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Instituto Superior Técnico, Universidade de Lisboa, Portugal

October 2021

Abstract

The world faces increasing challenges in terms of energy and emissions due
to growing consumption of fossil fuels. In the effort towards the decarbonization
of the economy, different sources of fuel are being considered, such as hydrogen.
The only drawback is the price due its novelty, as there is lack of research.

The main objective of this work is to evaluate the hydrogen potential, energy
and emissions impacts of hydrogen distribution. The hydrogen production is
assumed to be through electrolysis process. Two ways of hydrogen distribution
were considered, through: the existing pipeline and road transport. In the
pipeline distribution the ratio of 15% Hydrogen/Natural Gas was considered
due to the infrastructure embrittlement risk. The variables evaluated from this
type of transport are energy delivered, hydrogen percentage in the mixture,
diameter and length. Then, two road transportation was evaluated: Gaseous
hydrogen trailers and Liquid Organic Hydrogen Carriers. For costs analysis, the
processing and trucking were account.

The overall costs turn out to be cheaper for pipeline distribution, as they go
from around 500 € per day to around 63.600 € for the cheapest road transport
option, in this case LOHC. Life Cycle analysis was performed to assess the
energy balances and associated emissions of hydrogen distribution pathways.
The results show that the pipeline distribution has lower emissions with 0.15 t
CO2 per day, while the lowest emissions from road transport come from GH2
with steel bottles, at 9.45 t CO2 per day.

Keywords: Hydrogen distribution, feasibility, PEM electrolyzer, pipelines,
road transport

1 Introduction

Hydrogen’s importance has been grow-
ing for the last years. It is no surprise
that the most used way of energy is fos-
sil. This is sustainable due to the lim-
ited resources as well as the pollution
that comes with it. There is a need for
alternatives.

Some are already in use like renew-
able energies, for example wind, solar

or biomass. The emissions to the at-
mosphere are lower in comparison to
fossil. According to C. Helman [1]
wind power’s emissions are, approxi-
mately, 11 grams of CO2 per kWh and
coal’s are 1000 grams of CO2 per kWh.
The difference is of 2 orders of magni-
tude. However, not everything is pos-
itive. Renewable energies’ main draw-
back is storage. There has not been
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found a feasible way to store the energy
produced, which means that we would
be dependent on the ambient circum-
stances like sunlight. This is not realis-
tic as, for example, a house uses lights
at night, which is when the sun is not
out.

Hydrogen is a carbon-free energy
that has been considered due to its
high calorific value, 120 MJ/kg. Its
emissions are mainly water and it can
be produced intentionally with pro-
cesses like electrolysis, or even as a con-
sequence of industrial processes. Nev-
ertheless, there are still some draw-
backs regarding this type of energy.
Research is very recent and feasibility
is crucial to implement a new way of
energy.

Producing hydrogen requires en-
ergy in processes like PEM electrolyz-
ers or alkaline water electrolyzers. One
of the sources is using fossil energy due
to its low costs. However, this dis-
misses the purpose of using a cleaner
way of energy. There is need of re-
search to improve the production.

This study is going to work on
the transport feasibility. Analyzing
the possible different ways of hydro-
gen distribution. The main options are
reusing already existent ways of trans-
portation just like pipelines or trucks
transport, which will be the ones stud-
ied.

The main objective is to provide a
solution for the transport part of the
process of developing hydrogen as a
feasible way of transport. The study
will not just be focused on the econom-
ical analysis but also on its Life Cycle.

2 Methodology

2.1 Pipeline transportation

Pipeline distribution is one of the ways
to considered for hydrogen transporta-
tion. This distribution method is al-

ready used for products such as gas or
water. However, the present work is
going to study how to carry hydrogen
mixed Natural Gas. The intention is to
see how varying each of the parameters
influences the overall costs. That way
the main contributors can be tackled
to lower the expenses to the minimum.
The values of the variables that will
be used for the following calculations,
when kept as constant, are displayed
on Table 1.

Table 1: Values for the variables kept
constant while analyzing one of the pa-
rameters.

Variable kept constant
hydrogen percentage 15%

Energy Delivered 0.5 GW
Length 200 km

Diameter 0.8 m

When it comes to pipeline distribu-
tion, the main challenge is dealing with
the energy losses that occur due to the
friction of the fluid with the walls of
the pipe. These can be counteracted
by adding power. The present work is
going to state the variance of energy
from inlet to outlet of the pipeline as
a variance of pressure factor. This will
be then described as the energy needed
to apply to pump the mixture through
the pipe to counteract the pressure
losses.

