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ABSTRACT 

This paper developed techno-economic models for a hydrogen supply chain in the Nor-
dic context using compressed hydrogen tube trailers for inland transport and com-
pressed hydrogen ships for international hydrogen export. The dynamic transfer oper-
ations used in the investigated hydrogen supply chain were modelled in Aspen Plus 
Dynamics. Based on these models, reduced techno-economic models were developed 
for all supply chain elements, which were further optimized with respect to minimal 
supply chain costs. Results show that the total supply chain costs increase linearly with 
shipping distance and decrease logarithmically with hydrogen throughput. 

Keywords: Hydrogen supply chain, hydrogen tube trailer, compressed hydrogen shipping, supply chain optimization, 
Aspen Pus Dynamics, techno-economic analysis

1. Introduction 

Hydrogen has long been thought of as a renew-
able alternative to fossil fuels, with an expected in-
crease in hydrogen demand in the next 30 years [1]. 
The European Commission announced a plan in 
2022 to import 10 million tonnes of renewable hydro-
gen by 2030. Norway on the other hand could be-
come a possible export nation with its large untapped 
renewable energy potentials [2, 3]. In 2022, Equinor 
and Germany's RWE proposed a plan to export hy-
drogen from Norway to Germany via a new hydrogen 
pipeline between the two countries [4]. This plan was 
discontinued in 2024 due to costs and insufficient 
demand, and Equinor stated that the hydrogen pipe-
line was not viable [4]. A new pipeline requires high 
investment costs, has low flexibility in a geograph-
ically changing market and needs thus long-term 
commitments from both sellers and buyers to justify 
the investment project. On the other hand, shipping 
of hydrogen such as compressed hydrogen or liquid 
hydrogen shipping offers more flexibility and could 
thus be a viable alternative. Cebolla et al. [5] found 
that while a hydrogen pipeline has the lowest hydro-
gen delivery costs for short distance transport (i.e., 
less than 5000 km), compressed hydrogen shipping 
comes in as the second cheapest option, outper-
forming liquid hydrogen shipping. 

Many studies have been conducted on liquid 
hydrogen shipping [6-8], but compressed hydrogen 
shipping is little studied in literature. d’Amore-
Domenech et al. [9] compared different options for 
bulk power transmission at sea, including liquid and 

compressed hydrogen shipping. Babarit et al. [10] in-
vestigated different options for connecting far-off-
shore wind converters, and considered compressed 
hydrogen shipping among others. Nekså et al. [11] in-
vestigated medium scale hydrogen supply chains 
using compressed hydrogen tube trailers and mod-
elled the dynamic filling and emptying behavior. 
Reddi et al. [12] considered tube trailer transport and 
calculated distribution costs for different configura-
tions. 

There is no study that investigated a complete 
compressed hydrogen supply chain in the Nordic-
European context with both compressed hydrogen 
tube trailer for short distance inland transport and 
compressed hydrogen shipping for international hy-
drogen export with consistent techno-economic as-
sumptions. This study is the first to optimize the sup-
ply chain elements and operations given the bigger 
picture of the entire supply chain to find a minimum 
supply chain cost estimate. 

2. Methodology 

We considered a theoretical hydrogen supply 
chain which uses hydrogen tube trailers for inland 
transport and compressed hydrogen shipping for in-
ternational transport as well as terminals for receiv-
ing and sending tube trailers and compressed hydro-
gen ships. We modelled filling and emptying opera-
tions to estimate transfer times and energy con-
sumption as a function of equipment size. Together 
with cost data for investment and operation, we cal-
culated techno-economic models for costs as a 
function of equipment size. Based on the 
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combination of these models, we optimized values 
for transfer times and equipment size such that the 
supply chain costs are minimized. This led to the cre-
ation of reduced models for costs and optimal trans-
fer times. The reduced models include: 

 
▪ Cost of hydrogen tube trailer transport as a func-

tion of transport distance 
▪ Investment costs for optimally sized export and 

import cH2 shipping terminals 
▪ Transfer times for optimally sized export and im-

port cH2 shipping terminals 
▪ Optimal cH2 ship size as a function of hydrogen 

throughput and shipping distance 
▪ Total shipping costs as a function of hydrogen 

throughput and shipping distance 
 
The economic models and assumptions are 

valid in a Nordic context. We assumed 2024 as the 
base year, current technology advancements and 
prices and a Norwegian operating company. Moreo-
ver, our cost optimization approach follows a single-
company mindset, which tries to size equipment 
such that the overall supply chain costs are minimal. 
As for shipping terminals, we only calculated invest-
ment costs, but state operating cost factors such as 
specific energy consumptions or estimates for 
maintenance and staff. In that way, the reduced 
models are more general, as electricity prices are lo-
cation dependent.  

We calculated the dynamic filling and emptying 
operations using Aspen Plus Dynamics with the PR-
BM property package. All models assume no heat ex-
change with the environment, meaning that the ac-
tual end temperature might be slightly different. 
However, given the short transfer times and the heat 
transfer characteristics, we concluded that heat ex-
change with the environment is insignificant. A ball-
park estimation showed that heat transfer with the 
environment leads to a 1-2°C temperature change. 
The estimate is based on a heat transfer coefficient 
of 4.5 W/m2K (using the Nusselt relation for free con-
vection around a horizontal cylinder [13]) to 6 W/m2K 
(estimate from Zhao et al. [14]), 10°C average tem-
perature difference between outer wall and ambient 
air (based on Zhao et al. [14]) and the given transfer 
times. For a detailed thermodynamic analysis, we di-
rect the reader to Zhao et al. [14] and Couteau et al. 
[15]. 

As for shipping, a trip refers to the entire oper-
ation of docking and loading at the export terminal, 
sailing from the export terminal to the import termi-
nal, docking and unloading at the import terminal and 
sailing back to the export terminal. The trip distance 
is thus double the one-way distance. The term ship-
ping costs refers to the cost of a single cH2 ship. The 
term total shipping costs refers to the sum of export 
terminal investment costs, import terminal invest-
ment costs and shipping costs. Whenever total ship-
ping costs are calculated in this paper, they do not 
include operating costs for export and import ship-
ping terminals. 

3. Model elements 

3.1. cH2 Tube Trailer 

3.1.1. System description 
The system specification of the compressed 

hydrogen tube trailer is stated in Table 1. According 
to Reddi et al. [12], the most cost effective composite 
based tube trailer configuration for hydrogen 
transport is using pressure vessels with a 30 inch di-
ameter and 38 foot length at 350 bar. While the anal-
ysis was conducted based on US road regulations, 
similar weight limits apply for semi trailers in Norway, 
depending on the axle configuration [16]. Thus, we 
assumed the same configuration. The operational 
window is set by the upper and lower operational 
pressure of the vessel. Koshelkov [17] suggested a 
lower pressure limit of 20-80 bar. In this study, we 
chose 20 bar as the lower limit, which is a common 
pressure limit in hydrogen pressure test standards 
[18]. The lower pressure limit is a trade-off between 
practical hydrogen load, loading and unloading time 
and required compressor energy for unloading. Us-
ing 20 bar as the lower limit, 7% of the theoretical 
storage capacity of the hydrogen tube trailer is not 
used. The hydrogen payload was calculated based 
on the upper operational hydrogen density (i.e., 350 
bar, 20ᵒC) minus the lower operational hydrogen 
density in the empty state (i.e., 20 bar, 20ᵒC). For cal-
culation of hydrogen densities at a pressure and 
temperature, CoolProp [19] was used, which builds 
on the physical property models developed by 
Leachman et al. [20]. 

3.1.2. Calculation of costs 
Table 1 states the calculation for the costs of the 

compressed hydrogen tube trailer. We assume that 
the tube trailer is utilized as much as possible to 
achieve lowest specific transport costs due to rela-
tively high investment costs. Assuming 7 days per 
year maintenance and 821 hours downtime due to 
breaks, the maximum utilization is 7771 h/a. This re-
quires 4.17 employees per truck. The total number of 
employees for the entire fleet might be an integer 
number or require part-time labor. The annual capex 
depends on the route profile, since the annual num-
ber of trips and annual distance influence the system 
lifetime. The value stated is thus an example for an 
average one-way trip distance of 120 km. The life-
time of the truck was assumed to be 860 000 km [21], 
which is similar to the estimate by Tayarani et al. [22]. 
The cycle lifetime of the pressure vessel system was 
assumed to be 22 000 cycles following the ECE R134 
regulation for hydrogen-fuelled vehicles. These cy-
cle-based and kilometer-based lifetimes were then 
translated into years using the operation of the hy-
drogen tube trailer. Variable costs were assumed to 
be those of an average tank truck [23]. We assume 
a fuel consumption of 32.6 l/100km [24] during driv-
ing (loaded and empty) and no fuel consumption dur-
ing terminal time. The average annual cost per truck 
was calculated based on the average annual 
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distance driven per truck, as shown in Figure 20. 

