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Abstract

The uncertain role of the natural gas infrastructure in the decarbonized energy system and
the limitations of hydrogen blending raise the question of whether natural gas pipelines can
be economically utilized for the transport of hydrogen. To investigate this question, this study
derives cost functions for the selected pipeline reassignment methods. By applying
geospatial hydrogen supply chain modeling, the technical and economic potential of natural
gas pipeline reassignment during a hydrogen market introduction is assessed.

The results of this study show a technically viable potential of more than 80% of the analyzed
representative German pipeline network. By comparing the derived pipeline cost functions it
could be derived that pipeline reassignment can reduce the hydrogen transmission costs by
more than 60%. Finally, a countrywide analysis of pipeline availability constraints for the year
2030 shows a cost reduction of the transmission system by 30% in comparison to a newly
built hydrogen pipeline system.
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Introduction

The ongoing transition of the energy system to accommodate greenhouse gas emission
reduction necessitates the reduction of fossil fuel consumption, including the use of natural
gas (NG) [1]. At the same time, the further expansion of NG infrastructure can be observed in
many regions of the world [2]. These two trends create a large level of uncertainty with
respect to the future role of NG and associated infrastructure in the energy system [3]. One
possible solution to this dilemma, which can avoid stranded investments and facilitate NG
infrastructure integration within a decarbonized energy system, is the use of NG pipelines for
hydrogen delivery. The two most discussed options arising for hydrogen delivery via NG
pipelines are: hydrogen blending and NG pipeline reassignment for pure hydrogen transport.
In the case of hydrogen blending into NG, recent studies indicate substantial limitations
regarding greenhouse gas emissions reduction, mainly caused by technical blending
limitations and difficulties in the hydrogen separation process [4]. Therefore, this study will
focus on NG pipeline reassignment for hydrogen delivery.

Countrywide hydrogen supply chain analysis receives increasing attention from the scientific
community [5-8]. These approaches analyze cost-effective hydrogen delivery methods,
including hydrogen pipelines as well as gaseous and liquid hydrogen trailers, whereas
hydrogen pipeline transmission shows the highest long-term economic potential for high
hydrogen demand [5, 8]. Despite the increasing number of pipeline system assessments for
hydrogen, to the best knowledge of the authors, there are no detailed countrywide techno-
economic studies of NG pipeline reassignment for hydrogen transport. To close this research
gap, we estimate the cost of different pipeline reassignment alternatives and, by applying
geospatial supply chain analysis, we assess nationwide hydrogen cost development with
increasing hydrogen demand. The emphasis of this study is on the transmission pipelines,
due to the fact that long-distance hydrogen delivery has a decisive impact on the final cost of
hydrogen during the infrastructure introduction phase [9]. The analyzed NG pipeline
reassignment options encompass the admixture of inhibitors to the hydrogen stream, the
coating of the pipelines, the implementation of an additional pipeline within existing pipelines
and the use of pipelines without substantial modifications while managing hydrogen-induced
material degradation. Bottom-up cost curves for selected pipeline reassignment options are
derived and related geospatial German NG network data concerning diameter, material,
operational pressure and the number of parallel pipelines is estimated. Subsequently, the
cost development of countrywide pipeline reassignment is compared with gaseous and liquid
hydrogen trailers, as well as newly-built pipeline supply chains. Our results indicate, that NG
pipeline reassignment for hydrogen can significantly reduce the hydrogen transmission cost
and thus foster the introduction of hydrogen infrastructure.
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Pipeline reassignment options for hydrogen transport

The technical viability of pipeline reassignment relies on the capability of minimizing material
failure due to hydrogen-induced damage and enabling secure hydrogen delivery. Hydrogen-
induced material fracturing is caused by hydrogen permeation into the crystalline steel
structure, and serves to diminish the material’s mechanical properties, which are required for
proper pipeline utilization [10]. The underlying hydrogen-induced material fracturing
mechanisms of carbon steels are well understood, and is one of the reasons for equipment
failure in the oil and gas industry [10, 11]. Drawing on the analyses in the literature, this study
will focus on the two main mechanisms of pipeline material degradation that most likely result
in the premature failure of conventional steel, namely: the degradation of heat-affected zones
(HAZ) and fatigue crack propagation (FCP) in the base pipeline material [12]. Degradation of
the HAZ occurs due to hydrogen-induced subcritical crack growth under static load in
pipeline welds, while the hydrogen-induced FCP rate increase takes place in the base
material of the pipeline.

The two aforementioned mechanisms have been analyzed in the literature with the result that
the use of pipeline steel X70 is found to be a suitable option to eliminate the former, and to
partially address the latter degradation mechanism [12-17]. Xu investigated the subcritical
crack growth of the HAZ in pipeline segments of steel X70 and X42, with his results showing
no sign of subcritical crack growth in either type of steel [15]. Similar tests conducted on X70
steel to assess the resistance of these materials to subcritical cracking in 6.9 and 4.1 MPa
hydrogen gas partial pressures reported no subcritical crack growth for either type [12].
Lastly, Raymond et al. reported that steels with a yield strength ranging from 200 to 580 MPa
will not show signs of subcritical crack growth under static loads when exposed to a gaseous
hydrogen environment [16]. In the case of steel type X70, the yield strength of the steel is
483 MPa [18], thus falling within the established safe range. From these findings, it can be
concluded that X70 has low susceptibility to hydrogen-induced subcritical crack growth at the
HAZ and can, therefore, be considered a suitable material for pipeline reassignment.

