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Abstract

Whether hydrogen should be delivered by pipeline or by truck is a large and largely
irreversible investment decision. The cost information needed for this decision varies by
a factor of several across the literature, and conventional single-value comparisons can
reverse their conclusions depending on which value is selected. This study introduces a
risk classification framework from construction management to define cost uncertainty
as probability distributions grounded in the literature and in Korean empirical records.
Four delivery modes were compared, specifically new pipelines, repurposed pipelines,
high-pressure tube trailers, and liquefied hydrogen tanker trucks. Their twenty-year total
costs were computed by Monte Carlo simulation with 20,000 draws for each combination
of transport distance (10-500 km) and annual demand (1000-1,000,000 t/yr). The results
are summarized as robustness maps that display only the mode with the lowest cost in
at least 80% of the 20,000 cost scenarios. The synthesized cost distributions are consistent
with the Korean cost records available for comparison, one of which was reserved from
the model inputs. Where a repurposable pipeline exists, repurposing is effectively the only
robust choice. In new corridors, new pipelines become robustly justified from 19,191 t/yr at
the reference distance of 150 km, below which lies a gray band where assumptions decide
the outcome. The viability of liquefied hydrogen delivery is determined not by technology
but by who bears the liquefaction plant cost, and this boundary alone raises the share of
the map on which liquefied hydrogen delivery is robust from 1% to 72.4%. The effective
levers that advance the transition to pipelines are the operation and maintenance (O&M)
rate (45.8%), the planning horizon (38.3%), and demand commitment (23.2%) rather than
the carbon price (2.2%). Four announced Korean plans are located on the map in positions
consistent with their project stages, which indicates that the framework can serve as a
planning-stage diagnostic tool.

Keywords: hydrogen delivery; hydrogen pipeline; tube trailer; liquefied hydrogen; risk
breakdown structure; construction cost overrun; Monte Carlo simulation; robustness map

1. Introduction

Clean hydrogen has become a core energy carrier in the carbon neutrality strategies
of many countries [1]. Accordingly, the delivery infrastructure that links production and
demand sites has emerged as a decisive element of deployment. Delivery accounts for
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a substantial share of the delivered cost of hydrogen [2,3], and the structure of that cost
depends on how the hydrogen is moved. Europe is advancing a continental hydrogen
pipeline network built around the conversion of existing natural gas lines [4]. Korea has
likewise announced a staged sequence of plans, from small pilot city networks to industrial
corridors and long trunk lines [5-10]. Such infrastructure is difficult to reverse once built.
The choice of delivery mode therefore locks in the cost structure of a hydrogen economy
for decades, well beyond the horizon of any individual project.

The economic comparisons that should inform this choice have, however, reached
diverging conclusions [3,11-15]. There is broad agreement that the relative advantage of
pipelines and vehicle delivery shifts with distance and demand, yet the location of the
boundary between them has remained dependent on study-specific assumptions. The state
of the data lies behind this dependence. Key inputs such as pipeline unit costs, construction
cost overrun, and maintenance rates vary by a factor of several across the literature. The
annual pipeline operation and maintenance (O&M) rate is one example. Institutional
sources report 0.8 to 1.7% of capital cost per year, whereas academic studies report up to
5%, a span of more than a factor of six. A conventional techno-economic analysis fixes
one value from this span. Opposite conclusions can therefore be produced for identical
conditions depending on the value selected, and the sensitivity of the conclusion is not
visible in the result. From the standpoint of a decision maker, the issue is less which study
to trust than that single-value comparison is difficult to accept as a sufficient basis for
irreversible investment.

A review of existing approaches locates the gap. Classical comparative studies mapped
the advantage regions of each mode on the distance and demand plane [2,3], and their
intuitive maps are still consulted today. Their calculations are deterministic, however,
and input uncertainty does not propagate to the result. Later studies that introduced
probabilistic techniques made uncertainty explicit [16,17]. Yet the evidential basis of their
distributions often rested on researcher judgment, and cases that added a validation step
against measured records have been rare. Construction management, meanwhile, has
accumulated a tradition of risk breakdown structures (RBS) and large-sample empirical
analyses of cost overrun [18-22]. To the best of our knowledge, this asset has not been
combined with the comparative economics of hydrogen delivery. The intuition of the map,
the rigor of probability, and the empirical record of construction risk have thus developed
in separate lineages without meeting in a single framework. That combination is precisely
what this study attempts.

To this end, the study reframes the question. Instead of asking which mode is optimal,
it asks from which combinations of distance and demand the choice remains unchanged
however costs are realized. Four modes are compared, specifically new hydrogen pipelines,
repurposed natural gas pipelines, high-pressure tube trailers, and liquefied hydrogen
(LH2) tanker trucks. The comparison spans a grid of 10-500 km in transport distance and
1000-1,000,000 t/yr in annual demand. A probabilistic cost model couples mode-specific
work breakdown structures (WBS) with a common RBS quantified by literature-based
probability distributions. Monte Carlo simulation (MCS) then generates the total cost
distribution of each mode at every grid condition. The result is summarized as a robustness
map that displays only the modes whose win rate meets an 80% criterion. Whether the
synthesized distributions contradict reality is examined for consistency against Korean
empirical records. A separate robustness examination further shows that the conclusions
are not driven by the methodological choices of the authors.

The contributions are threefold. First, a common RBS is introduced into delivery
mode comparison, which structurally secures the fairness of the comparison across modes.
Second, the evidential basis of the probabilistic inputs is made transparent through a semi-
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systematic literature harvest, calibration to Korean records, and an empirical consistency
examination that separates the single record reserved from the inputs from the checks
that reuse them. Third, win-rate-based robustness maps yield conditional prescriptions.
These comprise a repurposing-first principle, a justification threshold for new pipelines, the
dependence of LH2 delivery on a cost attribution boundary, and the institutional conditions
that govern the transition to pipelines. The readability of the maps is illustrated with
announced Korean plans. The valid range of the analysis is the regional scale of Korea,
within 500 km, while the framework itself is designed to transfer to other countries and
corridors by replacing region-specific parameters.

The remainder of this paper is organized as follows: Section 2 documents the literature
harvest procedure, establishes the cost structures of the modes and the common RBS,
and discloses the distributions and sources of all quantified factors. Section 3 formalizes
the cost model, the MCS procedure, the validation design, and the robustness criterion.
Section 4 reports the consistency checks, the robustness maps, the effect of the liquefaction
cost boundary, the methodological robustness examination, and the placement of Korean
plans. Section 5 positions the results against the literature, interprets the sensitivity of the
robust frontier, and discusses policy implications. Section 6 concludes with limitations and
future work.

2. Literature-Based Risk Structure
2.1. Semi-Systematic Literature Harvest

The credibility of a probabilistic cost comparison rests on the evidence behind its
input distributions. The literature review in this section was therefore designed not as a
survey of research trends but as a transparent procedure for constructing model inputs.
Because pre-registration and independent dual screening were not applied, the procedure is
described as semi-systematic rather than as a formal systematic review. Only the elements
essential to the present purpose were retained, namely explicit search sources, pre-declared
inclusion criteria, and a documented harvesting record.

Three families of sources were searched in parallel. These comprised institutional re-
ports, peer-reviewed academic studies [3,11], and Korean government documents together
with records from demonstration projects. The institutional reports came from the Euro-
pean Hydrogen Backbone (EHB) initiative, the International Energy Agency, laboratories
of the United States Department of Energy, and the EU Agency for the Cooperation of
Energy Regulators [1,2,4,23]. As an inclusion criterion, at least three mutually independent
sources were required for each probabilistic factor. For the four factors that dominate the
results, that is, the new pipeline unit cost, construction cost overrun, pipeline operation and
maintenance (O&M) rate, and vehicle system costs, at least five sources were required. Har-
vesting proceeded through three general rounds and one targeted round that addressed the
remaining gaps. A second targeted round was subsequently added for three areas in which
the earlier rounds yielded thin coverage, specifically contractual structures for midstream
energy assets, cost escalation in brownfield and retrofit works, and recent techno-economic
assessments of hydrogen delivery.

Approximately sixty unique documents were adopted in total. A notable feature
of the harvest is the wide dispersion of reported values for identical factors. For the
annual pipeline O&M rate, institutional sources report 0.8 to 1.7% of capital expenditure [4],
whereas academic studies report values up to 5% [3,11], a span of more than a factor of
six. This study interprets such dispersion not as a defect of the data but as evidence that
single-value comparison cannot be conclusive. The full span is therefore carried into the
analysis as probability distributions.
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2.2. Cost Structures of the Delivery Modes

A mature consensus already exists on what generates cost in each delivery mode.
Pipeline delivery decomposes into line capital expenditure governed by diameter and
length, compression equipment and its electricity, and maintenance expenses proportional
to the invested capital [1,3,4,24,25]. Vehicle delivery consists of the capital and replacement
of the fleet required to serve the demand, together with driver labor, fuel, and mainte-
nance [2,3,26,27]. The liquefied hydrogen (LH2) chain adds the liquefaction plant, its
electricity demand, and boil-off losses during storage and transfer [12,28]. Repurposing an
existing natural gas pipeline is conventionally treated as a fraction of the corresponding
new-build cost [11,23,29-32].

