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Abstract 
 
Inadequacy of transport and distribution infrastructures is seen a barrier to the roll-out of 
hydrogen for both mobile (transport) and stationary applications.  In most countries, the natural 
gas transport and distribution infrastructure is not only well-developed but extensively 
connected to many final consumers through dedicated networks.  This existing, well-developed 
natural gas infrastructure could be used in the transport and distribution of hydrogen. 
 
In the light of this, mixing and transporting hydrogen through the existing natural gas networks 
and further extracting of the hydrogen at the optimal part of the network for the end users is 
being considered as a possible short-term solution to this barrier.  However, the impacts of this 
on the primary energy use and greenhouse gas emissions are still not generally known.  
Additionally, it is still generally not clear where to inject and where to extract the hydrogen, the 
capabilities of current separation technologies in handling this and the consequences this will 
have in the existing energy system.  The objective of this study is therefore, to assess and 
analyse these impacts and to synthesise the optimal injection and extraction points as well as the 
systemic effects of this on the existing energy system. 
 
For efficiently and effectively assessing the overall impacts- primary energy resource use and 
the total greenhouse gas emissions by this transport mode, a source-to-user model has been 
developed.  The model identifies and characterises the complete chain of activities ranging from 
exploration of primary energy sources to end use of hydrogen as well as the optimal injection 
and extraction points of hydrogen in the natural gas network.  Also using this model, the 
impacts on greenhouse gas emissions and primary energy resource consumption associated with 
injecting and transporting hydrogen through the natural gas grid has been evaluated. 
 
As aforementioned, the mixing and transporting of hydrogen using the natural gas network may 
be seen as a short-term solution.  Hence, in the long-term, a future complete hydrogen system 
consisting of transportation by either dedicated pipe networks or road tankers could be foreseen.  
Therefore, a comparison is made between the impacts of mixing and transporting hydrogen 
using the natural gas network and transporting through dedicated pipelines in gaseous form or 
transporting it via trucks in both liquid and compressed gaseous forms. 
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Executive Summary 

Hydrogen is a future energy carrier that has great potential for addressing many practical 
problems associated with attaining a sustainable, competitive and secure energy future for the 
European Union.  Hydrogen can be produced from many different energy sources including 
fossil fuels with carbon capture and storage as well as renewables and nuclear power. The 
problem is how to deliver the required quantity cost-effectively in order to kick-start wider 
demand and application.  This would involve, for example, the use of hydrogen in fuel cells and 
other technologies to meet transport needs without reliance on imported oil, whilst avoiding 
problems with air quality and depletion of primary energy resources. One of the delivery 
options that can be considered is the mixing and transporting of hydrogen using the extensively 
existing natural gas grids within the European Union (EU). In this regard, significant progress 
can be made by using the natural gas network as a transitional stage in the creation of the full 
Hydrogen energy economy.  In order to do this, it is necessary to test all critical components of 
this transitional stage.  Such testing is a central feature of the NATURALHY project (Contract 
No. 502661), which is being funded by the Directorate-General for Research under the 6th 
Framework Programme of the European Commission.  Using a systematic and co-ordinated 
approach, the NATURALHY project contributes by "preparing for the hydrogen energy 
economy by using the existing natural gas system as a catalyst".  The NATURALHY project 
involves a European consortium of 39 partners and consists of 8 Work Packages.  Work 
Package 1 (WP1) concerns Life Cycle and Socio-Economic Assessment of mixing and 
transporting hydrogen using the existing natural gas grid, of which this report is an integral part. 
 
For determining how efficiently and effectively the overall primary energy resource and the 
total greenhouse gas emissions are minimised by this delivery mode(s), a source-to-user model 
has been developed in WP1.  The model identifies and characterises the complete chain of 
activities ranging from exploration of primary energy sources to end use of hydrogen.  Using 
this model, the impacts on greenhouse gas emissions and primary energy resource consumption 
associated with injecting and transporting hydrogen through the natural gas grid have been 
evaluated and compared with other delivery options. 
 
The other delivery options considered were using a dedicated pipeline for the compressed 
hydrogen delivery, using trucks in the delivery of hydrogen in compressed form and also using 
trucks in the delivery of hydrogen in liquid form.  Also in the analysis, various hydrogen 
production routes were considered and included - natural gas with carbon capture and storage 
(CCS), coal with CCS, nuclear power, wind power and biomass energy.  Apart from the 
production route, the mix of these routes also plays an important role in the primary energy use 
and emissions.  In the light of this, different scenarios of production mix (adapted from the EU 
HyWays project on hydrogen road-mapping) were used in the analysis.  The production mixes 
basically differ in the share of the renewables and/or fossil based production routes in the total 
EU hydrogen supply and were developed within the HyWays project. 
 
The difference between the delivery options is that while others emphasise transportation using 
only hydrogen-dedicated systems, the NATURALHY project concerns injecting and 
transporting hydrogen, using the natural gas grid with the possibility of extracting it 
downstream.  In this case, where to inject and where to extract the H2 that will minimise 
primary energy use and emissions becomes an issue.  In the analysis of the optimal injection and 
extraction points (which was conducted using the Dutch natural gas grid as a representative 
grid), it was concluded that the regional transport line is the optimal point for the injection and 
extraction of hydrogen. Various separation technologies – membranes, pressure swing 
absorption (PSA), etc., were considered for the extraction of the injected hydrogen.  Based on 
an assessment of the separation technology, it is concluded that a system consisting of a state-
of-the-art polymer membrane unit followed by a PSA unit shows the best outlook for extraction 
of hydrogen in terms of energy use.  In any case, whichever separation technology is used, it is 
not possible to recover all the hydrogen contained in the natural gas/hydrogen mixture stream. 



8  ECN-E--10-026 

 
The overall impact of injecting and transporting hydrogen using the natural gas system on the 
primary energy use and greenhouse gas emissions not only varies by the choice of injection and 
extraction points, or the way the hydrogen is produced, but also by the penetration rate of H2   
end use application as well as the spatial and temporal domain being considered.  The end-use 
application considered in the impact analysis is hydrogen fuel cell vehicles.  In the analysis, 
assumed penetration rate was again adapted from the HyWays project, and a temporal domain 
spanning 2010 to 2050 was assumed with the spatial domain being the wider EU. Overall 
primary energy use and emission reductions associated with producing hydrogen (using a given 
production -mix), injecting and transporting (though the existing natural gas system as well as 
other transport modes) it to the consumers (for mobile end use application) is analysed. 
 
The Well-to-Wheels (WtW)1 primary energy use involved for the case of injecting and 
transporting hydrogen using the natural gas system is highest compared to the other transport 
modes. This can be explained from the fact that not all hydrogen can be extracted from the 
mixture.  The remaining hydrogen is not counted as loss, as the calorific value of the hydrogen 
can still be used.  However, the conversion losses associated with production of the remaining 
hydrogen would not have occurred if it was not necessary for the pure hydrogen to be extracted 
from the mixture. Therefore, the conversion losses, and all other upstream losses, are all 
attributed to the pure hydrogen extracted from the grid, thus leading to high overall primary 
energy use. A highest primary energy use increment of approximately 80% (relative to the 
reference case2) is reached in year 2050 for the case of transporting hydrogen using the existing 
natural gas grid.  
 
At the same time, the results show that, not withstanding its higher primary energy use, the case 
of using the existing natural grid in the transport of H2  for mobile applications has the greatest 
emission reduction potential, and amounts to a WtW emission (equivalent carbon dioxide; eq. 
CO2) reduction of approximately 85% compared to the reference scenario. Again, emission 
reduction potential can be explained from the fact that not all hydrogen can be extracted from 
the grid. The remaining part replaces natural gas as a fuel and will lead to CO2 emission 
reduction for the natural gas application downstream in the grid, for example, in a residential 
boiler, at subsequently low CO2 emission factors of the hydrogen. However, the CO2 emission 
reduction for the natural gas application only materialises because it was necessary for the pure 
hydrogen to be extracted from the grid. Therefore, the CO2 emission effect is attributed to the 
pure hydrogen stream that is used for the hydrogen vehicles. This may lead to great emission 
reduction potentials if hydrogen is largely produced from renewable sources. 
 
Also, using the assumption that hydrogen vehicles would penetrate the EU-market substantially 
in the time frame 2020-2050, an alternative production-mix (renewable path production mix) 
was simulated. The result shows that the emission reduction and primary energy use are most 
sensitive to the production mix considered. With the most optimistic renewable hydrogen 
production mix, the results show a WtW greenhouse gas emission reduction (in eq. CO2) of 
about 88% compared to the reference scenario in 2050. This represents a WtW eq. CO2 
reduction of about 3% by 2050, compared to the base case. Also, in terms of primary energy 
use, the alternative production mix (renewable path production mix) shows a 61% reduction of 
the primary energy use (in comparison to the base case) could be achieved in 2050 for the case 
of mixing and transporting H2 using the existing natural grid.   
 

                                                 
1 Well-to-Wheel analysis involves taking into account all activities connected with the production of energy from an 
original source through to its use in vehicles. 
2 The reference case here is the primary energy (WtW) for non H2  vehicles, specifically  diesel and gasoline  
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1. Introduction 

It is necessary to introduce the general background and motivation for the use of natural gas 
network in transporting and distributing hydrogen for mobile and/or stationary applications.  
Hydrogen (H2) is an alternative energy carrier and it has a possible role in guaranteeing energy 
security, energy diversity as well as its potential in reducing the burden often placed on the 
environment by the conventional carbon-intensive fuels.  The lack of adequate H2 infrastructure 
is a barrier to the widespread deployment of this new energy carrier. The mixing and 
transporting H2 through natural gas network as a possible solution to the current absence of 
hydrogen infrastructure (transport and distribution) is explored and the relevant work in this 
area systematically reviewed.  

1.1 Background and Motivation 
The major challenges facing the current fossil fuel energy-based portfolio are un-guaranteed 
security of supply, greenhouse gas emissions and the allied problem of climate change, and 
environmental pollution. H2 has attracted a significant amount of attention and research as an 
alternative energy carrier capable of addressing these challenges. By replacing (partly or 
completely), current hydrocarbon-based fuels and their associated greenhouse emissions, H2 has 
shown potential at reducing or eliminating the pollution burdens often placed on the 
environments by the use of the traditional carbonised fuels. Apart from its decarbonising 
potential, by the use of H2 in applications such as fuel cell vehicles, a new energy carrier is 
introduced which in one hand, increases the overall energy supply and security and, on the other 
hand, eliminates current fuel source-dependency. 
  
The introduction of H2 and H2 end-use applications, however, faces the well-known “chicken 
and egg” problem.  If the prospect for large-scale introduction of H2 end-use applications is not 
clear, no dedicated H2 infrastructure will be built. However, if there is no infrastructure 
available, the uptake of H2 end-use application in the market place will be difficult.  Clearly, the 
introduction of H2 calls for a concerted action in the introduction of end-use applications and 
build-up of supporting infrastructure. 
 
However, if technical prospects of end-use applications are good, there is still no guarantee that 
demand will develop.  So development of dedicated infrastructure for transport and distribution 
of H2 holds great economic risk.  To overcome these risks, is it an option to use the existing 
natural gas network for transport and distribution of H2 in the initial phase of a transition toward 
the large-scale use of H2 as a fuel? 
 
As currently there are no redundant pipelines, the concept would have to involve mixing of H2 
into the natural gas network at strategic locations and extracting H2 from the network close to 
the end-user. In principle, adding extra H2 to the network should be possible from a capacity 
perspective. Due to implementation of expected energy efficiency measures, especially in the 
domestic and commercial sector, decreasing natural gas demand could result in excess capacity 
for transport and distribution of H2 in at least part of the network.  Furthermore, capacity is 
available due to seasonal variation in the natural gas demand. In particular, during the summer, 
natural gas demand is much lower than in winter. 
 
In several studies, it has been shown that the injection and transporting of a percentage range of 
H2 using the natural gas network is technically possible (Polman et al. 2002; van Rosmalen et al. 
2004). Identifying the feasibility and practicality of this option is the focal point of the 
NATURALHY project which is being funded by the Directorate-General for Research under the 
6th Framework Programme of the European Commission. 
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1.2 Review of Related Programmes and Projects 
A review of related projects, programmes and visions that envisage the use of the natural gas 
grid for transport of H2 as a strategic option around the world has been conducted.  The idea of 
mixing and transporting H2 through the natural gas network is not entirely new.  At the city 
level, in 1994, Munich initiated a project to determine the technical and economic feasibility of 
transporting and distributing H2 through its extensive natural gas network.  Though the technical 
feasibility of the project was reported (Ludwig-Bolkow, 1996), the implementation of the 
project was hindered due to lack of economic viability.  At the national level, between 1999 and 
2002, Denmark has initiated some projects, through the DGC-DONG-HNC and some Danish 
consortia, to ascertain the feasibility of mixing and transporting H2 using their natural gas grid. 
Again, though, only economic rather than technical barriers were reported.  This is also true in 
Norway, where such a project was initiated in 2000 by the Norwegian government.  In January 
2002, the Dutch Government through the VG2 (“ver-groening van gas”) project introduced the 
concept of mixing and transporting H2 via the natural gas network.  In the United States, though 
substantial research and development (R&D) effort have been expended on the area of H2 and 
its application by the US Department of Energy (DOE), the issue of mixing and transporting H2 
through the natural gas system is not as conspicuous as it is in Europe3.  The DOE has started a 
substantial integrated R&D programme on all aspects of the H2 chain which now includes an 
assessment of the potential of the existing natural gas infrastructure for H2 delivery. 
 
Apart from the NATURALHY project, the hallmark of other programmes and projects is that 
they take into account a particular city or nation, not taking into account the effects of other 
connecting corridors and/or nations on the entire proposed scheme especially from the 
perspective of economic viability.  In 2003, GASTEC completed a study for the International 
Energy Agency (IEA) on the effects of reducing carbon dioxide (CO2) emissions by adding H2 
to the natural gas system (Polman et.al, 2003).  A more inclusive approach was adopted in this 
study by taking a wider European perspective; using the assumption that European natural gas 
grids can be generalized by combining the natural gas network features of the Netherlands, 
United Kingdom (UK) and France. 
  
