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A B S T R A C T

The emergence and design of hydrogen transport infrastructures are crucial steps towards the development of a 
hydrogen economy. However, pipeline routing remains underdeveloped in hydrogen infrastructure design 
models, despite its significant impact on the resultant cost and network configuration. Many previous studies 
assume uniform cost surfaces on which pipelines are designed. Studies that consider a variable cost surface focus 
on designing candidate networks rather than bespoke routes for a given infrastructure. This study proposes a 
novel multi-stage approach based on a graph-based Steiner tree with Obstacles Genetic Algorithm (StObGA) to 
route pipelines on a complex cost surface for multi-source multi-sink hydrogen networks. The application of 
StObGA results in cost savings of 20–40% compared to alternative graph-based methods that assume uniform 
cost surfaces. Furthermore, this publication presents an in-depth methodological comparative analysis of 
different pipeline routing and sizing methods used in the literature and discusses their impact. Finally, we 
demonstrate how this model can generate design variations and provide practical insights to inform industry and 
policymakers.

Abbreviation Description
StObGA Steiner tree with obstacles genetic algorithm
IEA International energy agency
FID Final investment decision
MST Minimal spanning tree
CCUS Carbon capture, utilisation and storage
GIS Geographic information system
MINLP Mixed-integer non-linear programming
PSO Pipeline sizing optimisation
GA Genetic algorithm
MOP Maximum operating pressure
REPD Renewable energy planning database
DPA Densely populated area
AGI Above ground installation
LCOHT Levelised cost of hydrogen transportation
TRL Technological readiness level
SMR Steam methane reforming
Symbols Description
ΔPij Pressure differential along arc (i, j) (Pa)
κDF Design factor
κE Longitudinal joint factor
μ Dynamic viscosity (Pa s)

(continued on next column)

(continued )
ρ Fluid density (kg/m3)
τp Minimum yield stress (Pa)
τw Pipeline shear (N/m2)
Reij Reynolds number along arc (i, j)
ξ Pipe roughness (mm)
aij Binary variable indicating existence of arc (i, j)
Bijd Binary diameter activation variable
C Total cost of pipeline infrastructure ($ millions)
Ci Consumption at node i (kg/yr)
CC

ij Capital cost of pipeline along arc (i, j) ($ millions)
Dsi

d Commercially available inner diameters (m)
Dso

d Commercially available outer diameters (m)
Dpi

d Inner diameter of pipeline along arc (i, j) (m)
Dpo

d Outer diameter of pipeline along arc (i, j) (m)
fij Friction factor along arc (i, j)
Lwn Weighted length of network n (m)
Lobs

ij,o Length of arc (i, j) within obstacle o (m)
Lij Length of pipeline along arc (i, j) (m)
Lw

ij Weighted length along arc (i, j) (m)
Lfree

ij Length of arc (i, j) outside of obstacles (m)
Np

ij Number of parallel pipelines along arc (i, j)
(continued on next page)
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(continued )
PMOP Maximum operating pressure (Pa)
Pi Production at node i (kg/yr)
Pout

i Outflow pressure at node i (Pa)
Pin

j Inflow pressure node j (Pa)
Qij Flowrate from node i to j (kg/yr)
Qij Total flowrate along arc (i, j) (kg/hr)
Qp

ij Flowrate through each individual pipe along arc (i, j) (kg/hr)
Qki Flowrate from node k to i (kg/yr)
twij Wall thickness along arc (i, j) (m)
twc
ij Minimum wall thickness along arc (i, j) (m)

ve
ij Erosional velocity threshold along arc (i, j) (m/s)

vf
ij Fluid’s velocity along arc (i, j) (m/s)

wo Penalty weighting of obstacle o

1. Introduction

Hydrogen offers large industries a versatile alternative energy vector 
with a high energy density and significant potential for decarbonisation. 
Produced via renewable sources, it can be used as a combustion fuel that 
emits only water or directly in chemical processes, offering flexibility in 
application. However, hydrogen production and adoption remain at a 
very nascent stage [1], inhibited by unfavourable cost estimates [2] and 
a circular dependency in its infrastructure dynamics, where producers, 
consumers, and planners each wait for the others to act first, creating a 
standstill [3].

The International Energy Agency (IEA) tracks the global progress of 
infrastructure projects that aim to use hydrogen as an energy carrier or 
industrial feedstock with the potential of mitigating emissions [4]. In 
2023, the IEA found that many projects remain in the concept and 
feasibility study stages and fail to achieve Final Investment Decisions 
(FIDs) (see Fig. 1).

Of the global projects, only four have made FIDs. These late-stage 
projects have planned relatively small pipeline infrastructures below 
100 km in total network length, while the only operational project 
stands at just 12 km. Over half of the projects propose lengths over 100 
km with the largest few exceeding 2000 km [5–7], yet none of these 
have begun to materialise. Given the nascent state of hydrogen in-
frastructures and the uncertainties in where hydrogen producers and 
consumers will be located, optimal design models prove particularly 
useful. They provide a framework for analysing how design re-
quirements shift across different production and uptake scenarios, 
thereby assisting in strategic planning and implementation [8].

Optimal design models determine the topology and size of the 
hydrogen infrastructure’s pipelines for a given scenario. Many studies 
use a multi-stage methodology [9–11], segregating the infrastructure’s 
routing and design due to the non-linear relationships between routing 
constraints, hydraulic gas dynamics, and the length and flow relation-
ships within networks. The first of these elements, determining the 

infrastructure’s topology, requires a spatially-explicit model to ascertain 
the route and calculate the subsequent pipeline lengths. Simple 
graph-based methods such as Minimal Spanning Tree (MST) [12,13] and 
Steiner tree algorithms [8,14] are commonly used to minimise the 
network length as a proxy for cost. However, minimum-length topol-
ogies rarely align with the optimal minimum-cost networks [8,9]. To the 
authors’ knowledge, only André et al. [9] attempt to address this spe-
cifically within hydrogen infrastructure design. In their study, they 
iteratively refine a MST solution by applying various heuristics, costing 
many topologies then choosing the lowest cost network. The costing 
includes hydrogen pipeline specific attributes like fluid properties and 
diameters. More generally, Heijnen et al. [8] proposes an adapted 
Gilbert-Melzak algorithm to find minimum cost Steiner trees showing 
similar percentage improvements to the design as André et al. [9] but 
generalise the problem by using a flow-cost heuristic with no specific 
considerations of the fluid nor pipeline attributes. Nevertheless, both of 
these approaches and other studies in the literature [15] assume a uni-
form cost surface, ignoring geographical variations, that can result in 
pipelines traversing undesirable or even untraversable areas.

Route design is variable to many geographical obstacles such as 
slopes, transportation crossings, water bodies, forests, and populated 
areas. These areas can either be traversed, typically at a higher cost, or 
evaded [16]. A route should consider areas where traversing is more 
expensive. Only one study by Heijnen et al. [17] considers a varying cost 
surface, albeit simply, by applying a multi-step graph-based methodol-
ogy to find a route around one untraversable obstacle in the routing 
design. Further complexities such as varying traversable cost surfaces 
and many obstacles remain to be studied.