For Korean conditions, this cost skeleton can be confirmed at the level of actual
contract documents. This study employed a unit cost platform built from itemized Ko-
rean construction contracts, which verifies the composition and magnitude of cost items
from earthwork and road restoration to main line installation and mechanical equipment.
Section 3 formalizes this decomposition as the work breakdown structure (WBS) of each
mode. The WBS of this study is therefore not a new invention but an organized form of the
cost skeleton shared by the literature and by Korean contract practice.

Where the literature diverges is not in the composition of cost but in the uncertainty
of its magnitude. Reported values differ substantially between studies, and the drivers
of variation differ across modes. Line capital costs respond to ground conditions and
urban routing, whereas vehicle costs respond to equipment markets and technological
maturity. Fair comparison therefore hinges on a systematic classification of the causes of
cost variation rather than on a longer list of cost items. This motivates the risk breakdown
structure introduced in the next subsection.

2.3. Common Risk Breakdown Structure and Mode Applicability

An economic comparison across delivery modes is fair only when every mode is
examined against the same set of risks. If uncertainty items are assigned to each mode
in an ad hoc manner, the outcome of the comparison is determined by the selection of
items rather than by the calculation. The risk breakdown structure (RBS) has long been
established in construction management as a hierarchical instrument for organizing project
risk [18-21]. To the best of our knowledge, however, no published study has applied a
common RBS to the comparative economics of hydrogen delivery modes. This combination
constitutes the first contribution of the present study.

The common RBS constructed here consists of seventeen nodes in five categories.
Category R1 (market and price) covers steel and material prices, the construction cost index,
exchange rates, and equipment market prices. Category R2 (design and specification)
addresses diameter and pressure specifications, the hydrogen-specific code premium,
and the condition of existing lines. Category R3 (construction and site) contains ground
conditions, urban routing, construction methods, and construction cost overrun, while
category R4 (institutional and social) covers permitting, right of way, public acceptance,
and safety regulation. Category R5 (procurement and technology) captures economies
of scale and technology learning. The nodes were compiled from factors reported in the
literature as causes of cost variation and were refined for mutual exclusivity.

The intensity with which each node enters the cost calculation of each mode was rated
on a five-level scale. The levels are Quantified for direct inclusion as a probability distribu-
tion, Partial for partial or scenario-based inclusion, Minor for treatment as a fixed value,
Qualitative for a qualitative rating only, and Not applicable for structural irrelevance. Two
criteria governed the rating: the availability of quantitative evidence and the materiality of
the node for the cost of the mode concerned. The resulting applicability matrix is presented
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in Table 1, and the evidence behind each rating is linked to Table 2. Pre-declaring the rating

criteria is a safeguard against arbitrariness in the construction of the matrix.

Table 1. Common risk breakdown structure and mode applicability matrix.

Category Node Risk Factor New Pipeline Repurposed Tube Trailer LH2 Truck
R1.1 Steel and material price Quantified Partial Minor Minor
R1 Market and R1.2 Construction cost index Quantified Quantified Not applicable Partial
price R1.3 Exchange rate Partial Minor Partial Partial
R1.4 Equipment market price Not applicable Not applicable Quantified Quantified
R2.1 Diameter and pressure spec Partial Partial Partial Minor
R2 Design and - T o : ;
specification R2.2 Hydrogen code premium Quantified Quantified Minor Minor
R2.3 Existing line condition Not applicable Quantified Not applicable Not applicable
R3.1 Ground condition Quantified Partial Not applicable Minor
R3 Construction  R3.2 Urban routing Quantified Partial Not applicable Partial
and site R3.3 Construction method Quantified Partial Not applicable Not applicable
R34 Cost overrun and delay Quantified Quantified Not applicable Partial
R4.1 Permitting delay Qualitative Qualitative Minor Qualitative
R4 Institutional R4.2 Right of way Quantified Minor Not applicable Minor
and social R4.3 Public acceptance Qualitative Qualitative Minor Qualitative
R4.4 Safety regulation Partial Partial Partial Partial
R5 Procurement R5.1 Economies of scale Partial Minor Quantified Quantified
and technology R5.2 Technology learning Minor Partial Partial Quantified
Applicability levels. Quantified: enters the cost model of that mode as a probability distribution
of Table 2; Partial: partial or scenario-based entry; Minor: fixed value; Qualitative: rated but
not computed; Not applicable: structurally irrelevant to the mode. Bold text and row shading
mark the table structure (header and risk category rows) and the Quantified ratings; they carry no
additional meaning.
Table 2. Probability distributions, parameters, and sources for all quantified factors.
(E;:;gl:ry) ID Factor Node Mode(s) Distribution Parameters Unit Source
New pipeline M Korean itemized
por cost, 8 inch R1/base Pipeline PERT 890/1150/2030 KRW ,/km platform; PFO]ECt
D (as-built)
poz  Newpipeline py e Pipeline PERT 2030/2175/2610 M 4]
unit cost, 20 inch p KRW /km
New pipeline T M
P03 unit cost, 30 inch R1/base Pipeline PERT 2600/2900/3900 KRW /km [1,4]
P08 T“beztra‘fr PHCe  Ri4 Tube PERT 150/175/224 M KRW [33-35]
R1 Market 00 bar
and price P11 LH2 tanker price R14 LH2 PERT 650/900/1210 M KRW [33,34]
Compressor o M
P15 station CAPEX R1.4 Pipeline PERT 22/34/6.7 EUR/MWe [4]
Refueling
P16 compressor R14 Tube PERT 2000/3000/5000 USD/kW 2]
CAPEX
. [36]; not applied
P18 Const?uctlon cost R1.2 Pipeline Normal +4.4%, 4.2%p per yr (embedded in
index (ref. only)
PO4)
P05 Retrofit costratio  R2.3 Repurposed PERT 0.10/0.22/0.50 CX:IEE‘;( [1,4,13,23,29,31]
R2 Design High-pressure . price x2, payload 373
il P09 trailer set R2.1 Tube Scenario to 500 kg [27,35]
Effective [27]; Project D
P10 load, 200 bar R2.1 Tube PERT 198/250/300 kg (as.built)
R3 Con- Construction cost Pipeline Shifted theta 0.5450, mu
struction Pod overrun R34 (multiplier) lognormal —0.8275, sigma 0.5892 x (22,57,38]
Rd Institu- o Right of way R4.2 Pipeline PERT 0.04/0.06/0.22 xCAPEX [22,39]
tional share
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Table 2. Cont.

(S;:;ﬁzry) ID Factor Node Mode(s) Distribution Parameters Unit Source
. . 0.8 [2,33], two
P13 H;‘ﬁeéigg‘)‘( R5.1 LH2 P"“;erUlaw 56M S(SODS g tzp)d % Korean plants
R5 Tech- P T (check points)
nology
P14 Liquefaction SEC R5.2 LH2 PERT 9/12/15 (+SOTA 6) kWh/kg [1,28,40]
poy  [ipeline Q&M qppy Pipeline PERT 0.010/0.025/0.050 peryr 411l ProjectD
. rate (converted)
OPEX axis Vohicle O&M
P12 ¢ l‘fraete & OPEX Tube, LH2 PERT 0.02/0.03/0.06 per yr [1,3,26]
Policy Carbon price . .
ot P17 path policy All 3 scenarios 10/54/138 k KRW/t [1,41]

Notation and units. PERT entries list minimum, mode and maximum; shifted lognormal entries list
shift, log mean and log standard deviation; uniform entries list lower and upper bounds. Unit costs
are in million KRW per km, payloads in kg of hydrogen per trip, and rates in fractions per year. Bold
text and row shading mark the table structure (header, category rows, and factor identifiers) and
carry no additional meaning.

Table 1 reveals a structural asymmetry in the risk profiles of the modes. The Quantified
ratings of the pipeline modes concentrate in categories R3 and R4, whereas those of the
vehicle modes concentrate in R1 and R5. The economics of pipelines is governed by the
capacity to manage site and institutional uncertainty, while the economics of vehicle deliv-
ery is governed by equipment markets and technological maturity. This asymmetry later
emerges as the structural reason why the two families of modes exhibit cost distributions
of different widths.

2.4. Probability Assignment

Probabilistic factors were assigned a program evaluation and review technique (PERT)
distribution defined by the harvested minimum, mode, and maximum values. PERT is
standard practice in construction risk analysis under sparse data and matches naturally
with the three-point outputs of the literature harvest [19]. Three explicit exceptions were
made. Construction cost overrun follows a shifted lognormal distribution to reproduce the
strong right skew of the empirical record. Factors whose values move jointly, such as the
high-pressure trailer configuration and the carbon price, are treated as scenario sets. The
liquefaction plant cost combines a power law with a uniform uncertainty coefficient.

