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Executive Summary

Defining and installing an adequate cost-effective infrastructure for hydrogen mobility is still the
main barrier restraining its deployment. This study aims to provide the minimum cost related to
deploying hydrogen infrastructure based on the use of compressed gas trucks (CGT).

First, as the current market offers a variety of CGT, four pressure levels are taken into account in
the optimization problem. The levelized cost of transporting hydrogen (LCOTH) associated with
each one is formulated then, as a function of the transported capacity and distance. This cost
function includes the costs related to the compression, storage and road transportation.

LCOTH is then minimized by optimizing the capacities transported by each CGT. The results
showed that LCOTH decreases with the transported capacity and increases with the trip
distance. The main used CGT are the ones at high pressure (above 500 bar). Their share increases
with the distance and the hydrogen demand.
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Nomenclature

CGT Compressed gas truck

FCEV Fuel cell electric vehicle

TPD Tons per day

i,j Locations

s0,st Hydrogen state at atmospheric pressure P, and operating pressure P; respectively

t Operated by a CGT where the hydrogen is at pressure level of P,

c Associated to compression cost

B Associated to storage cost

T Associated to transportation cost

tube Associated to the tube cost

und Associated to the undercarriage cost

Tra Associated to the trailer cost (both the tube and the undercarriage costs)
cab Associated to cab cost

Technical parameters

d;; Distance in km between the locations i and j
Ad Distance step in km

Cp Total hydrogen capacity transported in kg
ACp Hydrogen capacity step in kg

Wisoo Adiabatic work in kWh/kg

Wm Compressor electrical work in kWh/kg

14 Specific heat ratio of hydrogen

N Compressor stages

N¢ Compressor electrical efficiency

Pt Operating pressure in bar

Py Atmospheric pressure in bar

To Ambient temperature in K

Py c Baseline operating pressure for compression in bar
Sp.c Base compressor size in kg

m Total transported capacity by one CGT in kg
Am One CGT capacity step in kg

Pps Baseline operating pressure for storage in bar

Sp.s Base tank capacity in kg
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Total loading (l) and unloading (u) time in hours

The maximum total loading and unloading time in hours
Annual availability of the truck in hours

Total annual hours

Average truck speed in km/h

Maximum number of round trips

Number of CGT

Number of drivers

Number of driver working hours

Net present value in €

Economical life time in years

Discount rate

Total annual cost in €

Capital cost related to X in €

Capital recovery factor related to X

Capacity factor related to X

Operations and maintenance cost related to X in €
0&M,, as a percentage of CCy

Fuel cost in €

Labour cost in €

Total levelized cost of transporting hydrogen in €/kg
Levelized cost of hydrogen related to X in €/kg

Unit electrical energy cost in € 2015

Annual cost of energy to operate the compressor in €
Base compressor cost in € 2015

Unit fuel cost in € 2015

Driver wage in €

Mathematical parameters
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min Z LCOTH * Cp* Linear program formulated where Cp® represents the vector variables to determine
- minimize LCOTH = Cp*
subject to Cp = Y, Cp*
and Cpt =0

variables to determine
minimize LCOTH x it
subjectton = Y, it

it>0
andit € Z¢

minz LCOTH x it Equivalent Integer linear program formulated where i* represents the integer vector
t

| Introduction

One of the big challenges of the future of energy is to find a balance between the increasing
demand on energy, the limited fossil fuel resources and the necessity to lower the carbon
emissions. This challenge is mainly apparent in the transportation sector. On one hand, this
sector has a high energy demand and its share of total energy need is still increasing. In the case
of countries of the European Union, it represented 32 % of the final energy demand consumed
in 2014 [Commission, 2015]. On the other hand, the growing transportation demand increases
the dependency on conventional fuel and increases carbon emissions as well. In fact, while total
emissions of the European countries have decreased by 17 % in the last 25 years, the
transportation sector has been the only one that had its emissions increased by 22 %
[Commission, 2015] during the same period. To deal with that, the European Union fixed the
threshold of oil dependency in transportation to be reduced by 70 % in 2050 compared to its
level in 2008 in order to decarbonise the transportation sector [White Paper, 2011].

The use of low carbon Fuel Cell Electric Vehicles (FCEV) is one of the promising alternatives for
the conventional fuel. However, defining and installing an adequate cost-effective infrastructure
is still the main barrier restraining its deployment. Many solutions for hydrogen supply chains are
likely to emerge depending on level of demand, resource availability, geographic factors and
progress on hydrogen technologies. Currently, the main improvement comes from the research
field, which improves economic feasibility by reducing the total cost of supply or by acting on
different steps of the supply chain including mainly production, storage, transportation and
distribution.

