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A B S T R A C T

Germany's energy transition will require large-scale imports of hydrogen and its derivatives from regions with 
high renewable energy potential. While pipeline-based imports of hydrogen and ship-based imports of hydrogen 
derivatives are widely discussed, pipeline imports of liquid derivatives remain underexplored. Existing cost 
analyses in the literature often neglect fluid-specific properties, pressure losses, and geography. This paper 
presents HyTROM+, a GIS-based methodology for determining optimal pipeline routes and the levelized cost of 
transport for hydrogen, CO2, methanol, Fischer-Tropsch crude, and kerosene, considering both new and repur
posed pipelines. The model integrates geographical factors, fluid mechanics, and techno-economic parameters to 
optimize the pipeline route and provide fluid-specific LCOT estimates. A case study demonstrates that it could be 
10 times more cost-effective to transport liquid hydrogen derivatives via pipeline than hydrogen or CO2, even 
across elevated Alpine terrain. A sensitivity analysis identifies pipeline capital expenses, infrastructure reuse, and 
the weighted average cost of capital as the main cost drivers. The results highlight the strategic importance of 
considering pipeline imports of liquid derivatives in infrastructure planning and suggest that repurposing 
existing oil and gas pipelines could offer substantial cost advantages.

1. Introduction

Germany is expected to still be reliant on energy imports in a climate- 
neutral future, as its domestic renewable energy (RE) potential will be 
insufficient to meet its long-term energy demand [1–3]. This is partic
ularly relevant for sectors with high energy intensity and limited elec
trification potential, such as the steel, chemical, fertilizer, and refinery 
industries [4–6], long-term storage in power systems, and the interna
tional aviation and shipping sector [3].

1.1. The role of hydrogen derivatives in Germany's future energy system

Hydrogen and its derivatives are essential for becoming climate- 
neutral in hard-to-abate sectors [1]. Accordingly, ammonia and meth
anol are increasingly regarded as crucial hydrogen-derived energy car
riers for value chains in chemical industry [2,3]. Together with synthetic 

diesel, they may play a growing role in maritime transport [2–4], sup
ported by the FuelEU Maritime regulation [5], while Fischer Tropsch 
(FT) crude offers a promising substitute for fossil crude oil [7]. In par
allel, the relevance of synthetic aviation fuels (eSAF) is expected to rise 
substantially as ReFuelEU Aviation quotas take effect from 2030 on
wards [8]. At the same time, Germany currently assumes a leading role 
in shaping the emerging international hydrogen economy [9], and it 
remains a techno-economic and political question whether Europe 
should prioritize domestic production of hydrocarbons or rely on im
ports [10]. When produced from hydrogen and CO2, both FT synthesis 
and the methanol-to-hydrocarbons (MtH) pathways are suitable options 
for generating climate-neutral hydrocarbons, such as fuels and high 
value chemicals (HVCs) [7]. CO2 derived from Direct Air Capture (DAC) 
is particularly important, given the anticipated decline of point-source 
CO2 as industrial processes become carbon-neutral and its potential to 
fully close carbon loops. RE largely determines DAC costs [11,12], 
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creating a trade-off between sourcing CO2 from regions with low-cost RE 
and transport expenses.

For sectors including the chemical industry, refineries, aviation, and 
shipping, the use of hydrogen in Germany requires the development of 
additional hydrogen and CO2 transport and storage infrastructure to 
enable the production of hydrocarbons. This raises the question of 
whether these sectors will source hydrogen and CO2 (green gases) or 
import hydrocarbons (intermediates) like methanol or FT crude, or even 
final products, such as fuels (e.g. kerosene, diesel, naphtha) or HVC (e.g. 
ethylene, propylene) (Fig. 1). To assess whether value chains in Ger
many should start from green gases or intermediates, a full cost assess
ment, including production, conversion, transport, and integration, is 
essential to identify the most cost-effective import option.

1.2. The role of transport costs and pipelines in hydrogen supply chains

To support decarbonization, Germany's hydrogen import strategy 
envisages imports of 45 to 90 TWh of hydrogen and its derivatives by 
2030, representing approximately 50 to 70% of the anticipated domestic 
demand [13]. These volumes are expected to be produced in countries 
with abundant RE resources and subsequently exported to Germany. In 
this context, hydrogen transport costs are a critical factor in determining 
the competitiveness of import options [14]. Findings from the HYPAT 
project show that pipeline transport from Morocco or Türkiye could 
account for 18% to 52% of total supply costs at the German border for 
volumes between 10 and 100 TWh/yr [14]. These findings underline the 
strategic importance of transport in determining the total import costs 
and industrial value chain decisions. In addition to that, importing 
hydrogen by pipeline could be competitive with shipping liquid 
hydrogen over long distances (e.g. from Morocco) [14]. Where molec
ular hydrogen is needed at the point of use, the literature [15,16] in
dicates that importing hydrogen directly is generally more feasible than 
importing and reconverting derivatives.

Pipelines are more economical than road and rail for large-scale 
transport of hydrogen [17], CO2 [18,19], methanol [20,21], and oil 
[22], while shipping is more competitive for global routes and smaller 
volumes (see Fig. 7 in Ref. [23]). Pipelines can also foster strategic 
interdependence and partnership between countries [14].

Recent studies have compared importing hydrogen derivatives, such 
as methanol, ammonia or FT liquids, by ship with transporting gaseous 
hydrogen by pipeline [14,24–27], but do not consider transporting de
rivatives by pipeline. The pipeline transport of derivatives at scale may 
offer cost and infrastructure benefits, but remains underexplored in 
current research [28,29]. In the context of climate change and the global 
energy transition, oil and natural gas (NG) demand are projected to peak 
before 2030 and then decline by up to 75% by 2050 in a net-zero sce
nario [30]. This is likely to result in significant spare capacity in existing 
oil and NG pipelines. Repurposing these pipelines for alternative uses 
can be far more cost-effective than building new infrastructure or 
decommissioning. It is thus essential to include existing infrastructure 
when calculating transport costs.

1.3. Research gaps in modelling pipeline transport of hydrogen derivatives

A major research gap concerns the comprehensive assessment of 
transporting hydrogen derivatives by pipeline [28,29]. Cost compari
sons of import options are incomplete if they do not account for fluid 

properties, geography, and the role of pumps and compressors. A com
parison of hydrogen, CO2, FT crude, methanol, and kerosene is needed, 
as these fluids differ in their density, viscosity, and pressure levels 
required. As demonstrated by fossil fuel logistics, fluids that are liquid 
under ambient conditions generally exhibit lower transport costs than 
gaseous carriers: Liquids have higher viscosity and energy density than 
gases, which results in greater friction- and elevation losses and there
fore higher pumping costs [31,32]. In contrast, gases require higher 
operating pressures to increase their energy density, which increases 
pipeline material needs and overall transport costs [33].

Geographical factors such as slope, land use, and population density 
have a significant impact on pipeline routing and the associated trans
port costs. To date, GIS-based models have been successfully applied to 
fossil fuel pipelines [34,35]. More recently, Weiβenburger et al. [36] 
developed the Hydrogen Transport Route Optimization Model 
(HyTROM) as a solution for GIS-based hydrogen pipeline routing. It 
leverages georeferenced data and applies Least Cost Path Analysis via 
Dijkstra's algorithm to identify the optimal route. However, comparable 
modelling approaches for hydrogen derivatives like methanol or FT 
crude are still missing [28].

1.4. Research question and paper structure

To enable robust and comparative assessments of pipeline costs for 
different fluids, enhanced modelling approaches are required. These 
should integrate a wider range of fluids, account for pressure-dependent 
cost factors, and reflect the influence of geography on routing decisions. 
This leads to the following central research questions:

How do elevation and other geospatial and technical parameters influence 
the LCOT of pipeline transport for hydrogen, CO2, FT crude, methanol, and 
kerosene, and what are the key cost drivers specific to each fluid type?

To answer these questions, we develop a dedicated LCOT-estimation 
framework for liquid and gas pipelines by integrating the Dijkstra 
shortest-path algorithm that accounts for fluid-specific physical prop
erties, economic factors, and GIS information. The framework's appli
cability is demonstrated through a case study assessing pipeline 
transport for hydrogen and CO2 as raw materials for e-fuel production 
and for FT crude and methanol as intermediates. Kerosene is included as 
the final product and as a representative long-chain hydrocarbon due to 
its projected importance in climate-neutral aviation [2,8].

Chapter 2 introduces the extended model framework HyTROM+, 
outlining the methodological advancements made to the original 
HyTROM model. These include the integration of pressure-dependent 
and fluid-specific techno-economic parameters into the routing algo
rithm. Chapter 3 presents a case study applying HyTROM+ to the 
Transalpine Pipeline (TAL) corridor between Trieste and Karlsruhe 
across the Alpine region. The case study demonstrates the model's 
applicability and how elevation affects the optimal route and LCOT for 
the considered fluids. It also includes a sensitivity analysis to identify the 
most influential techno-economic parameters. Chapter 4 summarizes 
the key findings and discusses methodological limitations. Chapter 5 
concludes the study, interprets the results in the context of national 
energy strategies, and provides recommendations for future research 
and policy development. Additional information is provided in the 
Supplementary data and the Appendix.

Fig. 1. Green hydrogen-based supply chain for production of fuels and high value chemicals (HVC). Own overview.
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2. Model framework: HyTROMþ

The Python-based HyTROM+ tool is used to analyse optimal pipeline 
transport routes, pressure losses and the associated LCOT for gaseous 
and liquid fluids. These include hydrogen, liquefied CO2, methanol, FT 
crude, and kerosene (kero). Fig. 2 outlines the model framework of 
HyTROM+, structured by data input, processing, and output. These 
components are described in more detail in the subchapters 2.2-2.4. 
Prior to that, subchapter 2.1 briefly outlines the key enhancements 
made to the original HyTROM model and explains why this was chosen 
as the underlying methodology.

2.1. Profound extensions to HyTROM

The Hydrogen Transport Route Optimization Model (HyTROM) was 
originally developed to identify optimal hydrogen pipeline routes using 
GIS-based data (land use, slope, population density, sea depth, pipeline 
corridors) and the Dijkstra algorithm [36]. HyTROM provides a robust 
framework for the assessment of pipeline imports due to the compre
hensive GIS-based dataset and high resolution of a 6.5 km × 6.5 km tile 
size based on Franke et al. [37]. This tile size enables sufficiently ac
curate and rapid route optimization, while integrating the efficient 
Dijkstra algorithm further reduces the computational effort involved. 
Dijkstra's algorithm reliably identifies least-cost paths in graphs with 
non-negative edge weights, making it well-suited for GIS-based pipeline 
routing [38,39].

The extended version, HyTROM+, supports additional fluids 
including CO2, methanol, FT crude, and kerosene. It features refined 
input, processing, and output modules. Inputs now include techno- 
economic parameters for pipelines, pumps, and compressors, along 
with fluid-specific properties such as density, viscosity, and pressure 
requirements. The updated model calculates LCOT for both new and 

repurposed pipelines. Processing involves initialization with parameters 
like diameter, mass flow rate, and pump spacing. Outputs include 
elevation profiles, pressure loss metrics, total pumping capacity, and 
LCOT values per route and fluid, in addition to a detailed cost break
down per fluid.