The material deterioration related to hydrogen-accelerated FCP rate, on the contrary, is more
complicated to address because once a crack appears and comes into contact with the high-
pressure hydrogen, the FCP will occur regardless of the pipeline steel type used for the
reassignment [12]. Although the accelerated FCP during operation with hydrogen cannot be
completely eliminated when steel and pure hydrogen are in direct contact, its effects can be
diminished and the pipelines safely operated if some appropriate measures are taken [12].
According to An et al. [17], the first measure is to operate the reassigned pipelines under
static loads, which would eliminate the concern of cyclic stresses in the pipeline and diminish
the occurrence of FCP. Secondly, the exposure of the pipeline crack to the hydrogen
environment can be undermined by chemical or mechanical barriers, or alternatively, the
crack must be immediately repaired, thus leaving no opportunity for further crack
development [12, 19, 20].
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There are four pipeline reassignment alternatives suitable for FCP reduction discussed in the
literature. The pipeline w/o modification approach mitigates hydrogen embrittlement through
additional maintenance and repair procedures for the pipeline. In the case of the coating, an
additional safety layer limits the adsorption of hydrogen gas into the pipeline material.
Alongside the coating, inhibitors can supplement the gas stream to undermine any reactions
between the pipeline material and hydrogen. Lastly, the pipeline-in-pipeline approach
combines the strengths of two separate pipelines, where the inner pipeline is designed for
hydrogen transport and the outer one provides the necessary stability and safety.

¢ Pipelines w/o modification (PWM)
o Coating of surfaces that are in direct contact with hydrogen
¢ Addition of gaseous inhibitors to the hydrogen gas

e Specialized pipeline for hydrogen delivery within the pipeline (pipe-in-pipe approach)

Before discussing these reassignment options, two more general challenges associated with
hydrogen pipeline implementation that would increase the complexity of initial reassignment
projects should be addressed. First, despite the existing industrial piping norms in the USA
and EU [21, 22], there is only a very limited body of knowledge about operating reassigned
pipelines as there exists only a single demonstration project to date [23]. Therefore, the first
reassignment projects should be implemented on industrial sites or in very close cooperation
with the associated regulatory bodies. Secondly, there has as yet been no utilization of larger
steel pipeline diameters (> 300 mm) operated at high hydrogen pressures [20]. This obstacle
would be especially important for pipeline reassignment projects, because typical
transmission pipeline diameters in Germany range from 500 mm to 1400 mm. For these
reasons, some large-scale testing and appropriate policy measures would be necessary.

Table 1 provides an overview of the strengths and weaknesses of the pipeline reassignment
options based on the literature analyzed. In the case of PWM, the main strengths of the
approach are the fact that only limited pipeline modifications are required, as only new
hydrogen-adapted recompression and gas pressure regulation stations are installed.
Furthermore, material fracturing can be diminished in the case of static load operation [17].
However, the increased crack growth will have a negative impact on the material strength
and thus on the O&M cost of the pipeline [10]. In the case of coating, the main strength is the
coverage of the pipeline with a specific protection layer against hydrogen-induced
degradation effects [19]. Metal surface coating is a well-established industrial process [25,
26], but the weakness of this approach is that to the best of the authors’ knowledge, there are
no on-site coating procedures that could be applied to coat already installed pipelines. In
such a case, the coating would require the excavation of existing NG pipelines, which would
significantly add to the complexity and costs of reassignment. In the case of inhibitors, a
similar effect to that with the coating is achieved, as admixed inhibitors prevent hydrogen
adsorption by the pipeline material [19, 27, 28]. Limited modification of the pipeline is
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required, as inhibitors can be easily admixed to the hydrogen stream. However, the
drawbacks of the inhibitor approach are the toxicity and security risks associated with the
specific inhibitor type used [19]. Furthermore, depending on the subsequent hydrogen
processing and application, an additional purification step may be required [29-32]. In the
case of the pipe-in-pipe approach, the benefits of the two specific pipelines can be combined
where the outer pipeline (existing NG pipeline) would provide a mechanical safety barrier and
the inner pipeline would be designed specifically for hydrogen delivery [20, 33]. This
approach, however, would be capital-intensive, as additional installation within existing
pipelines would be required [33-35]. Such a procedure would likely require pipeline
excavation what significantly increases the complexity and cost of the pipeline reassignment.

In light of these findings, we discard the coating and combined pipe-in-pipe approaches from
our further assessment, as both options are expected to require the excavation of existing
pipelines, which would significantly diminish the economic potential of pipeline reassignment.
The methodology applied for the techno-economic assessment of PWM and inhibitor
admixture is described in the following chapter.

Table 1 - Strengths and weaknesses of pipeline reassignment alternatives.

Reassignment

. Strengths Weaknesses

alternative

Pipelines without Few modifications are required Increased material degradation [10]

modifications Limited material fracturing under
static load [17]

Coating Specific protection layer against H2 No known on-site coating procedures
embrittlement [19] Excavation of pipelines probably required
Developed industrial processes on
metal surfaces [25, 26]

Inhibitors (Oz, CO, Limited modifications are required  Toxicity and security risks [19]

SOz) Protection layer undermining Purity requirements of hydrogen
hydrogen permeation [19, 27, 36] processing and fuel cells [29-32]

Pipe-in-pipe Combined benefits from inner and  Required additional material [33-35]

outer pipeline [20, 33] Excavation of pipelines probably required
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Methodology and data

In this section, the methodology and resulting cost functions for PWM and inhibitor pipeline
reassignment options are described. Subsequently, the gathered reassignment-related
pipeline system data for the representative NG grid in Germany is presented and the
technical pipeline reassignment potential estimated. Furthermore, the applied hydrogen
supply chain modeling methodology and countrywide hydrogen demand scenario are
described in this section.

