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ABSTRACT
In the last few years a series of demonstration projects have taken place that have
demonstrated the potential of a transport energy system based on hydrogen. These have
seen the development and demonstration of different hydrogen infrastructures, buses and
cars powered by hydrogen fuel cell and internal combustion engines. Today, there are about
100 Fuel Cell (FC) and internal combustion engines (ICE) cars, a few FC delivery vans in
operation around the world. Most of the buses are in regular public transport and airport
trolley service. Target of these projects was to implement a demonstration of state-of-the-art
hydrogen technology by running part of the transport system with hydrogen fuels. This is
because, it is assumed that hydrogen fuel offers large potential benefits in terms of reduced
emission of pollutants, greenhouse gases and diversified primary energy supply.
However, current supply of hydrogen is either not economical or not environmental. Some
production methods of hydrogen damage the environment three times more than combusting
diesel fuels in conventional vehicles. Besides this, production cost of one kilogram H2 is three
to four times more than one kilogram diesel fuel.
Objective of this thesis is to develop hydrogen supply chain concepts that will obviate the
problems and is competitive with the existing conventional fuels both from economic and
environmental perspectives. Therefore, hydrogen supply chain is reviewed in detail (Well-toWheel) by breaking it down into subsections like production, logistics and utilization in
transport. After the analysis, new concepts are developed and benchmarked with the
conventional fuels via decision model.
At the end, it was clear that the hydrogen production pathways through reformer or
electrolyzes do either cost more than conventional fuels or cause higher emission during the
whole supply chain. Therefore, for the initiation phase, it was suggested to capture hydrogen
that is released as byproduct from the chlor alkali process with low cost and install the
fuelling station close to the plants to save transportation cost. Besides this, utilization of the
existing hydrogen pipeline should also be considered for future extension. Region North
Rhine Westphalia in Germany with 30% of the chlor alkali industry and installed hydrogen
pipeline fits to this description and has an economically competitive pricing structure with a
high environmental benefit. Therefore, attention should be given in regions with these
characteristics for the initiation of hydrogen powered transportation sector.

Table of Content

I

Table of content
List of figures ...........................................................................................................................III
List of tables ........................................................................................................................... IV
Nomenclature .......................................................................................................................... V
1

Introduction ...................................................................................................................1
1.1 Energy Today and Hydrogen as Future Energy Carrier .........................................1
1.2 Problem Statement.................................................................................................1
1.3 Study Objective and Structure................................................................................2

2

Conceptual and methodological framework ..............................................................3
2.1
2.2
2.3
2.4
2.5

3

Lifecycle Assessment (Well-to-Wheel) ...................................................................3
Lifecycle Costing ....................................................................................................6
Benchmarking.........................................................................................................7
Scenario Analysis via Morphological Box...............................................................7
Information Retrieval ..............................................................................................8

Lifecycle of hydrogen ...................................................................................................9
3.1 Hydrogen Production Techniques ..........................................................................9
3.1.1 Hydrogen from Fossil Fuels...................................................................11
3.1.2 Hydrogen from Splitting of Water...........................................................14
3.1.3 Hydrogen as Byproduct .........................................................................14
3.2 Storage Means .....................................................................................................16
3.2.1 Gaseous Hydrogen Storage ..................................................................16
3.2.2 Liquid Hydrogen.....................................................................................17
3.3 Hydrogen Transportation......................................................................................18
3.3.1 Pipeline ..................................................................................................18
3.3.2 Railway ..................................................................................................19
3.3.3 Ship........................................................................................................19
3.3.4 Truck......................................................................................................19
3.4 Fuelling Station.....................................................................................................20
3.4.1 Liquid Fuelling Station ...........................................................................20
3.4.2 Gaseous Filling stations.........................................................................21
3.5 Hydrogen Utilization .............................................................................................21
3.5.1 Common Utilization Fields .....................................................................21
3.5.2 Hydrogen Vehicles.................................................................................21

4

Concept development.................................................................................................24
4.1 Basics of Concepts...............................................................................................24
4.1.1 Dimensioning of Most Promising Pathways...........................................24
4.1.2 Possible Concepts .................................................................................26
4.1.3 Evaluation Procedure for Possible Concepts ........................................27
4.1.4 Common Processes ..............................................................................30
4.2 Concept 1: Onsite Reformer and Liquid Hydrogen Transportation ......................37
4.3 Concept 2: Onsite Electrolysis and Liquid Hydrogen Transportation ...................42
4.4 Concept 3: Hydrogen as Byproduct......................................................................47

II

Table of Content

4.5 Well to Wheel Analysis of Conventional Fuels .....................................................53
4.5.1 Diesel.....................................................................................................53
4.5.2 Natural Gas............................................................................................55
4.5.3 Liquefied Petroleum Gas .......................................................................57
4.6 Evaluation of Fuel Supply Chains.........................................................................59
5

Conclusion and further research...............................................................................62

6

References...................................................................................................................64

Appendix ...............................................................................................................................69
Appendix A: Central steam methane reformer .......................................................................69
1. Economical Analysis....................................................................................69
2. Environmental Analysis ...............................................................................71
Appendix B: Onsite LPG reformer..........................................................................................72
1. Economical Analysis....................................................................................72
2. Environmental Analysis ...............................................................................73
Appendix C: Electrolysis.........................................................................................................74
1. Economical Analysis....................................................................................74
2. Environmental Analysis ...............................................................................75
Appendix D: Liquefier .............................................................................................................76
1. Economical Analysis....................................................................................78
2. Environmental Analysis ...............................................................................79
Appendix E Compressor ........................................................................................................80
1. Economical Analysis....................................................................................80
2. Environmental Analysis ...............................................................................83
Appendix F: Gaseous storage unit .........................................................................................84
1. Economical Analysis....................................................................................84
2. Environmental Analysis ...............................................................................85
Appendix G: Liquid storage unit .............................................................................................86
1. Economical Analysis....................................................................................86
2. Environmental Analysis ...............................................................................87
Appendix H: Gaseous hydrogen delivery ...............................................................................88
1. Economical Analysis....................................................................................88
2. Environmental Analysis ...............................................................................90
Appendix I: Liquid transport....................................................................................................91
1.
Economical Analysis..............................................................................91
2.
Environmental Analysis .........................................................................93
Appendix J: Dispenser ...........................................................................................................94
1.
Economical Analysis..............................................................................94
2.
Environmental Analysis .........................................................................95
Appendix K: Vaporizer............................................................................................................96
1.
Economical Analysis..............................................................................96
2.
Environmental Analysis .........................................................................97
Appendix L: Cryogenic piston.................................................................................................98
1.
Economical Analysis..............................................................................98
2.
Environmental Analysis .........................................................................99
Appendix M: Vehicles...........................................................................................................100
1.
Economical Analysis............................................................................100
2.
Environmental Analysis .......................................................................103
3.
Energy Analysis ...................................................................................104
Appendix N: Byproduct.........................................................................................................105

List of Figures

III

List of figures
Figure 1: General structure of lifecycle assessment .............................................................................. 3
Figure 2: Complete lifecycle of hydrogen fuels with system boundaries ............................................... 5
Figure 3: Interpretation step of lifecycle assessment ............................................................................. 6
Figure 4: Discounted value analysis....................................................................................................... 6
Figure 5: Framework for benchmarking (McNair, Leibfried 1992).......................................................... 7
Figure 6: Scenario analysis via morphological box ................................................................................ 8
Figure 7: Some feedstock and process alternatives .............................................................................. 9
Figure 8: Filtering available H2 production methods............................................................................. 11
Figure 9: Process flowsheet of steam methane reforming................................................................... 12
Figure 10: Process flowsheet of steam LPG reforming........................................................................ 13
Figure 11: Process flowchart of partial oxidation.................................................................................. 13
Figure 12: Process flowchart of autothermal reforming ....................................................................... 13
Figure 13: Process flowchart of hydrogen through electrolysis............................................................ 14
Figure 14: Chlor alkali process............................................................................................................. 15
Figure 15: Schematic of a compressed gas storage tank and its components (JRC) ......................... 16
Figure 16: Liquid storage unit – design and components (www.linde.com)......................................... 18
Figure 17: Hydrogen infrastructure using centralized vs. onsite production ........................................ 18
Figure 18: Hydrogen truck (www.linde-gas.de) .................................................................................... 20
Figure 19: Hydrogen fuelling station (HyFleet:CUTE).......................................................................... 20
Figure 20: Hydrogen vehicles and storage methods (www.man.de) ................................................... 22
Figure 21: Fuel cell (MAN, CUTE, 2007).............................................................................................. 22
Figure 22: Aspirated-engine (www.man.de)......................................................................................... 23
Figure 23: Morphological box for concept development ...................................................................... 26
Figure 24: Breakeven analysis for hydrogen pricing ............................................................................ 29
Figure 25: Liquefaction energy of hydrogen heating value versus capacity ........................................ 32
Figure 26: Breakeven analysis for gaseous vs. liquid delivery............................................................. 34
Figure 27: Pathways for the supply of hydrogen in Berlin.................................................................... 38
Figure 28: Pathways for the supply of hydrogen.................................................................................. 43
Figure 29: Pathways for the supply of hydrogen for hydrogen as byproduct....................................... 48
Figure 30: Chlor Alkali industry in Germany:...................................................................................... 49
Figure 31: Existing hydrogen pipeline infrastructure in Germany ........................................................ 50
Figure 32: Potential of North Rhine Westphalia for hydrogen infrastructure........................................ 53
Figure 33: Fuel pathway for diesel ....................................................................................................... 53
Figure 34: Fuel pathway for natural gas............................................................................................... 56
Figure 35: Fuel pathway for LPG ......................................................................................................... 57

IV

List of tables

List of tables
Table 1: Concepts developed for hydrogen supply.............................................................................. 27
Table 2: Central hydrogen production facility ....................................................................................... 31
Table 3: Hydrogen liquefier .................................................................................................................. 32
Table 4: Hydrogen compressor ............................................................................................................ 33
Table 5: Hydrogen transportation via truck .......................................................................................... 34
Table 6: Decision criteria for transport ................................................................................................. 35
Table 7: Liquid hydrogen storage......................................................................................................... 35
Table 8: Gaseous hydrogen storage .................................................................................................... 36
Table 9: Cryogenic piston..................................................................................................................... 36
Table 10: Liquid hydrogen vaporizer .................................................................................................... 36
Table 11: Hydrogen dispenser ............................................................................................................. 37
Table 12: Fuel consumption of hydrogen and conventional buses...................................................... 37
Table 13: Onsite steam LPG reformer ................................................................................................. 38
Table 14: WTT economical analysis for first concept........................................................................... 40
Table 15: WTT environmental analysis for German mix model ........................................................... 41
Table 16: WTT environmental analysis for 100% renewable energy................................................... 41
Table 17: Onsite electrolyzes ............................................................................................................... 44
Table 18: WTT economical analysis for second concept..................................................................... 45
Table 19: WTT environmental analysis for German mix model ........................................................... 46
Table 20: WTT environmental analysis for 100% renewable energy................................................... 46
Table 21: Chlor alkali process .............................................................................................................. 48
Table 22: Price determination of byproduct hydrogen ......................................................................... 50
Table 23: WTW environmental analysis for hydrogen as byproduct.................................................... 51
Table 24: WTW environmental analysis for diesel fuel ........................................................................ 55
Table 25: WTW energy analysis for diesel fuel .................................................................................... 55
Table 26: WTW environmental analysis for natural gas....................................................................... 57
Table 27: WTW energy analysis for natural gas .................................................................................. 57
Table 28: WTW environmental analysis for LPG ................................................................................. 58
Table 29: WTW energy analysis for LPG ............................................................................................. 59
Table 30: Comparing concepts with conventional pathways ............................................................... 60
Table 31: Evaluation of all concepts..................................................................................................... 60

V

Nomenclature

Nomenclature
CGH2 Compressed gaseous hydrogen

kW

Kilowatt

CH4

Methane

kWh

Kilowatt-hour

CNG

Compressed Natural Gas

LH2

Liquid Hydrogen

CO

Carbon monoxide

NG

Natural Gas

CO2

Carbon dioxide

LPG

Liquefied Petroleum Gas

f

factor

LNG

Liquefied Natural Gas

FC

Fuel Cell

N2O

Nitrous oxide

GH2

Gaseous Hydrogen

Nm3

Normal cubic meter

GHG Greenhouse Gas

p

points

h

hour

Pa

Pascal

H2

Hydrogen Molecule

PEM

Proton Exchange Membrane

ICE

Internal Combustion Engine

PSA

Pressure Swing Absorption

JRC

Joint Research Center

SMR

Steam Methane Reformer

K

Degrees Kelvin

TTW

Tank-to-Wheel

kg

Kilogram

WTW Well-to-Wheel

kJ

Kilo joule

WTT

KOH

Potassium hydroxide

Well-to-Tank

1

1 - Introduction

1

Introduction

1.1

Energy Today and Hydrogen as Future Energy Carrier

Energy services are critical to economic development and prosperity. Countries that own
energy sources like Russia, Norwegian, and Middle East countries owe their living status
mostly to energy sources that they own. Based on the reports from “World Energy
Technology and Climate Policy Outlook” (WETO) primary energy growth rate for the periods
2000-2030 will be about 1,8% per annum world wide. This increasing dependency on oil,
especially in transportation, across the world has become a weakness in national economies.
This is not only due to the finite reserves, but also due to the unequal distribution of the
known reserves and concentration in a few areas of the world. Therefore, this situation is not
sustainable for countries to secure their energy sources which are vital for long term
economical development (IPCC, 2007; Wright/Czelusta, 2003).
On the other hand, energy consumption accounts for approximately 80% of global green
house gas (GHG) emissions. Today, energy is largely met be reserves of fossil fuel that
causes environmental degradation, pernicious health effects, agricultural losses, and growing
contributions to global warming. As a result, environmental and natural resource issues
become more prominent and serious (IPCC, 2007; Ranke/Schoedel 2004).
These economic and environmental factors have, at different points in time, directed the eyes
of policymakers to alternative fuels. During last century, a variety of efficient end-use
technologies and alternative fuels have been proposed to help address future energy-related
environmental and supply security challenges in fuel use. For example, in the early during
1970’s, oil prices triggered an interest in energy efficiency. Thereafter, during 1990’s poor air
quality led regulatory action to promote methanol and electric vehicles. In the beginning of
the 21st century, energy dependence and use of fuels in transportation vehicles leads to
climate change due to the greenhouse gas emissions. Therefore, currently research is
carried on fuel engine that have zero or low emission systems (Hinrichs/Kleinbach, 2002). In
this context a carbon-free energy carrier like hydrogen fuel is seen to be an ideal solution. It
offers perhaps the greatest long-term potential to radically reduce several important societal
impacts of fuel use at the same time.
Hydrogen is the simplest, lightest and most plentiful element in the universe constituting
roughly 75% of the universe’s elemental mass. In nature, it occurs in combination with other
elements, primarily with oxygen in water and with carbon, nitrogen and oxygen in living
materials and fossil fuels. However when split from these other elements to form molecular
hydrogen, a process requiring another source of energy, it can become an environmentally
attractive fuel (McCarty, 1975).
Since it requires another source of energy, it can be stated that, hydrogen is not an energy
source but an intermediate medium for storing and carrying energy (CAWET/ CAPAS, 2006).
Therefore, many projects are carried out to use hydrogen as an energy carrier in the
transport sector, targeting in improved efficiency and negligible pollution at the point of use.
These applications have attracted significant interest within major corporations and
politicians. Considering the current need to develop responses to human-induced climate
change, a fully developed hydrogen economy has the potential to drastically reduce
emissions of carbon dioxide within the electrical power, transport, and low grade heat supply
sectors (Dutton, 2002).Nevertheless the transition to hydrogen is not easy due to the
problems it encounters.

1.2

Problem Statement

Challenges for a competitive and sustainable hydrogen delivery infrastructure are mainly
caused by economic and environmental factors. After conducting comprehensive literature
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research and interviews with experts, following problems were identified during the sourcing
of hydrogen.
•

High production and transportation cost of hydrogen: Existing production and
transportation pathways of hydrogen causes it not to be competitive with conventional
fuels. After a research in the market, it was found out that the price of hydrogen is about
three times higher than conventional fuels. Besides this, lack of reliable and feasible
hydrogen infrastructure increases transport cost and so hinders market readiness for
hydrogen fuels.

•

Low tank capacity due to complex storage technology: Hydrogen buses have a driving
range of 200 km with a tank fuelled at 350bar. The existing hydrogen storage options do
not completely satisfy the customer’s goals for compactness, weight, cost, vehicle range
and ease of refueling. This is because of the complexity at the storage unit which is
caused by the chemical properties of hydrogen. It is low density (0,09kg/Nm3) and low
mass requires a more thicker outer layer than normal gaseous storage units.

•

High emission of hazardous gases: When hydrogen is produced from hydrocarbons via
chemical processes, there will always be high CO2 emissions released to the
atmosphere. Some of the current implementations to source hydrogen are via
hydrocarbon reforming that has CO2 as output. However, this is not the target of utilizing
hydrogen in public transportation.

1.3

Study Objective and Structure

Target of this paper is to find out supply chain concepts for hydrogen fuels that are
competitive with conventional fuels with respect to environmental and economical results and
removes the barriers described above to support the initiation of hydrogen market. Focus will
be on establishing coherent hydrogen supply strategies for market initiation that provides a
safe, environmentally acceptable and price competitive energy system throughout the whole
supply chain.
To reach this target, information is gathered about well to wheel of hydrogen fuels from
different sources. Working with this wide range of information is difficult and complex.
Therefore, methods that will help to follow a systematic approach and define the system
boundaries will be defined in chapter 2. These methods will describe how to approach the
problem and reach the target.
After explaining methodologies, a detailed analysis about hydrogen supply chain is carried
out starting from chapter 3 until 3.5. During this analysis, complete supply chain will be
broken into subsections like production, storage, transportation, fuelling station and utilization
of hydrogen. Understanding each process with their impacts on the supply chain would give
a clue for problems encountered. Analysis of hydrogen supply chain is mainly divided into
production methods, storage means, distribution and utilization with respect to different forms
of hydrogen.
Then at the beginning of chapter 4, basics of the hydrogen supply chain are explained. All
information that is gathered from chapter 3 to 3.5 are filtered and evaluated to come up with
logical alternatives for the development of concepts. After that, new concepts are developed
and compared by means of decision model with conventional pathways both from
economical and environmental perspectives. In the end, a final supply pathway is suggested.
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Conceptual and methodological framework

Analyses of the hydrogen supply chain have been carried out in a systematic way by using
appropriate methods. Methods that have been used during the analysis of this thesis consist
of lifecycle assessment, lifecycle costing, benchmarking, scenario analysis and information
retrieval. Lifecycle assessment method is used to analyze the environmental impacts of fuels
during the whole supply chain. For the calculation of costs per unit, life cycle costing that is a
common methodology for calculating the whole cost of a system will be implemented. After
the analysis is done, concepts will be developed with-morphological box method. Then,
economical and environmental results of hydrogen fuel concepts will be compared with
conventional fuels. Therefore, benchmarking methodology will be used. During the whole
analysis, information was gathered from literature survey, interviews with leading industries
and consultants.

2.1

Lifecycle Assessment (Well-to-Wheel)

Lifecycle Assessment (LCA) is the comprehensive analysis of the overall environmental
impacts of a certain operation by analyzing all stages of the entire fuel supply chain process
chain from raw materials extraction, production, transport and energy generation to recycling
and disposal stages following actual use (ISO, 14040). In this thesis LCA assessment will be
applied to fuels used for road transportation. Therefore, lifecycle assessment can also be
defined as “Well-to-Wheel” analyses. Target of lifecycle assessment is to evaluate the
environmental burdens associated with products, processes, or activities by identifying
energy and materials used and wastes released to the environment so that the least
burdensome one can be chosen. A simplified life cycle of hydrogen can be seen in figure 1.

Energy

Energy

Energy

Energy

Raw Material

Production

Utilization

Disposal

Waste

Emissions to
Air and Water

Waste

Emissions to
Air and Water

Waste

Emissions to
Air and Water

Waste

Emissions to
Air and Water

Figure 1: General structure of lifecycle assessment

The analysis of lifecycle assessment for this project is carried out according to the ISO
standards 14040, 14041, 14042 and 14043 in four phases;
•

Phase 1: Definition of purpose, functional unit and system boundaries

•

Phase 2: Inventory
(in- and output data)

•

Phase 3: Evaluation of the environmental effects, including calculation of LCA results
through classification and characterization

•

Phase 4: Interpretation of the result and identification of significant issues

analysis,

including

data

collection

for

all

processes
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Phase 1: Definition of Purpose, Functional Unit and System Boundary
The goal of applying LCA in this thesis is to compare the environmental impacts of hydrogen
supply chains with the emissions released by conventional fuels. Therefore, hydrogen supply
chain will be analyzed and some possible concepts will be developed. For the comparison
with conventional fuels, out of many possibilities, diesel, LPG and natural gas are chosen.
Diesel is chosen as a reference since more than 90% of the public buses are operating with
diesel fuels (VDV, 2007). The reason for NG and LPG fuels is that, hydrogen can be
produced from NG and LPG via reforming. Therefore, it would be useful to analyze complete
supply chain for conventional NG and LPG utilization in buses and compare it with the results
when they are used to produce hydrogen that will be used in buses. Functional unit is set as
emission resulting by driving 1 km (kgCO2/km fuel) during the complete supply chain.
Besides this, to focus on the most important processes of LCA, system boundaries
concerning the implementation of an LCA are also made. To ensure comparability of
hydrogen fuels with other fuels; the system boundary conditions are chosen under equal
aspects and represent consistent systems that refer to same functional unit and same
system boundaries. Limitation of the system boundary is done by dividing the supply chain in
two sections as shown in figure 2. First part, which is literally defined as “Well-to-Tank”
(WTT), includes the processes for fuel supply and second part, defined as “Tank-to-Wheel”,
covers the processes for vehicles.
“Well-to-Tank” covers all the processes of fuels starting from feedstock exploration, several
manufacturing processes and transportation until fuelling of the buses (Joint Research
Center, 2006). During the analysis, environmental analysis should also be done for
intermediate processes that are production or assembly of hydrogen production facilities,
trucks, storage units and etc. However, after some literature survey it was found out the
impact of these processes on the total lifecycle analysis is not significant and can be ignored.
The total energy consumed within these processes lie below <1%, therefore, analyzing these
processes in detail doesn’t give a chance for possible improvements (Faltenbach, 2006). As
a result, only utilization (reforming, transportation etc.) of hydrogen that is marked in green
color will be analyzed.
On the other hand, “Tank-to-Wheel” covers the processes related with the buses like
production, operation including consumption and disposal. In addition to the same reasons
above, it is very difficult to quantify emission values for a bus since they have a very long
lifetime and can be reassembled or modified for a reuse (MAN, 2007). Therefore, focus will
be on the operation side rather than bus production and disposal. The reason for this
limitation is to focus on the core processes that emerge with hydrogen. The processes which
will be in focus during the project are shown in green color in the figure 2.
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Figure 2: Complete lifecycle of hydrogen fuels with system boundaries

Phase 2: Inventory Analysis
Phase 2 is a very resource demanding phase because of the data collection. In this phase,
quantitative and qualitative data for every process in the system is collected and related to
the functional unit. Collected data includes all inputs from the processes. This analysis
focuses both on the feedstock material type, amount and energy source (whether it is
renewable or non-renewable), because it is the chemical composition and energy source that
determines the output emission. According to the composition, emissions can be greenhouse
gasses, nitrifying and toxic substances. During this thesis, CO2 output will be used to
determine the emission.

Phase 3: Evaluation
After analysis is carried out, collected data are processed and the actual result of the LCA is
calculated. Facts and figures for each process are added together to find out the total impact
of the product on the environment. This is done in a systematic manner so that areas where
improvements need to be made can easily be identified.