2.2. Data input

The input parameters are categorized as follows: 

(1) Geographical factors, which account for routing constraints and 
the presence of existing pipeline infrastructure (distance, eleva
tion, slope, land-use, population density, sea depth, pipeline 
corridor, weighted average cost of capital (WACC)).

(2) Technical pipeline parameters, used to determine economical 
diameters, pressure losses and pumping or compression capac
ities (phase, temperature, pressure level, viscosity, heating value, 
heat capacity, economic velocity, pipeline roughness, etc.).

(3) Economic pipeline parameters, which are used to estimate the 
resulting route and LCOT (fluid-specific pipeline and pump cap
ital expenses (CAPEX) and lifetimes, pipeline factor, pump 
elevation factor, working capital share, operation and mainte
nance share, full-load hours (FLH), electricity price).

Detailed techno-economic data on the pipeline transport of different 
fluids remain limited [28]. An overview of the parameter values is 
provided in Appendix B.2.

2.3. Data processing

The input data are processed in four steps to generate model outputs 
in terms of the optimal transport route and the LCOT. 

Fig. 2. Model framework: HyTROM+, adapted from Ref. [36].
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Step 1: Model initialization. Parameters such as the start and end 
points, pipeline diameter or mass flow rate, and the corresponding 
fluid-specific pump intervals are defined exogenously. Furthermore, 
the pipeline configuration is selected as either new or repurposed for 
the entire route modelled. The region under consideration (e.g. a 
state, country, or continent) is divided into tiles of 6.5 km × 6.5 km, 
and its spatial extent must be large enough to fully contain both the 
defined start and end point.
Step 2: Pressure loss calculation per tile. The pressure loss is 
calculated for each tile in the region based on the fluid properties and 
technical pipeline parameters.
Step 3: LCOT calculation per tile. The LCOT is determined for each 
tile using the calculated pressure loss and associated economic 
parameters.
Step 4: Route optimization along tiles. The tile-specific LCOT 
values are assigned as weights to the edges connecting the tiles. The 
optimal transport route with the lowest cumulative edge weights is 
then identified using Dijkstra's algorithm, and the corresponding 
total LCOT is calculated.

The definition of diameter, mass flow, and pump intervals in the 
model initialization, the selection of newly constructed or repurposed 
pipelines, the pressure losses and LCOT calculation per tile, and the 
assignment of LCOT values to tile edges represent profound extensions 
to the original HyTROM model. Each of these steps is described in more 
detail in Appendix B.3.

2.4. Output

The main outputs of the model are the routing of each pipeline, 
pressure losses, and the resulting LCOT for hydrogen, CO2, methanol, FT 
crude, and kerosene. For each fluid, the total pipeline distance is pre
sented as an absolute value. Maps illustrate the general routing, high
lighting the countries crossed, as well as regions with high population 
density, diverse land use, slopes, and elevation. Additionally, the 
elevation profile is included as a new feature of the model. HyTROM+

provides detailed information on pipeline pressure losses for each fluid, 
including friction losses, elevation losses, and elevation gains. This in
formation allows us to determine the necessary pump capacity for each 
fluid and route. The total LCOT between the start and end points is 
provided for each fluid. A detailed cost breakdown is available, outlining 
specific cost components such as depreciation for pipelines and pumps, 
operational and maintenance costs (O&M), pumping energy, and heat
ing costs.

3. Case study: importing hydrogen derivatives from Trieste to 
Karlsruhe

To demonstrate the model's functionality and assess the impact of 
elevation on pressure management and LCOT, a case study was con
ducted for transport through a 20-inch pipeline across the Alpine region. 
This corridor was selected due to its relevance as a potential import 
route for hydrogen [40], its potentially high elevation profile of up to 
2500 m and its comparability with the existing TAL pipeline for oil 
transmission from Italy to Austria and Germany [41]. We assumed a 
20-inch pipeline, as this is large enough to carry a meaningful share of 
hydrogen imports while avoiding unrealistic oversizing for liquid car
riers. The mountainous terrain of the region is particularly relevant, as 
elevation can significantly affect pumping requirements and transport 
costs, especially for liquids. Therefore, the selected route serves as a 
stress test for the model rather than as a representative case for general 
LCOT estimations. Further case studies will be required to estimate 
LCOT under different geographical and infrastructural conditions.

3.1. Model initialization

The pipeline begins in northern Italy, at an oil storage facility near 
Trieste and ends in southwestern Germany at the MiRO refinery in 
Karlsruhe. The exact coordinates are provided in Appendix B.4. The set 
diameter, resulting mass flows, and pump intervals are shown in 
Table 1.

The WACCs for the traversed countries range between 5 and 7% 
(6.9% Italy, 5.9% Slovenia, 5.1% Austria, and 4.7% Germany) [36,42]. 
The corresponding pump interval calculations are documented in the 
Supplementary data S1.

3.2. Routing

The linear distance between the start (Trieste) and end point 
(Karlsruhe) is 568 km. The modelled pipeline is generally 18-22% longer 
than the linear distance. Hydrogen exhibits the longest route (686 km), 
and CO2, FT crude, methanol, and kerosene are shorter (679 km) for a 
newly constructed pipeline, while CO2 follows the shortest path 
(672 km) for a repurposed pipeline (Fig. 3).

For all fluids and both pipeline configurations, the pipeline route 
simultaneously minimizes exposure to high elevation (Fig. 4), steep 
slopes (Figure B.4), high population density (Figure B.5), and intensive 
land use (Figure B.6). At the same time, it shortens the total transport 
distance and uses existing oil and gas pipeline corridors where 
economically feasible, helping to reduce the overall LCOT.

For the new pipeline, the routing is almost the same for FT crude, 
methanol, and kerosene. In contrast, hydrogen follows a different path 
over the final 100 km, bypassing densely populated and intensively used 
areas while maximizing use of existing infrastructure instead of taking 
the direct route. Immediately after entering Germany, CO2 traverses 
areas with slightly higher elevation (between 300 and 500 height me
tres, see Fig. 5a) and exhibits even greater alignment with existing 
infrastructure (see Fig. 4a). For all fluids, the new pipeline aligns with 
existing infrastructure for up to two-thirds of its length, making use of 
Right-of-Way (ROW). However, it deviates from the existing TAL pipe
line for almost half of the route (Fig. 4a). This deviation arises in part 
because the TAL system supplies refineries in Bavaria and Austria, which 
are not considered as boundary conditions in this case study. As 
hydrogen and CO2 are transported at higher pressures than the liquid 
hydrocarbons, their pipelines have higher CAPEX and are therefore 
more reliant on existing infrastructure to minimize costs.

For the repurposed pipeline, all fluids follow a very similar route. In 
this configuration, the pipeline fully aligns with existing infrastructure 
apart from the start tile. Notably, the repurposed pipeline diverges from 
the TAL about one-third of the route and takes a shortcut after the 
German-Austrian border to connect with a gas pipeline system before 
rejoining the TAL corridor near Karlsruhe (Fig. 4b). The route of the gas 
[43] and oil [44] pipeline is taken from the © Global Energy Monitor.

The start tile lies in mountainous terrain at a mean elevation of 
412 m. For the new pipeline, all fluids follow a similar elevation profile, 
while in the repurposed configuration methanol, FT crude, and kerosene 
follow the TAL corridor (Fig. 5a). Hydrogen takes a more direct coastal 
route within the TAL corridor, and CO2 routes via Slovenia due to lower 
infrastructure use and WACC (Fig. 5b).

Route adjustments to minimize elevation change are visible in the 
average elevation per tile (Figure B.2) and the elevation profiles 
(Fig. 5). Except for kerosene, the new pipeline has slightly more eleva
tion gains (Fig. 5a) than the repurposed option, where existing oil and 
gas infrastructure dominates route selection (Fig. 5b).

3.3. Pressure losses

FT crude requires the highest pump power (84 MW new, 92 MW 
repurposed), while hydrogen requires the least (10 MW new, 14 MW 
repurposed). Repurposed pipelines typically exhibit slightly higher 
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pressure losses due to increased wall roughness and longer routes, except 
for CO2 pipelines where elevation effects are more pronounced (Fig. 6). 
These values reflect the fluid-specific viscosities, indicating that higher 
viscosity leads to greater frictional losses, as observed for FT crude. Fric
tional losses are further amplified when using repurposed pipelines.

By converting pump power into pump capacity based on 8000 FLH 
(see Table B.3) and normalizing it by the energetic throughput (see 
Table 1), it becomes evident that approximately 0.8% (1.1%) of the 
hydrogen's energy equivalent is consumed for compression in new 
(repurposed) pipelines. In comparison, the corresponding shares are 
0.6% (0.9%) for methanol, 0.4% (0.4%) for FT crude, and 0.3% (0.4%) 
for kerosene. These results indicate that hydrogen exhibits the highest 
transport-related energy losses among the fluids considered. It should be 
noted that transport losses due to leakage are not accounted for in this 
analysis.

3.4. Levelized cost of transport (LCOT)

The analysis of the LCOT in a 20-inch pipeline between Trieste and 
Karlsruhe reveals a pronounced economic advantage for pipeline 
transport of liquids and in repurposing existing pipelines compared to 
constructing new ones.

For hydrogen, repurposing pipelines reduces the mass-specific LCOT 
from 0.38 to 0.13 €2023/kg (Fig. 7a) and the energy-specific LCOT from 
11.4 to 3.9 €2023/MWhlhᵥ (Fig. 7b), corresponding to an approximate 
cost reduction of 65%.

Similar results are observed for the liquids FT crude, methanol, and 
kerosene. The new pipeline exhibits a mass-specific LCOT value of 
around 0.01 €2023/kg (Fig. 7a), whereas the repurposed pipeline has 
lower figures of around 0.005-0.006 €2023/kg (Fig. 7b), effectively 
reducing costs between one third and up to 50%. Energy-specific LCOT 
for liquid hydrocarbons range from 0.8 to 1.9 €2023/MWhlhᵥ for new 
pipelines and from 0.4 to 1.0 €2023/MWhlhᵥ for repurposed ones 
(Fig. 7b). CO2 has the highest LCOT among carbon containing fluids and 
further increases LCOT when existing infrastructure must be followed.

These differences reflect the favourable physical properties of liquids 
and especially kerosene, such as moderate viscosity, high density, and 
relatively low operating pressure. This results in moderate CAPEX and 
low transport costs. Repurposing further enhances their economic 
advantage. FT crude is well-suited for energetic imports, especially with 
existing pipelines. For chemical feedstock imports, methanol is 
preferred, while FT crude has an advantage in repurposed infrastructure. 
Transporting CO2 results in the highest LCOT due to the high pressure 
required, low reuse potential of existing infrastructure and thus high 

CAPEX. Pipeline CAPEX are the dominant cost component for hydrogen 
transport (Fig. 7c). In contrast, both pipeline and pump CAPEX are the 
primary cost drivers for transporting liquids. Together, pipeline and 
pump/compressor depreciation account for roughly 60% of the total 
LCOT in new and repurposed hydrogen and CO2 pipelines, and newly 
constructed liquid pipelines. However, there is a shift in the cost struc
ture for repurposed FT crude, methanol, and kerosene pipelines: pump- 
related CAPEX and variable OPEX become the main contributors, rep
resenting approximately 75% of the total LCOT.

