yielding a possibility for reducing the overall transport costs for LP compared to MP barges.
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Figure A4. Levelized costs of LP barge cargo tanks as a function of the barge total volume in the By Cygy
scenario with 1x2 configuration and tank length 8 % smaller than the maximum allowed length. The
levelized costs are calculated for tanks with NV400Mn (in blue) and NV690 (in orange) tank materials
relative to the levelized tank costs of the MP barge in the B; C,,;, scenario (i.e. the MP barge capacity
is 4560 m3). The inset shows the relative levelized costs as a function of the L/D-ratio. The crossed
points mark tank configurations that are within the limitations of the Barge L dimensions and the wall
thickness, but where the minimum vapour pressure exceeds a reasonable design pressure for the LP
cargo tanks, assumed to be at 10 bar.

Although the analyses above showed that increased barge capacities in the LP compared to the
MP Barge L can be achieved in the case of a 1x2 cargo tank configuration, no studies were performed
on the technical feasibility of such a barge. Increasing the capacity naturally changes the requirements
to the barge itself; its design and consequently its construction and operational costs. A barge capacity
increase of more than 32 % is necessary to reach cargo tank volumes allowed only for LP and not for
MP. The increased barge capacity is accompanied by a load increase which can impact the design of
the barge, e.g. the barge depth and the draft, significantly. One of the main assumptions in the inland
transport assessments performed herein is that the barge design and costs are not affected by changes
in cargo tank configuration. Increasing the barge capacity more than 32 % is likely to affect the width
and depth of the barge design, and may violate this core assumption. Therefore, the possibility for
reducing overall barge transport costs are only indicated, but detailed inland transport assessments
are not performed for the 1x2 tank configurations. Further investigation into the technical feasibility
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of barges with capacities above 6000 m® and their associated construction and operational costs are
necessary before associated inland transport techno-economic assessments are performed.

To conclude the investigations, there was not found any general indications that varying the tank
sizes and volumes can impact the relative transport costs of LP versus MP barge transport. Neither
was a great potential for increasing the barge capacity of LP compared to MP barges found.
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