Phase 4: Interpretation
Interpretation phase is performed for each step in the LCA to ensure the quality of the LCA.
In this phase, results are analyzed, evaluated, and conclusions are reached as seen on the
figure 3. Combination of these two parts results to Well-to-Wheel that is the LCA of fuels
used for transportation. It is used for an integrated analysis of the complete supply pathways
in terms of energy, GHG emissions, costs and potential availability of alternative fuels.
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Goal and Scope
Definition
Inventory of
Extractions and
Emissions

Interpretation

Impact Assessment

Figure 3: Interpretation step of lifecycle assessment

2.2

Lifecycle Costing

Life cycle costing is a common methodology for calculating the whole cost of a system from
inception to disposal. However, this analysis will be done for the processes, which are
defined within the system boundary conditions. Lifecycle costs helps to show the total costs
of a process and enables to decide whether an investment is profitable or not. Goal of
lifecycle costing is to add all the costs of processes over the life period and enable an
evaluation on a common basis for the period of interest (Wübbenhorst, 1984/ Flanagan,
1989).
During the implementation of lifecycle costing, both the capital and ongoing operating and
maintenance costs will be considered. Thereafter cost of each process will be added
together to calculate the cost for the system through its full life based on discounted value
analysis. The discounted value of an investment is determined by reducing its value via
appropriate discount rate for each unit of time between the time when the investment is to be
valued to the time of the investment as shown in figure 4. Most often the discount rate is
expressed as an annual rate. By calculating the discounted value of the investments
occurring at different times and dividing it into the daily demand, unit costs of fuels will be
calculated (Wübbenhorst, 1984/ Blanchard, 1991/ Anderson, 2006).
Cost per year

t0

t1

t2

t3

t4

t5

Discounted

One Time

Variable

Value

Cost

Cost

Figure 4: Discounted value analysis
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Benchmarking

A common method, benchmarking, is a continuous, systematic process for evaluating the
products, services of organizations that are recognized as representing best practices for the
purpose of organizational improvement (Spendolini, 1992).
Although experts break benchmarking into several types, there exist two main types of
benchmarking:
•

Performance benchmarking; this involves comparing the performance levels of different
fuel pathways. This information can then be used for identifying potentials for
improvement and setting performance targets.

•

Best practice benchmarking; this is the process of seeking out and studying the best
internal and external practices that produce superior performance. These high performing
or best practices are analyzed and compared with the existing processes
(McNair/Leibfried 1992).

In this thesis, since comparison will base on the environmental and economical performance
of hydrogen and conventional fuels, benchmarking will be based on the performance
procedures.
Figure 5 below shows an adapted chronological sequence for benchmarking to analyze
workflows and performance measures. It involves the development of quantitative and
qualitative indicators through the collection and analysis of energy-related data and
practices.

Figure 5: Framework for benchmarking (McNair, Leibfried 1992)

•

Step 1: At the beginning of benchmarking, key processes and parameters for different
energy supply pathways is defined in order to compare the costs, energy use,
greenhouse gas emissions and so on. This is carried out during the analysis of the supply
chain. Special attention was needed to ensure that parameters are as tight and
consistent as possible, because implementation of benchmarking can be done consistent
and new opportunities for cost and emission reduction can be achieved.

•

Step 2: Data from conventional fuel supply pathways were collected. This includes
analysis of fuel supply for diesel, LPG, CNG as well as the existing supply pathways of
hydrogen. This is explained in chapter 9.

•

Step 3: Throughout the whole thesis, data for hydrogen supply pathways is collected and
compiled for benchmark targets.

•

Step 4: In the analysis phase, evaluation of different supply pathways is done and
identification of opportunities and threads are carried out.

•

Step 5: The final step was to implement changes and evaluate resultant improvements to
close identified performance gaps (McNair/Leibfried 1992)

2.4

Scenario Analysis via Morphological Box

In the literature, there are different definitions for scenario analysis. According to Michael
Porter, a scenario is "an internally consistent view of what the future might turn out to be"
(Porter 1985). On the other hand, Michel Godet defines a scenario as "the description of a
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future situation together with the progression of events leading from the base situation to the
future situation" (Godet 1987).
In this thesis, scenario analysis is used for the development of strategies, identification of
future possibilities, handling versatile future-oriented data and exploration of the future
(Postma/Liebl, 2005; Bood/Postma, 1997). There are a couple of tools to develop scenarios;
one of which is morphologic box.
Morphologic box is a matrix for identifying and investigating the total set of possible
relationships or "configurations" contained in a given problem complex (Zwicky, 1967). The
main idea of morphological analysis is to systematically search for a solution of a problem by
trying out all combinations in a matrix of expressions in order to establish which of them are
possible, viable, practical, interesting and etc., and which are not (Zwicky, 1969). Therefore,
at first, all possible processes within the supply chain are defined (e.g. production option,
storage option). Then, alternatives within each process are combined to develop new
concepts. Some of the alternatives for each process are shown in figure 6. The decision
about which alternative within each process will be used during concept development is
explained at respective chapters.
Energy Source
Option

Renewable
Wind
Solar
Hydro
Geothermal
Biomass
Conventional
Power stations
Coal
Gas
Oil
Nuclear Power

Raw Feedstock
Option

Production
Process Option

Fossil Fuels
Coal
Natural Gas
Oil

Thermal
Reforming
Steam
Reforming
Partial
Oxidation
Gasification
Pyrolysis

Biomass
Lignocelluloses
Starch
Vegetable Oil
Black Liquor

Water

Biological
Photo
biological
Aerobic
fermentation
Anaerobic
fermentation

Storage
Options

Delivery Options Fuelling Options

Bus
Performance

Pipeline
Compressed
gas

Truck

Booster
Compression

Ship
Liquid Gas

Train

CryoPump
Evaporation

ATL Engine
Hybrid
Combustion
Engine
Fuel Cell

Electrolysis

Figure 6: Scenario analysis via morphological box

2.5

Information Retrieval

Information was collected from many different sources. First of all, literature survey was done
to get the basics of this subject. Then, as information from different functions is necessary for
the optimal decision, all relevant parties within the supply chain of hydrogen were consulted.
Questions that were concerning the validity of assumptions were forwarded to the experts
and their opinions were asked. This was done by conducting interviews with the industry
partners and experts in these fields. In this way, necessary information for the analysis was
gathered. Interview partners are listed at the end of the references.
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Lifecycle of hydrogen

In this chapter, complete hydrogen lifecycle will be analyzed by dividing it into sub-processes
like production, storage, transportation, fuelling station and utilization. During the analysis, all
the alternatives within each sub-process are illustrated. Although the dimensioning of most
promising pathways is carried out in the next capital, a pre-filtering process is carried out for
some alternatives. This is done in order to limit the alternatives that will be analyzed later.
Criteria that are used for the filtering are explained in the relevant capitals.

3.1

Hydrogen Production Techniques

Almost all hydrogen on earth is found in compounds, mainly in combination with oxygen as
water or in combination with carbon as organic substances (McHugh, 2005). It can be
produced from a variety of feedstocks. These include fossil resources, such as natural gas
and coal, as well as renewable resources, such as biomass and water (Jin, 2004). To
produce hydrogen from these feedstocks, a variety of process technologies can be used,
including chemical, biological, electrolytic, photolytic and thermo-chemical processes. An
illustration of the various feedstocks and production techniques are presented in figure 7 (Jin
2004, Häussinger/Lohmöller, 1989).

Figure 7: Some feedstock and process alternatives

Each technology is in a different stage of development, and each offers unique opportunities,
benefits and challenges. Availability of feedstock, maturity of the technology, market
applications and demand, policy issues, and costs will all determine the choice and timing of
the various hydrogen production options (Padro/Putsche, 1999). However, some of these
production methods are carried out experimentally and some are in development phase.
Therefore, in order to focus on the production methods that are most promising and hinder to
fuddle the reader, some of these techniques should be filtered. This filtering process is done
according to the criteria defined by the experts, supervisors and author of this thesis and is
shown in figure 8. After some literature survey and interview with partners, following
parameters are defined to limit the existing production methods.
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Criteria for the filtering production methods
Production Cost
Some of the hydrogen production methods available have extremely high costs. This is due
to the feedstock costs, technological status, and business model chosen. Methods that have
a production cost above 20€/kg are not taken into consideration, since they will not be
economically competitive in the near future.
Technological Difficulties
History of hydrogen is not as long as other fuels. Therefore, there are many technological
problems and difficulties occurring. Some of these are; breakdown of machines, low product
lifetime, material durability, low efficiency and so on. It will be wasting time to invest long
times for production methods that are not promising today and are carried out for
experimental purposes in laboratories. Therefore, such methods will not be considered.
Current Status
It is also important to consider the current hydrogen production implementations on the
market. Some methods are being favored by some industries and so are pushed forward.
However, other companies that own different technological competitiveness try to improve
different production technologies. Since the market for hydrogen is still developing,
techniques that are on the market will be considered.
After evaluating all production techniques based on these criteria, it was found out that,
although there are much potential to produce hydrogen via high temperature electrolysis,
photo-electrolysis and biological production, high-temperature decomposition, sulphur iodine
cycle and thermo-chemical water splitting, they are in the premature phase and have low
efficiencies and high costs (Gaudenack, 1998; Amos, 2004). Biomass gasification and
pyrolysis is done in pilot implementations, but since their application is not widespread they
will not be considered in this paper (Wurster, 1994; Altmann, 1999). Besides this, methanol
steam reforming, ammonia cracking, plasma-arc have been developed, but none of them is
close to commercialization (Ogden, 2002; Ball, 2006). As a result, these techniques will not
be discussed in this paper. An illustration of this filtering process is shown in figure 8.
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Figure 8: Filtering available H2 production methods

As a result, analysis will focus on the following hydrogen production activities:
•

Hydrogen from fossil energy sources through
• Steam methane reforming
• Steam LPG reforming
• Autothermal reforming
• Partial Oxidation of Methane

•

Hydrogen through electrolysis

•

Hydrogen as byproduct

3.1.1

Hydrogen from Fossil Fuels

Today, hydrogen is produced from the two most common fossil fuels that are natural gas and
LPG. It can be produced by means of four different chemical processes from them
(Häussinger/Lohmöller, 1989; Simbeck/Chang, 2002).
•

Steam Reforming Natural Gas

•

Steam Reforming LPG

•

Partial Oxidation (POX)

•

Auto-Thermal Reforming (ATR)

Steam Reforming of Natural Gas
Natural gas is a fossil fuel that consists primarily from methane with 98% as well as ethane,
propane, butane, and pentane and some other elements with 2% (JRC, 2006). The
combination of additional elements (2%) depends on the source of the natural gas. To ease

12
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the explanation of chemical formulas within this thesis, natural gas will be assumed to be
consisting from methane.
Hydrogen production through reforming can be summarized mainly in three steps. These are
steam reforming, water gas shift reaction, and hydrogen purification. However, to prevent the
deactivation of nickel catalyst during these processes, methane feed is passed through
guard beds filled with zinc oxide or activated carbon to remove the sulphur.
The first process of reforming involves endothermic conversion of methane and water vapor
into hydrogen and carbon monoxide that is as shown in equation 1 on
figure 9 (Häussinger/Lohmöller,1989; Ogden, 2002).

5,7 kWh
2 kg CH4
4,5 kg H2O

CH4 +H2O → CO + 3H2
CO + H2O → CO2 + H2

(1)
(2)

1 kg H2
5,5 kg CO2

Figure 9: Process flowsheet of steam methane reforming

Here, methane is catalytically reformed at elevated temperature and pressure to produce a
syngas mixture of H2 and CO. Because of the high operating temperatures, a considerable
amount of heat is available for recovery from both the reformer exit gas and from the furnace
flue gas. A portion of this heat is used to preheat the feed to the reformer and to generate the
steam for the reformer (Häussinger/Lohmöller, 1989). A steam reformer having an output
capacity of 215 kg/day requires theoretically 2 kg methane and about 4.5 kg water to
produce 1 kg hydrogen. Besides this, this reformer requires about 5,7kWh/kg H2
(Simbeck/Chang, 2002).
After reforming, a catalytic water–gas shift reaction (2) is carried out to combine CO and H2O
and produce more H2 product. With the addition of a CO shift reactor, hydrogen yield from
SMR can be increased (Nilsen/ Haugom, 2007, Häussinger/Lohmöller, 1989; Ogden, 2002).
At the end of the reaction 2, the gas exiting the shift reactor contains mostly H2 (70%-80%)
plus CO2, CH4, H2O and small quantities of CO. It is worth to note that only half of the
hydrogen produced originates from the hydrocarbon, the other half comes from water.
During the third process, hydrogen is purified by pressure swing adsorption (PSA) to remove
water, methane, CO2, N2, and CO, producing 99.999+ pure hydrogen product
(Häussinger/Lohmöller, 1989; Spath/Mann, 2001). Industrial consumption values can be
calculated with an efficiency of 70-80% (Dicks, 1996). However, it must be stated that, there
is no clear definition for SMR efficiency, because some SMR reuses the byproduct steam.

Steam LPG Reforming
LPG stands for liquefied petroleum and consists mainly from propane as well as from a
mixture of hydrocarbon gases like butane depending on the season. In this thesis, to ease
the analysis, LPG will be defined as propane.
LPG (propane) can be steam reformed to hydrogen in much the same as methane can be
reformed. Relatively small-scale systems (50-400 Nm3/hr) have been built by companies
such as Linde, HyGear, Hydro-Chem. and Topsoe. These systems are ideally sized for the
expected hydrogen loads of a typical service station in a mature marketplace. Difference of
LPG reforming from natural gas reforming is the high output of hydrogen for one mole LPG.
Process is shown in the following figure.
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4,5 kWh
2,2 kg C3H8
5,4 kg H2O

C3H8 +3H2O → 3CO + 7H2 (3)
3CO + 3H2O → 3CO2 + 3H2 (2)

1 kg H2
6,6 kg CO2

Figure 10: Process flowsheet of steam LPG reforming

Utility consumption for a unit manufactured also shown in the figure. These are the default
values in the model. It is assumed that the steam required for the process is produced from
the combustion of propane at an efficiency of 80%. Other chemical reactions shift and
purification processes are similar to steam methane reforming.

Partial oxidation
Another method for deriving hydrogen from natural gas is partial oxidation (POX). Here,
hydrogen is produced through the partial combustion of methane with oxygen gas to yield
carbon monoxide and hydrogen according to the reaction 4. Visual illustration of partial
oxidation is shown in
figure 11 (Steinberg, 1989).

2,67 kg O2
2,67 kg CH4
3 kg H2O

CH4 + 1/2O2 → 2 H2 + CO (4)
CO + H2O → CO2 + H2 (2)

1 kg H2
7,34 kg CO2

Figure 11: Process flowchart of partial oxidation

In this process, heat is produced in an exothermic reaction, so there is no need for any
external heating of the reactor. (Häussinger/Lohmöller, 1989, Steinberg, 1989) The CO
produced is further converted to H2 as described in equation (2). The difference between
partial oxidation and steam reformer is the gas that is used. In partial oxidation, it is O2 that is
used to burn methane gas, whereas in steam reformer it is H2O (Ogden, 1999).

Autothermal reforming
Autothermal reforming is a combination of both steam reforming (1) and partial oxidation (4).
In autothermal reforming, a hydrocarbon feed (methane or a liquid fuel) is reacted with both
steam and air to produce a hydrogen-rich gas. Both the steam reforming and partial oxidation
reactions take place (Häussinger/Lohmöller, 1989; Ogden, 2002). An illustration of the
autothermal process is shown in figure 12.

6 kWh
1,14 kg O2
2,28 kg CH4
3,86 kg H2O

CH4 + H2O → CO + 3H2 (1)
CH4 + 1/2O2 → 2H2 + CO (4)
2CO + 2H2O → 2CO2 + 2H2 (2)

Figure 12: Process flowchart of autothermal reforming

1 kg H2
6,28kg CO2
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The heat from the exothermic partial oxidation reaction supplies a portion of the heat
required by the endothermic reforming reaction between methane and steam. Because a
portion of the feed methane is burned within the reactor vessel, less heat transfer is required.
This simplifies the design of the autothermal reactor (McHugh, 2005). Again, the CO
produced is converted to H2 through the water-gas shift reaction (2). However, the need to
purify the output gases adds significantly to plant costs and reduces the total efficiency
(Häussinger/Lohmöller, 1989; Ball, 2006).

3.1.2

Hydrogen from Splitting of Water

Water electrolysis is the process whereby water is split into hydrogen and oxygen through
the application of electrical energy, as in equation 5 (Behrens, 1986). Minimum energy that is
needed for water electrolysis is 40kWh/kgH2. This energy for this reaction can be supplied
from electrical energy and heat. Important point is that, under ideal circumstances, about
33kWh/kgH2 of this amount is required to be electrical energy and the rest as heat In reality,
total energy required for electrolysis is about 55kWh/kg and increasing slightly with
temperature, while the required electrical approaches theoretical value (CUTE) Therefore, a
high-temperature electrolysis process might be preferable when high-temperature heat is
available as waste heat from other processes. This is especially important globally, as most
of the electricity produced is based on fossil energy sources with relatively low efficiencies.
Current electrolyzes do have an efficiency of 65-75%. An illustration of the reaction is shown
in figure 13 (Riis, 2005; Kirk/Othmer, 1995).

40 kWh
9 kg H2O

2 H2O → 2 H2 +O2 (5)

1 kg H2
8 kg O2

Figure 13: Process flowchart of hydrogen through electrolysis

In addition to the high energy consumption of electrolysis, another point is the high water
consumption. This process requires theoretically pure 9kgH2O/kgH2.One type of water
electrolysis is alkaline electrolysis that uses an aqueous KOH solution as an electrolyte that
usually circulates through the electrolytic cells. Alkaline electrolyze are suited for stationary
applications and are available at operating pressures up to 25 bar. Alkaline electrolysis is a
mature technology, with a significant operating record in industrial applications that allows
remote operation (Häussinger/Lohmöller, 1989).

3.1.3

Hydrogen as Byproduct

In addition to the production options stated above, another resource for producing hydrogen
will be in capturing hydrogen that is currently produced as a byproduct in several different
industries.

Possible Production Processes
•

Primary example is the electrolytic chlorine manufacturing industry. About 90 percent of
the chlorine produced in the Germany is by the electrolysis of alkaline chlorine brine.
When the brine is subjected to high electric current, in addition to the chlorine gas,
hydrogen and sodium hydroxide are evolved. Byproduct hydrogen is either sold to other
chemical industries that need hydrogen in their process or it is vented to the atmosphere
(European Commission IPPC, 2001).
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•

A second example is the production of chlor from hydrochloride (HCl) that forms
corrosive hydrochloric acid on contact with water. To hinder this situation, HCl is
decomposed into chlor and hydrogen elements (European Commission IPPC, 2001).

•

A third example is to gain hydrogen as by product is from the oil refinery released during
the catalyst reforming of naphtha or partial oxidation of heavy oils. This hydrogen is then
used either in the hydrotreaters or the hydrocracker (Reijerkerk, 2001).

•

Another source of byproduct hydrogen is the battery charging operations in a wide variety
of industries. Since the charging operation can produce hydrogen and oxygen in
stoichoimetric proportions, a severe explosion hazard can exist if the evolved gases are
not vented effectively (Zalosh, 1977).

•

Moreover, byproduct hydrogen is the off-gas generated in the cooling loop of boiling
water nuclear reactors. Hydrogen and oxygen are formed by radiolytic decomposition of
the steam flow through the reactor and must be removed by the off-gas handling system
downstream of the condenser. The off-gas system dilutes the explosive mixture with
either steam or air and then recombines the hydrogen and oxygen through the use of a
catalyst (Zalosh, 1977).

•

Last but not least, byproduct hydrogen is the epitaxial chamber for depositing silicon films
or chips for semiconductor manufacturing. During this process, silane (SiH4) or some
other silicon-bearing gas is decomposed at high temperature into elemental silicon and
hydrogen (Zalosh, 1977).

The byproduct hydrogen is usually vented even though merchant hydrogen is needed for the
other electronic equipment fabrication operations. Although there are many possible
pathways to gain hydrogen as byproduct, due to the wide application and ease of
quantification, focus will be on the first process that is chlor alkali process (European
Commission IPPC, 2001).

Chlor Alkali Process
The chlor-alkali industry produces chlor and caustic soda from the electrolysis of an aqueous
solution of salt and water. Hydrogen gas is produced as a byproduct of this chlor alkali
process. There are three technologies for producing chlorine which are membrane cell
process, diaphragm cell process and mercury cell process. Each of these processes
represents a different method of keeping the chlorine produced at the anode separate from
the caustic soda and hydrogen produced, directly or indirectly, at the cathode. Currently,
95% of world chlorine production is obtained by the chlor-alkali process
The selected process technology has a major impact on the energy use and emissions from
the manufacture of chlor-alkali. A best available technique for the production of chlor-alkali is
considered to be membrane technology. The inputs are primarily salt and water as feedstock
and electricity. Total energy use associated for producing chlorine gas and 50% caustic soda
is less than 105 kWh (AC) per kg of hydrogen when chlorine liquefaction and evaporation are
included. This process consumes theoretically 40 kg salt and 36 kg water consumption about
to produce 40 kg caustic soda, 35 kg Chlor and 1 kg hydrogen. General process of this
process is shown in figure 14 (European Commission IPPC, 2001).

100 kWh
58 kg NaCl
18 kg H2O

2 NaCl+ 2H2O → Cl2 +H2+ 2NaOH (6)

Figure 14: Chlor alkali process

1 kg H2
35 kg Cl2
40 kg NaOH

16

3 – Lifecycle of hydrogen

Caustic soda is an alkali and widely-used in many industries, including the food industry,
textile production, soap and other cleaning agents, water treatment and effluent control.
Hydrogen is a combustible gas used in various processes including the production of
hydrogen peroxide and ammonia as well as the removal of sulphur from petroleum
derivatives.
Chlorine has been manufactured industrially for more than 100 years. It has a huge variety of
uses: as a disinfectant and purifier, in plastics and polymers (e.g. PVC), solvents,
agrochemicals and pharmaceuticals. It also plays a critical role in the production of
thousands of commercial products such as household bleach and swimming pool
disinfectants, bullet-resistant vests, computer hardware, silicon chips and automotive parts.

3.2

Storage Means

Hydrogen storage is a key enabling technology for the realization of a hydrogen-powered
economy. It can be used for many different purposes within the supply chain. It can be
defined as a buffer between each process in hydrogen supply chain that is installed at central
production plants, onsite stations or onboard vehicles. It can be stored in gaseous form
(compressed gas), as a liquid (20K or –253 C) and also in solid media. The first two methods
are rather established technologies with several limitations. The most important of which is
their energy intensive character. Gaseous hydrogen has due its energy density a lower
driving range. In addition to this, liquid storage requires super cooling to hinder boil-off
effects. However, although these two storage methods have some limitations, intense
research is ongoing to overcome the limitations of existing hydrogen storage technologies
and to develop viable solutions, in terms of efficiency and safety. On the other hand, other
storage methods like metal hybrids and carbon structures are still at their infancy. Metal
hybrids are not market competitive and the early promise of carbon structures remains
unfulfilled. Therefore, since these are not market competitive, they will not be considered
during the analysis. In this section, a brief summary of the state-of-the-art of hydrogen
storage technologies that are gaseous and liquid storage units will be explained
(Wurster/Zittel, 1994).

3.2.1

Gaseous Hydrogen Storage

Compressed gas storage offers the simplest and least expensive method of storing
hydrogen. This method uses technology similar to that used for compressed natural gas, with
stainless steel, aluminum or composite cylinders. Amount of hydrogen in a storage unit
depends mainly on the pressure. An example illustration of gaseous hydrogen storage for
onboard vehicles and mobile applications are illustrated in the following figure.