Further results on pressure losses and LCOT are provided in the 
Supplementary data S2.

3.5. Sensitivity analysis

To identify the key parameters influencing LCOT, a sensitivity 
analysis was conducted by varying pipeline and pump CAPEX, WACC, 
elevation-related pump factor, and electricity prices for new pipelines, 
and cost factors for repurposed pipelines by ±50%. Additionally, a no- 
elevation case was included to assess the elevation effects. Parameter 
values are listed in Table B.5.

The results show that the LCOT for hydrogen, CO2, and hydrocarbons 
is mainly driven by pipeline CAPEX, WACC, and infrastructure reuse. 
Pipeline CAPEX have the strongest impact, changing LCOT by up to 
±47% for hydrogen and ±35% for liquids. Pump CAPEX affect LCOT by 
up to ±9% for liquids, especially high-pressure fluids, and ±3% for 
hydrogen. Changes in WACC have a significant influence on LCOT (up to 
±20%). Electricity prices have limited influence on hydrogen (±3%) 
and moderate impact on liquids (±7 to ±10%). Decreasing the pipeline 
repurposing cost factor reduces the LCOT by up to 34% for hydrogen and 
CO2, and 17% for hydrocarbons. Assuming flat terrain for constructing a 
new pipeline decreases the LCOT for liquids by 3 to 5% but has no effect 
on hydrogen. The results are shown in Fig. 8.

Routing outcomes remain largely stable across all sensitivity cases and 
exhibit only minor local deviations. Slightly more direct alignments occur 
in the Alpine region under no-elevation assumptions, while noticeable 
rerouting is observed only for CO2 under a reduced pump elevation factor 
and for hydrogen under high pipeline CAPEX. For all other fluids and for 
variations in repurposing cost factors, routing effects are negligible.

4. Discussion

This section summarizes the key findings from the case study, uses a 
comparison with other studies to evaluate the robustness of the results, 
and discusses the limitations of this study.

Table 1 
Case study – Model initialization: Settings.

Symbol Unit H2 CO2 MeOH FT crude Kero

Diameter Df Inch (mm) 20 (508)
Throughput ṁf kg/s (Mt/yr) 11 (0.3) 572 (16.9) 515 (14.8) 502 (14.4) 525 (15.1)
​ ​ TWh/yr 10 - 81 171 180
Pump interval lf km 500 100 60 45 60

Fig. 3. Case study – Modelled pipeline distance compared to linear distance between Trieste and Karlsruhe.
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4.1. Key findings

The model calculates optimal routes and LCOT for different fluids 
and pipeline types using GIS-based data and pressure loss analysis. A 
case study of a 20-inch pipeline from Trieste to Karlsruhe demonstrates 

how elevation and pressure losses influence LCOT. Two pipeline stra
tegies were evaluated: constructing new infrastructure versus repur
posing existing pipelines. 

Fig. 4. Case study - Routing map with the existing oil and gas pipeline infrastructure and elevation for (a) new and (b) repurposed pipeline configuration.
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• Routing: Routes are 18-22% longer compared to the linear distance 
(568 km) and designed to avoid densely populated areas, sensitive 
land use areas, and steep terrain. In our case study, the newly con
structed pipeline has up to 66% alignment with existing gas and oil 
infrastructure, while the repurposed pipeline has nearly full 
alignment.

• Pressure losses: Liquids require significantly more pumping power 
than hydrogen due to their higher density and viscosity. In relative 
terms, however, compression consumes about 0.8% (1.1%) of hy
drogen's energy content, compared to 0.6% (0.9%) for methanol, 
0.4% (0.4%) for FT crude, and 0.3% (0.4%) for kerosene in new 
(respectively, repurposed) pipelines.

• LCOT: Liquid fuels are more cost-efficient than hydrogen due to their 
higher energy density. Hydrogen transport is up to 35 times more 
expensive per kg and 10 times more expensive per MWh. Kerosene 
has the lowest LCOT due to its high compatibility with the existing 
infrastructure and low CAPEX. FT crude is also economical to 
transport, especially in repurposed pipelines. Methanol is more cost- 
effective per kilogram, while FT crude is more economical per MWh. 
CO2 transport remains costly due to its high pressure requirements 
and CAPEX, which make repurposing impractical. The sensitivity 
analysis shows that flat terrain may decrease the LCOT for liquids.

4.2. Model validation

There is no existing study that jointly accounts for routing, pressure 
losses, and fluid-specific parameters across several carrier types. Our 

work fills this gap and includes pipeline repurposing for liquid hydrogen 
derivatives. A literature review [28] highlights three relevant works: 
DeSantis et al. [29], Galimova et al. [45], and Papadias et al. [20]. 

• DeSantis et al. [29] compare transmission costs for oil, ethanol, 
methanol, natural gas, and hydrogen in a 36-inch, 1,608 km pipeline 
at 8% WACC. Normalized to 1,000 km, oil is cheapest (0.5 
€2023/MWhlhv), followed by methanol (1.2) and hydrogen (2.5), 
while electricity transmission is substantially higher (24.3). Their 
study does not account for routing or geographical constraints.

• Galimova et al. [45] analyse green methanol supply via European 
production, pipeline imports from Morocco, and maritime shipping. 
LCOT depend strongly on the assumed capacities (15–51 TWh/yr) 
and WACC (5–9%). CAPEX are based on fossil fuel projects and 
include a 20% detour factor but no modelling of pressure losses. 
Normalized costs range from 3.2 to 6.9 €2023/MWhlhv. The diameters 
in Fig. 9 are estimated based on Eq. 2.

• Papadias et al. [20] examine pipeline transport costs for gaseous 
hydrogen and several derivatives over 3,500 km. They assume a 
fixed WACC of 10%, and pipeline CAPEX are based on the Hydrogen 
Delivery Scenario Analysis Model (HDSAM) [46]. Their LCOT results 
range from 7.8 to 8.8 €2023/MWh for hydrogen (2-6 Mt/yr) and from 
2.4 to 5.4 €2023/MWh (10-31 Mt/yr) for methanol. Pressure losses 
are represented in a simplified manner, but no route-specific analysis 
is included.

Despite varying assumptions in the literature regarding diameter, 

Fig. 5. Case study - Elevation profile for (a) new and (b) repurposed pipeline configuration.

Fig. 6. Case study - Pressure losses and required pump power for new and repurposed pipeline configuration.
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capacity, routing, and pressure levels, the relative trends remain 
consistent: hydrogen is more expensive to transport than methanol, oil 
(incl. FT crude) remains the cheapest, and all studies indicate clear 
economies of scale (Fig. 9).

Our LCOT values are higher mainly because we assume smaller 
pipeline diameters for hydrogen, methanol, and oil products compared 
to DeSantis et al. [29], who report the lowest LCOT due to the lowest 
specific pipeline CAPEX. Galimova et al.’s smaller methanol diameters 
explain their higher costs, while Papadias et al.’s use of HDSAM CAPEX 
[46] leads to moderate hydrogen but the highest methanol LCOT for 
comparable diameters. Under their low-WACC scenario, Galimova 
et al.’s [45] methanol LCOT (16 inch) aligns closely with ours (20 inch) 
due to similar CAPEX assumptions.

4.3. Comparing pipeline and shipping costs

To evaluate the competitiveness of pipeline-based imports, we 
compared our calculated pipeline transport costs with the shipping costs 
reported by Genge et al. [47] (see Fig. 10). In our comparison, we refer 
specifically to the 25th and 75th percentiles for the transport cost spans 
from Ref. [47] excluding conversion (e.g. liquefaction of hydrogen, 
synthesis of methanol and FT products) and reconversion (e.g. gasifi
cation of liquefied hydrogen, cracking). For FT diesel (FTD), shipping 
costs range from 0.03 to 0.3 €2023/MWh/1,000 km. In contrast, our 
estimated pipeline transport costs for FT crude are substantially higher: 
1.4 for new and 0.7 €2023/MWh/1,000 km for repurposed pipelines. The 
shipping costs for liquefied hydrogen range from 1.2 to 13.4 
€2023/MWh/1,000 km. Our pipeline transport estimates for gaseous 
hydrogen fall within this range, amounting to 16.7 (new) and 5.7 
€2023/MWh/1,000 km (repurposed). Methanol shipping costs are re
ported to lie between 0.1 and 0.8 €2023/MWh/1,000 km. In comparison, 
our pipeline transport costs are at least twice as high, with 2.8 (new) and 
1.5 €2023/MWh/1,000 km (repurposed).

Our findings show that pipeline transport, particularly for newly 
constructed infrastructure, is generally more expensive than shipping. 
Pipeline transport costs for FT crude and methanol exceed shipping costs 
by a factor of two or more. Although pipeline transport of gaseous 
hydrogen falls within the cost range of liquefied hydrogen shipping, it 
remains at the upper end when new infrastructure is required.

However, a direct comparison between pipeline and shipping in this 
case is challenging because the studies differ not only in transport dis
tance but also lack consistent capacity assumptions, LH2 liquefaction 
and regasification costs are not included, and there is no direct maritime 
link for the route under consideration. Our case study assumes a pipeline 
distance of approximately 700 km designed for a capacity of 0.3 Mt/yr 
hydrogen and 15 Mt/yr hydrocarbons. In contrast, the shipping routes 
analysed by Genge et al. [47] span 2,500 to 24,000 km. However, no 
annual capacity figures are provided, further complicating the com
parison. As outlined in the motivation for this study, shipping becomes 
increasingly competitive for very large distances. For the case examined, 
a meaningful comparison should consider the entire supply chain, 
including pipeline transport versus combined shipping and inland nav
igation, and be based on similar distance and capacity assumptions.

4.4. Limitations of this study

This section reflects on modelling and case study limitations related 
to (1) technical and (2) economic simplifications, and (3) the routing 
approach. While these aspects may influence the local routing of new 
pipelines, they do not substantially affect absolute cost levels, and the 
relative LCOT ranking across fluids and the routing of repurposed 
pipelines remain robust. 

(1) Technical assumptions: A uniform pipeline diameter of 20 
inches is assumed for comparability, although existing TAL di
ameters range from 26 to 40 inches. With a constant throughput, 

Fig. 7. Case study – LCOT for new and repurposed pipeline configurations: (a) total LCOT in €2023/kg, (b) total LCOT in €2023/MWh, and (c) cost breakdown shown as 
relative shares in %. 
Note: Although CO2 has no intrinsic heating value, a fictitious lower heating value of 3.5 kWhlhv/kg is assigned to enable a meaningful comparison of CO2 pipeline 
transport costs with those of the other fluids in €2023/MWhlhv. This value is derived from CO2's mass share in methanol production (see Table B.2).
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using larger diameters or allowing variable flow conditions for 
hydrogen would increase CAPEX and LCOT. This means that our 
current LCOT estimates are likely on the low side, especially for 
hydrogen (see Supplementary data S2). Introducing n-1 pump 
redundancy would marginally increase absolute costs but does 
not materially affect relative cost relationships, as pump-related 
costs constitute only a limited share of total LCOT.

(2) Economic simplifications: OPEX exclude fluid-specific opera
tional aspects such as pigging frequency. While this may increase 
O&M costs for liquids, they do not alter the qualitative finding 
that liquid transport remains substantially cheaper than gas 

transport. Similarly, uncertainty in pump CAPEX has only a 
minor influence on LCOT, as confirmed by sensitivity analyses.

