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ABBREVIATIONS

ANC
CCS
CMR
CO,
DOC
FOM
GHG
H>
HHV
IGCC
INV
LH,
LHV
Nm?®
NOx
PEM
pkm
R&D
RK
SCF
SOFC
UHC
VOM
ZAR

: African national congress

: Carbon capture and storage

: Cryoplane medium range

: Carbon dioxide

: Direct operating cost

: Fixed operating & maintenance (costs)
: Greenhouse gas

: Hydrogen

: Higher heating value

. Integrated gasification combined cycle
. Investment cost

: Liquid Hydrogen

. Lover heating value

: Normal cubic meter

- Nitrogen dioxide (NO2) and Nitric oxide (NO)
: Proton exchange membrane

: Passenger kilometer

: Research and development

: Reference kerosene

: Standard cubic feet

: Solid oxide fuel cell

: Unburned hydrocarbon

- Variable operating & maintenance (costs)
: South African Rand
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TECHNO-ECONOMIC ANALYSIS OF HYDROGEN SUPPLY CHAINS AND
HYDROGEN AIRCRAFTS FOR GAUTENG METROPOLIAN REGION OF
SOUTH AFRICA

SUMMARY

Climate change is only one of the issues that are results of greenhouse gas emissions.
Air quality and climate change which are related to consumption of fossil fuels and
which are not interest and concern of only policy makers but also the public. These
issues concern authorities more intensely in the metropolitan regions where
population density is high; hence, energy need is higher. An important portion of
energy consumption in metropolitan regions is transportation. Transportation sector
plays a significant role of consuming petroleum products including air transportation.
Taking in to account that air transportation has a significant portion in total
greenhouse gas emissions release and estimated high petroleum prices after a few
decades; there are several attempts to substitute the conventional fuels with different
alternatives.

Hydrogen is one of the potential alternative fuels for future aviation transportation.
The most important argument about hydrogen as an alternative energy career is the
source of production and the production process. It is criticized that obtaining
hydrogen from fossil fuels does not serve greenhouse gas emission reduction targets
in every case. Even though hydrogen seems like a promising alternative fuel, climate
change mitigation tendency and commercially competitiveness of hydrogen are not
proved yet and still under investigation.

The purpose of this thesis is to evaluate future availability of hydrogen air
transportation in Gauteng metropolitan region of South Africa estimating costs and
efficiencies comparing with the current statue. In order to assess entire hydrogen life
cycle costs in Gauteng metropolitan region, current and future hydrogen production
costs from coal, natural gas, biomass and electrolysis are analyzed. Distribution costs
of hydrogen from centralized production fields to the international airport and onsite
liquefaction costs are also analyzed for hydrogen. The conversion of a conventional
airplane to a hydrogen fuel airplane design costs are determined and compared with
the conventional aircraft. Finally, overall hydrogen utilization in air transportation is
analyzed with a techno-economic approach.
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In addition to all, there are some obstacles for transition to hydrogen technology. The
main obstacle is high costs of hydrogen production and hydrogen infrastructures. The
result of the current and future comparisons of production and transportation costs
shows that operating a hydrogen aircraft might be doable earliest around 2040 after
competing hydrogen fuel prices with kerosene.

Until 2040, hydrogen production methods require further research to decrease
provision costs. Meanwhile, high investment and operating costs of hydrogen
production and accelerated research and development on this field should be
supported by policy makers and more passionate climate change mitigation targets.
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GUNEY AFRIKA’NIN GAUTENG METROPOLITAN BOLGESI ICIN
HIDROJEN TEDARIK ZINCIRININ VE HIDROJEN YAKITLI
UCAKLARIN TEKNO-EKONOMIK ANALIZi

OZET

Iklim degisikligi, sera gazi salmimi sonucu olusan sorunlardan sadece biridir. Fosil
yakitlarin tiiketimiyle baglantili olan hava kalitesi ve iklim degisikligi gibi sorunlar,
sadece politika olusturan karar mekanizmalarinin degil ayn1 zamanda halkin da kaygi
duydugu konulardir. iklim degisikligi konusu ozellikle niifusun yogun ve enerji
gereksiniminin yiiksek oldugu metropol bolgelerde, otoriteleri daha fazla
ilgilendirmektedir. Metropol bdolgelerde enerji tiiketiminin biiylik bir bolimiini
ulasim olusturmaktadir. Hava ulasimi dahil olmak iizere tim ulasim ¢esitleri, petrol
{iriinleri tiiketiminde 6nemli rol oynar. Ozellikle hava ulasiminin sera gazi salinimina
onemli 6l¢iide olumsuz katkisi ve gelecek yillar i¢in yapilan yiiksek petrol fiyati
tahminleri dikkate alindiginda, geleneksel yakitlarin yerini almasi planlanan
alternatif yakitlar 6n plana ¢ikmaktadir.