In 2004, the NATURALHY project was initiated that takes even more inclusive stance (EU 
level) in analysing the technical and economic feasibility of mixing and transporting H2 through 
the natural gas network.  Like the VG2 project (Patil et.al., 2008), the NATURALHY project 
aims to investigate the conditions under which H2 can be added and transported through the 
natural gas network with acceptable consequences for safety, durability and integrity of the 
system, H2 separation, gas quality management, performance of end-use appliances, and life 
cycle and socio-economic assessment.  In Table 1.1, the characteristics of these projects related 
to mixing and transporting hydrogen via the natural gas network are given. 
 

                                                 
3 Though the efforts and interests are not as conspicuous in the USA as in the EU, there seems to be increasing inter-
ests by the US DOE on the use of the existing natural gas grid in transporting H2 (Florisson, 2009) 
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1.3 Structure of Report 
In this report, an analysis of the possible impacts on primary energy use and CO2 emissions resulting 
from injecting and transporting of H2 using the natural gas grid is presented.  The analysis is life cycle 
based since it not only considers the impacts of injecting H2 into the natural gas network, its 
subsequent separation from the natural gas, and eventual utilisation either as pure H2 or as a mixture 
with natural gas, but it also considers the impacts emanating from the various H2 production routes 
(mix). The mixing and transporting of H2 using the natural gas network may be seen as a short term 
solution. In the long term, future complete H2 system consisting of H2 transportation by either 
dedicated pipe networks or road tankers could be foreseen.  Therefore, a comparison is made between 
the impacts of mixing and transporting H2 using the natural gas system and transporting such using 
dedicated pipelines in gaseous form or transporting it via truck in both liquid and compressed gaseous 
forms. 
 
The report presented here consists of 6 Sections. After the introduction in Section 1, the general 
methodology for the analysis of the impacts of transporting H2 natural gas-mixture is presented in 
Section 2.  In Section 3, general considerations regarding the transport of H2 using the existing natural 
gas grid (where to optimally inject and extract the H2 , the energy use for injecting and extracting H2, 
etc.) are given.  In Section 4, the detailed results of the Well-to-Wheels (WtW) analysis is presented, 
while the analysis of the overall impacts this will have in the EU member states- in terms of primary 
energy use and emissions- if the H2 injected and separated is used for mobile application in fuel cell 
cars - is discussed in Section 5.  The conclusion and recommendations are presented in Section 6. 
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2. Methodology  

This Section describes the general methodology used in the analysis.  A detailed WtW approach has 
been taken, see Figure 2.1 and 2.2.  Suffice it to say, considering the energy use and emissions 
associated with injecting H2 into the natural gas grid as well in separating the H2 from the H2 / natural 
gas (NG) mixture adds an extra layer of activity to the WtW analysis.  In line with this, the WtW chain 
has been decomposed into three distinct levels: the Well-to-Fuel (WtF), the Fuel-to-Tank (FtT) and the 
Tank-to-Wheel (TtW) activities.  The injection and separation activity has been incorporated into the 
FtT (the transport and distribution) level of analysis. 
 
The WtF analysis covers the emissions and primary energy associated with: 

o Feedstock production 
o Feedstock transport 
o Fuel (H2) production 

For the purpose of this study, the FtT analysis covers the emissions and primary energy associated 
with: 

o Fuel (H2) injection into the existing natural gas grid 
o Fuel (H2) and/or fuel mixture transport  
o Separation of the injected fuel (H2) from the H2/NG mixture 
o Fuel (H2) dispensing (refuelling) to cars 

Finally, the TtW analysis considers the emissions and primary energy use by H2 vehicles (the end use 
application).  The totality of these three distinct levels gives the complete WtW chain. 
 
While the relevant data are available for WtF and TtW analysis, at the FtT level, no data exist for the 
energy use and emissions associated with the fuel (H2) injection into the existing NG grid as well for 
the separation of the injected H2 from the H2/NG mixture.  Since these are needed for the complete 
WtW analysis, the first part of the analysis (see Section 3) has been dedicated to establishing these 
data using the relevant thermodynamic and emission models (see Appendix A).  
 
 

 

 
Figure 2.1: Block Diagram of WtW Chain Used in the Analysis 
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Table 2.1: Overview of the elements considered in the WtW analysis 

 
Having established the energy use and emission data for the injection and separation of H2 from the H2 
/NG mixture, the overall WtW emissions and primary energy use is then estimated for each of the H2 
production routes as well as for each of the variants of the fuel transportation/distribution modes (see 
Table 2.1), using the model presented in Appendix A.  
 
To determine the overall impact of injecting and transporting H2 using the natural gas system on the 
primary energy use and greenhouse gas emissions, not only the choice of injection and extraction 
points and the way the H2 is produced but also the production mix, the penetration rate of H2 end use 
application, the spatial and temporal domain being considered, play a significant role in the analysis.  
In the HyWays project (HyWays, 2007,) various production mixes for the different EU member states 
as well as the penetration rate of H2 vehicles have been projected.  Applying the HyWays project 
production mix and the H2 vehicle penetration rate, the overall primary energy use and emissions 
associated with producing H2, injecting and transporting (through the existing natural gas system as 
well as other transport modes) it to the consumers (fuel cell car use) is thus calculated10 at different 
time scales (2010-2050). 
 
 
 
 
 

                                                 
7  The emissions and energy use in the construction of facilities for the exploration, extraction and processing of these feed-
stocks as well as the operations, maintenance and decommissioning of these facilities have been taken into consideration. 
8 The emissions and energy use in the construction of transport media (e.g. pipeline) as well as their operations, maintenance 
and decommissioning have been taken into consideration. 
9 Both the Nuclear Energy and Wind Energy routes produces electricity and then the water electrolysis technology is used to 
produce H2 . 
10 Also using the model framework presented in Appendix A.  The model has been implemented in a user-friendly MS Excel 
workbook. 
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3. System Description, Analysis of Injection and Extraction Points  

The mixing and transporting of H2 using the natural gas network may be seen as a short term solution 
to kick-start the use of H2 as fuel in end-use applications, without the need to have a dedicated 
infrastructure for transport and distribution of H2 in place.  In the long term, a future complete H2 
system consisting of H2 transportation by either dedicated pipe networks or road tankers could be 
foreseen.  Therefore, a comparison is made between the impacts of mixing and transporting H2 using 
the natural gas system and transporting such using dedicated pipelines in gaseous form or transporting 
it via the truck in both liquid and compressed gaseous forms. 
 
The energy use and emissions involved in producing and transporting H2 using dedicated pipelines in 
gaseous form or transporting it via the truck in both liquid and compressed gaseous forms is well 
documented.  However, little or no data can be sourced for the energy use and emission inherent in 
mixing and transporting of H2 using the natural gas network.  Therefore, in this study, a calculation of 
the energy use for the injection and extraction process based on thermodynamic models, as well as 
associated emissions has been executed.  In this Section, the basic assumptions, the selection and 
description of a generic system are determined.  Additionally, the optimal injection and extraction 
points in the selected generic system as well as the primary energy use are synthesised.  

3.1 Basic Assumptions 
In the description and analysis of the system, some assumptions were made. For clarity and transpar-
ency, these assumptions are stated below:  

♦ At the time of the analysis it was not yet clear what might be a practical or possible 
percentage of H2 in the mix. For the purpose of assessing the impacts of using the 
natural gas grid for transport of hydrogen, a 10% H2 by volume mixture has been as-
sumed in the analysis. 

♦ The initial H2 content has been assumed constant (10%) for the impact analysis 
♦ H2/NG mixture behaves as an ideal gas 
♦ The structure and characteristics of the Dutch regional and local natural gas distribu-

tion network has been selected as a representation case for the analysis11. It is assumed 
that this structure is a good representation of regional and local distribution network in 
all member states, though the length of the national transmission grid may differ sig-
nificantly due to differences in size of the member state and extent of the network. 

3.2 Description of Dutch Natural Gas Network  
The transmission of natural gas is carried out through a vast network made up of the main transmission 
line, the High-Pressure Transmission Line (HTL), and the sub-transmission line, the Regional Trans-
mission Line (RTL). Both transmission lines consist of pipelines that extend over 11,000 kilometres in 
length (Gastransport-Services 2003), as well as equipment for compressing, blending, metering, and 
regulating different gas flows. The pipelines of the main transmission grid and much of the regional 
(sub-transmission) network are in the form of ring systems, allowing the gas to be rerouted if part of 
the system is out of service for some reason. 
 

                                                 
11 This assumption can be corroborated by the IEA report on CO2 reduction through the addition of natural gas into the gas 
grid (IEA, 2003), which speculated that the natural gas network of the Netherlands, France and UK can typically be com-
bined to form a representative gas network that can be found any where in the world. 
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Figure 3.1: The Dutch Natural Gas High-Pressure Transmission Network (Gasunie, 2005) 
 
Natural gas is supplied by the producers at a pressure range of approximately 46-67 bar.  At this 
pressure, natural gas is transported through the main transmission pipelines to the major parts of the 
country. Figure 3.1 presents and overview of the Dutch HTL network.  In summer, the gas in the main 
Groningen gas pipelines flows at a slow velocity, occasionally as low as 5 km/h (1.4 m/s).  In winter, it 
is quite common for the speed to exceed 50 km/h (14 m/s). 
 
When a high volume of gas has to be supplied, the drag of the pipe walls on the high velocity gas 
stream absorbs a considerable amount of energy and the transmission pressure drops.  Therefore, 
located at various points in the network of pipelines are compressor stations which raise the pressure 
of the gas to the desired pressure level when it becomes too low due to transport losses. 
 
From the HTL, the gas is routed to the Metering and Regulating (M&R) stations.  At M&R stations, 
the pressure in the HTL system is reduced to an operating pressure of not more than 40 bar.  Also at 
the M&R stations, the natural gas is given its characteristic smell through the injection of the chemical 
tetrahydrothiophene (THT).  Natural gas as it comes out of the ground is virtually odour-free.  
Therefore, the odourisation alerts domestic consumer to leaks.  M&R stations also supply 
measurement data relating to flow, which are vital for the control of gas in the network.  In total, there 
are 75 Measuring and control stations (M&R stations) in the Dutch system. 
 
Exiting the M&R station, the natural gas is routed to the RTL network.  The RTL network has a total 
length of 6,000 km.  The operating pressure generally ranges from 16 to 40 bar.  The regional trans-
mission lines transport the natural gas to the “Gas Ontvangst Stations”12, the gas receiving stations. 

                                                 
12 This literally means Gas Receiving stations.  These are also called gas transfer stations or ‘city gate stations’ since these are 
local stations where the gas is transferred from the national or regional transmission grid to the urban or industrial grid. 
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stations (GOS).  Figure 3.2 shows a schematic representation of the Dutch natural gas grid from the 
High-Pressure Transmission Line to the gas receiving stations. 

 
Figure 3.2: Schematic of the Dutch Regional Transport Grid from a High-Pressure Transport Line to 

the Gas Receiving Stations 
At the GOS, totalling about 1,100 in number, the pressure of the gas as supplied by the RTL is further 
reduced to meet the pressure specification of the local distribution grid. The local distribution grid of 
the gas supply companies operate at pressures of 8 bar or lower. Also at the GOS, metering of the vol-
ume of gas supplied is carried out. Leaving the GOS, the natural gas is routed to the distribution grids 
– for industrial or residential customers. The distribution grid has an extensive network of about 
120,000 km. About 700 of the GOS stations are linked to the local distribution grid for the supply of 
gas to residential areas. By the time the gas enters domestic gas pipes, the relative pressure is down to 
25 millibar, the standard appliance pressure in the Netherlands. About 400 of the GOS stations are 
linked to the local distribution grid for the supply of gas to industrial users at somewhat higher pres-
sure than the domestic.  

3.3 Characterisation of the Dutch Natural Gas Grid 
The Dutch pipeline system for transport of natural gas consists of the following elements: 
 

Table 3.1: Characteristics of the Dutch Natural Gas Grid 
S/nr Network Type Spatial Coverage Pressure range [bar]  Length 

[km] 
1 Transmission National  46 – 67 5,000 
2 Sub-Transmission Regional 16 – 40 6,000 
3 Distribution Local - Industrial 1 – 8 35,000 
4 Sub-Distribution Local - Residential 0.03 - 0.1513 85,000 
 Other elements of the infrastructure 
 Name Quantity[-] 
5 Compressor stations 9 
6 Blending stations 11 
7 Calibration stations 2 
8 Metering and Regulating Stations 75 
9 Gas Receiving Stations (GOS) 1,100 
10 Underground storage points 7 
11 Domestic productions points 43 
12 Entry points (feeder stations)   2014 
13 Exit stations 22 
 - boarder exit (Export) stations 10 

                                                 
13 This is after local pressure reduction stations which reduces the distribution pressure (1-8 bar) to the pressure range suitable 
for the local and domestic consumption of natural gas.    
14 About 14 feeder stations are used for the H-gas (43.5 – 44.4 MJ/m³ Wobbe range) while 6 feeder stations are used for the 
G-gas in the Wobbe band of 48 – 55 MJ/m³ 
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In total, about 90 billion Nm3 of natural gas flow through the Dutch HTL grid annually.  Nearly half of 
this quantity is exported to other countries.  From the other 45 billion Nm3 of natural gas, about 8 
billion Nm3 is supplied directly from the HTL grid to power stations.  The remaining 37 billion Nm3 is 
supplied to the RTL grid via 75 M&R stations.  The RTL grid supplies the gas to the distribution grid 
via about 1,100 GOS.  About 700 of the GOS stations supply gas to residential areas (22 billion Nm3) 
and about 400 of the GOS supply gas to industrial users (15 billion Nm3). 
 
The characteristics presented above lead to the following average values: 
- Each M&R station receives in average about 500 million Nm3 of natural gas annually (~57,000 

Nm3/h) and supplies the gas to 80 km of the RTL grid on which 15 GOS are connected.  Of the 
total, 5 GOS supply gas to industrial users and 10 supply gas to residential areas. 

- The throughput of an industrial GOS is in average about 37.5 million Nm3 per year (~ 4280 
Nm3/h), while a GOS which supplies gas to residential areas has a throughput of  about 31.3 
million Nm3 per year (~ 3565 Nm3/h). 

 
These average values are used for the cases and calculations presented in this study. 

3.4 Place for Injection and Extraction of Hydrogen 
Figure 3.1 shows schematically how the HTL network is laid-out in the Netherlands.  Because most of 
these lines are interconnected to each other, H2 injection at this level will cause this gas to be 
distributed all around the country and probably to other neighbouring countries to which natural gas is 
exported.  Unless all H2 injected at one point is entirely removed further in the network, injection of H2 
into the HTL will “contaminate” the international natural gas grid.  Also the issue of volume is 
important as a very substantial amount of H2 need to be produced and injected to achieve a percentage 
of 10% by volume. RTL networks are separated from each other and from the HTL network through 
M&R stations.  Injection of H2 into the RTL will not necessarily affect the rest of the natural gas grid 
all around the country15. 
 