Under this problematic, this study aims to provide the minimum cost for deploying hydrogen
infrastructure. This is done by taking into account different hydrogen transportation modes
including different trucks and hydrogen states as compressed gas, liquefied or chemically bound
to a liquid carrier. First, the minimum cost of transporting hydrogen using compressed gas trucks
(CGT) is calculated. The associated levelized cost of transporting hydrogen (LCOTH) includes the
transportation, the compression and storage as well.



A literature review is presented in the first part introducing the different works on hydrogen
infrastructure optimization along with the reason and the methodology behind the optimal
hydrogen transportation via compressed gas trucks. Then the model components of the
transportation optimization are presented, which includes technical and cost evaluations of
compressed storage and transportation via trucks. Finally, the mathematical model will be
presented along with the main results for different hydrogen demand and location distances.

Il Literature review

The literature review shows examples of optimizing the total hydrogen infrastructure by limiting
the analysis on one way of hydrogen transportation (a) or by investigating a part of the hydrogen
delivery pathway that includes the stages of hydrogen production, storage, transmission and
distribution in separate studies (b).

Analysis (a) is done either via trucks or pipeline system [Marcoulaki et al., 2012, Baufumé et al.,
2013] or by including the two transportation systems in different scenarios [Demir & Dincer,
2017]. Often the cost effectiveness of the whole supply chain was improved by analysing only
one part of the pathway (b) [Stoji¢ et al., 2003, Yang & Ogden, 2007, Kim & Kuby, 2012, Bellotti
et al., 2015].

For instance, [Yang & Ogden, 2007] have developed models in order to identify the cost effective
delivery mode and the results showed that the demand impacted the cost. For instance, small
refuelling station with low demand can be supplied using compressed gas truck, while moderate
demand can be supplied using liquid hydrogen when the pipeline system could be used for dense
area that have a larger hydrogen demand.

[Stoji¢ et al., 2003] investigate the reduction of energy needs in industrial electrolysers, while
[Bellotti et al., 2015] focused on the hydrogen storage process taking in account two different
alternatives . The first alternative, consists of a conventional method in which the hydrogen is
stored in high pressure tanks, and the second one, used storage in hydro-methane form.

Finally, [Kim & Kuby, 2012], developed a mixed-integer linear program that optimizes the
locations of the refuelling stations. Their model considered the limited driving range of
automobiles and necessary deviations likely to happen when the refuelling station network is
sparse.

The different optimisations were performed by focusing on one pressure level. For instance,
[Yang & Ogden, 2007] investigate the cost of transporting hydrogen using a CGT at low operating
pressure of 162 bar pressure transporting a total net capacity of 300 kg when [Demir & Dincer,
2017] investigate a higher operating CGT pressure of 486 bar but only at a fixed round-trip
distance of 100 km. The middle range pressure of 200 bar was investigated as well by developing



a model based on life cycle cost for implementing a general refuelling station siting [Sun et al.,
2017] or along the expressway [He et al., 2017].

The net transported capacity was chosen either variable independent from the distance trip and
ranging between 250 and 460 kg [He et al., 2017], or fixed to 200 kg per trip [Dayhim et al., 2014].

This literature review showed that optimizing the overall hydrogen supply chain and delivery
chain shifted the focus away from the transportation using compressed gas. In fact, this mean of
transporting hydrogen could be further optimized by investigating three parameters: the
pressure level, the transported capacity and trip distance.

The first one is done by investigating a set of pressure levels instead of restraining the study on
only one. In fact, the current CGT market and future prospects give a range of five potential
operation pressure level ranging from 180 to 540 bar, which could be used to minimize the cost
of transportation.

The two other parameters can be further investigated by setting both of them as variables and
extending the data range to a transported capacity up to 100 TPD and a trip distance ranging
between 1 km and 500 km. While the literature reviewed investigated limited transported
capacity and/ or fixed trip distance, this study gives flexibility to both parameters to investigate
them simultaneously.

Il Methodology

The model aims to find the optimum combination of CGT at different pressure levels to transport
hydrogen at the minimum cost for different trip distance and different hydrogen flow demand.
For that, both production and distribution are taken as input parameters for the model based on
the case of France and Germany.

Concerning the choice of CGT, potential pressure levels ranging between 180 and 540 bar
associated with the current and future CGT market are considered for this analysis.

The primary result showed that less than 0.001 % of trucks at 180 bar are needed for the
hydrogen demand and trip distances set data. Therefore, the analysis is restrained to four
pressure levels presented in Table 1, along with the total net hydrogen capacity that can be
transported by each CGT.

The choice was made by investigating current operating CGT in the market, literature reviews
and reports [Simbeck & Chang, 2002a, Composites, 2006, Steward et al., 2008, Tamhankar, 2014].