(3) Routing approach and case-study specificity: The model is 
validated against the TAL pipeline, reproducing its routing along 
the initial section of the corridor, with deviations occurring 
where TAL branches toward Austrian and Bavarian refineries that 
are not considered in this study. Routing simplifications, such as 
averaged elevation per tile (6.5 × 6.5 km), disregarding parallel 
pipeline strings, simplified pump elevation factors, and the 
exclusion of soil types or geohazards, may result in locally 
different routes and slightly different absolute LCOT but do not 
alter the relative LCOT ranking. Although the Alpine import 

Fig. 8. Case study - Sensitivity analysis. 
Note: The parameters in the sensitivity analysis were varied to compare their respective LCOT outcomes against the LCOT results of the new pipeline configuration. 
The only exception is the parameter “pipeline repurposing factor”, which is compared against the LCOT results of the repurposed pipeline configuration.

Fig. 9. LCOT comparison between this study, DeSantis et al. [29], Galimova et al. [45], and Papadias et al. [20] 
Note: The converted LCOT values are taken from [27]. MeOH – methanol; oil (products) refers to FT crude in our study; DeSantis et al.: oil (products) refers to crude 
oil. Galimova et al.: LCOT values for methanol are shown for lower (5%) and higher (9%) WACC assumptions; Papadias et al.: The hydrogen content in methanol was 
calculated stoichiometrically.
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corridor analysed here is not representative of all routes, sensi
tivity analyses indicate that variations in terrain primarily affect 
routing choices rather than LCOT.

Overall, the identified limitations may influence local routing de
cisions or absolute cost levels minorly but do not affect the comparative 
LCOT results. Some assumptions would lead to alternative routes for 
newly constructed hydrogen or CO2 pipelines rather than fundamentally 
different cost outcomes, while the dominance of pipeline CAPEX and the 
cost-saving potential of existing infrastructure ensure stable relative 
rankings across fluids and robust routing outcomes for repurposed 
pipelines. The model therefore provides reliable results for strategic 
import assessments, whereas detailed infrastructure planning remains a 
subject for future research.

4.5. Outlook

The case study indicates that transporting liquid hydrogen de
rivatives by pipeline is more cost-effective than transporting gaseous 
hydrogen. Future assessments should examine the number of parallel 
pipeline strings and evaluate additional import routes that combine 
shipping and pipeline transport to provide more route-specific recom
mendations for hydrogen and derivatives infrastructure planning.

Lower import costs for hydrogen derivatives could lead to a reloca
tion of industrial value chains to regions where derivatives are pro
duced. In light of transport costs, the hydrogen import volumes outlined 
in Germany's hydrogen strategy may need to be reassessed, particularly 
after further analysis of importing hydrogen (derivatives) via existing 
pipelines, especially for import corridors without a maritime link, and 
when considering the entire supply chain. In this context, existing 
pipelines from countries bordering the EU could be utilized. Moreover, 
ships and pipelines can complement each other: For instance, ships 
could be used for global transport to European ports, from where 
pipelines could then be employed for further transmission within 
Europe. As a result, lower hydrogen import quantities and reduced 
hydrogen grid capacities could be more realistic than previously 
assumed. However, as feedstock costs were not considered in this study, 
further analysis of complete supply chains is required to draw robust 
conclusions. This is particularly relevant for sectors that could begin 
value creation either from hydrogen or from its derivatives.

Further analyses of optimal transport options should also address the 
issue of resilience. Recent developments in the energy sector have 

demonstrated that the reliability of energy transport and the protection 
of infrastructure against various forms of disruption or attack are critical 
factors in comprehensive assessments.

5. Conclusions and recommendations for action

International trade in hydrogen and its derivatives will play a key 
role in future energy systems and this study indicates that transporting 
hydrogen derivatives via pipelines may offer cost and infrastructure 
advantages at scale, particularly in regions lacking maritime links. 
However, existing research has largely focused on gaseous hydrogen 
pipelines and the shipping of hydrogen derivatives. While direct 
hydrogen transport is typically more cost-effective where molecular 
hydrogen is required at the point of use, hydrogen derivatives can be 
directly utilized in sectors such as refining, chemicals, and transport. 
Consequently, the choice between importing hydrogen or derivatives is 
highly sector-specific and involves both techno-economic and strategic 
considerations, including regional value creation.

Current energy system studies often neglect or simplify pipeline 
imports of hydrogen derivatives, limiting the robustness of import 
strategies. This study addresses this gap by developing an enhanced 
modelling framework that integrates geographic, infrastructural, and 
techno-economic parameters for gaseous and liquid fluids and is 
designed to serve as an interface and input for energy system models.

Fluid-specific properties strongly influence pipeline pressure re
quirements, CAPEX, and the feasibility of repurposing existing infra
structure. By integrating spatial data with Dijkstra-based routing, the 
model enables comparative LCOT assessments for hydrogen, CO2, FT 
crude, methanol, and kerosene, while remaining readily adaptable to 
additional fluids. The case study of a 20-inch pipeline between Trieste 
and Karlsruhe demonstrates that liquid fuels can achieve significantly 
lower LCOT despite higher pumping requirements. Transporting 
gaseous hydrogen can be up to 35 (10) times more expensive per kilo
gram (MWh) than transporting liquid hydrogen derivatives, reflecting 
hydrogen's low energy density. Repurposing oil and gas infrastructure 
generally offers major cost advantages, although it is unsuitable for CO2 
transmission due to higher pressure requirements. In new pipelines, the 
average transport cost of gaseous hydrogen is 556 €2023/kg/1,000 km, 
compared with up to 17 €2023/kg/1,000 km for liquid derivatives. In 
repurposed pipelines, the corresponding costs are 189 €2023/kg/ 
1,000 km and approximately 8 €2023/kg/1,000 km. Sensitivity analyses 
identify pipeline CAPEX, infrastructure reuse, and WACC as the most 

Fig. 10. LCOT comparison between (a) pipeline (this study) and (b) shipping (adapted from Genge et al. [47]). 
Note: All LCOT values are normalized to 1,000 km and expressed in €2023/MWhlhv for comparability. In this study, CO2 was assigned a fictive lower heating value 
based on stoichiometric assumptions for methanol synthesis (see Table B.2). FTD – Fischer Tropsch Diesel, LH2 – liquefied hydrogen, MeOH - methanol. LCOT values 
do not include conversion or reconversion steps.
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influential cost drivers, while electricity prices and pump CAPEX play a 
secondary role.

Existing literature and analyses on the pipeline transport of hydrogen 
derivatives are scarce and often rely on widely varying assumptions 
regarding diameter, distance, and capacity. This study and its results 
therefore contribute to the scientific discussion on transporting 
hydrogen and its derivatives, providing comparable properties and 
transparent assumptions. In particular, modelling the transport of FT 
crude and the reuse of existing infrastructure for derivatives remains 
underexplored. Overall, the identified limitations may slightly affect 
local routing or absolute cost levels but do not change the comparative 
LCOT results. Pipeline CAPEX and the cost advantages of reusing 
existing infrastructure ensure robust relative cost rankings across fluids. 
The model therefore provides reliable results for strategic import as
sessments, while detailed infrastructure planning remains subject to 
future research.

Future research should therefore incorporate GIS-based routing, 
infrastructure repurposing potential, throughput variability, and hybrid 
transport chains combining pipelines and shipping.

From a policy and infrastructure planning perspective, future ana
lyses should adopt a system-wide approach that considers full supply 
chains, feedstock availability, infrastructure reuse, and resilience as
pects. Importing hydrogen derivatives may reduce the need for large- 
scale hydrogen infrastructure in certain sectors. Overall, this study 
provides a foundation for improved modelling of pipeline transport and 
highlights the importance of fluid selection, infrastructure reuse, and 
route optimization for cost-effective import strategies for climate- 
neutral fluids.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.esr.2026.102146.

Appendix B. Model formulation and supplementary results

B.1 Nomenclature

Abbreviation ​
CAPEX Capital expenses
CO2 Carbon dioxide
const. constant
DAC Direct air capture
FLH Full-load hours
FT Fischer Tropsch
GIS Geographic information system
H2 Hydrogen
HVC High value chemicals
Kero Kerosene
km Kilometre
LCOT Levelized cost of transport
LCPA Least cost path analysis
lhv Lower heating value
MeOH Methanol
MWh Megawatt hour
O&M Operational and maintenance costs
TAL Transalpine Ölleitung (engl.: Transalpine Pipeline)
TWh Terawatt hour
OPEX Operational expenses
RE Renewable energy
ROW Right of Way
rep repurposed
WACC Weighted average cost of capital

(continued on next page)
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(continued )

WC Working capital
​ ​ ​

Symbol Unit ​
AFs

j,i - Annuity factor for equipment j in tile i
AFs

pipe,i - Annuity factor for pipeline in tile i and pipeline configuration 
s

AFpump,i - Annuity factor for pump/compressor in tile i
cp,f J⋅kg− 1⋅K− 1 Specific heat capacity for fluid f

CAPEXPump,f

(
Ps

i,f

)
€2023⋅MW− 1 Capacity-specific pump CAPEX for fluid f and pipeline 

configuration s
CAPEXPipe,f

(
Df ,L

)
€2023⋅km− 1 m− 1 Diameter-specific pipe CAPEX per km for fluid f

CAPEXs
Pipe,i,f €2023 Pipeline CAPEX for fluid f in tile i and pipeline configuration s

CAPEXs
Pump,i,f €2023 Pump or compressor CAPEX for fluid f in tile i and pipeline 

configuration s
Df m Pipeline diameter for fluid f
e - End tile
Fs

Pipe,i,f - Pipeline cost factor for fluid f in tile i and pipeline 
configuration s

FPump,inst - Pump/compressor installation factor
FPump,i,elev - Elevation-specific cost factor for pumps in tile i
FLH h Full-load hours
g m⋅s− 2 Gravity
hi m Elevation start in tile i
hi+1 m Elevation end in tile i/elevation start in tile i+1
k mm Pipeline roughness for pipeline configuration s
knew mm Roughness for new pipelines
krep mm Roughness for repurposed pipelines
KK,i - Pipeline corridor cost factor in tile i
KL,i - Land use cost factor in tile i
KM,i - Sea depth cost factor in tile i
KP,i - Population density cost factor in tile i
KS,i - Slope cost factor in tile i
Km,i - Cost factor for geographic layer m in tile i
κf - Specific heat ratio for fluid f
lf km Pump/compressor interval for fluid f
Lf ,iterated km First iteration for total pipeline length for fluid f
Li km Pipeline length in tile i
LHVf kWh⋅kg− 1 Lower heating value for fluid f
LCOTs

f €2023⋅kg− 1, 
€2023⋅MWh− 1

Total levelized cost of transport for fluid f and pipeline 
configuration s

LCOTs
i,f €2023⋅kg− 1, 

€2023⋅MWh− 1
Levelized cost of transport for fluid f in tile i and pipeline 
configuration s

λs
f - Friction factor of fluid f and pipeline configuration s

Mf g⋅mol− 1 Molar density of fluid f
ṁf kg⋅s− 1 Mass flow of fluid f
μf mPa⋅s Dynamic viscosity of fluid f
Ns

i,f - Number of compression stages for fluid f in tile i and pipeline 
configuration s