Hidrojen, diger alternatiflerin yani sira, fosil yakitlarla yarisabilecek termal
karakteristigi ve yanma verimi, diisiik emisyon oranlari, dogada bulunan en yaygin
element olmasi sebebiyle cesitli liretim secenekleri sunmast gibi 6zellikleriyle ulasim
icin onemli bir potansiyel yakittir. Emisyonlar ve sera gazi etkisi noktasinda ele
alindiginda, hidrojenin alternatif yakit olarak kullanilmasindaki en 6nemli tartigma,
tiretim kaynagi ve tiretim yontemidir. Hidrojenin, fosil kaynaklardan iiretilmesinin,
her zaman sera gazi azaltma hedeflerine hizmet etmedigi tartisma konusu olmustur.
Hidrojen her ne kadar iimit veren bir alternatif yakit olarak goziikse de, iklim
degisikligine olan etkisi ve ticari rekabet 6zelligi kanitlanmamis ve hala arastirma
konusu durumundadur.

Bu ¢alismada, hava ulagiminin enerji yogun bir ulasim ¢esidi oldugunu goz 6niinde
bulundurarak, hidrojenin hava ulasiminda alternatif bir yakit olarak kullanimi
incelenmektedir. Ornek bir ¢aligma olarak Giiney Afrika nin Gauteng Metropoliten
bolgesinde hava ulasiminda kullanimi degerlendirilmektedir. Hidrojenin iiretilmesi
ve kullanilmasi ile baglantili tim maliyet ve verimlilik tahminlerini giintimiiz
kosullari ile kiyaslayarak, hidrojenin gelecekte, Gauteng bolgesi i¢in tiim 6miir
maliyetinin belirlenmesi hedeflenmistir. Hidrojenin {iretim kaynagi olarak,
komiirden, dogal gazdan, biokiitleden ve elektroliz yontemi ile sudan tiretilmesi
yakindan incelenmektedir.
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Tekno-ekonomik bir galisma olan bu tezde, giincel ve gelecek global hidrojen iiretim
maliyetleri analiz edilmektedir. Uretim maliyetleri ile hidrojen kaynaklarinin
Gauteng metropolitan bolgesindeki yerel yakit fiyatlar1 girdi olarak gbéz Oniine
aliarak, hidrojenin bu bolgeye 6zgii yerel liretim maliyetleri elde edilmistir.

Merkezi olarak iiretilmis hidrojenin, uluslar arasi havalimanina dagitim ve yerinde
stvilagtirma maliyetleri de analiz edilmistir. Bu baglamda, bu metropolitan bolgedeki
baz1 potansiyel hidrojen liretim tesisleri secilerek, hava alanina uzakliklar1 optimize
edilmis ve bu wuzakliklar i¢in hidrojenin tasinma ve dagitim maliyetleri
kiyaslanmistir. Hidrojenin tasinmasi ve dagitilmasinda, kamyon tasimaciligi, boru
hatt1 tagimaciligi ve bu iki yontemin birlikte kullanilabilecegi combine tasimacilik
yakindan incelenmistir. Hidrojenin bu yontemler ile, ilgili teknolojiye bagh olarak,
s1v1 yada gaz fazinda tasinabilecegi varsayilmaktadir. Uretilen ve havaalanina tasinan
hidrojenin ugaklarda kullaniminin analizi yapilmaktadir. Geleneksel bir ucagin,
hidrojen yakitl bir ugaga dontistiiriilmesindeki tasarim maliyetleri ve hidrojenin hava
ulasiminda kullanilmasi i¢in detayli maliyetler tekno-ekonomik yaklasim ile
incelenmektedir. Hidrojenin iiretilmesi, taginmasi ve ugaklarda kullaniminin maliyet
kiyaslarinda giiniimiiz i¢in belirlenen veriler i¢in 2010 senesi, gelecek icin 2040
senesi kiyas referansi olarak secilmistir.