Another issue of importance, when choosing the possible location of injection and extraction points, is 
the pressure level of the grid at the injection point.  A high-pressure level at that point means that the 
H2 must be compressed to a higher pressure to be injected, otherwise there will be backflow.  The 
pressure level in the HTL varies between approximately 46 to 67 bar.  The pressure level in the RTL 
varies between approximately 40 to 16 bar.  The pressure level of the RTL grid is more or less in line 
with product pressure of typical modern H2 production processes. 
 
One other issue that favours the choice of the RTL as the injection point is the fact that the H2/NG 
mixture has a compressibility factor greater than 1.  This means that the compression of H2/NG 
mixture using the axial and/or centrifugal compressors originally designed for the natural gas 
compression will result in lower head pressures and lower capacities16.  Using the HTL thus entails 
longer flow distance and, hence, compensation of the lost head pressure by the installation of the 
booster compressors or additional capacity.  For the RTL, there might not be such booster stations as 
the flow distance is significantly lower. 
 
The preferred place for extraction of H2 is as close to the end-user as possible. Otherwise still specific 
infrastructure needs to be installed to transfer H2 from the extraction point to the end-user, and this is 
exactly what the concept of the NATURALHY project would like to avoid.  Nevertheless, also the 

                                                 
15 Also well corroborated by other researchers for instance, Haeseldonckx and D’haeseleer,(2008) who stated that the use of  
the RTL for transporting H2 -natural gas mixtures is very logical for the transition from natural gas to H2 . 
16 Using H2 in centrifugal compressors requires compression of a volume three times as large as when natural gas is used for 
the same LHV energy content.  Furthermore, to obtain the same pressure ratio, the rotational velocity to compress H2 must be 
1.74 times higher than to compress natural gas.  Unfortunately, this rotational velocity is limited by the material strength, 
which can cause problems when H2 is sent through the existing pipeline infrastructure (Vanderoost et al, 2003). 
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Naturalhy concept requires specific infrastructure. The injection of H2 will not be that difficult, but ex-
traction requires separators that specifically need to be developed for this purpose. 
 
Within the NATURALHY project, extraction is foreseen using membrane separators. Ideally, this 
should be membranes enabling one-step separation yielding fuel cell grade H2 at minimal energy con-
sumption. The driving force for separation is a difference in the partial pressures of gases that are sepa-
rated between the permeate (product side) and the retentate (feed side) of the membrane. At the per-
meate side of the membrane, pure H2 is separated at a minimum pressure of 1 bar. This is to avoid the 
risk of air leak in and the formation of combustible mixtures. Minimum pressure of 1 bar at the perme-
ate side of the membrane also means H2 pressure at the retentate side of the membrane of more than 1 
bar is required; otherwise there will be no driving force. Use of sweep gas such as steam across the 
permeate side to reduce H2 partial pressure in comparison with the H2 partial pressure at the feed side- 
thus increasing driving force-, complicates the separation system and increases energy use and it there-
fore not considered at this point. If H2 is present in the H2 /NG mixture at 10 % by volume, this means 
that the absolute pressure should be at least 10 bar.  As a consequence of this, H2 has to be separated 
and/or extracted from the RTL since the pressure level at the distribution grid is low (1-8) bar. At mix-
tures of 20 % by volume of H2 or higher, separation could take place at absolute pressure of at least 5 
bar, thus in principle enabling extraction to be carried out at the distribution side of the grid where the 
absolute pressure lies between 1-8 bar. This is illustrated in Table 3.2. The shaded and dotted area of 
the table indicates the area with positive, though still rather low driving force for the membrane sepa-
ration at the distribution side of the grid. With this illustrative table, separation appears necessary in 
the RTL side of the grid unless the mixture is with volume of H2 well above 20%, or even 30%. 
 
Based on these arguments, it seems that injection of H2 into the natural gas grid of the Netherlands is 
better to occur in the RTL network than into the HTL network. The analysis presented hereafter is 
based on this choice. 
 

Table 3.2: Optimal mixture % and partial pressures of H2 necessary for effective separations 
H2 in the H2/NG mixture [% by Volume] 

10 20 30 
 
Network type 
      [-] 

 
Network absolute 
 pressure [bar] H2 partial pressure [bar] 

1 0.1 0.2 0.3 
2 0.2 0.4 0.6 
3 0.3 0.6 0.9 
4 0.4 0.8 1.2 
5 0.5 1.0 1.5 
6 0.6 1.2 1.8 
7 0.7 1.4 2.1 
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3.5 Maximizing quantity of H2 to be extracted 
The amount of H2 that can be extracted (recovered) from the H2/NG mixture depends on the location 
where the H2 is extracted. If H2 is injected at the RTL-grid (after the M&R station) and subsequently 
extracted before the first GOS, all H2 is still present in the RTL-grid and the maximum amount of H2 
can be recovered. Therefore, in order to maximise the quantity of H2 to be separated from the H2/NG 
mixture produced; ideally no users (GOS stations) are located between the H2 injection and extraction 
points. Any other location of the injection and/or extraction points will lead to a lower pure H2 stream 
extracted, because GOS stations will reduce the amount of mixture available for separation by con-
suming part of it (see Table 3.3).  The deficiency of this configuration (that maximizes the quantity of 
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H2 recovered) lies on relatively low maximum distance the unused H2/NG mixture stream can be 
transported. In this configuration, a maximum transport distance of about 5 to 6 km unused H2/NG 
mixture stream is only realizable for the Dutch natural gas grid (see Table 3.3).  
The situation changes if mixtures with H2 percentage of well over 20% are possible.  This would en-
able separation after the GOS, in the distribution grid (see section 3.4 and Figure 3.4).  In this case, the 
maximum H2 recovery would still be similar to the recovery before the first GOS at low volume per-
centage mixtures, but larger transport distances are possible and separation will take place closer to the 
end-user. 
 

Injection

Extraction

H2 plant

 
Figure 3.3: H2 Injection and Extraction Points in the Dutch natural gas grid for a maximised quantity 

of H2 to be extracted. 

3.6 Maximising the Transport Distance after a M&R Station 
In section 3.5, it is shown that the configuration that maximizes the amount of H2 that can be extracted, 
on average, only leads to a transport distance of 5 to 6 km.  The maximum transport distance through a 
branch of the RTL-grid is 80 km, on average.  Upon increasing the transport distance the number of 
customers (GOS) between the point of H2 injection and the point of H2 extraction point will increase.  
Since at each GOS part of the H2/NG mixture leaves the RTL-grid, the quantity of H2 that can be ex-
tracted reduces with the number of GOS between the point of injection and the point of extraction (see 
Figure 3.4, Figure 3.5, and Table 3.3).  Considering that 15 GOS are present between the injection and 
extraction points and assuming that each GOS consumes the same quantity of a H2/NG mixture, after 
14 GOS the H2/NG mixture stream will be reduced to 1/15th of its original size.  As a result, even if all 
H2 contained in the H2/NG mixture is extracted at that point, a maximum of 1/15th of the injected H2 
quantity can be extracted. The implication of maximizing the distance is that customers down stream 
of the H2 extraction point will receive a H2/NG mixture that differs from the mixture the customers get 
upstream of the extraction point. The stream downstream of an extraction point will be lower in H2 
content. This means the stream stays within the natural gas specifications, but that less H2  will be 
available for recovery. This might be an important aspect, but is not considered further in this study. 
 

  

 
Figure 3.4: Illustration of the Linear Average Distance between Gas Receiving Stations 
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Figure 3.5: H2 Injection and Extraction Points in the Dutch Natural Gas Grid for a maximised 

hydrogen transport distance. 
 
Again the situation is somewhat different if mixtures with a hydrogen percentage of well over 20% are 
possible and extraction takes place after the GOS (see section 3.5).  In that case the amount of H2 ex-
tracted does not vary with the transport distance, but with the number of extraction points. 
 
Table 3.3: H2 available for recovery as a function of number of GOS between Injection & Separation 

10 % Volume of H2 in the H2/NG Mixture  
Separation before 

GOS Number H2 available for 
recovery [%] 

Average transport 
distance [km] 

1 100 5.3 
2 93 10.7 
3 87 16.0 
4 80 21.3 
5 73 26.7 
6 67 32.0 
7 60 37.3 
8 53 42.7 
9 47 48.0 

10 40 53.3 
11 33 58.7 
12 27 64.0 
13 20 69.3 
14 13 74.7 
15 7 80.0 

 

3.7 Synthesis and Evaluation the H2 Separation Systems 
In this section, various system configurations for the separation of H2 from the H2/NG mixture have 
been synthesized.  A conceptual design of a system for separating H2/NG mixtures by Air Liquide, 
which is prepared for a French case study within the EU hydrogen roadmap project HyWays, is com-
pared with two alternatives. The systems considered are described in details in section 3.7.1., and are: 

Injection

H2 plant 

80km 

80km 

Extraction 
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− System proposed by Air Liquide as part of the HyWays project (CEA, 2006). This system is based 
on currently available technologies and consists of a polymer H2 membrane unit, a compressor and 
a pressure swing absorption (PSA) purification unit configured in a closely integrated manner. 

− A separator system consisting of PSA only. Typical PSA working pressure lies in the range be-
tween 20 to 25 bar. 

− A separator system consisting of membrane units only. The membrane principle is based on pres-
sure differentials. An optimum working point is found were the pressure difference between in-
flow and product (called permeate) is as large as possible. Palladium based membranes were con-
sidered for the separation as these are known to be highly selective towards H2 (Kluiters, 2004) 
and thus might enable a one-step separation process.  

3.7.1 Description and Evaluation of Energy Use of each H2 Separation Systems 
The various schemes for the extraction and/or separation of the H2 from the H2/NG mixture as outlined 
above have been synthesized and evaluated in relation to primary energy use. The primary energy use 
has been estimated using conventional thermodynamic models (see Appendix A). 
 
Separator system consisting of a membrane unit coupled to a PSA 
The results presented here were obtained in the before mentioned CEA study (CEA, 2006). A sche-
matic diagram of this system is shown in Figure 3.6: 
 
 

 
Figure 3.6: Separator system consisting of a combined Membrane and PSA Unit 
 
 
The separator system is connected to the main H2/NG mixture pipeline. A valve is depicted between 
the H2/NG mixture 1 and H2/NG mixture 2 streams to represent eventual by-pass. The system works as 
follows: Firstly, polymer H2 selective membranes produce a H2 enriched stream, with approximately 
70 to 80% H2 on a volume basis. Secondly, a PSA purification step provides pure H2 after recompres-
sion of the H2 enriched stream. Finally, the pure H2 stream leaves the separator at a pressure of 24 bar. 
From the PSA unit, a tail gas stream containing the "impurities" leaves the separator at a pressure of 
about 4 bar and can be mixed in the low-pressure distribution network or injected into the RTL net-
work after recompression. The separator's energy use originates from the compression power required 
before the PSA. 
 

membrane 

 
PSA 

Pure H2 
2700 Nm3/h 
p = 24 bar 
99.99% H2 

Compressor 
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Considering a H2/NG mixture 1 flow of 61500 Nm3/h at 10% H2 content by volume, approximately 
2700 Nm3/h of pure H2 is recovered at the cost of an extra power compressor of about 420 kW. The 
energy use of this system is then characterised by a power consumption of about 0.05 kWh per kWh of 
delivered H2.  Note that the power required for the compressor connected to the tail gas stream leaving 
the PSA has not been taken into consideration. The study assumes that this stream would be mixed in 
the grid further downstream at pressure lower than the tail gas pressure. 
 
Separator system consisting of only a PSA unit 
A schematic diagram of this system is depicted in Figure 3.7. A system consisting of an expander, a 
PSA unit and a compressor is connected to the main H2/NG mixture pipeline. The stream after the 
separator system (H2/NG mixture 2) has different H2 content than upstream the separator (H2/NG mix-
ture 1). In the scheme, a valve connects the H2/NG mixture 1 and H2/NG mixture 2 streams, symbolis-
ing a possible by-pass. The separator system is assumed connected to a H2/NG mixture 1 stream flow-
ing at approximately 40 bar pressure. Because of this and due to the optimum pressure at which a PSA 
system operates, an expander reduces the pressure to approximately a 20 bar level. The PSA system, 
produces H2 stream at approximately 20 bar and a tail gas stream at approximately 4 bar. The tail gas 
stream is consequently pressurised up to the 40 bar level of the main pipeline producing the H2/NG 
mixture 2 stream as depicted below. 
 
 

 
Figure 3.7: Separator System Consisting of a PSA Unit Only 
 
 
In order to minimise the energy level required by the tail gas compressor, some work produced by the 
expander is passed through the compressor.  Approximately 10% of the power required by the com-
pressor is produced by the expander.  Heat produced by the compressor is used to heat the incoming 
flow of the expander.  It is assumed that no additional heating is needed.  Considering a H2/NG mix-
ture 1 flow of 61500 Nm3/h at 10% H2 content by volume and a PSA recovery of about 90%, approxi-
mately 5660 Nm3/h of pure H2 is recovered at the cost of a nett extra power compressor of around 5 
MW. The efficiency of this system is then characterised by a power consumption of about 0.28 kWh 
per kWh of delivered H2. 
 
Separator system consisting of a membrane unit only 
A schematic diagram of this system is depicted inFigure 3.8.  A system consisting of two heat ex-
changers, a heating system, a high temperature membrane unit and a compressor is connected to the 
main H2/NG mixture pipeline.  
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Figure 3.8: Separator System Consisting of a Membrane Unit only (ideal case) 
 
 
A single-step membrane separator producing pure H2 requires the use of highly selective, dense mem-
branes, such as Palladium membranes. The optimum working temperature range of these membranes 
lies between 300 and 600°C. Therefore, a heating system is connected to the incoming flow entering 
the membrane. In order to minimise the power required to heat the incoming flow, two heat exchang-
ers that pre-heat the incoming flow are included. Due to the working principle of a membrane system, 
the H2 product stream (permeate) is obtained at a low pressure. To be compared to the other separators 
described above, a H2 compressor is included.  Considering a H2/NG mixture 1 flow of 61500 Nm3/h 
at 10% H2 content by volume and an ideally membrane system, approximately 4600 Nm3/h of pure H2 
is recovered. If the membrane operating temperature is assumed to be  300°C, and the temperature dif-
ference between incoming and outgoing heat exchanger flows is assumed to be 40 °C, the required 
heating power is approximately 1 MW. The power required by the H2 compressor is estimated a little 
over 0.7 MW.  As a result of this, the energy use of this system is estimated as about 0.05 kWh of elec-
tricity and about 0.07 kWh of heat per kWh of delivered H2. 
 