3.1.3. Filling operation 
During filling of a high-pressure hydrogen tank, 

the temperature of hydrogen and thus the tank in-
creases. A detailed analysis of temperature change 
for different conditions is given by Nekså et al. [11]. 
Since the maximum operational temperature of the 
hydrogen tank is limited, it might be required to pre-
cool the hydrogen before filling. Even if temperature 
limit can be satisfied without precooling, it is practical 
to have precooling anyway, since the hydrogen den-
sity at design pressure (i.e., 350 bar) and at a tem-
perature above 20°C is lower than the upper opera-
tional density, leading to underutilization of the pres-
sure vessels.  

The process scheme of the filling operation is 
depicted in Figure 4. We assumed that the tube 
trailer is filled from a reservoir at 350 bar which is 
much larger than the tube trailer, meaning that the 
pressure level of the reservoir is constant for the en-
tire filling operation. First, hydrogen from the storage 
tank is expanded via a valve into the tube trailer until 
the truck reaches the same pressure level of 350 bar 
(upper branch in Figure 4). Before the expansion 
valve, hydrogen is precooled to -40ᵒC, which we as-
sume to be the lowest allowed precooling tempera-
ture [11]. After the expansion, the temperature in the 
tube trailer is 44.6ᵒC, meaning that the upper opera-
tional density can not be reached by precooling 
alone. We assume that slight overfilling is allowed 
and use booster compressor to fill the tube trailer 
from 350 bar until the upper operational density is 
reached (lower branch in Figure 4). This happens at 
369 bar at 47°C, meaning that the tube trailer pres-
sure vessels have to be overfilled by about 20 bar. 

The electric energy demand for precooling was 
correlated from the precooler duty using a COP of 1.1 
given the correlation stated by Elgowainy et al. [25] 
corresponding to 20ᵒC ambient temperature. The in-
vestment cost for the precooling unit was calculated 
based on the equipment cost for the precooling unit 
using the size correlation stated by Elgowainy et al. 
[25] and translated into TASC using the scheme 
stated in the supplementary material. 

 

 
Figure 1: Trade-off for equipment sizing at filling of 
compressed hydrogen tube trailer (top: expansion 

branch, bottom: compression branch) 
 
At the filling terminal, there is a trade-off be-

tween transfer time and equipment size (i.e., pre-
cooler and booster compressor). Larger equipment 
allows for higher flow rates and thus lower filling 
times but leads to higher cost (see Figure 1). We did 
not optimize this relation but chose a reasonable 
value instead. For the precooling unit, we chose a 
cooling power of 891 kW, which leads to a transfer 
time of 17.7 minutes for the expansion branch (see 
Figure 3). For the booster compressor, we chose a 
power of 18 kW, which leads to a transfer time of 2.2 
minutes for the compression branch. 

3.1.4. Storage operation 
During the operation of the hydrogen tube 

trailer (i.e., driving from A to B), the storage tanks are 
subject to heat exchange with the environment. We 
assume that the journey time is long enough that 
equilibrium is reached. This means that the hydrogen 
pressure vessels experience isochoric cooling from 
the final loading temperature of 47ᵒC to the environ-
ment temperature of 20ᵒC, leading to a pressure de-
crease to 350 bar. 

3.1.5. Emptying operation to a nominal 
pressure of 250 bar 
The process scheme of the emptying operation 

is depicted in Figure 5. The emptying operation of the 
hydrogen tube trailer to a destination pressure lower 
than the tube trailer pressure is comprised of two 
parts. First, the hydrogen tube trailer can be emptied 
into the destination reservoir using a pressure reduc-
ing value until the pressure in the trailer drops to the 
storage pressure. From there on, a booster compres-
sor is required to empty the pressure vessel further 
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and bring the outlet stream to the destination pres-
sure. The booster compressor has 4 stages with in-
termediate cooling down to 20°C. The precooling 
unit in Figure 5 cools the compressed hydrogen 
down to 15°C to ensure a stable temperature in the 
storage tank. Cooling duties for intermediate cooling 
and precooling are not considered due to insignifi-
cance. The compressor power is controlled to 
achieve a desired flow rate, which was found as a 
trade-off between emptying time and equipment 
size. When the emptying branch is switched from ex-
pansion to compression, compression power gradu-
ally increases as the pressure difference between 
the tube trailer and the storage system increases, un-
til the nominal power is reached (see Figure 6). The 
process is continued until a hydrogen density of 1.63 
kg/m3 is reached in the tube trailer, which is the equi-
librium density of 20 bar and 20ᵒC. 

During emptying, the temperature in the hydro-
gen pressure vessels decreases due to the expan-
sion process. The adiabatic end temperature pre-
dicted by our model is -57.8°C, which is below the 
safe limit of -40ᵒC [14]. This can be avoided by in-
creasing emptying time to allow for more heat ex-
change with the environment or by internal heating 
of the pressure vessels. The former option is not re-
alistic due to slow heat exchange, meaning that emp-
tying times of 3h and longer would be required. Thus, 
we assume that internal heating of the pressure ves-
sels is possible. Some concepts for the implementa-
tion of heating units are described by Zhao et al. [26]. 
We assume that heating at the outlet based on the 
Joule Thomson effect is sufficient to reach a safe fi-
nal temperature, but do not include an estimate for 
costs for the heating device. Note that the temperate 
drop at emptying is especially prominent in large, 
high-pressure vessels using composite materials. 
Since high tensile strengths allow for thinner walls, 
less vessel material is required per unit of stored hy-
drogen, meaning that less thermal mass is available 
to counteract the cooling effect at emptying. 

At the emptying terminal, there is a trade-off be-
tween transfer time and equipment size (i.e., booster 
compressor). Larger equipment allows for higher 
flow rates and thus lower emptying times but leads 
to higher cost (see Figure 2). We did not optimize this 
relation but chose 1350 kW as the nominal power of 
the booster compressor, which leads to an emptying 
time of 25.5 minutes. 

 
Figure 2: Trade-off for equipment sizing at 

emptying of compressed hydrogen tube trailer 

We assume that the destination storage tank is 
much larger than the hydrogen tube trailer and its 
pressure level is thus not affected by the unloading 
operation. However, the pressure in the destination 
storage may vary in the course of one or a couple of 
days (e.g., hydrogen storage at a shipping terminal). 
While the equipment was sized for a nominal desti-
nation pressure of 250 bar, we explored the energy 
requirement and emptying time for different destina-
tion pressure levels (see Figure 3). Table 3 states the 
results of the calculations for the emptying process 
to 250 bar destination pressure (i.e., nominal opera-
tion). We only considered the booster compressor 
for costs and utility. Its TASC was calculated based 
on [27]. If the destination storage tank operates be-
tween pressures of 100 bar and 250 bar, the average 
emptying time is 20.6 minutes, and the average elec-
tricity consumption is 0.35 kWh/kgH2. 