ṅf mol⋅s− 1 Molar flow of fluid f
ns

j a Lifetime of equipment j for pipeline configuration s
ηComp,f % Compressor efficiency for fluid f (=hydrogen)
ηPump,f % Pump efficiency for fluid f (=CO2, MeOH, FT crude, Kero)

OPEXfix,depr,s
pipe,i,f

€2023⋅kg− 1 Annual pipeline depreciation for fluid f in tile i and pipeline 
configuration s

OPEXfix,depr,s
pump,i,f

€2023⋅kg− 1 Annual pump/compressor depreciation for fluid f in tile i and 
pipeline configuration s

OPEXfix,OM,s
i,f

€2023⋅kg− 1 Annual operation and maintenance cost for pipeline and 
pumps/compressors fluid f in tile i and pipeline configuration 
s

OPEXvar
pipe,i,f €2023⋅kg− 1 Annual heating pipeline OPEX for fluid f in tile i

OPEXvar,s
pump,i,f €2023⋅kg− 1 Annual energy pump/compressor OPEX for fluid f in tile i and 

pipeline configuration s
O&M % of CAPEX Operation and maintenance cost share
pel €2023⋅kWh− 1 Electricity price
pelev,i,f bar Elevation loss for fluid f in tile i
ps

frict,i,f bar Friction loss for fluid f in tile i and pipeline configuration s
ps

i,f bar Pipeline inlet pressure for fluid f in tile i and pipeline 
configuration s

Δps
i,f bar Total pressure loss for fluid f in tile i and pipeline 

configuration s
ps

i+1,f bar Pipeline outlet pressure for fluid f in tile i+1 and pipeline 
configuration s

pmax,f bar Maximum pipeline design pressure for fluid f
pmin,f bar Minimum pipeline design pressure for fluid f
pop,f bar Pipeline inlet pressure for fluid f

(continued on next page)
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(continued )

Ps
i,f

MW Average pump/compressor capacity for fluid f in tile i and 
pipeline configuration s

⃒
⃒
⃒Ps

i,f

⃒
⃒
⃒ MW Absolute pump/compressor capacity for fluid f in tile i and 

pipeline configuration s i
PComp,i,f MW Required compressor capacity for fluid f in tile i and pipeline 

configuration s
Ps

i,f MW Required pump/compressor capacity for fluid f in tile i and 
pipeline configuration s

Ps
Pump,i,f MW Required pump capacity for fluid f in tile i and pipeline 

configuration s
R J⋅mol− 1⋅K− 1 Universal gas constant
Ref - Reynolds number for fluid f
ρf kg⋅m− 3 Density for fluid f
Tb,f K Base temperature for fluid f
Tf

◦C Fluid temperature for fluid f
ΔTf K Temperature difference between ambient and fluid f
TCIsPipe,i,f €2023 Total capital pipeline investment for fluid f in tile i and 

pipeline configuration s
TCIsPump,i,f €2023 Total capital pump/compressor investment for fluid f in tile i 

and pipeline configuration s
vf m⋅s− 1 Flow velocity for fluid f
vopt,f m⋅s− 1 Economically optimal flow velocity for fluid f
WACCi % Weighted average cost of capital in tile i
WC % of CAPEX Working capital
xf - Compression ratio per stage for fluid f
Zf - Gas compressibility factor for fluid f
ξ - Discharge coefficient for pipeline friction losses
​ ​ ​

Indices ​
Subscript ​
i tile
i+1 Neighbouring tile
j Equipment (=pump/compressor, pipeline)
f Fluid
m Geographic layer (=slope, sea depth, population density, land use, and pipeline 

corridors)
Superscript ​
s Pipeline configuration (=new, repurposed)

B.2 Data input

B.2.1 Geographical factors
The geography-specific cost factors Km reflect various routing constraints m, including slope (S), sea depth (M), population density (P), pipeline 

corridor (K), and land use (L). If no such corridor is used, a penalty factor (KK,i) may be applied to increase CAPEX by 100%. When a pipeline corridor is 
crossed, the land use factor is adjusted accordingly. Further details are provided in the original HyTROM model description [36].

Table B. 1 
Input parameters: Geographical factors, adapted from [36].

Geographical factors

Symbol Unit H2 CO2 MeOH FT crude Kero Source, Note

Slope KS,i - 1-4 1)
Sea depth KM,i - 1-99 1)
Population KP,i - 1-99 1)
Land use KL,i - Outside corridor: 1-99, Within corridor: Reduced 1), 2)
Pipeline corridor KK,i - Outside corridor: 2; Within corridor: 1 1), 3)
Weighted average cost of capital WACCi % Country specific 1)

Notes:
1) See the original HyTROM model description by Ref. [36].
2) Land use cost factors are reduced within existing pipeline corridors. Specifically, the cost multipliers for protected areas and forests are decreased by 10%. For 
wetlands and water crossings, multipliers of 3 and 4 are applied, respectively, instead of the standard values of 4 and 5 [36].
3) The term corridor refers to designated regions where pipeline infrastructure already exists.

B.2.2 Technical pipeline parameters
Within the model the fluid parameters are assumed to remain constant along the pipeline. This simplification is necessary to limit model 

complexity. All technical pipeline parameters are summarized in Table B.2.
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Table B. 2 
Input parameters: Technical pipeline parameters, adapted from [28].

Technical Parameters

Symbol Unit H2 CO2 MeOH FT crude Kero Source, Note

Phase - - Super-critical liquid liquid liquid liquid 1)
Temperature Tf

◦C 15 15 15 15 15 2)
Pressure Max pmax,f bar 80.5 195.5 691) 691) 69 3)

Operating pop,f bar 70 170 60 60 60 4)
Min pmin,f bar 30 90 >1 >1 >1 5)

Dynamic viscosity μf mPa ⋅ s 0.0088 0.1042 0.6542 7.4285 1.2315 1), 6)
Density ρf kg/m3 5.6 942.3 801.1 773.8 821.0 1), 6)
Lower heating value LHVf kWh/kg 33.3 (3.5) 5.5 11.9 11.9 7)
Specific heat capacity cp,f kJ/(kg ⋅K) 29.14 2.12 2.47 2.05 2.01 1), 8)
Gravity g m/s2 9.81 ​
Economic velocity vopt,f m/s 9.40 3.06 3.2 3.17 3.16 9)
Roughness New pipe knew mm 0.01 10)

Repurposed krep mm 0.15 10)
Specific heat ratio κf - 1.41 - - - - 1)
Compressibility factor Zf - 1.05 - - - - 11)
Molar density Mf g/Mole 2.02 44.01 32.04 - - 1)
Efficiency ηPump,f % 75 12)

ηComp,f % 75 12)
Universal gas constant R J/(mol ⋅K) 8.314 ​
Compres. ratio per stage xf - 2.1 - - - - 13)

Notes:
1) Data for all fluids at the specified temperature and operating pressure are sourced from Ref. [48].
2) The fluid temperature is assumed to correspond to the ambient temperature of a buried pipeline. LTFT crude is wax-like under ambient conditions [49] and requires 
further upgrading to meet pipeline transport specifications comparable to conventional petroleum products.
3) Maximum pressure is defined as 15% above the operating pressure. For CO2 transport, this value can reach up to 250 bar [50] and is set to 200 bar in our analysis 
based on [28]. For all other liquids, values are derived from typical oil pipeline specifications [51].
4) Hydrogen transmission pipelines are economically operatable between 70 and 100 bar [52–54]. In Germany, some planned pipelines are designed for up to 120 bar 
[55]. For repurposed natural gas pipelines, lower operating pressures of 40–100 bar are expected [56]. A standard operating pressure of 70 bar is therefore assumed. 
Liquid CO2 generally requires higher pressures of 90–250 bar for cost-effective transport [50] and is set to 170 bar in our analysis based on [28]. For methanol, FT 
crude, and kerosene, an operating pressure of 60 bar is assumed, based on a maximum pressure of 64 bar in oil product pipelines [51] and our own pressure-drop 
estimations.
5) Minimum pressures are derived from Ref. [57]. For liquid hydrocarbons, values are set above the respective vapor pressure to ensure single-phase flow [57].
6) Thermophysical properties of treated FT crude are taken from Refs. [49,58].
7) The lower heating value (lhv) is included in the parameter set to enable the conversion of the LCOT from €2023/kg to €2023/MWhlhv. Lower heating values are sourced 
from Ref. [59]. CO2 has no intrinsic heating value. For comparability, a fictive value was assigned based on its 88% mass share in methanol synthesis (1 CO2 + 3H2 → 1 
CH3OH + 1H2O). Given that 1 mol of methanol contains 1,18 kWh (lhv) and 1 mol of CO2 has a mass of 44 g, this corresponds to a notional LHV of (1,18/0,044 = ) 3, 
5 kWh/kg for CO2.
8) Data for FT crude and kerosene is based on [59] at ambient conditions. Treated FT crude is assumed to exhibit thermophysical properties similar to those of Diesel 
fuel.
9) Economic flow velocities are calculated using a regression-based approach (Eq. 1) adapted from Ref. [60].
10) Pipeline roughness values are estimated based on data from Refs. [31,60,61].
11) The compressibility factor for H2 is taken from Ref. [62], with typical values ranging from 1.03 to 1.07 for pressures between 50 and 100 bar and temperatures from 
− 150 ◦C to 100 ◦C.
12) Pump efficiencies are estimated from Refs. [60,63,64], H2 compressor efficiencies from Ref. [52]; Efficiencies for pumps and compressors include electrical driver 
losses.
13) The compression ratio per stage for H2 (usually between 2,1 and 4,0) is adopted from Ref. [52].

The economic flow velocity is calculated using a regression-based formula derived from Ref. [60] (Eq. 1). 

vf = vopt,f =
13,729

ρ0,219
f

= const. (1) 

The model uses the outlet pressure of pumps or compressors as the operating pressure. The minimum pipeline pressure corresponds to the pump/ 
compressor inlet pressure, while the maximum pipeline pressure includes a safety margin and is relevant for pipeline design and regulatory approval. 
The maximum pressure is set to be 15% above the operating pressure. In our model, we consider only intermediate booster stations and explicitly 
exclude any initial compressors or pumps required to raise the fluid from ambient pressure to the designated operating pressure.