P 2
1 − P 2

2 = 0.188ZTLρ
Q1.82

n

D4.82
(1)

To analyze the pressure drop
through the pipe, there are some val-
ues that are still unknown. For exam-
ple, the compressibility factor. This
will be the first one to tackle. It can be
calculated by using the Peng-Robinson
equation of state.

Z3+(B−1)Z2+(A−3B2−2B)Z+
(B3 +B2 −AB) = 0
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Where ’A’ and ’B’ are parameters
that will be calculated with the fol-
lowing expressions, which are depen-
dent on temperature and pressure con-
ditions.

A =
amP

R2T 2
(2)

B =
bmP

RT
(3)

Where ’am’ and ’bm’ are also pa-
rameters of the Peng-Robinson equa-
tion of state, representing the mixing
rules. These are described on Equa-
tions 8 and 10. These need the pseudo-
critical temperature and pressure, ’Tpc’
and ’Ppc’. The values used are dis-
played on Table 2.

am = 0.457
R2T 2

pc

Ppc
(4)

bm = 0.078
RTpc
Ppc

(5)

Table 2: Pseudocritical parameters of
hydrogen according to [2].

Variable
Temperature 32.94 K

Pressure 1.2838 MPa

To know the average pressure in the
pipeline, there is this equation from
Peng-Robinson, usually applied in the
oil and gas industry according to [3].

P =
RT

ν − bm
− am
ν(ν + bm) + bm(ν − bm)

(6)
Where ’ν’ is the specific volume,

which can be calculated by using the
ideal gases equation ??, but applying
the compressibility factor as the prod-
uct is considered as a real gas.

Continuing the parameter analysis
of Equation 2.1, there is to know the
temperature in the pipeline. For sim-
plification purposes it was assumed to

be an average value, which is a usual
practice. As the present study takes
place in Portugal it will be assumed
as 18°C. The last term to analyze to
use Equation 1 is the volumetric flow
rate. This is going to be stated as the
relation between the desired energy to
deliver and LHV, lowest heating value,
of the hydrogen-natural gas mixture.

Q =
E

LHV
(7)

Where ’E’, is the energy that is be-
ing delivered, which is a determined
value; and ’LHV’ is going to be calcu-
lated as the average value depending
on the volumetric ratio.

When analyzing costs regarding
pipeline distribution there are two con-
tributors, operation and piping costs.
Expenses regarding operations concern
the compression costs to impulse the
product. These costs can be calculated
as a function of energy, which can be
analyzed by using Equation 8.

Wreal =
∆P

0.9 ∗ ρ ∗ g
ρ ∗ g ∗Q =

∆P ∗Q
0.9

(8)
Where ’Wreal’ is the ideal work of

the compressor to compensate the vari-
ance of pressure from inlet to outlet of
the pipe; ’∆P ’ represents the variance
of pressure between inlet and outlet of
the pipe; ’Q’ is the flow of hydrogen-
natural gas mixture going through the
pipeline. As the present work considers
a more realistic approach, an efficiency
ratio is applied, assumed to be 90%.
Once the operation energy is known,
there is to apply the electricity price
to the compressor. The price was as-
sumed to be 50 €/MWh, just like in
study [4].

CC =
50 ∗Wreal ∗ 3600

106
(9)

Where ’CC’ states for compression
costs; ’50’ is the electricity price in €
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per MWh; ’Wreal’ is the energy re-
quired; and ’3600’ and ’106 are factors
applied for unit purposes. Lastly there
are investment costs related to the pip-
ing.The present work will use for the
method on book [5], where Menon et
al. relate the pipe material cost to the
dimensions of the pipe as well as the
material cost.

PMC = 0.0219(D ∗ 1.000 − t)tLC
(10)

Where ’PMC’ is the pipe material
cost; ’D’ is the diameter of the pipe;
’t’ is the thickness of the pipe wall, as-
sumed to be 13 mm.; ’L’ is the length
of the pipe; and ’C’ is the pipe material
cost, assumed to be 800 € per ton. The
assumptions for thickness and material
were gathered from [5]. Then there
is the pipe installation cost, which de-
pends on the diameter. The relation is
on Equation ??.

PIC = AC ∗ L (11)

Where ’PIC’ is the pipe installation
cost; and ’AC’ is the average installa-
tion cost. This expense is dependent
on the diameter of the pipe. Its values
are displayed on Table ??.

Table 3: Typical pipeline installation
costs according to [5]

Diameter [m] AC [€/km]
0.2 13.138
0.25 14.598
0.3 16.058
0.4 10.876
0.5 14.671
0.6 24.781
0.75 25.255
0.9 29.744

Therefore, the total piping costs is
the sum of both of these costs.