Cost function for pipeline reassignment w/o modification

In order to derive the cost of the PWM reassignment, the associated pipeline capital and
operational cost will be considered. It is assumed that due to the pipeline reassignment, no
capital cost for the pipeline itself is required and only new compressor and gas pressure
regulation stations that are compatible with the hydrogen environment are installed. No
capital cost for the exchange of deteriorated valves and fittings is considered as these
measures are independent of the pipeline reassignment. Furthermore, no change in the
maximum operating pressure of the pipeline is assumed. Table 2 presents the cost
components considered for PWM reassignment.

Table 2 - PWM cost structure.

Components CAPEX OPEX
Pipeline No Yes
Compressor stations Yes Yes
Gas pressure regulation Yes Yes

As discussed above (see Introduction) the PWM reassignment accelerates the pipeline
material degradation, which in turn increases the O&M costs of the pipeline. To quantify this
effect the operation costs of a comparable new hydrogen pipeline are assumed. The applied
assumptions are displayed in Table 3 and Table 4.

Table 3 - Pipeline modeling assumptions.

Parameter Assumption Literature Source
Pipeline O&M 5% 0.8% - 5% [20, 37]
Prmax 100 bar 100 bar [38]
Pmin 70 bar 70 bar [38]
Compressor O&M 1% 1.5% - 4% [39, 40]
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Gas regulation O&M 4% 1.7% [41]
Pipeline depreciation 40 a 40a-55a [20, 42]

First, to determine the material degradation of the pipeline, the stress intensity range (AK) is
derived. The AK describes the damage to the material due to the crack growth caused by the
pipeline load and stress, as well as its geometry [13]. The geometry of the pipeline is
represented by the wall thickness (t) and the mean pipeline radius (Rm). The former is
derived according to Barlow's formula [44] :

__ Pmax'd-Safety Factor (1 )

t
2-Yield Stress

Where d is the outside pipeline diameter. With the known wall thickness (t), the mean radius
(Rm) can be calculated as:

Ry =(d—1)/2 (2)

According to the literature, due to the fact that hoop stress is the main form of stress in steel
pipelines, the primary orientation of cracking is axial [45-47]. Thus, with a hoop stress range
of Ag,, Folias correction factor (Mr) and crack half-length (c), the stress intensity range can
be derived as follows:

AK = M+ Acy, -Vm-c (3)
where Ag,, and Mr are defined as:
Ao, = AP-d/2t, My =v1+1.255-22 - 0.0135-2* with A=c/\/Ry -t (4)

With the known stress intensity range of the pipelines and the conservative assumption of
inert nitrogen atmosphere representing the crack growth under NG operation, the rate of
crack growth acceleration can be estimated. Under these assumptions, depending on AK, the
relative hydrogen-induced crack growth can be accelerated up to a factor of 5-15 [14].To
account for the hydrogen embrittlement increased operational cost, conservative factors are
considered for compressor and gas pressure regulation stations that are placed in the
pipeline grid every 250 km (see Table 3). The associated capital of the compressor station
are estimated according to the hydrogen compressor cost data presented by ReuB et al. [38].
Thereafter, the base compressor station capacity is set to 10 t/d while operating in the range
of 70-100 bar. As for the gas pressure regulation stations, under the assumption that such
device almost equivalent to the one for natural gas, the capital costs were derived from
estimates in the German natural gas grid development plan [48].
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Table 4 - PWM modeling assumptions.

Parameter Assumption Literature Source
Safety factor 1.6 1.6 [20]
Yield stress of X70 483 MPa 483 MPa [18]
Crack length (2c) 25 mm 25-50 mm [17, 49]

Cost function for pipeline reassignment with inhibitor admixture

In the case of the inhibitor admixture to the hydrogen stream, the cost of inhibitors and their
subsequent removal before the further processing of hydrogen is additionally taken into
account. Furthermore, for the consistency of the analysis, an additional compressor is
considered that is required to reach the minimum transmission pipeline operation pressure of
70 bar given the low purification output pressure of 40 bar [50, 51]. The overview of all cost

components of the inhibitor reassignment cost can be observed in Table 5.

Table 5 - Inhibitor admixture cost structure.

Cost component CAPEX OPEX
Pipeline No Yes
Compressor stations Yes Yes
Inhibitor No Yes
Purification Yes Yes
Compressor at purification facility Yes Yes
Gas pressure regulation Yes Yes

@ ®© © 2020 This manuscript version is made available under the CC-BY-NC-ND
4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



Compared to the PWM, the pipeline modeling parameters are displayed in Table 3 and the
compressor, while the compressor station modeling is applied in accordance with ReuB et al.
[38]. Table 6 presents the required inhibitor concentration to limit hydrogen embrittlement, as
well as the associated inhibitor costs for the three analyzed molecules. It must be added that
no recycling or disposal costs of the inhibitors are considered in this analysis. One can
observe the significantly smaller required O> concentration than is the case for SO, and CO,
which shows the effectiveness of the O admixture. Furthermore, the required O:
concentration is two orders of magnitude smaller than the lower explosive concentration of
the hydrogen and oxygen mixture of 4% [52, 53], thus providing a substantial safety buffer for
secure pipeline operation. However, this approach assumes a low number of load
alterations, as high load alteration frequency would require higher O2 concentrations [54].