B.2.3 Economic parameters
The CAPEX for pipeline and pumps/compressors are derived from pressure requirements and material specifications based on values reported in 

the literature [28]. Each fluid is assigned a specific maximum pipeline pressure. Pipeline CAPEX per kilometre increase with inner diameter and vary 
by fluid, as each fluid is operated at a defined maximum pressure level. The highest values are observed for CO2, followed by hydrogen, methanol, and 
oil. Pump CAPEX, which are primarily determined by pump capacity, follow a similar trend. Here as well, higher pressure levels correspond to higher 
specific CAPEX. Consequently, CO2 shows the highest specific pump CAPEX, followed by hydrogen, methanol, and oil. The regression formulas used to 
estimate pipeline and pump (or compressor) CAPEX are presented in Figure B.1. 
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Fig. B.1. Specific CAPEX for pipelines and pumps/compressors, adapted from Ref. [28]. 
Notes: 
a) CAPEX for pipelines were extrapolated from 80 to 100 bar natural gas systems to higher pressure levels, based on data from Refs. [65,66]. An additional 5% was 
added for hydrogen, CO2, and methanol pipelines to account for material degradation due to embrittlement or corrosion [29,67]. The following regression models 
were derived, with x representing the inner diameter in metres and y the CAPEX in million €2023 per kilometre - CO2: y = 1.8412x2 

+ 0.539x + 0.2264, R2 
= 0.9986; 

H2: y = 1.1112x2 + 0.654x + 0.1839, R2 = 1; MeOH: y = 1.0606x2 + 0.6508x + 0.1848, R2 = 1; Oil: y = 1.0101x2 + 0.6198x + 0.176, R2 = 1. 
b) CAPEX for pumps and compressors were extrapolated from Ref. [68] and adjusted using a pressure factor based on a reference pressure of 69 bar for natural gas 
systems. It is assumed that 50% of total costs are attributable to materials, and that material intensity and construction complexity are the primary cost drivers. The 
pressure adjustment was applied exclusively to the material cost component. The following regression models were derived, with x representing pump capacity in 
MW and y CAPEX in M€2023/MW - CO2: y = 4.0341x− 0,226, R2 = 1; H2: y = 2.7361x− 0,226, R2 = 1; MeOH: y = 2.1047x− 0,226, R2 = 1; Oil: y = 2.0045x− 0,226, R2 = 1.

Selecting the pipeline configuration s (=new, repurposed) extends the original HyTROM model. For repurposed pipelines, CAPEX can be reduced 
to 10-90%, depending on the transported fluid. For new pipeline construction, CAPEX can be reduced to 90%, if the route follows an existing pipeline 
corridor. These values are based on [28] (see Table B.3).

Table B. 3 
Input parameters: Pipeline economics, adapted from [28].

Symbol Unit H2 CO2 MeOH FT crude Kero Source, Note

Specific pipe CAPEX CAPEXPipe,f
(
Df ,L

)
€2023/(km ⋅ m) See fluid specific regression formula in Figure B. 1a) -

Specific pump CAPEX CAPEXPump,f
(
Pi,f
)

€2023/MW See fluid specific regression formula in Figure B. 1b) -
Pipeline factor New Fnew

Pipe,i,f - 0.9 1)
Repurposing Frep

Pipe,i,f - 0.2 0.9 0.2 0.1 0.1 1),2)

Pump factor Elevation ≥ 0 FPump,i,elev - Route: 1, LCOT: 1 3)
Elevation < 0 Route: 0.5, LCOT: 0
Installation FPump,inst - 2 4)

Lifetime nPump yr 20 5)
​ nnew

Pipe yr 40 5)
​ nrep

Pipe yr 30 5)
Working capital WC % of CAPEX 30 6)
Operation & maintenance OPEXfix,OM,s

i,f
% of CAPEX 5 7)

Full-load hours FLH h 8,000 8)
Electricity price pel €2023/kWh 0.05 Own assumption

Notes:
1) The pipeline factor only applies within a pipeline corridor – a region where pipeline infrastructure already exists – and otherwise is attributed the value 1. Con
structing new pipelines along existing routes can lead to CAPEX savings of approximately 10 to 15% using RoW [28].
2) Existing pipeline infrastructure is not suitable for repurposing to transport liquid CO2 due to the significantly higher pressure requirements, up to 250 bar [50], compared 
to the typical design pressure of existing pipelines, which is limited to approximately 100 bar [28]. Therefore, when considering repurposing for CO2 transport, typically 
only the existing right-of-way (RoW) can be used to reduce pipeline CAPEX. In contrast, repurposing NG pipelines for hydrogen transport is considered more cost-effective 
(20% of new pipeline CAPEX) [28]. By analogy, repurposing CAPEX of 20% is assumed for methanol when utilizing existing pipelines. For FT crude and kerosene transport, 
it is assumed that only pipeline cleaning would be necessary for reuse (10% of new pipeline CAPEX) [28]. For hydrogen, see Ref. [36].
3) The pump elevation factor is the only geographical parameter that affects pump CAPEX and variable OPEX and is an own estimation. Negative elevation would 
theoretically result in negative pump CAPEX and OPEX; this must be corrected in the final LCOT calculation. A stepwise approach is introduced in the data processing 
methodology: (I) to determine the optimal pipeline route, and (II) to calculate the corresponding LCOT on the tiles along the optimal route.
4) The pump installation factor is adopted from Refs. [52,68,69].
5) Reported lifespans for pipeline infrastructure in the literature range from 15 to 55 years [50,52–54,64,65,70–73]. For pumps and compressors, the assumed operational 
life typically spans 15 to 25 years [50,52,70,72,74].
6) The working capital represents the additional investment required to commission the installed infrastructure. These costs are typically estimated at approximately 30% 
of CAPEX. An example is given in Ref. [52].
7) Reported O&M cost estimates vary by equipment type and source. Values range from 1.5% to 5% of capital costs, with pipelines typically at the lower end and 
compressors and pumps at the higher end [50,54,75]. A uniform rate of 5% is applied in this study to reflect the absence of explicitly accounted labour costs and to 
anticipate increased maintenance requirements beyond the expected service life of pumps and compressors.
8) Pipelines are generally designed for continuous operation, as confirmed by industry sources [22].
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B.3 Data processing

B.3.1 Step 1: Model initialization
To initialize the model, 

• the considered region is divided into tiles,
• one start and one end point are defined,
• one pipeline configuration s is chosen (new or repurposed),
• one diameter Df (or alternatively a mass flow rate ṁf ) is selected for all fluids, and a
• fluid-specific pump interval lf is derived.

A dedicated spatial layer is created for each geographic parameter: population density, land use, slope, sea depth, elevation, and WACC. These 
layers are superimposed to form a composite grid, where each node represents a tile of 6.5 km × 6.5 km and contains all relevant geographic attributes. 
For further details on the geographic layering and routing optimization methodology, see Ref. [36].

To ensure comparability across different transported fluids, either the pipeline diameter Df or the mass flow rate ṁf must be fixed. If the diameter is 
fixed, the corresponding mass flow rates ṁf are calculated using Eq. 2, which depends on the fluid-specific density ρf and flow velocity vf : 

ṁf =
Df

2⋅ρf ⋅π⋅vf

4
(2) 

If the fluids are to be compared based on mass flows rather than diameter, the mass flow rate is fixed and Eq. 2 is rearranged to solve for the cor
responding diameter Df .

A preliminary pressure loss estimation is carried out on a flat pipeline profile to determine average pump intervals for each fluid (see Supple
mentary data S2). This estimation is based on the selected diameter Df , pipe roughness k, economic flow velocity vf , fluid density ρf , and viscosity μf , 
assuming no elevation changes.

B.3.2 Step 2: Pressure loss calculation per tile
The technical pipeline parameters are used to determine the pressure loss in bar per tile and fluid, denoted as Δps

i,f (Eq. 3). The total pressure loss 
consists of frictional losses ps

frict,i,f and elevation-related losses pelev,i,f : 

Δps
i,f = ps

i − ps
i+1 = ps

frict,i,f+pelev,i,f (3) 

Fluids may be considered incompressible if pressure loss is below 10%, or up to 40% under certain conditions [76]. Frictional losses ps
frict,i,f are 

calculated based on the length of the pipeline segment per tile Li, the inner diameter Df , flow velocity vf , friction factor λs
f , and fluid density ρf (Eq. 4). 

The frictional losses for gases and liquids are estimated using the empirical Darcy-Weisbach formula [76]. Losses due to bends and fittings (repre
sented by ξ) are neglected, as their influence on long-distance pipelines is considered negligible [31]: 

ps
frict,i,f = ξ⋅

v2
f

2
+

ρf ⋅λ
s
f ⋅Li⋅v2

f

Df ⋅2
,with ξ = 0 (4) 

The fluid- and pipeline configuration-specific friction factor λs
f is calculated using a Colebrook–White approximation by Papaevangelou and Fang 

[77], which requires the Reynolds number Ref , relative roughness ks, and inner diameter Df . As Eq. 5 shows, the Reynolds number increases with 
decreasing dynamic viscosity μf , and increasing density, velocity, and diameter. A higher Reynolds number generally results in a higher friction factor 
under turbulent flow conditions: 

λs
f =

1,613
[

ln

(

0, 234⋅
(

ks

Df

)1,1007

− 60,525
Ref

1,1105 +
56,291

Ref
1,0712

)]2,with Ref =
ρf ⋅vf ⋅Df

μf
(5) 

Elevation-related pressure losses pelev,i,f are calculated based on the elevation difference (hi+1 − hi) between two adjacent nodes (i+1, i), constant 
fluid density ρf , and gravitational acceleration g (Eq. 6): 

pelev,i,f = ρf ⋅ g ⋅ (hi+1 − hi),with ρf = const. (6) 

Based on the total pressure loss Δps
i,f and pump efficiency ηPump the required pump capacity Ps

Pump,i,f per tile is calculated as (Eq. 7): 

Ps
i,f =Ps

Pump,i,f =
ṁf

ρf ⋅ηPump
⋅Δps

i,f ,with ρf = const. (7) 
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For hydrogen, compressor capacity Ps
Comp,i,f is calculated using the multistage compression model from Ref. [52]. The calculation requires the outlet 

pressure pi,f , inlet pressure pi+1,f , base temperature Tb,f , universal gas constant R, specific heat ratio κf , compressibility factor Zf , isentropic efficiency 
ncomp,f , compression ratio per stage xf , and number of compression stages Nf (Eqs. 8-9). 

Ps
i,f =Ps

Comp,i,f =Ns
i,f ⋅
(

κf

κf − 1

)

⋅
(

Zf

ηComp,f

)

⋅ Tb ⋅ ṅf ⋅ R ⋅

⎡

⎢
⎢
⎣

(
pi,f

pi+1,f

)

(

κf − 1
Ns

i,f ⋅κf

)

− 1

⎤

⎥
⎥
⎦,with ps

i,f = ps
i+1,f +

(
ps

frict,i,f + pelev,i,f

)
(8) 

Ns
i,f =

log

(
ps

i,f
ps

i+1,f

)

log
(
xf
) (9) 

B.3.3 Step 3: LCOT calculation per tile
One of the two pipeline configurations s is chosen: Either all pipelines along the route are newly constructed (new), or, if pipelines already exist 

along the route, they are repurposed (rep). For both configurations, pumps and compressors are assumed to be newly procured. The LCOT per tile and 
fluid is calculated for repurposed or new pipelines (LCOTs

i,f ) based on the following OPEX: depreciation of pipeline (OPEXfix,depr,s
pipe,i,f ) and pump infra

structure (OPEXfix,depr,s
pump,i,f ), fixed operation and maintenance (OPEXfix,OM,s

i,f ), variable costs for pumping energy (OPEXvar,s
pump,i,f ) and optional pipeline heating 

(OPEXvar
pipe,i,f ) (Eq. 10): 

LCOTs
i,f =OPEXfix,depr,s

pipe,i,f + OPEXfix,depr,s
pump,i,f + OPEXfix,OM,s

i,f + OPEXvar,s
pump,i,f + OPEXvar

pipe,i,f (10) 

A two-step approach is introduced: 

• Step I is used for route optimization. It includes negative pump CAPEX and OPEX to minimize edge weights.
• Step II is used to determine the actual LCOT for the tiles along the optimal route. It nulls negative pump CAPEX and OPEX to give realistic LCOT.