Where simple graphs are not used to define the distribution network, 
studies often utilise pre-defined networks [10,11,18–20], which is apt 
for some pipeline systems such as residential infrastructure and heat 
networks that follow roads [21]. Baufumé et al. [10] and Johnson and 
Ogden [18] use pre-existing infrastructures as templates for their 
hydrogen network routes. Reuβ et al. [11] explore the impact of using 
different route topologies generated from a pre-defined candidate 
network. Parolin et al. [19] utilise a combination of existing roads and 
the gas grid to design their route. Nevertheless, pre-defined routes are 
limited in their scope and fall short as a pragmatic tool where existing 
routes are not appropriate.

Few studies provide a methodology to model pipeline network 
routing where appropriate infrastructure does not exist or the route is 
not known. Only one study (Middleton et al. [22]) found by the authors 
address the creation of candidate pipeline networks with geographical 
considerations for Carbon Capture Utilisation and Storage (CCUS) 
infrastructure design. Middleton et al. applies a 5-step process to 
generate candidate networks on top of grid-based cost surfaces that are 
quantified based on the topography, land use, ownership, and popula-
tion density. Then, this candidate network is input as a topological 
constraint that bounds a network design optimisation model [23]. 

Fig. 1. Left: Bar chart depicting the project status of hydrogen infrastructure projects in Europe. Right: A pie chart presenting the distribution of pipeline network 
lengths for planned and existing hydrogen infrastructure projects. Data sourced from IEA (2023) [4].
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Nevertheless, the generation of a candidate network does not provide an 
optimal topology for a specific scenario but rather a network structure 
that scenarios can be mapped upon and then optimised.

The design of an optimised route in grid-based approaches is con-
strained by the grid’s coarseness; for instance, in Middleton et al.’s 
works [22,24], grids are approximately 1 km × 1 km, which restricts the 
spatial resolution and limits algorithms’ ability to navigate narrow so-
lution spaces where the optimal route may misalign with the grid’s 
discretisation. Moreover, pathfinding methods face difficulties in 
handling significant discontinuities in the cost surface.

After the routing stage, a subsequent design stage determines the 
properties of node interconnections. Some studies choose to investigate 
the different options for transporting hydrogen between locations. Yang 
and Ogden [25] perform a techno-economic analysis comparing three 
hydrogen transportation options: liquid trucks, compressed gas trucks, 
and pipelines; finding that pipelines are generally the most economical 
transportation option, except for cases of exceptionally low flows or long 
distances (>500 km). Parolin et al. [19] study competing modalities 
within an infrastructure design context, demonstrating that the optimal 
configuration for hydrogen refuelling stations is a mix of truck deliveries 
and pipelines, saving between 4 and 11% compared to relying exclu-
sively on a single modality in their case study. However, the authors 
note the high computational costs of including several transport options 
in the optimisation model. Furthermore, multi-modality models are 
particularly suited to large networks with smaller flows, such as 
hydrogen refuelling stations, rather than smaller networks with larger 
flows, like industrial hydrogen infrastructure, where pipelines are 
typically more economical and logistically advantageous [25,26].

Other studies focus primarily on pipelines [9,10,27–29], ranging in 
their complexity. Welder et al. [27] use a fixed gas velocity and linearise 
pipeline costs for varying hydrogen flows. Baufumé et al. [10] determine 
the diameter using a simplified flow equation with a fixed velocity and 
no additional constraints. Other studies [9,28] include the pressure 
differential within the pipelines and a dynamic velocity, therefore con-
tending with the non-linear relationships between the pressure, velocity 
and flowrate. A comparative analysis by Reuβ et al. [11] of the two 
design options argue that fixing the velocity is an acceptable approxi-
mation, but discrepancies increase with larger diameters.

Some studies [18,28,30] consider discrete pipeline sizes as an addi-
tional constraint, making an allowance for only commercially available 
sizes. Whereas André et al. [9] size the pipelines with continuous sizes 
under the pretence that commercial availability may change. Estimating 
the cost difference between models with discrete and continuous sizing 
is relatively straight forward, however none of the literature reviewed 
quantifies this difference.

Many constraint configurations exist for hydrogen network pipeline 
design. The constraints chosen by a study depend on its scope and 
computational limitations. Parolin et al. [19] do not define any pipeline 
attributes within their optimisation; this allows them to incorporate 
multiple modalities as well as production and storage considerations. 
Similarly in the CCUS literature, Becattini et al. [15] put little focus on 
the pipeline design; simply, the pipeline cost is a function of the flow rate 
through each existing arc. Instead, they incorporate optimal equipment 
installation and sizing at production and storage sites. On the other 
hand, studies such as Ejeh et al. [31] focus entirely on pipeline network 
design which provides them with the computational availability to 
include hydraulic, structural, and commercial constraints for a given set 
of pipelines and their corresponding flowrates.

Reducing the complexity of pipeline network routing and design can 
allow for more decision variables at production, storage and consump-
tion sites. This approach can be a useful tool for policymakers trying to 
understand the potential impact of new infrastructures, however, these 
models are limited due to oversimplifying assumptions, particularly to 
engineers and infrastructure planners. Specifically, these models often 
assume a centralised planning strategy where equipment, infrastructure 
and sites are decided in tandem as part of one cohesive problem [32,33]. 

In reality, infrastructure development is influenced by diverse stake-
holders with different objectives and internal environments [34]. 
Consequently, the emergence of new infrastructures depends signifi-
cantly on their decisions. Therefore, this study advocates for models that 
incorporate high-fidelity design stages specific to pipeline networks, as 
they offer more practical insights and flexibility for experimenting with 
infrastructure design.

In this paper, we propose a spatially-explicit, multi-stage optimisa-
tion model for hydrogen pipeline infrastructure design given industrial 
sites with Geographic Information System (GIS) coordinates, and pro-
duction and consumption values. The model’s routing stage utilises the 
Steiner Tree with Obstacles Genetic Algorithm (StObGA) developed by 
Rosenberg et al. [14] to design the infrastructure’s topology with 
consideration of an array of complex geographical obstacles [35]. 
StObGA minimises the network’s length while navigating both travers-
able and untraversable obstacles, allowing us to define a cost surface 
with variable weights based on an area’s traversal cost. The subsequent 
pipeline design stage utilises a Mixed-Integer Non-Linear Programming 
(MINLP) model to define the pipeline dimensions under hydraulic, 
structural, and commercial constraints.

Graph-based routing approaches have primarily improved by 
consolidating the routing and sizing stages to avoid sub-optimal con-
figurations. However, insufficient research has targeted achieving 
complex topologies that account for geographical constraints. For large- 
scale infrastructures, the number and variety of geographical obstacles 
are likely to be large. Many of the hydrogen projects being tracked by 
the IEA are regional or larger in their scope, so the consideration of 
obstacles is particularly relevant, yet no studies reviewed explore their 
impact on the infrastructure’s cost. Where cost surfaces have been 
considered, they have been used to generate candidate networks rather 
than optimal pipeline infrastructure designs for a select scenario.

This study addresses the identified gaps and advance existing work 
through the following contributions: 

• Propose a novel approach to design bespoke multi-source multi-sink 
pipeline network infrastructure with geographical constraints.

• Present how the generation of realistic routes significantly changes 
the topology, thereby reducing the infrastructure costs.