Construction cost overrun dominates the results and is therefore described in de-
tail. An empirical analysis of 412 pipeline projects [22] reports an overrun distri-
bution with a mean of +6.5%, a standard deviation of 33.5%, and a skewness of at
least 2.2, the latter adopted as a conservative lower bound. Solving analytically for a
shifted three-parameter lognormal distribution that reproduces these moments yields
X '=0.5450 + LogN(mu = —0.8275, sigma = 0.5892). Verification with two million samples
reproduced the target moments with a mean of 1.0651, a standard deviation of 0.3349, and a
skewness of 2.22. The lower bound of 0.545 admits cost realizations down to approximately
46% below the estimate, and the 95th percentile corresponds to an overrun of +70%, which
covers the extreme cases observed in the empirical record.

No overrun dataset for pipeline repurposing of a size comparable to the 412-project
new-build sample is available, so the applicability of the new-build distribution to the
repurposing branch cannot be established empirically. Renovation studies in the building
sector nonetheless indicate that works on existing facilities carry unforeseen-condition risk
that new construction does not [42,43]. Section 4.4 therefore assigns the repurposing branch
a distinct risk profile, varied separately in location and in scale, and reports the departure
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from the new-build profile at which the mode ranking would change, without assuming
any particular departure.

The distributions, parameters, and sources of all eighteen quantified factors are dis-
closed in Table 2, of which seventeen enter the calculation and one is defined but not
applied. The rows of Table 2 are linked to the categories of Table 1 so that each Quantified
rating can be traced to its implementing distribution. Factors that were defined and verified
but deliberately excluded are also disclosed with their reasons. The construction cost index
was derived from the official Korean statistical tables [36], yet it was not applied as a
multiplier. Inflation effects are already embedded in the empirical overrun record, and
applying the index again would double count them. Disclosing unused values is intended
to demonstrate the transparency of input selection. Each factor enters Equations (1)—(4) at
the position indicated by its work breakdown item: unit cost and overrun factors multiply
the capital terms, rate factors multiply the recurring cost terms, and vehicle factors enter
the trip count and fuel terms.

All unit costs are expressed on a direct construction cost basis, and exchange rates of
1380 KRW /USD and 1450 KRW /EUR were applied. Korean demonstration projects are
anonymized for confidentiality, and each project retains the same designation, Project A
through Project G, throughout the paper.

2.5. Calibration to Korean Conditions

Three anchors ground the internationally sourced distributions in Korean conditions.
First, the three points of the 8 inch new-build unit cost were constructed from a unit cost
platform based on actual Korean contract documents at seven levels of detail. Second, a
Korean hydrogen pipeline demonstration project, Project D, provides as-built direct costs
and operating records that anchor the unit cost distribution and the mode of the O&M rate.
Third, the published unit cost of an urban pilot project, Project A, is stated on a total project
cost basis that differs from the direct cost basis. It was therefore reserved exclusively for
validation rather than used as an input (Section 4.1). Keeping data with different bases out
of a shared role is the governing principle of the calibration.

Three points are stated regarding the transferability of the international evidence. The
overrun record [22] derives mainly from oil and gas pipelines, so it was used exclusively
as an input while validation relied on Korean empirical anchors. The mean overrun of
Korean public infrastructure projects, reported at approximately +30% [37], was confirmed
to lie within the adopted distribution. Hydrogen-specific cost increases are represented
separately by the code premium node (R2.2), so no double counting with the overrun factor
arises. Applying the same overrun distribution to repurposed pipelines is an approximation
given their different work composition, and the wide upper bound of the retrofit ratio
partially absorbs this uncertainty. Unit costs for the large diameters of 20 and 30 inch rest
on European institutional sources and their interpolation [4], as no Korean empirical record
yet exists at this scale.

3. Methods
3.1. Analytical Framework

The analytical procedure of this study consists of four stages, as presented in Figure 1.
First, the cost structure of each delivery mode is decomposed by its WBS. The drivers
of variation in each cost item are then coupled with the probability distributions of the
common RBS constructed in Section 2. Second, MCS is performed for every condition on
the distance and demand grid to yield the distribution of life-cycle total cost for each mode.
Third, the synthesized distributions are compared against Korean empirical anchors to
confirm consistency. Fourth, a robustness map is derived that displays only the modes
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satisfying a pre-defined win rate criterion. Fairness across modes is secured by the common
RBS (Section 2.3), while the reliability of the inputs is secured by the harvest protocol
(Section 2.1) and by the validation design (Section 3.5). This section concentrates on
formalizing the calculation and introduces no new numerical values; all parameter values
refer to Table 2 as their single source.

STAGE 1 Cost and risk structure STAGE 2 Probabilistic evaluation STAGE 4 Robustness mapping

( )
Mode-specific WBS Monte Carlo simulation Distance x demand grid
Baseline cost of four modes: PERT and shifted lognormal factors, Each cell reports the probability
new pipeline, repurposed pipeline, 20,000 draws per grid cell that a mode is least-cost
tube trailer, LH, tanker truck . .

X Five-tier diameter ladder Robust region: win rate 80% or above

{8, 12, 16, 20, 30 inch} Gray zone: assumption-dominated
Common RBS l=l B blue: pipeline
orange: truck
; 20- NPV total t d .
One risk taxonomy for all modes year RESEESSRRSTIROSS EEE green: LH,
BN gray: undecided

(market, design, construction, \ J

mode applicability matrix

institutional, technology) with
STAGE 3 Consistency examination

&

-

r

.

Evidence base

Examination against records -
9 Decision outputs

One record reserved from the inputs

Semi-systematic review, three- Robustness maps, justification

point estimate per factor,
Korean calibration

(Project A) and two internal checks L
: threshold, boundary and sensitivity
against Korean cost data
analyses, Korean plan overlay

Figure 1. Analytical framework of the study in four stages (Section 3.1).

3.2. Delivery Modes and System Boundaries

Four delivery modes are compared: new hydrogen pipelines (NP), repurposed natural
gas pipelines (RP), high-pressure tube trailers at the 200 bar class (IT), and LH2 tanker
trucks (LT). Repurposing is a conditional alternative that exists only where a convertible
line lies along the corridor, so the robustness maps are presented separately for corridors
with and without a repurposable line (Section 4.2). The system boundary is identical for all
modes and extends from the production gate to the delivery gate. The evaluation horizon
T is 20 years. The discount rate p is 4.5%, the standard rate of Korean public investment
appraisal [44], with 8% as an alternative reflecting international practice [1,2]. Demand
is assumed constant over the horizon, and the effect of gradually increasing demand is
examined separately in the condition sensitivity analysis (Section 5.2). The valid range of
the analysis is the regional scale of Korea, within 500 km, and social costs, public acceptance,
and natural gas blending lie outside the scope of this study.

The LH2 mode requires one additional boundary definition. When the carrier receives
gaseous hydrogen and performs liquefaction itself, the liquefaction plant investment and
the liquefaction electricity belong inside the delivery cost. When the carrier purchases hy-
drogen that is already liquefied and only transports it, both items fall outside the boundary.
Both contract structures exist in real markets, so selecting either one would be arbitrary.
This study therefore analyzes the two boundaries in parallel and quantifies the difference
between them (Section 4.3).

Throughout this study, L denotes the routed length of the delivery corridor rather
than the straight-line separation of the production and demand sites, and the distances
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Mode

New pipeline

used for the Korean projects in Section 4.5 are the planned route lengths stated in public
announcements. Siting and routing constraints arising from existing infrastructure, land
use and terrain therefore enter the analysis through the routed length and through the right
of way and site condition factors of Table 2. The analysis does not evaluate route feasibility
or select an alignment. A corridor is assumed to be realizable, and the map then determines
which delivery mode is robust for its length and demand. Where a corridor traverses
terrain that materially exceeds the range of the site condition factors, corridor-specific
estimation should replace the map reading.

3.3. Cost Model
3.3.1. Common Structure

The life-cycle total cost of mode m € {NP, RP, TT, LT} is defined as the sum of capital
expenditure and discounted operating expenditure.

Cin = CAPEXy, + Z¢_17 OPEXus (1 4+ p) ! )

Each component of capital and operating expenditure is computed by the multiplicative
structure By, x-11;(1 + ;). Here, By, x denotes the base cost of the k-th WBS item of mode m.
The factors r; are the RBS risks applied to that item, drawn from the distributions of Table 2.
Separating base costs from risk multipliers serves two purposes. It structurally prevents
double counting and omission among risk factors, and it allows sensitivity analysis to
attribute cost variation to individual RBS nodes. The correspondence among WBS items,

risk factors, and parameters is presented in Table 3.

Table 3. Mode-specific work breakdown structures and their links to risk factors and parameters.