 
Figure 3: Emptying operation of a compressed 
hydrogen tube trailer – Pressure dependency 

 

Table 1: Compressed hydrogen tube trailer specification 

Parameter Value Unit Source 

Vessel description    

Upper pressure 350 bar Reddi et al. [12] 

Lower pressure 20 bar Assumption 

Diameter 30 inch Reddi et al. [12] 

Length 38 foot Reddi et al. [12] 
Material density 1350 kg/m3 Reddi et al. [12] 
Tensile strength 1200 MPa Reddi et al. [12] 
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Wall thickness 26.1 mm Barlow’s formula with SF=2.35 

Wall specific heat capacity 1246 J/kgK 
Mass average based on Zhao et al. 
[14] 

Number of vessels per truck 9 - Reddi et al. [12] 

    

H2 Payload per truck    

Stored H2 (350bar - 0bar) 893.9 kg Calculation 

Useful H2 (350bar - 20bar) 832.1 kg Calculation 

    
Investment costs    

Truck 2.55 MNOK2024 Assumption 

Trailer incl. pressure vessels 12.6 MNOK2024 Reddi et al. [12] 

    

Fixed annual costs    

Annual CAPEX 3237 kNOK2024/a Example for 120 km average distance 

Truck driver costs 2965 kNOK2024/a Supplementary material, section 1.3.2 

Taxes and administration 211 kNOK2024/a Fjeld et al. [21] 

Vektårsavgift 5 kNOK2024/a Skattetaten [28] 

    

Variable costs 10.6 NOK2024/km Transportøkonomisk institutt [23] 

 

 
Figure 4: Filling operation of a compressed hydrogen tube trailer – Scheme 

Table 2: Filling operation of a compressed hydrogen tube trailer - Specification 

Parameter Value Unit Source 

Capital costs at filling terminal (per loading bay) 

TASC Precooling unit 30 391 kNOK2024 Correlated from [25] 

TASC Booster compressor 1 113 kNOK2024 Correlated from [27] 

Energy requirements 
   

Booster compressor – Electricity 5.9 kWh/Truck Aspen Plus Dynamics 

Precooling unit – Cooling duty 255 kWh/Truck Aspen Plus Dynamics 

Precooling unit – Electricity 232 kWh/Truck Using COP=1.1 [25] 

Precooling unit – Electricity 0.28 kWh/kgH2 Calculation 
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Figure 5: Emptying operation of a compressed hydrogen tube trailer – Scheme 

Table 3: Emptying operation of a compressed hydrogen tube trailer – Specification 

Parameter Value Unit 

Nominal power 1350 kW 

TASC 40.7 MNOK2024 

Nominal electricity consumption 0.48 kWh/kgH2 

 
Figure 6: Emptying operation of a compressed hydrogen tube trailer to a 250 bar reservoir – Timeline 

 

3.2. Shipping terminals for compressed 
hydrogen shipping (export) 

3.2.1. Terminal design 
Figure 8 shows the conceptual design of a ship-

ping terminal for the export of compressed hydro-
gen. On the receiving side, hydrogen can be sourced 
from inland hydrogen production plants via cH2 tube 
trailers or from on-site hydrogen production plants. 
For the design of the cH2 tube trailer terminal, see 
section 3.1.5. At the terminal site, hydrogen is fed into 
an intermediate storage tank. The storage tank has a 

modular design and is equivalent to the hydrogen 
storage modules on the compressed hydrogen ships 
(see Table 7). The size of the storage tank was cal-
culated as the payload of the ship minus the received 
hydrogen during filling of the ship. We assume a min-
imum storage size of 20 modules (i.e., 6178 kg cH2) 
to handle short-term process interruptions and the 
dynamics of the ship filling operation. 

On the sending side, compressed hydrogen 
ships can dock at the terminal and source high pres-
sure hydrogen from this intermediate storage tank 
during loading. We assume a time loss of 30min for 
docking and undocking. The sending side has a 
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single-berth design, meaning that only one ship at a 
time can be docked and loaded. The maximum ter-
minal throughput is thus directly linked to the size of 
the loading equipment. During the filling operation, 
the pressure level in the storage tank decreases, re-
quiring a booster compressor and a precooling unit. 

3.2.2. Model description 
The process scheme of the filling operation of a 

cH2 ship is depicted in Figure 9. A model in Aspen 
Plus Dynamics using the PR-BM property package 
was built to model the filling of one pressure vessel 
in the ship from one equally large on-land storage 
pressure vessel. We assume that the actual filling 
process consists of c filling cycles of n modules be-
ing filled simultaneously. Thus, the total filling time of 
a ship with n*c modules is calculated as the cycle 
time times the number of cycles c. The number of 
modules filled at the same time n is used as a linear 
factor to determine the size of the equipment. 

The filling operation consists of two phases. 
First, as long as the pressure level in the terminal 
storage tank is larger than the pressure level in the 
compressed hydrogen ship, the ship is filled via the 
expansion branch. Herein, hydrogen flows through 
an expansion valve, which is opened at the start of 
the filling operation. The transfer time of the expan-
sion branch is 227s. 

In a second phase, a booster compressor is 
used to fill the ship up to the upper operational hy-
drogen density of 17.86 kg/m3 (i.e., density at 250 bar 
and 20°C). The second phase starts when the ex-
pansion valve is closed. The compression valve is 
opened over 100s to avoid spikes in flow rate. The 
booster compressor has a 4-stage design with inter-
mediate cooling to 20°C. The power of the booster 
compressor is controlled to achieve a set flow rate of 
50 kg/hr per vessel, which corresponds to the initial 
flow rate when the compression valve is opened. The 
controller can increase the power up to a maximum 
power level to achieve the flow rate set point. The 
model was run with different maximum set power 
levels, which resulted in different transfer times. The 
result of this analysis is stated in Figure 7, which 
states the total filling time of a module depending on 
the power of the booster compressor. Based on this 
relationship, we assumed that a compressor power 
of 640 kW per module is a reasonable trade-off and 
used this value for further analysis. 

After compression, hydrogen is precooled to -
40°C and filled to the ship. We assume no heat ex-
change between the precooling unit and the on-
board pressure vessels. The operation stops when 
the upper operational hydrogen density is reached in 

the ship’s pressure vessel. Since the temperature in 
the ship increases during filling, slight overfilling is 
required. After filling, a pressure of 273 bar and a 
temperature of 55°C is reached in the ship’s pressure 
vessels. The timeline of the filling operation of one 
vessel / one module is stated in Figure 10. 

 
Figure 7: Trade-off for sizing of the booster 
compressor at compressed hydrogen export 

terminals 

3.2.3. Investment costs 
Table 4 shows the investment costs for a ship-

ping terminal for export of compressed hydrogen. 
For the receiving side, we assume that the cH2 tube 
trailer terminal has multiple ports where hydrogen 
tube trailers can dock and unload their cargo. The 
number of docks scales with the hydrogen through-
put of the tube trailer terminal. For the design of a 
single dock cH2 tube trailer terminal, see section 
3.1.5. The investment costs on the sending side in-
clude the booster compressor and the hydrogen pre-
cooling unit. These are dependent on the loading rate 
of the cH2 ships, which is defined by the loading time 
and ship size. For the terminal construction costs, we 
accounted for jetty and piping, which we correlated 
from a large scale LNG terminal [29] and scaled to 
the respective system size. We assume that the life-
time of the terminal is 20 years. 

3.2.4. Operating costs 
Table 4 states the energy requirements for the 

export terminal. The receiving side requires electric-
ity for the unloading of incoming tube trailers and the 
sending side requires electricity and cooling water at 
10°C for the loading of compressed hydrogen ships. 
The electricity price depends on the location within 
Norway. The salary cost is based on the salary for 
process and machine operators [30]. We assume a 
staff size of 4 workers. Maintenance costs were as-
sumed to be 5% of the TPC for hydrogen condition-
ing. 
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Figure 8: Process sketch of a shipping terminal for cH2 export 

 

 
Figure 9: Process scheme for the loading infrastructure of a shipping terminal for cH2 export 

 

 
Figure 10: Timeline for the filling operation of a module in a cH2 ship at the export terminal 

Table 4: Shipping terminal for compressed hydrogen export – System description 

Parameter Value Unit Source 
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Investment cost factors – cH2 Tube Trailer Terminal 

TASC Booster compressor 47.4 MNOK2024/bay Calculation from section 3.1.5 

TASC H2 intermediate storage 21.95 kNOK2024/kg H2 Calculation from section 3.6 

    

Investment cost factors – Loading Infrastructure 

TASC Terminal construction (100 MW) 24.3 MNOK2024 Based on Songhurst [29] 

TASC Booster compressor 134 MNOK2024 Calculation (400 modules, 800min fill-
ing time) 

TASC Precooler 130 MNOK2024 Calculation (400 modules, 800min fill-
ing time) 

    

Energy – cH2 Tube Trailer Terminal    

Booster compressor electricity 0.35 kWh/kgH2 Calculation from section 3.1.5 

    

Energy – Loading Infrastructure    

Booster compressor electricity 0.37 kWh/kgH2 Calculation 

Precooler electricity 0.16 kWh/kgH2 Calculation using COP=1.1 [25] 

Cooling water for stage cooler 0.31 kWh/kgH2 Calculation 

    

Operating cost factors    

Electricity   Depending on price zone 

Salary cost per staff 703.5 kNOK2024/a Supplementary material, section 1.3.1 

Maintenance 5 % of TPC Assumption 

 
Figure 11: Process sketch of a shipping terminal for cH2 import 
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Figure 12: Process scheme for the unloading infrastructure of a shipping terminal for cH2 import 
 

 

 
Figure 13: Timeline for the emptying operation of a module in a cH2 ship at the import terminal 