At a pressure of 40 bar and a mixture of 10% H2 (4 bar H2 partial pressure), the maximum recovery of 
H2 is 75%, without using sweep gas at the membrane permeate side.  In this case the H2 partial pres-
sure will be 1 bar both at the permeate as well as the retentate side of the membrane.  However, the 
lower the partial pressure difference over the membrane, the lower the driving force for separation, and 
the larger the membrane surface area needed for the separation. In fact, 75% recovery in the above 
case is a theoretical case as it would require an infinitely large membrane surface area.  Therefore, also 
a more realistic case is considered which produces the same amount of hydrogen as the system com-
bining a polymer membrane unit and a PSA (see Figure 3.6).  The more realistic case is represented by 
Figure 3.9 below. Calculations show that energy use in the form of electricity for compression of the 
pure hydrogen stream is constant at about 0.05 kWh per kWh of delivered H2, but the specific energy 
use needed for heating increases to about 0.12 kWh per kWh of delivered H2. 
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Figure 3.9: Separator System Consisting of a Membrane Unit only (Realistic Case). 
 
 
Although highly selective dense palladium membranes can be considered as ideal membranes for H2 
separation, because they enable production of a pure hydrogen stream in a single process step17, the 
results show that ideal membranes do not necessarily lead to a separation system with the lowest en-
ergy use. The separator based on only PSA shows the highest energy use for separation. This system, 
also, is the only system that can separate almost all hydrogen from the mixture.  The results of the 
three separator systems presented above show that the separator system consisting of a polymer mem-
brane unit followed by a PSA unit, has the lowest energy use. Based on this result, this system has 
been selected for the energy chain analysis. Whichever separator system is used, it is not possible to 
recuperate all the H2 contained in the NG/H2 mixture stream in an efficient way. 

3.7.2 Transport and Recovery of H2 for How Many Hydrogen Vehicles? 
The number of H2 vehicles (HV) that can be serviced depends on factors such as the total flow rate, the 
H2 volume in the mixture, the number of GOS between H2 injection and extraction, the extraction effi-
ciency of the separation system as well as the efficiency and annual mileage of the HV.  Using the pa-
rameters in Table 3.4, Table 3.5 presents order of magnitude estimates for the number of cars that can 
be serviced, depending on where separation of hydrogen takes place in the RTL-grid. 
 
 

Table 3.4: Parameters for Estimating the Potential H2 Vehicles Serviced per GOS 
Parameter Unit Quantity 
Number of M&R station [-] 75 
Number of Gas Receiving Stations (GOS) [-] 1100 
Number of GOS per M&R station  [-] 15 
Amount of gas at each M&R station    [Million Nm3/yr] 500 
H2 [vol%] 10/20/30 
Extraction efficiency [%] 50 
HV efficiency [kWh/km] 0.2325 
Energy content of H2 (LHV) [kWh/Nm3] 3 
Annual HV mileage [km] 15000 

 

                                                 
17 In reality it is questionable whether fuel cell grade hydrogen, 99,999%, can be produced in a single step. This would re-
quire membranes with a selectivity of around 10,000 or more. This could possibly only be achieved with relatively thick Pal-
ladium membranes with a low flux, or alternatively an after treatment step is necessary.  
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The results indicate that the number of HVs that can be supplied with hydrogen, which is transported 
as 10% mixture via the natural gas network, ranges from 1500 to about, 21000 , depending on whether 
a separator is located before the 15th or 1st  GOS, respectively.  In addition, the amount of cars that can 
be serviced is proportional to the hydrogen volume percentage of the mixture; if the hydrogen volume 
percentage doubles, then also the amount of cars doubles that can be supplied with hydrogen. 
 
Figure 3.6 shows that H2 recovery by the membrane part of the combined polymer membrane and PSA 
separator system is about 48%.  This means that the partial pressure of hydrogen in the incoming flow 
should at least be 2.1 bar.  Table 3.2 then shows that a mixture of 30% by volume of hydrogen could 
just be enough to enable separation to take place in the 1 to 8 bar distribution grid after the GOS.  In 
that case, the results in Table 3.5 indicate that each separator could yield enough hydrogen to supply 
about 4,400 cars with hydrogen.  Currently, there are about 8.2 million light duty vehicles in the Neth-
erlands, with a total of 1,100 GOS in the Netherlands, this translates to about 7,450 vehicles per GOS, 
on average.  By taking the ratio of these two figures, the conclusion could be that if the RTL and local 
distribution grid can handle a mixture of 30% by volume of H2, the NATURALHY option for trans-
port of hydrogen could support a hydrogen vehicle penetration level of about 60%. 
 
However, it is questionable whether this penetration is indeed feasible because of the fluctuations in 
the natural gas demand which invariably means that the effective amount of H2 that could be extracted 
will also fluctuate. Combined industrial, commercial and residential demand for natural gas varies 
widely between summer and winter period. This does not match with the demand profile of fuel at re-
tail stations which is rather constant throughout the year. Besides the mismatch in supply and demand 
profiles, the fluctuations also introduce challenges with respect to finding the right dimensions for the 
hydrogen production process(es) and separation unit(s), to maintain a certain volume percentage of 
hydrogen in the mixture and to enable efficient separation of hydrogen from the mixture. 
 
The above mentioned issues are not further addressed and quantified in this report. For the purpose of 
the analysis in this paragraph, the assumption is that it is possible to effectively extract the amount of 
H2 (the fluctuations not withstanding) as presented in Table 3.5, thus supporting a hydrogen vehicle 
penetration level of about 60%. 
 

Table 3.5: Potential H2 vehicles serviced as a function of Injection and Extraction points 
Potential H2 Vehicles to be served per year Separation before 

GOS Number 10 % H2 Volume 20% H2 Volume 30 % H2 Volume 
1 21,505 43,011 64,516 
2 10,750 21,505 33,255 
3 7,169 14,337 21,506 
4 5,376 10,753 16,129 
5 4,301 8,602 12,903 
6 3,584 7,169 10,753 
7 3,072 6,144 9,216 
8 2,688 5,376 8,064 
9 2,389 4,779 7,168 

10 2,151 4,301 6,452 
11 1,955 3,910 5,865 
12 1,792 3,584 5,376 
13 1,654 3,309 4,963 
14 1,536 3,072 4,608 
15 1,466 2,932 4,398 
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4. Well-to-Wheels Analysis 

In this Section, the primary energy use (relevant and contributory to energy resource depletion) as well 
as total greenhouse gas emissions for the production routes and transport modes (the injection and ex-
traction process inclusive) considered is presented.   The primary energy use for the mobile applica-
tions is given in terms of energy use per kilometre that is driven by a HV.  Total greenhouse gas emis-
sions (CO2 and other prominent greenhouse gas emissions associated with global climate change) are 
translated and given in terms of grams equivalent CO2

18 per kilometre that is driven by a HV.   
 

4.1 Basis of Analysis 
The production routes (and mix) considered are basically the H2 production routes and mix that have 
been generated by H2 experts from EU-member states that participated in the EU hydrogen roadmap 
project HyWays (Hyways, 2007). The production routes include coal with carbon capture and storage 
(CCS), natural gas without CCS, natural gas with CCS, nuclear power, electricity grid19 , wind power 
and biomass energy. The analysis presented in this report only considered the case where H2 extraction 
is executed before the GOS.  In Figure 2.2, the total chain analyzed is presented while the chain and 
their respective characteristics are discussed in details in Appendix C.   
 
As an illustration, the natural gas with CCS chain is used here. The natural gas is assumed to be ex-
tracted and processed in Russia and transported into the EU gas network (at an average distance of 
4000 km) and then further distributed to production plants  (500 km distance, on average). A Steam 
Methane Reformer (SMR) located at that point produces H2, which becomes subsequently distributed 
to the filling stations. Also at the SMR plant, the CO2 emission produced are separated, transported (50 
km distance, on average) and subsequently stored in an old gas/oil field, or an aquifer. The H2 pro-
duced through SMR technology (at an output pressure of at least 30 bar) can be transported to the fill-
ing station using any of the four H2 transport modes or routes as depicted in Figure 4.1 and described 
below, i.e. mixing and transporting it using the existing natural gas grid-NATURALHY mode, through 
dedicated pipeline, trucking it as compressed H2 (CGH2) and trucking it as liquefied H2 (LH2). 
 
For the NATURALHY transport mode, the H2 (available at 30 bar) is further compressed to a pressure 
well above 40 bar to create an effective driving force for successful injection into the RTL grid. The 
compressed H2 at a pressure in excess of 40 bar is then injected into the RTL grid and thus transported 
over a distance of up to 80 km, before being separated (see chapter 3). After the separation, H2 at a 
pressure of between 20-24 bar is routed to the refilling station for further compression of up to 880 bar 
before being dispensed to the H2 vehicles. On-board pressure in the car is 700 bar. The higher filling 
pressure is needed to create enough driving force to enable fast filling within technical boundary con-
ditions of the filling system. 
 
For the case of dedicated pipelines, the pressure of the H2 produced at the SMR of about 30 bar is con-
sidered sufficient for distribution through a H2 pipeline over a distance of up to 80 km, without addi-

                                                 
18 Equivalent CO2 is a measure for describing how much global warming a given type and amount of a greenhouse gas may 
cause, using the functionally equivalent amount or concentration of carbon dioxide (CO2) as the reference point.  Other 
greenhouses gases are converted to equivalent CO2 by means of the relevant Global Warming Potential (GWP). 
19 Though all production routes that supply electricity (e.g. wind energy) are connected to the electricity network, this might 
not be enough and as such electricity from the grid might still be needed. “Grid” is therefore used here as a “pseudo-
production-route” to account for the electricity demand and production changes that will be introduced in the power sector 
due to the electricity-based H2 production processes.  In case of an increase in electricity demand (due to these electricity-
based H2 production processes), it is expected that the system will build in additional capacity necessary to meet the addi-
tional demand.  The impact on emissions and energy use resulting from the introduction of H2 into the energy system is there-
fore determined by the emissions and energy use originating from the power sector, needed to meet the additional demand.  
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tional compression energy. Making for transmission pressure loss, H2 at a pressure of between 20-24 
bar is routed to the refilling station for further compression before being dispensed to the H2 vehicles. 
 
And for the case of transport through the trucking of the compressed H2 to the refueling station, the H2 
from the SMR at a pressure of about 30 bar is further compressed to about 200 bar. The compressed 
gaseous H2 can then be transported by truck via the road in high pressure cylinders.  There is also en-
ergy included here (in the form of diesel) for the operation of the road truck. The truck delivers the 
compressed H2 to the filling station for further compression before being dispensed to the H2 vehicles.   
 
Finally, for the case of transport through the trucking of liquefied H2 to the refueling station, the H2 
from the SMR at a pressure of about 30 bar is liquefied and transported by truck also via road to the 
filling station.  At the station liquid hydrogen is pumped to the required pressure of 880 bar using a 
cryogenic pump.  Pressure build-up arises from vaporization of the liquid in a confined volume during 
pumping.  This operation is less energy-intensive than first evaporating liquid hydrogen and then com-
pressing the gaseous hydrogen using a compressor.  The pumped and vaporized H2 is then dispensed to 
H2 vehicles.  
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Figure 4.1: Illustration of the Natural Gas with CCS Chain 
 
 
The WtW analysis (primary energy use and emissions) of each of the transport routes for the case of 
the natural gas with CCS chain as well as the reference scenario (WtW analysis of conventional diesel 
and gasoline fuels) are illustrated in Figure 4.2 and figure 4.3.  From Figure 4.2, the case of transport-
ing the H2 produced from natural gas with CCS using the existing natural gas pipeline consumes more 
primary energy especially at the fuel production part of the WtW chain. This is attributable to the con-
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version losses during production of the hydrogen that cannot be extracted from the mixture. The H2 
that cannot be extracted is not counted as loss as its calorific value can still be used. 
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Figure 4.2: Illustration of WtW Primary Energy Use for Natural Gas with CCS Chain 
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Figure 4.3: Illustration of the WtW Total Greenhouse Gas Emissions for Natural Gas with CCS Chain 
 
However, the emissions associated with this are lower in comparison with both the other transport 
routes as well as the reference scenario (Figure 4.3). It shows clearly that the end use emission is nega-
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tive for the cases where H2 is produced from natural gas and injected into, transporting it through and 
then separated from the existing natural gas network.  The negative values mean that total greenhouse 
gas emission is avoided. The cause of this is discussed in details in the sections that follow. 
 
An indication of the various contributions of the parts of the WtW chain to total primary energy use 
and greenhouse gas emissions are given in Figure 4.4 through Figure 4.11.  Unlike Figure 4.2 and Fig-
ure 4.3, where the effect of different transport modes was illustrated for hydrogen originating from the 
same feedstock (hydrogen from natural gas by reforming with CCS), in Figure 4.4 to Figure 4.11 all 
feedstocks are plotted in the same graph per transport mode.  Figure 4.4 to Figure 4.7 show the results 
for primary energy use and Figure 4.8 to Figure 4.11show the result for greenhouse gas emissions.  
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Figure 4.4: WtW Primary Energy Use for Various H2 Production Routes for NATURALHY Project 
Option 

 
At the feedstock production level (Figure 4.4 to Figure 4.7), using the nuclear power route to produce 
H2 consumes relatively more primary energy than the other production means because of the feedstock 
uranium.  This is because uranium exploration is energy intensive. This is also true at the fuel 
production level where the nuclear power route also consumes relatively, more primary energy than 
the other routes.  This can be accounted for the fact that the use of nuclear in producing H2 has 
relatively lower efficiency compared to other routes. 
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Figure 4.5: WtW Primary Energy Use for Various H2 Production Routes for the Dedicated Pipeline 
Option 

 
In Figure 4.4, it can be observed that hydrogen production consumes the highest amount of primary 
energy amongst the chains and for the different production routes20.  This could be explained by the 
fact that the H2 production process is the lowest efficiency link in the WtW chain.   
In the light of Figure 4.4, since using the nuclear power route in producing H2 is more energy intensive 
and relatively of lower efficiency than the other routes, it there means that the primary energy use is 
highest in the nuclear route.  This line of reasoning also holds true in the remaining parts of the 
production routes.  The primary energy use of the HVs is same in all and has been assumed to be 
0.232kWh/km.  
 