• Quantify the importance of using discrete sizing for hydrogen pipe-
line networks in industrial clusters.

The remainder of this paper is organised as follows: Section 2 in-
troduces the multi-stage model. Section 3.1 presents a UK-based 
regional case study. Then, Section 3 details the results and subsequent 
discussion. Finally Section 4 concludes the study by discussing the key 
insights and impact of this investigation.

2. Methods and data

The proposed method designs hydrogen pipeline networks by con-
necting given sets of supply and demand points, while considering 
geographically constrained areas where pipeline installation incurs a 
higher cost. The problem is modelled as a graph, with supply and de-
mand points represented as terminal nodes and geographical con-
strained areas defined as polygonal shapes on the plane. This section 
introduces three model stages used to design a regional hydrogen 
infrastructure.

Fig. 2 depicts the method’s workflow. First, a route is defined by 
StObGA. StObGA designs the route around user-defined geographical 
constraints which are represented as polygons with a given penalty 
weighting. The use of StObGA allows the model to design the network 
without the need for a candidate network as seen in other studies, 
creating a unique and optimised infrastructure route for a given 
scenario.

The nodes and arcs generated are input into the material balance 
model, formulated as an optimisation model with a cost-weighted length 
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minimisation objective, which is used as a proxy for cost. The material 
balance model specifies which arcs exist, and their direction and flow-
rate. Formulating the material balance in a separate model, as opposed 
to within the Pipeline Sizing Optimisation (PSO) model, provides two 
advantages: 

1. It allows for a more flexible determination of the network structure 
from StObGA’s route, such as the removal of redundant arcs.

2 It enables for more complex pipeline considerations and constraints 
within the PSO model by reducing the problem’s complexity.

The PSO model is a MINLP model that finds the required pipeline 
diameter while minimising the cost, which is a function of the pipeline’s 
length and outer diameter. The PSO considers hydraulic, structural, 
velocity, and commercial constraints.

2.1. StObGA

StObGA was first introduced by Rosenberg et al. [14] as a method to 
solve Euclidean Steiner tree problems with solid (untraversable) and soft 
(traversable) obstacles. The use of StObGA as the routing method ac-
commodates geographical constraints by representing them as polyg-
onal obstacles with a given penalty weighting. StObGA achieves this by 
locating Steiner points, as additional junction nodes in the network, and 
obstacle corner points, that are included in the network routing. These 
are represented in the genome as shown in 1. The first part of the 
genome represents the number and x-y coordinates of the Steiner points 
and is of variable length, and the second part is a fixed-length binary list 
that determines which corner points of the polygonal obstacles are used 
in the network. 
{

(x1, y1), (x2, y2),
(x3, y3

)

,…, (xs, ys)
}

+ [1 0 1 0 0 0 1 1 0 0] (1) 
The final network connections are determined using Kruskal’s MST 

algorithm [12], which constructs a minimum spanning tree that includes 
all terminals, Steiner points, and obstacle nodes. The objective, as 
described in Equation (2), is to minimise the total weighted length of the 
arcs; while the genetic algorithm does not directly optimise this func-
tion, it is guided to converge towards this goal through 
length-minimising tournament selection. The weighted length for each 
arc is calculated as the sum of: (1) the product of the length of any 
section crossing an obstacle and the corresponding obstacle’s penalty 

weighting, and (2) the length of the section outside any obstacles. 

min Lw
n =

∑

(i,j)∈A

⎛

⎝

∑

o∈Oij

Lobs
ij,o ⋅ wo + Lfree

ij

⎞

⎠ (2) 

Algorithm 1 presents a high-level pseudocode of StObGA. The initial 
population consists of various genomes that are created using techniques 
such as Delaunay triangulation to guide Steiner point locations, random 
generation of Steiner points and obstacle corner activation. New pop-
ulations are generated in a two-stage process. First, two parent genomes 
are selected from the population to create a new genome, with part 
sourced from each parent. Second, each child genome performs one of 
three mutations: adding or removing Steiner points, activating or 
deactivating an obstacle corner selection, or shifting the position of 
Steiner points. After many evolutions, the topology converges to a 
minimum cost network that defines the infrastructure’s route. 
Algorithm 1. High-level pseudocode of StObGA 

1: Initialisation:
2: Set GA parameters: population size, tournament size, number of 
children, estimated generations, mutation probabilities, criteria (X)
3: Load nodes and obstacles from input files
4: Create initial genomes using random Steiner points, Delaunay 
triangulation, and random corner points
5: Calculate initial total network length
6: Start GA:
7: Make initial genomes
8: Generate population through mutations and crossovers of initial 
genomes
9: Run GA: 

10: while percentage improvement over last X generations >0.01 
do
11: Generate new population using crossover and mutation
12: Evaluate fitness of each genome in the population
13: Update the best solution if a better genome is found
14: Select genomes for the next generation via tournament 
selection
15: end while

16: Output Results:
17: Retrieve the best genome

Fig. 2. Methodological workflow with a visual depiction of the consecutive model stages and outputs.
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18: Fine tune the Steiner point locations
19: Calculate and output final network distance
The reader is referred to Rosenberg et al. [14] for further 

information.

2.2. Formulation of the material balance model

The material balance model is formulated as an optimisation prob-
lem with the objective of minimising the network’s weighted length Lnw, 
as shown in in Equation (3). Let A denote the set of proposed arcs in the 
network where each arc is represented by an ordered pair of nodes (i,j). 
The binary variable aij indicates whether the arc (i,j) exists, taking a 
value of 1 if the arc is included in the network and 0 otherwise. Lijw 

represents the length of the arc (i,j). 
min Lw

n =
∑

(i,j)∈A
aij × Lw

ij (3) 

Equation (4) describes the conservation of hydrogen at each node i in 
the set N, where N denotes the set of nodes in the network. For each node 
i ∈ N, define the set Ki = {k: (k,i) ∈ A}, which represents all nodes k that 
have arcs directed towards node i. Similarly, define a set Ji such that Ji =
{j: (i,j) ∈ A}, representing all nodes j that have arcs originating from 
node i. The variable Pi represents the hydrogen production at node i, and 
Ci denotes the hydrogen consumption at node i. The term Qki refers to the 
incoming hydrogen flowrate from node k to node i, where k ∈ Ki. 
Similarly, Qij refers to the outgoing hydrogen flowrate from node i to 
node j, where j ∈ Ji. 
∀i∈N. Pi +

∑

k∈Ki

Qki −
∑

j∈Ji

Qij − Ci = 0 (4) 

Equation (5) links the binary decision variable aij with the flowrate 
Qij, ensuring that flow is only possible if the corresponding arc exists. 
Equation (6) imposes a lower bound on Qij, maintaining it above a 
minimal physical threshold when the arc is active. Equation (7) enforces 
the directionality of connections between nodes, allowing each arc (i,j) 
to be oriented in only one direction. This constraint also allows for the 
possibility of eliminating redundant pipelines, enabling the optimisation 
of the network’s structure. 
∀(i,j) ∈ A. Qij − Maij ≤ 0                                                                (5)
∀(i,j) ∈ A. Qij − 0.01aij ≥ 0                                                             (6)
∀(i,j) ∈ A. aij + aji ≤ 1                                                                    (7)