Table 5: Shipping terminal for compressed hydrogen import – Investment costs (100MW)  

Parameter Value Unit Source 

Investment cost factors    

TASC Booster compressor 235 MNOK2024 Calculation using ship size of 400 modules 
and 200min emptying time 

TASC Terminal construction (100 MW) 24.3 MNOK2024 Based on Songhurst [29] 

    

Electricity demand 0.15 kWh/kgH2 Aspen Dynamics 

    

Operating cost factors    

Electricity price 78.5 EUR/MWh Example, Bundesnetzagentur [31] 

Salary cost per staff 703.5 kNOK2024/a Supplementary material, section 1.3.1 
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Maintenance 5 % of TPC Assumption 

 

3.2.5. Trade-off on filling time 
At the export terminal, there is a trade-off be-

tween equipment cost (i.e., corresponding to the size 
of the booster compressor and the precooling unit) 
and transfer time. More modules being loaded in par-
allel requires larger equipment, resulting in higher in-
vestment costs for the terminal operator. At the same 
time, more modules loaded in parallel means less 
loading time per ship and thus less dead time costs 
at terminal for the shipping operator. We assumed 
that the terminal should be designed such that the 
total costs are minimized (see Eq 1), which is a com-
promise between shipping costs and terminal costs. 

Eq 1 

ℙ𝑒𝑥𝑝𝑜𝑟𝑡 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙(𝒑 = {𝒏𝒎𝒐𝒅𝒖𝒍𝒆𝒔, 𝒎𝒕𝒆𝒓𝒎𝒊𝒏𝒂𝒍, 𝒅𝒓𝒐𝒖𝒕𝒆}): 
𝑚𝑖𝑛𝑡𝑓𝑖𝑙𝑙

 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑒𝑥𝑝𝑜𝑟𝑡,𝑖𝑛𝑣(𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠, 𝑚𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 , 𝑡𝑓𝑖𝑙𝑙)

+ 𝑐𝑠ℎ𝑖𝑝(𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠, 𝑡𝑓𝑖𝑙𝑙 , 𝑑𝑟𝑜𝑢𝑡𝑒) 

where ℙ is the optimization problem solved as a 
function of parameter set 𝒑. 𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠 is the number of 
modules on the cH2 ship (see section 3.4), 𝑚𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 
is the terminal throughput, 𝑑𝑟𝑜𝑢𝑡𝑒 is the shipping dis-
tance and 𝑡𝑓𝑖𝑙𝑙 is the ship filling time. 

𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑒𝑥𝑝𝑜𝑟𝑡,𝑖𝑛𝑣 is the specific annualized in-
vestment cost of the export terminal, which includes 
the costs of the compressors and precooling unit,  
construction of the jetty, equipment lifetime and cap-
ital recovery factors, and is a non-linear continuous 
function of scale and rate. 𝑐𝑠ℎ𝑖𝑝 is the specific ship-
ping cost, which includes annualized ship investment 
costs, operating costs, equipment lifetime and capi-
tal recovery factors, and is a linear continuous func-
tion of the transfer time. The shipping costs should 
be understood as the specific costs of a fully utilized 
ship on the given shipping route. Given the amount 
of hydrogen shipped, the actual utilization of ships in 
the fleet might be lower and thus shipping costs 
higher. The cost functions are defined in the Excel 
worksheet “Shipping.xlsx” provided in the supple-
mentary material. 

A graphical illustration of Eq 1 is depicted in Fig-
ure 14. Figure 14 was created assuming a one-way 
shipping distance of 580 km. The shipping distance 
influences the shipping cost and thus the absolute 
value of specific hydrogen costs but varying the 
one-way shipping distance between 200 km and 
2000 km does not change the optimal filling time and 
thus terminal costs. 

In general, there is a trend that longer filling 
times lead to lower overall costs. However, the max-
imum allowable filling time is defined by the terminal 
throughput and ship size. At this maximum allowable 
filling time, the intermediate storage demand be-
comes zero, resulting in a buckle in the graph. Filling 
times exceeding this value are physically not possi-
ble. For all investigated combinations of terminal 
throughput and ship size, the optimum terminal de-
sign is located at the maximum allowable filling time. 
Figure 22 shows where the position of this buckle 
moves with respect to terminal throughput and ship 

size. 

 

 
Figure 14: Dependency of export terminal cost on cH2 

ship filling time for a ship with 400 modules and a    
one-way shipping distance of 580km (throughput 

top: 100 MW, bottom: 300 MW) 

3.3. Shipping terminal for compressed 
hydrogen shipping (import) 

3.3.1. Terminal design 
Figure 11 shows the conceptual design of a 

shipping terminal for the import of compressed hy-
drogen. On the receiving side, compressed hydro-
gen ships dock to the terminal. We assume a time 
loss of 30min for docking and undocking. As in the 
shipping terminal for compressed hydrogen export, 
the terminal has a single berth design. The maximum 
terminal throughput is thus directly linked to the size 
of the unloading equipment. We assume that the ship 
can directly unload into an 80-bar pipeline grid with-
out the need for intermediate storage and without 
disturbing the pressure in the pipeline. Unloading re-
quires an expansion valve for when the ship’s pres-
sure is higher than the pipeline pressure and a 
booster compressor for further unloading. 

3.3.2. Model description 
A model in Aspen Plus Dynamics using the PR-

BM property package was built to model the empty-
ing of one pressure vessel in the ship. We assume 
that the actual emptying process consists of c emp-
tying cycles of n modules being emptied simultane-
ously. Thus, the total emptying time of a ship with n*c 
modules is calculated as the cycle time times the 
number of cycles c. The number of modules emptied 



 

12 

at the same time n is used as a linear factor to deter-
mine the size of the equipment. 

The emptying operation consists of two phases. 
First, as long as the pressure level in the ship is larger 
than the pipeline pressure, the ship is emptied via an 
expansion branch. Herein, hydrogen flows through 
an expansion valve, which is opened at the start. The 
transfer time of the expansion branch is 309s. The 
second phase starts when the pressure in the ship 
drops to 80 bar. Then, a booster compressor is used 
to empty the ship down to the lower upper opera-
tional hydrogen density of 1.63 kg/m3 (i.e., density at 
20 bar and 20°C). The second phase starts when the 
expansion valve is closed. The compression valve is 
opened over 100s to avoid spikes in flow rate. The 
booster compressor has a 4-stage design with inter-
mediate cooling to 20°C. The power of the booster 
compressor is controlled to achieve a set flow rate of 
75 kg/hr per vessel. This means that if only one mod-
ule is unloaded at a time, a flow of 100 MW hydrogen 
(LHV) is achieved, which was assumed as the mini-
mum unloading rate. The controller can increase the 
power up to a maximum power level to achieve the 
flow rate set point. The model was run with different 
maximum set power levels, which resulted in differ-
ent transfer times. The result of this analysis is stated 
in Figure 15, which states the total emptying time of 
a module depending on the power of the booster 
compressor. The timeline of the emptying operation 
is stated in Figure 13. After emptying, an adiabatic 
temperature of -40°C is reached in the pressure ves-
sels in the ship. We assumed that 400 kW compres-
sor power per module is a reasonable trade-off and 
used this value for further analysis. 

 
Figure 15: Trade-off for sizing of the booster 
compressor at compressed hydrogen import 

terminals 

3.3.3. Cost calculation 
Table 5 shows the investment cost factors for a 

hydrogen import terminal. The calculation for costs 
for terminal construction is equivalent to the export 
terminals. We assume a staff size of 4 workers. We 
assume that the lifetime of the terminal is 20 years. 

Table 5 states the operating costs for the hy-
drogen import terminal. The average day ahead price 
in Germany in 2024 was used as the electricity price 
at the terminal. The salary calculation is identical to 
the export terminal (see Table 4). While the import 

terminal is not located in Norway, we assume that the 
terminal is operated by a Norwegian company for 
simplicity. Maintenance costs were assumed to be 
5% of the TPC for the booster compressor. Port fees 
(i.e., fees for entry and exit of a port) are taken from 
the Port of Wilhelmshaven [32] and are based on the 
gross tonnage of the ship. 

3.3.4. Trade-off on emptying time 
As in the export terminal, there is a trade-off be-

tween equipment size and transfer time. More mod-
ules being unloaded in parallel requires a larger 
booster compressor, resulting in higher investment 
costs for the terminal operator. At the same time, 
more modules unloaded in parallel means less un-
loading time per ship and thus less dead time costs 
at the terminal for the shipping operator. We as-
sumed that the terminal should be designed such 
that the total costs are minimized (see Eq 2), which is 
a compromise between shipping costs and terminal 
costs. 