WBS Item (What Costs Money)

Pipeline construction (earthwork,
road, temporary works, main line,
mechanical)

Basis of Estimate

Domestic itemized platform, unit cost per
km by diameter (8,/20/30 inch anchors;
12 and 16 inch interpolated, Section 3.3.4)

Linked Risk Factors
(Table /Table )

R1.1, R2.2, R3.1 to R3.3 (embedded
in unit cost span)/P01 to P03

Common multipliers

Overrun X right of way x indirect 1.2

R3.4, R4.2/P04, P06

Compressor station

EHB unit cost x rated MW

R1.4/P15

CAPEX x O&M rate + compression

Repurposed pipeline

O&M and power OPEX/P07, P17
power + carbon

Diameter selection General ﬂow equation ladder R2.1
(Appendix A)

Retrofit of existing line Same-diameter new CAPEX X retrofit R2.3/P05

ratio

Other items

Follows new pipeline rules (partial)

See Table 1 column

Tube trailer

Vehicles (fleet size =
demand/per-truck annual delivery)

Trailer price X fleet, replacement every 8
yr

R1.4, R2.1/P08 to P10

Refueling compressor

DOE/NREL unit cost x rated kW

R1.4/P16

Operations

Driver labor, diesel, maintenance,
charging power, carbon

OPEX/P12, P17, fixed values

LH2 tanker truck

Vehicles (3000 kg payload,
replacement every 12 yr)

Tanker price x fleet

R1.4/P11

Liquefaction plant (boundary case)

5.6 MUSD x tpd®® x U(0.8,1.2),
included or excluded

R5.1/P13

Liquefaction power and operations

SEC x electricity, labor, diesel,
maintenance, 3% chain loss, carbon

R5.2, OPEX/P14, P12, P17

Bold text and row shading mark the table structure (header and mode rows); the alternating row
shading is for readability only.
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3.3.2. Pipeline Modes

The capital expenditure of a new pipeline consists of line construction and the
compressor station.

CAPEXNP = CL(d)~L~X0V-(1 + xrow)-yind + ucs'Pcs (2)

Here c; (d) is the direct construction cost per unit length at diameter d, L is the transport
distance, and X,y is the construction cost overrun multiplier (shifted lognormal, Section 2.4).
The share x;ow covers right of way, and vj,q is the indirect and engineering coefficient. The
compressor station investment is the product of a unit cost ucs and the required rating
P, which follows from demand and from compression energy proportional to distance.
For the repurposed mode, the line cost is the same-diameter new-build cost multiplied by
the retrofit ratio Xretro, and the compressor station is added identically. Annual operating
expenditure comprises the O&M rate applied to the invested line capital, compression
electricity proportional to distance, and the carbon cost given by the emission factor and
the carbon price path.

3.3.3. Vehicle Modes

Vehicle cost estimation begins with fleet sizing. The required fleet N is the annual
demand divided by the annual delivery capability of one vehicle. That capability is the
product of the effective payload we and the feasible number of annual round trips nyip(L).

N = (Q/(weff'ntrip(L))—‘/ ntrip(L) = Hop/(zL/E‘i‘ Thand ) 3)

Here Hop is the annual operating time, T is the average speed, and Tanq is the loading and
unloading time. The adopted values were Hqp = 3600 h per year (12 h per day over 300 op-
erating days), = 55 km/h, and Th,nq = 2 h. Vehicle capital is annualized with the capital
recovery factor (CRF) over the replacement cycle nep, eight years for high-pressure vessels
and twelve years for tankers. This annualization keeps the comparison with pipelines undis-
torted by the length of the horizon. The annual capital charge is Ayep = Pyen*N-CRF(p, 71rep)
with the standard definition CRF(p, n) = p(1 + p)"/[(1 + p)" — 1]. Operating expenditure
comprises driver labor, fuel, maintenance, refueling electricity, and carbon cost, in the same
form as the pipeline case. For the LH2 mode, the cost attribution boundary of Section 3.2
determines whether the liquefaction plant and its electricity are included. The plant in-
vestment follows a power law in daily capacity S, written as Crp = a-S?-& with b < 1 and
an uncertainty coefficient &. The functional form and the scale exponent are adopted from
the United States Department of Energy cost model family [2]. Mass losses along the LH2
chain are reflected as an upward correction of the quantity that must be transported to
meet the delivered demand.

The effective payload of a 200 bar tube trailer is drawn from a PERT distribution over
198, 250 and 300 kg of hydrogen per trip, and a higher-pressure trailer set of 373 to 500 kg
is treated as a scenario variant. The liquefied hydrogen tanker carries 3000 kg of hydrogen
per trip, with a 3% chain loss applied as an upward correction of the quantity that must be
transported to meet the delivered demand. Both vehicle types are diesel powered. Fuel
cost is charged over the round trip distance, and the resulting carbon dioxide emissions are
priced through the emission factors and the carbon price path of Table 2.
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3.3.4. Diameter Assignment

Pipeline diameter is not a fixed input but is determined endogenously by demand
and distance. The diameter is assigned as the smallest member of the candidate set whose
transport capacity limit meets the demand.

d(Q, L) = min{d € {8, 12", 16", 20", 30"} : ti1cap(d, L) > Q} (4)

The capacity limit 71c,p was computed as a function of distance with the general flow
equation for isothermal compressible flow [45]. The computation assumes an inlet pressure
of approximately 50 bar and a delivery pressure of 30 bar. Internal diameters are obtained
from X70 steel with wall thickness deducted, and for the 12 and 16 inch tiers the wall
thickness is interpolated between the 8 and 20 inch entries, giving 305.8 and 386.9 mm.
Their unit cost distributions are PERT with points of 1282, 1525 and 2269 million KRW per
km for the 12 inch class and 1661, 1862 and 2455 for the 16 inch class, interpolated between
the 8 and 20 inch entries of Table 2, and their cost samples are generated by the same
procedure as for the original tiers. The functional form, detailed assumptions, capacity
tables, and a cross-check against published European capacity figures are provided in
Appendix A. Compression cost is charged in proportion to distance, whereas the hydraulic
calculation assumes a single pressure section without intermediate boosting. The design
alternative this assumption excludes, namely adding intermediate compression instead of
enlarging or paralleling the line, is an established option in the repurposing literature [29],
and the sensitivity of the long-distance threshold to the capacity assumption is reported in
Section 4.4. This simplification charges pipelines for recompression without crediting its
capacity recovery, so it acts against the pipeline modes and renders the thresholds of this
study conservative. Its quantitative effect is examined through the £25% capacity variants
in Section 4.4.

3.4. Monte Carlo Simulation

The computational grid spans 10-500 km in transport distance and 1000-1,000,000 t/yr
in annual demand at logarithmic spacing. At each grid condition, risk factors were drawn
20,000 times from the distributions of Table 2 and the mode costs were computed by
Equations (1)—(4). The random seed was fixed at 42 so that every result is reproducible.
In the base analysis, the factors are drawn independently. Pairs such as the unit cost and
the cost overrun may plausibly be positively correlated. Correlated variants are therefore
included in the robustness examination of Section 4.4, where the effects of sample size and
seed selection are also reported.

The Python (version 3.11) code that implements Equations (1)-(6) and the Monte
Carlo procedure was written with the assistance of a generative Al tool, Claude Opus 5
(Anthropic), which was also used to develop and refine the figures. All model logic, input
parameters, numerical results, and figure contents were verified by the authors.

3.5. Validation Design

The empirical source of the overrun distribution [22] enters the model as an input,
so reusing the same data to confirm the model would constitute circular reasoning. The
examination design therefore separates records by the role they play. Records that entered
the construction of the inputs can support an internal check only, whereas a record reserved
from the inputs can support an external one, and Section 4.1 reports the two classes
separately rather than presenting them as a single validation.

Three anchors are used, all of them Korean records. The first is the extent to which
the synthesized cost distribution covers the estimation range of the Korean itemized cost
platform. The second and third are the percentile positions of the unit costs of Project D
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and of Project A within the synthesized distribution. Of these, the platform and Project D
entered the construction of the inputs, so their agreement is internal and establishes only
that the synthesized distribution reproduces its own inputs, whereas Project A was reserved
from the inputs and provides the single external check. Table 4 additionally reports the
agreement between the simulated mean overrun and the empirical average of the sample
to which the overrun distribution was calibrated, which is an implementation check on the
calibration rather than an anchor. This examination is a consistency check that confirms the
absence of contradiction with observable reality rather than a statistical goodness-of-fit test.
Its nature and limits are stated together with the results in Section 4.1.

Table 4. Summary of the consistency examination against Korean records.

Anchor REET Reading
Coverage of the platform estimation range  80.2% The synthesized distribution spans Korean estimation practice
Project D as-built unit cost (direct basis) 24th percentile  Located in the body of the distribution

Project A published unit cost (total basis) 42nd percentile  Located in the body of the distribution

Simulated mean cost overrun

Equals the calibration source [22]; implementation check. Below

+6.5% the compressor station average [38]

The alternating row shading is for readability only.