Table 6 - Inhibitors’ costs modeling assumptions [19, 27, 36, 55-59].

i Required inhibitor Inhibitor Quantity ~ Inhibitor price  Inhibitor cost
Inhibitor - o/,
concentration (%): (kQinnivitor / KgH2) (€ / KQinnivitor) (€ / kgh2)
Oz 0.015 0.0024 0.067 0.000144
SOz 2 0.6531 0.2443 0.159577
CO 2 0.4490 0.5428 0.243715

A further novel cost component is the hydrogen purification facility that is used to remove the
inhibitors and ensure the required hydrogen purity levels are achieved for further hydrogen
processing or application [30-32]. Regarding purification capital cost, the following
expression was obtained after implementing the pertinent changes?®[60]:

Purificationcapgx = a + b X nQ— (5)
H2

Where Q is the hydrogen mass flow at the purification outlet and ny, the hydrogen
concentration (mole fraction) in the feed flow. An overview of the parameters used for the
techno-economic analysis is given in Table 7.

Table 7 - Input parameters [61, 62]

Parameter Value

a 664,800

b 16,537,000
Lifetime 20 a

oM 4%

Hydrogen recovery rate 93%

Energy demand 2.46 KWh/kghz

2 Assuming an electricity cost of 3 ct/kWh and Oz output of 5 kt/d.

3 Inflation rate through the years in the USA (1 USDigss = 1.59 USD201s), in the EU (1 €2013 =
1.038 €2018) and an average exchange rate for 2018 of 0.83 €/USD.
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Wou et al. [61] presented a purification process in which the specific energy demand of a two-
bed pressure swing adsorption (PSA) with two pressure equalization steps was calculated.
The objective of their process was the separation of CO, from CH4 using Zeolite 13X as an
absorbent. The proposed calculation method from Wu et al. [61] was assumed to be
applicable to the present work, as according to Meindersmaet et al. [63], zeolites are widely
used as adsorbent material in PSA hydrogen purification processes. The required power
calculation of the process from Wu et al. [61] was performed with the following equation:

_(r_ Phigh (YT_I) _1|_B 6
E (y—l) RgTreea (P,OW) 10007 (6)

where y is the heat capacity ratio of the feed gas, Ry is the universal gas constant, Treeq is the
feed stream temperature, Phign is the discharge pressure, Piow is the blowdown pressure, B is
the molar flow rate that must be compressed for the adsorbent regeneration step and 7 is the
mechanical efficiency of the vacuum pump. It was noted that the considered PSA process
requires 0.22 kWh/Nm?3,, or 2.46 kWh/kgnz, which is comparable to the findings of other
studies [62]. Table 8 provides an overview of the input parameters for the PSA energy
demand calculation.

Table 8- Summary of parameters for the PSA [50, 61, 63-65]

Parameter Value Parameter Value
Heat capacity ratio of feedgas 1.4 Blowdown - Piow 1.1 bar
Efficiency of vacuum pump 0.8 Blowdown - Mole flow rate  0.181 mol/s

Natural gas system data

Based on the aforementioned variables of pipeline reassignment, the data on the pipeline
material, minimal pipeline pressure and the number of parallel pipelines, as well as pipeline
age, are derived as representative of the German NG transmission grid. Table 9 presents an
overview of pipeline characteristics in relation to the number of pipelines, operational
pressure, and material. For a more detailed description of the publicly available data
assessment, please see the Appendix.

Based on this data, the classification of considered reassignable and non-reassignable
pipelines for hydrogen transmission is implemented. From the presented results, we can infer
that the material requirement has a limited effect on the overall potential, as X70 steel is
estimated to constitute almost 85% of the analyzed pipelines. On a comparable scale, the
technical potential is affected by the minimum pressure requirement, which limits the
technical potential to 87% of the overall pipeline length. Furthermore, it can be observed that
the number of parallel tranches, which is used as a proxy for compatibility with the further
operation of the NG system, has a decisive effect on pipeline availability. More than half
(57%) of the reassignable pipelines correspond to segments with only one parallel tranche.
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Therefore, with the requirement of continued NG transmission through the region, the
reassignment potential is diminished by half, to 39% of the total transmission pipeline length.

Table 9 - Constraints of pipeline reassighment technical potential.

Number of Operation Percentage of

pipelines Pressure Material total length Total

Reassignable for 1 > 70 bar X70 42 .96%
hydrogen 2 > 70 bar X70 25.89% 81.9%
transport 3 >70bar  X70 13.11%

1 < 70 bar X60 10.72%
1 < 70 bar X70 0.90%
Non- .

Reassignable for 1 > 70 bar X60 0.17% 18.0%
hydrogen 2 < 70 bar X70 1.41% '
transport

2 > 70 bar X60 2.44%
3 > 70 bar X60 2.40%

Hydrogen supply chain model

The hydrogen supply chain modeling methodology applied for system-wide infrastructure
analysis is derived from Cerniauskas et al. and ReuB et al. [5, 9]. The detailed modeling of
the components and relevant geospatial constraints enables not only the design of
equipment in accordance with the required capacity, purity and output pressure, but also to
include the demand distribution, scaling and utilization of distributed operational assets in the
region.

Fig. 1 depicts the analyzed hydrogen supply chain components in this study: production,
storage, conversion and conditioning, transmission, distribution and fueling facilities.