Figure 15: Schematic of a compressed gas storage tank and its components (JRC)
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Key challenges for compressed hydrogen tanks are the volumetric capacity, high pressure
and cost of equipment. Hydrogen storage requires more volume for the same energy
equivalent amount of natural gas. By increasing the amount and pressure of hydrogen, a
greater driving range can be achieved. One way to increase the fuel stored in the container is
to increase pressure via compressor. In order to endure the pressure, thickness of the
storage units are also increased which leads to higher material costs. Therefore a trade off
between pressure and material costs is faced which the experts try to optimize.
Current onboard storage units for public transportation buses are filled to a pressure of 350
bars. Other storage units used to store hydrogen at a site do have in average 200bar.
Considering large variety of storing units and their costs on the market, it can be concluded
that, with a, these systems are the most advanced hydrogen storage system with regard to
market readiness (Winter/Nitsch, 1989).

3.2.2

Liquid Hydrogen

By cooling hydrogen below its boiling point, it can be stored as liquid hydrogen. Hydrogen is
liquefied in energy intensive, multi staged process that includes the use of liquid nitrogen and
a sequence of compressors. Detailed illustration of liquefaction process and calculation is
shown in Appendix D (Syed, 1998).
The main advantage with LH2 storage is the high storage density that can be reached at
relatively low pressures. In terms of application, liquid hydrogen has been demonstrated in
commercial vehicles particularly by BMW (LBST).
Storing hydrogen in liquid form is rather effective but has disadvantages to be an open
system. The reason for liquid hydrogen containers to be open is to control the temperature
stability and avoid any risk of overpressure. If the temperature in the container increases
some of the liquid changes its state to gaseous. This increases the pressure inside the
container. Therefore, some part of the hydrogen will be released for safety purposes. This is
called boil-off effect. This phenomenon cannot be avoided, but only minimized. The loss rate
is dependent on the size of the store, but would be significant for those used in vehicles, and
may account to 10% per day. Since larger containers have a smaller surface to volume ratio
than small containers, boil-off ratio for them is smaller. There are some methods to utilize the
lost hydrogen. One of them is to capture and use the hydrogen in fuel cells to supply the
energy need of fuelling station (Total, 2007). Hydrogen boil-off must be minimized or
eliminated for cost, efficiency and vehicle range considerations, as well as for safety
considerations when vehicles are parked in confined spaces.
State of the art liquid hydrogen storage systems for automobiles, as shown in figure 16
below, consist of double-wall cylindrical tanks that hold a hydrogen storage mass of about 10
kg. On the other hand, bulk liquid storage units that can store 3000lt. and more are also
available. An example for onboard and bulk liquid hydrogen storage units are shown in the
figure below.
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Figure 16: Liquid storage unit – design and components (www.linde.com)

3.3

Hydrogen Transportation

There are many options to transport hydrogen. Transportation only takes place for central
hydrogen production. There is no need to transport hydrogen that is produced onsite.
Transportation of hydrogen can take place from a central production plant to the fuelling
station either in liquid or gaseous. An example about central and onsite production can be
seen in the figure 17.

Figure 17: Hydrogen infrastructure using centralized vs. onsite production (Ogden/Yang, 2005)

Possible distribution methods are as following (Kirk/Othmer, 1991);
•

Pipeline (LH2, CHG2)

•

Train (LH2, CHG2)

•

Ship (LH2, CHG2)

•

Truck (LH2, CHG2)

3.3.1

Pipeline

Hydrogen can be supplied via a pipeline distribution network to which multiple suppliers and
consumers are attached. It can be done by two forms that are liquid and gaseous. Liquid
hydrogen pipeline systems are technically possible. However, due to extremely high capital
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investments involved in setting up these pipeline systems, material requirements and boil-off
minimization etc., it cannot be an option for distributing liquid hydrogen to motorway filling
stations in the near future. On the other hand, compressed gaseous pipelines systems
involve a smaller capital investment than liquid hydrogen pipeline systems (Kirk/Othmer,
1991).
Nevertheless, for a small number of filling stations, establishing a pipeline would not be
economically feasible. To construct a pipeline, a stable demand with large-scale
infrastructure is necessary. Only in this way, low transmission costs can be reached.
However, if the pipeline is thought for a small-scale application, then the cost of pipeline
increases dramatically and causes the fuel prices to increase. Therefore, detailed cost
calculations should be done before deciding to install a pipeline (Timmerhaus/Flynn 1989).

3.3.2

Railway

Distribution of hydrogen can also be done by railways. Cylindrical cryogenic tanks such as
those used for trucking are adopted for railway transport. They have larger capacities and
can carry up to 9,100 kg of hydrogen, with boil-off rates estimated at 0.2% per day
(Kirk/Othmer, 1991; Huston 1984; Timmerhaus/Flynn 1989). However, because of the gap
between railway infrastructure and the filling stations and high transportation costs related
with train, it is unlikely that this will become an option for hydrogen distribution
(Castello/Tzimas/Moretto;2005).

3.3.3

Ship

The intercontinental transport of hydrogen will be carried out in liquid form using ships. For
this purpose, specialized ships with appropriate tanks and port facilities are being designed.
Transporting gaseous hydrogen via ship is economically not feasible since the amount
transported is small compared to the area it covers on the ship. However, some prospective
large-scale hydrogen tankers have been studied in detail in the context of the World Energy
Network Research Program. In 1998, the main conclusion of a first three years study was
that a tanker with a capacity of 200,000 m3 or about 14 million kg of liquid hydrogen could be
constructed by using to a large extent the basic design and concepts in use for LNG
transport (Abe/Nakamura, 1998; Timmerhaus/Flynn 1989).

3.3.4

Truck

Today, the most common method to transport hydrogen is via trucks as seen in figure 18.
Hydrogen can be transported in gaseous form using high-pressure cylinders, tube trailers
and in liquid form in cryogenic vessels.
If hydrogen is to be transported as a gas, it should be compressed it to a very high pressure
to maximize tank capacities. High-pressure gas cylinders for example are rated as high as
200 bar and hold about 1.8 kg of hydrogen, but are very expensive to handle and transport
(Kirk/Othmer, 1991).
Tube trailers, consisting of several steel cylinders mounted to a protective framework can be
configured to hold 63-460 kg of hydrogen, depending on the number of tubes. Operating
pressures are 20-60 MPa (Amos1998; Air Products 2007).
Liquid hydrogen is transported using special double-walled insulated tanks to prevent boil-off
of the liquid hydrogen. Some tankers also use liquid nitrogen heat shields to cool the outer
wall of the liquid hydrogen vessel to further minimize heat transfer (Huston 1984). Tank
trucks can carry 360-4,300 kg of liquid hydrogen. Boil-off rates for trucks are 0.3%-0.6%/day
(Kirk/Othmer, 1991). The main problem with liquid hydrogen transport would be the
specialized insulating requirements and losses from pumping and re-cooling the liquid
hydrogen along the way (Timmerhaus/Flynn, 1989).
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Figure 18: Hydrogen truck (www.linde-gas.de)

3.4

Fuelling Station

Hydrogen fuelling stations are the building blocks of a hydrogen transportation infrastructure.
Currently there are about 70 hydrogen filling stations in the world operating. The majority of
them operate by dispensing compressed gaseous hydrogen (CGH2). On the other hand, only
11 stations dispense LH2. The reason for that is that most prototype vehicles use a CGH2
onboard storage system (Hystations). Hydrogen can be provided to the filling station either
by LH2 or CGH2 trailers, by pipeline system or by onsite-production (European Commission,
2004; Dada/Boyd, 2004). However no matter how it is delivered, hydrogen should either be
compressed or liquefied. That means it consumes energy.
While their primary function is to provide hydrogen fuel for vehicles, this goal can be
achieved in many different ways. For instance, some stations produce hydrogen on-site while
others have fuel delivered from centralized production plants in liquid or gaseous form. An
illustration of such a hydrogen fuelling station can be seen in figure 19.

Figure 19: Hydrogen fuelling station (HyFleet:CUTE)

Despite the many variations on station design, they can be grouped as liquid and gaseous
fuelling stations.

3.4.1

Liquid Fuelling Station

Operating liquid fuelling station is similar to the traditional station. A big liquid hydrogen
storage tank is filled with hydrogen fuel that is delivered with a trailer from a central
production plant. Afterwards, a cryogenic pump in the tank pushes the liquid fuel through the
dispenser into the car’s tank. This is illustrated with the blue color in the figure. Main
component for liquid fuelling station are LH2 storage unit, cryogenic pump and liquid
dispenser. The main problem with liquid filling stations is the boil off effect. In order to
minimize the loss, hydrogen fuels cells are installed to use the lost hydrogen from the stored
liquid hydrogen and generate warmth respectively electricity (Total, 2007).
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Gaseous Filling stations

Gaseous stations are a little more complex than liquid stations. There are mainly two options
to supply gaseous filling station, with gaseous hydrogen and with vaporizing liquid hydrogen.
•

If hydrogen is delivered or produced onsite in gaseous form, it will be compressed in
order store a reasonable amount of fuel on board of the vehicles. The compressor station
pressurizes the hydrogen gas coming from the vaporizers up to 350 bar. After the
compressor, the gas moves into a bank of storage tanks from which it actually gets
pumped into the vehicles. The main components of a filling station with gaseous
hydrogen delivery are compressor, storage vessels and dispenser with filling nozzle. This
path is shown in orange color

•

On the other hand, if hydrogen is delivered in liquid form, then hydrogen is stored in a
tank at -253 C. Since the vehicles are fuelled with gaseous hydrogen, LH2 have to be
transferred to CGH2 in a controlled manner. Therefore liquid hydrogen is pushed to leave
the tank by cryogenic pump and goes into the vaporizer towers, which are basically just
heat exchangers. This allows the liquid to boil. After changing the state to gas, it will
follow the same processes as described for gaseous path. The main components for this
fuelling station are LH2 storage, cryogenic pump for pressurizing the liquid, vaporizer,
compressor, and dispenser (HyFleetCUTE).

3.5

Hydrogen Utilization

3.5.1

Common Utilization Fields

Hydrogen has been used in a wide variety of applications mostly in chemical, petrochemical
industry for many years. The production of ammonia consumes about 50% of all the
hydrogen produced in the world and petroleum processing about 37%.
Hydrogen is currently used mainly in the chemical, food, and fuel industry (Ramachandran,
1998). Some of the industries where hydrogen is used in large amounts are as following;
•

Oil industry, as an improver of petroleum products

•

Glass industry, as a protective gas

•

Hydrogenation of fast and oils

•

Methanol (NH3OH) production

•

Reduction of metal ores (oxides)

•

Plastic recycling

•

Semi conductor production

•

Transportation sector

Out of this large spectrum of hydrogen utilization, focus will be on utilization of hydrogen in
transportation sector where hydrogen is used as a fuel for public transportation buses. Fleet
applications would be helpful in the initial orientation and preparation phase, as they are
more predictable with respect to fuel demand than mass market stations. Besides this, they
can be installed on a defined bus-line track. By installing a fuelling station in the middle of the
fleet bus lines, hydrogen buses can be supplied. Therefore, analysis will be to utilize
hydrogen in fleet applications that have an internal combustion engine and fuel cell
propulsion system.

3.5.2

Hydrogen Vehicles

Vehicles using hydrogen for propulsion have been development for quite a long time now.
There are many different applications to use hydrogen in vehicles, including, fuel cell
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vehicles, internal combustion engines and hybrid vehicles. The first hydrogen vehicle with an
internal combustion engine was a bus for public transport around 1930. Running prototypes
for public transport busses, commercial vehicles and passengers have been presented. In
normal public transportation, hydrogen busses have been tested since beginning of 1990s.
The vehicles are based either on an internal combustion engine, or on an electric drive
system with a fuel cell (Wurster R. 1998). The most recent vehicles have been presented by
vehicle manufacturer MAN in figure 20.

Figure 20: Hydrogen vehicles and storage methods (www.man.de)

Fuel Cells
A fuel cell is an electro galvanic element that uses hydrogen and oxygen to create electricity
by an electro-chemical process as shown in figure 21. The working principle of a fuel cell is a
reversed electrolysis. Energy that is created by fuel cells is supplied directly to the electrical
motor. Fuel Cells for mobile application have the opportunity for zero emission vehicles and
opportunity of mobility independent of fossil resources. When hydrogen is produced from
renewable resources sustainable mobility can be realized. There are several types of fuel
cells, but the basic reaction occurring within them is always the same. For mobile
applications the Proton Exchange Membrane Fuel Cell (PEMFC) is used (Appleby, 1993).

Figure 21: Fuel cell (MAN, CUTE, 2007)

PEM fuel cells in road vehicles let hydrogen react with compressed air. Otherwise fuel cell
electric vehicles would have to carry a separate oxygen tank. PEM fuel cells are preferred
because of their low operating temperature (80 C), the possibility to work with air, and their
dynamic character regarding altering driving situations (Ekdunge/Raberg, 1998)
However, fuel cells need a hydrogen purity of 5.0 in order to prohibit the catalyst from
degrading. If this purity is not reached, then due to the impurities within hydrogen, fuel cells

3 – Lifecycle of hydrogen

23

need to be changed for every 3 years. Besides this, fuel cells are faced with the problems of
being too heavy and too large. Ones fuel cell propulsion system is assembled, the vehicle
becomes 500 kg heavier due to the battery and fuel cells. That leads to transport less
people. Fuel cells are much more expensive than gasoline or diesel internal combustion
engines. It is difficult to gauge the exact cost of producing a fuel cell. Some fuel cell costs an
estimated 500,000€ (MAN, 2007).

Internal Combustion Engines
Hydrogen can also be used as a fuel in internal combustion engines. When hydrogen is
combusted in the engine, theoretically only water vapor comes out of the exhaust pipe.
Working principle of hydrogen internal combustion engines is similar to ICEs designed for the
combustion of natural gas. However, substantial research and fundamental adjustments are
necessary to make these engines powerful in vehicles (Johansson, 1999). Current MAN
aspirated engines have a consumption of 20 kg H2/100km on a fleet bus track in Berlin. An
example of MAN aspirated engine is shown in figure left.

Figure 22: Aspirated-engine (www.man.de)

Internal-combustion engines are technically mature and are extremely reliable. Therefore
they can be made ready for series production in a short space of time. Existing production
facilities could be used too.
Besides this, combustion engine can be integrated into existing vehicle concepts without
major modification input. All these points result in considerably lower extra system costs than
for fuel-cell drive. It should also be mentioned that the internal-combustion engine has less
requirements relating to the purity of the hydrogen than the fuel cell (Lipman/DeLuchi 1996).
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Concept development

The aim of this section is to analyze and generate concepts according to the analysis in
chapter 3. This chapter starts with basics of concepts, where the procedure for concept
development and evaluation are explained. During this analysis, possible concepts are
determined by filtering the most promising pathways. After determining concepts, criteria how
these concepts will be evaluated are illustrated. Then, concept are described and evaluated
based on the criteria.

4.1

Basics of Concepts

After having identified which alternatives within each process are theoretically possible, it is
now necessary to build the basics of the concepts. This is done by first defining most
promising pathways that will be used for the concept development. Subsequently, decision
model which will be used to evaluate and compare concepts will be illustrated. After clarifying
possible concepts and decision model, breakeven analysis for hydrogen cost is carried out.
This will quantify the upper price of hydrogen and ease the comparison between hydrogen
and conventional fuel supply. Then, common processes which are valid for more than one
concept will be revealed. This is done, in order not to repeat the same processes during the
concepts.

4.1.1

Dimensioning of Most Promising Pathways

During the analysis of the supply chain, it was obvious that there are many possibilities to
develop concepts. However, not all of them can be implemented with the commercial
technology today. Therefore, before starting to describe concepts, it is logical to find the most
promising pathways within the supply chain. Therefore, all alternatives within each process
will be analyzed and decision will be given whether these will be part of the concepts or not.

a) Production Options in Concepts
Hydrogen production options mentioned before in chapter 3 are the ones that are currently
operated by the industry for different purposes. However, emphasis will upon the most
promising methods. Therefore a comparison of these existing methods should be carried out.
•

Steam reforming of LPG is available in the market for fuelling stations as onsite reformers
(HyFleetCUTE). Therefore, only onsite LPG reformers will be considered in this thesis.

•

Steam reforming of natural gas is a technically and commercially well established
technology on industrial scale and currently the most economical route though its low
efficiency. Both central and onsite production is available on the market (HyFleetCUTE).
However, since LPG reformer is currently installed on the market as onsite hydrogen
production, steam methane will be considered for central production (Ogden, 2004)

•

Electrolysis does not feature specific scale related process efficiencies due to its modular
architecture (Valentin, 2001).That means, when the capacity of the electrolysis facility will
be increased, then the number of electrolyses would increase in the same proportion.
However, due to the available dense electricity and water grid, and the absence of
environmentally harmful emissions, electrolysis facilities do no have location restrictions.
In order to prevent high local electricity grid loads with central production, and to obviate
the need to transport from central production to fuelling stations, electrolyses are best
located onsite.

•

Partial oxidation systems have the drawback of low energy efficiency than steam
reforming because of the higher temperatures involved. Besides this, the heat released
from the process cannot be recovered. Furthermore, large amounts of oxygen for the
process are needed which requires additional investment for oxygen supply. Moreover,
since this process uses oxygen and not water, hydrogen that could be gained from water
does not come out from this process. Therefore, the output hydrogen from natural gas via
partial oxidation is lower compared with steam reformer. Last but not least, partial
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oxidation is a continuous process that does not allow for stop and go utilization
(Ogden/Yang/Johnson, 2005).
•

Autothermal process which is combination of SMR and POX has the same
disadvantages of partial oxidation. Besides this, the process is too complex for a stable
and continuous operation. Therefore, these two concepts will not be considered when
developing the concepts (Riis/Hagen, 2006).

•

Hydrogen as byproduct can be captured from the chlor alkali industry. This industry has
been operating for decades. Since this technology is mature, hydrogen that is released
from these plants will be considered during the analysis.

As a result, following production methods will be analyzed during the concepts;
•

For Central Production

Æ Steam Methane Reforming

•

Onsite Production

Æ Steam LPG Reforming and Electrolysis

•

Hydrogen as Byproduct Æ Hydrogen as byproduct from the chlor alkali industry

b) Storage Options
Hydrogen storage need at a refueling station depend upon the rate of H2 production or
delivery, the throughput of the compressor, and the rate of dispensing. During the analysis of
the concepts, storage possibilities stated in chapter 3.2 will be used. These are as following;
•

Liquid hydrogen tank

•

Compressed gaseous hydrogen tank

c) Hydrogen Transportation
During the analysis of the concepts, transportation will be set in focus. The reason is the high
impact of hydrogen delivery method on the total costs.
Rail and ship transportation options were filtered out due to their high operating costs and no
need for such a transportation option right now (Amos, 1998).
Pipeline delivery can lead to significantly lower distribution costs than trucks for large
quantities of hydrogen. For a short distance a pipeline can be very economical because the
capital expense of a short pipeline may be close to the capital cost of tube trucks or tanker.
As the distance increases, the capital cost of a pipeline increases rapidly (Haseldonckx and
D’haeseleer, 2006). Therefore, installation of a new and long pipeline will not be taken into
account. Only utilization of existing pipelines or installation of small pipelines (1-2 km) will be
considered.
As a result, following transportation methods will be on focus;
•

Utilization of existing pipeline delivery/ Installation of small pipelines

•

LH2 and CGH2 truck delivery

d) Hydrogen Utilization in Vehicles
Although it is believed that the fuel cell vehicles will be the future propulsion system, for the
initiation of hydrogen market, current implementations are mostly carried out via internal
combustion engines due to their technological and economical advantages compared with
fuel cells. Internal combustion engines for vehicles have been developed for a century
whereas fuel cells did not reach the maturity level. Besides this, ICEs low investment and
maintenance cost makes ICEs more advantageous. During the analysis of the concepts,
consumption values of MAN internal combustion engines vehicles will be taken as basis.
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e) Hydrogen Fuelling Station
On a fuelling station, as mentioned before, there are two fuelling methods possible that are
liquid and gaseous fuelling. During the analysis of the concepts, fuelling stations will be
designed to supply both of them. The reason for that is to be able to compare it with the
fuelling station in Berlin that is installed like that. However, since vehicles are defined to
consume gaseous hydrogen, only gaseous fuelling pathways will be taken into calculation
(HyFleetCUTE). Liquid fuelling pathways will not be considered.

4.1.2

Possible Concepts

After having defined the dimension, it is now possible to construct the morphological box for
the concept development. Results of the filtering process are illustrated in figure 23.

Energy Source
Option
Renewable
Wind
Solar
Hydro

Raw Feedstock
Option

Fossil Fuels
Natural Gas
LPG

Production
Process Option

Storage
Options

Bus

Reforming
Steam Reforming
Compressed

Biomass

gas

Conventional
Water

Fuelling
Options

Thermal

Geothermal

Power stations

Delivery
Options

Electrolysis
Liquid Gas

Coal

Pipeline

Booster

Existing Pipelines Compression

Internal

Truck

Combustion
Engine

Liquid

CryoPump

Gaseous

Evaporation

Gas
Oil
Nuclear Power

Hydrogen
Byproduct

as

Figure 23: Morphological box for concept development

There are many possibilities to generate concepts out of these alternatives. However, during
the development, focus was on the logical combinations that could be realized with the
current technology. Therefore, following three concepts that cover all processes were
decided to be analyzed.
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Table 1: Concepts developed for hydrogen supply
Production

Storage

Transport

Fuelling

Vehicles

Concept 1

Centralized NG reformer + onLH2 + CGH2 Truck
site LPG reformer

Compression+
Evaporation

H2-ICE

Concept 2

Centralized NG reformer + onLH2 + CGH2 Truck
site Electrolyses

Compression+
Evaporation

H2-ICE

Concept 3

Byproduct

Compression+
Evaporation

H2-ICE

CGH2

Existing
Pipeline

The implementation of these different concepts will depend very strong on the local factors
like distance from the central steam reformer, electricity costs, gas prices, and closeness to
chemical industry and so on. All these important points are described within the concepts.
Besides these factors, an important parameter that has a high influence on the results is the
hydrogen demand.

4.1.3

Evaluation Procedure for Possible Concepts

Evaluation criteria are developed to assess and rank different hydrogen supply pathways and
select the most suitable one. In order to adequately compare and assess different hydrogen
supply chain concepts, some criteria are defined. These are economic indicators (€/km),
extension possibilities, environmental factors (kgCO2/kmH2) and energy requirements
(MJ/km).This approach will enable to prioritize the importance and impacts of each process
on the whole supply chain.