Eq 2 

ℙ𝑖𝑚𝑝𝑜𝑟𝑡 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙(𝒑 = {𝒏𝒎𝒐𝒅𝒖𝒍𝒆𝒔, 𝒎𝒕𝒆𝒓𝒎𝒊𝒏𝒂𝒍, 𝒅𝒓𝒐𝒖𝒕𝒆}): 
𝑚𝑖𝑛𝑡𝑒𝑚𝑝𝑡𝑦

 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑖𝑚𝑝𝑜𝑟𝑡,𝑖𝑛𝑣(𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠, 𝑚𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 , 𝑡𝑒𝑚𝑝𝑡𝑦)

+ 𝑐𝑠ℎ𝑖𝑝(𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠, 𝑡𝑒𝑚𝑝𝑡𝑦, 𝑑𝑟𝑜𝑢𝑡𝑒) 

where ℙ is the optimization problem solved as a 
function of parameter set 𝒑. 𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠 is the number of 
modules on the cH2 ship (see section 3.4), 𝑚𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 
is the terminal throughput, 𝑑𝑟𝑜𝑢𝑡𝑒 is the shipping dis-
tance and 𝑡𝑒𝑚𝑝𝑡𝑦 is the ship emptying time. 

𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑖𝑚𝑝𝑜𝑟𝑡,𝑖𝑛𝑣 is the specific annualized in-
vestment cost of the import terminal, which includes 
the costs of the compressors, construction of the 
jetty, equipment lifetime and capital recovery fac-
tors, and is a non-linear continuous function of scale 
and rate. 𝑐𝑠ℎ𝑖𝑝 is the specific shipping cost, which in-
cludes annualized ship investment costs, operating 
costs, equipment lifetime and capital recovery fac-
tors, and is a linear continuous function of the trans-
fer time. As in section 3.2.5, the shipping costs 
should be understood as the specific costs of a fully 
utilized ship on the given shipping route. The cost 
functions are defined in the Excel worksheet “Ship-
ping.xlsx” provided in the supplementary material. 

A graphical illustration of Eq 2 is depicted in Fig-
ure 16. Figure 16 was created assuming a one-way 
shipping distance of 580km. The shipping distance 
influences the shipping cost and has thus a strong 
influence on the absolute value of specific hydrogen 
costs and a weak influence on the optimal filling time. 
However, varying the one-way shipping distance be-
tween 200km and 2000km showed only insignificant 
changes to the position of the optimum. Thus, we ig-
nored the shipping distance as a parameter. 

In general, there is a trend that the optimal emp-
tying time decreases with increasing terminal 
throughput and increases with increasing ship size. 
At the import terminal, the equipment size and thus 
the annualized terminal investment cost is depend-
ent on both the ship size and the terminal throughput. 
Increasing terminal throughput and increasing ship 
size leads to larger optimal equipment sizes and thus 
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larger terminal investment costs. Figure 23 shows 
where the position of the optimum moves with re-
spect to terminal throughput and ship size. 

 

 
Figure 16: Dependency of import terminal cost on cH2 
ship emptying time for a ship with 400 modules and a  
one-way shipping distance of 580km (throughput top: 

100 MW, bottom: 300 MW) 

3.4. Ship for transport of compressed 
hydrogen 

3.4.1. Ship design 
Table 7 states the system design for a theoreti-

cal compressed hydrogen ship. The concept for the 
ship is based on d’Amore et al. [9]. The study sug-
gested a modular design for the ship, based on ship-
ping containers (i.e., modules) which are stacked 
with 40 pressure vessels each. A ship has hundreds 
of these modules on board and could thus be in prin-
ciple constructed in a similar way as a container ship. 
As a standard assumption, we used a ship with a size 
of 400 modules, as the specific costs do not de-
crease significantly beyond that for a transport dis-
tance typical for southern Norway to northern Europe 
(see Figure 19). The actual number of modules on 
board has a strong influence on shipping costs and 
should be optimized for the used supply chain (see 
Eq 3). The nominal operational pressure of the hydro-
gen pressure vessels was set to 250 bar, but we as-
sume that slight overfilling is allowed. 

The vessels were assumed to be type IV pres-
sure vessels made of a composite material with a 
material density of 1350 kg/m3 and a tensile strength 
of 1200 MPa. For the calculation of the wall thick-
ness, the relation stated in ASME BPVC.VIII.1-2015 
UG27 was used combined with a safety factor of 
2.35 [12]. The number of modules stacked in the ship 

has a significant impact on economic feasibility and 
should be optimized for the actual shipping route 
where the ship would be deployed. The deadweight 
tonnage was approximated as the weight of all mod-
ules (i.e., cargo weight). The gross tonnage was cor-
related from the deadweight tonnage based on real 
data from 45 general cargo and tanker ships sourced 
from Marine Traffic. It should be noted that these val-
ues are only correlated with an R2 of 0.77, meaning 
that the gross tonnage has high uncertainty. The 
gross tonnage is however only used for the calcula-
tion of port fees, which have a low share in total cost. 
The payload is calculated based on the upper oper-
ation density (at 250 bar and 20°C) minus the lower 
operational density (at 20 bar and 20°C). 

3.4.2. Cost calculation 
The cost of the empty ship (i.e., a ship without 

hydrogen storage modules) was calculated using the 
correlations for a general cargo sip from Mulligan 
[33] adjusted with the PPI for ship building 
(PCU3366133661). The cost for the pressure vessels 
was calculated as the average of two literature val-
ues. Reddi et al. [12] reported 25 $2018/lb composite 
material for material and manufacturing. On the other 
hand, Houchins et al. [34] reported a cost of 12 
$2021/kWh hydrogen (LHV) for a 350 bar pressure 
vessel with little sensitivity to nominal pressure. 
While the value was stated for long-haul truck 
transport, we assume that it is also valid in this con-
text. The cost of a module consists of the cost of the 
pressure vessels multiplied by an assumed installa-
tion factor of 1.1 for piping, hydrogen leakage moni-
toring equipment and installation plus the cost of the 
empty container. 

We assume that the ship is manned by a staff of 
20, consisting of 10 ship’s machinists and 10 deck 
operators. Respective average salaries in these oc-
cupational groups were taken from SSB [30]. Varia-
ble OPEX consist of port fees and fuel costs. A trip is 
defined as a journey starting with an empty ship at 
the export terminal, loading the ship with hydrogen, 
sailing to the destination, unloading at the import ter-
minal, and returning to the export terminal. 

We assumed a sailing speed of 20 knots, which 
is common for cargo ships [35]. The fuel consump-
tion during sailing was estimated based on the 
deadweight tonnage and speed using the regression 
from Cepowski et al. [35] and cross-validated using 
data from Rohner [36] for a sailing speed of 15 knots. 
It should be noted that the fuel consumption is sub-
ject to high uncertainty. The fuel consumption calcu-
lation is based on deadweight tonnage, which might 
not correlate with the actual ship’s size in the same 
way as it does for common cargo ships, since the 
density of the cargo is rather low (see Table 7, mod-
ule weight). However, the fuel costs are only a small 
part of the total transport costs. 

The fuel consumption during loading and un-
loading times at terminal was assumed to be 5% of 
the nominal fuel consumption. A fuel price of 5.67 
kNOK2024/tonne was used, which is the average 
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price for VLSFO in Rotterdam between September 
13, 2024 and March 12, 2025 [37]. We further as-
sume a calendar lifetime of 20 years for the ship and 
pressure vessels and a cycle lifetime of 20 000 cy-
cles. 

3.4.3. Specific shipping costs 

3.4.3.1. Pressure dependency 
There is a slight dependency of shipping costs 

on nominal pressure. While the payload increases 
with increasing pressure, this relation weakens at 
higher pressures. On the other hand, costs increase 
linearly with increasing pressure. This leads to the 
creation of an optimal nominal pressure, which is de-
pendent on the ship’s size. However, this also means 
that the ship size can be optimized given a fixed 
nominal pressure. In that manner, the nominal pres-
sure can be eliminated as a decision variable. 

3.4.3.2. Dependency on design parameters 
Figure 19 shows the specific costs of a cH2 ship 

as a function of one varied parameter while holding 
the other key parameters fixed. It can be seen that 
the two most influential parameters on specific ship-
ping costs are shipping distance and ship size. There 
is a linear increase in specific shipping costs with 
shipping distance if other parameters are held fixed. 
Increasing ship size leads to a logarithmic decrease 
of specific shipping costs. However, larger ship sizes 
also lead to higher terminal costs if terminal transfer 
times are held fixed. Moreover, there is also a linear 
correlation between specific shipping costs and ter-
minal time and ship utilization. 