2.3. Formulation of the pipeline sizing optimisation model

The PSO model is built upon the work of Ejeh et al. [31]. Once the 
network structure and flows are fixed, the pipeline design is optimised 
with the cost minimisation function given in Equation (8). The net-
work’s pipeline capital costs CijC are calculated as proposed by Khan et al. 
[36], expressed in Equation (9). Khan et al. [36] provides several 
equations for the capital cost’s components which are used to generate 
Fig. 3 that displays the cost component breakdown over a range of outer 
diameters. The capital costs of each arc (i,j) ∈ A are a function of the 
pipeline’s outer diameter Dijpo, Lijw, and the number of parallel pipes Nijp. 
The operating costs are assumed to equate to 4% of the capital costs 
[19]. 
min C=(1+0.04)

∑

i|(i,j)∈A
CC

ij (8) 

where 

∀(i, j) ∈A. CC
ij =Np

ij
(

61e2.74Dpo
ij + 376

(

Dpo
ij
)2

+2290Dpo
ij +278

)

Lw
ij (9) 

Equation (10) describes the parallel pipeline behaviour along the arc 
(i,j). The flowrate through each individual pipe Qijp on the arc (i,j) is 
found by dividing the total flowrate Qijp by Nijp, therefore, the flowrate is 
equal through each parallel pipe on the same arc. 

∀(i, j) ∈A. Qp
ij = Qij

/

Np
ij (10) 

The hydraulic behaviour of hydrogen in the pipelines is described by 
Equations (11)–(14). Equation (11) is a Darcy Weisbach-based equation 
[37] that defines the pipeline’s inner diameter Dijpi on the arc (i,j). The 
requisites of Dijpi are the pressure differential ΔPij, friction factor fij, and 
Reynold’s number Reij. Equation (12) finds ΔPij by subtracting the fluid’s 
inflow pressure Pjin at node j from the fluid’s outflow pressure Piout 

flowing from node i. Equation (13) describes Reij as a function of Qijp, the 
fluid’s dynamic viscosity μ, and Dijpi. Equation (14) is Swamee Jain’s 
approximation of the Colebrook-White equation [38] used to calculate 
fij, given as a function of the pipe’s roughness ξ, Dijpi, and Reij. 

∀(i, j) ∈A. Dpi
ij =

⎛

⎜

⎜

⎝

8fijQp
ij

2

π2ρ

(

ΔPij
Lij

)

⎞

⎟

⎟

⎠

1
5

(11) 

∀(i, j) ∈A. ΔPij = Pout
i − Pin

j (12) 

∀(i, j) ∈A. Reij =
4Qp

ij
μπDpi

ij
(13) 

∀(i, j) ∈A. fij =
1

(

log10

(

ξ

/

Dpi
ij

3.7 + 5.74
Reij

))2 (14) 

The pipe’s structural constraints are defined by Equations (15)–(20). 
Equation (15) describes the minimum wall thickness tijwc as a function of 
Dijpo, the minimum yield stress τp, design factor κ

DF, longitudinal joint 
factor κE, and the pipeline’s Maximum Operating Pressure (MOP) PMOP. 
Equation (16) imposes that the pipeline’s wall thickness tijw must be 
equal or more than tijwc. This is necessary because the available di-
ameters and schedules may inhibit the pipeline from being designed 
according to its minimum requirements. Equation (17) defines the 
relationship between Dijpo, Dijpi, and tijw.

Equations (18)–(20) describe the constraints on the pipeline’s com-
mercial availability. Let d denote a set of commercially available di-
ameters. The pipeline’s diameters, Dijpo and Dijpi, are given as the sum of 
all products of the commercially viable diameters, Ddso and Ddsi, and their 
corresponding binary activation variable Bdd. Equation (20) enforces that 
only one pair of diameters are chosen by fixing Bdd to equal 1. 

Fig. 3. Percentage distribution of total capital expenditure for pipeline con-
struction based on the outer diameter.
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∀(i, j) ∈A. twc
ij =

PMOP⋅Dpo
ij

2τpκEκDF (15) 

∀(i, j) ∈A. tw
ij ≥ twc

ij (16) 

∀(i, j) ∈A. Dpo
ij = Dpi

ij + 2⋅tw
ij (17) 

∀(i, j) ∈A. Dpo
ij =

∑

d
Dso

d Bd
ijd (18) 

∀(i, j) ∈A. Dpi
ij =

∑

d
Dsi

d Bd
ijd (19) 

∀(i, j) ∈A.
∑

d
Bd

ijd = 1 (20) 

Finally, Equation (22) describes the fluid’s velocity vf through the 
pipeline(s) on arc (i,j) as a function of the fluid’s density ρ, Qijp, and Dijpi. 
Equation (23) bounds vf to be less than or equal to the pipeline’s erosion 
velocity ve, calculated in Equation (21), to avoid pipe deterioration, 
where τw is the pipeline sheer. 

∀(i, j) ∈A. ve
ij =

̅̅̅̅̅̅̅̅

8τw

ρfij

√

(21) 

∀(i, j) ∈A. vf
ij =

4Qp
ij

πρDpi
ij

2 (22) 

∀(i, j) ∈A. vf
ij ≤ ve

ij (23) 

3. Results and discussion

3.1. Case study

The case study explores hydrogen infrastructure design in the 
Humber region of the United Kingdom (UK), a key industrial cluster with 
significant potential for hydrogen energy [39]. Fig. 4 maps the Humber 
cluster, showing the locations of the producers and consumers.

The industrial site data is sourced from several resources. Both 
hydrogen producers and consumers are sourced from the UK hydrogen 
project directory [40] which details active hydrogen projects in the UK. 
Further data on the hydrogen producers is filtered from the Renewable 
Energy Planning Database (REPD) [41], which provides information on 
planned and existing renewable energy projects. Data on the hydrogen 
consumers was sourced and processed from the NAEI point source 

emissions database [42]. The hydrogen demands of the consumers are 
calculated based on typical fuel source compositions in the relevant 
sector [43] and site-specific publicly available information. Appendix A
details the case study’s industrial sites with their location, productio-
n/uptake and sector.

This case study considers four producers and 23 consumers. High-
lighted areas in the region represent the Densely Populated Areas 
(DPAs), identified as significant geographical obstacles. Additionally, 
the River Humber is considered a geographical obstacle. DPAs and the 
River Humber are given a weighting of 2.5 and 10, respectively, based 
on cost weightings from the literature [16].

Previous industrial projects supporting this cluster have planned and 
designed an initial hydrogen infrastructure [44] which is used for 
comparison and discussion, also depicted in Fig. 4 as a blue line with its 
Above Ground Installations (AGIs). The scope of the infrastructure is 
limited to pipelines between industrial sites in the Humber cluster; 
additional pipelines are planned between Easington, Aldbrough, and the 
Teeside cluster which are considered out-of-scope. Compressor stations 
are assumed to exist at all sites with hydrogen outflows and at junctions 
where more than two pipelines converge, with all stations pumping the 
fluid pressure up to 70 bar. The pipeline design, informed by the Na-
tional Grid EIA scoping report [45], specifies a maximum diameter of 
900 mm and a Maximum Operating Pressure (MOP) between 50 and 75 
barg. We consider 817 unique pipeline inner and outer diameter pairs, 
ranging from DN6 to DN2300 with a wide range of schedules.