GHZ-%vern TSA Pipeline Pipeline Refueling
“ iiii K Station
GH,{Tank GH,-Trail ‘i m‘g
LH,-Tank LH,-Trai
LH, \;_ Industrial
TSA - Temperature swing adsorption - FaC”ity

GH. - Gaseous Hydrogen
LH2 - Liquid Hydrogen

Fig. 1 - Hydrogen supply chain overview [9].
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For production and import, we assume PEM electrolysis and liquid hydrogen (LH.) import
costs as derived following the methodology of Heuser et al. [66]. In the case of the capital
cost of the electrolysis, the learning and scaling effects of the production plant are
considered. The long-term storage capacity is designed for 60 days, whereas no gaseous
hydrogen (GH>) salt caverns will be constructed until a minimal storage capacity of 70,000 m3
is achieved. Temperature swing adsorption (TSA) is used to reduce the water content in the
hydrogen stream following the electrolysis and salt cavern components. Hydrogen delivery
options encompass 70-100 bar hydrogen pipelines, LH> trailers and 500 bar GH: trailers,
whereas pipeline delivery is separated into transmission and distribution networks. The
transmission grid is considered to be the most representative NG grid in Germany and the
centroids of the German counties, whereas each county is modeled with its own, separate
distribution grid. Hydrogen fueling is considered for both 350 bar and 700 bar technologies,
as well as industrial facilities that, in the case of pipeline transmission, are supplied directly
from the pipeline network.
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Results

In this section, the costs of the analyzed pipeline reassignment options are evaluated and the
countrywide cost effects for the preselected options are assessed. Three distinct pipeline
availability scenarios are defined and compared with regard to hydrogen supply chain cost
sensitivity. Finally, hydrogen pipeline reassignment is compared to other hydrogen supply
chain pathways.

Pipeline reassignment cost analysis

The resulting cost of the PWM reassignment and its cost structure can be observed in Fig. 2.
As can be expected, due to the fact that only the CAPEX of the compressor and gas
pressure regulation station is included in the cost consideration, the cost of the pipeline is
largely dominated by the OPEX. This is especially the case for smaller diameters as the cost
is primarily governed by the OPEX FIX of increased pipeline and associated equipment O&M
costs. In the case of large pipeline diameters, OPEX VAR the cost of recompression Based
on these findings, polynomial regressions are derived for use in the system-wide analysis
and are depicted in Table 10.

800 1
mmmm CAPEX

OPEX FIX

600 1 s OPEX VAR "
y
|

o
A

_————"“

0Lk
100 300 500 700 900 1100 1300 1500
Diameter (mm)

Cost of pipeline (€/m/a)

Fig. 2- PWM reassignment cost structure with crack length impact on OPEX.

Table 10 - Cost functions for PWM.

Unit Cost function (d in mm)
CAPEX €/m/a (1.67 X 10™*) - d? + (=2 x 107 13) - d + (7.8 x 10719)
OPEX FIX €/m/a (11x107)-d? + (1.6 xX107%) -d + 2
OPEX VAR €/m/a (1x107*)-d?*+ (-1.5%x10712) - d + (-2.9 x 10719)
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The reassignment costs for the three different inhibitors are presented in Fig. 3. Similar to the
PWM reassignment method, one can observe increasing cost with rising pipeline diameter.
Furthermore, the cost of the inhibitor admixture is also highly dominated by the operational
costs that mainly relate to the additional cost components of hydrogen purification with
subsequent compression and inhibitor expenditures. It can be observed that the capital costs
of the three alternatives remain similar, as the only parameter variation occurs in the required
inhibitor concentration, which affects the purification unit investment cost. The derived
polynomial regressions in Table 11 for each inhibitor confirm the stated observations.

9000 | memmm CAPEX O,
80001 OPEX FIX O3
mmmm OPEX VAR O

T = CAPEX SO
OPEX FIX S50,

mmmm CAPEX CO
OPEX FIX CO
mmmm OPEX VAR CO

2 70001

mmmm OPEX VAR SO
¥ 6000 1
17}
< 5000 ]
)

4

2 4| p

3 4000 4

g / y 4

2 - 4

O 2000 - = '

1000 1 // el ] , et ‘é

0- ——— il —// | ,_/’
100 300 500 700 90011001300 100 300 500 700 90011001300 100 300 500 700 900110013001500

Diameter (mm) Diameter (mm) Diameter (mm)

Fig. 3- Inhibitors reassignment cost structure for Oz, SO, CO.

Table 11- Cost functions for inhibitor admixture of O,, SO,, CO.

Inhibitor Unit Cost function (d in mm)
CAPEX €/m/a (69%x10™)-d?+ (-82x10713) - d + (—5.2 x 10719)
02 OPEX FIX €/m/a (1.4x1073)-d? + (-1.6 x 1072) - d + 2.05 x 10!
OPEX VAR €/m/a (28x107%)-d? +(-23%x107'?)-d +2.4 x 10711
CAPEX €/m/a (7x107) - d? + (-1.6 X 10712) - d + (—2.4 x 1019)
SO2 OPEX FIX  €/m/a (1.4%1073) - d? + (-1.6 X 1072) - d + 2 x 10°
OPEX VAR €/m/a (1.6 x1073) - d? + (—6.2x 1073) - d + (—6.5 x 10710
CAPEX €/m/a (7x107) - d? + (-1.6 x10712) - d + (—2.4 x 10719
CO OPEX FIX €/m/a (1.42%x1073)-d? + (-1.6 X 1072) - d + 2 x 10!
OPEX VAR  €/m/a (23%x1073)-d?+ (—45x10713) -d + (—7.7 x 10710)