Economic Factors
Economical analysis will start with the explanation of unit cost calculations. This will enable to
compare different concepts on the same basis. Besides this, since unit cost is the most
important parameter for bus operators, upper limit of hydrogen price to be competitive with
diesel is also analyzed. Diesel is chosen since more than 90% of the public buses in
Germany are operated with diesel fuels.
•

Unit Cost (€/km)

Unit cost of hydrogen (€/km) will be calculated in two parts that are “Well-to-Tank and “Tankto-wheel”. The first part illustrates the cost that the bus operators have to pay (€/kg). These
include the costs starting from extraction until dispenser. In the second part, costs that result
during the operation of buses are calculated. That means, second parts takes the output of
the first part and calculates the cost per km (€/km).
Well-to-Tank Analysis (WTT)
For the WTT processes, cost calculation for 1kg fuel is carried out by summing the costs
(€/kg) of each sub-process e.g. production, transportation, storage and fuelling station and
other steps described within the WTT processes. In this way, the financial impact of each
process on the total supply chain can be illustrated. For example, calculation of 1kg
hydrogen via reformer PR is obtained from the following ratio:
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PR = [CC+CM+CE] / AnnualProduction (kg/year)
where PR = production cost of hydrogen via reformer (€/kg)
CC= annual capital, operating and maintenance cost (€/yr)
CE = annual energy cost (€/yr)
CM= annual maintenance cost (€/yr)
PR only reveals the impact of the production process via reformer over the whole supply
chain. However, to calculate the total unit cost of hydrogen (€/kg), other process costs
(transportation, storage, compressor etc.) should also be calculated and added up. This sum
is determined as Fuel Cost (€/kg).
Since cost analysis is carried out for each sub-process, it would indicate the processes
where high costs are incurred. In this way, possible improvement actions can be carried out.
The component capital costs involved in realizing the concepts have been determined based
on the equipment costs. For additional costs like land, installation, piping and etc, it was
assigned 30% of the capital costs as additional capital costs. Operating costs for example
are defined as engineers working onsite for the maintenance, truck drivers transporting
hydrogen and so on. Feedstock costs are based on the current data regarding energy-, water
and gas prices in Germany.
Annual demand is based on a fuelling station that has a capacity to fuel 15 buses per day.
This is settled to be able to compare it with the current applications in Berlin. Since current
H2-ICEs do have consumption rate of 20kgH2/100km and a mileage capacity of 200km.
Therefore, each bus consumes about 40kg H2/day which result to a total demand of
600kg/day (MAN, 2007).
Tank to Wheel Analysis
Second part of the supply chain is the “Tank-to-Wheel” part which focuses on the operation
of the vehicles. This part is especially important since operators are interested more in cost
per kilometers driven (€/km). Therefore, vehicle performance of hydrogen will be compared
with the conventional fuels. Main costs for this are;
PTTW: bus operation cost (€/km)
CB:

Annual capital cost of bus

CM:

Annual maintenance and service costs

CL:

Annual labor costs

CF:

Annual cost of fuel

In order to calculate (€/km) all of the annual costs will be summed up and then divided by the
annual mileage covered by the buses.
PTTW (€/km) = (CB+CM+CL+CF) / AnnualDistance
Inputs for the capital cost (€) and maintenance costs (€/km) are taken from MAN and BVG
(Michel, 2007).
Calculation of annual fuel consumption is calculated according to the following formula;
Annual Fuel Cost (€/year) = FuelConsumption (kg/year) x FuelCost (€/kg)
where;
FuelConsumption (kg/year) = [AnnualMileage (km/year)] x [FuelConsumption (kg/100km)]
Last but not least, labor costs which is also an important input like fuel will be calculated by
dividing annual labor costs by annual mileage.
AnnualLaborCost (€/year) = [Annual driving hour (hr/day)] x [LaborCost (€/hr)]
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Additional data were gathered by asking the industry, consultants and conducting literature
survey. Target was to get as much information as possible from the industry. However, when
there were no real data available, then some assumptions from the literature were taken.
•

Hydrogen Price Determination

At the beginning of the thesis, it was stated that the target of this paper was to find supply
chain concepts that are economically competitive with conventional fuel supply chains. This
will achieved when the price of hydrogen is equal or lower than conventional diesel fuels.
Therefore, breakeven analysis will be used to determine until what price it is economical to
operate buses with hydrogen fuel instead of diesel. This will help to find the upper limit of
hydrogen cost based on the current consumption rates of buses. Breakeven analysis is
carried out for two cases as shown in figure 24.
In the first case, diesel price is fixed as 1,10€/kg. This is the current price that bus operators
pay. Afterwards, by multiplying this with the fuel consumption for 100km, total fuel cost would
be calculated as 48,15€/100km. Since target is to calculate the breakeven for hydrogen, next
step would be to find the price of hydrogen that would result to the same costs
(48,15€/100km) with a fuel consumption of 20kg/100km. This would be calculated by diving
48,15€/100km into 20kg/100km. In this way, the breakeven price for hydrogen would be
found as 2,40€/kg. As a result, hydrogen price should be below 2,40€/kg to be competitive
with the current diesel prices for bus operators.
The second case is more interesting. In the second case, hydrogen price is fixed as
3,30 €/kg and breakeven analysis is carried out for diesel. Price calculation is based on the
energy density of diesel and hydrogen. Hydrogen has an energy density of 120MJ/kg and
diesel about 40MJ/kg. Therefore, price of hydrogen is set three times of diesel price
(1,10 €/kg) that is 3,30€/kg. This analysis will give the breakeven price for diesel when
hydrogen has a cost of 3,30 €/kg. Same calculation is done for this case as in the first one.
At the end, diesel price was found 1,50 €/kg. Another interpretation is, if diesel price reaches
1,50 €/kg, then hydrogen is economically competitive for prices below 3,30 €/kg.

Figure 24: Breakeven analysis for hydrogen pricing

This analysis gave an idea about where the cost of hydrogen lies. It is important to see that
the current price of hydrogen should not be higher than 2,40 €/kg to be competitive with
diesel fuels. Otherwise, there would be additional operating costs incurred due to hydrogen
fuel. Besides this, hydrogen price do not include fuel taxes whereas diesel does. This is
because, currently, there is no tax on hydrogen In case of taxing, this breakeven should be
recalculated.
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Energy Consumption (MJ/km)
Another important criterion is the energy consumed within the Well-to-Wheel. It is important
to know how much energy is consumed to produce a specific fuel and how much to drive
1km. This could give an idea about the efficiency and sustainability of some technologies for
producing hydrogen as well as propulsion technologies. Calculation of energy consumption
per kilometer is done as following;
EnergyConsumption (MJ/km)=

EnergyWTW(MJ/kgFuel) x FuelConsumption(kg Fuel/year)
Annual mileage (km/year)

Environmental Factor – CO2 emission (kg CO2/kg Fuel)
During the analysis of carbon dioxide emissions, all the emission values within well-to-wheel
processes will be in focus. This analysis is also carried out in two parts, WTT and TTW.
In the first part, all emissions that start from extraction of raw materials until fuelling of the
buses will be calculated. Since hydrogen will be benchmarked with other fuels, the same
analysis is carried out for conventional fuels. In this way decision maker will be able to see
the total CO2 emission released during the production and preparation of fuels. Results of the
CO2 emissions for hydrogen fuels are determined from the “well-to-wheel” model developed.
On the other hand, CO2 (WTT) emission for conventional fuels is gathered from the Joint
Research Center- Well to Tank publications Calculations for each process is shown in the
appendix.
In the second part, emissions released during vehicle operation, Tank to Wheel, will be
analyzed. This information is gathered from BVG and MAN Company.
Besides the emission that is released during production, processing or transportation,
another source of emission is caused by the energy consumed during the production. To
analyze the impact of energy consumption on the CO2 emission, two studies will be
conducted. In the first scenario, emissions will be calculated based on Germany’s energy mix
2005 with 700gr/kWh (electricity) (Reijerkerk, 2001). In the second scenario, each concept is
analyzed for a case, where the complete energy will be supplied from renewable sources.
Utilizing renewable energy sources (green energy) would mean that the CO2 emissions using
electric energy would be zero. However, it is still vital to remember the CO2 emission from
production and transportation processes that are independent from emission caused by the
electrical energy.

Extension Possibility
Currently, all concepts have been designed to supply 15 buses per day. With extension
possibility, volumetric extension beyond the existing demand is meant. Note that, this
extension possibility is a relative term. During the analysis of the concepts, main
argumentations will focus on whether or not these concepts have the potential to supply an
increasing demand and how much investment is required.

4.1.4

Common Processes

Some of the processes within the whole hydrogen supply chain like are common and will
come across in more than one concept. In order not to repeat the same process in concepts,
it was decided to explain these processes at the beginning. When this process appears
during the concepts, then they will be taken from the common processes directly into the
calculation. Further processes that are unique to a specific concept will be described within
the relevant concept. Analysis will be divided between “Well to Tank” and “Tank to Wheel”
processes.
Common processes are; extracting and conditioning, transformation at source, transportation
to EU, centralized hydrogen production, liquefaction, compression, transportation, storage
unit, cryogenic piston, dispenser and vaporizer.
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a) Well To Tank Processes
Extracting and conditioning of conventional fuels
Includes all operations required to extract, capture or cultivate the primary energy source like
diesel, LPG and natural gas but not hydrogen. This is because hydrogen is not a primary
energy carrier. In most cases, the extracted or harvested energy carrier requires some form
of treatment or conditioning before it can be conveniently, economically and safely
transported.
Transformation at source
This process is used for conventional fuels where a major industrial process is carried out at
or near the production site of the primary energy. An example is liquefaction of LPG before
transporting to European Union.
Transportation to EU
This is for the pathways where energy carriers are produced outside the EU and need to be
transported over long distances especially for conventional fuels.
Centralized Hydrogen Production
In this thesis, it is assumed that all hydrogen which is not produced onsite will be supplied
from a large scale steam methane reformer. A number of cost studies have estimated or
reviewed the costs of large scale natural gas systems (Thomas,/Reardon/Lomax, 2001;
Valentin, 2001; Simbeck/Chang, 2002) However, not all steam reformer processes are same.
They have different capacities, process parameters like temperature pressure and operation
strategy. For example, in some of the processes heat released from the exothermic shift
reaction may be recycled and so the external energy need is lower. On the other hand, in
other processes heat is sold to other plants so the need for energy is higher (Linde, 2007). It
all depends on the individual cases. For the analysis of central steam reformer, main
characteristics are shown in Table 2. It is important to remember that the additional
equipments necessary to fill up the trucks like compressors, piping, and etc are already
allocated into the 30% additional capital investments. Besides since electrical energy
required for the process is negligible, it is not taken into account (Valentin, 2001). Detailed
calculation is illustrated in Appendix A.
Table 2: Central hydrogen production facility

Central Hydrogen Production via SMR
Parameter

Value

Reference

Output

30 ton/day

Valentin, 2001

Investment costs (SMR+ PSA)

30 Mio. €

Valentin, 2001

Energy Consumption

8 kWh/kgH2

Linde, 2007

Natural Gas Consumption

3,7 kg CH4/kg H2

Linde, 2007

Water Consumption

14,46 l/ kg H2

Linde, 2007

Cost of Hydrogen Production

2,08 €/kg H2

Appendix A

Emission

10,45 kg CO2/kg H2

Appendix A

Energy Consumption

28 MJ/kg H2

Appendix A
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Liquefaction
The liquefaction of hydrogen is achieved by cooling hydrogen gas below its boiling
temperature of -253°C. In this thesis, both theoretical and practical energy required to liquefy
hydrogen will be illustrated. The reason is to see the minimum needed to liquefy hydrogen
compare it with the real values. Theoretical energy is calculated based on ideal liquefaction
process and actual power requirement on the industrial application.
The ideal work of liquefaction for hydrogen is 3,35 kWh (from 20C to 20 K at P=1 atm).
Detailed calculation is illustrated in Appendix D. In practical (large scale) applications
liquefying 1 kg of hydrogen needs 10,8 kWh of (electric) energy (Matsuda/Nagami, 1997).
Liquefaction utilization costs in a large scale liquid hydrogen plant depend primarily on the
capital investment and energy required. Installing a reformer with a capacity of 10.000 kg
would cost ca. 25 million € (DOE, 2007). Another important input for liquefaction is the
electrical energy consumed which depends very much on the capacity of hydrogen
liquefaction plants. Dependence of liquefaction energy consumption with respect to the
capacity is illustrated in figure 25 (Linde Kryotechnik AG; Quack, 2001). Figure illustrates
what percent of the hydrogen heating value should be consumed as electrical energy to
liquefy 1kg H2.

Figure 25: Liquefaction energy of hydrogen heating value versus capacity

It is seen that, for very small liquefaction plants, the energy needed to liquefy hydrogen may
exceed the higher heating value of hydrogen. Even 10,000 kg LH2/h plants would consume
about 25% of the HHV energy of the liquefied hydrogen. Due to the enormous investment
cost of the liquefier plant, onsite liquefaction does not come into question. Liquefaction is
only considered for large scale central production (Matsuda/Nagami, 1997).
Table 3: Hydrogen liquefier

Hydrogen Liquefier
Parameter

Value

Reference

Output

10 ton/day

Airproduct

Investment costs (SMR+ PSA)

32,5 Mio. €

Department of Energy

Energy Consumption

38,8 MJ/kg H2

Reijerkerk, 2001

Cost of Hydrogen Production

2,04 €/kg

See Appendix D

Emission

7,56 kg CO2/kg H2

See Appendix D

Compression
Between the onsite steam reformer and the onboard storage tanks, there is a compressor
needed to compress gaseous hydrogen. There are many different types of compressors like
reciprocating, rotary, centrifugal or axial. Main parameters are capital investment and energy
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required for compressing hydrogen. The precise calculation of the work of hydrogen
compression requires the knowledge of an appropriate equation of state which is not
available (Wurster/Zittel, 2002). To overcome this obstacle and simplify calculations, many
investigators consider the compression of hydrogen as an isentropic. Energy consumption
calculation for isentropic compressors is shown in Appendix E.
However, in this thesis, due to its lower energy consumption rate then isentropic
compressors and lower capital costs, ion compressors are used. Besides this, this
compressor is currently installed to the hydrogen fuelling station in Berlin. Energy
requirement for the ion compressor is about 1,4 kWh/kg H2 (Linde,2007).Main parameters
with cost and emission calculations are shown in the following table.
Table 4: Hydrogen compressor

Ionic Compressor

Value

Resource
3

Compressor Capacity

600 Nm /h

Total

Capital Investment

450.000 €

Reijerkerk, 2001

Energy Consumption

1,4 kWh/kg

Linde, 2007

Cost of Compression

0,70 €/kg H2

See Appendix E

Emission

0,98 kg CO2/kg H2

See Appendix E

This compressor can operate at overflow filling with 600 Nm3/h and at booster level with 3500
Nm3/h. It will use ionic liquids to compress the gaseous hydrogen. This will be enough to
refuel the 15 ICE buses in a time approaching in which 15 diesel or CNG buses might be
filled (Total, 2007).
Transportation:
Main decision factors affecting the choice of hydrogen transport between gaseous pipeline
and LH2 and CGH2 are;
•

Existence of a hydrogen pipeline infrastructure

•

Quantity of hydrogen to be delivered

•

Distance from the production site to the fuelling station

•

Capital investment

Possible transportation options that were explained before are as following;
•

Pipeline

During the analysis of the concepts, due to the high costs new and long pipeline installation
will not be considered. Only potential utilization of existing hydrogen pipelines will be
analyzed in concept 3.
•

Truck Delivery

Another option to transport hydrogen is via trucks in gaseous and liquid form. Currently, a
truck can deliver about 400 kg gaseous hydrogen and 3500 kg liquid hydrogen (Airproduct).
Truck capacity is an important factor, especially for longer distances, because it determines
the number of trips that must be made and how many trucks are required. Compared to
liquid delivery, compressed gas has lower power requirements and lower capital costs for the
tube trailers, but many more tube trailers are required to deliver the same quantity of
hydrogen. There are many factors affecting the decision between two truck transportation
decisions. These are listed in the following table.
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Table 5: Hydrogen transportation via truck

Parameter

Value

Resource

Gaseous truck

350.000 €

Airproduct

Gaseous truck capacity

400 kg

Linde, Total

Liquid truck

1.050.000 €

Airproduct

Liquid cruck capacity

3500 kg

Linde, Total

Truck mileage

35 l/100km

MAN

Average truck speed

50 km/h

MAN

Energy consumption for transport

1400 MJ/100km

Appendix H

Gaseous hydrogen transport

0,47 €/kg/100km

Appendix H

Liquid hydrogen transport

0,08 €/kg/100km

Appendix I

CO2 Emission for liquid transport

106kgCO2/100km

Appendix I

However, it is not rational to calculate the transportation costs by just taking into account the
hydrogen deliveries. Transportation of 600kg per day results idle times that increases the
costs. However, leading energy companies and truck fleet operators have optimized their
deliveries. Therefore, in this thesis, it will be assumed that the trucks and trailers that are
installed are not idle. That means they are also assigned other deliveries than hydrogen.
To decide between the two options, a breakeven analysis is carried out. Details of this
calculation can be seen on the und Appendix H and Appendix I. This model calculates the
kilogram price of gaseous and liquid hydrogen for 100km. Result of this analysis is shown in
figure 26.

Production cost (€/kg)
Transport cost (€/kg/100km)

Gaseous Hydrogen
2
0,47

Liquid Hydrogen
4,04
0,08

7,00
Gaseous Hydrogen Cost

6,00

Liquid Hydrogen Cost

€/kg H2

5,00
4,00
3,00
2,00
1,00

800

700
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400

300

200
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0,00
Distance

Figure 26: Breakeven analysis for gaseous vs. liquid delivery

This graph indicates that, the optimal transportation option would be to deliver hydrogen,
produced at a large scale central plant, in gaseous form to a distance of 400-500km and in
liquid form for longer distances. This is because, for long distances, the higher energy costs
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of liquefaction will balance the higher capital and transportation expense of many
compressed gas tube trailer trips back and forth. As a result, decision criteria will be based
on
Table 6: Decision criteria for transport

Transport Option

Decision Criteria

Pipeline

Utilization of existing pipelines

Liquid hydrogen

Deliveries longer than 470 km

Compressed gas

Deliveries up to 470 km

Storage
Hydrogen storage need at a refueling station depend upon the rate of H2 delivery amount
and type, the throughput of the compressor, and the rate of dispensing. During the analysis
of the concepts, following storage units will be used;
•

Liquid hydrogen storage

•

Gaseous hydrogen storage

Liquid Hydrogen Storage
The capacity of the liquid hydrogen storage is 1200kg/day. However, it should be kept in
mind that, part of this hydrogen is also used for other cars that need liquid hydrogen. Storage
cost of 1kg hydrogen can be calculated for two pathways according to the data below.
Table 7: Liquid hydrogen storage

Parameter

Value

Resource

Capital investment

300.000 €

Total

Capacity

1200 kg

Total

Liquid hydrogen storage costs

0,34 €/kg

Appendix G

One of the important points in liquid storage is the boil off effect which is in the range of 1%5%. However, if the hydrogen is stored for short periods, this problem can be hindered via
some additional cooling methods. Furthermore, this released hydrogen could be used for fuel
cells to generate the energy need of the fuelling station as in Berlin. Therefore, no boil off
effect is taken into account
Gaseous Storage
Efficiency of compressor and dispenser increases with the storage unit. Therefore, a buffer
between the reformer and compressor is installed. During the analysis of this concept
capacity of the stored gaseous hydrogen is defined as 200kg. Major assumptions and cost of
storing one kilogram hydrogen can be seen below.
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Table 8: Gaseous hydrogen storage

Parameter

Value

Resource

Capital investment

110.000 €

Total

Capacity

200 kg

Total

Gaseous hydrogen storage costs

0,126 €/kg

Appendix F

Cryogenic Piston
For the gaseous hydrogen path, a cryogenic piston pump with a flowrate of 50 l/min at
400bar is taken. The electric requirement of the pump is given as 6kW (Reijerkerk, 2001).
Following data is used to calculate the cost of the piston.
Table 9: Cryogenic piston

Parameter

Value

Resource

Capital investment

60.000 €

Linde

Capacity (cryogenic pump)

50 l/min

Total

Energy consumption

0,10 MJ/kg H2

Appendix L

Cryogenic piston cost

0,04 €/kg

Appendix L

Emission

0,02 kgCO2/kg H2

Appendix L

Vaporizer:
Vaporizer shift hydrogen from the liquid form into the gaseous. For vaporizing liquid
hydrogen into gaseous hydrogen ambient air vaporizers are well suited. This type of
vaporizer shows relatively low capital cost and no considerable operating cost. While the
temperature difference (∆T) between ambient air and liquid hydrogen is large, ambient air
vaporizers show to be effective at intermediate flow rates. Data and information about
vaporizer is based upon Linde hydrogen vaporizer (Reijerkerk, 2001). In the case of liquid
hydrogen storage and gaseous refueling, liquid can be pressurized upstream the vaporizer
using a cryogenic pump. Following inputs are taken for the vaporizer.
Table 10: Liquid hydrogen vaporizer

Parameter

Value

Resource

Capital investment (vaporizer)

20.000€

Linde,2007

Capacity (vaporizer)

200 Nm3/h

Linde,2007

Vaporizer Cost

0,013 €/kg H2

Appendix K

Dispenser:
Gaseous hydrogen is dispensed from the high pressure buffer into the compressed gaseous
storage of the vehicle by pressure balancing. Number of dispensers is important for the
occurrence of queues. There are many parameters influencing the number and capacity of
dispensers. These factors are daily volumetric turnover, number of vehicles, vehicle refueling
amount, refueling time, consumption pattern and etc.
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Table 11: Hydrogen dispenser

Parameter

Value

Resource

Capital investment (dispenser)

60.000€

Linde

Vehicle onboard pressure

350 bar

MAN

Total filling time

10 min.

Total

Dispenser costs

0,04 €/kg

Appendix J

b) TANK TO WHEEL
After analyzing the processes that are in well to tank part, it is also important to analyze tank
to wheel part. In this part, total cost of 1kg fuel from the first chapter is taken as input and
cost for kilometers driven is calculated. Tank to Wheel analyses for each fuel are explained
in the relevant chapters. Data about the diesel, natural gas, and hydrogen bus operation
were collected form the same bus line. Only data about LPG consumption rate is taken as
average from the industry. In table 12, capital cost, fuel prices and consumption rates are
illustrated. Information in these data was gathered from industry and literature survey. Annual
mileage was calculated with based on daily mileage of 200km. Based on these input
variables, costs and emission values are calculated. Details of the calculation for Tank-toWheel are illustrated in Appendix M.
Table 12: Fuel consumption of hydrogen and conventional buses

Hydrogen

Natural Gas

LPG

Diesel

360.000 €

360.000 €

300.000 €

Depends on the
0,8 €/kg
concept

0,68 €/lt

1,10 €/kg

73.000 km

73.000 km

73.000 km

73.000 km

20 kg/100km

44,15 lt/100km

85 lt/100km

43,78 lt/100km

Capital Cost of
550.000 €
Bus
Fuel Price
Annual Mileage
(365x200km)
Fuel
Consumption

4.2

Concept 1: Onsite Reformer and Liquid Hydrogen
Transportation

In this concept hydrogen will be supplied via two pathways, one from a central production
unit and one onsite. Daily hydrogen demand will be supplied simultaneously through these
pathways. An illustration of the pathways is shown below in figure 27.
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Figure 27: Pathways for the supply of hydrogen in Berlin

Since this thesis analyses only public transport vehicles, liquid filling of cars will not be
considered. This is market with red color. As a result, there are two possible options to
provide gaseous hydrogen;
•

First pathway: central production of hydrogen and delivery in liquid form; then
vaporization of delivered liquid hydrogen and subsequent compression up to 350 bars

•

Second pathway: hydrogen production from LPG via the onsite reformer and
compression up to 350 bars

After describing the processes an evaluation will be based on the decision model. In order to
have a final cost and emission value out of these two pathways, mixed calculations are done.
Common processes for this concept are central production, compression,
vaporizer, dispenser, cryogenic pump and bus operation that stand for the tank to
wheel process.
Production
Onsite Steam LPG Reformer
In this concept, the capacity of the onsite steam reformer is determined by the current
implementations that are carried out in European Project/Berlin. Onsite steam LPG reformer
in Berlin has a capacity of 100 Nm3/h. Information for these reformers were collected from
Total. Costs and technical data for these systems are based on data from the model
developed. Major inputs taken for the model is shown in table 13. More details about the
calculation can be seen on Appendix B.
Table 13: Onsite steam LPG reformer

Parameter

Value

Reference

Capacity of reformer

216 kg/day

HyFleetCUTE

LPG consumption

7 kg LPG/kg H2

Total

Reformer capital cost

1.000.000 €

HyGear

Natural gas feedstock costs (central plant)

0,3 €/kg

Linde, 2007

Energy consumption

30 MJ/kg H2

Appendix B

CO2 emission

21 kgCO2/kg H2

Appendix B

Onsite hydrogen production costs

8,70 €/kg

Appendix B
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Most important parameters are feedstock consumption and capital investment. The two main
process inputs are energy, water and LPG. Energy is consumed by burning LPG within the
reformer. Another important parameter is the capital investment which is high compared with
the current implementations. Eventhough reformer is a state of the art technology its
implementation for the public transportation requires additional safety and maintenance
actions. Therefore, costs of reformers do increase.
Central Production
Hydrogen production at central steam reformer was explained in the common processes 0.
The amount that will be supplied from central production is the difference 385 kg/day. This
amount will be transported via truck in liquid from the central plant to the stations. There,
hydrogen will be vaporized and then compressed to fill the vehicles.
Transportation of Liquid Hydrogen
Economical and environmental calculations for hydrogen transportation were explained
before. Unit cost price was calculated with respect to the distance covered. (0,08€/kg H2).
Hydrogen is transported in LH2 from a distance of 200km. The average demand for liquid
hydrogen equals the amount that is produced at central plant for this station 385 kg/day.
However, based on analysis before, liquid transportation is only economically feasible for
distances over 470km. The reason for liquid transport in this concept is the need to fill up
vehicles that are operating via liquid hydrogen. Since, liquefaction is only feasible if it is
carried out at central plant, transportation of these fuels from central plant takes place in
liquid form. Transportation costs, emission and energy released for this concept is based on
the delivery distance;
•