3.6. Robustness Criterion and Sensitivity Plan

At each grid condition (L, Q), the win rate of mode m is defined as the fraction of the
20,000 cost realizations in which that mode attains the lowest cost.

WL, Q) = (1/Neim)ZUCn® = ming, Cpr ) (5)

A condition is colored as the robust region of a mode when the leading win rate reaches 80%.
Conditions where no mode reaches the criterion are marked as assumption-dominated. The
latter does not indicate that judgment is impossible; it indicates that the input assumptions
decide the outcome there, so acquiring further information should precede any commit-
ment. The topology of the map is preserved when the criterion is changed to 70% or 90%
(Section 4.4). The pipeline justification threshold Q* is defined as the smallest demand
at which the win rate of the new pipeline reaches and sustains the criterion as demand
increases at a fixed distance.

Q*(L) = min{Q:wnp(L, Q) > 0.8, VQ" > Q) (6)

Because the win rate can vary non-monotonically near diameter transitions, Equation (6)
requires the first sustained crossing rather than a momentary one. Numerically, the crossing
is located on a scan whose resolution is fine enough to resolve the win rate at every diameter
transition, and bisection then refines it to a relative error of 0.5%. A coarse scan is not
sufficient for this purpose, because the win rate variation induced by a diameter transition
spans a demand ratio of approximately 1.2 to 1.5 and can fall between successive nodes of
a coarser grid.

The sensitivity analyses were designed in advance as three layers with distinct ques-
tions. The first layer asks whether the results depend on the methodological choices of the
authors, including distribution shapes, tail thickness, correlation, seeds, and the diameter
assignment. This concerns the reliability of the map itself and is examined in Section 4.4.
The remaining layers concern interpretation and are discussed in Section 5.2. One measures
the influence of individual input factors on the threshold. The other measures the influence
of policy-determined conditions, specifically the O&M level, the planning horizon, the
carbon price, and the speed of demand build-up.
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4. Results
4.1. Consistency Check of the Synthesized Distributions

The results of the three-anchor examination designed in Section 3.5 are presented
in Figure 2 and Table 4. The synthesized distribution of the 8 inch new-build unit cost
covers 80.2% of the estimation range of the Korean itemized cost platform. The as-built
unit costs of the two Korean projects fall within the body of the corresponding synthesized
distributions. Project D lies at the 24th percentile on a direct cost basis, and Project A at
the 42nd percentile on a published total cost basis. The simulated mean overrun of 6.5%
equals the empirical average of the 412-project sample to which the overrun distribution
was calibrated [22], and this agreement confirms that the calibration was implemented
correctly. It does not validate the distributional assumption. It remains below the average
of 11% reported for compressor station construction [38].

(b) Total-cost basis vs. Project A

/ mpirical pilot Project D, IU!DEH‘ Project A, Korea,
orea (P24) otal-cost basis (P42)

0.0008 +
=
v

Itemized cost platform 5 0.0006
range coverage 80.2% ©
2

<2 0.0004
Qo
o
a

0.0002 +

T T T 0.0000 T T T
1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 6000

Synthesized unit cost, direct basis (million KRW per km)

Synthesized unit cost, total basis (million KRW per km)

Figure 2. Synthesized unit cost distributions and Korean empirical anchors. (a) As-built direct cost of
Project D (24th percentile). (b) Published total cost of Project A (42nd percentile).

The essential observation is that both as-built values sit in the body of the distribution
rather than in its tails. Had the synthesized distribution been systematically inflated, the
as-built values would have been pushed toward its lower tail, and the opposite bias would
have pushed them upward. The observed percentile positions support the absence of a
contradiction with the observed records in either direction.

The three checks do not carry equal evidential weight. The platform coverage and the
percentile position of Project D are internal, because both records entered the construction of
the unit cost distribution (Table 2), so what they establish is that the synthesized distribution
reproduces its own inputs. The only record reserved from the inputs is Project A. The
examination should therefore be read as a check for contradiction with observable Korean
outcomes, resting on one independent record, and not as a statistical test of fit. Establishing
distributional adequacy would require an as-built sample that does not yet exist for Korean
hydrogen pipelines, and Section 5.3 identifies the accumulation of such records as the
highest-value information investment available.

The limits of this examination are stated explicitly. Two anchor projects cannot support
a statistical test of distributional shape, and the examination is a consistency check in the
sense defined in Section 3.5. Full separation of the input and examination sources holds
only for Project A. The remaining two checks reuse records that entered the inputs and are
therefore reported as internal consistency checks.
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4.2. Robustness Maps

Figure 3 presents the central result of this study, the robustness maps for a corridor
with a repurposable pipeline (a) and for a new corridor (b). The color of each cell indicates
the mode whose win rate, Equation (5), reaches 80%, and cells where no mode reaches the
criterion are shown in gray as assumption-dominated. The dotted curves are the capacity
limits of the 8 and 20 inch diameters under the assignment rule of Equation (4). The dashed
curve is the capacity limit of a single 30 inch line; the area above it would require parallel
lines or larger diameters.

(b) New hydrogen corridor, no repurposing available

1,000,000

s | || [ [ |

41,246
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8377
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2894

1701
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33
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Transport distance (km) Transport distance (km)
B Repurposed pipeline Tube trailer ~ W LH2 tanker truck Undecided (win rate below 80%)

Figure 3. Robustness maps of least-cost delivery modes: (a) corridor with a repurposable natural gas
pipeline; (b) new hydrogen corridor. Gray cells are assumption-dominated.

In the repurposable corridor (a), repurposing satisfies the robustness criterion in 162 of
the 196 conditions (83%). The robust region of the tube trailer is confined to 13 condi-
tions (7%) in the shortest-distance, lowest-demand corner, and the remaining 21 conditions
(11%) are assumption-dominated. Notably, not a single condition makes the new pipeline
robust. Repurposing delivers the same transport capability at 10-50% of the new-build
capital cost. Under that ratio, no combination of distance and demand within the analyzed
range allows a new line to beat a convertible existing one with confidence. This result is
consistent with the European strategy that places the conversion of existing gas networks at
the core of hydrogen infrastructure [4,23]. It quantitatively supports treating repurposing
screening as the first question of any hydrogen delivery plan.

In the new corridor (b), the new pipeline dominates 125 conditions (64%) and the tube
trailer 48 conditions (24%), separated by a diagonal gray band of 21 conditions (11%). The
robust region of the LH2 tanker truck is limited to 2 conditions in the longest-distance,
low-demand corner, and its extreme sensitivity to the cost attribution boundary is examined
in Section 4.3. Following the 150 km column from low to high demand reveals the structure
of the transition. The tube trailer sustains a win rate of 98% or higher up to approximately
8400 t/yr. The leading win rate then collapses to 51% near 14,000 t/yr, and the new pipeline
recovers the criterion with 92% at approximately 24,000 t/yr. Refining this interval by
Equation (6) yields the justification threshold of 19,191 t/yr.

The threshold increases monotonically with distance. Under the reference conditions
it rises gradually, from approximately 11,000 t/yr at 50 km to 16,000 t/yr at 100 km and
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21,000 t/yr at 200 km. It then rises to approximately 31,000 t/yr at 300 km. The gradual
segment reflects the ordinary contest between the distance-proportional cost structure of
trucking and the largely fixed capital structure of pipelines. The rise near 300 km has a
physical origin: the closing of the 8 inch transport window, which forces a step to a larger
diameter class and raises the capital cost stepwise. The same mechanism explains why the
dotted capacity limits in Figure 3 slope downward with distance.

The dotted curves inside the blue region further partition the robust pipeline area
by diameter class. Conditions below the 8 inch limit correspond to 8 inch projects, those
between the two dotted curves to the 12, 16 and 20 inch classes, and those above to the
30 inch class. The capacity limits of the 12 and 16 inch tiers are omitted from the figure for
legibility and are listed in Table A2. No Korean plan examined in Section 4.5 lies above
the single 30 inch limit. The diameter partition extends the reading of the map from mode
selection to the scale of the required capital commitment.

The gray band itself carries information. A single-value analysis is forced to output a
winner even inside this band, and which side wins is decided by the values selected. A
substantial share of the conditions treated by previous studies falls in or near this band. The
band therefore offers a structural explanation for the divergence of published conclusions,
a point developed in Section 5.1.

4.3. Effect of the Liquefaction Cost Attribution Boundary

Figure 4 shows how the two cost attribution boundaries defined in Section 3.2 reshape
the new-corridor map. The two panels differ in exactly one assumption, the inclusion or
exclusion of the liquefaction plant investment and the liquefaction electricity, and panel (a)
coincides with the reference map of Figure 3b.

(b) Liquefaction plant and electricity excluded
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~
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Figure 4. Effect of the liquefaction cost attribution boundary on the new-corridor map: (a) liquefaction
plant and electricity inside the boundary; (b) excluded.