3.2. Network design results

Fig. 5 illustrates the full network design using the StObGA method 
for the network routing and the MINLP sizing model, incorporating 
geographical, hydraulic, structural and commercial constraints. The 
route bifurcates into two pipeline trunks to avoid crossing the river at 
any wide points and navigates around the edges of the densely popu-
lated areas. The lower trunk distributes larger hydrogen flows to meet 
several more sites with high demands, while the upper trunk is longer 
and serves few industrial sites.

Hydrogen utilisation is categorised into direct and indirect heating 
processes. However, for the purposes of this analysis, hydrogen used in 
Direct Reduced Iron (DRI) production within the iron and steel industry 
is classified under indirect processes. In indirect processes, hydrogen is 
combusted in gas boilers, and the energy is transferred via another 
medium, such as water. In direct processes, hydrogen in combusted to 
produce energy directly for the process, such as in a furnace. Fig. 6
presents two networks where hydrogen supplies only indirect or direct 
processes to explore the effect on the infrastructure’s design. The 

Fig. 4. Potential hydrogen producers (blue) and consumers (red) in the Humber region, UK. Densely populated areas are highlighted as significant geographical 
constraints. The real route, as defined by National Grid, is depicted [35]. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)
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resulting networks separate into several smaller networks to minimise 
overall length. In the full network, balancing production and con-
sumption requires a single network to distribute hydrogen satisfactorily. 
However, reduced demand in alternative scenarios enables the network 
to segregate.

Table 1 provides a quantitative comparison between the three sce-
narios and highlights the differences in demand between direct and in-
direct use-cases in the Humber region. The segregation into several 
networks results in a lower Levelised Cost of Hydrogen Transportation 
(LCOHT) for indirect processes.

The large gap in the LCOHT between the direct and indirect net-
works, compared to the small difference between the full network and 
indirect processes network, indicates that consumption for indirect 
processes in large industrial sites is crucial to keeping infrastructure 
costs low. However, the energy efficiency of hydrogen pathways 
significantly impacts system-wide performance. Hydrogen used for in-
direct applications such as boilers suffer higher conversion losses 
compared to directly electrified alternatives, raising questions about its 
optimal role within the energy system and highlighting competitive risks 
that may mitigate hydrogen uptake.

The Technological Readiness Levels (TRLs) for hydrogen in indirect 
heating applications and the DRI process are more advanced and ex-
pected to enter industry imminently, whereas direct applications remain 

at least a decade away from being ready according to several analyses 
[46,47]. It is likely that hydrogen-consuming industrial sites will want to 
utilise hydrogen for both direct and indirect processes. This has impli-
cations for the infrastructure’s growth as it evolves to meet increasing 
demand from new applications. Infrastructure designers must contend 
with the present economic situation of the current design and make 
allowances for an infrastructure’s growth. In this case, the infrastructure 
should be designed to meet the demand from indirect processes but plan 
for a future where the full network design will emerge. This aspect re-
quires further investigation, particularly in the infrastructure’s routing.

In the analysed scenarios, the economic viability and environmental 
impact of hydrogen deployment depend significantly on the source of 
hydrogen and its use cases within the energy system (see Table 2 and 
Appendix A for detailed information on production technologies). The 
geographical distribution of production methods further influences the 
environmental, economic, and technological outcomes of infrastructure 
design. In this case study, the four producers employ different methods, 
including biomass gasification, green hydrogen production, and Steam 
Methane Reforming (SMR) with Carbon Capture, Utilisation, and Stor-
age (CCUS). Biomass gasification and green hydrogen production sup-
port the decarbonisation of hard-to-abate sectors and significantly 
reduce lifecycle greenhouse gas emissions, while SMR with CCUS lowers 
system-average production costs by leveraging existing fossil fuel 

Fig. 5. Snapshot hydrogen infrastructure design for the Humber cluster assuming full hydrogen uptake.

Fig. 6. Comparison of Hydrogen Infrastructure Design for Indirect and Direct Applications. Left: Design optimised for indirect hydrogen applications. Right: Design 
optimised for direct hydrogen applications.

Table 1 
Comparison of pipeline network properties and costing results for the full, direct, and indirect scenario networks.

Scenario Network Capex 
($millions)

Opex ($millions/ 
yr)

Distribution (tonneH2/ 
30yrs)

LCOHT 
($/tonneH2)

Total simulation capex 
($millions)

Simulation LCOHT 
($/tonneH2)

Full network 1 110.261 4.410 12,300,000 20 110.261 20
Indirect 

processes
1 69.944 2.798 7,600,000 20 81.726 16
2 11.782 0.471 3,700,000 7 ​ ​

Direct 
processes

1 41.485 1.659 900,000 102 65.860 134
2 16.704 0.668 100,000 365
3 7.671 0.307 90,000 196 ​ ​
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resources [48].
These trade-offs between environmental impact, cost, and 

geographic location pose critical challenges for planners. Unlike natural 
gas networks, where fuel sources are largely fixed and predictable [49], 
hydrogen network planning must account for varying locations and 
production methods, adding layers of complexity. The geographical 
location and scale of hydrogen production influence not only 
system-wide economic and environmental outcomes but also the pri-
orities of stakeholders within the energy network. For instance, indus-
trial sites prioritising cost minimisation may resist infrastructure plans 
favouring green hydrogen producers, while stakeholders with a focus on 
decarbonisation may advocate for higher-cost, lower-emission alterna-
tives. Addressing these conflicting priorities requires careful coordina-
tion to balance competing objectives and align network development 
with long-term sustainability goals.

From a systemic perspective, the technological constraints of 
hydrogen infrastructure highlight the readiness of hydrogen systems to 
support diverse energy applications. In single-producer scenarios, cen-
tralised production simplifies integration with existing renewable en-
ergy infrastructure, providing efficiencies of scale but potentially 
limiting adaptability and resilience as demand grows. Conversely, multi- 
producer systems enhance scalability and redundancy by diversifying 
supply sources, but they also introduce operational complexities in 
balancing production, storage, and distribution across dispersed facil-
ities. Furthermore, the intermittent nature of green hydrogen produc-
tion necessitates larger storage capacities to ensure supply continuity, 
which increases total system costs and limits the network’s scalability 
[50]. These challenges underscore the need for dynamic and adaptable 
infrastructure planning that accounts for technological constraints, 
production variability, and diverse stakeholder priorities.

3.3. Comparative analysis of routing methods

An analysis is performed to compare StObGA against alternative 
methods, such as a MST using Prim’s algorithm and a Steiner tree 
method. This comparison highlights the importance of considering 

geographical constraints. Fig. 5 depicts the optimal hydrogen infra-
structure design for the Humber cluster, assuming full uptake of 
hydrogen in the region. This network configuration prefers to avoid the 
river and minimise entry into urban areas. In contrast, the MST algo-
rithm and Steiner tree, shown in Fig. 7, connect the network without 
considering geographical constraints, leading to the traversal of the river 
and DPAs.