Comparatively, the WtW primary energy use for the various H2 production routes for the 
NATURALHY option (Figure 4.4) is relatively higher than the other transport modes (Figure 4.5 to 
Figure 4.7 )  due to conversion losses resulting from the low H2 extraction efficiency in the H2 /NG 
mixture of the NATURALHY option. Since only 44% of the hydrogen injected is extracted, therefore, 
more primary energy use results from extra conversion losses, as more H2 has to be produced per unit 
of H2.  Also more primary energy use is also required for extra production and transport of feedstock 
needed to produce the extra unit of H2. 
 
In any case, for the NATURALHY option, the non-extracted H2 is not lost but will replace a specific 
volume of natural gas in the downstream NG/H2 mixture.  Consequently, the primary energy that 
would have been used in producing such quantity of natural gas that has been replaced by H2 is equally 
taken into consideration - compensated - (weighed out with the primary energy use in producing the 
un-extracted H2). Unfortunately, the net compensation is rather a penalty (except for H2 production 
from wind) as the well-to-fuel primary energy use in producing the un-extracted H2 is far greater than 
the primary energy use in producing the natural gas the un-extracted hydrogen replaces (see Table C. 3  
in the appendix).  
 

                                                 
20 In Table C.2 and Table C.3 in Appendix C, more quantitative results are presented. 
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Figure 4.6:  WtW Primary Energy Use for Various H2 Production Routes for the Compressed 

Hydrogen Truck Option 
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Figure 4.7: WtW Primary Energy Use for Various H2 Production Routes for the Liquid Hydrogen 

Truck Option 
 
Figure 4.8 to Figure 4.11 depict the total greenhouse gas emissions given in terms of grams of 
equivalent CO2 per kilometre that is driven by a HV.  At the feedstock production level, in all the 
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transport options, the emissions associated with the grid electricity is the highest. Though the 
emissions resulting from the grid electrolytic hydrogen production is extremely low or zero as 
electrolysis itself does not generate emissions, the resulting high emissions is attributable to the 
electricity production (from mixed sources- mineral oil, nuclear, waste, coal, NG) which in this case is 
considered as the feedstock.  
 
At the end use level, most of the emissions are negative for the NATURALHY option. For this 
transport option, the non-extracted H2 is not lost but will replace a specific volume of natural gas in the 
downstream NG/H2 mixture.  Consequently, the green house emissions that would have been 
associated with the production of such quantity of natural gas that has been replaced by H2 is equally 
taken into consideration - compensated - (weighed out with the emissions associated the production of 
the un-extracted H2).  If the amount of green house emissions associated with the production of the un-
extracted hydrogen is lower than that associated with the production of the natural gas it replaces, then 
there will be a net reduction in the emissions due to the replacement and vice versa. Here, the net 
compensation is rather rewarding in most cases as the emissions associated with producing the natural 
gas the un-extracted hydrogen replaces far out-weighs the emissions associated with producing the un-
extracted H2 (see Table C. 3 in the appendix). The net reduction or increment in the emission has been 
allocated to the end use part of the chain.  The total greenhouse gases emitted in the end use segment is 
negative21 for the coal with CCS, natural gas with CCS, nuclear power, wind power and biomass 
energy routes. However, in the case of the NG without CCS chain as well as the grid, the emission 
factor for producing the un-extracted H2 is greater than the emission factor of the NG it replaces. 
Therefore, there is net emission increment due to this replacement which results in the emission at the 
vehicle and/or end use application being positive. 
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Figure 4.8: WtW Total Greenhouse Gas Emissions for Various H2 Production Routes for the 

NATURALHY Option 
 
In the case of nuclear, wind, biomass and coal with CSS routes, the overall emission is negative. In the 
case of NG without CCS, NG with CCS, and the grid, the overall emission is still positive.  At the 
                                                 
21 Generally, if the overall emission factor associated with the production of H2 is less than the emission factor for production 
of NG, then net emissions decreases.  This decrease is however, attributed to the use of pure H2 by the end use application.  
As this is zero for the mobile (HV) end use, the emissions then become negative. 
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feedstock production level, the total greenhouse gas emissions are highest for the electricity grid and 
coal without CCS of all the production routes.  This may be mainly attributed to emissions associated 
with coal combustion. Generally, the lower the extraction efficiency, the more H2 that will remain in 
the mix and the better the emissions for these routes with overall negative emission. This suggests that 
the more we drive with H2 from these routes the more GHG emission we save. However, regarding 
many unresolved issues (additional infrastructure, limited transport distance etc) it may be better to 
consider the option of greening the gas for stationary applications.  
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Figure 4.9: WtW Total Greenhouse Gas Emissions for Various H2 Production Routes for the Dedicated 

Pipeline Option 
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Figure 4.10: WtW Total Greenhouse Gas Emissions for Various H2 Production Routes for the 

Compressed Hydrogen Truck Option 
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At the fuel production level, the total greenhouse gas emissions in the cases where natural gas is used 
as feedstock (without CCS) is the highest and are largely determined by the emissions from the 
methane reforming process and the absence of the carbon capture and storage systems in these chains.  
For the other transport scenarios, the total greenhouse gas emissions emanating from the transport and 
distribution of the H2 produced are positive and, thus, contribute to the overall global warming.  
Comparatively, the compressed H2 truck transport option has less total greenhouse gas emissions than 
the liquid hydrogen truck-in transport option.  This difference can be explained by the emissions 
resulting from the energy-intensive liquefaction process. 
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Figure 4.11: WtW Total Greenhouse Gas Emissions for Various Hydrogen Production Routes for the 
Liquid Hydrogen Truck Option 
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4.2 Impacts of Different Production Routes & Transport Options. 
Figure 4.12 shows the total primary energy use for the selected WTT energy chains, production routes 
and transport options.  
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Figure 4.12: WtW Primary Energy Use for Various Hydrogen Production Routes and Transport 

Options 
In all the transport routes, mixing and transporting H2 using the natural gas grid and separating it 
downstream of the grid (the NATURALHY option) have the highest primary energy consumption.  
This can be explained by the primary energy expended in separating H2 from the H2 / NG mixture and 
the additional conversion losses of the H2 that can not be extracted from the H2/NG mix. Next to the 
NATURALHY option, in terms of primary energy consumption, is the transport of H2 by means of 
liquid hydrogen trucks.  The transport and distribution of liquefied H2 result in a slight increase of 
primary energy use compared to transport and distribution of compressed H2.  This is due to the higher 
energy associated with the liquefaction process.  Irrespectively of the production process, the transport 
and distribution of H2 using either the dedicated pipeline or compressed hydrogen truck has, more or 
less, the same primary energy consumption.  
 
Producing H2 by the wind-based electrolysis of water (wind chain) shows the greatest potential in 
primary energy utilization minimisation for all the transport options.  The primary energy use in 
producing H2 from reforming of natural gas with CCS is relatively larger than producing H2 from 
natural gas reforming without CCS.  This is explained by energy use associated with CCS operation.  
In any case, the primary energy use involved in producing H2 from natural gas reforming (with or 
without CCS) and the production of H2 from biomass do not show any statistically remarkable 
difference for all the transport options.   Figure 4.13 presents the total greenhouse gases emitted with 
the different H2 production routes and transport options.  It shows clearly that these emissions are 
negative for the cases where H2 is produced from renewable energy sources (nuclear, biomass energy 
and wind power), and injected into, transporting it through and then separated from the existing natural 
gas network.  The negative values mean that total greenhouse gases are avoided in these cases. This 
trend is quite in line with literature (IEA, 2003; Bose, 2006; Ajah et al., 2007). Also total greenhouse 
gas emissions are negative in the case of producing H2 using nuclear power and then using the existing 
natural gas network for transportation.  It should be borne in mind that though there is a reduction in 
total greenhouse gas emission in the nuclear power chain, the primary energy use associated with this 
chain is comparatively high. 
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Figure 4.13: WtW Total Greenhouse Gas Emissions for Various Hydrogen Production Routes and 

Transport Options 
 
In Figure 4.14, the primary energy use (coloured circles) vs. the GHG emissions (coloured rectangles) 
for the various hydrogen production routes and transport options are shown. It can be seen that though 
the nuclear route is relatively unfavourable in terms of primary energy use, it has one of the best per-
formances in terms of GHG emissions. Obviously, the wind and biomass route have the best perform-
ances in terms of both primary energy use and GHG emissions while the producing hydrogen through 
the grid electricity is an unfavourable option in terms of both primary energy use and GHG emissions.  
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Figure 4.14: Primary Energy Use vs WtW Total GHG Emissions for Various Hydrogen Production 

Routes and Transport Options. 
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5. Overall Impacts of the Various EU Transport Scenarios: primary 
energy use and emissions.  

The impact of injecting and transporting H2 using the existing natural gas network on the primary 
energy use and total greenhouse gas emissions is determined by the choice of injection and extraction 
points, the way the H2 is produced, the penetration rate of H2 end-use applications, the spatial and 
temporal domain being considered, etc. In this section, taking the EU as the spatial domain, the impact 
(primary energy use and total greenhouse gas emissions) of injecting and transporting H2 using the 
existing natural gas network on the wider EU is analysed.  
 
Basic Assumptions: 

♦ Large-scale use of H2 as fuel is mainly anticipated for the transport sector.  Since the 
transport sector is dominated by cars, the impact analysis is carried out assuming cars 
as the end-use application for H2. 

♦ The penetration of the HVs within EU member states is approximated using the 
penetration curve resulting from “high policy support” and “fast technology learning” 
as developed within the framework of the HyWays Project. 

♦ The use of different sources of H2 production has been assumed, thus leading to an 
array of H2 production mix in the EU member states.  The H2 production mix within a 
given member states is approximated by the H2 production mixes as established in the 
HyWays Project. 

♦ Timescales considered are 2010 to 2050 with a time interval of 10 years 
 
With the assumed penetration rate, the overall impact on primary energy use and total greenhouse gas 
emissions associated with producing H2 (using a given production mix), injecting and transporting 
(through the existing natural gas network as well as other transport options) it to the consumers (for 
mobile end-use applications) is analysed in this Section. 
 
Figure 5.1 reveals that the WtW primary energy use involved for the case of injecting and transporting 
hydrogen using the existing natural gas system is the highest compared to the other transport options.  
This can be explained by the primary energy required22 in conversion losses and in extracting H2.  All 
the transport options considered here show increasing primary energy use from 2020.  This could be 
explained by a combination of projected non-hydrogen vehicles growth in Europe as well as the HV 
projections adapted from the HyWays Project.  A peak primary energy use of approximately 13.7GJ is 
reached in year 2050 for the case of transporting H2 using the existing natural gas network. 
This represents a primary energy use increment of approximately 80% (relative to the reference case) 
in year 2050.  
However, as discussed in Appendix B.2, part of this gap may have been caused by the use of the Hy-
Ways diesel and gasoline data which considered only the operational aspect of lifecycle as the refer-
ence in comparing the NATURALHY data where more detailed lifecycle approach (operational as 
well as maintenance and decommissioning of the system) has been taken.  
The implication of using the HyWays reference diesel and gasoline data is that a rather lower primary 
energy use for the reference scenario (because of not accounting for the maintenance and decommis-
sioning aspects of the lifecycle) may have resulted. This bias may have contributed in widening the 
gap between the energy use of the NATURALHY option when compared with the HyWays diesel and 
gasoline reference scenario.   
 

                                                 
22 Primary energy use results from additional conversion losses, as more H2 has to be produced per unit of H2 and from 
separation of H2 from the H2/NG mixture.  Primary energy use is also required for extra production and transport of feedstock 
needed to produce the extra H2. 
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Figure 5.1: Total EU Primary Energy Use Assuming a Mix of All Hydrogen Production Routes 
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Figure 5.2: Total EU Greenhouse Gas Emissions Assuming a Mix of All Hydrogen Production Routes 

 
From Figure 5.2, it can be seen that the use of the existing natural gas network for the transport of H2 
for mobile end-use applications  (the Naturalhy scenario) amount to a WtW total greenhouse gas emis-
sions reduction of approximately 85% (or approximately a reduction 525 million tonnes of equivalent 
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CO2 per year by 2050) compared to the reference  scenario. Transporting H2 either through a dedicated 
pipeline or trucking it to the desired demand points in compressed form has slightly less potential for 
total greenhouse gas emissions reduction.  Within the assumptions made in this analysis, a reduction of 
about 385 million tonnes of equivalent CO2 per year by 2050 is possible using these two transport 
modes. This amounts to a total reduction of about 62% by year 2050 in comparison to the reference 
case. In the case of trucking in H2 in liquid form to areas where they are needed, an approximate re-
duction of 321 million tonnes of equivalent CO2 per year can be achieved by 2050 compared with the 
reference scenario. This is a total reduction of about 52% by year 2050.   
Again, as discussed in Appendix B.2, the use of the HyWays diesel and gasoline data which consid-
ered only the operational aspect of lifecycle as the reference in comparing the NATURALHY data 
where more detailed lifecycle approach (operational as well as maintenance and decommissioning of 
the system)  may have introduced some bias into the analysis.  
The implication of using the HyWays reference diesel and gasoline data is that a rather lower green-
house emission for the reference scenario (because of not accounting for the maintenance and decom-
missioning aspects of the lifecycle) may have resulted. If this bias is considered, then there may even 
be slightly higher emission reductions compared to the ones afore-mentioned.  
 

5.1  Sensitivity of the Impact Analysis to Model Parameters 
In this Section, the sensitivity of the impacts to the factors or parameters used in this analysis are 
determined, with major focus (necessitated by the various unresolved issues), however, on the 
production mix factor. 

5.1.1 EU H2 Production Mix 
The results presented in the preceding Sections have been simulated with the base case EU H2 
production mix where the share of renewables of about one-third by 2050 was assumed (HyWays, 
2007).  The assumption in this production mix is that fossil fuel-based sources (natural gas and coal 
with CCS) and, after 2030, nuclear sources of H2 production (see Appendix B), will play significant 
role.  In order to check the effect of this assumed production mix on primary energy use and total 
greenhouse gas emissions, an alternative scenario- the “renewable pathway scenario”- has been 
synthesised (see also Appendix B). 
 