In Fig. 4, the resulting total yearly pipeline costs of the analyzed pipeline reassignment
alternatives at typical transmission pipeline diameters are displayed. In addition, new
hydrogen pipeline costs with compressor and gas pressure regulation stations every 250 km
are presented [20, 43]. It can be observed that not all reassignment options deliver lower
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costs than new hydrogen pipelines, whereas CO and SO. admixture are the least
competitive options. The significantly lower cost of O» admixture is highly related to the lower
inhibitor cost and, most notably, the very small required inhibitor quantity that additionally
reduces purification costs. However, due to the purification costs, the O inhibitor admixture
does not provide any cost reduction in comparison to new hydrogen pipeline construction.
Significant cost reductions are observed in the case of the PWM pipeline reassignment that
is found to be, on average, one order of magnitude less costly than the O inhibitor
admixture. The main reason for such a difference is that, for the PWM approach, no
hydrogen purification is required for further hydrogen processing and use. Furthermore, due
to its low CAPEX and fixed OPEX, the PWM reassignment is found to be at least 60% less
expensive than building a new hydrogen pipeline. Nevertheless, it should be kept in mind
that our cost estimates are based on material tests of small-diameter pipelines in comparably
low-pressure conditions. Moreover, the crack growth acceleration is estimated for the case of
the static pipeline load operation, which is facilitated by long-term and buffer hydrogen
storage capacities. However, the high intermittency of renewable energy sources may
require more flexibility in the pipeline network, which would increase the number of load
cycles and, in turn, accelerate material degradation. Thus, larger tests under more realistic
transmission pipeline operation scenarios are required to gather more accurate results.
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Fig. 4 - Cost comparison of the pipeline reassignment alternatives and new H: pipelines.
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Fig. 5 - Cost savings by pipeline reassignment in comparison to a newly build H: pipeline.

Fig. 5 displays the specific cost savings of pipeline reassignment for the two least expensive
options in comparison to a new pipeline with small diameters of below 250 mm. Pipelines are
generally associated with comparably large initial capital investments that are independent of
the pipeline capacity and thus have a negative impact on specific costs. As the capacity
increases, the specific CAPEX cost of the new H. pipeline delivery falls rapidly; therefore,
one can observe diminishing specific cost savings with increasing hydrogen throughput.
Furthermore, one can observe the negative impact of low pipeline capacity utilization during
the initial pipeline reassignment. In the case where available NG pipeline capacity is
insufficient, no reassignment can be applied and thus no cost comparison to the construction
of a new hydrogen pipeline is apparent. Due to the high expenses of purification and
inhibitors, inhibitor reassignment is more affected by the increasing pipeline throughput and
low pipeline utilization. However, as PWM reassignment costs are mostly governed by the
fixed operating costs caused by the accelerated crack growth, pipeline throughput has a
lower impact on the pipeline cost. The latter offers comparable cost-savings only in the case
of good pipeline utilization and low overall pipeline throughput. For these reasons, PWM
generally offers superior features for cost-efficient hydrogen delivery over O inhibitor
admixture.

Countrywide cost of pipeline reassignment

To analyze countrywide effects, Fig. 6 presents a system-wide comparison of selected
pipeline reassignment options and new transmission pipeline construction. For this
comparison, the overall technical reassignment potential is used, thus displaying the most
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optimistic scenario. These results display rapid cost reduction of a countrywide H» pipeline
system with increasing demand showing that, with sufficient market size, cost-competitive
network costs of 0.6-1 ct/kWh can be achieved. However, the cost reduction effects
observed earlier are diminished by 50% due to the limited pipeline availability for
reassignment and the methodological requirement to connect county centers with new
hydrogen pipelines. Furthermore, these results confirm the positive effect of PWM
reassignment, as system-wide costs are consistently lower than in the case of a new pipeline
system. An O inhibitor and PWM reassignment lead to cost reductions of up to 20% and
60%, respectively. In line with earlier observations, we find that for small overall hydrogen
demand (< 250 kt p.a.), an O inhibitor provides a good pipeline reassignment option but its
cost reduction potential is significantly diminished by the low pipeline utilization. At larger
throughput, due to the rapidly increasing operating costs at an overall demand of 500 kt p.a.,
the O inhibitor reaches the cost of the entirely new hydrogen pipeline system. To account for
the varying nature of the least expensive pipeline reassignment option, an optimized mix of
PWM and O: inhibitor will be further assessed for countrywide pipeline reassignment.
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Fig. 6- Countrywide H: transmission cost comparison.

To critically evaluate the effect of the pipeline’s availability, three distinct pipeline availability
scenarios were designed. The analysis of the scenarios is based on the demand scenario for
the specific year of 2030, thus allowing the comparison of the geospatial distribution of
reassigned pipelines, as well as the associated cost effects. The underlying hydrogen
demand scenario for Germany is derived from the market-specific trend overview by
Cerniauskas et al. [9]. The scenario encompasses future hydrogen markets of local buses,
non-electrified trains, passenger cars, trucks, material handling vehicles (MHV) and the
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chemical industry.* Fig. 7 presents the scenario-based, temporal evolution of hydrogen
demand as well as its structure, showing the relative weight of each market. It can be
observed that in the first half of the analysis period, the demand is mainly governed by
captive bus and train vehicle fleets, MHVs and trucks. Passenger vehicles and heavy
industry begin to dominate the hydrogen market in the second half of the analysis period,
together making up approximately 60% of the total demand in 2050.
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Fig. 7- Hydrogen demand development and its relative structure [9].