As the study aims to build a scenario of hydrogen penetration by 2030, the analyses uses as well
the target set by the US DOE for the year 2020 to reach economic feasibility of a filling pressure
of 520 bar [Gerboni, 2016] along with other future prospects [Hexagon, 2013, Zerhusen, 2013].



Table 1: Variable parameters for CGT technical assessment

Design pressure in bar P 250 350 500 540

Total net truck capacity inkg | m! 720 907 1100 1350

Source: [Simbeck & Chang, 2002b, AlImansoori & Shah, 2006, Steward et al., 2008, Hexagon, 2013,
Zerhusen, 2013, Tamhankar, 2014, Gerboni, 2016]

The focus of the use of hydrogen in this paper is mobility via FCEVs, the hydrogen will be
produced using excess wind electricity via electrolysis.

For the case of Germany, the country has already a high share of wind energy in the electricity
mix [OPSD, 2018] with high disparities. In fact, the main wind generation is located in the north,
where the populated and industrial areas mostly located in the south of the country.

In contrast, France by targeting a nuclear share of 50 % by 2025 [Gouvernemt, August 2017] aims
to reach an installed capacity of 45 GW onshore wind power by 2030 [Eolienne, 2017].

The location of hydrogen production is supposed to be fixed and not included as a decision
variable, allowing to cover the main fuel consumption for mobility. Results showed that at the
national level and in case of a high hydrogen penetration of 2.4 % with FCEV on the overall
passenger car market by 2030 an average hydrogen demand of 338 and 379 TPD will be needed
for France and Germany, respectively [Lahnaoui et al., 2017]. Therefore, a hydrogen demand
ranging between 0.01 and 100 TPD is feasible for a regional need.

The hydrogen is then transported to the hydrogen refuelling stations to refuel FCEV. In this
analysis, only transportation via truck is considered to minimize the cost. First, the hydrogen is
compressed and stored at the production site, then transported via gas trucks over a distance
ranging between 1 and 500 km for regional use. In fact, France and Germany present a maximum
distance north to south of respectively 962 and 853 km as well as a maximum distance east to
west of 950and 650 km, respectively.

The transported hydrogen is finally refuelled at stations with compressors, high pressure storage
and dispensers.

For the cost calculation and because the production and consumption rates are assumed fixed,
only the cost related to transporting hydrogen LCOTH will be minimized. These costs include
compression at the production site LCOH, storage LCOH, and transporting the compressed gas
via CGT LCOH as shown in Equation 1.



LCOTH = LCOH; + LCOHg + LCOH; 1

IV Input parameters

The hydrogen gas is initially at a known location i and at an initial state S® where the hydrogen
is a gas at ambient temperature T, and atmospheric pressure P,.The hydrogen is then
compressed using a compressor of five stages delivering hydrogen up to 720 bar [Jensen et al.,
2007] to a state St , where the hydrogen is a gas at ambient temperature T, and pressure Pt. The
compressed gas at the state S¢ is stored in different tube trailers of total capacity of m¢ (Table 1)
and then loaded to be transported by a CGT to a location j.

Once the hydrogen is transported to the final location j over a distance d;; from the storage
site i, the truck is supposed to wait till it is unloaded adding a total loading and unloading time

ttl/u‘ that depends on its hydrogen state of aggregation. Hence, over the distance d;;, each single

i
CGT can perform a maximum annual number of roundtrips. The tube trailer transported is
supposed to be filled at its maximum capacity so that the annual number of roundtrips meat the
maximum 7, .£. The maximum capacity m® again depends on hydrogen state of aggregation of the
transported gas. Finally each truck is operated by a number of driver 1., limited by its working

hours.

IV.1 Technical assessment
IV.1.1 Compression work

A five stage (N = 5) compressor delivering hydrogen up to 720 bar is chosen as it work was find
out to be close to the practical one with less energy consumption [Jensen et al., 2007]. The

specific work WAS_)Ot (Equation 2) in kWh/kg is deduced from the adiabatic work [Jensen et al.,
2007] of compressing hydrogen gas of specific volume equal to 11.986 m3/kg at 20°C [McCarty
et al., 1981].

y—1

For a pressure given in bar, the first term includes the unit conversion from J/kg and Pascal
multiplied by the specific volume of hydrogen and y is the specific heat ratio of hydrogen
[McCarty et al., 1981].

The annual energy to operate a compressor, which is driven by an electric motor, is deduced then
from the electrical work W, taking into account the total efficiency 17, as a product of its adiabatic
efficiency that varies between 75 and 85 % and electrical one of the order of 90 % (typically a
total efficiency of 70 % of the adiabatic work Wys_,, [Jensen et al., 2007]).