Renewable pathway production mix Scenario 
The relatively higher share enjoyed by the fossil-based sources (coal and natural gas) in the base case 
scenario is partly due to the understanding that CCS technology will be used to offset the 
environmental burdens of these routes.  In reality though, there are still a lot of uncertainty about CCS 
technology.  In the event that this technology is not implemented commercially, and assuming that (a) 
fossil fuel prices continue to rise; and (b) greenhouse gas emission legislation becomes stringent, then 
emphasis will be shifted from the fossil fuel sources to the renewable energy sources.  Therefore, in 
the alternative production mix scenarios-the “renewable pathway scenario”- the share of H2 
production from renewable sources plays the major role (almost 90% of the mix), with the wind power 
making the largest contribution (62%) of the renewable energy supply.  The share of nuclear power 
remains substantially lower (from one-third to one-tenth) compared to the base case while the shares of 
natural gas and coal are very low at about 2%. 
 

5.1.2 Sensitivity of primary energy use to EU H2 Production Mix   
 
In this section, the sensitivity of primary energy use to the renewable pathway production mix scenario 
as explained in section 5.1.1 is analysed.   
 
In general, compared to the base case, the “renewable pathway scenario” consumes less primary 
energy.  This can be explained by the fact that, in this scenario, much of contributions to H2 production 
have shifted substantially from natural gas and coal as well as biomass energy to wind power.  
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Transporting H2 by other options (except by using the existing natural gas network) appears to 
consume less primary energy on a cumulative basis than the reference scenario (non-hydrogen 
vehicles).  There is not a clear differentiation between transporting H2 in a dedicated pipeline or 
trucking it in a compressed form.  These two forms of transport, however, consume the least primary 
energy but the economic cost as well as total greenhouse gas emission is envisaged to be higher. 
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Figure 5.3: Sensitivity of Primary Energy Use to the “Renewable Pathway Scenario” Production Mix 

 
 
From Figure 5.3, it can be deduced that for the “renewable pathway scenario”, a 61% reduction of the 
primary energy use, in comparison to the base case could be achieved in 2050 for the case of mixing 
and transporting H2 using the existing natural gas network.  This more or less, equals the primary 
energy use of the reference case.  This can be explained by the fact that this production mix assumes 
that CCS will not play any significant role and that greater part of the mix will be from renewable 
sources.  Therefore, the primary energy use associated with CCS and energy-intensive fossil fuel 
sources would have been eliminated, culminating to the drastic reduction in primary energy use. 
 
 

5.1.3 Sensitivity of CO2 Equivalent emissions to EU H2 production mix   
 
The sensitivity of the amount of greenhouse gas emission (in CO2-equivalent) to the renewable path-
way production mix as explained in section 5.1.1 is analysed in this section.  
Also, compared to the base case, the “renewable pathway scenario” shows a higher potential for total 
greenhouse gas emissions reduction.    
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Figure 5.4: Sensitivity greenhouse gas due to transport to the “Renewable Path” production-mix 
 
 
As shown in Figure 5.4, the use of the existing natural gas network for the transport of H2 for mobile 
end-use applications results in a WtW total greenhouse gas emissions reduction of approximately 88% 
(about 551 million tonnes of equivalent CO2 per year in absolute terms by 2050.  This a 3% 
improvement compared to the base case production mix reduction of 85% (or approximately a 
reduction 525 million tonnes of equivalent CO2 per year by 2050). However, this is quite insignificant 
compared to the percentage reduction in the primary energy use of 61% associated with the same 
renewable portfolio.  
One deduction can be made here, that the choice of the renewable mix can be tuned in such a way that 
one or both the primary energy use and GHG emissions can be reduced at the same time.  
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6. Conclusions and Outlook 

6.1 Conclusions 
An analysis of the possible impacts on primary energy use and total greenhouse gas emissions 
resulting from transporting H2 using the natural gas network has been presented.  The analysis is life 
cycle based since it not only considers the impacts of injecting H2 into the natural gas network, its 
subsequent separation from the natural gas, and its eventual utilisation either as pure H2 or as a mixture 
with natural gas but also those of the H2 production routes.  In this Section, conclusions are drawn 
based on the results of this analysis.   
 
Injecting and transporting Hydrogen using the existing natural gas network: 
It can be concluded that the medium pressure (16-40 bar) transport grid and not the high pressure (46-
67 bar) transport grid is the optimal place for injecting hydrogen into the existing natural gas network. 
Therefore, the mixing and transporting of H2 through the regional natural gas network (RTL side of the 
grid) for pure H2 applications (fuel cells) seems the most attractive given the volume of H2 to be 
injected and extracted, as well other technical issues.  Injecting in the high pressure transport network 
means that hydrogen will end up everywhere in the national network or even to the corridor networks.  
Furthermore, large amount of hydrogen needs to be produced for significant volume fraction of 
hydrogen.  
 
Extracting hydrogen from the H2/NG mixture: 
For extracting H2 from the H2 /NG mixture:  a) the pressure in hydrogen system should be greater than 
ambient pressure b) a difference in the partial pressure of gas that is separated between the permeate 
(product side - H2) and its partial pressure in the retentate (feed side - H2 /NG) of the membrane is a 
necessity to create the driving force for the membrane separation.  
The contributions of these boundary conditions as well as the current structure and pressure levels in 
the natural gas grid require high volume fraction of H2 to enable extraction at the low pressure (1-8 
bar)   side (distribution side) of the grid.  A minimal volume fraction of hydrogen of the order of 25-
30% is necessary to enable separation at this low pressure side of the grid.  Otherwise separation ought 
to be executed in the same part of the network (RTL) where the H2 is injected. This seriously limits the 
transport capability and given the fact that the optimal point for extraction of H2 is the point as close to 
the end-user as possible, specific infrastructure may still need to be installed to transfer the H2 from the 
extraction point to the end-user. This may after all negate the essence of the transport process.  
 
Impacts on primary energy use and green house gas emission: 
From the impact analysis conducted, it has been clearly shown that the primary energy use and total 
greenhouse gas emissions associated with the complete life cycle of H2 production from different 
sources can vary substantially.  
Generally, the mixing and transporting of H2 using the natural gas network shows a tendency  for 
higher primary energy use compared to the other H2 transport options considered here.  
On the other hand, mixing and transporting of H2 using the natural gas network shows a potential in 
total greenhouse gas emissions reduction compared to the other H2 transport options considered here. 
This reduction is largely due to the contribution of the un-extracted hydrogen in the H2/NG mixture 
which is used in stationary applications as “green gas”. Green gas only and only if the emission factor 
associated with H2 production is less than the emission factor associated with the production of natural 
gas.  
At lower extraction efficiency, more hydrogen will remain in the mix thus bettering the emission 
reduction for the routes with overall negative emission. In other words, effectively supplying H2 
fuelled vehicles with H2 transported through the NG grid, we are also greening the natural gas grid 
because only part of the H2 added to the grid can be extracted. This by-effect (the greening of the grid) 
causes a change in emissions. This suggests that the more we drive with H2 from these routes the more 
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GHG emission we save. However, in view of the many unresolved issues (additional infrastructure, 
limited transport distance etc) it may be worthwhile to consider the option of greening the gas for 
stationary applications. 
 
Sensitivity Analysis: 
Sensitivity analysis conducted shows that total EU primary energy use and total greenhouse gas 
emissions reductions that may result from the use of H2 produced and transported using the existing 
natural gas network, for transport applications are highly sensitive to the H2 production mix within EU 
member states.  Having a production mix that favors “low carbon” sources available in indigenous 
energy supply in the EU significantly reduces the total greenhouse gas emissions from transport in 
2050.   

6.2 Outlook 
On a general level, mixing and transporting H2 using the existing natural gas network for pure H2 
applications and/or for the “greening of natural gas” (which is based on the direct use of H2 / NG 
mixtures) looks like an attractive concept.  However, the concept is affected by some important 
efficiency, effectiveness and general issues, as discussed below. 
 
Limitations in the H2 Production Routes 
The analysis shows that, on average, about 15-20 MW H2 production capacity will be required and this 
seems to place a limitation on the options for hydrogen production.  On one hand, for coal and biomass 
gasification, this might seem too small a scale.  On the other hand, for biomass fermentation, this may 
be too large a scale.   For natural gas reforming, this might be relatively too small scale for applying 
CCS  and may still need some necessary infrastructure.  And for electrolysis, it might not be regarded 
as a sensible use of a high grade fuel if H2 is burnt for low grade heat or turned into electricity again 
for households or industry. 
 
Fluctuations and Network Capacity 
An issue that calls for attention is the fluctuations in the natural gas demand which invariably means 
that the amount of H2 that can be effectively supplied to end users will also fluctuate.  This raises the 
question of whether H2 end users will be able to cope with this problem?  One of the central aims of 
the NATURALHY project is to act as a catalyst for kick-starting and stimulating the transition towards 
a “hydrogen economy” by gradually building up H2 demand through the use of the existing natural gas 
networks for mixing and transporting H2.  However, the limitations in the capacity of existing natural 
gas networks and the daily and seasonal fluctuations pose a serious concern with respect to flexibility 
of this transition. Finally the issue related to the improvement of separation or extraction efficiency 
need also to be resolved. 
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Appendix A : Model Framework   

In this section, all the model used in estimating the emission and primary energy use due to injection 
and extraction of H2,  as well as  the total primary energy use and total greenhouse gas emission due to 
EU Transport Scenarios are described.  
Let λijk be well to wheel greenhouse gas emission of production route i in the total H2 production mix 
in year j for scenario k and πijk be the Well-to-Wheel energy use of production route i in the total H2 
production mix in year j for scenario k; and μijk  be the tank to wheel share of production route i in the 
total H2 production mix  in year j for scenario k and  

 

⎪
⎪
⎪
⎪

⎭

⎪
⎪
⎪
⎪

⎬

⎫

⎪
⎪
⎪
⎪

⎩

⎪
⎪
⎪
⎪

⎨

⎧

=

Biomass
Wind
Grid
Nuclear
NG w/CCS

CCS NG w/o
 w/CCSCoal

i ;        

⎪
⎪
⎪

⎭

⎪⎪
⎪

⎬

⎫

⎪
⎪
⎪

⎩

⎪⎪
⎪

⎨

⎧

=

2050
2040
2030
2020
2010

j   ;  

⎪
⎪
⎪

⎭

⎪⎪
⎪

⎬

⎫

⎪
⎪
⎪

⎩

⎪⎪
⎪

⎨

⎧

=

 truckH2 Liquid
 truckH2 Compressed

Pipeline H2 Dedicated
NaturalHY

Scenario Refence

k        

 
 

⎪
⎪
⎪
⎪

⎭

⎪⎪
⎪
⎪

⎬

⎫

⎪
⎪
⎪
⎪

⎩

⎪⎪
⎪
⎪

⎨

⎧

=

 UseEnd
Dispensing& Refuelling

onDistributi&ort(H2)transp Fuel
production (H2) Fuel
transportFeedstock 
productionFeedstock 

w  

 
The well to wheel greenhouse gas emission (PE) of production route i, in year j for scenario k, is a 
summation of the all the greenhouse gas emitted during: 

 Feedstock production 
 Feedstock transport 
 Fuel (H2) production 
 Fuel (H2) transport and distribution 
 Refuelling station energy use 
 End use energy use( by the vehicles) 

That is: 

∑
=

=
W

w
ijkijk PE

1
λ                                             A1. 1 

 
Where w is a well to wheel activity and W is the totality of all the activities involved in producing and 
using H2 .  
The greenhouse gas emission data used for each scenario (except for the emission due to the injection 
and extraction of the H2) were all obtained from the NATURALHY Library of Results of work pack-
age 1 as well as the EUCAR-CONCAWE-JRC Well to wheel Report (EUCAR-CONCAWE, 2007).  
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Therefore the total greenhouse gas emission (expressed in equivalent CO2) in year j for scenario k 
( jkη ) has been modeled as: 

ijk

I

i
ijkjk λμη ∑

=

=
1

                                         A1. 2 

 
Combining equations A1.1 and A1.2 we obtain: 

ijk

I

i

W

w
ijkjk PE∑∑

= =

=
1 1

μη                                   A1. 3 

 
In the same way, the well to wheel energy use (EU) of production route i, in year j for scenario k, is a 
summation of the all the greenhouse gas emitted during: 

 Feedstock production 
 Feedstock transport 
 Fuel (H2) production 
 Fuel (H2) transport and distribution 
 Refuelling station energy use 
 End use energy use( by the vehicles) 

That is: 

∑
=

=
W

w
ijkijk EU

1

π                                                A1. 4 

 
Where w is a well to wheel activity and W is the totality of all the activities involved in producing and 
using H2 .  
Also, the energy use data used for each production route and scenario (except for that due to the injec-
tion and extraction of the H2) were all obtained from the NATURALHY Library of Results of work 
package 1 as well as the EUCAR-CONCAWE-JRC Well to wheel Report (EUCAR-CONCAWE-JRC, 
2007).  
 
And the Primary energy use due to transport averaged over the H2 chain in year j and scenario k has 
been modelled as: 

ijk

I

i
ijkjk πμδ ∑

=

=
1

                                                        A1. 5 

 
Combining equations A1.4 and A1.5 we obtain: 

ijk

I

i

W

w
ijkjk EU∑∑

= =

=
1 1

μδ                                                A1. 6 

 
 
Estimating the Emission and Primary Energy Use Due to Injection and Extraction of H2   
 
The injection and extraction of H2 into and out of the natural gas grid, was subsumed into the Fuel (H2) 
transport and distribution activity of the well to wheel. 
Since the injection and transportation of H2 using the natural gas grid is relatively new, there is no 
documented data on both the energy use and emissions associated with it. Therefore, in the project, a 
calculation of the energy use for the injection and extraction process, based on thermodynamic models, 
was carried out (see Table C.2 for the snapshot of a sample MS Excel spreadsheet) . 
The primary energy use in MJ energy expended/ MJ H2 is estimated as:  
 

                                      
Value HeatingLower  H*rate Flow H 

nConsumptioPower   Actual 

22

               A1. 7          
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And Actual Power consumption is modelled as: 
 

Efficiency 
nConsumptioPower  lTheoretica 

                                   A1. 8 

And the theoretical power consumption is modelled as: 
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Where P1, P2 are the inlet (suction) and outlet (discharge) pressure respectively, V is the volume 
throughput and ε is the adiabatic exponent. Thus the theoretical power requirement is equal to the 
product of the adiabatic head and the volumetric gas flow rate at the inlet of the compressor.  
Also, the greenhouse gas emission arising fro the injection and extraction of the H2 could be estimated 
depending on whether the turbine for the compressor uses electricity(el) or natural gas (th).  For each, 
the emission has been modeled as follows:  
Let the : 
Ratio of the energy use for injection or extraction to the total electricity or natural gas production be R 
and the CO2 equivalent emission due to electricity or natural gas production be C. Then :  

Equivalent CO2 emission due to injection or extraction = 
efficiency

CR *
                       A1. 10            

Also, in the Greenhouse gas emission and primary energy use estimation, the fact that not all the H2 
injected is totally extracted is taken into account. Therefore, total energy use due to injection and ex-
traction is a summation of the energy due to injection, energy due extraction, energy used in producing 
the non-extracted H2 minus the compensation for the natural gas replaced by the non-extracted H2 (in 
energy use equivalent). 
 