All three pipeline availability scenarios share common constraints of minimal pipeline
pressure, as well as the required pipeline material that is compatible with hydrogen
transmission (see Introduction). The scenarios differ with regard to the consideration of the
pipelines, which enables both hydrogen and NG transport throughout the region. Moreover,
the age of the pipelines is taken into the account to consider the reassignment of the worn-
down assets if the reassignment and construction of new NG pipelines proves to be less
expensive than new NG and hydrogen pipelines. The summary of the scenario definition and
relevant criteria is provided in Table 12. It should be pointed out that a more detailed NG
system assessment comprising national and international NG flows, as well as n-1 security
requirements, would provide a more detailed picture of pipelines that can be reassigned
without diminishing the functionality of the NG system. Nevertheless, these scenarios can
highlight the order of magnitude of the available cost reductions in the hydrogen transmission
system.

Table 12 - Definition of pipeline availability scenarios.

Criteria Optimistic Conservative Balanced
Min. pressure [bar] 70 70 70
Steel type X70 X70 X70

4 Ammonia, petro-chemical, methanol
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# of parallel pipelines - >1 >1

Pipeline age (a) - - >40

As Fig. 8 notes, the total pipeline network length for the year 2030 is estimated to be 11,700
km, which amounts to less than 30% of the total length of the representative NG
transmission pipelines in Germany [67]. In the case of the optimistic reassignment scenario,
which is not restricted by a number of parallel pipelines or pipeline age, we observe that up
to 46% of the hydrogen transmission consists of reassigned pipelines covering almost all
transmission in eastern Germany and the main transmission routes from wind-rich
northwestern regions to the southeastern part of the country. The southwest of the country is
highly constrained by pipeline eligibility criteria for hydrogen transmission, and therefore no
reassignment can be found in this region (see natural gas system data). In the case of the
conservative scenario, however, the total reassigned pipeline makes up only 13% of the
transmission system length, thus enabling it to have only a limited effect on the overall
system cost. In this case, only the highly industrialized region with the extensive NG system
in the northwest of the country receives broader coverage with reassigned pipeline
transmission. As the balanced scenario extends the conservative scenario with aged
pipelines, it offers a less restrictive solution, with 25% of overall pipeline length. In this third
scenario, the reassigned pipeline routes to central Germany, as well as the broad coverage
of eastern Germany, are additionally enabled.

Optimistic Conservative Balanced

[ Reassigned

Il New H, pipelines

| Reassigned length l 46% 13% 25%

Fig. 8 - Pipeline availability scenarios for the year 2030.

The quantified effects of the observed geospatial pipeline reassignment distribution are
displayed in Table 13where the hydrogen transmission costs for all three scenarios are
compared to the system based on entirely new hydrogen pipeline transmission. We can
derive from this that, regardless of the pipeline availability scenario, reassignment reduces
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the transmission system cost by at least 20%. Furthermore, in the case of the optimistic
scenario associated with less than 1/2 of the reassigned total pipeline length, pipeline
reassignment enables a cost reduction of 30%. This result is in line with the cost reductions
observed in Fig. 6. In the conservative and balanced scenarios, transmission costs are
reduced by 22% and 25%, respectively. The resulting costs of 4.1-4.4 ct/kWh are
substantially larger than current NG grid levies in Germany of 0.33 ct/kWh and 1.25 ct/kWh
for industrial and commercial consumers, respectively [68]. This finding indicates that for the
selected demand scenario by 2030, the throughput in the countrywide hydrogen pipelines is
not yet sufficient to reach a comparable scale of the current NG transmission system.

Table 13 — Hydrogen transmission cost comparison related to pipeline availability scenarios for
pipeline reassignment in the year 2030

New pipeline  Optimistic Conservative Balanced
scenario scenario scenario
H2 transmission cost 5.9 4.1 4.6 4.4
(ct/kWh)
Cost reduction to a 0 30 22 25
new pipeline (%)
Reassigned length (%) 0 46 13 25

Finally, the pipeline reassignment costs should be compared not only to the new hydrogen
transmission, but also to the alternative hydrogen delivery options that utilize GH> and LH>
trailers. In Fig. 9, the pipeline reassignment in the case of the optimistic scenario is
compared with other hydrogen delivery options that have been derived using the geospatial
supply chain model (see the Hydrogen supply chain model). Despite the substantial cost
reductions observed in the aforementioned results, we can observe that pipeline
reassignment reduces the system cost by 5% in comparison to the new pipeline system. This
effect is even smaller in the case of pipeline distribution, as the system cost is primarily
dominated by the pipeline distribution rather than transmission costs. From this finding, we
can conclude that small new transmission and distribution pipelines, which cannot be
reassigned, are the main cost drivers in the pipeline system. Nevertheless, transmission
pipeline reassignment becomes the least expensive hydrogen delivery option, surpassing
LH. trailer delivery by 2031 at the demand of 330 kt p.a. This result indicates the significance
of NG pipeline reassignment for the introduction of a cost-efficient hydrogen infrastructure.

@ ®© © 2020 This manuscript version is made available under the CC-BY-NC-ND
4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



12 Storage-Transmission-Distribution |
-5
111 = Cavern-LH2 Truck
L4 T = Cavern-GH2 Truck
2107 £ = |H2 Tank-LH2 Truck
@ 3 = Cavern-Pipeline-Pipeline
g 9 s —— Cavern-Pipeline-GH2 Truck
‘f\‘ ,Zg = (Cavern-Pipeline reassign.-Pipeline
T 8 o Cavern-Pipeline reassign.-GH2 Truck
7 - 1

T ; \ T T 0
2025 2030 2035 2040 2045 2050
Time (Years)

Fig. 9 - Comparison of hydrogen supply chain cost development under the exogenous
hydrogen demand scenario.