Transportation cost
Delivery distance: 400km (200km one-way)
Unit cost: 0,08€/kg/100km (Appendix I)
As a result, transporting LH2 would cost: 400km x 0,08€/kg/100km = 0,32€/kg

•

Environmental results: 0,12kgCO2/kg H2 (Appendix I)

•

Energy consumption: [1400MJ/100km x 400km]/ 3500kg H2 = 1,6MJ/kg H2

Economic Analysis
This concept includes hydrogen supply from two different pathways. Therefore, calculation of
unit costs is done for both pathways. However, in order to come up with an end-price for our
benchmarking, a mixed calculation is done.
Table 14 summarizes the costs incurred during the supply of hydrogen from a central unit
and onsite production. Hydrogen produced at the central plant is delivered to a distance of
200km in liquid form. Therefore, there are additional processed that arises due to central
production. These are illustrated below.
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Table 14: WTT economical analysis for first concept

Parameters

First Pathway

Second Pathway

Production cost

2,08 €/kg

8,70 €/kg

Liquefaction cost of hydrogen

2,04 €/kg

Liquid H2 transportation cost

0,32 €/kg

Compressor cost

0,7 €/kg

Liquid hydrogen storage cost

0,34 €/kg

Gaseous hydrogen storage cost

0,17 €/kg

Cryogenic pump cost

0,04 €/kg

Vaporizer cost

0,013 €/kg

Dispenser costs

0,04 €/kg

0,04 €/kg

Total

5,74 €/kg

9,61 €/kg

0,7 €/kg
0,17€/kg

It is important to note the high production cost that occurs during production of hydrogen via
LPG reformer. Since this technology is in demonstration phase, cost reductions are possible.
However, this reduction has its limit. Attention should be given to the minimum kilogram LPG
needed to produce 1 kg hydrogen. Reduction below theoretical consumption value is not
possible.
Afterwards, in order to compare this concept with each other, an end
calculated. This is done via a mixed calculation by multiplying the price
supplied for each pathway and then dividing the sum on the total demand.
onsite steam reformer is as following. As a result, the mix calculation
following;

price should be
with the amount
Cost analysis for
will be done as

⎛
Euro
kg ⎞ ⎛
Euro
kg ⎞
⎜⎜ 5,74
⎟⎟ + ⎜⎜ 9,61
⎟
* 385
* 215
kg
day ⎠ ⎝
kg
day ⎟⎠
⎝
= 7,12 €/kg
kg
600
day
Majority of this unit cost is influenced by the first pathway. This results mixed calculation to
be under the average of two pathways. However, it is important to keep in mind the
difference in production costs. First pathway, where hydrogen is produced at a central plant,
has low costs due to the high production capacity of the reformer. On the other hand, onsite
steam LPG reformer is a unique installation with low capacity and so has high production
costs. Eventhough central productions result into lower production cost, due to the additional
processes needed; final cost to customer is higher. Once hydrogen is produced at central
plant, it has to be liquefied, transported, vaporized and then compressed which increases the
costs at about three times of the production costs. This illustrates again the main
disadvantage of central production.
In addition to the economical analysis for WTT part, it is also necessary to conduct it for the
TTW to find the total costs. Economical analysis for TTW process aims to find the unit costs
per kilometer (€/km). After producing hydrogen and transporting it to the fuelling station, it will
be filled into the vehicles. This cost was found 7,12€/kg. By entering this data into cost matrix
shown in Appendix M with government subsidization, costs for the complete supply chain
(WTW) is found as 5,80€/km.
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Environmental Analysis
In this concept, CO2 emission for the two different pathways will be calculated separately,
and the final emission value will base on the mixed calculation. During the analysis of the
environmental impacts, energy source is separated into renewable and nonrenewable. The
first table shows the emissions using conventional power generation and the current German
mix In other case, energy is supplied 100% from renewable electric power generation The
CO2 emission for the German mix model is showed in table 15.
Table 15: WTT environmental analysis for German mix model

German Mix Model
(kg CO2/kg H2)
First Pathway

Second Pathway

Production and conditioning of primary energy source

0,60

1,10

Transformation at source

-

0,10

Transportation to EU

0,35

0,81

Production

10,45

21

Liquefaction

7,56

-

Liquid H2 transportation

0,12

-

Compressor cost

0,98

0,98

Cryogenic pump

0,02

-

Total

20,08

24

Mix CO2 emission calculation in case of German electric energy will be done as following:

⎛
Euro
kg ⎞ ⎛ Euro
kg ⎞
⎜⎜ 20,08
⎟⎟ + ⎜⎜ 24
⎟
* 385
* 215
kg
day ⎠ ⎝
kg
day ⎟⎠
⎝
= 21,48kg CO2/kg H2
kg
600
day
Emission released during transportation is calculated by adding the CO2 during liquid
transport with the LPG transport. Following calculation is carried out;
Table 16: WTT environmental analysis for 100% renewable energy

100% Renewable Energy
(kg CO2/kg H2)
First Pathway

Second Pathway

Production and conditioning of primary energy source

0.60

1,10

Transformation at source

0

0,10

Transportation to EU

0,35

0,81

Production

10,45

21

Liquid H2-Transportation

0,12

0

Total

11,52 kg

23,01
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Mix calculation in case of 100% renewable energy will be done as following:

⎛
Euro
kg ⎞ ⎛
Euro
kg ⎞
⎜⎜11,52
⎟⎟ + ⎜⎜ 23,01
⎟
* 385
* 215
kg
day ⎠ ⎝
kg
day ⎟⎠
⎝
= 15,63kg CO2/kg H2
kg
600
day
One of the motivations for hydrogen usage was the benefit for the environment. As it is seen,
although 100% renewable energy is used, there is still high CO2 emission.
Environmental analysis for the second part of hydrogen supply chain (TTW) is 0, since there
is no CO2 released from hydrogen vehicles. Therefore emission is only caused during the
fuel production. By entering this value into the formula explained before (see Appendix M),
emissions per km for WTW is calculated as 4,28 kgCO2/km.
Energy Consumption
Again the two pathways will be analyzed differently. Energy consumed within the first
pathway is calculated as 73,5 MJ/kgH2 whereas energy consumed for the onsite production
is calculated as 35 MJ/kg H2. Difference of these pathways is mainly due to the liquefaction
process. Therefore, it is important to see the impact of liquefaction process and how much
energy is used to liquefy hydrogen. After conducting a mix calculation, average energy
consumed would be 59,7 MJ/kg H2. Details of this calculation can be seen in the respective
processes.
After calculating the energy consumed during fuel production, it has been added with the
energy consumed during the bus operation. At the end, WTW energy consumption is found
as 35,94 MJ/km (see Appendix M).
Extension Possibility
Extension the supply within this concept could be carried out by two means. First of all, liquid
path could be extended. That would have a direct impact on the number of cryogenic pistons
and dispensers.
Another option would be to increase the capacity of the onsite reformer. This could be
achieved by changing some components and for larger ones or installing completely new
ones. Since demand increases and more vehicles are in operation, compressor should have
a higher capacity which is to a certain level limited due its working principle. Storage tank
also need to be taken into account when the extension takes place. This is important
because the supply circles will get shorter. It is obvious that, for each additional dispenser
required, a new high pressure buffer is required. As a result, it is evident that extending
onsite production involves a high engineering effort, and is cost intensive. Therefore, it is
better if onsite production facilities are adjusted to anticipate a certain demand. It is not
economical to change the capacities of the installed reformers.

4.3

Concept 2: Onsite Electrolysis and Liquid Hydrogen
Transportation

In the second concept, hydrogen will be supplied also from two pathways, onsite and central.
Liquid hydrogen is produced at a central unit and delivered to a distance of 60km. Difference
of this concept with the first one is the onsite production method. Instead of LPG steam
reformer, electrolysis will be used to produce hydrogen at the fuelling station. Electricity for
this process will be provided from the grid. Again conventional hydrogen public buses that
are operated via gaseous hydrogen will be operated. Liquid fuelling pathway will not be
considered. An overview of the infrastructure is seen below.
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Figure 28: Pathways for the supply of hydrogen

As a result, there are two possible options to provide gaseous hydrogen;
•

First pathway: central production of hydrogen and delivery in liquid form; then
vaporization of delivered liquid hydrogen and subsequent compression up to 350 bars

•

Second pathway: hydrogen production from electrolyzer and compression up to 350
bars

After describing the processes an evaluation will be based on the decision model. In order to
have a final cost and emission value out of these two pathways, mixed calculations are done.
Common processes for this concept are central production, compressor, vaporizer,
dispenser, cryogenic pump and vehicle operation that stand for tank-to-wheel process.
Production
Onsite Electrolysis
Onsite electrolyzer that is installed in this concept has a capacity of 129 kg/day (60 Nm3/h).
This is currently installed in Hamburg to produce hydrogen for public transportation. The two
main process inputs are electricity and water. Energy demand for atmospheric electrolysis is
about 55kWh/kg (CUTE). Another feedstock for electrolysis is water that can be supplied
from the tap. About 12 liter of water is required to produce 1 Nm3. However, electrolyzer
needs pure water, so a feed water treatment system is installed.
Besides this, there are additional equipments needed for the electrolyzer to use the electricity
from the grid. These are mainly, transformers, rectifier, electrical control peripherals and etc.
All these increase the capital costs of electrolyzer. Further assumptions of this model are
given in table 17. Detailed calculation is given in Appendix C.
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Table 17: Onsite electrolyzes

Parameter

Value

Reference

Production capacity

130 kg/day

HyFleetCUTE

Energy consumption

55 kWh/kg

CUTE

Water consumption

12 kg/1 kg H2

Reijerkerk, 2001

Electrolyzer capital cost

800.000 €

Valentin, 2001

Electricity cost

0,10 €/kWh

Avg. value from CUTE

Energy consumption

198 MJ/kg H2

Appendix C

Hydrogen production cost

13,54 €/kg

Appendix C

Emission

38,5kg CO2/kg H2

Appendix C

It is seen that, electrolyzes demand a high energy to produce hydrogen. The only advantage
of current electrolyzes are that they can be switched on and off in minutes. Therefore they
are capable of using off-peak electricity with lower tariffs from the grid and even intermittent
renewable energy sources such as wind or solar power.
Central Production:
Hydrogen production at central steam reformer was explained in capital 0. The amount that
will be supplied from centr1al production is the difference 471kg/day (600kg/day-129kg/day).
This amount will be transported from the central plant via trucks to the stations. There,
hydrogen will be vaporized and then compressed to fill the vehicles.
Transportation of liquid hydrogen
In this concept hydrogen is transported in liquid form a distance of 60km fuelling station in
trailers. The average demand for liquid hydrogen equals the amount that is produced at
central plant for this station 470 kg/day. The reason for liquid transport in this concept is the
need to fill up vehicles that are operating via liquid hydrogen. Since, liquefaction is only
feasible if it is carried out at central plant, transportation of these fuels from central plant
takes place in liquid form. Transportation costs and emission released for this concept is
based on the delivery distance;
•

Transportation cost
Delivery distance: 60km (120km two-way)
Unit cost: 0,08€/kg/100km (Appendix I)
As a result, transporting LH2 would cost: 120km x 0,08€/kg/100km = 0,096€/kg

•

Environmental results: 0,12kgCO2/kg H2 (Appendix I)

•

Energy consumption: [1400MJ/100km x 120km]/ 3500kg H2 = 0,48MJ/kg H2

Economic and Environmental Analysis
Economic Analysis
Since this concept involves two pathways, gaseous and liquid, a mixed calculation of these
two paths will be carried out. Mixed calculation will be carried out by multiplying the price with
the amount supplied for each pathway and then dividing the sum on the total demand. Onsite
path has the following unit costs.
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Table 18: WTT economical analysis for second concept

Parameters

First Pathway

Second Pathway

Production cost

2,08 €/kg

13,54 €/kg

Liquefaction cost of hydrogen

2,04 €/kg

-

Transportation cost

0,096 €/kg

-

Compressor Cost

0,7 €/kg

0,70 €/kg

Liquid hydrogen storage cost

0,34 €/kg

-

Gaseous hydrogen storage cost

0,17€/kg

0,17 €/kg

Cryogenic pump cost

0,04€/kg

-

Vaporizer cost

0,013 €/kg

-

Dispenser costs

0,04 €/kg

0,04 €/kg

Total

5,52 €/kg

14,45 €/kg

On the other hand, liquid path supplied from a central unit results to the following unit costs.
As a result, the mix calculation will be done as following

⎛
Euro
kg ⎞ ⎛
Euro
kg ⎞
⎜⎜14,45
⎟⎟ + ⎜⎜ 5,52
⎟⎟
* 129
* 471
kg
day
kg
day
⎝
⎠ ⎝
⎠ = 7,43 €/kg H
2
kg
600
day
It is important to remember that, the majority of this unit cost is influenced by the liquid
pathway. Onsite production of hydrogen through electrolyzer results to three times higher
costs than central production. Most important costs are the high capital investment and
energy consumption.
After finding the cost for hydrogen production, it is entered into the cost matrix with
subsidization to find the economical result for the complete supply chain (WTW) as 5,86
€/km.(Appendix M).
Environmental analysis
In this concept, CO2 emission for the two different pathways will be calculated separately,
and the final emission value will again base on the mix calculation. Impact of energy source
whether renewable of nonrenewable will be taken into account. The first column shows the
case where energy is supplied 100% from renewable electric power generation. In other
case, emissions using conventional power generation and the current German mix will be
visualized.
First Pathway (Central Steam Methane Reformer)
The CO2 emission for the liquid pathway is as following
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Table 19: WTT environmental analysis for German mix model

German Mix Model kg CO2/kg H2
First Pathway

Second Pathway

Production and conditioning

0,60 kg

-

Transportation to EU

0,35 kg

-

Hydrogen Production

10,45 kg

38,50 kg

Liquefaction

7,56 kg

-

Liquid H2-Transportation

0,036 kg

-

Compressor Cost

0,98 kg

0,98 kg

Cryogenic Pump

0,02 kg

-

Total

20 kg

39,48 kg

Mix CO2 emission calculation in case of German electric energy will be done as following:

⎛
kgCO2
kg ⎞ ⎛ kgCO2
kg ⎞
⎜⎜ 39,48
⎟⎟ + ⎜⎜ 20
⎟
* 129
* 471
kg
day ⎟⎠
kg
day ⎠ ⎝
⎝
= 24,18kg CO2/kg H2
kg
600
day
Table 20: WTT environmental analysis for 100% renewable energy

100% Renewable Energy kg CO2/kg H2
First Pathway
Production and conditioning

0,60 kg

Transportation to EU

0,35 kg

Hydrogen Production

10,45 kg

Liquefaction

0 kg

Liquid H2-Transportation

0,036 kg

Compressor Cost

0 kg

Cryogenic Pump

0 kg

Total

8,90 kg

Second Pathway

0

0

0 kg

Mix calculation in case of 100% renewable energy will be done as following:

⎛ kgCO2
kg ⎞ ⎛
kgCO2
kg ⎞
⎜⎜ 0
⎟⎟ + ⎜⎜ 8,90
⎟
* 129
* 471
kg
day ⎠ ⎝
kg
day ⎟⎠
⎝
= 6,9kg CO2/kg H2
kg
600
day
The specific CO2 emissions are 21,37 kg CO2/kg H2 when using German electric energy mix
and 6,9 kg CO2/kg H2 in case of 100% electric energy. As it is seen, although 100%
renewable energy is used, there could be still high CO2 emission.
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By entering this data into the formula (see Appendix M), total emission values within the
whole WTW processes for one km could be calculated. After conducting the analysis,
emission analysis was found as 4,83 kg CO2/km
Energy Consumption
As done for concept 1, two pathways will be analyzed differently. Energy consumed within
the first pathway is calculated as 72,38MJ/kg H2. It is important to see the electrical energy
consumed during electrolysis. On the other hand, electrical energy consumed for the onsite
production lies at 203 MJ/kg H2. There the major consumption occurs during electrolysis. A
mix calculation indicates 100,4MJ/kg H2. After adding the TTW energy consumption and
entering them into the formula (Appendix M), energy consumption will be found as
44,1MJ/km.
Extension Possibility
Extension the supply within this concept could be carried out by two means. First of all, liquid
path could be extended. That would have a direct impact on the number of cryogenic pistons
and dispensers.
Another option would be to increase the capacity of the electrolysis. This could be achieved
by changing some components and for larger ones or installing completely new ones.
During this adaptation, especially electrical requirement should be taken into account.
Because of the high electrical energy need an electrolyses needs a special connection to the
electric grid. Increasing the production rate would also increase the need for energy and
requires change of the connection components. Change of the connection components is
probably not to be so easy.
Besides this, electrolyses peripherals like the transformer, rectifier and the cabling as well as
the purification unit are dimensioned for a certain production rate. Altering the capacity of the
electrolyses implies altering the peripherals as well which would be too costly.
Since demand increases and more vehicles are in operation, compressor should have a
higher capacity which is to a certain level limited due its working principle.
Storage tank does not need to be larger but the safety buffer should be taken into account
when the extension takes place. This is important because the supply circles will get shorter.
It is obvious that, for each additional dispenser required, a new high pressure buffer is
required. As a result, it is evident that extending onsite production involves a high
engineering effort, and is cost intensive. The main target of onsite production is to anticipate
on a certain demand and adjust the production volume of the facility to this demand. It is not
economical to change the capacities of the installed electrolyses. This implies that an onsite
production facility is designed to supply a certain demand.

4.4

Concept 3: Hydrogen as Byproduct

In this concept, hydrogen will be sourced from the chemical industry that releases hydrogen
as a byproduct. This process does not aim to produce hydrogen as final good, but releases it
as a byproduct. Besides this, infrastructure of this concept is built from a different logic than
the traditional perspective. In the previous concepts, fuelling stations were installed at cities
where hydrogen is either produced onsite or delivered from a central plant. However, in this
concept, instead of transporting hydrogen via trucks to fuelling stations, they are installed
very close to the chemical plants where hydrogen is released as byproduct. This obviates the
need for transportation. Besides this, since there is already a hydrogen pipeline installed on
these industry parks, delivery is considered only utilizing the existing pipelines so no truck
transportation is considered. An overview of the structure is seen below.
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Figure 29: Pathways for the supply of hydrogen for hydrogen as byproduct

During the analysis of this concept, equipments for hydrogen preparation and conditioning do
have the same properties as in the previous cases.
Common processes in this concept are as following; Gaseous storage; compressor,
dispenser
This small number of equipments that is needed for hydrogen infrastructure is actually an
indication of the low cost potential of this concept.
Production: Chlor Alkali Process
In this concept hydrogen will be captured as byproduct from chlor alkali plants. All chlorcaustic production facilities produce huge amounts of pure hydrogen as a byproduct of
electrolysis. The two main process inputs are salt, water and electricity. Table 21 illustrates
feedstock, energy consumption and main outputs.
Table 21: Chlor alkali process

Feedstock Materials
Salt consumption

40 kg/kg H2

In theory (no losses)

Water consumption

36 kg/kg H2

In theory (no losses)

Steam consumption

6,3 kWh

Joint Research Center

Electricity consumption

97,65 kWh

Joint Research Center

Caustic Soda

40 kg

In theory (no losses)

Chlor

35 kg

In theory (no losses)

Hydrogen

1 kg

In theory (no losses)

As it is seen from the table, for each 35 kg chlor, the process produces 1 kg hydrogen.
Therefore, in order to calculate the amount of hydrogen as by-product, capacity of the chlor
alkali plants should be analyzed.
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Chlor Production in Europe and Germany
Global production capacity of chlorine in 1995 was about 44 million tones. Out of this
capacity, 24% were produced within the EU. Production of chlor alkali plants has been
concentrated in three regions in the world that are North America, Western Europe and
Japan. In 2006, chlorine production capacity in Western Europe was 10,39 million tones kg.
Since Germany is the largest producer of chlor in Europe, analysis will focus on the German
market (See Appendix N). Besides this, since majority of chlor is produced via chlor alkali
process, other production processes will not be considered. According to the market
analysis, chlor alkali plants in Germany are illustrated in Figure 30.
Current chlor alkali plants in Germany do have a production capacity of 11.232.877kg
chlor/day. According to this information, these plants would have 320.939kg/day hydrogen as
by-product. It is known that part of this hydrogen would be used for chemical processes.

Figure 30:

Chlor Alkali industry in Germany

Currently the by-product hydrogen is either run into an industrial furnace or steam boiler, or
may be sold, either by direct pipeline or by the truck load, to nearby chemical industries
(Eurochlor). The rest is just vented to the atmosphere (HyCologne). Theoretically, by using
the complete hydrogen produced at the chlor alkali plants, about 8023 H2-buses (see
Appendix N) with a daily consumption of 40kgH2 could be operated. However, since some of
the plants do sell or utilize hydrogen intern, only plants which do vent high portions of
hydrogen to the atmosphere are considered. These are the plant at Ürdingen, Knapsack,
Ibbenbüren, Lülsdorf, Rheinberg and Marl (HyCologne). By just considering these plants,
about 2060 buses could be operated.
Price determination of hydrogen as by-product
Since chlor alkali process does not aim to produce hydrogen, price calculations could not be
done as in the previous concepts. After asking the industries, price offers were within the
range of 1,2€/kg hydrogen. This price is mainly determined by comparing the energy density
of hydrogen with natural gas. Hydrogen could be used to generate heat, but if it will be sold
for public transport than natural gas that could be an opportunity of hydrogen could be used
to generate heat.
Hydrogen has an energy density three times more than natural gas, so the price of hydrogen
should be three times more than the price of natural gas. If the price of natural gas for
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industry is about 0,4€/kg, then the hydrogen selling price of chlor alkali is calculated as 1,2
€/kg.
Table 22: Price determination of byproduct hydrogen

Parameter
Natural Gas
Hydrogen

Energy Density (kJ/kg)
40 MJ/kg
120 MJ/kg

Price (€/kg)
0,4 €/kg
1,2 €/kg.

Transportation via existing Pipeline Infrastructure
One of the important processes in this pathway is the elimination of large distance truck
transportation. Since fuelling stations will be installed just next to the chlor alkali plant, there
is no need for truck transportation. There could be cases where the fuelling stations are
some hundreds meters away from the industry park, then a small pipeline could be installed.
In this concept, transportation will be done by utilization of existing hydrogen pipeline.
Therefore, focus was to find the existing pipelines in Germany.
In Germany there are two large hydrogen distribution networks: One in the Ruhrgebiet that is
operated by and one in the industrial area Leuna-Bitterfeld-Wolfen operated by Linde.
There are also several smaller hydrogen pipelines of other firms in service. These pipelines
usually serve to connect nearby producers and consumers. Both networks have in sum more
than 350 km of pipeline and have been operating without major problem for over 50 years
carrying 8,900 kg/h of hydrogen through a 0.25 m pipeline operating at 2 MPa.
The hydrogen network in the Ruhrgebiet is supplied by multiple producers (mainly from the
chlorine industry). Linde’s hydrogen network is predominantly supplied by a single natural
gas reformer with 35000 Nm3/h capacity as well as chlor alkali producers from the Bitterfeld
region. Figure 31 below shows the extension of the pipeline network and of the chlorine
production plants along with the pipeline.