PC = PMC + PIC (12)

Where ’PC’ are the piping costs in
euros. Now there is to levelize the capi-
tal costs annually to calculate the total
expenses. To do it there is the CRF,
capital recovery factor, calculated with
the following Equation.

CRF =
i(1 + i)n

(1 + i)n − 1
(13)

Being ’i’ the interest rate, consid-
ered as 8%; and ’n’ the lifetime of the
pipeline. To use the same interest rate
for all the cases, the assumption by
Hurskainen et al. on study [4] of 8%
will be used when using this parame-
ter. Then, regarding the lifetime of the
pipeline Peneva et al. state an average
value of 40 years on study [6].

TCOST =
PC ∗ CRF

8760 ∗ n ∗ CF
+CC (14)

Where ’TCOST’ are the total costs
in euros per hour; ’8760’ is the number
of hours in a year; ’n’ is the average
lifetime of the pipeline, 40 years; and
’CF’ is the capacity factor, assumed to
be 90%.

2.2 Truck transport

Another very used way of delivery is
road transportation. In this work
truck transport will be studied more
specifically. This type of transporta-
tion gathers two different options,
LOHC, Liquid Organic Hydrogen Car-
riers, and GH2, Gaseous Hydrogen
Tanks.

LOHC is a very novel way of trans-
port that tackles storage and trans-
porting challenges. Its transportation
is based on the processes of hydrogena-
tion and dehydrogenation, which get
the product in and out of the hydro-
gen carriers.

GH2 is the other option stud-
ied. These are basically high pressure
tanks that contain hydrogen, which are
transported by trailers. In this type
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of transportation we can choose be-
tween steel bottles, 200 bar, or com-
posite bottles, at 350 bar.

The analysis for this type of trans-
port is going to be focused on the eco-
nomical feasibility.

Starting by trucking costs, which
involve initial investment, fuel, person-
nel, operations and maintenance. The
difference between transportations will
only take place on the investments, the
rest of the factor will be assumed to be
the same. It will be calculated with
equation 15.

SCtrucking(€/kg) =
ICtruckingCRFtrucking

Delivered useable H2 per year

+ SCtrucking,O&M + SCtrucking,fuel

+ SCtrucking,personnel (15)

Process costs, common to both
ways of road transport, involve com-
pression, storage and site costs, such
as buildings or engineering. Equa-
tions 16, 17 and 21, are used for com-
pression, storage and site costs respec-
tively.

SCcomp =
ICcomp ∗ (CRFcomp + FC)

Annual delivered useable hydrogen

+
Eann,comp

Annual delivered useable hydrogen
(16)

SCstorage = SCtanks + SCDBT

+DBTdegradation (17)

SCtanks =
ICtanksCRFtanks

Annual delivered useable hydrogen
(18)

SCDBT =
DBTstorageDBTpriceCRFDBT

Annual delivered useable hydrogen
(19)

DBTdeg =
DBTdegDBTpriceUseable storage density

Useable storage density
(20)

SCsite =
ICsiteCRFsite

Annual delivered useable H2
(21)

2.3 Comparison

To know which of the ways of transport
introduced is better, there will be a
comparison economically and another
one according to their emissions. The
process will consist on analyzing the
different variables for each of the ways
of transportation and make the com-
mon ones have the same value. These
are distance of delivery, lifetime and
energy delivered.

The approach is to select a deter-
mined route in Portugal and calcu-
late both expenses and impact on the
environment. According to the com-
mon variables mentioned before, the
route will be for 500 km and delivering
5MWh per year, according to the con-
sumption per capita on year 2019 from
the IEA, International Energy Agency.
Results are considered from year 2019
as they are more representative than
2020 because of the pandemic.

The next step is doing the Life Cy-
cle analysis. This involves the course
of events which bring into existence a
new product. Like its growth, criti-
cal mass or eventual decline. We will
suppose that the hydrogen delivered
comes from a PEM electrolyzer and
follows the different routes represented
on Figure 1.

Figure 1: Delivery Scheme

The energy used and the CO2 emis-
sion were determined according to re-
search article from A. F. Ferreira [7].
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3 Results

3.1 Pipeline transport

Results were calculated using ’ex-
cel’ and ’EES’, Engineering Equaiton
Solver. Then plotted using ’chartgo’.
The variances of pressure calculated
are displayed in figure 2.

Figure 2: Variance of pressure dependence on
hydrogen percentage in the mixture, energy
delivered, diameter and length of the pipe.

Once dependencies are known, the
next step is to calculate the energy re-

quired to pump. These results are dis-
played in Figure 3.

Figure 3: Energy required to pump depen-
dence on hydrogen percentage in the mixture,
energy delivered, diameter and length of the
pipe.