The contrast is stark. When liquefaction costs lie inside the boundary (a), the robust
region of the LH2 tanker truck consists of 2 conditions at the longest distances. Carrying
the plant investment and an electricity demand of 9-15 kWh per kilogram, the mode
prevails only where trucking numbers explode for its competitor. When the carrier instead
purchases hydrogen that is already liquefied (b), the reallocation is sweeping. The LH2
tanker truck dominates 142 of the 196 conditions (72.4%), the robust region of the tube
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trailer disappears entirely, and the new pipeline retreats to 38 high-demand conditions
(19%). The structural advantage of a tanker payload roughly ten times that of a 200 bar
tube trailer had been masked by the attribution of the pretreatment cost.

These results suggest that the divergent published assessments of LH2 delivery eco-
nomics may originate in boundary definitions rather than in technology. Both boundaries
correspond to real contract structures, so this study does not select one as correct; the policy
reading of this result is developed in Section 5.3.

4.4. Robustness to Methodological Choices

Table 5 reports whether the results depend on the methodological choices of the
authors. Alternative choices were applied along six axes, specifically distribution shape,
overrun tail thickness, factor correlation, random seed, ladder configuration, and capacity
bounds. The shift in the threshold at the 150 km reference distance was measured for each.
All variants were recomputed under the five-tier reference specification of Section 3.3.4. The
table baseline is the reference threshold of 19,191 t/yr, and the 300 km rows are reported
against the 300 km reference of 30,553 t/yr.

Table 5. Sensitivity of the justification threshold to methodological variants.

Variant Threshold (t/yz, 150 km) vs.Baseline Reading
. . o Largest variant; addressed by the
Triangular instead of PERT 21,654 +12.8% distribution rationale of Section 2.4
Overrun skewness near 1.0 19,787 +3.1% Thin-tail case

Extreme tail; two-sided offset yields a

Overrun skewness 5.8 18,326 —4.5%

small decrease

Cost-overrun correlation 0.3/0.6 19,876/20,514 +3.6%/+6.9% Correlation widens pipeline uncertainty

Seeds 1/777 19,051/19,332 +0.7% Sampling convergence confirmed

Reference threshold unchanged; the

Three-tier ladder (8" /20" /30") 19,191 0.0% intermediate tiers do not bind below the
8 inch capacity limit

Two-tier ladder (8" /30") 45,321 +136.2% Sustained crossing displaced by the

direct 8 to 30 inch step

Capacity bounds £25% 19,191 0.0% Identical
Criterion 70%/90% 17,133/22,792 107%/+18.8%  Confidence level of the decision maker;
map topology preserved
i o Quantifies the artificial step removed by
(Reference, 300 km) three-tier ladder 41,848 +37.0% the 12 and 16 inch tiers
(Reference, 300 km) two-tier ladder 57,028 +86.7% .Quan’.atatlve basis for the 12,16 and 20
inch tiers
(Reference, 300 km) capacity +25% 24,120 —21.1% Long-distance thresholds sensitive to

capacity assumptions

The alternating row shading is for readability only.

The influence of methodological choices remains between —4.5% and +12.8%, apart
from the deliberately coarsened two-tier ladder. The largest variant replaces PERT with
a triangular distribution (+12.8%). The triangular form assigns thicker tails to the same
three points, widens the cost dispersion of the pipeline, and thereby delays the attainment
of the win rate criterion. Imposing correlation between the unit cost and the overrun
(+3.6% and +6.9%) acts in the same direction, because positive correlation synchronizes
adverse cost realizations and thickens the upper tail. The skewness variants of the overrun
act in both directions with small magnitudes (+3.1%, —4.5%). The seed variants (£0.7%)
and the capacity variants at the reference distance (0.0%) are immaterial. Removing the
intermediate 12 and 16 inch tiers leaves the reference threshold unchanged, whereas
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collapsing the ladder to two tiers raises it by 136.2%, which quantifies the contribution of
the 20 inch tier. Changing the decision criterion reshapes the map only gradually. At 70%
and 90% the colored share becomes 94% and 85%, the ordering structure holds at every
distance, and the threshold moves to 17,133 t/yr (—10.7%) and 22,792 t/yr (+18.8%). This
movement exceeds the method variants but differs in kind, because the criterion is not
an estimation choice but the confidence level selected by the decision maker. This study
reports the conservative level of 80%, four futures out of five, as the default and states
the alternatives alongside. Overall, the methodological effects are one order of magnitude
smaller than the condition effects reported in Section 5.2. This supports the reading that
the conclusions derive from the data rather than from the method.

The single exception concerns long distances. At 300 km, removing the intermediate
12 and 16 inch tiers raises the threshold by 37.0%, reducing the ladder to two tiers raises
it by 86.7%, and relaxing the capacity bounds by 25% lowers it by 21.1%. Long-distance
thresholds therefore depend directly on transport capacity assumptions. Combined with
the single pressure section assumption of Section 3.3.4, this dependence delimits the valid
range of the map and indicates that corridor-specific pressure and diameter design should
precede judgments on long-distance projects.

The risk assignment of Section 2.4 raises a further question. Does the first conclusion of
this study survive a repurposing risk profile that differs from the new-build profile? Table 6
reports the result. With the repurposing overrun mean raised 15% and 30% above the new-
build mean at a preserved coefficient of variation, the repurposing-robust region contracts
only from 162 to 158 and 156 of the 196 grid conditions, and widening the dispersion of
the repurposing overrun by factors of 1.5 and 2.0 at a preserved median yields 160 and
156 conditions. The departure must become far larger before the conclusion changes. At a
mean 3.25 times the new-build mean, repurposing still holds 127 conditions, and beyond
approximately 3.5 times its robust region is absorbed into the assumption-dominated band,
and it does not pass to the new pipeline, which stays below the criterion at every condition
in this range. The mechanism is structural. Repurposing capital expenditure is 10 to 50% of
new construction for the same diameter (Table 2), so an overrun premium must approach
a factor of four before it can close that gap. The practical reading is that a higher retrofit
risk does not reverse the repurposing-first prescription but widens the region in which
corridor-specific investigation of the existing line, in particular its integrity records and
pressure history, must precede commitment.

Table 6. Robustness of the repurposing-first conclusion to a distinct repurposing overrun risk profile.

Repurposing Overrun Profile

Repurposed Robust New Pipeline Robust Reading

Conditions (of 196) Conditions
Reference (new-build distribution) 162 0 Section 4.2 result
Mean 1.15 times new build 158 0 Conclusion unchanged
Mean 1.30 times new build 156 0 Conclusion unchanged
Dispersion widened 1.5 times 160 0 Conclusion unchanged
Dispersion widened 2.0 times 156 0 Conclusion unchanged
Mean 3.25 times new build 127 0 Conclusion unchanged
Mean 3.5 times new build 0 0 Robust region absorbed into the

assumption-dominated band

4.5. Placement of Announced Korean Plans

Figure 5 places four announced Korean hydrogen delivery plans on the new-corridor
map, using coordinates estimated from public announcements [5-10]. The coordinates are
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indicative estimates (est.), and the projects are anonymized. The published production
capacity of Project A falls below the demand axis of the map. The project was therefore
placed at the axis floor of 1000 t/yr, and this placement was confirmed not to affect
the reading.

1,000,000

single 30 inch capacity limit
I
[ o |
119’378 ------------
]
70,170 8 inch capacity limit
|
41’246 -----
==- Project S (est.)l----

24,245
14,251

8377

Annual hydrogen demand (t/yr)

4924

2894
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Project P (est.
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HE New pipeline

Project A (est Bm | H2 tanker truck

fofectl(est) Undecided (win rate below 80%)

1000 O O Announced Korean plans (anonymized, est.)
10 14 18 25 33 45 61 82 111 150 203 274 370 500

Transport distance (km)

Figure 5. Announced Korean hydrogen plans (anonymized) overlaid on the new-corridor robustness
map. Marker positions are indicative estimates from public announcements.

The two pilot-scale projects, Project A and Project P, occupy short-distance, low-
demand positions across the tube trailer region and the lower edge of the gray band. This
placement matches current practice, in which pilot projects begin with truck delivery, and
it also yields a dynamic reading of their future course. The transition points are strongly
distance-dependent. At the trunk-line scale the threshold is on the order of 20,000 t/yr. For
10 km corridors, however, the transition begins at approximately 2000-3000 t/yr, and for
15 km corridors at approximately 3000-5000 t/yr. Both pilot projects would therefore enter
the reassessment zone after only modest demand growth, and the present scale of Project P
already sits near its entrance.