Table 3 quantifies the network’s length, cost, geographical penalty 
multiplier, and the adjusted cost when considering the geographical 
penalties. StObGA increases the length by 27% but reduces the cost by 
approximately 25% compared to the next best method, the Steiner tree, 
equating to savings of over $35 million. These differences underscore 
the structural significance of considering geographical constraints. 
Qualitatively, site connections and pipeline bends depend on these 
constraints. These qualitative differences translate into significant 
quantitative gaps in the network’s length and cost. This cost reduction is 
signficant compared to recent literature aiming to reduce costs through 
routing improvements. André et al. [9] presents savings of 10–20% over 
a MST method by iteratively adjusting the route to reduce costs, whereas 
this study presents savings of over 30% over an MST method.

3.4. Comparative analysis of sizing methods

Fig. 8 presents a cost comparison between different sizing methods 
for the same route. The first two columns illustrate the costs associated 
with dynamic velocity optimisation: one using commercially available 
discrete sizes and the other employing a continuous spectrum of di-
ameters. The implementation of discrete diameters is debated in the 
literature, but the quantitative impact of these constraints has not been 
thoroughly investigated. In this case study, the discretisation of pipeline 
sizes increases the cost by an additional $5 million or 4.3%.

The last four columns in Fig. 8 present fixed velocity scenarios 
ranging from 5 to 20 m/s in increments of 5 m/s. Expenditure declines as 
velocity increases, dropping sharply from 5 m/s and then declining more 
gradually. At 5 m/s, the capital costs are 30% higher than the base-
line—dynamic velocity with discrete sizes. The 10 m/s scenario falls 
within 10% of the baseline, while the 15 m/s scenario costs less than the 
baseline but more than the dynamic velocity with continuous sizes 
scenario. The 20 m/s scenario has the lowest costs among the optimi-
sations performed. As the velocity increases in the pipelines, the 

Table 2 
Estimated production costs and GHG emissions for the designed networks for the 
full, direct and indirect scenarios.

Scenario Network Production costs 
($/kgH2)

GHG emissions 
(kgCO2/kgH2)

Production 
TRLs

Full 
network

1 3.44 2.26 5, 7, 8

Indirect 
processes

1 3.98 0.61 5, 8
2 2.20 6.00 7

Direct 
processes

1 3.82 0.67 5, 8
2 2.20 6.00 7
3 4.00 0.60 5

Fig. 7. Minimal spanning tree and Steiner tree topologies.

Table 3 
Cost and length comparison of StObGA, MST and Steiner tree routing methods.

Routing 
Method

Length 
(km)

Cost 
($million)

Geographical 
Penalty

Adjusted Cost 
($million)

StObGA 161.703 93.544 1.179 110.261
MST 133.012 81.572 1.927 157.197
Steiner tree 129.542 80.079 1.824 146.103
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required pressure drop for a given diameter increases, as does the risk of 
exceeding the erosional velocity. None of the scenarios exceed the 
erosional velocity, which ranges between 30 and 60 m/s. However, as 
velocity increases, the additional compressor power required also rises. 
Fig. 9 shows the excess pressure drop required in the fixed velocity 
networks beyond the 40 bar considered in this case study. The most 
affected pipelines are those with high lengths and small diameters. 
Pipelines with low flows and high lengths experience particularly 
extreme excess pressure drops at 20 m/s, exceeding 50 bar. The dynamic 
velocity scenarios manage the pressure drop by increasing the diameter 
and reducing the velocity through the pipe.

Fig. 10 shows a selection of outer and inner diameters, along with the 
corresponding thickness, for a selection of pipelines, providing a 
detailed depiction and comparison of pipeline diameters (see Appendix 
B for a full breakdown of the pipeline specifications). This figure dem-
onstrates that as the diameter increases, the variation between the 
methods also increases. Consequently, for regional and national scales, it 
becomes more crucial to consider complex constraints. At smaller di-
ameters, which are more commonly observed at local scales, the varia-
tion is much smaller and thus has a lesser impact on cost. The trends 

indicate that fixed velocity networks consistently overestimate the 
diameter at higher diameter requirements and underestimate the di-
ameters at smaller scales, although the difference is less significant. For 
this scenario, the best fixed velocity to estimate the cost is 15 m/s. The 
overcompensation of the wall thickness in the discrete diameter network 
is particularly noticeable when compared to continuous diameter pipes, 
with the difference increasing at higher diameters.

3.5. Comparison with the real route

The route designed by the National Grid is compared to the route 
generated by StObGA in Fig. 11. A visual analysis highlights StObGA’s 
capability in handling geographical constraints and minimising the 
network’s traversal of urban areas, similar to the real route. StObGA 
learns to compromise its length for cost reductions, increasing the length 
by 8% compared to a Steiner tree method with a uniform cost surface, 
resulting in a 40% cost reduction.

The direction taken by StObGA around obstacles matches closely 
with the real route. However, the real route further increases the 
network length, suggesting that the cost surface requires additional 
considerations not accounted for in this study. The differences between 
the real and StObGA-generated routes are nuanced. Some differences are 
likely due to geographical constraints not considered in this study, such 
as roads and train tracks, though the exact motivations remain un-
known. Incorporating additional geographical factors such as soil type, 
wildlife ecology, locations of cultural or geological importance, and 
traffic complicate routing paths [45]. These limitations could potentially 
be addressed by including more geographical constraints, either by 
including more obstacles or using more complex compositions of ob-
stacles. Despite these limitations, it is clear that StObGA is suitable for 
generating feasible routes in complex geographical terrains.

4. Conclusions

The vast majority of the hydrogen infrastructure projects tracked by 
the IEA remain in the concept or feasibility study stages. At these stages, 
the configuration of the infrastructures is subject to deep uncertainty as 
stakeholders remain non-committal. The ability of decision-makers to 
generate designs and perform techno-economic analyses for new sites 
and routes is crucial. However, few studies explore the generation of 
bespoke, optimal routes that account for complex geographical 
constraints.

This study addresses this gap by utilising StObGA to find optimal 

Fig. 8. Stacked bar chart presenting the breakdown of the pipeline’s in-
frastructures capital costs for each sizing scenario with a corresponding 
cost breakdown.

Fig. 9. Hydrogen pipeline infrastructure maps with colour gradient representing the excess pressure drop required to meet the hydraulic requirements. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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routes for given scenarios. Following this, a high-fidelity MINLP model is 
employed for pipeline sizing and costing. Using this multi-stage model, 
we investigate the effect of improving the routing algorithm and sizing 
optimisation on the infrastructure’s cost and design.

The key finding is that the consideration of geographical constraints 
significantly reduces the infrastructure’s capital expenditure by between 
20 and 40% compared against previous techniques and aligns with the 
real route designed by experts. StObGA successfully generates networks 
with an increased length in order to reduce its cost on an variably- 
distributed cost surface.

A comparative analysis of various pipeline sizing optimisation con-
figurations is performed to investigate the impact of constraints on the 
cost and design. Specifically, this study compares discrete and contin-
uous sizing, as well as various fixed velocities. Constraining the opti-
misation model to commercially available sizes increases the cost by.