Figure 31: Existing hydrogen pipeline infrastructure in Germany
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Gaseous Storage
Due to the existing deliveries from the chlor alkali industry to nearby chemical companies
there is already an existing storage unit. However, there is also a need for a small gaseous
storage unit since the hydrogen within the pipeline cannot be directly filled to the vehicle.
Therefore, a buffer between the reformer and compressor is needed. In this concept we take
again a storage unit of 200kg. This will be the same gaseous storage unit as in the previous
cases.
Economical Analysis
Economical analysis of this concept will be done differently than the first two concepts.
During the analysis of these plants, it was found out that some of the equipments like storage
units, pipeline, and compressor are already installed. These are used to fuel trailer with
gaseous hydrogen and deliver it to other chemical plants. Although these equipments could
be used for bus fuelling, to be on the safer side, it will be assumed that a new fuelling station
needs to be built. Therefore, the cost analysis for this project will be calculated as if there is
no equipment available. That means all the equipments needed for bus fuelling have to
bought and installed.
Since the purchasing price of hydrogen is 1,2 €/kg and the breakeven of hydrogen 2,40 €/kg,
there is 1,2 €/kg investment interval for each kg hydrogen. In our analysis, daily demand was
600 kg/day that makes an annual amount of 219,000 kg hydrogen. This amount leads to an
annual investment volume of;
Annual Investment VolumeÆ

219,000 kg * 1,20 €/kg =262.800 €

Considering a lifetime of 10 years for this project would enable an investment of;
Total Investment Volume (Lifetime 10 Year)Æ 262.800 €/yearx10year = 2.628.000 €
This would be enough to provide the additional equipment that is needed that are
compressor, storage unit that are described in figure 29 Figure 1 at the beginning of concept
3.
Taking 2,40 €/kg as basis for WTT part and adding other costs would give a WTW cost of
4,86 €/km with government subsidization(Appendix M).
Environmental Analysis
Hydrogen as byproduct from chlor alkali process has many environmental benefits compared
to steam reforming and partial oxidation. Since there is no carbon “C” atom in the chemical
reaction like in steam reformer, there is no CO2 forming produced as output from the process.
By filling this hydrogen to the vehicles via renewable energy sources would mean that there
is no CO2 emission on the complete supply chain of hydrogen.
Table 23: WTW environmental analysis for hydrogen as byproduct

Value

Value

(German Mix)

(100% Renewable)

Compressor

0,98

0

Total

0,98

0

Reference
Appendix

To be on the safe side, emission calculations were based on the German Mix results. By
entering them into the formula (Appendix M), emission results for WTW is calculated as
0,19 kg CO2/km.
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Energy Analysis
It is difficult and perhaps misleading to analyze the energy balance of chlor alkali process.
This process does not target to produce hydrogen. Energy that is given to the system is used
both as electricity and as heat. About half of the energy expended is converted into the
enthalpy of the products. The rest is converted into heat transferred to the air in the building
and the products, which have to be cooled. Surplus heat might also be used for heating
surrounding buildings or for the concentration of caustic soda (Kirk-Othmer, 1991). As it is
seen, there is no allocation of energy on hydrogen, so calculating of energy consumption to
produce hydrogen will not be done. Energy consumption is just taken for the TTW process.
By using the energy density of hydrogen and energy consumption rates, WTW energy
consumption is found as 24 MJ/km (Appendix M).
Extension possibilities
Extending hydrogen infrastructure in these two regions is easier due to the existing pipeline
system. These two regions NRW and Saxony-Anhalt do have a hydrogen pipeline which can
be utilized to transport hydrogen from source to the fuelling stations. As mentioned before, in
some cases a connection pipeline with a length of 1-2 km could be installed. By building a
fuelling station at the end of the pipeline and filling the buses there, it is possible widespread
the usage of hydrogen to a large area.
•

Importance of North Rhine Westphalia for Initiation and Extension

Region NRW has many advantages compared with other regions for the utilization of
hydrogen as energy source.
1. First of all, most of the chlor alkali plants are located in this region. More than half of the
chlor is produced by chemical plants clustered in the middle of the region. These plants
release daily 82.400 kg hydrogen as a byproduct. This would be enough to operate about
2060 hydrogen powered vehicles.
2. Secondly, there exists a hydrogen pipeline infrastructure with a length of 240 km which
connects these plants. This is operated by AirLiquide and could be used to transport
hydrogen from the chemical industry to the fuelling stations. Capacity of the pipeline is
enough to transport the required demand.
3. Thirdly, according to the analysis of fleet buses in Germany (33.400), it came out that
about 27% (8900) of the total standard public transport buses are operating in North
Rhine Westphalia (VDV, 2007). The reason for this high bus fleets are due to the high
population density in this region. There are many big cities like Cologne, Düsseldorf,
Dortmund and etc. in this region.
After the analysis in the region, the summary is illustrated in the following figure. Based on
these advantages it is suggested to initiate hydrogen projects in this region.
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Figure 32: Potential of North Rhine Westphalia for hydrogen infrastructure.

4.5

Well to Wheel Analysis of Conventional Fuels

In this chapter we describe the processes necessary to convert a certain primary resource
into a final fuel and then the consumption in the engine. This comprises the complete
lifecycle of diesel, natural gas and LPG.
For the economical analysis, market prices will be taken as a basis. This price includes some
fuel and additional taxes. On the other hand, environmental analysis will base on the energy
consumption and emissions caused by different processes within the supply chain.
Information about conventional fuels is based on the results published by Joint Research
Center.

4.5.1

Diesel

Diesel is a specific distillate of crude oil. Therefore, supply chain analysis for diesel will start
by analyzing the crude oil. The pathways from crude oil to diesel are straightforward, as
illustrated in the following figure 33.

Figure 33: Fuel pathway for diesel

Crude oil production and conditioning at source
Crude oil is generally extracted under the natural pressure of the underground reservoir.
Production conditions vary considerably between producing regions, fields and even
between individual wells and it is only meaningful to give typical or average energy
consumption and GHG emission figures for the range of crude under consideration. During
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this thesis energy consumption was taken from Joint Research Center as 1,28 MJ/kg and
emission as 0,16 kg CO2/kg.
Crude oil transportation to markets
Crude oil needs to be transported from the production areas to refineries in Europe. There
are many supply pathways to transport crude oil. Some part of this oil is transported via ships
from Arab Gulf and some part via pipelines from Russia. Here again, there is a wide diversity
of practical situations. Considering mainly marginal crude originating from the Middle East,
energy consumed during transportation is 0,425 MJ/kg and emission results are 0,04kg
CO2/kg.
Crude oil refining
Traditionally, crude oil is transported and then refined near the markets. An oil refinery is a
complex combination of process plants to turn crude oil into marketable products like
gasoline, diesel fuel, LPG and etc. in the right quality and quantities. Although the total
amount of energy (and other resources) used by refineries is well documented, there is no
simple allocation of energy, emissions or cost to a specific product. However, methodologies
were developed to allocate the costs and emission values on products by JRC. According to
the analysis, energy required at refinery to produce diesel is 4,25MJ/kg and CO2 emission
0,37kg CO2/kg.
Conditioning and distribution
After refinery, finished products are transported to a retail station by truck, pipeline rail or
barge. For the calculation, a mix of the different transportation modes has been used
according to the actual share of each mode in Europe. Energy consumed during
transportation is 1,02MJ/kg and emission released 0,04kgCO2/kg.
Vehicle Operation
Since this thesis considers to whole CO2 balance starting from extraction until bus operation,
released CO2 after burning diesel should also be included. According to the analysis on the
appendix about fuel consumption, a standard vehicle with 35 lt/100 km consumption releases
3,15kg CO2/kg Diesel.

Economical Analysis
Economical analysis of for diesel is carried out by market prices. Current liter price of diesel
is about 1,20€/lt on the market (www.tankstelle.de). However, bus operators become their
fuels with some tax reductions. Therefore, diesel price is taken as 1,10€/lt. This price also
includes fuel taxes (HyCologne). Economical result for WTW is found as 4,79 €/km
(Appendix M).

Environmental Analysis
CO2 emission during the production of diesel lies at 0,6 kg CO2/kg Diesel. It was important to
see how much CO2 is released during producing the fuel and how much is released during
the operation of the bus. After adding the operation part, total CO2 emission increases to
3,75 kg CO2/kg diesel. In the following figures, the energy and GHG emissions balances are
compared to those for diesel.
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Table 24: WTW environmental analysis for diesel fuel

Well to Wheel CO2 Analysis (kg CO2/kg Diesel)
WTT

Diesel

TTW

WTW

Crude
Oil
Transportation
Production

Refinery

Cond.&
distr.

Sum

Bus

Total

0,16

0,37

0,04

0,60

3,15

3,75

0,04

After entering this value into the formula (Appendix M), WTW emission analysis will be found
as 1,30 kgCO2/km.

Energy Consumption
Total energy that is needed to produce diesel fuels for consumers is about 6,90 MJ/kg diesel.
Most of this energy is consumed during refining and is sourced by burning natural gas or
other fuels. Table 25 reveals the detailed illustration of energy consumption for diesel fuel
preparation.
Table 25: WTW energy analysis for diesel fuel

Well to Tank Energy Analysis (MJ/kg Diesel)
WTT
Crude
Oil
Transportation
Production
Diesel 1,28

0,425

TTW

WTW

Refinery

Cond.&
distr.

Sum

Bus

Total

4,25

1,02

6,97

40

46,9

After entering this value into the formula (Appendix M), WTW energy analysis will be found
as 17,27MJ/km.

Extension Possibility
Diesel fuel infrastructure has been developing since beginning of 20th century. Besides this, it
has been the most consumed fuel. Therefore, almost all regions are covered with the
pipeline and infrastructure.

4.5.2

Natural Gas

Another conventional fuel that will be analyzed in this thesis is natural gas. It was mentioned
in chapter 3 that hydrogen could be produced through natural gas. Therefore, it is helpful to
analyze the lifecycle of natural gas and compare it with the results when it is used to produce
hydrogen.
Natural gas (NG) is the most plentiful fossil fuel after coal. It is available in most regions of
the globe although there are a few very large producing regions such as Russia and,
potentially, the Middle East. The exploitation of a natural gas field requires a heavy
associated infrastructure in the form of either pipelines or liquefaction equipment and LNG
ships. Pathway for natural gas is illustrated as following;
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Figure 34: Fuel pathway for natural gas

Natural gas production and conditioning
Natural gas is produced from either dedicated fields or as associated gas in oil fields.
Although it is primarily methane, the gas mixture coming out of the well can contain a range
of light hydrocarbons as well as inert gases, mainly nitrogen and CO2.
The energy associated with extraction and processing varies considerably with the producing
region. This reflects different gas qualities, practices and climatic conditions. For extraction,
most of the energy is supplied directly in the form of natural gas. Based on the various
sources of information available from JRC, median figure of 0,98MJ/fuel was used for energy
consumption. CO2 emission during this process is calculated as 0,16kg CO2/kg.
Transportation of Natural Gas
Transportation accounts for the largest part of the energy requirement because of the large
distances involved. In this thesis, current EU Mix will be taken as a basis where
transportation is assumed to be via pipelines with 1000km length. Pipelines require
compression stations at regular intervals, typically powered by a portion of the transported
gas. The specific energy requirement therefore increases with distance as the larger the
distance the more gas has to be transported initially to obtain a unit of delivered gas. The
actual energy consumption figures may vary considerably from one pipeline to another
depending on the design and operation parameters (size v. throughput, compressors and
drivers efficiency etc). Average values for energy consumption is 0,98MJ/kg fuel and CO2
emission is 0,09kg CO2/kg fuel.
NG distribution & Compression
Natural gas is widely available throughout Europe via an extensive network of pipelines
covering virtually all densely populated areas. There is a small energy consumption attached
to the high pressure distribution networks for which we have assumed an average distance
of 1000 km. Because they are fed directly from the long-distance high pressure pipelines, the
local low pressure networks do not generate additional energy consumptions inasmuch as
the upstream pressure is more than sufficient to cover the head losses. Besides this, since
natural gas is compressed to increase the fuel within the tank, the impacts of compression
should also be analyzed. Based on these inputs, energy consumed during distribution and
compression is 3,43MJ/kg fuel and emission released is 0,17kg CO2/kg fuel.
Vehicle Operation
Consumption of natural gas in transportation sector has increased tremendously in the EU
because of the limitation to sulphur emission. Emission released for 1 kg NG combustion that
is 2,71 kg CO2/kg CH4 should be added.
Besides this, CO2 emission during the production of diesel lies at 0,42 kg CO2 eq/kg NG.
After this addition of vehicle operation, the total CO2 emission will be 3,12 kg CO2/kg NG. In
the following figures, the energy and GHG emissions balances are compared to those for
natural gas.

Economical Analysis
Economical analysis for natural gas (€/kg) is carried out by market prices. Natural gas do
have a price of 0,88€/kg on the market. This price also includes fuel taxes. Taking this price
and entering into the formula will give a WTW economical analysis of 4,81 €/km.
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Environmental Analysis
Environmental analysis of natural gas is illustrated in the table below. It is obvious that most
of the emission is released during the operation of the buses via natural gas. Besides this,
processes for extraction and conditioning that includes compression do cause some CO2
emission.
Table 26: WTW environmental analysis for natural gas

Well to Wheel CO2 Analysis (kg CO2/kg Natural Gas)
WTT

Natural Gas

Prod.& Cond. at
Transportation
source

Cond.
dist.

0,16

0,17

0,09

&

TTW

WTW

Sum

Bus

Total

0,42

2,71

3,13

Taking this emission of WTT as basis and entering into the formula will give a WTW total
emission of 1,38 CO2/km

Energy Consumption
Total energy that is needed to produce natural gas fuels for consumers is about 5,39 MJ/kg
NG. Main energy consumption occurs during distribution of compression of natural gas.
Table 27: WTW energy analysis for natural gas

Well to Tank Energy Analysis (MJ/kg Natural Gas)
WTT

Natural Gas

TTW

WTW

Prod. & Cond.
Transportation
at source

Cond. & dist. Sum

Bus

Total

0,98

3,43

49

54,39

0,98

5,39

By entering this value into the formula, WTW energy consumption will be found as 24 MJ/km.

Extension Possibilities
Natural gas is widely available throughout Europe via an extensive network of pipelines
covering virtually all densely populated areas (JRC, 2006).

4.5.3

Liquefied Petroleum Gas

Last but not least, lifecycle assessment will be carried out for LPG (Liquefied Petroleum
Gas). LPG is widely used for heating and cooking as well as petrochemicals. It is available
as a road fuel in a number of European countries. The pathway is represented below.

Figure 35: Fuel pathway for LPG
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Production and Conditioning
Europe imports a significant proportion of its LPG consumption. LPG that is consumed in
Europe originates from oil or gas fields where it is produced in association with either crude
oil or natural gas. We have represented the case of natural gas fields. Energy is required to
produce the LPG and also for subsequent treatment and separation into C3 and C4
hydrocarbons (which tend to have different markets) and C5+ components. CO2 emission for
LPG production and conditioning is 0,16 kgCO2/kg LPG. Energy needed to produce and
prepare LPG is 2,31 MJ/kg.
Liquefaction
After the separation of C3 and C4, they are treated and liquefied prior to shipping to Europe.
CO2 emission during LPG liquefaction is 0,01 kgCO2/kg LPG. Energy needed for liquefaction
of LPG is 0,46 MJ/kg.
Transportation to EU
This pathway foresees the transportation of LPG to Europe from crude oil or natural gas
field’s condensate. Emission caused during transportation of 1kg LPG is 0,12kg CO2. Energy
consumption lies at about 1,38MJ/kg LPG.
Distribution and Conditioning
In this process, distribution will be assumed to be over 500 km on road. After distribution, it
has to be compressed which increases the energy consumption and emission values.
Emission during distribution is 0,08kg CO2/kg LPG. Energy consumption lies at about
1,38MJ/kg LPG.
Vehicle Operation
As done during diesel pathway analysis, the whole emission starting from extraction until bus
operation should also be analyzed. Therefore, the emission released for 1 kg NG combustion
should be added. This is illustrated in the Appendix M.

Economical Analysis
Economical analysis of for LPG (€/kg) is carried out by market prices. Natural gas do have a
price of 0,68€/kg on the market. This price also includes fuel taxes. After utilizing vehicle with
LPG WTW costs will be found 5,00 €/km

Environmental Analysis
CO2 emission during the production of LPG lies at 0,36kg CO2/kg NG. After the addition of
vehicle operation, the total CO2 emission will be 3,39 kg CO2/kg NG. In the following table,
GHG emissions balance is showed.
Table 28: WTW environmental analysis for LPG

Well to Wheel CO2 Analysis (eq. kg CO2/kg LPG)
WTT
Prod.& Cond. at Liquefaction
source
LPG

0,16

0,01

Transportation

Cond.
dist.

0,12

0,08

&

TTW

WTW

Sum

Bus

Total

0,36

3,03

3,39

By entering this value into the formula WTW emission will be found as 1,55 kgCO2/km
(Appendix M).

59

4 – Concept development

Energy Consumption
Total energy that is needed to produce LPG fuels for consumers is about 5,53 MJ/kg NG.
Table 29: WTW energy analysis for LPG

Well to Tank Energy Analysis (MJ/kg LPG)
WTT

LPG

Prod. & Cond. at
Liquefaction
source

Transportation

Cond.
dist.

2,31

1,38

1,38

0,46

&

TTW

WTW

Sum

Bus

Total

5,53

46

51,53

By entering this value into the formula, WTW energy will be found as 23,65 MJ/km.

Extension Possibility
Distribution and infrastructure has been developed for LPG. Transportation and delivery is
widespread in Germany.

4.6

Evaluation of Fuel Supply Chains

In this section, a trade-off between the different concepts for the hydrogen pathways is
made. This trade-off will help to decide which concept would perform the best within the
concepts. This has been done by weighting different aspects of the concepts against criteria
that were defined beforehand. For the analysis of the concepts, many different criteria were
found and defined. For example, capital cost, operating cost, flexibility to demand, reliability,
noise, emission, floor space requirement, extension possibilities and etc. After a detailed
analysis of these possible criteria, it was decided to evaluate the concepts based on the
criteria that are relevant for the title of this thesis. Target of this paper is to define an
economical and environmental supply chain. Therefore, some parameters were integrated
into one parameter. For example, capital cost and operating cost were united as unit cost. As
a result, criteria that will evaluate concepts are as following;
•

Unit Costs (€/km)

•

CO2 Emission (kg CO2/km)

•

WTW Energy Consumption (MJ/km)

•

Extension possibility

The weight factors in the following add up to 100. The most important criteria for the
hydrogen supply chain are unit costs. Market values new products or services mostly
according to their prices. Therefore, unit price will get a weight of 30.
Since this thesis tries to ensure an environmental supply chain, CO2 emissions are taken as
decisive for the development of a sustainable supply chain. Therefore it is also weighted
as 30.
In addition to this, since CO2 emission is calculated based on energy source, energy
consumed to produce hydrogen should also be taken into account. This analysis is based on
the German Mix energy consumed to drive one kilometer (MJ/km) and is weighted with 20.
Another important factor is the extension possibility. Since hydrogen is in its initial phase,
development and further enlargement possibilities should be taken into consideration.
Therefore this factor is weight as 20.
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Table 30: Comparing concepts with conventional pathways

Process

Unit Cost

CO2Emission

WTW
Energy
Consumption

Concept 1 (Reformer)

5,80 €/km

4,28(kg CO2/km)

35,94(MJ/km)

Concept 2 (Electrolysis)

5,86 €/km

4,83(kg CO2/km)

44,1(MJ/km)

Concept 3 (H2 as Byproduct)

4,86€/km

0,19(kg CO2/km)

24,00(MJ/km)

Diesel

4,79 €/km

1,30(kg CO2/km)

17,27 (MJ/km)

Natural Gas

4,81 €/km

1,38(kg CO2/km)

24,00(MJ/km)

LPG

5,00 €/km

1,55(kg CO2/km)

23,65(MJ/km)

All concepts are valued between 0-10, where 10 stand for the perfect fulfillment and 0 for
inappropriateness. Analysis table is as following.
Table 31: Evaluation of all concepts

Criterion

Weight
factor
f

Concept1

Concept2 Concept3

Diesel

NG

LPG

p

p xf

p

pxf

p

pxf

p

pxf

p

pxf

p

p xf

Unit Cost

30

5

150

5

150

10

300

10

300

10

300

9

270

CO2emission

30

5

150

4

120

10

300

7

210

7

210

7

210

WTT energy
consumption

20

5

100

3

60

9

180

10

200

9

180

9

180

Extension
possibilities

20

5

100

5

100

8

160

10

200

10

200

10

200

Total

100

500

430

940

910

890

860

From the economical analysis done, it can be seen that diesel has the lowest unit cost per
kilometer. The second is the natural gas followed with LPG and hydrogen as byproduct. A
hydrogen supply pathway via electrolysis shows the highest unit cost because of it high
electrical energy demand. Difference of unit costs between diesel and concept 1 and concept
2 are 1,01 €/km and 1,07 €/km respectively. Although this difference may seem to be low, if
calculated on annual basis, it will result into 73,730 €/year and 77,380 €/year respectively
additional fuel costs for each hydrogen vehicle per year. Concept 3, which is competitive with
untaxed hydrogen will result into 5,110 €/year. Besides this, increasing trend of diesel and
other conventional fuels should be considered. Analysis have shown that, diesel fuel have an
increasing trend of 5% over the last 10 years (Statistisches Bundesamt, 2008). Therefore,
this difference could be closed very soon.
Besides this, lowest CO2 emission is reached when hydrogen is sourced as by product.
There is only CO2 emission during compression which can also be eliminated if energy is
sourced from renewable energy sources. Hydrogen through electrolysis shows the highest
CO2 emission, due to its high dependence on electrical energy. If the energy for electrolysis
is supplied from renewable energy sources, than onsite electrolysis would have zero CO2
emission. However, concept 2 would still have the CO2 emission because of the central SMR
process.
Well-to-Wheel energy consumed to produce 1 kg fuel is highest for concept 2 since this
concept produces hydrogen through electrolyzer. On the other hand, there is no energy
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consumed to produce hydrogen in the chlor alkali industry, it is just a byproduct and has
therefore the lowest energy consumption. It only needs energy during the compression of
hydrogen before fuelling.
Last but not least factor is the possibility for extension. Due to the mature diesel and gas
fuels they are ranked as having the highest value. Besides this, since there is a hydrogen
pipeline for concept 3 in NRW that can be used to transport hydrogen to other areas, concept
3 is also considered to have medium-high extension possibilities. Since hydrogen
transportation and distribution for concept 1 and concept 2 is carried out via trucks, extending
the infrastructure would need high investment.
As a result, after the analysis of concepts based on the criteria, it is seen that the best
concept for an economical and environmental supply chain would be concept 3, where
hydrogen is gained as byproduct and fuelled directly onsite. However, it should be taken into
account that this concept is only feasible if the circumstances are available. Otherwise,
additional costs could arise very easily.
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Conclusion and further research

In the scope of this thesis, existing hydrogen supply pathways has been studied and points
that led to problems for the development of hydrogen market have been determined. These
were high production costs, high emission during production, low storage capacity and lack
of demand. In order to solve these problems, three concepts were developed.
In the first concept, hydrogen is produced through a mix of central and onsite steam
reforming processes. Producing hydrogen through reformer is not economic competitive.
Although central production is much lower than onsite production, costs increase due to the
additional processes. Besides this, this process result to high CO2 emission due to the
carbon involved in the methane or LPG. Benchmarking results have shown that, combusting
natural gas or LPG directly at engines leads to lower CO2 emission than when they are
reformed to produce hydrogen. Moreover, natural gas as feedstock for reforming will cause
Germany to become dependant on other countries like Russia, because Germany imports
more than %95 of natural gas from abroad. In addition to this, gas and oil are finite reserves
and have already reached their peak production. Even today, it can be seen that the price for
oil and gas are increasing. Therefore, insisting on this production methodology is neither
economically nor environmentally sustainable.
Another concept to produce hydrogen was through electrolyzer, which is seen as the future
technology due to its benefit on the environment. However, if analyzed in detail, it will come
out this process consumes enormous electrical energy and has much lower efficiency. By
just taking these two economic barriers into consideration, it was found out that there is no
chance for electrolysis to become competitive.
In the third concept, a different approach was developed within this thesis. First of all, instead
of transporting hydrogen to cities, fleet buses are installed to operate close to the production
area. This removed high transportation costs. Then, hydrogen is sourced from the chlor alkali
process. With this low cost concept, enormous advantages for the environment can be
gained.
Therefore, after looking at the selected sites where hydrogen is released as by-product from
the chlor alkali process, it was found out that there are chlorine plants in NRW release tones
of hydrogen daily that could be used also for the operation of hydrogen vehicles. If analyzed
in detail, the region NRW has many advantages for hydrogen infrastructure.
•

Majority of the chlor alkali industry is located in this region where hydrogen can be
captured as by-product;

•

This industry releases hydrogen that is enough to operate about 2060 buses with a
consumption rate of 40 kg H2/day;

•

There is an existing hydrogen pipeline infrastructure within the region about 240 km
connecting these plants that can be used to deliver hydrogen to cities to fill buses;

•

The area has a high population density in cities like Cologne, Düsseldorf, Essen and etc.;

•

This region operates 8900 buses (27% of total personal transportation buses in
Germany).