IV.1.2 Transportation via truck

The maximum annual number of roundtrips n,,' (Equation 3) between two locations
i and j depends also on the availability of the truck, which is expressed in the number of hours
when the truck is available (Av.) for transportation during the year, and the average truck
speed §,.

Av.
t _
n., = [2?(1-- ‘ 3

Yy t
s, Tty

In case of the use of one type CGT to transport a total hydrogen capacity Cp (in kg) the number
of trucks needed is defined in Equation 4 by:

nTt=l Cp J+1 4

mbin,. t

Finally, for transporting hydrogen, each driver cannot exceed a maximum number of working
hours n,, ;, defining the numbers of drivers 1.t (Equation 5) needed to operate a CGT over a
distance d;; by:

di'
U t
Sa +tyy 1
Ny.h

t —
Ngriver = l

IV.2 Cost assessment

To compare investments with different economical lives of yn years at a specified discount
rate i;, the net present value (NPV) method is used (Equation 6). Taking the notation used in
the definition of LCOH the net present value of the initial investment can be written [André et
al., 2014]:

yn O&M+FC+LC
Y=1 " (1+ig,)¥

_ \yyn Can
NPV =30 s =CC+ %

The sum of the power series of variable year y can be written (Equation 7) using the definition of
the capital recovery factor (CRF) [Short et al., 2005].
yn 1 _ 1-(1+ig)™ " _ 1

= = — 7
y=1(1+i4)Y igr CRF

Equation 6 allows then to define the annual cost C,,,, directly from the capital cost CC, operations
and maintenance cost O0&M, fuel cost FC and logistic costs LC. And using Equation 7 to replace
the power series and the fact that O&M is a percentage of the capital costOM, equation 6 is
equivalent to Equation 8:



Can = CC = (CRF + OM) + FC + LC 8

The cost of transporting hydrogen is introduced via the Levelized Cost of Hydrogen
Transportation (LCOHT) reflecting the annual cost of transporting one unit kg of hydrogen and
as a sum of the different LCOHT of the hydrogen chain including the cost of compression, storage
and transportation via truck.

IV.2.1 Cost of compression and storage

The annual cost of compression (Equation 11) can be broken down into the capital cost (Equation
10) and the annual cost of energy to operate the compressor (Equation 9). The last term
(Equation 9) is derived from the cost of the compressors electrical work. This is calculated using
its capacity factor CF. defined by the percentage of the annual working hour and the unit
electrical energy cost Ce in euro/ kWh.Kg:

. t
TCet = WAS—>0 *x Ce x CFc'/

c

The first term (Equation 10) is calculated using a sizing factor of 0.8 to adjust from the baseline

size of 4000 kW and cost of 1164 €/kW (2015€) determined by the energy and cooling water

requirements [Drennen & Rosthal, 2007].

0.8 0.18

* (i) 10
Ppc

. t
w *C
CCCt — CbC * SbC * AS—0 |4
! ! Ne*Sp,c*CFc*Thy

Equation 11 shows the total annual cost while Table 2 shows the definitions and the values of the
different parameters used for the calculation:

LCOH * Cp = CC.' * (CRF¢ + OM() + TCe' « Cp 11

The same methodology used above [Drennen & Rosthal, 2007] is applied to calculate the capital
cost of storing hydrogen (Equation 12) using a base case size corresponding to the one at high
pressure of 540 bar at 2444 €/kg (2015€), this corresponds approximatively to 1252.5 kg net
hydrogen stored.

P, 0.75
P 0.44
t Cp'bs Py
LCOHS*Cp=CC5 *(CRF5+OM5)=Cb’5*Sb‘S* S *(P—) 12
bS b,S

Table 2: Parameters for compression and storage capital and operation costs calculation

Ce Variable electrical energy cost 0.055 €/kWh




CF. Capacity factor 90 %
Th, Total annual hours 8766 hours

Nc Compressor efficiency 70 %
Cp,c Base compressor cost 1,164 €/kW
Sp,c Base compressor size 4,000 kW
Py c Baseline operating pressure for compression 200 bar
Sp.s Base tank capacity 1,252.5 kg
Py s Baseline operating pressure for storage 540 bar

Source: [Drennen & Rosthal, 2007] in € 2015

IV.2.2 Cost of transportation

The three main capital costs of the CGT go for the truck cab costTC,p, the truck undercarriage
cost TCy,,q and the tube costT Cyype-

The capital cost related to the purchase of truck components is defined as those for two
components the trailer, which includes the undercarriage plus the tube (Equation 13, b), and the
cab (Equation 13, a):

CCcap’ = N1 (TCeap) a)