These results show that the best
choice, according to pumping ex-
penses, would be low hydrogen per-
centage in the mixture; low energy de-
liveries, as long as the customer de-
mand is complied; big diameters, be-
fore they hit the plateau and keeping
in mind the piping costs; and short dis-
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tances, but this is not something out of
control.

Piping costs dependency on vari-
ables is null when it comes to compo-
sition of the mixture as well as energy
delivered at 35.48 M€, including both
material and installation costs. How-
ever, there is a variance when it comes
to changing the diameter and length.
This is pictured on Figure 6.

Figure 4: Piping cost dependence on diameter
and length of the pipe.

3.2 Truck transport

Starting by processing costs on Figure
5.

Figure 5: Total Processing Costs, including
storage, compression and other site costs, of
road transport for LOHC, GH2 with steel
bottles and GH2 with composite bottles, de-
pendent on energy delivered.

The maximum variance is of 5
€/kg. Meaning that transporting a lot
of product could be crucial to the to-
tal costs. The best choice will be GH2

trailers using steel bottles, which will
be benefited from higher energy deliv-
eries.

Trucking costs, on the other hand,
are the ones that comply the expenses
for delivering from production to de-
livery point. These are represented on
Figure 6.

Figure 6: Trucking costs for LOHC, GH2 us-
ing steel bottles and GH2 using composite
bottles, dependent on energy delivered.

When comparing trucking costs it
is obvious that all three increase with
distance. However, this is more no-
ticeable on GH2 using steel bottles.
This is due to its lower bottle capac-
ity in comparison to the other two op-
tions, requiring more trips to deliver
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the same amount of energy.

Another important issue is the in-
fluence of trucking and processing on
the overall costs. That is plotted, for
2.5 MW delivered, in Figure 7.

Figure 7: Costs’ influence for LOHC, GH2

with steel bottles and GH2 using composite
bottles.

The dependency changes with dis-
tance. Short distances, shorter than
200 km, are mostly processing costs,
meaning the best choice will be us-
ing GH2 with steel bottles. Then, as
distance increases, trucking costs take
most of the expenses. Then the vari-
able to study is energy delivered as, for
lower energy deliveries, GH2 with com-
posite will be the best choice while,
bigger energy deliveries, will require
using LOHC for maximum feasibility.

3.3 Comparison of hydro-
gen distribution path-
ways

The comparison was made by setting a
common route for both ways of trans-
port. This would take place in Por-
tugal, delivering 5 MW for a 500 km
distance.

The economic analysis for pipeline
distribution is considered ideal with a
90% margin of error to make it more
realistic. The total expense for deliv-
ering is of about 530 € per day. In con-
trast, road transport requires 63.300 €
per day for the cheapest option, be-
ing LOHC; then 179.794 € per day
for GH2 using steel bottles, and lastly
81.196 € per day for GH2 with com-
posite bottles. Economically the best
choice is pipeline distribution. Nev-
ertheless, there is still to consider the
Life Cycle analysis.

The CO2 emissions were evaluated
from the power needed to transport
the Hydrogen/Natural Gas mixture.
When it comes to pipeline distribution
emissions are of 0.15 t CO2 per day.
When it comes to trucking emissions,
the total emissions for LOHC and GH2
steel or composite are 9.46 t CO2/kg,
9.45 t CO2/kg, 9.45 t CO2/kg respec-
tively. Between these results GH2 has
lower emissions than LOHC. Never-
theless, pipelines’ emissions are lower,
making it the best choice according to
Life Cycle analysis, as well as the eco-
nomical point of view.

4 Conclusion

Pipeline transportation has a lot of
variants depending mostly on the in-
frastructure. If it is possible, the best
choice would be to reuse already exist-
ing pipelines and adapt them to trans-
port hydrogen. However, if it is not
the case and there is a need to build
new ones, the diameter of the pipeline
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should be the main priority, balancing
both operating and piping costs. It is
also important to keep an eye on the
energy delivered, to make sure the en-
ergy required to pump is not higher
than the energy delivered, as it would
mean energy losses.

When it comes to trucking, the
type of transport is going to depend
on the distance as well as energy deliv-
ered. For distances shorter than 200
km, GH2 using steel bottles will be
the most feasible as its processing costs
are the cheapest and, in that case, the
represent the majority of the expenses.
When distance gets larger then the de-
terminant parameter is how much en-
ergy is delivered. For bigger energy de-
liveries LOHC will be the option to go
for, while smaller energies will require
GH2 with composite bottles.

Overall, economically and from an
environmental point of view, the most
feasible way to transport hydrogen,
nowadays and according to the route
set as common both for pipelines and
truck transport, is the pipeline distri-
bution.
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