Integrating cost calculations (Step II) into the data processing as well as considering pipeline repurposing are extensions of the original HyTROM 
model. Table B.4 summarizes the geographical routing factors for pipelines and pumps applied in both steps and pipeline configurations. 

Table B. 4 
Data processing: Pipeline and pump factors for calculating Step I and II for new and repurposed pipelines.

Pipeline 
configuration s

Step1) Pipeline routing factors Km,i
2) Pipeline cost 

factors 
Fs

Pipe,i,f

Pump cost factors

FPump,i,elev FPump,inst

​ ​ Slope Sea depth Population Land use 3) Corridor 4) 5) Positive 
elevation

Negative 
elevation

Installation

New I KS,i KM,i KP,i KL,i - Fnew
Pipe,i,f 1 0.5 2

​ II KS,i KM,i KP,i KL,i - Fnew
Pipe,i,f 1 0 2

Repurposed I KS,i KM,i KP,i KL,i KK,i Frep
Pipe,i,f 1 0.5 2

​ II KS,i KM,i KP,i KL,i - Frep
Pipe,i,f 1 0 2

Notes.
1) Step I yields the optimal route; Step II yields the respective LCOT.
2) All values for pipeline routing factors can be found in Table B.1.
3) For an existing pipeline corridor, the land-use factor is reduced to the pipeline land-use factor.
4) In the repurposed configuration and Step I, a penalty factor is applied for not using an existing pipeline corridor.
5) The pipeline cost factor only applies within a pipeline corridor, a tile where pipeline infrastructure already exists. The values are presented in Table B.3.

Impact of negative elevation on LCOT. Geographical gradients directly affect pipeline energy demand. In the case of descending terrain, negative pump 
capacities may occur, potentially resulting in negative pumping-related CAPEX and OPEX. While technically plausible, such negative values pose 
challenges for routing algorithms such as Dijkstra, which cannot handle negative edge weights. To address this, the pump capacity is calculated by 
taking the absolute value to avoid negative results, and two distinct steps are implemented and applied to the same tile: Step I for routing and Step II for 
calculating LCOT. Both apply a pump cost factor FPump,i,elev, which adjusts CAPEX and OPEX based on elevation changes at the tile level.

In Step I, negative CAPEX and OPEX values, arising from downhill segments, are partially accounted for by crediting 50% of their magnitude to the 
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corresponding edge weight. To comply with Dijkstra's algorithm, any resulting negative total cost is set to zero, ensuring non-negative LCOT values 
within the routing graph.

In Step II, we follow a conservative accounting principle: all negative pump-related costs are set to zero in the final LCOT calculation. This prevents 
an overestimation of economic benefits from gravitational pressure gains and ensures that only economically justifiable cost reductions are 
considered.

This stepwise approach allows geographical advantages to be considered during route optimization, while preserving the integrity of the cost 
assessment. It ensures that routes along favourable gradients are preferred during routing without artificially lowering the LCOT. The method is 
especially relevant in mountainous regions where elevation has a non-negligible impact on pipeline energy performance.

Capital expenses (CAPEX) and total capital investment (TCI). Depreciation is derived from TCI, which is based on fluid-specific CAPEX. Pipeline CAPEX 
are now directly added to the routing algorithm, which were considered in the post-processing of the resulting route in HyTROM [36]. Pipeline CAPEX 
per tile (CAPEXs

Pipe,i,f ) for new or repurposed pipelines are calculated using a regression formula for the diameter- and length-specific pipeline CAPEX 
CAPEXPipe,f

(
Df , L

)
(Figure B.1a)), multiplied by the configuration-specific pipeline factor Fs

Pipe,i,f if a pipeline exists in tile i, and adjusted by 
geography-specific routing factors Km,i (Eq. 11): 

CAPEXs
Pipe,i,f = Fs

Pipe,i,f ⋅CAPEXPipe,f
(
Df , L

)
⋅ Li⋅

(

1+
∑

m
Km,i − 1

)

, (11) 

with s = new, rep; and m = slope, sea depth, population density, land use, pipeline corridors
The pipeline factor is 1 if no pipeline exists in the tile. The value range of all routing factors Km (for slope, sea depth, population density, land use, 

and pipeline corridors) and fluid-specific pipeline factors Fs
Pipe,i,f can be found in Table B.1 and Table B.3, respectively.

The pump CAPEX per tile CAPEXs
Pump,i,f are calculated by taking the absolute pump capacity to avoid negative results. Therefore, we use a fluid- and 

capacity-specific CAPEX regression formula CAPEXPump,f
(
Pi,f
)

(Figure B.1b)) based on the average pump capacity per tile Ps
i,f , multiplied by the 

absolute pump capacity per tile 
⃒
⃒
⃒Ps

i,f

⃒
⃒
⃒ and adjusted by the elevation-specific cost factor FPump,i,elev (Eq. 12). FPump,i,elev values are shown in Table B.3. 

CAPEXs
Pump,i,f = FPump,i,elev⋅CAPEXPump,f

(
Ps

i,f

)
⋅
⃒
⃒
⃒Ps

i,f

⃒
⃒
⃒ (12) 

The model incorporates economies of scale by averaging pump capacity over the entire pumping interval instead of calculating pump CAPEX based 
on the specific capacity required for each tile. For example, if a pumping interval covers 100 km and requires a total capacity of 0.1 MW, and a tile 
represents 10 km of that interval, the tile is assumed to contribute proportionally. The pump capacity is therefore multiplied by a factor of ten. The 
specific pump CAPEX in €2023/MW are then estimated based on a 1 MW pump rather than a 0.1 MW unit. This reflects the cost advantage of larger 
equipment. Thus, to calculate the average pump capacity per tile, the total pump capacity per tile (Eq.s (7) and (8)) is multiplied by the fluid-specific 
pumping interval lf and divided by the length of the pipeline per tile Li (Eq. 13): 

Ps
i,f =

⃒
⃒
⃒Ps

i,f

⃒
⃒
⃒⋅

lf
Li

(13) 

TCI is then calculated by applying the working capital (WC) on pipeline CAPEX (Eq. 14), as well as the pump installation factor (FPump,inst) and WC 
on pump CAPEX (Eq. 15): 

TCIs
Pipe,i,f =CAPEXs

Pipe,i,f ⋅(1+WC) (14) 

TCIs
Pump,i,f =CAPEXs

Pump,i,f ⋅FPump,inst⋅(1+WC) (15) 

Fixed and variable operational expenses (OPEX). Fixed OPEX include an annual depreciation for pipeline (OPEXfix,depr,s
pipe,i,f ) and pumps (OPEXfix,depr,s

pump,i,f ), and 
costs for operation & maintenance (OPEXfix,OM,s

i,f ). Annual depreciation is calculated using the annuity factor method (Eq. 16–18), which accounts for 
asset lifetime ns

j and country-specific weighted average cost of capital WACCi: 

OPEXfix,depr,s
pipe,i,f =TCIs

Pipe,i,f ⋅AFs
pipe,i (16) 

OPEXfix,depr,s
pump,i,f =TCIs

Pump,i,f ⋅AFpump,i (17) 

AFs
j,i =

(1 + WACCi)
ns

j ⋅ WACCi

(1 + WACCi)
ns

j − 1
,with j= pump, pipeline; and for pipeline s= new, rep (18) 
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The fixed annual OPEX for operation & maintenance are calculated as a percentage of total CAPEX (Eq. 19): 

OPEXfix,OM,s
i,f =O&M⋅

(
CAPEXs

Pipe,i,f +CAPEXs
Pump,i,f

)
(19) 

Variable OPEX include pump energy and optionally pipeline heating costs. Pumping energy costs are based on pump capacity, FLH, electricity 
price pel, and the elevation-specific cost factor FPump,i,elev (Eq. 20). Pipeline heating costs are an optional model feature and based on fluid-specific mass 
flow ṁf , FLH, heat capacity cp,f , temperature difference ΔTf between the fluid Tf and the environment Tambient, electricity price pel, and the ratio of tile 
length Li to total pipeline length Lf ,iterated, which needs to be approximated first (Eq. 21). 

OPEXvar
Pump,i,f =Ps

Pump,i,f ⋅FLH⋅pel⋅FPump,i,elev (20) 

OPEXvar
pipe,i,f =

ṁf ⋅FLH⋅cp,f ⋅ΔTf ⋅pel

3600
⋅

Li

Lf ,iterated
,with ΔTf = Tf − Tambient (21) 

B.3.4 Step 4: Route optimization along tiles
The Dijkstra algorithm is applied to evaluate all possible routes between the defined start and end point, selecting the path with the lowest cu

mulative edge weights. The total LCOT per tile and fluid in Step I is assigned as the weight of each edge in the routing graph. The algorithm processes 
all feasible paths and identifies the optimal route that minimizes the sum of tile-specific LCOT values. The LCOT are recalculated in Step II by omitting 
negative CAPEX and OPEX due to downhill sections. This results in the lowest overall LCOT for each fluid along the selected route: 

LCOTs
f =

∑e

i=1
LCOTs

i,f ,with i = 1 as start tile, and e as end tile (22) 

B.4 Sensitivity analysis

Table B. 5 
Parameter value range for sensitivity analysis

Parameter Symbol Fluid Unit Parameter values

− 50% Base case +50%

Pipe CAPEX CAPEXnew
Pipe,H2(20 inch) H2 k€2023/km 402 803 1205

CAPEXnew
Pipe,CO2(20 inch) CO2 k€2023/km 488 975 1463

CAPEXnew
Pipe,Oil(20 inch) FT Crude, Kero k€2023/km 376 752 1128

CAPEXnew
Pipe,MeOH(20 inch) MeOH k€2023/km 395 789 1184

Pump CAPEX1) CAPEXPump,H2(1MW) H2 M€2023/MW 1.368 2.736 4.104
CAPEXPump,CO2(1MW) CO2 M€2023/MW 2.017 4.034 6.051
CAPEXPump,Oil(1MW) FT Crude, Kero M€2023/MW 1.003 2.005 3.008
CAPEXPump,MeOH(1MW) MeOH M€2023/MW 1.053 2.105 3.1575

WACC WACCi All % 2.4 - 3.4% 4.7 - 6.9% 7.1 - 10.3%
Pipeline repurposing factor3) Frep

Pipe,H2 H2 % 10 20 30

Frep
Pipe,CO2 CO2 % 45 90 (135)2)

Frep
Pipe,Oil FT Crude, Kero % 5 10 15

Frep
Pipe,MeOH MeOH % 10 20 30

Pump elevation factor4) FPump,elev All % 25 50 75
Electricity price pel All €2023/kWh 0.025 0.05 0.075

Note:
1) The parameter value for pump CAPEX refers to a 1 MW pump as a representative case.
2) The pipeline cost factors for CO2 pipelines exceed 100 percent when increased by 50 percent. Due to this unrealistic outcome, these cases are excluded from the 
sensitivity analysis.
3) Pipeline CAPEX reduction for repurposing along existing infrastructure.
4) Pump CAPEX reduction for downhill sections.