3.4.3.3. Comparison with literature 
There are only few studies in literature that con-

sider shipping of compressed hydrogen. Table 6 
compares literature values for cH2 shipping costs 
with costs that were computed using our model with 
parameters for ship size and shipping distance as re-
ported in the literature. We assume further a utiliza-
tion of 8400h/a, 960 min/trip terminal time and if not 
stated, a shipping distance of 1000 km/trip. Cost val-
ues reported in literature were time-adjusted using 
the Producer Price Index for Ship and Boat Building 
(PCU3366133661) and currency adjusted using av-
erage 2024 exchange rates. 

Babarit et al. [10] assumed a ship with 700 bar 
design pressure and 150 tonnes payload. They re-
ported a specific shipping cost of 0.54 EUR2018/kg 
H2 for a one-way shipping distance of 1000km, which 
translates to 7.8 NOK2024/kg H2. d’Amore-
Domenech [9] assumed a design pressure of 200 bar 
and a payload of 2000 tonnes. The study assumed 
further a charter rate of 95 kUSD/d, which they de-
rived from a LH2 ship concept. With the above-men-
tioned assumptions, this translates into specific ship-
ping costs of 1.1 NOK/kg H2. Cebolla et al. [5] con-
ducted a thorough analysis of hydrogen delivery op-
tions, assuming a compressed hydrogen ship oper-
ating at 250 bar with a payload of 1245 tonnes. The 
study states a sensitivity of costs over shipping 

distance, which we used to find the literature costs 
for a 1000 km/trip shipping distance (i.e., 500km 
one-way). 

Table 6: Comparison of shipping cost with literature 

Reference Size Literature Our study 
 modules NOK/kg H2 NOK/kg H2 

Babarit et al. [10] 486 7.8 17.9 
d’Amore-
Domenech et al. [9] 

6475 1.1 7.4 

Cebolla et al. [5] 4031 5.2 7.6 

 

3.4.4. Trade-off on total shipping costs 
For the cH2 ship, there is a trade-off on ship size 

(i.e., number of modules). If the terminal times are set 
as a fixed value independent of ship size, increasing 
ship size leads to lower specific shipping costs due 
to economies of scale (see Figure 19). On the other 
hand, we showed in section 3.2.5 and section 3.3.4 
that both optimal filling time and optimal emptying 
time are a function of ship size. Increasing ship size 
leads to longer filling times at the export terminal (see 
Figure 22) and longer emptying times at the import 
terminal (see Figure 23). This in turn leads to higher 
dead-time costs for shipping, which contributes to 
an increase in shipping costs. Moreover, the terminal 
investment costs are affected by an increase in 
transfer times and ship size. We assume that the ship 
should be sized such that the total shipping cost is 
minimized (see Eq 3). The total shipping cost is the 
sum of specific annualized terminal investment costs 
and specific shipping costs. The terminal operating 
costs are left out of the optimization problem since 
they would only constitute a constant offset in the 
total shipping costs and not change the position of 
the optimum. 

Eq 3 

ℙ𝑠ℎ𝑖𝑝(𝒑 = {𝒎𝒓𝒐𝒖𝒕𝒆, 𝒅𝒓𝒐𝒖𝒕𝒆}): 
𝑚𝑖𝑛𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠

(𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑒𝑥𝑝𝑜𝑟𝑡,𝑖𝑛𝑣,𝑜𝑝𝑡(𝑚𝑟𝑜𝑢𝑡𝑒)

+ 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑖𝑚𝑝𝑜𝑟𝑡,𝑖𝑛𝑣,𝑜𝑝𝑡(𝑚𝑟𝑜𝑢𝑡𝑒, 𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠)

+ 𝑐𝑠ℎ𝑖𝑝(𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠, 𝑑𝑟𝑜𝑢𝑡𝑒)) 

where 𝑚𝑟𝑜𝑢𝑡𝑒 is the route throughput, 𝑑𝑟𝑜𝑢𝑡𝑒 is 
the shipping distance, 𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠 is the number of mod-
ules on the ship, 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑒𝑥𝑝𝑜𝑟𝑡,𝑖𝑛𝑣,𝑜𝑝𝑡 is the specific 
annualized investment cost of a export shipping ter-
minal which has optimal size (i.e., optimal solution to 
problem Eq 1), 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑖𝑚𝑝𝑜𝑟𝑡,𝑖𝑛𝑣,𝑜𝑝𝑡 is the specific an-
nualized investment cost of a import shipping termi-
nal which has optimal size (i.e., optimal solution to 
problem Eq 2) and 𝑐𝑠ℎ𝑖𝑝 is the specific shipping costs 
of a fully utilized ship with a size of 𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠 which is 
employed on a route with a shipping distance 𝑑𝑟𝑜𝑢𝑡𝑒. 
We hereby assume that the hydrogen throughput of 
the shipping route is identical to the hydrogen 
throughput of the terminals. The problem Eq 3 was 
solved using the reduced models described in sec-
tion 4.2 and 4.3 to calculate the optimal solution to 
Eq 1 and Eq 2. Eq 6 and Eq 8 were used to calculate the 
terminal transfer times given the ship size, shipping 
distance and route throughput. The specific annual-
ized terminal investment costs are a direct function 
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of transfer times. The cost functions are defined in 
the Excel worksheet “Shipping.xlsx” provided in the 
supplementary material. 

A graphical illustration of Eq 3 is depicted in Fig-
ure 17. Figure 17 shows an example of the problem 
for a shipping distance of 1160 km/trip and a route 
throughput of 100 and 300 MW. While Figure 19 sug-
gests a general cost reduction with increasing ship 
size given fixed terminal times, it can be seen from 
Figure 17 that increasing ship size does not generally 
lead to lower total shipping costs. This situation 
arises due to optimized terminal times, which in-
crease with increasing ship sizes (see Figure 22 and 
Figure 23) and thus increase total shipping costs. 

In general, this leads to an optimum ship size as 
a function of shipping distance and amount of hydro-
gen shipped. Figure 21 shows how the position of this 
optimum moves with changing input parameters. 
However, it should be noted that the function is quite 
flat around the optimum and a non-optimal ship size 
might only increase total costs insignificantly. For ex-
ample, for a shipping distance of 1160 km/trip and a 
route throughput of 300 MW leads to an optimal ship 
size of 500 modules and a “sum” of 14.65 NOK/kg 
H2. However, choosing a ship size of 400 modules 
would lead to a “sum” of 14.76 NOK/kg H2, increasing 
the supply chain costs by 0.7%. 

 

 
Figure 17: Dependency on supply chain costs 

on cH2 ship size for a one-way shipping distance of 
580km and 100 MW (top) or 300 MW (bottom) hy-

drogen throughput given optimal terminal times 

3.4.5. Fleet costs 
Figure 18 shows the specific fleet costs of a 

fleet of identical cH2 ships (i.e., 400 modules, 960 
min/trip terminal time, 8400 hours maximum utiliza-
tion) as a function of fleet size. With increasing hy-
drogen throughput, more ships are required, result-
ing in jumps in the specific cost curve. On the other 
hand, the utilization of the fleet increases with in-
creasing hydrogen throughput, lowering the specific 
costs. It is evident that the actual fleet costs always 
exceed the specific costs of a single fully utilized 
ship, unless all ships in the fleet are fully utilized. 
Larger fleets are less sensitive to this issue, as the 
risk of underutilization is spread across the entire 
fleet. 

 
Figure 18: Specific cH2 shipping costs as a function 

of fleet size. 