4.3%, with the cost difference growing for larger diameters. These 
results suggest that the cost difference between discrete and continuous 
sizing is significant for hydrogen infrastructure design between indus-
trial sites. Some argue that future available sizes are unknown; however, 
it is reasonable to assume that size discretisation will persist and that 
current commercially available diameters will be a suitable estimate for 

future sizes.
Previous studies advocate for using a fixed velocity, often 10 or 15 

m/s, to estimate pipeline diameters. This study compares several fixed 
velocities against dynamic velocities in the sizing optimisation, high-
lighting the limitations of using a fixed velocity for hydrogen infra-
structure. The investigation suggests that as the fixed velocity decreases, 
so does the likelihood of overestimating the diameters for large flows 
and vice versa. Although the fixed velocity may indicate the accurate 
overall cost, the design is likely to be sub-optimal.

This multi-stage model serves as a methodology for designing 
hydrogen infrastructure for a given set of producers, consumers, and 
variable cost surfaces. This approach differs from other hydrogen energy 
system models, which often attempt to holistically optimise site selec-
tion, equipment, and infrastructural decisions.

In the future, expansions of this work could include increasing the 
capabilities of the snapshot design model by combining hydrogen-CCUS 
and hydrogen-heat pipeline infrastructure designs to generate more 
holistic solutions for industrial clusters. On the other hand, future work 
could instead direct its focus on extending the model to be suitable for 
multi-period applications, which may allow for investigations into 
planning strategies under deep uncertainties in the infrastructure’s 

Fig. 10. Diameters and wall thickness from a selection of pipelines from the tested networks.

Fig. 11. A visual comparison of the StObGA-generated route against the real route.
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configuration.
In the future, this work could be expanded by enhancing the snap-

shot design model by integrating hydrogen-CCUS and hydrogen-heat 
pipeline infrastructure designs to generate more holistic solutions for 
industrial clusters. Alternatively, future efforts could focus on extending 
the model for multi-period applications, enabling investigations of 
planning strategies under deep uncertainties in the infrastructure’s 
configuration.
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Appendix A. Case study details, constraints, and parameters

A1. Input data

Table A1 provides the industrial site data input into the model, including the site, operator, sector, location and production/uptake. As stated in 
Section 3.1, this data is collated from various sources. The data is processed using the method and values found in Ref. [51].

Table A1 
Production and Uptake Data for Various Sites

Site Operator Sector/Production Method Production (kg/yr) Uptake (kg/yr) Longitude Latitude
Grimsby Novartis grimsby ltd Pharmaceuticals – 251,928 −0.117788 53.583828
Great heck Plasmor ltd Cement – 308,950 −1.097508 53.686552
Melton ross Singleton birch ltd Lime – 305,348 −0.364054 53.587179
Hull royal infirmary Hull university teaching hospitals Public administration – 31,886 −0.358218 53.744213
Saltend BP chemicals ltd Chemicals – 2,730,408 −0.238453 53.733631
Goole Guardian industries ltd Glass – 1,065,185 −0.907921 53.698456
Stallingborough Tronox pigment ltd stallingborough Chemicals – 1,327,001 −0.1602 53.616041
Immingham Knauf UK I Minerals – 108,433 −0.19561 53.618828
Grimsby Tronox pigment ltd immingham Chemicals – 238,237 −0.160258 53.614694
Immingham Knauf UK II Minerals – 414,483 −0.190398 53.616951
Stallingborough Synthomer ltd Chemicals – 79,309 −0.141013 53.605407
Rawcliffe bridge Croda rawcliffe Chemicals – 102,578 −0.938592 53.683451
Hull Croda hull Chemicals – 141,263 −0.341623 53.770161
Great coates Industrial energy services ltd Chemicals – 700,277 −0.156067 53.559253
Selby Sedamyl ltd Chemicals – 416,379 −1.052809 53.77894
Scunthorpe Liberty merchant bar plc Steel – 98,926 −0.622434 53.581354
Broomfleet works Wienerberger ltd Minerals – 135,345 −0.698183 53.736181
Grimsby chemical works BASF Chemicals – 79,309 −0.127458 53.590632
Eggborough Saint-gobain glass ltd Glass – 811,268 −1.139104 53.705095
Scunthorpe British steel ltd Steel – 57,800,000 −0.611298 53.575472
Saltend Saltend cogeneration company ltd Power – 123,100,000 −0.244439 53.735517
Immingham VPI immingham LLP Power – 30,000,000 −0.233875 53.640254
Keadby Keadby generation ltd Power – 189,200,000 −0.739847 53.595053
Drax Drax power Biomass gasification 260,420,573 – −0.990414 53.732437
H2H saltend Equinor H2H saltend SMR + CCUS 125,267,975 – −0.238459 53.746877
Brigg RE plant Eco2 brigg RE plant Biomass gasification 14,716,800 – −0.509609 53.542328
Keadby wind farm SSE keadby wind farm Wind-driven electrolysis 10,722,240 – −0.763685 53.611796

A2. Parameters

Table A2 contains parameter values used for the stated case study with references/descriptions of their values.

Table A2 
Case study parameter values and corresponding references

Parameter Value Unit Reference
Density 7.85 kg/m3 Aspen Plus [52] with PENG-ROB method assuming 20C and 25 bar
Dynamic viscosity 0.00000892 Pa s [53]
Pipe roughness 0.0000178 mm [54]
Minimum yield stress 4830 bar [55]
Design factor 0.388 – [56]
Longitudinal joint factor 1 – [37]
Maximum operating pressure 75 bar [45]
Pipeline shear 40 N/m2 [57]
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A3. Production method information

Table A3 contains the production costs, emissions information and technological readiness level values used in the case study with corresponding 
references.
Table A3 
Production Methods, Costs, GHG Emissions, TRL, and References

Production Method Production Costs ($/kgH2) GHG Emissions (kgCO2/kgH2) TRL References
Biomass gasification 4 0.6 5 [50,58]
Wind-driven electrolysis 3.5 0.8 8 [50,59]
SMR with CCUS 2.2 6 7 [48]

Appendix B. Pipeline design results

Table B1 contains pipeline design results for the full network scenario, which is the primary example design that is referred to throughout the 
paper. The visualisation of these results can be found in Fig. 5.

Table B1 
Pipeline design results for the full network scenario as shown in Fig. 5