CCTrat = nTt(TCtube + TCund) b) 13

In addition to the capital costs, the fuel cost to perform nw/b‘ annual roundtrips with nyt truck
depend on the roundtrip distance and the unit fuel cost F,, in euro/km shown in Equation 14:

FC=2*nTt*nr_tt*Fp*di]- 14

And finally, the annual labour cost LC for nyt truck is calculated by multiplying the numbers of
drivers by the driver wage TCariver as shown in Equation 15:

2.d;;
LC = nTt * nr.tt * Ngriver * T Cariver * (T:] + ttl/ut ) 15

Equation 16 shows the total annual cost, while Table 3 lists the definitions and the values of the
different parameters used for the calculation:

Table 3: Fixed economic parameters for CG cost calculations

Undercarriage cost TCyuna 69,826 €




Cab cost: TCeap 104,740 €

Average speed Sa 50 km/h
Source: [Drennen & Rosthal, 2007] in € 2015 IEK-STE 2017
LCOH7 » Cp = (CRFyyq + OMrpyg) * CCr g + (CRF cap + OMqp) * CCrqp’ + FC + LC 16

V Model calculations and results

V.1 Mathematical formulation

The mathematical formulation to identify the optimum combination of CGT giving the minimum
cost of transportation for a given total hydrogen demand Cp to be transported over a distance
d;; can be written as a minimization cost problem shown in Equation 17:

cc(d;;, Cp) = min %, C'y, 17

Where Ct,,, is the annual cost associated with the CGT operating at the pressure level t.

This can be calculated as a product of its total levelized cost LCOTH and the capacity transported
by each CGT Cp?, under the condition that the sum of the capacities transported by the trucks
meets the total hydrogen demand Cp as shown in Equation 18.

cC(Cp") = min ), LCOTH * Cp'

with Cp = Y, Cpt 18

The total levelized cost LCOTH can be bring down to the sum of its three components associated
to compression (Equation 11), storage (Equation 12) and road transportation (Equation 16).
Allowing the minimization problem of Equation 18 to be equivalent of the problem of Equation
19:

C(CpY) = min 3, Cp' * [LCOH(CPY) + x(CPY) * (LCOH(Cp') + LCOH(CpY))]

with Cp = Y, Cpt 19

x(Cp?) is a function indicating if or if not a compression and storage facility operating at a
pressure P, should be implemented. Therefore, it is equal to 0 when there is no capacity
transported at this pressure level (i.e. Cpt = 0) and equal to 1 otherwise.

The simplification of this problem is done by considering the capacity and the distance, like the
cost function, as a discrete variable defined by a variable capacity step ACp and a fixed distance
step Ad (Equation 19):



=A
{Cp Cpxn with (n,p) € N? 20

d=Ad=*p

The distance step is independent of the cost optimisation and is chosen constant equal to 1 km
for a distance range reaching 500 km. The capacity step is assumed variable depending on the
distance step and ranges from 0.01 TPD to 100 TPD.

In fact the lowest capacities that can be transported by one truck are 720 kg and 907 kg
respectively corresponding to 250 bar and 350 bar. Therefore, a capacity step Am of 800 kg is
chosen with the maximum loading and unloading time of two hours.

The annual capacity step ACp (Equation 20) is then the product of one CGT capacity step Am
and the annual round trip (Equation 3) of a CGT of a maximum total loading and unloading time
tt;,"*" equal to two hours:

Sa*Av. .
ACp = Am * [Z*Ad*p+5a*tt1/um“xJ withp € N 21

The problem of Equation 18 is equivalent then to the problem shown by Equation 21:

c(n) = _rg[iln] YeACp * it x [LCOH7(i*) + x,,,,(i*) * (LCOH ¢ (i*) + LCOH5(i"))]
It n ’

n=y,i

22
it € [0,n]

with {

V.2 Model results
V.2.1 Minimum cost results

To see the distribution of the total cost for different distances and capacities, Figure 1 shows the
levelized cost of transporting hydrogen for different transported hydrogen capacities below 5
TPD and trip distances ranging from 1 to 500 km.



Figure 1: Total levelized cost of transporting hydrogen LCOTH at low hydrogen demand
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It can be noticed from Figure 1 that the LCOTH is in average continuously changing over capacity
and distance; decreasing with the hydrogen transported capacity and increasing with the trip
distance.

In fact, the decreasing cost with the hydrogen demand shows the importance of the economy of
scale to reduce the total cost of transporting hydrogen. As can be noticed, LCOTH is high below
0.5 TPD as it varies between 2.0 and 2.7 €/kg and decreases when the demand increases. This is
due to the fact that at low hydrogen demand the main cost results from installing the different
facilities including the storage and compression facilities and the part of capital costs of the
different trucks.