 

Table 7: Ships for compressed hydrogen transport – System description 

Parameter Value Unit Source 

Pressure vessel description 
   

Nominal pressure 250 bar Assumption, see discussion below 



 

16 

Vessel outer radius 295 mm Based on d’Amore et al. [9] 

Vessel height 2.15 m Based on d’Amore et al. [9] 

Vessel wall thickness 14.3 mm ASME BPVC.VIII.1-2015 UG27 

Vessel weight 75.2 kg Estimate based on cylinder volume 
    

Module description 

Number of H2 vessels per module 40 
 

Assumption from d’Amore et al. [9] 

Container weight 2300 kg Assumption 

Module total weight 6.5 t Calculation (excluding stored H2) 

Module container cost 100 kNOK2024 Assumption 

Module total cost 2277 kNOK2024 Calculation 

H2 Payload per module (useful) 317.8 kg Calculation 
    

Ship description 
   

Number of modules 400 - Assumption 

Deadweight tonnage 2263 t Calculation 

Gross tonnage 1591 - Estimate from deadweight 

    

Ship Investment costs (400 modules) 

Cost of bare ship 203 MNOK2024 Calculation based on Mulligan [33] 

Cost of modules 911 MNOK2024 Calculation, see Table 7 

    

Fixed OPEX    

Number of staff 20 - Assumption 

Salary costs 23.7 MNOK2024/a Supplementary material, section 1.3.1 

Maintenance 33.4 MNOK2024/a Assuming 3% of ship's costs 

Insurance 10 MNOK2024/a Assumption 

    

Variable OPEX (400 modules)    

Fuel consumption during sailing 36.3 t/day Calculation based on Cepowski et al. 
[35] 

Fuel consumption at terminal 1.81 t/day Assumption (5% fuel consumption) 

    

Ship Operation    

Lifetime 20 a Assumption 

Utilization 8400 h/a Assumption based on Roussanaly [38] 
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Figure 19: Sensitivity of cH2 shipping costs varying one parameter (standard assumptions: 1160km trip distance, 
8400 hours annual utilization, 960 min/trip terminal time, ship size of 400 modules) 

 

3.5. Hydrogen compression 
We modelled investment cost and energy con-

sumption for hydrogen compression using the corre-
lations reported by Khan et al [27]. Herein, we used 
the system using large centrifugal compressors as 
the baseline. We assumed that the compressors are 
driven by electric motors with an efficiency of 95%, 
an isentropic compressor efficiency of 80% and a 
compressor lifetime of 15 years. 

3.6. Compressed hydrogen storage 
Many hydrogen production and distribution op-

erations require intermediate hydrogen storage to 
ensure continuous operation. For high pressure in-
termediate storage, we assume pressure vessels 
grouped into larger modules of 40 pressure vessels 
each, such as in compressed hydrogen shipping 
modules (see section 3.4). 

Necessary wall thicknesses were calculated us-
ing Barlow’s formula with a safety factor of 3. We as-
sumed  a SA-372 Grade J, Class 70 steel with a ma-
terial density 7667 kg/m3 and a tensile strength of 
827.4 MPa and a specific cost of 3.5 USD2018 per lb 
of steel [12]. 

4. Reduced models 

Starting  with the detailed models, reduced 
models were made that have characteristics that are 
suitable for use as a part of a large, complex model 
in a supply chain optimization framework with many 
equations and variables. Specifically, the models 
should be linear or piecewise linear, convex, and rea-
sonably accurate within the range of intended use. 
Models that cannot be reduced into this format while 
retaining accuracy should be left in their more com-
plex form. 

4.1. cH2 Tube Trailer 
Figure 20 shows the relation between driving 

distance and costs for a cH2 tube trailer as derived in 
section 3.1.2. We hereby assume that the tube trailer 
is employed on a fixed route between a hydrogen 
production facility and a hydrogen shipping terminal.  

 

 
Figure 20: Relation between driving distance and 

cost for a cH2 tube trailer (top: specific cost, bottom: 
total annual cost 

4.2. cH2 shipping terminal (export) 
Figure 22 shows the relationship between opti-

mal export terminal investment costs as well as opti-
mal ship filling time and terminal throughput as de-
rived in section 3.2.5. Every point in Figure 22 is the 
solution of the problem stated in Eq 1 given the ship 
size and terminal throughput. The equation Eq 5 for 
the terminal investment costs was determined by lin-
ear regression, which achieved a R2 of 0.99. The 
equation Eq 6 for optimal filling time was derived an-
alytically as the maximum allowed filling time given 
the terminal throughput and ship size. The average 
terminal throughput in kg/min has to be translated 
from the average terminal throughput in MW. The 
offset of 30 minutes accounts for the time loss for 
docking and undocking. 

It can be seen that the optimal annualized ter-
minal cost is independent of ship size. This situation 
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arises because all combinations of ship size and ter-
minal throughput lead to a filling time which is such 
that the filling rate in Megawatts is equal to the re-
spective terminal throughput, eliminating the need 
for large-scale intermediate storage at the export 
terminal. This shows that it is more economical to 
have time-inefficient shipping (i.e., large terminal 
dead times) than intermediate hydrogen storage. For 
the same terminal throughput, larger ships lead to 
larger filling times, resulting in the same filling rate in 
Megawatts. With increasing terminal throughput, it 
becomes more economical to invest in larger equip-
ment, decreasing filling times and thus decreasing 
the ship’s dead time costs. 

4.3. cH2 shipping terminal (import) 
Figure 23 shows the relationship between opti-

mal import terminal investment costs as well as opti-
mal ship emptying time and terminal throughput as 
derived in section 3.3.4. Every point in Figure 22 is 
the solution of Eq 2 given the ship size and terminal 
throughput. While the relationship between optimal 
emptying time and terminal throughput is not strictly 
linear, the total cost curve is very flat around the op-
timum (see Figure 16). A small error in the prediction 
of optimal emptying time does thus not significantly 
influence the total shipping costs. Thus, we assumed 
that a linear regression is an appropriate representa-
tion of Figure 23. The regression equations are 
stated in the equations Eq 7 and Eq 8 and achieve an 
R2 of 0.96 and 0.87, respectively. 

4.4. cH2 ship size 
Figure 21 shows the relationship between opti-

mal cH2 ship size and hydrogen throughput as well 
as shipping distance as derived in section 3.4.4. 
Based on this relation, we conducted a linear regres-
sion, which is stated in Eq 4 and achieved an R2 of 
0.94. 

 
Figure 21: Optimal cH2 ship size as a function of cH2 

throughput and shipping distance 

Eq 4 

𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠,𝑜𝑝𝑡 [# modules] = 
+ 0.733 · 𝑚𝑟𝑜𝑢𝑡𝑒 [MW] 
+ 0.219 · 𝑑𝑟𝑜𝑢𝑡𝑒 [km/trip] 
- 15.76 

 

 

 

 
Figure 22: Export terminal design as a function of ter-

minal throughput and ship size 
 
 

 

 
Figure 23: Import terminal design as a function of ter-

minal throughput and ship size 
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Eq 5 

𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑒𝑥𝑝𝑜𝑟𝑡,𝑖𝑛𝑣,𝑜𝑝𝑡 [MNOK2024] = 
+ 1.64 · 𝑚𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 [MW] 
+ 197.1 

Eq 6 

𝑡𝑓𝑖𝑙𝑙,𝑜𝑝𝑡 [min] =  
𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠 [#modules] * 
𝑚𝑚𝑜𝑑𝑢𝑙𝑒 [kg H2/module] : 
𝑚𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 [kg H2/min] 
-30 

 

Eq 7 

𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑖𝑚𝑝𝑜𝑟𝑡,𝑖𝑛𝑣,𝑜𝑝𝑡 [MNOK2024] = 
+ 0.694 · 𝑚𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 [MW] 
+ 0.24 · 𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠 [# modules] 
+ 59.5 

Eq 8 

𝑡𝑒𝑚𝑝𝑡𝑦,𝑜𝑝𝑡 [min] = 
− 0.311 · 𝑚𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 [MW] 
+ 0.173 · 𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠 [# modules] 
+ 175.3 

 

4.5. Total shipping costs 
Combining all equations and setting terminal 

times as well as ship size to their optimal values 
given hydrogen throughput and shipping distance, 
the minimum total shipping cost can be calculated. 
This relationship is stated in Figure 24, which shows 
the total shipping costs for different situations. The 
costs include annualized investment costs for ship-
ping terminals and shipping costs. Depending on the 
actual location of the shipping terminals, the operat-
ing costs have to be calculated and added to the total 
costs as a constant offset. They might be different 
for different terminals due to location dependent 
electricity prices. Note that the shipping costs repre-
sent the cost of a fully utilized ship. Depending on the 
number of ships in the fleet, the actual ship utilization 
might be lower and thus the specific shipping costs 
higher. 

It can be seen that the supply chain costs in-
crease linearly with shipping distance and decrease 
logarithmically with hydrogen throughput. This is be-
cause increasing the route throughput, larger ships 
become more economical, leading to an overall cost 
reduction. 