Total primary Energy use (TPEU) Due to EU Transport Scenarios: 
Let: 
Number of vehicle in year j, scenario k = jkα  

Total annual mileage of vehicles in year j, scenario k = jkβ  

H2 Penetration in year j scenario k = jkγ  

Share of gasoline PISI hybrid in the share of non- H2 vehicles in year j, scenario k    = jkχ  

WTW energy use gasoline PISI hybrid in year j, scenario k [in MJ/km] = jkφ  

WTW CO2-emission gasoline PISI hydrid [gCO2eq/km], year j, scenario k = jkτ  

Share of Diesel DISI hybrid in the share of non- H2 vehicles in year j, scenario k   = jkζ  

WTW energy use diesel DISI hybrid DPF in year j, scenario k [in MJ/km] = jkν  

WTW CO2-emission gasoline PISI hybrid in year j scenario k [gCO2eq/km] = jkρ  
 
Then total primary energy use (TPEU) due to transport in year j, scenario k is modelled as: 

 
( ){ }( )jkjkjkjkjkjkjkjkjkjkTPEU νζφχγδγβα +−+= 1                       A1. 11 

 
Total greenhouse gas emission (TPE) due to transport in year j, scenario k is modelled as: 

( ){ }( )jkjkjkjkjkjkjkjkjkjkTPE ρζτχγηγβα +−+= 1                        A1. 12 
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Appendix B : Model Parameters 

B.1 Parameters 
 

1. Number of vehicles (non H2 ) in the EU member states. The Eurostat vehicle stock data of 
2007 was used see table B.1. 

2. Projected penetration of HV along a considered temporal scale. The HyWays Penetration sce-
nario was used (see last row of  Table B. 1) 

3. Average car mileage in the EU member states.  2000km/vehicle/year was taken, also based on 
HyWays results 

4. Reference Vehicles (Gasoline and Diesel) 
Gasoline 

 TTW share gasoline PISI hybrid [ gasoline hybrid/E total non-H2 ]: 0.6 
 TTW energy use gasoline PISI hydrid [MJ/km] :1.62 
 WTW CO2-emission gasoline PISI hydrid [gCO2eq/km] : 141 
 WTW energy use gasoline PISI hydrid [MJ/km] : 1.84 

Diesel 
 TTW end use share diesel DISI hybrid DPF [diesel hybrid/total non-H2 ]: 0.4 
 TTW energy use diesel DISI hybrid DPF [MJ/km]  : 1.46 
 WTW CO2-emission diesel DISI hybrid DPF [gCO2eq/km] : 129 
 WTW energy use diesel DISI hybrid DPF [MJ/km] : 1.69 

 
Table B. 1: Parameters for the Base Line Simulation 
Parameter Unit 2010 2020 2030 2040 2050 

Non H2 Vehicles (nHV)23 x106 [-] 224 227 226 224 220 

HV fuel economy [kWh/km] 0.2325 0.2325 0.2325 0.2325 0.2325 

Fuel economy gasoline PISI hydrid  
 

[kWh/km] 0.45 0.45 0.45 0.45 0.45 

Share (ratio) of gasoline PISI hybrid [-] 0.60 0.60 0.60 0.60 0.60 

Fuel economy diesel DISI hybrid  
 

[kWh/km] 0.40 0.40 0.40 0.40 0.40 

Share (ratio) of diesel DISI hybrid  
 

[-] 0.40 0.40 0.40 0.40 0.40 

Averaged travelled distance [km/yr] 20000 20000 20000 20000 20000 

HV  cumulative penetration  [%] 0 1.2 11.9 35.9 69.4 

 
A peak is reached in year 2020 and then a downward trend sets in. The number of vehicles [millions] 
presented in Table B. 1 is for the EU-25 plus (Liechtenstein, Iceland, Norway, Switzerland) 

 
 

                                                 
23 The total number of vehicles for the EU25+Iceland+Liechtenstein+Norway+Switzerland was obtained from the (Euro-Stat 
Vehicle Stock). However, an earlier report (Well-to-wheels analysis of future automotive fuels and power-trains in the Euro-
pean context WTW report)  have projected the vehicle growth for six EU states- Denmark, France, Greece, Italy, Netherlands 
and Norway. Therefore, the ratio of these two categories of stock was taken and used in the correction of the projection to 
EU25+Iceland+Liechtenstein+Norway+Switzerland. 
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B.2 Validation of the NATURALHY set of data 
The basic data for the analysis were developed in-house in WP1 of the NATURALHY project based 
on the lifecycle of the various considered chains. In this section, these data are compared with Hy-
Ways data (Herman and Weeda, 2006) for selected equivalent chains. In Figure B. 1 and Figure B. 2 
respectively, the comparisons of the primary energy use data and the greenhouse gas emissions data 
used in both the NATURALHY and HyWays are presented.  The naming scheme of each of the chain 
is meant to reflect the source (HyWays or NATURALHY), then the feedstock from which H2 is pro-
duced (natural gas-NG or biomass), the production technology (SMR or gasification etc), and the 
transport option (trucking H2 in as compressed gaseous form-CGH2 or as liquefied hydrogen -LH2). 
For instance the scheme NaturalHy_NG/SMR/CCS/CGH2 means that the data set is from 
NATURALHY, where H2 is produced from NG using the steam methane reforming process with the 
associated carbon capture and storage and the produced H2 is transported as compressed gaseous H2 
using a truck. 
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Figure B. 1: Comparison of Primary Energy Use Data of NaturalHy and HyWays  
 
Figure B. 1 shows that in general, the primary energy use for the NATURALHY chains are higher 
than that of the HyWays. This can be explained by the rather more detailed lifecycle approach taken in 
the NATURALHY case as compared to the HyWays case. In the HyWays, only the operational aspect 
of the system is considered while in the NATURALHY case, not only the operational but also the en-
ergy use in the maintenance as well as the decommissioning of the system has been taken into account.  
For the reference diesel and gasoline energy sources, the HyWays data as presented above have been 
adapted for the analysis as no detailed study of the reference diesel and gasoline chain was executed in 
the NATURALHY. The implication of using the HyWays reference diesel and gasoline data is that a 
rather lower primary energy use (because of not accounting for the maintenance and decommissioning 
aspects of the lifecycle) may have resulted. This may widen the gap between the energy use as ob-
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tained from the NATURALHY data when compared with that obtained using the Hyways reference 
diesel and gasoline case.   
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Figure B. 2: Comparison of Greenhouse Gas Emissions Data of NaturalHy and HyWays  
 
Also Figure B. 2 shows that the greenhouse gas emissions data for the NATURALHY case are in 
some cases higher than that of the HyWays data. This can also be explained by the rather more de-
tailed life cycle approach taken in the NATURALHY case as compared to the HyWays case.  
Again, the implication of using the greenhouse gas emissions data from the HyWays reference case is 
that a rather lower emission from the reference diesel and gasoline (because of not accounting for the 
maintenance and decommissioning aspects of the lifecycle) may have resulted.  
Generally, the greenhouse gas emissions data between the HyWays and the NATURALHY have less 
deviation compared to the primary energy use. The higher deviations in the primary energy use as ob-
tained from the NATURALHY in comparison to the greenhouse emissions could be explained by the 
fact that though maintenance and decommissioning exercise seem to be more energy intensive, they 
generally are low in greenhouse gas emissions.     
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B.3  EU H2  Production Mix Scenarios 
 
The production of H2 can be achieved through many renewable routes such as biomass, wind etc. 
Among the EU member states, the various routes that can potentially play a role in the renewable pro-
duction of H2 have been synthesized and the mix and shares of these routes at different temporal scales 
quantified (HyWays, 2007). In Table B. 2, and Table B. 3, a projection of the percentage shares of 
these routes in H2 production is given for both the base and the alternative scenarios.  
 
Base Case: Fossil intensive path scenario 
The assumption in this production mix scenario is that fossil based sources- natural gas, coal with CCS 
and after 2030, nuclear sources of H2 production (Table B. 2), will play significant role in the H2  pro-
duction mix.  In this scenario, the fossil based sources-coal and natural gas (mainly equipped with 
CCS technology) takes up about 67% of the production mix in 2030. This decreases to about 40% in 
2050.  
 

Table B. 2:  Projected EU H2 Production Mix- “Base Case Scenario” 
Year 

2010 2020 2030 2040 2050 
 
Production Route 

Projected EU H2-Production Mix [%] 
By-Product 0 31 4 2 1 
Coal +Natural Gas 0 34 66 47 39 
Nuclear 0 0 1 7 10 
Grid 0 0 0 0 0 
Wind 0 0 1 3 15 
Biomass 0 34 29 41 29 
Solar HT 0 0 0 0 7 
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Figure B. 3: EU H2 Production Mix “Base Case Scenario” [Adapted from HyWays] 

 
 
Alternative Scenario: Renewable pathway Scenario 
The relatively higher share enjoyed by the fossil-based sources (coal and natural gas) in the base case 
is  partly based on the understanding that  CCS  technology will be used to offset the environmental 
burdens of these routes. In reality though, there are still a lot of uncertain clouds hovering around the 
CCS technology. In the event that the technology do not make it to the full blow commercial stage, 
and assuming that: 1) fossil fuel prices continues to rise 2)the emission legislations become stringent, 
then emphasis will be shifted from the fossil sources to the renewable pathways. Therefore, in the al-



 

ECN-E--10-026  55 

ternative production mix scenarios-the renewable pathway, the share of the H2   production from re-
newable sources plays the major role (almost 90% of the mix), with the wind energy taking the lion 
share (62%) of the renewables. The share of nuclear remains substantially lower (from one-third to 
one-tenth) compared to the base case while the shares of natural gas and coal stands very low at about 
2%.  
 

Table B. 3:  Projected EU H2  Production Mix- “Renewable Pathway Scenario” 
Year 

2010 2020 2030 2040 2050 
 
Production Route 

Projected EU H2-Production Mix [%] 
By-Product 0 9 5 2 1 
Coal +Natural Gas 0 23 23 9 2 
Nuclear 0 1 11 10 10 
Grid 0 0 0 0 0 
Wind 0 9 13 42 62 
Biomass 0 59 36 26 18 
Solar HT 0 0 12 11 8 
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Figure B. 4: EU H2  Production Mix “Renewable Pathway Scenario” [Adapted from HyWays] 
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Appendix C : Chain Selection and Description 

The possible well to wheels chain for H2 has been selected based on the feedstock for producing H2   
as well as the application and/or involvement of Carbon Capture and Storage (CCS) in the production 
process. Based on the feedstock the following chains have been described in this section: natural gas 
without CCS chain; natural gas with CCS chain; coal with CCS chain; biomass chain; wind chain; nu-
clear chain. Each of these chains basically differs in how the feedstock is processed and transported to 
the H2   production plant. For the purpose of the analysis, the H2   produced can be transported through 
any of the four modes or routes (NATURALHY-mixing & transporting H2 using the existing NG grid, 
dedicated pipeline, trucking it as CGH2 and trucking it as LH2). These transport routes are shown as 
dotted green (NATURALHY), pink (dedicated pipeline), aqua (trucking in as compressed H2) and blue 
(trucking in as liquid H2). Depending on the transport mode or route, the H2 could be worked up to suit 
the transport mode to be applied. For instance, in transporting the produced H2 by truck (trucking it as 
CGH2 ), H2  is compressed to  about 200 bar before being transported to the filling stations by a dedi-
cated tube trailer, which is also a diesel-fuelled vehicle. 
 
Natural Gas without CCS chain 
The Natural gas is assumed to be extracted and processed in Russia and transported into the EU gas 
network ( at an average distance of 4000 km distance) and then further distributed to production plants  
(500 km distance, on average). A SMR located at that point produces H2, which becomes subsequently 
distributed to the filling stations. At the SMR plant, the produced CO2, are not captured and seques-
tered. The H2 produced through SMR technology (at an output pressure of at least 30 bar) can be 
transported to the filling station using any of the four H2 transport modes or routes (NATURALHY, 
dedicated pipeline, trucking it as CGH2 and trucking it as LH2).  
 

 
Figure C. 1:  Modeled NG without CCS Chain 
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For the NATURALHY transport option, the H2  (available at 30 bar) is further compressed to a pressure 
well above 40 bar (to create an effective driving force for successful injection into the RTL grid). The 
compressed H2 at a pressure in excess of 40 bar is then injected into the RTL grid and thus transported 
over a distance of up to 80km, before being separated (see chapter 3).   This is considered sufficient for 
distribution through the RTL-grid over a distance of up to 80 km, without additional compression en-
ergy. After the separation, H2 at a pressure of between 20-24 bar is routed to the refilling station for 
further compression of up to 880 bar before being dispensed to the H2 vehicles.   
 
For the case of dedicated pipelines, the pressure of the H2 produced at the SMR of about 30 bar is con-
sidered sufficient for distribution through the RTL-grid over a distance of up to 80km, without addi-
tional compression energy. Making for transmission pressure loss, H2   at a pressure of between 20-24 
bar is routed to the refilling station for further compression of up to 880 bar before being dispensed to 
the H2 vehicles.   
 
And for the case of transporting H2 through the trucking of the compressed H2  to the refueling station, 
the H2 from the SMR at a pressure of about 30 bar is further compressed to about 200 bar. The com-
pressed gaseous H2 can then be transported by truck via the road in high pressure cylinders.  There is 
also energy included here (in the form of diesel) for the operation of the road truck. The truck delivers 
the compressed H2   to the filling station for further compression of up to 880 bar before being dis-
pensed to the H2 vehicles.   
 