The cost increases as well with the distance trip because of the increase of fuel costs and peaks
with an additional 0.6 €/kg around 350 km due to labour costs. In fact the limiting working hours
for the driver makes it necessary that two drivers are needed from a certain distance doubling
the logistic costs consisting mainly of the driver’s wage.

To investigate the impact of the distance and the total hydrogen transported capacity, Figure 2
shows the share of different costs on the total cost of transporting hydrogen; in blue the share
of the transportation cost components (capital, fuel and logistic costs) along with the total
levelized cost associated with it LCOH ; in orange the share of compression components (capital
and compression work cost) and hydrogen storage cost.

These costs are compared for two different values of hydrogen transported capacity counting for
1 TPD at low hydrogen demand and 50 TPD at high hydrogen demand and four trip distances of
20 km, 75 km, 250 km and 400 km.



Figure 2: Share of transportation and compression in total cost and absolute costs
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Figure 2 shows that at low hydrogen demand the cost of compression and storage accounts only
for less than 30 % of the total cost regardless of the trip distance. The trip distance impacts the
fuel cost that increases over the capital cost when the distance increases.

At high hydrogen demand, the trip distance impacts both costs. In fact, the share of compression
and storage on the total cost of transporting hydrogen is decreasing with the distance when
transportation costs increase. For instance, it decreased from a share of 70 % at 20 km to a share
of less than 30 % below 250 km and equally account for the same share of transportation costs
at a trip distance of 75 km.



It can be noticed as well that the general development of transportation cost is different at low
and high compression level, at low demand the cost (as shown by LCOH7) is mainly constant,
except at distances below 75 km and at 350 km, when the cost for the second driver arise. At
high demand it is constantly increasing until it peaks as well around 350 km as a consequence of
the increase of wage cost.

This sudden increase of wage cost impacts on the share of fuel cost as well. Even though fuel cost
is more important at 400 km than at 250 km, its share decreases due to the rise of wage cost.

For compression cost components, the compression work accounts for the main cost at high
hydrogen demand and distances round trip below 100 km due to the low cost of transporting
hydrogen (LCOH7). This cost decreases with the distance along with capital cost of compression
due to the increase of costs related to transportation.

Finally, the average share of capital cost is unchanged between low and high hydrogen demand
suggesting that at even high quantity of hydrogen need the cost decreased due to the economy
of scale.

V.2.2 Transported capacity using different pressure level

Figure 3 shows the average share of different CGT used to transport the hydrogen. This is done
by taking the mean at each 100 km to visualize the general distribution of the share of CGT with
the distance and the demand.



Figure 3: Share of CG transportation (CGT) and Compression in total cost
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Figure 3 shows that in average and at low hydrogen demand, more CGT at low pressure level are
needed at distances below 200 km as capital cost related to them is lower. When the distance
increases, the fuel cost increases as shown in Figure 2. That suggests that less CGT will reduce
the cost which apply the use of higher pressure level. As a consequence, the share of CGT at 540
bar is increasing from less than 15 % below 100 km to the half of the total used CGT between 400
and 500 km even for a low hydrogen demand.

At high hydrogen demand, on the one hand at low distance below 20 km, the main cost is due to
the work of compression, as shown in Figure 2, suggesting the use of low pressure levels. On the
other hand, for distances longer 20 km, the transportation cost increases and is equal to the total
compression cost at 75 km suggesting the use of higher CGT to meet the higher hydrogen demand
at lower cost. Taking that into account, below 100 km a compromise between lower pressure
level below 20 km and higher between 20 and 100 km has to be found. On an average distance
between 0 and 100 km this is reflected in a use of 22 % CGT at 500 bar and more than 75 % of
GGT at 540 bar.

At high demand and for more than 100 km trip distance, the hydrogen is transported using almost
only CGT at 540 bar reflected by a share of 98-99 % when the rest goes for CGT at lower pressure



level to meet the fluctuation of hydrogen demand. In fact, lower pressure is needed to transport
the additional quantity missing at to lower cost.

V.3 Results comparison and future prospects

First, some results obtained were compared to the literature, then a review of the cost of
different transportation modes was performed in order to give future prospects to the current
work.

V.3.1 Results comparison to the literature

For the optimal CGT, [Reddi et al., 2018] evaluated the impact of three CGT configurations (of
600, 690 and 790 kg capacity) on the transportation and refuelling cost. The simulation was
performed in order to deliver hydrogen over different transportation distances of 100, 200 and
300 miles and to hydrogen refuelling stations of various capacities of 250, 500 and 750 kg/ day
corresponding to low hydrogen demand (around 200 kg/ day), medium hydrogen demand
(around 400 kg/ day) and high hydrogen demand ( around 1000 kg/ day).