According to these advantages, availability of hydrogen as by-product is important in the first
phase of its deployment. These advantages stress the suitability of NRW for the initiation of
hydrogen economy.
However further research should be carried out for regions with similar characteristics like for
France, Belgium and USA. World longest hydrogen pipeline (400km) is installed between
Northern France and Belgium and connects chemical plants. Besides this, US have more
than 720 km of hydrogen pipelines concentrated along the Gulf Coast and Great Lakes (Zittel
and Wurster 1996). Utilizing hydrogen as byproduct and delivering via these existing
pipelines will help for the initiation of hydrogen economy.
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A complementary research focusing on the details of these pipelines is necessary since it
was not possible to get the precise layout of the pipelines. In this way, bus operators could
be informed well so that they become convinced to install hydrogen buses.
Last but not least, additional research is needed to improve the overall lifecycle of hydrogen.
Especially, new methods should be developed to remove the handicaps in production and
distribution.
Result of this paper is that, it is easier to overcome the problems by establishing region
specific hydrogen supply concepts. For the market initiation phase, country wide
infrastructure concepts are neither economically feasible nor environmentally satisfying.
Therefore, analysis should focus to develop concepts that satisfy a portion of the high density
regions’ future transportation energy demands. It is vital that the initial concepts be
competitive with other alternative fuels like diesel. Otherwise, bus operators do not have a
motivation to drive hydrogen powered vehicles.
Besides this, since initial investments are high and technologies are in development phase,
government subsidization and tax incentives are needed for both supply and demand sides
of the market. Through new incentives created by the governments, new experiments on
hydrogen infrastructure could be implemented with economical and environmental pathways.
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Appendix A

Appendix
Appendix includes a detailed economic and environmental analysis for each process within
the supply chain. Data about the economic calculations were collected from the industry both
producer and operator. Economic analysis is summarized within three sections that are
capital investment, operating and maintenance cost and variable costs. With variable,
feedstocks are meant.
However, there is a high uncertainty about additional costs like piping, building and etc.
Therefore, 30% of the capital cost is added as other capital investments (Linde, 2007).
Maintenance and operation cost includes costs like labor, maintenance, land, project
contingency, one time licensing, upfront, permitting and so on. Since these costs change
from project to project, it was decided to take 10% of the capital cost (Valentin,2001,
Timmerhaus, 2003).
Another analysis included in the appendix is the environmental analysis. All processes that
are described within the concept are also revealed with respect to German energy mix and
100% renewable energy sources.

Appendix A: Central steam methane reformer
1) Economical Analysis
During the analysis a steam reformer with a capacity of 30 tons/day is decided to be
installed. This is a standard reformer to be found on the market. Lifetime of the reformer is
decided to be 10 years. Although it is longer, this has been done to be on the safer side.
Additional references and calculations is shown in the following tables.
Table A - 1: Reformer output (€/kg)

REFORMER OUTPUT (Hydrogen Cost/kg)
Capital Cost of Compressor

0,58 €/kg

Total Feedstock Costs

1,14 €/kg

Other O&M Costs

0,36 €/kg

Total Hydrogen Cost

2,08 €/kg

Table A - 2: Reformer capital investment

CAPITAL INVESTMENT - Equipment Costs
Equipment -Reformer

Value

Resource

Reformer Capital Cost

30.000.000 €

Linde, 2007

Total Initial Capital Investment

30.000.000

Other Capital Costs

Value

Resource

Construction, Land and Indirect Costs (% of Cap. Inv.)

30%

Linde, 2007

Total Other Capital Costs

9.000.000 €

Total Capital Costs

39.000.000 €
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Table A - 3: Reformer operation and maintenance cost

OPERATION AND MAINTENANCE COST
Other Fixed Cost

Value

Resource

Other Fixed Cost (% of Capital Investment)

10,0%

Valentin, 2001

Other Fixed Cost

3.900.000 €

Total O&M Costs

3.900.000 €

Table A - 4: Reformer variable cost

VARIABLE COST
Natural Gas

Value (Year)

Resource

Enter natural gas feedstock cost (€/lt)

0,30 €

Total

NG feedstock consumption (kg/kg of H2)

3,80

Total

Natural gas feedstock cost (€/year)

12.483.000 €

Water

Value (Year)

Resource

Water Consumption (LH2)

14,46

Valentin,2001

Water cost (€/lt.)

0,0003 €

Klaas,2007

Total Water Cost (€/year)

47.501€

Total Variable Cost

12.530.501 €

Table A - 5: Reformer fixed charge rate calculation

Fixed Charge Rate Calculation
Lifetime

10

After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163

Table A - 6: Annualized cost calculation

Costs Item

Value (Year)

Annual Capital Cost of Reformer

6.347.070 €

Annual Other O&M Costs

3.900.000 €

Annual Feedstock Costs

12.530.501 €

Annual Reformer Cost

22.777.572 €
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2) Environmental Analysis
The large scale steam reformer has a methane consumption of 3,8 kg CH4/kg H2. The
amount of CO2 emitted to the environment during the reforming process is based on the
equation 2.1.According to this equation, for each mol methane, one mol CO2 is produced.
That means for 16gr CH4/mol there will be 44 gr. CO2/mol produced.
That would result into;

3,8kgCH 4
44 grCO2
x
=10,45 kg CO2/kg H2
1kgH 2
16 grCH 4
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Appendix B: Onsite LPG reformer
During the analysis of Onsite LPG, information was gathered from Total who operates a LPG
reformer in Berlin. Capacity of the reformer is 100Nm3/h (HyFleetCUTE). During the
calculations, electricity consumption is not calculated. Electrical energy that is need has been
found not significant and also variable (Reijerkerk, 2001; Valentin,2001)

Economical Analysis
Table B - 1: Reformer output table

CENTRAL REFORMER OUTPUT
Capital Cost of Compressor

4,37 €/kg

Total Feedstock Costs

1,65 €/kg

Labor Cost

1,02 €/kg

Other O&M Costs

1,66 €/kg

Total Hydrogen Cost

8,70 €/kg

Table B - 2: Reformer capital investment

CAPITAL INVESTMENT
Equipment -Reformer (100Nm3/h)

Value

Resource

Reformer Capital Cost

1.000.000 €

Total

Total Initial Capital Investment

1.000.000

Other Capital Costs

Value

Resource

Construction, Land and Indirect Costs (% of Cap. Inv.)

30%

Total

Total Other Capital Costs

300.000 €

Total Capital Costs

1.300.000 €

Table B - 3: Reformer operation and maintenance cost

OPERATION AND MAINTENANCE COST
Other Fixed Cost

Value (Year)

Resource

Other Fixed Cost (% of Capital Investment)

10,0%

Valentin,2001

Other Fixed Cost

130.000 €

Total O&M Costs

130.000 €
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Table B - 4: Reformer variable cost

VARIABLE COST
Natural Gas

Value (Year)

Resource

Enter natural gas feedstock cost (€/kg)

0,30 €

Total

NG feedstock consumption (kg/kg of H2)

7,00

Total

Natural gas feedstock cost (€/year)

164.798 €

Water

Value (Year)

Resource

Water Consumption (lt.)

22,00

Reijerkerk,2001

Water cost (€/lt.)

0,0003 €

Klaas,2007

Total Water Cost (€/year)

517 €

Total Variable Cost

165,315 €

Table B - 5: Reformer fixed charge rate calculation

Fixed Charge Rate Calculation
After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163

Table B - 6: Annualized cost calculation

ANNUALIZED COST CALCULATION
Costs Item

Value (Year)

Annual Capital Cost of Reformer

342.937 €

Annual Other O&M Costs

130.000 €

Annual Feedstock Costs

165.315 €

Annual Reformer Cost

696.319 €

2) Environmental Analysis
Onsite LPG steam reformer has a LPG consumption of 7 kg LPG/kg H2. The amount of CO2
emitted to the environment during the reforming process is based on the equation
2.According to this equation 3, for each mol LPG, three moles CO2 will be produced at the
end of the shift reaction. That means for 44gr C3H8/mol there will be 3x44 gr. CO2/mol
produced.
That would result into;

7kgC3 H 8
132 grCO2
x
=21 kg CO2/kg H2
1kgH 2
44 grC3 H 84
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Appendix C: Electrolysis
1) Economical Analysis
Electrolysis Lifetime was settled to be 5 years although higher values were found in the
literature. This is done, since the technology is in the development phase and there are no
exact results.
Table C - 1: Electrolysis output

ELECTROLYSIS OUTPUT
Parameters

Value

Capital Cost of Electrolysis

5,83 €/kg

Total Feedstock Costs

0,01 €/kg

Electrolysis Energy Cost

5,50 €/kg

Labor Cost

0,00 €/kg

Other O&M Costs

2,21 €/kg

Total Hydrogen Cost

13,54 €/kg

Table C - 2: Electrolysis capital investment

CAPITAL INVESTMENT
Electrolyzer

Value

Resource

Capital cost of electrolyzer

800.000 €

Valentin, 2001

Total Initial Capital Investment

800.000 €

Other Cost

Value

Resource

Other Capital Costs (%of Capital Investment)

30%

Timmerhaus,2003

Other Costs

240,000 €

Total Other Cost

90.000 €

Total Capital Investment

1.040.000 €

Table C - 3: Electrolysis operation and maintenance cost

OPERATION AND MAINTENANCE COST
Other Fixed Cost

Value (Year)

Other Fixed Costs(% of Total Cap)

10,0%

Other Fixed Costs

104.000 €

Total O&M Costs

104.000 €

Timmerhaus,2003
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Table C - 4: Electrolysis variable cost

VARIABLE COST
Electricity Costs

Value (Year)

Resource

Electricity Consumption (kWh/kg H2)

55kWh/kg H2

CUTE

Total Electricity Cost (€/year)

0,10 €

CUTE

Total Electricity Cost (€/year)

258.967 €

Water

Value (Year)

Resource

Water Consumption (lt/kg H2)

12

Reijerkerk,2001

Water cost (€/lt.)

0,0003 €

Klaas,2007

Total Water Cost (€/year)

170 €

Total Variable Cost

259.137 €

Table C - 5: Electrolysis fixed charge rate calculation

Fixed Charge Rate Calculation
Lifetime

5

After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163

Table C - 6: Electrolysis annualized cost calculation

ANNUALIZED COST CALCULATIONS
Costs Item

Value (Year)

Total Capital Cost of Electrolysis

274.349€

Total Electrolysis Energy Cost

258.968€

Total Other O&M Costs

104.000€

Total Water Costs

170€

Total Compressor Cost

637.486€

2) Environmental Analysis
During the production of hydrogen via electrolysis, there is no CO2 emitted to the
environment. The only emission that could come up is due to the energy that is consumed
during the electrolysis process. Therefore, emission analyses are carried out for both cases,
one where energy is provided from renewable energy source and where it sourced from the
conventional sources. For the conventional sources the German Mix 2005 values will be
taken as basis.
Energy requirement for 1 kg H2 is 55 kWh. Therefore, CO2 for German Mix case is;
55 [kWh/kg H2 x700 [gr CO2/kWh(el.)] = 38,5 kg CO2/kg H2
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Appendix D: Liquefier
Liquefaction is done by cooling a gas to form a liquid. Liquefaction processes use a
combination of compressors, heat exchangers, expansion engines, and throttle valves to
achieve the desired cooling. The simplest liquefaction process is the Linde cycle or Joule
Thompson expansion cycle. In this process, the gas is compressed from p0 (1,1012 mbar)
and T0 (273K), thereafter cooled in a heat exchanger, before passing through a throttle valve
where it undergoes an isenthalpic Joule Thompson expansion, producing some liquid. This
liquid is removed and the cooled gas is returned to the compressor via the heat exchanger.
There are two important points during the analysis of liquefaction that are the energy
required and the capital investment. Due to these high costs, liquefaction is only carried out
at a central plant. During the analysis of liquefier, the liquefier is built to have a capacity;

Energy Requirement for Liquefaction
Theoretical power value can be calculated according to the following formula;

Pliq =
where;

W&net
nliq

nliq = the liquefier electrical efficiency

W&net =idealized net work required by the liquefier
Idealized net work for the liquefaction of hydrogen can be calculated as follows;

−

W&net
= T1 ( sin − sout ) − (hin − hout )
m&

where;

m& = the design capacity of the liquefier

hin = the hydrogen enthalpy at the inlet temperature
hout = the hydrogen enthalpy at the outlet temperature
s in = the hydrogen entropy at the inlet temperature
sout = the hydrogen entropy at the outlet temperature
More information about this calculation can be received from the literature (Timmerhaus,
2003).
During the analysis of the liquefier, following input values are taken.
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Table D - 1: Liquefier Design Inputs

LIQUEFIER DESIGN INPUTS
Design Input

Value

Resource

Default Inlet Hydrogen Temperature (degrees C)

25

NIST

Default Outlet Hydrogen Temperature (K)

20

NIST

Inlet/Outlet Entropy and Enthalpy

Value

Resource

Default Inlet Hydrogen Entropy (kJ/kg.K)

53,382

NIST

Default Outlet Hydrogen Entropy (kJ/kg.K)

-0,132

NIST

Default Inlet Hydrogen Enthalpy (kJ/kg)

3.929,6

NIST

Default Outlet Hydrogen Enthalpy (kJ/kg)

-2,7

NIST

Hydrogen Loss During Liquefaction (%)

0,5%

NIST

The inlet entropies/enthalpies as well as outlet entropies/enthalpies defined below are
referenced to the temperature values (http://www.nist.gov).
After entering these values into the formulas, the ideal work of liquefaction for hydrogen is
calculated as 3,35 kWh/kg. However, in practical (large scale) applications liquefying 1 kg of
hydrogen takes 10,8 kWh of (electric) energy, depending on the size of the liquefying facility.
Liquefaction utilization costs in a large scale liquid hydrogen plant depend primarily on the
energy costs. Because energy costs depend upon the liquefier efficiency, improving the latter
should significantly decrease the hydrogen liquefaction cost.

Capital Investment
Capital investment in a liquefaction system depends to a great extent upon the production
rate and the types of liquefaction cycles utilized. Economically, viable liquefaction processes
are currently set up for amount of 10 tones of hydrogen per days and onwards. Capital cost
estimation is based on the extrapolation of the data found in the literature and answers of the
experts. Following table illustrates the literature about the costs of liquefier.
Table D - 2: Liquefier Capital Investments

Liquefier Data
Capacity (tones/day)

Cost (Mio. € Year 2005)

Resource

30

€50,1

Taylor (1986)

100

€87,7

Taylor (1986)

101,5

€119,7

Simbeck (2002)

300

€157,8

Taylor (1986)

Based on these inputs, hydrogen kilogram cost is shown in the output table.
Therefore, it will be assumed that the facility has a capital cost of;
Capital Investment: 18 Mio €
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1) Economical Analysis
Lifetime of liquefier is decided to be 20 years since it was taken as base case by DOE. To
detailed calculation of this table is based on the following calculations.
Table D - 3: Liquefier Output

OUTPUT H2 LIQUEFIER (€/kg)
Capital Cost

0,75 €/kg

Energy/Fuel Cost

1,08 €/kg

Other Cost

0,19 €/kg

Liquefier Cost

2,04 €/kg

Table D - 4: Liquefier capital investment

CAPITAL INVESTMENT
Liquefier

Value

Resource

Liquefier Capacity (ton/day)

10

Liquefier Investment Cost

18.000.000

Capital Investment

25.000.000

Other Capital Costs

Value

Resource

Other Capital Costs (% of Capital Investment)

30,0%

Timmerhaus,2003

Total Other Capital Costs

5.400.000

Total Capital Investment

23.400.000

Airproduct

Table D - 5: Liquefier operation and maintenance costs

OPERATION & MAINTENANCE COSTS
Electricity Cost

Value (Year)

Resource

Electricity Consumption (kWh)

39.420.000

Reijerkerk, 3002

Electricity Cost (€/kg)

0,10 €

Total Electricity Cost

3.942.000 €

Other Fixed Cost

Value (Year)

Resource

Other Fixed Costs (% of Capital Inv.)

3%

Timmerhaus,
2003

Other Fixed Costs

702.000 €

Total Fixed O&M Costs (€/year)

4.644.000 €
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Table D - 6: Electrolysis fixed charge rate calculation

Fixed Charge Rate Calculation
Lifetime

20

After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163

Table D - 7: Liquefier annualized costs

ANNUALIZED COST CALCULATIONS
Costs Item

Cost/Year

Annual Cost of Liquefier Capital Investment

2.936.491 €

Annual Energy Cost

3.942.000 €

Annual Other O&M Costs

702.000 €

Annual Required Liquefier Total Costs

7.392.555 €

By dividing these cost calculations on the demand per year, kilogram costs for liquefaction
will be obtained.

2) Environmental Analysis
Liquefaction facility has a specific energy consumption of 10,8 kWh/kg H2. Again for the
German Mix case, CO2 emission would be;
10,8 [kWh/kg H2] x 700 [gr CO2/kWh(el)]=7,56 kg CO2/kg H2
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Appendix E Compressor
1) Economical Analysis
Calculation of the compressor will be done similarly like liquefier. First of all it is important to
state that there are many different compressor types having different properties. During the
analysis of the thesis, it will be assumed that the compressor is an ion compressor that is
currently installed in Berlin hydrogen fuelling station. After the interview with the experts
following information about the compressor was received;

Energy Required for Compression
The precise calculation of the work of hydrogen compression requires the knowledge of an
appropriate equation of state which is not available (Zittel/Wurster, 2002). To overcome this
obstacle and simplify calculations, many investigators consider the compression of hydrogen
as an isentropic (adiabatic) process (Timmerhaus, 2003). However, in reality, temperature
increases with the pressure ratio (P2/P1). Therefore, cooling during the compression process
can reduce the actual work required (13). It offers additional advantages such as an
improvement of the volumetric efficiency of the compressor (Eastop/McConkey, 1998). In this
thesis, no heat exchange between the compressor and the environment is taken it is
assumed that during compression there is (Thomas/Kuhn, 1995).
For the annual energy requirement of compressor, average hydrogen flowrate out is used as
a basis. Idealized power equation to determine the annual energy electricity is as following
(Timmerhaus, 2003);

E annual = 8760 x

Favg

η isentropic

⎡
⎛ P0
⎛ k ⎞
xZxRxTxN st x⎜
⎟ x ln ⎢⎢⎜⎜
P
⎝ k − 1⎠
⎢⎣⎝ i

k −1
⎤
⎞ kN st
⎟⎟
− 1⎥
⎥
⎠
⎥⎦

(1.1)

where 8760: Number of hours per year (24x365)
Z:

Compressibility Factor

η isentropic : isentropic compressor efficiency
Favg :

average hydrogen flow rate (mole/s)

R:

gas constant

T: inlet gas temperature (K)
Nst:number of compression stages
k : ratio of specific heats (specified as C p / C v =1,41)

Pi : inlet pressure to compressor
P0 :outlet pressure
After calculating the amount of energy required for the compression, annual energy
cost, C comp , can be calculated based on the value found for E annual and the price of
electricity P e − .

C comp = E annual * Pe −
According to the formula, following values are put into the equation;
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Table E - 1: Compressor design input

Compressor Design Inputs
Input

Value

Inlet Pressure (bar)

3

Outlet Pressure (bar)

425

Inlet Hydrogen Temperature (degrees C)

50

Number of Installed Compressors

1

Number of Compressors in Operation at Any Time

1

Number of Compressor Stages

4

Isentropic Compressor Efficiency (%)

80,0%

Based on the formula above, and the input variables, energy consumption of the compressor
is about 3,3 kWh/kg. However, in reality, the result can be lower than this value. For the ionic
compressor, energy consumption is found as 1,4kWh/kg H2.
One of the most important parameters for compressor is the number of stages. In Figure 1,
calculated electrical work required for compressing hydrogen with multi-stage compressors is
shown. Two families of cases are shown, differentiated by the suction pressure being 2 bar
and 35 bar respectively. It is evident that the required energy is reduced with the increase in
the number of stages, although no significant energy efficiency gain is expected if the
number of stages exceeds 3. This graph also highlights the importance of the inlet pressure
in the energy required to achieve a desired discharge pressure.

Figure E - 1:

Electrical work required for the compression of hydrogen, based on multistage
compression. (Assumptions for the calculation: T=25°C, ηisentropic=75%)

Lifetime is taken as 10 years (Total).
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Table E - 2: Compressor output

COMPRESSOR OUTPUT
Capital Cost

0,48 €/kg

Energy/Fuel Cost

0,13 €/kg

Other Cost

0,09 €/kg

Forecourt Compressor

0,70 €/kg

Table E - 3: Compressor capital investment

CAPITAL INVESTMENT
Major Pieces/Systems of Equipment

Value

Resource

Compressor Capital Cost

500.000 €

Reijerkerk, 2001

Total Initial Capital Investment

500.000 €

Other Capital Costs

Value

Resource

Other Capital Costs (% of Total Cap. Inv.)

30%

Timmerhaus, 2003

Total Other Capital Costs

150.000 €

Total Capital Investment

650.000 €

Table E - 4: Compressor operation and maintenance costs

OPERATION AND MAINTENANCE COST
Electricity Cost

Value (Year)

Resource

Electricity Consumption (kWh/year)

316.757

Linde, 2007

Electricity Cost €/kWh

0,10 €

CUTE

Total Electricity Cost

31.676 €

Other Fixed Cost

Value (Year)

Resource

Other Fixed Costs (% of Total Cap)

3,0%

Timmerhaus, 2003

Total Other Fixed Costs

19.500 €

Total O&M Costs

51.176 €

Table E - 5: Electrolysis fixed charge rate calculation

Fixed Charge Rate Calculation
Lifetime

10

After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163
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Table E - 6: Compressor annualized cost calculation

ANNUALIZED COST CALCULATIONS
Costs Item

Cost/Year

Total Capital Cost of Compressor

105.785 €

Total Compressor Energy Cost

31.676 €

Total Other O&M Costs

19.500 €

Total Compressor Cost

156.960 €

2) Environmental Analysis
Energy consumption of compressor is 1,4 kWh/kg H2. Therefore, CO2 emission from German
Mix released is as following;
1,4 [kWh/kg H2] x 700 [gr CO2/kWh(el)]=0,98 kg CO2/kg H2
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Appendix F: Gaseous storage unit

1) Economical Analysis
During the analysis of gaseous hydrogen storage information was gathered from Total
Deutschland. Lifetime is taken as 10 years (Total,2007)
Table F - 1: Gaseous storage output

STORAGE OUTPUT
Capital Cost

0,106€/kg

Other Cost Contribution

0,02€/kg

Storage Cost

0,126€/kg

Table F - 2: Gaseous storage capital investment

CAPITAL INVESTMENT
Major Pieces/Systems of Equipment

Value

Resource

Compressed Gas Storage Tank

110.000€

Total, 2007

Total Initial Capital Investment

110.000 €

Other Capital Costs

Value

Resource

Other Capital Costs (% of Total Cap. Inv.)