To better comprehend the reasons behind the limited impact of the pipeline reassignment on
the overall system cost, Fig. 10 displays the cost structure of the new pipeline system and
pipeline reassignment scenarios. A comparison of the results shows that production and fuel
station costs make up more than 2/3 of the total system cost. The main reasons for these two
supply chain components having such a sizeable impact are the variable hydrogen
production costs, governed by the cost of electricity, and the low utilization of the capital-
intensive refueling station network. Thereafter, a large share of production costs and fueling
confine the overall impact of the transmission cost variation amongst the pipeline
reassignment scenarios.
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Fig. 10 - Hydrogen supply chain cost structure for different pipeline reassignment availability
according to the hydrogen demand scenario in 2030.
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Fig. 11 depicts the impact of the most sensitive input parameters. As mentioned above,
production cost, related parameters such as LCOE have a major impact on the hydrogen
delivery cost. Due to the capital intensity of the supply chain, WACC is the second most
sensitive parameter that determines the final hydrogen supply chain cost. The variation of
these two parameters by 20% has a comparable impact as the determined cost reduction by
pipeline reassignment itself. Furthermore, the investment cost of the refueling station and
electrolysis also have a significant impact on the hydrogen cost. One can also observe that
the cost sensitivity of storage and purification are of lower importance to the resulting cost.

H, delivery cost (€/kg)
850 8.75 9.00 9.25 09,50 9.75

LCOE -

WACC -

Refueling investment -

Electrolysis investment -

Purification OPEX VAR -

Storage investment -

Fig. 11 — Sensitivity of hydrogen cost (optimistic reassignment) in 2030 to 20% variation of the
selected parameters
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Summary & Conclusions

In this study, we examined four natural gas transmission pipeline reassignment alternatives
and derived cost functions for the two most promising options, namely inhibitor admixture
and pipeline utilization w/o modification (PWM). The bottom-up pipeline reassignment cost
assessment consists of hydrogen-induced material fracturing cost in the form of increased
O&M and inhibitor cost, as well as requiring new compressor and purification units.
Subsequently, the necessary properties of the representative German NG network, such as
pipeline material and diameter, pipeline age and the number of parallel pipelines, are derived
to assess the technical potential of the NG pipeline reassignment. Based on the derived
results, the system-wide cost effects are investigated and compared to the alternative
hydrogen supply chain pathways of the truck and pipeline delivery, whereupon the potential
role of the NG pipeline reassignment in implementing the hydrogen infrastructure is
discussed.

Comparing the pipeline reassignment cost with that of the newly built hydrogen pipelines
yielded two-fold results. On the one hand, for larger diameters, only the PWM created
substantial cost reductions. Neglecting the cost of their disposal, inhibitors proved to be more
cost-intensive than the construction of a new hydrogen pipeline. The main reasons that were
identified for the higher inhibitor admixture costs are capital expenditures for inhibitors and
purification costs. On the other hand, in the case of small pipeline diameters (<250 mm), and
given that the inhibitor-based reassignment cost is less governed by fixed operational costs,
using Oz as an inhibitor offers superior cost reductions over the PWM. The first analysis of
the technical reassignment potential of the German transmission network shows that more
than 80% of the analyzed pipelines are available for reassignment. By comparing the derived
pipeline cost functions it could be derived that pipeline reassignment can reduce the
hydrogen transmission costs by more than 60%. The countrywide cost of the reassignment
options shows that pipeline reassignment can reduce costs by 20% to 60% compared to the
new hydrogen pipeline. However, due to the higher sensitivity to low pipeline utilization, the
O: inhibitor reassignment remains consistently more expensive than the PWM alternative.
Moreover, in the case of overall demands larger than 500 kt p.a., the O: inhibitor system
proves to be even more expensive than a new pipeline network. Therefore, only PWM
reassignment option is considered in the subsequent analysis.

The assessment of NG pipeline availability scenarios shows that by 2030, the transmission
cost is reduced by 30% in comparison to the new hydrogen pipeline system. Subsequently,
the comparison of the reassignment cost development with the truck and new pipeline
hydrogen supply chains shows that by 2031 (330 kt p.a.), pipeline reassignment will be the
least expensive hydrogen delivery option. This finding indicates that NG pipeline
reassignment offers a cost-effective hydrogen delivery method and is thus very suitable for a
national hydrogen infrastructure. Especially, as it can alleviate the implementation of
hydrogen infrastructure by avoiding stranded investments in the natural gas system and
abating the planning and approval procedures of hydrogen projects. However, the high-cost
share of production and fueling diminishes the overall impact of pipeline reassignment,
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highlighting the challenges for a cost-competitive hydrogen supply concerning the low-cost
hydrogen production and the improved utilization of the refueling station network remain to
be solved.
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Acronyms

CAPEX Capital expenditures

FCP Fatigue crack propagation
GH2 Gaseous hydrogen

HAZ Heat affected zones

LH2 Liquid hydrogen

MHV Material handling vehicle
NG Natural gas

OPEX Operational expenditures
O&M Operation and maintenance
PSA Pressure swing adsorption
PWM Pipeline w/o modification
TSA Temperature swing adsorption
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