The readings of the two large projects gain precision when combined with the diameter
partition. Project S settles in the interior of the robust pipeline region, with a demand far
below the 8 inch capacity limit at its distance, and thus reads as an 8 inch class project.
Project G also lies in the robust pipeline region, at approximately 83% of the 20 inch capacity
limit at its distance, near the boundary of the 30 inch class. Because long-distance diameter
boundaries are sensitive to capacity assumptions (Section 4.4), the diameter decision of
this project reads as a matter requiring corridor-specific pressure system design rather than
map-level judgment. None of the four plans lies above the single 30 inch limit.
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The estimated nature of the coordinates is a limitation of this placement, yet its
consequences differ by project. Projects A, P, and S sit in the interiors of their regions, so
their readings are insensitive to moderate coordinate errors. Project G sits near a class
boundary, and coordinate uncertainty propagates directly to its diameter reading. The
limitation thus functions as information, identifying for which project a precise coordinate
determination is the priority.

The purpose of this subsection is to confirm that the map functions as a reading
instrument for real plans, not to evaluate the feasibility of individual projects. The four
placements are consistent with the direction of the announced national plans. For plans
in or approaching the gray band, the map further identifies the assumptions to be nar-
rowed before commitment, in particular measured O&M records and long-term demand
commitment. The map can therefore serve as a planning-stage diagnostic tool.

5. Discussion
5.1. Position Against the Literature

The maps of this study allow the diverging conclusions of the delivery mode litera-
ture [3,11-13] to be reinterpreted consistently on a single coordinate plane. Conditions for
which pipeline advantages have been reported correspond broadly to the high-demand
region of the map, and conditions favoring vehicles correspond to the low-demand re-
gion. A substantial share of the contested conditions lies in or near the gray band. A
single-value analysis must output a winner even inside this band. The divergence of the
literature is therefore understood not as a defect of individual studies but as an intrin-
sic property of that band. Assumptions decide the outcome there, and different studies
selected different assumptions.

Within this frame, the findings of previous studies and the present maps support
one another. The crossover structure of the classical mode comparison [3,24] agrees
in direction with the region ordering of the map. The reported economics of pipeline
repurposing [11,14,15] is consistent with the repurposing-dominated panel of Figure 3a.
The finding that trailer specifications govern vehicle competitiveness [26,27] is absorbed
into this framework through the vehicle-side factors in the tornado analysis reported below.
These factors move the threshold in the opposite direction. The observation that delivery
cost comparisons are assumption-sensitive [12] is generalized by the existence of the gray
band itself. The map does not replace the previous results; it supplies the coordinate system
that specifies the conditions under which each of them holds.

The numbers in this study are tied to Korean cost conditions, but the procedure is not.
Transferring the framework to another country or corridor requires re-harvesting the region-
specific parameters of Table 2. These comprise unit cost levels, regulatory conditions, and
the discount rate. The common RBS, the multiplicative cost model, the win rate criterion,
and the validation design transfer unchanged. The points where Korean specificity enters
are explicitly identifiable; that is, the public discount rate [44], pressure class practice, and
the nationality of the empirical anchors. Replacing them reconstitutes the map in another
regional coordinate system.

The assumption-dominated band is not a single phenomenon, and Figure 6 shows the
underlying cost distributions at two representative conditions, not only the resulting colors.
Figure 6a shows a condition at 150 km and 2894 t/yr in a corridor with a repurposable
line, at which the cost distributions of the repurposed pipeline and the tube trailer overlap
substantially, with win rates of 41.4% and 58.6%, so that neither attains the criterion.
Information acquisition can narrow such a band, because the overlap reflects genuine
uncertainty about cost levels. Figure 6b shows a condition at 300 km and 24,641 t/yr,
immediately above the capacity limit of the smallest pipeline class, at which the overlap
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arises because the diameter assignment rule imposes a stepwise increase in capital cost.
Here the new pipeline wins 57.5% of the draws and the tube trailer 41.5%. This second
band reflects the granularity of the candidate diameter set, not uncertainty about cost, and
Section 4.4 shows that it narrows when intermediate diameters are admitted. Distinguishing
the two origins matters for practice, because the first calls for data collection while the
second calls for corridor-specific pipeline design. The legends of Figure 6 report the win
rate of each mode across 20,000 draws.

(b) 300 km and 24,641 t/yr, new corridor

Mode (win rate) Mode (win rate)
= New pipeline (0.0%) 16 1 = New pipeline (57.5%)
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Figure 6. Twenty-year total cost distributions of the competing modes at two representative condi-
tions: (a) 150 km and 2894 t/yr with a repurposable line; (b) 300 km and 24,641 t/yr in a new corridor.

5.2. Sensitivity of the Robust Frontier

This section presents the results of the factor and condition layers of the sensitivity
design declared in Section 3.6. The method layer (Section 4.4) addressed the reliability of
the map itself. The present layers identify which information and which conditions actually
move the frontier, and they supply the quantitative basis of Section 5.3.

The factor-level question is which input uncertainty moves the conclusion most. Each
factor was fixed in turn at its 10th and 90th percentiles while all other factors retained their
distributions. The resulting shift in the reference threshold is the bar length in Figure 7. The
ranking is unambiguous. Construction cost overrun dominates and moves the threshold
between 12,800 and 25,100 t/yr. The 8 inch unit cost follows (15,000-23,000 t/yr), and
the pipeline O&M rate ranks third. The two leading factors are both matters of what
pipeline construction actually costs. The vehicle-side factors at the bottom of the figure
carry reversed signs, because cheaper trucking postpones the justification of pipelines.
This ranking provides a quantitative indication for prioritizing data collection. An as-
built construction cost database is suggested as the single most effective investment for
narrowing the uncertainty of the pipeline justification debate.

The condition-level question differs in kind. The O&M level, the planning horizon, the
carbon price, and the speed of demand build-up are not quantities that measurement can
narrow. They are set by policy and by contracts, so their effects represent choices rather than
measurement tasks. The four panels of Figure 8 quantify these effects. Raising the O&M
rate from 1% to 5% per year lifts the threshold from 16,041 to 23,383 t/yr, a change of 45.8%.
Extending the planning horizon from 10 to 30 years lowers it from 26,949 to 16,639 t/yr
(38.3%). The same pipeline that fails a short accounting window thus becomes justified in a
longer one. A ten-year demand ramp raises the threshold by 23.2% at the reference distance
relative to immediate full use, which is the penalty of the empty-line years. The penalty
grows with distance, from 21.0% at 50 km to 24.1% at 300 km, because pipeline capital scales
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with distance while a vehicle fleet is acquired in proportion to realized demand, so a slow
ramp widens the assumption-dominated band and displaces it toward higher demand.
These condition effects exceed the method effects of Section 4.4 by an order of magnitude.
The consistent message of the sensitivity structure is that the conclusion is governed by
real-world conditions rather than by the methodological choices of researchers.
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Figure 7. Tornado analysis of the justification threshold at the 150 km reference distance.
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Figure 8. Migration of the justification threshold under four condition sets: (a) O&M rate; (b) planning
horizon; (c) carbon price; (d) demand ramp-up.

The magnitudes are traceable arithmetically. O&M expenses recur every year in
proportion to the invested capital, and at a 4.5% discount rate over 20 years the present
value of an annual charge is 13.0 times that charge. One percentage point of O&M rate is
therefore equivalent to 13% of capital cost. The span of the literature range accumulates to
a gap exceeding half of the capital cost, which makes the movement of approximately 46%
a natural consequence. The horizon effect originates in the asymmetric capital recovery
of the two families. Vehicle capital is annuitized over replacement cycles and is largely
indifferent to the horizon. Pipeline capital must instead be recovered within the window,
so a short horizon is by itself an accounting choice against pipelines. The choice of the
decision criterion (Section 4.4) has the same practical character. An agency reviewing an
irreversible public commitment may require the 90% threshold of 22,792 t/yr, eighteen
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futures out of twenty. A private developer considering early entry may instead act at the
70% threshold of 17,133 t/yr. One map thus offers different frontiers to decision makers
with different risk attitudes.

The effect of the carbon price is, contrary to common expectation, minor. Raising the
price path to 13.8 times the reference moves the threshold by only —2.2%. The explanation
lies in the cost structure rather than in the coverage of the pricing. The model prices the
transport chain emissions of all modes, including compression electricity for pipelines,
driving fuel for trucks, and liquefaction electricity when the plant lies inside the boundary.
Even so, in the pipeline-trailer contest that determines the threshold, carbon costs amount
to less than 0.2% of total cost on the reference path and to 0.4% and 2.5% on the highest path.
Both contenders are charged, so the differential is smaller still. The contest is one of capital
costs, and the carbon price is not an item that can move it. The single exception is the LH2
mode, in which the emission intensity of liquefaction electricity raises the carbon share
to 17% of total cost on the highest path. The carbon price is therefore largely powerless
in the pipeline-truck choice, while it can be material in the choice between liquefied and
gaseous delivery.