Table 4 compare the results at low and high hydrogen demand for two distances of 161 km and
483 km. The results in red correspond to the literature results [Reddi et al., 2018] and show the
CGT that gives the minimum cost. The results in black, correspond to the study results and show
the CGT that is used the most to deliver the hydrogen demand.

Table 4: CGT configuration giving the minimum transport cost at 161 and 483 km for low and
high demand

Low hydrogen demand High hydrogen demand
Refuelling station capacity of 250kg/ day * __ ————=—"""" Refuelling station capacity of 750kg/ day * __ ————=—"""

—— ——

______________ Hydrogen demand of 1 TPD ______———"“__ Hydrogen demand of 50 TPD

Distance of 161 km Distance of 483 km Distance of 161 km Distance of 483 km
CGT at 600 kg * _———""|cGTat790kg * _———""|cGTat790kg * _———""|cGTat 790 kg * -
_——~TGTat 350 bar _——~TGTat 540 bar _ ———TGT at 500 bar _——~TGTat 540 bar

(907 kg) _——"" (1350kg) | _—="" (1100kg) | _—="" (1350 kg)

-
-
—

Source: [Reddi et al., 2018] *

For each configuration, the tube trailer cost contribution was find out to increase as well with the
distance and to decrease with the hydrogen demand. At high hydrogen demand, the results
correspond to the conclusion of the study performed, as the CGT with higher capacity is find out
to deliver the hydrogen at the minimum cost independently from the distance of transport.

At low hydrogen demand, both studies show the impact of the distance in the CGT used. In fact,
CGT with lower capacities are used at 161 km distance trip, when the ones at higher capacities
are used to transport hydrogen over 483 km distance trip.



To visualize the impact of the distance on the different costs, operation and maintenance costs
for both compression and transport were compared to the capital costs. For that, the fuel cost,
the wage cost and transport operations cost were summed under transport OM; and
compression work cost and operations cost under compression OM. The results were compared
to the work of [Yang & Ogden, 2007] that gives the four cost in addition to storage cost for a
transported hydrogen capacity of 15 TPD over two roundtrip distances of 50 and 300 km.

Table 5 show the different literature costs share in red along with the study results for storage
cost, transport capital cost (transport CC), transport operations and maintenance cost (transport
OM), compression capital cost (compression CC), and compression operations and maintenance
cost (compression OM),

Table 5: Share of different cost components for a hydrogen demand of 15 TPD over a distance

roundtrip of 50 and 300 km
Distance sokm | 300km ||Transportom |*7%” B2%s g
-7 51.8% -7 59%
>
Storage fi%/&/% zfiﬁ/cfs/% Compression CC i:/ 12./7/% 1/5// /1;8/%
Transport CC ii7/%1/8/2/% 113%"15/5/% Compression OM i4/1/%/16/ 9/% 4.:;:/]/;4/%

Source: [Yang & Ogden, 2007] * in € 2015

For both sources, the main cost comes from the transport OM, followed by the transport CC. The
order of magnitude in the other hand, varies for both studies due to different investment cost of
the tube for transport CC. In fact, [Yang & Ogden, 2007] investigates only one type of CGT
transporting a capacity of 300 kg, when the study investigated a combination of four different
CGT. This difference impacts as well the capacity transported by a singles CGT and therefore the
fuel cost.

The share of storage cost varies as well because of the different tanks cost that were used to
store hydrogen.

Finally, the difference in Compression CC and Compression OM is due to the use of higher
pressure to transport hydrogen which impacts the energy use. For instance [Yang & Ogden, 2007]
uses a compressor with energy use between 0.7 and 1 kWh/ kg, when the study performed has
a compression work that varies between 3.1 and 3.7 kWh/ kg.

V.3.2 Future prospects

As concluded in the results section, the use of CGT is mainly effective between distances ranging
between 75 km and 350 km and a low to average demand over one TPD. This suggests the use of



other forms of transporting hydrogen and other infrastructure system than the road
transportation network.

A literature review gives an overview of other modes of transportation and which cost could be
reduced and at which range.

For instance, a study to support the transition towards a low-carbon transport system in UK was
done taking into account two discounts rate of 3.5 % and 10 % and two modes of transporting
hydrogen including pipeline system and compressed gas [Moreno-Benito et al., 2017]. For the
case of 10 % discount rate, 10 scenarios were analysed that depend on different international
hydrogen import and different pipeline capital cost and potential connexion. Thus, the average
cost was taken excluding the costs related to the imports and carbon emissions to allow the
comparison between the transportation cost components. The results showed in one hand, that
road transportation operations and maintenance costs were more important than pipelines ones
and accounted for 13.95 % instead of only 0.32 % of total transportation cost. In the other hand,
the capital cost to construct pipeline system was three times more important. This observation
suggests, that at very high hydrogen demand the pipelines capital cost could be reduced due to
the economy of scale, allowing as well to avoid the total operations and maintenance of
compressed gas (including the wage cost) that represent the main cost share.