Finally, for the case of transporting H2   through the trucking of liquefied H2  to the refueling station, 
the H2 from the SMR at a pressure of about 30 bar is liquefied and transported by truck also via road to 
the filling station.  Though H2 delivered in liquid form to the refuelling station may have to be vapor-
ised and compressed if the vehicles require compressed H2, this operation is subsumed into the opera-
tion of the filling station as this process is less energy-intensive than compression of gaseous H2- the 
liquid can be pumped to the required pressure before vaporization. The vaporized and compressed H2 
is then dispensed to H2 vehicles.  
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Natural Gas with CCS chain  
The Natural gas is assumed to be extracted and processed24 in Russia and transported25 into the EU gas 
network ( at an average distance of 4000 km distance) and then further distributed to production plants  
(500 km distance, on average). A Steam Methane Reformer (SMR) located at that point produces H2, 
which becomes subsequently distributed to the filling stations using any of the four transport modes or 
routes. 
Also at the SMR plant, the produced CO2 are separated26, transported (50 km distance, on average) and 
subsequently stored in old gas/oil fields. 
The H2 produced through SMR technology (at an output pressure of at least 30 bar) can be transported 
to the filling station using any of the four H2 transport modes or routes (NATURALHY, dedicated 
pipeline, trucking it as CGH2 and trucking it as LH2) as discussed below. 
 

 
Figure C. 2:  Modelled NG with CCS Chain 

 
For the NATURALHY transport option, the H2 (available at 30 bar) is further compressed to a pressure 
well above 40 bar (to create an effective driving force for successful injection into the RTL grid). The 

                                                 
24 To be used, natural gas (NG) 1422 tons/hr must be extracted, processed. Processing is required because heavier hydrocar-
bons and contaminants such as H2S must be removed. The extraction and processing processes require electricity and some 
additional heat, which can be provided by burning some NG in a heating plant.  
25 NG is imported through the EU natural gas mix transport pipeline. Thereafter it is distributed via the national, regional and 
local natural gas high-pressure pipeline grids. 
26 CO2 capture is carried out via scrubbing process using AMDEA (Activated Methyl Di-ethanol Amine) units.  
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compressed H2 at a pressure in excess of 40 bar is then injected into the RTL grid and thus transported 
over a distance of up to 80km, before being separated (see Section 3).  After the separation, H2 at a 
pressure of between 20-24 bar is routed to the refilling station for further compression of up to 880 bar 
before being dispensed to the H2 vehicles.   
 
For the case of dedicated pipelines, the pressure of the H2 produced at the SMR of about 30 bar is con-
sidered sufficient for distribution through the RTL-grid over a distance of up to 80km, without addi-
tional compression energy. Making for transmission pressure loss, H2 at a pressure of between 20-24 
bar is routed to the refilling station for further compression of up to 880 bar before being dispensed to 
the H2 vehicles.   
 
And for the case of transporting H2 through the trucking of the compressed H2 to the refueling station, 
the H2 from the SMR at a pressure of about 30 bar is further compressed to about 200 bar. The com-
pressed gaseous H2 can then be transported by truck via the road in high pressure cylinders.  There is 
also energy included here (in the form of diesel) for the operation of the road truck. The truck delivers 
the compressed H2 to the filling station for further compression of up to 880 bar before being dis-
pensed to the H2 vehicles.   
 
Finally, for the case of transporting H2 through the trucking of liquefied H2 to the refueling station, the 
H2 from the SMR at a pressure of about 30 bar is liquefied and transported by truck also via road to the 
filling station.  Though H2 delivered in liquid form to the refuelling station may have to be vaporised 
and compressed if the vehicles require compressed H2, this operation is subsumed into the operation of 
the filling station as this process is less energy-intensive than compression of gaseous H2 - the liquid 
can be pumped to the required pressure before vaporization. The vaporized and compressed H2 is then 
dispensed to H2 vehicles.  
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Coal with CCS chain  
In this H2 chain, coal is extracted (mined and processed) within the EU member states. Therefore, the 
characteristics of the hard coal used are derived from the EU hard coal mix. It is also assumed that a 
coal mine methane mitigation method (CMM) is applied during the mining and processing. The ex-
tracted coal is transported (at an average distance of 50 km) via truck to the coal gasification plant 
(313 tons H2/day capacity), where H2 is produced through the gasification of the hard coal with the as-
sociated CO2 capture and sequestration. The pressure of the H2 produced through coal gasification is 
also assumed to be at least 30 bar.  Again, the produced H2 can be transported to the filling station us-
ing any of the four H2 transport modes or routes (NaturalHy, dedicated pipeline, trucking it as CGH2 
and trucking it as LH2).  
 

 
Figure C. 3:  Modeled Coal with CCS Chain 

 
For the NATURALHY transport option, the H2 produced through coal gasification (available at 30 bar) 
is further compressed to a pressure well above 40 bar (to create an effective driving force for success-
ful injection into the RTL grid). The compressed H2 at a pressure in excess of 40 bar is then injected 
into the RTL grid and thus transported over a distance of up to 80km, before being separated (see 
chapter 3).  After the separation, H2 at a pressure of between 20-24 bar is routed to the refilling station 
for further compression of up to 880 bar before being dispensed to the H2 vehicles.   
 
For the case of dedicated pipelines, the pressure of the H2 produced at the coal gasification plant of 
about 30 bar is considered sufficient for distribution through the RTL-grid over a distance of up to 
80km, without additional compression energy. Making for transmission pressure loss, H2 at a pressure 
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of between 20-24 bar is routed to the refilling station for further compression of up to 880 bar before 
being dispensed to the H2 vehicles.   
 
And for the case of transporting H2 through the trucking of the compressed H2   to the refueling station, 
the H2 from the coal gasification plant at a pressure of about 30 bar is further compressed to about 200 
bar. The compressed gaseous H2 can then be transported by truck via the road in high pressure cylin-
ders.  There is also energy included here (in the form of diesel) for the operation of the road truck. The 
truck delivers the compressed H2 to the filling station for further compression of up to 880 bar before 
being dispensed to the H2 vehicles.   
 
Finally, for the case of transporting H2 through the trucking of liquefied H2 to the refueling station, the 
H2 from the coal gasification plant at a pressure of about 30 bar is liquefied and transported by truck 
also via road to the filling station.  Though H2 delivered in liquid form to the refuelling station may 
have to be vaporised and compressed if the vehicles require compressed H2  this operation is subsumed 
into the operation of the filling station as this process is less energy-intensive than compression of 
gaseous H2 - the liquid can be pumped to the required pressure before vaporization. The vaporized and 
compressed H2 is then dispensed to H2 vehicles.  
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Biomass Energy Chain 
In this chain, forest residue27 is collected and chipped. The chipping machine is assumed to be run by 
diesel. The wood chip is assumed to be collected from the surroundings of the gasifier (approximately 
50 km) and transported by diesel-fuelled trucks and then converted to H2 in a relative small-scale gasi-
fier (7.2tonsH2/day). The pressure of the H2 produced through biomass (wood) gasification is also as-
sumed to be at least 30 bar.   The H2 can be transported in four different modes or routes (NaturalHy, 
Dedicated pipeline, Trucking it as CGH2 and Trucking it as LH2) as discussed below.  

 
Figure C. 4:  Modelled Biomass Energy Chain 

 
For the NATURALHY transport option, the H2 produced through biomass (wood) gasification (avail-
able at 30 bar) is further compressed to a pressure well above 40 bar (to create an effective driving 
force for successful injection into the RTL grid). The compressed H2 at a pressure in excess of 40 bar 
is then injected into the RTL grid and thus transported over a distance of up to 80km, before being 
separated (see chapter 3). After the separation, H2 at a pressure of between 20-24 bar is routed to the 
refilling station for further compression of up to 880 bar before being dispensed to the H2 vehicles.   
 
For the case of dedicated pipelines, the pressure of the H2 produced at the biomass (wood) gasification 
plant of about 30 bar is considered sufficient for distribution through the RTL grid over a distance of 
up to 80km, without additional compression energy. Making for transmission pressure loss, H2 at a 
pressure of between 20-24 bar is routed to the refilling station for further compression of up to 880 bar 
before being dispensed to the H2 vehicles.   
 

                                                 
27 Wood residues are generated in the process of timber harvesting and of thinning after reforestation, in the timber process-
ing industry (carpentry shops, furniture producers etc.) and as wood waste e.g. from used furniture. The wood is chipped at 
the source and then transported to the gasification plant by truck.  
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And for the case of transporting H2 through the trucking of the compressed H2 to the refueling station, 
the H2 from the biomass (wood) gasification plant at a pressure of about 30 bar is further compressed 
to about 200 bar. The compressed gaseous H2 can then be transported by truck via the road in high 
pressure cylinders.  There is also energy included here (in the form of diesel) for the operation of the 
road truck. The truck delivers the compressed H2 to the filling station for further compression of up to 
880 bar before being dispensed to the H2 vehicles.   
 
Finally, for the case of transporting H2 through the trucking of liquefied H2 to the refueling station, the 
H2 from the biomass (wood) gasification plant at a pressure of about 30 bar is liquefied and transported 
by truck also via road to the filling station.  Though H2 delivered in liquid form to the filling station 
may have to be vaporized and compressed if the vehicles require compressed H2, this operation is sub-
sumed into the operation of the filling station as this process is less energy-intensive than compression 
of gaseous H2 - the liquid can be pumped to the required pressure before vaporization. The vaporized 
and compressed H2 is then dispensed to H2 vehicles.  
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Wind Energy Chain 
In this chain wind harvested using the wind turbine generates electricity generated. The electricity is 
distributed (using the medium voltage grid; 10-20kV) to an electrolysis plant where H2 in a relative 
small-scale (4.3tonsH2/day) is produced in the alkaline atmospheric electrolyser.  The pressure of the 
H2 produced at the electrolyser is also assumed to be at least 30 bar. Also, the gaseous H2 produced by 
this plant feed the CGH2 filling station using any of the four H2 transport modes or routes 
(NATURALHY, dedicated pipeline, trucking it as CGH2 and trucking it as LH2) as discussed below.  
 

 
Figure C. 5:  Modelled Wind Energy Chain 

 
For the NATURALHY transport option, the H2 produced by the electrolyser (available at 30 bar) is fur-
ther compressed to a pressure well above 40 bar (to create an effective driving force for successful in-
jection into the RTL grid). The compressed H2 at a pressure in excess of 40 bar is then injected into the 
RTL grid and thus transported over a distance of up to 80km, before being separated (see chapter 3).   
After the separation, H2 at a pressure of between 20-24 bar is routed to the refilling station for further 
compression of up to 880 bar before being dispensed to the H2 vehicles.   
 
For the case of dedicated pipelines, the pressure of the H2 produced at the electrolyser of about 30 bar 
is considered sufficient for distribution through the RTL-grid over a distance of up to 80km, without 
additional compression energy. Making for transmission pressure loss, H2 at a pressure of between 20-
24 bar is routed to the refilling station for further compression of up to 880 bar before being dispensed 
to the H2 vehicles.   
 
And for the case of transporting H2 through the trucking of the compressed H2 to the refueling station, 
the H2 from the electrolyser at a pressure of about 30 bar is further compressed to about 200 bar. The 
compressed gaseous H2 can then be transported by truck via the road in high pressure cylinders.  There 
is also energy included here (in the form of diesel) for the operation of the road truck. The truck deliv-
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ers the compressed H2 to the filling station for further compression of up to 880 bar before being dis-
pensed to the H2 vehicles.   
 
Finally, for the case of transporting H2 through the trucking of liquefied H2 to the refueling station, the 
H2 from the electrolyser at a pressure of about 30 bar is liquefied and transported by truck also via road 
to the filling station.  Though H2 delivered in liquid form to the refuelling station may have to be va-
porized and compressed if the vehicles require compressed H2, this operation is subsumed into the op-
eration of the filling station as this process is less energy-intensive than compression of gaseous H2 - 
the liquid can be pumped to the required pressure before vaporization. The vaporized and compressed 
H2 is then dispensed to H2 vehicles.  
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Nuclear Power Chain 
In this the nuclear fuel extracted and processed is used is used as input in a Nuclear power plant  (ca-
pacity of 1450 MW, an efficiency of 34% and a lifetime of 30 years) for producing electricity. The 
electricity is distributed (using the medium voltage grid; 10-20kV) to an electrolysis plant where H2 
(626 tonsH2/day) is produced in a series of alkaline atmospheric electrolysers.  
Also, the gaseous H2 produced by this plant feed the CGH2 filling station using any of the four H2 
transport modes or routes (NATURALHY, dedicated pipeline, trucking it as CGH2 and trucking it as 
LH2).  
 

 
Figure C. 6:  Modelled Nuclear Power Chain 

 
 

For the NATURALHY transport option, the H2 produced by the electrolyser (available at 30 bar) is fur-
ther compressed to a pressure well above 40 bar (to create an effective driving force for successful in-
jection into the RTL grid). The compressed H2 at a pressure in excess of 40 bar is then injected into the 
RTL grid and thus transported over a distance of up to 80km, before being separated (see chapter 3).   
After the separation, H2 at a pressure of between 20-24 bar is routed to the refilling station for further 
compression of up to 880 bar before being dispensed to the H2 vehicles.   
 
For the case of dedicated pipelines, the pressure of the H2 produced at the electrolyser of about 30 bar 
is considered sufficient for distribution through the RTL-grid over a distance of up to 80km, without 
additional compression energy. Making for transmission pressure loss, H2 at a pressure of between 20-
24 bar is routed to the refilling station for further compression of up to 880 bar before being dispensed 
to the H2 vehicles.   
 
And for the case of transporting H2 through the trucking of the compressed H2 to the refueling station, 
the H2 from the electrolyser at a pressure of about 30 bar is further compressed to about 200 bar. The 
compressed gaseous H2 can then be transported by truck via the road in high pressure cylinders.  There 
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is also energy included here (in the form of diesel) for the operation of the road truck. The truck deliv-
ers the compressed H2 to the filling station for further compression of up to 880 bar before being dis-
pensed to the H2 vehicles.   
 
Finally, for the case of transporting H2 through the trucking of liquefied H2 to the refueling station, the 
H2 from the electrolyser at a pressure of about 30 bar is liquefied and transported by truck also via road 
to the filling station.  Though H2 delivered in liquid form to the refuelling station may have to be va-
porized and compressed if the vehicles require compressed H2, this operation is subsumed into the op-
eration of the filling station as this process is less energy-intensive than compression of gaseous H2 - 
the liquid can be pumped to the required pressure before vaporization. The vaporized and compressed 
H2 is then dispensed to H2 vehicles.  
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