5.3. Policy Implications

First, repurposing screening should precede every hydrogen delivery plan. Within the
analyzed range, no condition made a new pipeline robust where a convertible line existed
(Section 4.2). The first prescription of the map is that feasibility studies for converting
existing natural gas lines should come before reviews of new construction, in line with the
European repurposing strategy [4,23].

Second, designing who bears the liquefaction cost is designing the LH2 delivery
market. A single attribution boundary raises the share of the map on which the tanker
mode is robust from 1% to 72.4% (Section 4.3). The policy answer to the LH2 economics
debate lies in contract structure rather than in technology development. The attribution
boundary reflects industrial organization, not accounting convention. The excluded-cost
panel of Figure 4 corresponds to an arrangement in which liquefaction capacity is owned
by a producer or a public entity and sold to carriers under a tolling contract, whereas
the included-cost panel corresponds to vertical integration, in which the carrier finances
the plant. This is the classical asset specificity problem of transaction cost economics [46].
Its canonical energy-sector demonstration is the choice between vertical integration and
long-term contracting for site-specific generation assets [47], and the same reasoning has
recently been applied to hydrogen-carrier supply chains for ammonia [48]. Three conditions
determine which regime prevails, specifically third-party access to liquefaction capacity, the
availability of tolling contracts of a tenor comparable to the plant life, and the existence of a
merchant liquefied hydrogen market with observable prices. The public record reviewed
for this study contains no evidence that any of the three is yet established in Korea, which
places the present situation on the included-cost side of the boundary and accounts for the
limited role of the tanker mode in Figure 3b. The policy question raised by this reallocation
is therefore whether to establish those three conditions, and not whether to reclassify a
cost item.

Third, the effective levers for advancing the pipeline transition are the management
of three institutional conditions rather than the carbon price. These are the acquisition
of measured O&M records (threshold 45.8%), the extension of appraisal horizons (38.3%
at 30 years), and early demand commitment through long-term offtake that avoids the
ramp penalty of 21.0 to 24.1% that grows with distance. All three share the property of
being attainable through institutions and contracts without technological innovation. In
the Korean context, each lever has an existing instrument. Demand commitment connects
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to long-term purchase mechanisms such as the clean hydrogen power auction market.
Measured O&M connects to the systematic disclosure of operating data from ongoing
demonstration projects, and the appraisal horizon corresponds to the period settings of
public appraisal guidelines. From the standpoint of the value of information, the as-built
construction and operation records database is judged the most effective single investment
for accelerating decisions on gray-band plans. The consolidation of demand commitment
instruments follows.

6. Conclusions

Hydrogen delivery infrastructure is a large and largely irreversible investment, while
the cost elements that govern its economics remain widely uncertain. Under these condi-
tions, deciding between pipelines and vehicle delivery through single-value comparison
carries a structural vulnerability. One assumption can reverse the conclusion, and the
literature has indeed diverged. This study reframed the question and sought the boundary
of conditions from which the choice remains unchanged however costs are realized.

A probabilistic cost model was constructed by coupling mode-specific work break-
down structures with a common risk breakdown structure quantified through literature-
based probability distributions. Robustness maps were then derived on a distance and
demand grid using an 80% win rate criterion. Four modes were compared: new pipelines,
repurposed pipelines, high-pressure tube trailers, and LH2 tanker trucks. The grid spans
10-500 km and 1000-1,000,000 t/yr, with seventeen probabilistic factors drawn 20,000 times
per condition. The distributions were built from approximately sixty documents and Korean
empirical records. The synthesized distributions were checked for consistency against Ko-
rean empirical records, methodological influences were quantified separately, and the frame-
work was designed to transfer to other regions by replacing region-specific parameters.

Two conclusions concern the structure of the map. First, where a convertible pipeline
exists, repurposing is effectively the only robust choice; no condition within the analyzed
range made a new line robust. Repurposing screening should therefore be the first question
of every hydrogen delivery plan. Second, in new corridors the new pipeline becomes
robustly justified from 19,191 t/yr at the 150 km reference distance. Tube trailers prevail
below, and a gray band lies between, where assumptions decide the outcome. The existence
of this band offers a structural explanation for the divergence of published conclusions.

Two further conclusions concern boundaries and conditions. Third, the viability of
LH2 delivery is determined not by technology but by the attribution of liquefaction costs,
and this single cost attribution boundary raises the share of the map on which the tanker
mode is robust from 1% to 72.4%. The formation of an LH2 delivery market is thus a matter
of who is designed to bear the infrastructure cost. Fourth, the effective levers that advance
the pipeline transition are institutional conditions rather than the carbon price (2.2% on the
highest path). They are measured by O&M rates (45.8%), longer planning horizons (38.3%),
and early demand commitment (23.2% avoided). All are attainable through institutions
and contracts without technological innovation. The four announced Korean plans were
located on the map in positions consistent with their project stages, which indicates that
the map can function as a planning-stage diagnostic tool.

The limitations are as follows. The hydraulic calculation assumes a single pressure
section without intermediate boosting, which renders the thresholds conservative. Beyond
approximately 200 km the threshold is set by transport capacity and not by cost, so readings
of the map at those distances are conditional on corridor-specific pressure system design,
and the capacity variants of Table 5 indicate the width of that conditionality. Intermediate
boosting is not modeled as a design option, so the capital cost and the compression energy
of a booster station are not costed separately. The valid range of the map is limited to
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the regional scale of Korea within 500 km. The indirect cost coefficient and the demand
ramp function rest on limited evidence; pipeline diameters are discretized into five classes,
and no Korean empirical record yet exists for the 30 inch class. Emission factors are
fixed calibrations at representative distances, and refueling electricity emissions are not
priced. The associated effects were confirmed to remain below 1% of total cost. The
coordinates of the Korean plans are estimates from public announcements. The corridor
distances are planned route lengths rather than straight-line separations. The consistency
examination of Section 4.1 rests on one record independent of the model inputs, so the
synthesized distributions are checked for contradiction with observed outcomes and are
not statistically validated.

Future work can proceed toward refined hydraulic modeling for long-distance condi-
tions, extension of the mode set, integration of social costs and acceptance, and appraisal
that reflects investment flexibility. The accumulation of as-built construction records is
the most direct route to narrowing the gray band of the present map. The systematic
organization of cost and operating data from demonstration projects deserves to proceed
in parallel as the foundation of subsequent research.
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Abbreviations
The following abbreviations are used in this manuscript:

CAPEX Capital expenditure

CRF Capital recovery factor

EHB European Hydrogen Backbone

HDSAM Hydrogen Delivery Scenario Analysis Model
LH2 Liquefied hydrogen

LT Liquefied hydrogen tanker truck

MCS Monte Carlo simulation

NP New pipeline

O&M Operation and maintenance

OPEX Operating expenditure

PERT Program evaluation and review technique
RBS Risk breakdown structure

RP Repurposed pipeline

SEC Specific energy consumption

SOTA State of the art
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Item

Operating pressures

TT Tube trailer
WBS Work breakdown structure

Appendix A. Derivation of Pipeline Transport Capacity Limits
The diameter assignment of Equation (4) relies on capacity limits computed with the
general flow equation for isothermal compressible flow [45].

titeap(d, L) = A(d) (P2~ P2 MD;/ZRT fL)]"*

(AT)
Here A and D; are the flow area and inner diameter of each size, and P; and P, are the
inlet and delivery pressures. M is the molar mass of hydrogen, and Z, R, T, and f are
the compressibility factor, gas constant, absolute temperature, and friction factor. The
assumptions are listed in Table A1 and the resulting capacity limits in Table A2.

Table Al. Assumptions of the capacity computation.

Value

Inlet 49 bar, delivery 30 bar

Basis

Service pressure of the Korean pipeline pressure
class; stated as approximately 50 bar in the text
for consistency with European institutional

assumptions [4]

Inner diameters

8/:202.7/12":305.8/16":386.9/20":487.4/30":730.2 mm

X70 steel with wall thickness deducted

Friction factor

Computed per diameter (roughness 0.05 mm,

fully turbulent)

Conventional value

Other

Z=103,T=288K

Approximation at the 50 bar level

The alternating row shading is for readability only.

Table A2. Capacity limits by diameter and distance.

Distance (km) 8 Inch (t/yr) 12 Inch (t/yr) 16 Inch (t/yr) 20 Inch (t/yr) 30 Inch (t/yr)
50 59,900 174,700 321,900 586,300 1,672,800
100 42,400 123,500 227,600 414,600 1,182,900
150 34,600 100,900 185,900 338,500 965,800
300 24,500 71,300 131,400 239,400 682,900
500 19,000 55,200 101,800 185,400 529,000
The alternating row shading is for readability only.

A cross-check supports the computation. The published capacity of a 20 inch hydrogen
pipeline, 1.2 GW or approximately 315,000 t/yr under continuous operation, falls within
the same order as the 20 inch value at 150 km in Table A2 [4]. The computation assumes
a single pressure section without intermediate boosting, and its conservative character is
discussed in Sections 3.3.4 and 4.4.
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