The general study performed by [Yang & Ogden, 2007] confirms the comparison between the
two modes of transportation at larger scale, as it compared the costs at different transport
distance and hydrogen demand. For instance, the pipeline system was found out to be cost
effective at 100 TPD and 300 km, when CGT was cost effective at 50 km and 15 TPD. The study
suggests as well, that liquid hydrogen could be a good transition option between the two. For
instance, at 300 km and 15 TPD, even with high share of liquefaction work that counts for 29 %,
the CGT total operation and maintenance cost were reduced from a share of 57 % to only 8 %
due to the use of less cost wages and trucks.

The use of liquefied hydrogen could be as well cost effective at high energy demand in long term
perspectives [Cardella et al., 2017]. In fact, the total liquefaction cost could be reduced by nearly
0.66 euro/ kg when comparing current 50 TPD installed capacity with optimized large-scale
liguefiers up to 150 TPD liquefaction capacity.

At low hydrogen demand, another alternative should be investigated as a tread off should be
found between higher operations and maintenance cost when using CGT, and higher investment
cost in case of using liquid hydrogen or pipelines [Demir & Dincer, 2018]. For instance, at 4.37
TPD, liquid hydrogen transport showed a lower operations and maintenance cost share, but
higher investment cost increasing the total costs by 280 %. When transportation via pipeline
system showed a same total cost as CGT at 4.36 TPD but for higher hydrogen demand reaching
79.95 TPD.



VI Conclusion

This study offers a complementary analysis to the existing literature concerning optimizing the
hydrogen transportation supply chain. Further improvement on transporting hydrogen using
compressed gas trucks by assessing four pressure levels at different hydrogen demand ranges
and distance transportation trips were investigated.

The pressure levels ranged from 250 to 540 bar and correspond to the current and prospects of
the hydrogen market. The transported hydrogen is meant to be used in mobility sector as an
alternative fuel for FCEVs. Thus, the hydrogen demand was fixed as an input parameter
reaching a maximum capacity of 100 TPD for regional use. Hydrogen was then compressed,
stored and transported using gas trucks over a distance ranging between 1 km and 500 km for
regional use.

First, compression cost is derived from the work of a five-stage compressor based on its
adiabatic work and total efficiency that includes adiabatic and electrical ones. Then, both
capital costs of storage and compression were calculated using a sizing factor based on the
pressure levels of 200 and 540 bar. Finally, capital cost of truck components, fuel and wage
costs were added, and the total cost were minimized by optimizing the capacities transported
by each truck.

The analysis showed that the total cost of transporting hydrogen decreases with the
transported capacity. In fact, the total levelized cost of transporting hydrogen is high (between
2 and 2.7 €/kg) below 0.5 ton per day (TPD) due to higher investment costs on the truck
components, storage and compression facilities and decreases by more than 1 €/kg at
transported capacity below one TPD due to the economy of scale.

In parallel, the overall cost increases as well with the trip distance because of the fuel cost, and
peaks with an additional 0.6 €/kg around 350 km due to logistic costs. In fact, the limiting
working hours require the deployment of two drivers simultaneously from a distance trip above
350 km.

The analysis investigates the different pressure level distribution as a function of distance trip
and hydrogen demand. The results showe that the share of compressed gas trucks operating at
the highest-pressure level of 540 bar increases with the distance and hydrogen demand. In
contrast, the share of trucks transporting hydrogen at lower pressure level of 250 and 350 bar is
higher at trip distance below 200 km.

Finally, the use of CGT is found out to be mainly effective between a distance ranging between
75 and 350 km and a transported capacity between 1 and 50 TPD, where the cost components



are continuously involving without any peaks. Which suggests the use of other forms of
transporting hydrogen and other infrastructure system than the road transportation network.

For instance, at transported capacities below one TPD, the high cost arise mainly in capital cost.
Therefore, the use of more standard tubes as those used for transporting hydrogen could reduce
the costs. One possibility would be to bind the hydrogen to a liquid organic hydrogen carrier
(LOHC).

With a higher transported capacity and at trip distance below 75 km, the main cost derive from
the work needed to compress hydrogen at high pressures. The use of a pipeline transportation
system could offer a good compromise between less compression work and larger capacities of
transported hydrogen.

Finally, at a larger transported capacity over 50 TPD and at transportation distance over

350 km, the main cost arise in the CGT logistic cost that can be reduced using less trucks; that
can be done by changing the transportation infrastructure to the pipeline system or using a
liquefied hydrogen trucks to increase the annual capacity transported.
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