B.5 Routing coordinates

The pipeline begins in northern Italy at an oil storage facility in San Dorligo della Valle near Trieste (latitude: 45.6135488713083; longitude: 
13.8584630613874), with the endpoint in southwestern Germany at the MiRO refinery in Karlsruhe (latitude: 49.0570441469371; longitude: 
8.32222523403309). The start and endpoints are consistent with existing infrastructure data provided by Ref. [78].
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B.6 Elevation frequency per tile

Fig. B. 2. Elevation frequency per tile for (a) new and (b) repurposed pipeline configuration.
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Fig. B. 3. Case study - Routing map with elevation and TAL pipeline for (a) new and (b) repurposed pipeline configuration.
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B.7 Routing maps

Fig. B. 4. Case study - Routing map with slope factors for (a) new and (b) repurposed pipeline configuration.
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Fig. B. 5. Case study - Routing map with population factors for (a) new and (b) repurposed pipeline configuration.
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Fig. B. 6. Case study - Routing map with land use factors for (a) new and (b) repurposed pipeline configuration.

N. Pieton et al.                                                                                                                                                                                                                                  Energy Strategy Reviews 65 (2026) 102146 

24 



Data availability

Data will be made available on request.
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grünen Wasserstoffs nach Deutschland bis zum Jahr 2030 [Online]. Available: 
https://energiesysteme-zukunft.de/publikationen/materialien/transportoptionen 
-wasserstoff-2030, Nov. 2022. (Accessed 17 September 2023).

[66] FNB Gas, Netzentwicklungsplan gas 2020-2030 [Online]. Available: https:// 
fnb-gas.de/wp-content/uploads/2021/09/fnb_gas_nep_gas_2020_de-1.pdf, 2021. 
(Accessed 15 June 2025).

[67] The U.S. Department of Transportation, Transport of Methanol by Pipeline, 1985. 
Washington, D.C.. (Accessed 31 January 2026).

[68] D.R. Woods, Appendix D: capital cost guidelines, in: Rules of Thumb in Engineering 
Practice, John Wiley & Sons, Ltd, 2007, pp. 376–436 [Online]. Available: htt 
ps://onlinelibrary.wiley.com/doi/10.1002/9783527611119.app4.

[69] A. Almasi, "Estimate Pump Installation Costs," Pumps & Systems, 2014. https 
://www.pumpsandsystems.com/estimate-pump-installation-costs. (Accessed 4 
January 2025).

[70] M.D. Solomon, M. Scheffler, W. Heineken, M. Ashkavand, T. Birth-Reichert, 
Pipeline infrastructure for CO2 transport: cost analysis and design optimization, 
Energies 17 (12) (2024) 2911, https://doi.org/10.3390/en17122911.

[71] M. Moritz, M. Schönfisch, S. Schulte, Estimating global production and supply costs 
for green hydrogen and hydrogen-based green energy commodities, Int. J. 
Hydrogen Energy 48 (25) (2023) 9139–9154, https://doi.org/10.1016/j. 
ijhydene.2022.12.046.

[72] R.S. Aries, R.D. Newton, Chemical engineering cost estimation [Online]. Available: 
https://search.worldcat.org/de/title/576484307. (Accessed 16 July 2024).

[73] C. Weimer, How Old is Too Old? A Look at aging transmission pipeline 
infrastructure issues [Online]. Available: https://pstrust.org/wp-content/uploads/ 
2015/12/Weimer-Old-Pipes.pdf, 2015.

[74] Hydraulic Institute, Europump, and US Department of Energy's Office of industrial 
technologies (OIT), "pump life cycle costs: a guide to LCC analysis for pumping 
systems: Executive summary," [Online]. Available: https://www.energy.gov/eere 
/amo/articles/pump-life-cycle-costs-guide-lcc-analysis-pumping-systems-exe 
cutive-summary, 2001. (Accessed 17 July 2024).

[75] C. Yang, J. Ogden, Determining the lowest-cost hydrogen delivery mode, Int. J. 
Hydrogen Energy 32 (2) (2007) 268–286, https://doi.org/10.1016/j. 
ijhydene.2006.05.009.

[76] J. Phillip Ellenberger (Ed.), Piping and Pipeline Calculations Manual, second ed., 
Butterworth-Heinemann, Boston, 2014.

[77] L. Zeghadnia, J.L. Robert, B. Achour, Explicit solutions for turbulent flow friction 
factor: a review, assessment and approaches classification, Ain Shams Eng. J. 10 
(1) (2019) 243–252, https://doi.org/10.1016/j.asej.2018.10.007.

[78] ENTSOG, System capacity map [Online]. Available: https://www.entsog.eu/maps, 
2025. (Accessed 10 March 2025).

N. Pieton et al.                                                                                                                                                                                                                                  Energy Strategy Reviews 65 (2026) 102146 

26 

https://transitionaccelerator.ca/wp-content/uploads/2023/04/TA-Technical-Brief-1.1_TEEA-Hydrogen-Compression_PUBLISHED.pdf
https://transitionaccelerator.ca/wp-content/uploads/2023/04/TA-Technical-Brief-1.1_TEEA-Hydrogen-Compression_PUBLISHED.pdf
https://doi.org/10.3390/en15072507
https://doi.org/10.1016/j.rser.2020.110171
https://doi.org/10.1016/j.rser.2020.110171
https://www.bundesnetzagentur.de/DE/Fachthemen/ElektrizitaetundGas/Wasserstoff/Kernnetz/start.html
https://www.bundesnetzagentur.de/DE/Fachthemen/ElektrizitaetundGas/Wasserstoff/Kernnetz/start.html
https://www.bundesnetzagentur.de/DE/Fachthemen/ElektrizitaetundGas/Wasserstoff/Kernnetz/start.html
https://www.bundesnetzagentur.de/DE/Fachthemen/ElektrizitaetundGas/Wasserstoff/Kernnetz/start.html
https://www.bundesnetzagentur.de/DE/Fachthemen/ElektrizitaetundGas/Wasserstoff/Kernnetz/start.html
https://publications.ieaghg.org/docs/General_Docs/Reports/PH4_6%20TRANSMISSION%20REPORT.pdf
https://publications.ieaghg.org/docs/General_Docs/Reports/PH4_6%20TRANSMISSION%20REPORT.pdf
https://publications.ieaghg.org/docs/General_Docs/Reports/PH4_6%20TRANSMISSION%20REPORT.pdf
https://doi.org/10.1039/B614187K
https://www.engineeringtoolbox.com/
https://www.engineeringtoolbox.com/
https://nitsri.ac.in/Department/Chemical%20Engineering/PED_ResourceBook1.pdf
https://nitsri.ac.in/Department/Chemical%20Engineering/PED_ResourceBook1.pdf
http://refhub.elsevier.com/S2211-467X(26)00112-4/sref61
http://refhub.elsevier.com/S2211-467X(26)00112-4/sref61
http://refhub.elsevier.com/S2211-467X(26)00112-4/sref61
https://h2tools.org/hyarc/hydrogen-data/hydrogen-compressibility-different-temperatures-and-pressures
https://h2tools.org/hyarc/hydrogen-data/hydrogen-compressibility-different-temperatures-and-pressures
https://netl.doe.gov/projects/files/FECMNETLCO2TransportCostModel2024DescriptionandUsersManual_082324.pdf
https://netl.doe.gov/projects/files/FECMNETLCO2TransportCostModel2024DescriptionandUsersManual_082324.pdf
https://doi.org/10.1016/j.cherd.2012.05.012
https://doi.org/10.1016/j.cherd.2012.05.012
https://energiesysteme-zukunft.de/publikationen/materialien/transportoptionen-wasserstoff-2030
https://energiesysteme-zukunft.de/publikationen/materialien/transportoptionen-wasserstoff-2030
https://fnb-gas.de/wp-content/uploads/2021/09/fnb_gas_nep_gas_2020_de-1.pdf
https://fnb-gas.de/wp-content/uploads/2021/09/fnb_gas_nep_gas_2020_de-1.pdf
http://refhub.elsevier.com/S2211-467X(26)00112-4/sref67
http://refhub.elsevier.com/S2211-467X(26)00112-4/sref67
https://onlinelibrary.wiley.com/doi/10.1002/9783527611119.app4
https://onlinelibrary.wiley.com/doi/10.1002/9783527611119.app4
https://www.pumpsandsystems.com/estimate-pump-installation-costs
https://www.pumpsandsystems.com/estimate-pump-installation-costs
https://doi.org/10.3390/en17122911
https://doi.org/10.1016/j.ijhydene.2022.12.046
https://doi.org/10.1016/j.ijhydene.2022.12.046
https://search.worldcat.org/de/title/576484307
https://pstrust.org/wp-content/uploads/2015/12/Weimer-Old-Pipes.pdf
https://pstrust.org/wp-content/uploads/2015/12/Weimer-Old-Pipes.pdf
https://www.energy.gov/eere/amo/articles/pump-life-cycle-costs-guide-lcc-analysis-pumping-systems-executive-summary
https://www.energy.gov/eere/amo/articles/pump-life-cycle-costs-guide-lcc-analysis-pumping-systems-executive-summary
https://www.energy.gov/eere/amo/articles/pump-life-cycle-costs-guide-lcc-analysis-pumping-systems-executive-summary
https://doi.org/10.1016/j.ijhydene.2006.05.009
https://doi.org/10.1016/j.ijhydene.2006.05.009
http://refhub.elsevier.com/S2211-467X(26)00112-4/sref76
http://refhub.elsevier.com/S2211-467X(26)00112-4/sref76
https://doi.org/10.1016/j.asej.2018.10.007
https://www.entsog.eu/maps

	Transporting the future: A methodology and case study for pipeline imports of hydrogen derivatives to Germany
	1 Introduction
	1.1 The role of hydrogen derivatives in Germany's future energy system
	1.2 The role of transport costs and pipelines in hydrogen supply chains
	1.3 Research gaps in modelling pipeline transport of hydrogen derivatives
	1.4 Research question and paper structure

	2 Model framework: HyTROM+
	2.1 Profound extensions to HyTROM
	2.2 Data input
	2.3 Data processing
	2.4 Output

	3 Case study: importing hydrogen derivatives from Trieste to Karlsruhe
	3.1 Model initialization
	3.2 Routing
	3.3 Pressure losses
	3.4 Levelized cost of transport (LCOT)
	3.5 Sensitivity analysis

	4 Discussion
	4.1 Key findings
	4.2 Model validation
	4.3 Comparing pipeline and shipping costs
	4.4 Limitations of this study
	4.5 Outlook

	5 Conclusions and recommendations for action
	Author contributions statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Appendix B. Model formulation and supplementary results
	B.1 Nomenclature
	B.2 Data input
	B.2.1 Geographical factors
	B.2.2 Technical pipeline parameters
	B.2.3 Economic parameters

	B.3 Data processing
	B.3.1 Step 1: Model initialization
	B.3.2 Step 2: Pressure loss calculation per tile
	B.3.3 Step 3: LCOT calculation per tile
	Impact of negative elevation on LCOT
	Capital expenses (CAPEX) and total capital investment (TCI)
	Fixed and variable operational expenses (OPEX)

	B.3.4 Step 4: Route optimization along tiles

	B.4 Sensitivity analysis
	B.5 Routing coordinates
	B.6 Elevation frequency per tile
	B.7 Routing maps

	Data availability
	References