 
Figure 24: Total shipping costs as a function of 

shipping distance and hydrogen throughput 

5. Conclusion 

5.1. Alternative terminal design 
It could be argued that the modular ship design 

would allow for swapping of the modules at the load-
ing and unloading terminals instead of transferring 
the gas as proposed in Figure 8 and Figure 11. This 
would avoid the losses associated with the transfer 
of the gas to the intermediate storage at the export 
terminal and the transfer from the intermediate 

storage to the storage on the ship. The trade-off is 
that the time it takes to both load and unload the 
modules by crane at the import terminal is longer 
than the time required for gas transfer using com-
pressors and that additional investment into modules 
at the import terminal would be required. 

While theoretically possible, moving modules 
by crane is inferior to the transfer operations investi-
gated in this study. For an example supply chain with 
300 MW hydrogen throughput, 580 km one-way 
shipping distance and a ship size of 400 modules, 
the optimal filling time (i.e., the solution to problem 
Eq 1) is equal to the maximum possible filling time of 
817 minutes, and the optimal emptying time (i.e., the 
solution to problem Eq 2) amounts to 151 minutes. As-
suming the transfer operations investigated in this 
study, the shipping cost factors are 1.94 NOK/kg H2 
for terminal investment and 14.8 NOK/kg H2 for ship-
ping. 

For container swapping, it is reasonable to as-
sume a swapping time of 2 minutes per module [39] 
and two cranes operating in parallel. In the best case, 
modules could be simultaneously loaded and un-
loaded to and from the ship. This would lead to a 
transfer time of 800 minutes per ship at both termi-
nals. At the export terminal, full modules from arriv-
ing tube trailers could be directly swapped with 
empty modules from the ship. There would be no 
need for compressors and precooling equipment at 
the export terminal. Hence, the investment costs 
could be reduced by 70%, leading to a cost reduction 
of 0.9 NOK/kg H2. This is a best-case value since it 
assumes that there are no additional costs for swap-
ping containers. The transfer time at the export ter-
minal would be similar to the previously used value, 
having little influence on shipping costs. 

At the import terminal, the transfer time would 
have to be increased from 151 minutes to 800 
minutes, increasing the dead time costs for shipping 
by 2.4 NOK/kg H2. The import terminal would still 
need the same equipment, since the unloading oper-
ation from the modules into the pipeline remains the 
same, with the only difference that the modules are 
emptied on land rather than directly from the ship. 
Since the ship empties into a pipeline system at the 
import side rather than tube trailers, there would also 
be a need for a storage of empty modules at the im-
port terminal which can be swapped with full ones 
from arriving ships. At the bare minimum, an addi-
tional investment of 911 MNOK on modules would be 
required, translating to 1.7 NOK/kg H2. All together, 
the total costs would increase by 3.2 NOK/kg H2. 

Moreover, this ignores the practical feasibility of 
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container swapping. Assuming a minimum swapping 
time of 2 minutes per module, the maximum terminal 
throughput is limited to 300 MW. Higher terminal 
throughputs would require either four cranes operat-
ing simultaneously or a second berth and two ships 
loading or unloading at the same time. Furthermore, 
using non-swappable fixed containers on the ship, 
there are no moving parts in the ship’s cargo space 
and thus comparably low risk for sparks. On the other 
hand, loading and unloading containers filled with 
compressed hydrogen arguably leads to higher ex-
plosion risk given risk of sparks and falling contain-
ers. 

5.2. General 
We have found that the size of a cH2 ship should 

be optimized given the transport distance and the 
estimated hydrogen throughout. Given the size of the 
cH2 ship and hydrogen throughput, transfer times 
leading to the lowest total shipping costs can be 
found. For a complete estimate of supply chain 
costs, operating costs for the shipping terminals 
must be calculated and added to the costs stated in 
Figure 24. 

For the design of the shipping modules, we as-
sumed a lower design pressure of 20 bar. Increasing 
the lower design pressure would decrease the trans-
fer times and thus decrease the absolute shipping 
costs. However, this would also decrease the pay-
load and thus increase the specific shipping costs. 
Further research should be done on the importance 
of the lower design pressure and the net effect of in-
creasing the parameter. 

At shipping terminals, the optimal equipment 
size is in general a function of terminal throughput 
and ship size. However, at the export terminal, the 
optimal equipment size is independent of ship size, 
as the optimum filling time is always such that the fill-
ing power is equal to the average terminal through-
put. We showed that it is economically beneficial to 
have large dead times at the export shipping termi-
nals rather than building intermediate hydrogen stor-
age (see section 3.2.5). This requires however a fleet 
size of at least two ships, since there must always be 
one ship sitting at the export terminal. The investi-
gated trade-off minimizes the sum of shipping costs 
and terminal costs, resulting in a global minimum of 
the supply chain costs. In a real-world scenario, 
where multiple terminals are built by different com-
panies and multiple ships are operated by different 
shipping companies, a different equilibrium might be 
reached. To find this equilibrium, a game-theoretical 
approach should be applied. The magenta line in Fig-
ure 14 plus a constant offset for operating costs 
would then illustrate the minimum rate a terminal op-
erator has to charge for filling a cH2 ship based on 
the equipment size. 

As for import shipping terminals, we assumed 
that the terminal is perfectly connected to a hydro-
gen grid which can take up the imported hydrogen, 
eliminating the need for intermediate storage. This 
assumption might have to be challenged when the 

actual grid capacity is known, as the rate of hydrogen 
fed to the grid can be a multiple of the average hy-
drogen throughput. The shorter the emptying time, 
the higher the flow will rate spike. For example, a ship 
with 400 modules and an average terminal through-
put of 300 MW translate to an optimal emptying time 
of 151 minutes. This would lead to a hydrogen flow of 
2100 MW during unloading, which is seven times the 
average terminal throughput. 

In addition to these conclusions about tradeoffs 
and decisions that should be made when designing a 
compressed hydrogen supply chain network, we 
also provided a collection of models that can be used 
for large scale supply chain optimization problems or 
for detailed design and operation considering pro-
cess dynamics and transients. Modelers can choose 
the form of the model that best suits the nature of the 
problem and then apply them to the design of hydro-
gen supply chain networks in general. Most supply 
chain network problems are very case dependent 
based on important factors concerning geography, 
transportation networks, location, government pol-
icy, and markets, among others. This is left to future 
work, but the models can be used generally for many 
kinds of problems. The models have been made 
available to the general public via LAPSE at the links 
at the end of the article. 

Declaration of symbols 

𝑐𝑠ℎ𝑖𝑝 Shipping costs (only cH2 ship) 
𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑒𝑥𝑝𝑜𝑟𝑡,𝑖𝑛𝑣 Investment cost for an export 

shipping terminal 
𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑒𝑥𝑝𝑜𝑟𝑡,𝑖𝑛𝑣,𝑜𝑝𝑡 Investment cost for an export 

shipping terminal which has opti-
mal size following Eq 1 

𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑖𝑚𝑝𝑜𝑟𝑡,𝑖𝑛𝑣 Investment cost for an import 
shipping terminal 

𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙,𝑖𝑚𝑝𝑜𝑟𝑡,𝑖𝑛𝑣,𝑜𝑝𝑡 Investment cost for an import 
shipping terminal which has opti-
mal size following Eq 2 

𝑑𝑟𝑜𝑢𝑡𝑒 Distance of the shipping route 
𝑚𝑟𝑜𝑢𝑡𝑒 Hydrogen throughput (route) 
𝑚𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 Hydrogen throughput (terminal) 
𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠 Number of modules on the ship 
𝑛𝑚𝑜𝑑𝑢𝑙𝑒𝑠,𝑜𝑝𝑡 Optimal number of modules on 

the ship following Eq 3 
𝑡𝑒𝑚𝑝𝑡𝑦 Emptying time of a ship at an im-

port shipping terminal 
𝑡𝑒𝑚𝑝𝑡𝑦,𝑜𝑝𝑡 Emptying time of a ship at an im-

port shipping terminal which has 
optimal size following Eq 2 

𝑡𝑓𝑖𝑙𝑙 Filling time of a ship at an export 
shipping terminal 

𝑡𝑓𝑖𝑙𝑙,𝑜𝑝𝑡 Filling time of a ship at an export 
shipping terminal which has opti-
mal size following Eq 1 

Data transparency 

The supplementary material states general as-
sumptions on project economics and financing, 
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methodology on capital cost estimation and costs as-
sumptions. The document draws on sources [21, 23, 
30, 40-47]. The Aspen Plus Dynamics models devel-
oped for this work can be found in the Living Archive 
for Process Systems Engineering (LAPSE) at: 

https://PSEcommunity.org/LAPSE:2025.0722 
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