ID From (Lon, Lat) To (Lon, Lat) ID (m) OD (m) Flow (kg/hr) Vel (m/s) Cap Costs ($M) Op Costs ($M)
0 −0.36405, 53.58718 −0.22763, 53.62719 0.109 0.114 3790 14.3 6.284 7.541
1 −0.98447, 53.73717 −0.97503, 53.73346 0.223 0.273 29553 26.8 0.788 0.945
2 −0.97503, 53.73346 −0.93675, 53.68874 0.223 0.273 29553 26.8 5.881 7.057
3 −0.23846, 53.74688 −0.24123, 53.73639 0.158 0.168 14364 25.8 0.905 1.086
4 −0.76369, 53.61180 −0.73821, 53.59926 0.229 0.273 30544 26.2 2.306 2.767
5 −0.93675, 53.68874 −0.91067, 53.69361 0.260 0.273 29541 19.6 1.903 2.283
6 −0.12746, 53.59063 −0.11779, 53.58383 0.013 0.017 29 7.2 0.375 0.451
7 −0.13419, 53.59115 −0.12746, 53.59063 0.010 0.014 38 15.8 0.167 0.200
8 −1.10168, 53.69825 −1.09751, 53.68655 0.014 0.017 35 8.3 0.504 0.605
9 −1.04752, 53.76474 −1.10168, 53.69825 0.030 0.033 128 6.4 3.443 4.132
10 −0.50961, 53.54233 −0.47008, 53.54862 0.116 0.141 3825 12.8 1.884 2.260
11 −0.47008, 53.54862 −0.40567, 53.56915 0.116 0.141 3825 12.8 3.363 4.035
12 −0.40567, 53.56915 −0.36405, 53.58718 0.116 0.141 3825 12.8 2.368 2.842
13 −0.34162, 53.77016 −0.35822, 53.74421 0.008 0.010 4 2.7 1.118 1.341
14 −0.19561, 53.61883 −0.19040, 53.61695 0.030 0.033 353 17.5 0.169 0.203
15 −0.34435, 53.79199 −0.34162, 53.77016 0.013 0.017 20 5.0 0.922 1.107
16 −0.24123, 53.73639 −0.23845, 53.73363 0.027 0.033 312 19.8 0.150 0.180
17 −0.91067, 53.69361 −0.90792, 53.69846 0.017 0.021 122 18.8 0.222 0.266
18 −0.16061, 53.61517 −0.16020, 53.61604 0.018 0.021 151 21.1 0.039 0.047
19 −0.19040, 53.61695 −0.18510, 53.61257 0.033 0.042 305 13.0 0.265 0.318
20 −0.18510, 53.61257 −0.16061, 53.61517 0.033 0.042 305 13.0 0.726 0.871
21 −0.16026, 53.61469 −0.14101, 53.60541 0.021 0.027 127 13.0 0.660 0.792
22 −0.14101, 53.60541 −0.13419, 53.59115 0.021 0.027 118 12.1 0.664 0.796
23 −0.69818, 53.73618 −0.60345, 53.75597 0.030 0.033 84 4.2 2.776 3.331
24 −0.60345, 53.75597 −0.45557, 53.78674 0.030 0.033 84 4.2 4.330 5.196
25 −0.45557, 53.78674 −0.43840, 53.79133 0.030 0.033 84 4.2 0.520 0.624
26 −0.43840, 53.79133 −0.36007, 53.79334 0.030 0.033 84 4.2 2.165 2.598
27 −0.36007, 53.79334 −0.34435, 53.79199 0.030 0.033 84 4.2 0.438 0.526
28 −0.73821, 53.59926 −0.73314, 53.60156 0.152 0.168 8946 17.0 0.324 0.388
29 −0.73314, 53.60156 −0.72118, 53.60020 0.152 0.168 8946 17.0 0.617 0.741
30 −0.72118, 53.60020 −0.63810, 53.61075 0.152 0.168 8946 17.0 4.307 5.169
31 −0.63810, 53.61075 −0.60608, 53.59937 0.152 0.168 8946 17.0 1.891 2.269
32 −0.60608, 53.59937 −0.60185, 53.58863 0.152 0.168 8946 17.0 0.941 1.129
33 −0.99041, 53.73244 −0.98447, 53.73717 0.260 0.273 29728 19.8 0.692 0.830
34 −0.98447, 53.73717 −0.98563, 53.74490 0.030 0.033 175 8.7 0.362 0.434
35 −0.98563, 53.74490 −0.99125, 53.75223 0.030 0.033 175 8.7 0.375 0.450
36 −0.99125, 53.75223 −1.00828, 53.75841 0.030 0.033 175 8.7 0.552 0.662
37 −1.00828, 53.75841 −1.04752, 53.76474 0.030 0.033 175 8.7 1.124 1.348
38 −0.22763, 53.62719 −0.21449, 53.62239 0.035 0.042 365 13.4 0.450 0.540
39 −0.21449, 53.62239 −0.19561, 53.61883 0.035 0.042 365 13.4 0.578 0.693
40 −0.16061, 53.61517 −0.16026, 53.61469 0.018 0.021 154 21.4 0.023 0.027
41 −0.93675, 53.68874 −0.93680, 53.68861 0.008 0.010 12 8.6 0.005 0.006
42 −0.93680, 53.68861 −0.93859, 53.68345 0.008 0.010 12 8.6 0.212 0.255
43 −0.13419, 53.59115 −0.15607, 53.55925 0.021 0.027 80 8.2 1.543 1.851
44 −1.04752, 53.76474 −1.04763, 53.76504 0.017 0.021 48 7.3 0.013 0.016
45 −1.04763, 53.76504 −1.05281, 53.77894 0.017 0.021 48 7.3 0.616 0.740
46 −0.61209, 53.57851 −0.62243, 53.58135 0.008 0.010 11 8.3 0.273 0.328
47 −0.60185, 53.58863 −0.61209, 53.57851 0.105 0.114 6609 27.1 0.820 0.984
48 −0.91067, 53.69361 −0.90758, 53.70586 0.030 0.033 99 4.9 0.578 0.693
49 −0.90758, 53.70586 −0.88982, 53.71633 0.030 0.033 99 4.9 0.693 0.831

(continued on next page)
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Table B1 (continued )
ID From (Lon, Lat) To (Lon, Lat) ID (m) OD (m) Flow (kg/hr) Vel (m/s) Cap Costs ($M) Op Costs ($M)
50 −0.88982, 53.71633 −0.86630, 53.72089 0.030 0.033 99 4.9 0.684 0.821
51 −0.86630, 53.72089 −0.86181, 53.72079 0.030 0.033 99 4.9 0.124 0.149
52 −0.86181, 53.72079 −0.85330, 53.72884 0.030 0.033 99 4.9 0.443 0.532
53 −0.85330, 53.72884 −0.72709, 53.74296 0.030 0.033 99 4.9 3.551 4.261
54 −0.72709, 53.74296 −0.69818, 53.73618 0.030 0.033 99 4.9 0.859 1.031
55 −1.10168, 53.69825 −1.13910, 53.70510 0.021 0.027 93 9.5 1.040 1.249
56 −0.61209, 53.57851 −0.61130, 53.57547 0.104 0.114 6598 27.3 0.214 0.257
57 −0.24123, 53.73639 −0.24444, 53.73552 0.162 0.168 14053 24.3 0.178 0.214
58 −0.22763, 53.62719 −0.23388, 53.64025 0.076 0.089 3425 26.5 0.844 1.013
59 −0.73821, 53.59926 −0.73985, 53.59505 0.208 0.219 21598 22.5 0.434 0.521
60 −0.34435, 53.79199 −0.34052, 53.79489 0.023 0.027 64 5.3 0.165 0.198
61 −0.34052, 53.79489 −0.32333, 53.80092 0.023 0.027 64 5.3 0.530 0.636
62 −0.32333, 53.80092 −0.25876, 53.78337 0.023 0.027 64 5.3 1.884 2.261
63 −0.25876, 53.78337 −0.23846, 53.74688 0.023 0.027 64 5.3 1.721 2.065
64 −0.91067, 53.69361 −0.76369, 53.61180 0.262 0.273 29320 19.3 14.031 16.838
65 −0.60185, 53.58863 −0.55785, 53.55947 0.084 0.089 2337 13.6 2.438 2.925
66 −0.55785, 53.55947 −0.50961, 53.54233 0.084 0.089 2337 13.6 2.080 2.496

Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ijhydene.2024.12.273.
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