30%

Timmerhaus,2003

Other Capital Costs

33.000,0 €

Total Capital Investment

143.000 €

Table F - 3: Gaseous storage operation and maintenance cost

OPERATION AND MAINTENANCE COST
Other Fixed Costs

Value

Resource

Other Fixed Costs (% of Total Cap.)

3,0%

Timmerhaus, 2003

Other Fixed Costs

4.290 €

Total O&M Costs

4.290 €

Table F - 4: Electrolysis fixed charge rate calculation

Fixed Charge Rate Calculation
Lifetime

10

After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163

Table F - 5: Annualized gaseous storage cost calculation
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ANNUALIZED COST CALCULATIONS
Costs Item

Cost/Year

Annual Capital Cost of Forecourt Dispenser

23.273€

Annual O&M Costs

4.290€

Annualized Total Cost

27.563€

2) Environmental Analysis
There is no emission caused by storing hydrogen.

86

Appendix G

Appendix G: Liquid storage unit
1) Economical Analysis
During the analysis of gaseous hydrogen storage information was gathered from Total
Deutschland. Lifetime is taken as 10 years (Total,2007)
Table G - 1: Liquid storage output

STORAGE OUTPUT
Capital Cost

0,29€

Other Cost Contribution

0,05€

Storage Cost

0,34€

Table G - 2: Liquid storage capital investment

CAPITAL INVESTMENT
Major Pieces/Systems of Equipment

Value

Resource

Compressed Gas Storage Tank

300.000€

Total, 2007

Total Initial Capital Investment

300.000 €

Other Capital Costs

Value

Resource

Other Capital Costs (% of Total Cap. Inv.)

30%

Timmerhaus, 2003

Other Capital Costs

90.000,0 €

Total Capital Investment

390.000 €

Table G - 3: Liquid storage operation and maintenance cost

OPERATION AND MAINTENANCE COST
Other Fixed Costs

Value

Resource

Other Fixed Costs (% of Total Cap.)

3,0%

Valentin, 2001

Other Fixed Costs

11.700 €

Total O&M Costs

11.700 €

Table G - 4: Liquid storage fixed charge rate calculation

Fixed Charge Rate Calculation
Lifetime

10

After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163
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Table G - 5: Annualized liquid storage calculation

ANNUALIZED COST CALCULATIONS
Costs Item

Cost/Year

Annual Capital Cost of Forecourt Dispenser

63.470€

Annual O&M Costs

11.700 €

Required Revenues

75.171€

2) Environmental Analysis
There is no emission caused by storing hydrogen.
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Appendix H: Gaseous hydrogen delivery
1) Economical Analysis
After the interview with the experts following information about the compressor was received;
However, it important to remember that the trucks and trailers are always under operation.
Since companies will not operate one truck to transfer 600kg hydrogen, but utilize them as
much as possible. Therefore, during the analysis a full utilization of the hydrogen is carried
out. Since a truck can be operated 24 hours, 3 employees are assigned. Truck availability is
assumed to be 95% (DOE). Lifetime is taken as 20 years (MAN, 2007)
Appendix H - 1: Output gaseous hydrogen delivery

OUTPUT CGH2 DELIVERY
Capital Cost

€0,044

Energy/Fuel Cost

€0,096

Labor Costs

€0,300

Other Cost

€0,040

Truck-LH2 Cost

0,47 €

Appendix H - 2: Gaseous hydrogen delivery design inputs

Truck-CGH2
Delivery Scenario Input

Value

Resource

Trailer Capacity (kg)

400

Air products

Trip Distance (km)

100

Basis

Average Truck Speed (km/hour)

50,0

MAN Nutzfahrzeuge

Average Truck Gas Mileage (lt/100km)

35,0

MAN Nutzfahrzeuge

Truck Yearly Availability (%)

95,0%

DOE

Appendix H - 3: Gaseous hydrogen delivery calculations

Truck-CGH2 Calculations
Item

Value

Truck Yearly Availability (days/year)

346,8

Number of Trips per Year (Trips/Year)

2.053,1

Total km Driven

205313

Time per Trip (hours)

4

Total Driving Time (hours/year)

8213

Truck Availability (hours/year)

8322

Labor Availability (hours/year)

2800

CO2 Emission / kg H2

0,293
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Appendix H - 4: Gaseous hydrogen delivery calculations

CAPITAL INVESTMENT - Equipment Costs
Major Systems of Equipment

Unit Cost

Number
of Units

Total Cost

Truck (per unit)

150.000 €

1

150.000 €

Tank Trailer (per unit)

200.000 €

1

200.000 €

Total Capital Investment

350.000

Resource

Airproduct

Appendix H - 5: Gaseous hydrogen operation and maintenance cost

OPERATION AND MAINTENANCE COST
Labor Cost

Value

Resource

Labor required

3

Labors hours (man-hours/year)

8.213

Labor cost

30 €

Total Labor Cost

246.375 €

Fuel Cost

Cost

Fuel Consumption (lit/year)

71:859

Fuel Cost (€/lit)

1,10 €

Total Fuel Costs Allocated to Tractor (%)

100%

Total Fuel Cost

79.044 €

Total Other Fixed Costs (€/Year)

Cost

Data source

Total Other Cost (% of Cap. Investment)

10%

Timmerhaus, 2003

Other Capital Cost

31.823 €

Other Capital Cost Allocated to Tractor

25%

Other Capital Cost Allocated to Trailer

75%

Total Other Fixed Costs

31.823 €

Total Fixed O&M Costs (€/Year)

357.242 €

DOE
Data source
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Appendix H - 6: Annualized gaseous hydrogen cost calculations

ANNUALIZED COST CALCULATIONS
Costs Item

Value

Annual PV of Tractor Capital Investment

17.619 €

Annual Tractor Labor Cost

246.375 €

Annual Tractor Fuel Cost

79.044 €

Annual Other Fixed Operating Costs

7.956 €

Annual Total Costs

350,994 €

Trailer-Related Costs

Value

Annual Tractor Capital Investment

23.492 €

Total Tube Trailer Labor Cost

0,0 €

Total Tube Trailer Fuel Cost

0,0 €

Total Tube Trailer Other Fixed Operating Costs

23.867 €

Required Tube Trailer Revenues

47.360 €

Appendix H - 7: Gaseous hydrogen delivery fixed charge rate calculation

Fixed Charge Rate Calculation
Lifetime

20

After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163

2) Environmental Analysis
CO2 Emission released due to transportation can be calculated as following (MAN, 2007)
Appendix H - 8: Emission Analysis of gaseous hydrogen delivery

Gaseous Hydrogen Delivery

Value

CO2 Emission per 100 km (Diesel)

106 kg CO2/100km
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Appendix I: Liquid transport
1) Economical Analysis
For the transportation of the fuels to the fuelling stations, MAN trucks whose fuel
consumption is about 35l /100km, will be taken. Lifetime is taken as 20 years (MAN, 2007)
Table I - 1: Output liquid hydrogen delivery

OUTPUT LIQUID H2 DELIVERY
Truck-LH2 Cost

0,014 €/kg

Capital Cost

0,011 €/kg

Energy/Fuel Cost

0,046 €/kg

Labor Costs

0,014 €/kg

Total Truck Costs for 100km

0,08 €/kg

Table I - 2: Liquid hydrogen delivery design inputs

Trailer - LH2 Design Inputs
Design Input

Value

Data Source

Trailer Capacity

3500kg

Airproduct

Round-Trip Distance

100km

Average Truck Speed

50,0km/h

Average Truck Gas Mileage

35lt/100km

Truck Yearly Availability

95,0%

Table I - 3: Liquid hydrogen delivery calculation

Truck-LH2 Calculations
Item

Value

Truck Yearly Availability

346days

Number of Trips per Year (Trips/Year)

1.878

Total km Driven

187.800km

Time per Trip

4,00h

Total Driving Time

7512h

Truck Availability

8322h/year

Labor Availability

2800h/year

MAN Nutzfahrzeuge
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Table I - 4: Liquid hydrogen delivery capital investment

CAPITAL INVESTMENT
Major Systems of Equipment

Unit Cost

Number of Units

Total Cost

Truck (per unit)

150.000 €

1

150.000 €

Tank Trailer (per unit)

750.000 €

1

750.000 €

Total Capital Investment

900.000 €

Resource

Airproduct

Table I - 5: Liquid hydrogen delivery operation and maintenance costs

Operation & Maintenance Costs
Labor Cost

Cost

Labor required

3

Labors hours (man-hours/year)

7.512

Labor cost

40 €/hr

Total Labor Costs Allocated to Tractor (%)

100%

Total Labor Cost

300.480 €

Fuel Cost

Cost

Fuel Consumption (lit/year)

65.730

Fuel Cost (€/lit)

1,10 €/l

Total Fuel Costs Allocated to Tractor (%)

100%

Total Fuel Cost

72.303 €

Total Other Fixed Costs (€/Year)

Cost

Resource

Total Other Cost (% of Cap. Investment)

10%

Timmerhaus, 2003

Other Capital Cost

90.000 €

Other Capital Cost Allocated to Tractor

25%

Other Capital Cost Allocated to Trailer

75%

Total Other Fixed Costs

90.000 €

Total Fixed O&M Costs (€/Year)

462.783 €

Table I - 6: Liquid hydrogen delivery fixed charge rate calculation

Fixed Charge Rate Calculation
Lifetime

20

After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163

Resource

DOE

Resource
HyCologne
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Table I - 7: Annualized liquid hydrogen delivery cost calculations

ANNUALIZED COST CALCULATIONS
Costs Item

Value

Annual Truck Capital Investment

15.339 €

Total Tractor Labor Cost

300.480 €

Total Tractor Fuel Cost

72.303€

Total Other Fixed Operating Costs

22.500 €

Required Tractor Revenues

410.622 €

Trailer-Related Costs
Annual Trailer Capital Investment

76.695 €

Total Tube Trailer Labor Cost

0€

Total Tube Trailer Fuel Cost

0€

Total Tube Trailer Other Fixed Operating Costs

67.500 €

Total Transportation Costs /year

144.195 €

2) Environmental Analysis
CO2 Emission released due to LH2 delivery for 200km distance
Table I - 8: Emission released to the liquid hydrogen transportation

Gaseous Hydrogen Delivery
One-way distance

200 km

Total Distance

400 km

CO2 Emission per 100 km (Diesel)

106 kg CO2

Sum CO2 Emission (kg)

424 kg CO2

H2 Delivery amount in one trailer

3500 kg

Total CO2 Emission due to transportation = 400 km x 106 kg CO2/100km= 424 kg CO2
Based on the following data, following CO2 emission results are calculated;
424kg CO2/3500 kg H2 = 0,12 kg CO2/kg H2
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Appendix J: Dispenser
1) Economical Analysis
Table J - 1: Output dispenser

OUTPUT DISPENSER
Capital Cost(€/kg)

0,032 €

Other Cost (€/kg)

0,008 €

Total Cost of Dispenser (€/kg)

0,04 €

Table J - 2: Dispenser capital investment

CAPITAL INVESTMENT
Major Systems of Equipment

Unit Cost

Resource

Forecourt Dispenser Capital Cost

60.000 €

Linde, 2007

Total Capital Investment

60.000 €

Table J - 3: Dispenser operation and maintenance costs

Operation & Maintenance Costs
Total Other Cost (% of Cap. Investment)

3%

Other Capital Cost

1.800 €

Total Fixed O&M Costs (€/Year)

1,800 €

Table J - 4: Dispenser fixed charge rate calculation

Fixed Charge Rate Calculation
Lifetime

10

After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163

Table J - 5: Annualized dispenser costs calculations

ANNUALIZED COST CALCULATIONS
Costs Item

Value

Annual Capital Cost of Dispenser

7.048€

Annual Other O&M Costs

1.800€

Annual Total Cost

8.848€

Timmerhaus,2003

Appendix J

2) Environmental Analysis
There is no emission caused by dispenser.
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Appendix K: Vaporizer
1) Economical Analysis
Table K - 1: Output vaporizer

OUTPUT Vaporizer
Capital Cost

0,01€/kg

O&M Costs

0,003€/kg

Forecourt Vaporizer Cost

0,013 €/kg

Table K - 2: Vaporizer capital investment

CAPITAL INVESTMENT
Major Systems of Equipment

Unit Cost

Resource

Forecourt Dispenser Capital Cost

20.000 €

Linde, 2007

Total Capital Investment

20.000 €

Table K - 3: Vaporizer operation and maintenance cost

Operation & Maintenance Costs
Total Other Cost (% of Cap. Investment)

3%

Other Capital Cost

600 €

Total Fixed O&M Costs (€/Year)

600 €

Table K - 4: Dispenser fixed charge rate calculation

Fixed Charge Rate Calculation
Lifetime

10

After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163

Table K - 5: Annualized vaporizer cost calculations

ANNUALIZED COST CALCULATIONS
Costs Item

Value

Annual Capital Cost of Vaporizer

2.349€

Annual Other O&M Costs

600€

Annual Total Cost

8.848€

Timmerhaus, 2003

Appendix K

2) Environmental Analysis
There is no emission caused by vaporizer.
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Appendix L: Cryogenic piston
1) Economical Analysis
Energy Consumption Calculation for 1 kg H2:
Capacity of pump: 50l/min
Power: 6kW
Based on these information capacity can be transformed into kg/hour as following;

50lt 60 min 0,07kg
x
x
= 210kg / hour
min hour
lt
Energy consumed in 1 hour= 6kWh
Therefore, energy consumed for one kg H2 during pumping is;

6kWh
=0,03kWh/kg H2
210kg
hour
Table L - 1: Output cryogenic piston

OUTPUT Cryogenic Piston
Capital Cost

0,032 €/kg

Energy Costs

0,0028 €/kg

O&M Costs

0,008 €/kg

Forecourt Vaporizer Cost

0,04 €/kg

Table L - 2: Cryogenic piston capital investment

CAPITAL INVESTMENT
Major Systems of Equipment

Value

Resource

Cryogenic Piston Capital Cost

60.000 €

Linde, 2007

Total Capital Investment

60.000 €

Table L - 3: Cryogenic piston operation and maintenance costs

Operation & Maintenance Costs
Energy Cost

Value

Resource

Energy Consumption

0,028kWh/kg

Reijerkerk, 2001

Total Energy Consumption

613€

Other Fixed Cost

Value (Year)

Total Other Cost (% of Cap. Investment)

3%

Other Capital Cost

1.800 €

Total Fixed O&M Costs (€/Year)

1,800 €

Resource
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Table L - 4: Dispenser fixed charge rate calculation

Fixed Charge Rate Calculation
Lifetime

10

After-tax Real Discount Rate (%)

10,0%

After-Tax Real Capital Recovery Factor UCRF

0,163

Real Present Value of Depreciation

0,834

Real Fixed Charge Rate FCR

0,163

Table L - 5: Annualized cryogenic piston costs calculation

ANNUALIZED COST CALCULATIONS
Costs Item

Value

Annual Capital Cost of Vaporizer

7.048 €

Annual Energy Cost

613 €

Annual Other O&M Costs

1.800 €

Annual Total Cost

9.461 €

Environmental Analysis
Emission caused by pump is calculated as following;
0,028kWh/kg H2 x 700gr CO2/kWh = 0,02kg CO2/kgH2
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Appendix M: Vehicles
1) Economical Analysis
Information about the vehicles was taken from Berlin Bus Operator (BVG) and MAN
Nutzfahrzeuge AG. Service and Maintenance Costs were taken from the thesis of Michel,
2007.
Table M - 1: TTW economical analysis for conventional fuels

CAPITAL INVESTMENT
Capital Investment

Natural Gas

LPG

Diesel

Purchase Price

360.000€

360.000€

300.000€

Total Capital Costs

360.000€

360.000€

300.000€

Natural Gas

LPG

Diesel

Daily Driving Time

12,5h

12,5h

12,5h

Labor Costs per hour

60€/h

60€/h

60€/h

Annual Labor Cost

273,750€

273,750€

273,750€

Fuel Consumption/100km

44,15kg/100km

85lt/100km

43.78 lt/100km

Annual Mileage

73.000km

73.000km

73.000km

Annual Fuel Consumption

32.229kg

62.050 lt.

31.959 lt.

Fuel Prices

0,88€/kg

0,67€/lt

1,10€/lt

Annual Fuel Costs

28.361€

41.573€

35.154€

Service and Maintenance Cost

0,10€/km

0,10€/km

0,08€/km

Operating and Maintenance Costs
Labor Costs

Fuel Costs

ANNUALIZED COST CALCULATIONS
Annualized Capital Costs

42.285€

42.285€

35.240€

Labor Costs

273,750€

273,750€

273,750€

Annual Fuel Costs

28.361€

41.573€

35.154€

Annual Service and Maint. Costs 7.300€

7.300€

5840

Annual Total Costs

351.697€

364.908€

349.975€

Costs per km

4.81€/km

5.00€/km

4,79€/km
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Table M - 2: TTW economical analysis for hydrogen supply concepts without government
subsidization

Capital Costs (with NO governmental subsidization)
Capital Investment

Concept 1

Concept 2

Concept 3

Purchase Price

500.000€

500.000€

500.000€

Total Capital Costs

500.000€

500.000€

500.000€

Operating and Maintenance Costs
Concept 1

Concept 2

Concept 3

Daily Driving Time

12,5h

12,5h

12,5h

Labor Costs per hour

60€/h

60€/h

60€/h

Annual Labor Cost

273,750€

273,750€

273,750€

Fuel Consumption/100km

20 kg

20 kg

20 kg

Annual Mileage

73.000km

73.000km

73.000km

Annual Fuel Consumption

14.600kg H2

14.600kg

14.000kg

Fuel Prices

7,12€/kg H2

7,43€/kg H2

2,40€/kg H2

Annual Fuel Costs

103.952€/year

108.478€/year

35.040€/year

Service and Maintenance Cost

0,15€/km

0,15€/km

0,15€/km

Concept 1

Concept 2

Concept 3

Annualized Capital Costs

58.730€

58.730€

58.730€

Labor Costs

273,750€

273,750€

273,750€

Annual Fuel Costs

103.952€

108.478€

35.040€

Annual Service & Maint. Costs

10.950€

10.950€

10.950€

Annual Total Costs

447.382€

451.908€

378.470€

Costs per km

6,12€/km

6.19€/km

5,18€/km

Labor Costs

Fuel Costs

ANNUALIZED COST CALCULATIONS

In the second case, capital investments of hydrogen buses are subsidized so that they
become equal to conventional diesel buses.
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Table M - 3: TTW economical analysis for hydrogen supply concepts with government subsidization

CAPITAL INVESTMENT (with governmental subsidization)
Capital Investment

Concept 1

Concept 2

Concept 3

Purchase Price

300.000€

300.000€

300.000€

Total Capital Costs

300.000€

300.000€

300.000€

Operating and Maintenance Costs
Concept 1

Concept 2

Concept 3

Daily Driving Time

12,5h

12,5h

12,5h

Labor Costs per hour

60€/h

60€/h

60€/h

Annual Labor Cost

273,750€

273,750€

273,750€

Fuel Consumption

20 kg/100km

20 kg/100km

20 kg/100km

Annual Mileage

73.000km

73.000km

73.000km

Annual Fuel Consumption

14.600kg H2

14.600kg H2

14.600kg H2

Fuel Prices

7,12€/kg H2

7,43€/kg H2

2,40€/kg H2

Annual Fuel Costs

103.952€/year

108.478€/year

35.040€/year

Service and Maintenance Cost

0,15€/km

0,15€/km

0,15€/km

Concept 1

Concept 2

Concept 3

Annualized Capital Costs

35.238€

35.238€

35.240€

Annual Labor Costs

273,750€

273,750€

273,750€

Annual Fuel Costs

103.952€

108.478€

35.040€

Annual Service and Maint. Costs

10.950€

10.950€

10.950€

Annual Costs

423.890€

428.416€

354.978€

Costs per km

5,80€/km

5.86€/km

4,86€/km

Labor Costs

Fuel Costs

COST CALCULATIONS
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2) Environmental Analysis
Table M - 4: TTW environmental analysis for conventional fuels

EMISSION Analysis for Conventional Fuels
Natural Gas

LPG

Diesel

kgCO2/kg

kgCO2/kg

kgCO2/kg

WTT Emission

0,42

0,36

0,60

TTW Emission

2,71

3,03

3,15

WTW Emission

3,13

3,39

3,75

Emission Calculation

Natural Gas

LPG

Diesel

Annual Fuel Consumption

32.229kg

33.507kg

26.845kg

(62.050 lt.)

(31.959 lt.)

Annual Emission

100.876kg

113.588kg

100.668

CO2 emission per km

1,38kg CO2/km

1,55kg CO2/km

1.3kg CO2/km

EMISSION CALCULATIONS

Table M - 5: TTW environmental analysis for hydrogen supply concepts

EMISSION Analysis for CONCEPTS (kg CO2/kg H2)
Concept 1

Concept 2

Concept 3

kg CO2/kg H2

kg CO2/kg H2

kg CO2/kg H2

Emission during WTT

21,48kg

24,18

0,98

Emission during TTW

0

0

0

Total Emission during WTW

21,48

24,18

0,98

Annual Fuel Consumption

14.600kg H2

14.600kg H2

14.600kg H2

Annual Emission (kg CO2)

312.440

353.147

14,308

CO2 Emission per km

4,28kg/km

4.83kg/km

0,19kgkm

EMISSION CALCULATIONS
Emission Calculation
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3) Energy Analysis
Table M - 6: TTW energy analysis for conventional fuels

Energy Analysis for Conventional Fuels (MJ/km)
Diesel

Natural Gas

LPG

MJ/kg

MJ/kg

MJ/kg

Energy during WTT

6,97

5,39

5,53

Energy during TTW

40

49

46

Total Energy during WTW

46,97

54,39

51,53

ENERGY CALCULATION
Energy Calculation
Annual Fuel Consumption

26.845 kg
(31.959 lt.)

32.229kg

33.507 kg
(62.050 lt.)

Annual Energy (MJ/year)

1.260.909

1.752.935

1.726.615

Energy per kilometer

17,27 MJ/km

24,00 MJ/km

23,65 MJ/km

Table M - 7: TTW energy analysis for hydrogen supply concepts

Energy Analysis for Concepts (MJ/km)
Concept 1

Concept 2

Concept 3

MJ/kg

MJ/kg

MJ/kg

Energy during WTT

59,7

100,4

0

Energy during TTW

120

120

120

Total Energy during WTW

179,7

320,4

120

Annual Energy consumption

14.600kg H2

14.600kg H2

14.600kg H2

Annual Energy (MJ/year)

2.623.620

3.218.764

1.752.000

Emission per kilometer

35.94MJ/km

44.1MJ/km

24MJ/km

ENERGY CALCULATION
Energy Calculation
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Appendix N: Byproduct
European Chlorine production in 2006 (kilo-tones)

Figure N - 1 Global chlor production 2006 kilo-tones (www.eurochlor.org)
Table N - 1: European Chlorine production in Germany 2006 (kilo-tones)
Capacity
(000 tones/year)

H2 as
Byproduct

H2-Vehicle
Potential

Ludwigshafen

370

28963

724

Bayer

Uerdingen

220

17221

431

Bayer

Brunsbuttel

190

14873

372

Dow

Schkopau

215

16830

421

Vinnolit

Knapsack

280

21918

548

Clariant

Gersthofen

40

3131

78

Dow

Stade

1585

124070

3102

Akzo Nobel

Ibbenbüren

125

9785

245

Akzo Nobel

Bitterfeld

75

5871

147

Degussa

Lülsdorf

136

10646

266

INEOS Chlor

Wilhelmshaven

149

11663

292

LII Europe

Frankfurt

167

13072

327

Solvay

Rheinberg

200

15656

391

VESTOLIT

Marl

216

16908

423

Vinnolit

Gendorf

82

6419

160

Wacker

Burghausen

50

3914

98

320.939kg H2/day

8023

Company

Site

BASF

Total
(Source: www.eurochlor.org)