Hidrojen teknolojisine gegiste bazi engeller de bulunmaktadir. Hidrojen iiretiminin
ve hidrojen altyapisinin yiiksek maliyeti bu engellerin basinda gelir. Hidrojen iiretimi
ve dagitiminin giiniimiiz ve gelecek maliyetleri kiyaslamasi, hidrojen yakith ucagin,
hidrojenin kerosen yakiti ile ekonomik olarak rekabet edebilmesinin ardindan, en
yakin 2040 yillarinda uygulanabilir oldugunu 6n goérmektedir. Hava ulasimi
baglaminda, Hidrojenin maliyet olarak rekabet edebilecek bir yakit seviyesine
gelmesi gerekliliginin yanisira, havacilik alanindaki teknolojik gelismeler de,
hidrojenin yakit olarak kullanilmasinda en basta gelen gereksinimlerdendir.

2040 yilina kadar, iiretim maliyetlerinin diisiiriilmesi i¢in, hidrojen iiretim teknikleri
tizerinde ileri arastirmalar yapilmasi gerektirmektedir. Bunun yani sira, yiiksek
maliyetli hidrojen {iretimi ve bu alanda hiz kazanmig arastirma ve gelistirme, karar
mekanizmalar1 ve daha agik iklim hedefleri tarafindan desteklenmelidir. Hidrojen
temelli teknolojiler i¢in, 6zellkle hidrojen yakithi ugaklar gibi hidrojen baglantili
ulasim teknolojieri ic¢in, hidrojenin yakit olarak kullanilabilecegi noktada teknoloji
kabiliyeti olarak yeterli seviyeye ulagsmak igin gerekli arastirma ve teknoloji
gelistirme faaliyetlerine hiz kazandirilmalidir.
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1. INTRODUCTION

1.1 Problem Statement

Energy issue has been one of the key factors for economic growth, social well being
and global development recently (ExxonMobil, 2012). Therefore, energy
consumption in the world mainly deepens on fossil fuels in recent decades.
Depending on fossil fuels, causes unfavorable results. One of these results is
unreliable market and fluctuant prices of fossil fuels. Beside the economical aspect,
from environmental aspect, fossil fuels release greenhouse gas emissions, especially
CO2 emissions (Giil, 2008). The terms of Global warming, climate change and
energy security became the common concerns, which obligate nations and

organizations to take measures as alternative energy solutions.

Transportation sector has an important role in energy consumption with the
increasing demand on transportation and with the increasing number of population
worldwide (Ernst&Young, 2012). Metropolitan regions have more obvious impact
and results of this high-energy consumption rate with their high density of
population. Out of whole transportation systems, air transportation is the second
largest energy consuming transportation after road transportation with a share of 13%
(EC, 2013). Economical and environmental point of view, metropolitan regions
requires alternative energy solutions and fuels with depleting fossil fuel sources.
Hydrogen economy studies including transportation challenges accelerated in recent

decade.

Serving to alternative energy and transportation solutions, alternative transportation
and fuel technologies has become a focus of research (EERE, 2007). One of these

fuel alternatives is hydrogen with its wide range of productivity and inoffensive



environmental characteristics. Hydrogen applications in aviation have been also
studied to offer alternative energy solutions to this energy-dense transportation by the
leadership of Airbus and this project was named Cryoplane (Airbus, 2003).

Hydrogen in aviation in metropolitan region of Gauteng - South Africa is a part of a
regional energy solution project named EnerKey. For this aim, hydrogen cycle in
Gauteng metropolitan region will be analyzed in this study.

As a case study in Gauteng metropolitan region, hydrogen production, transportation,
hydrogen infrastructure at the airport and hydrogen airplanes are the significant

points of understanding future statue of hydrogen in megacities and in transportation.

1.2 Methodology and Outline of The Study

The method of this dissertation consists in the literature. The global costs and
efficiencies of all hydrogen related values rely on the economic evaluation in the
literature. Currency and exchange rate changes follow the basic data collection from
the literature. After conversion all monetary values into the common currency of
South African Rand in 2007, the curves were modeled for each technology of
hydrogen production or delivery technologies. Numerical functions were gained
from the data pool in a year or capacity based comparison graphics. These functions
were run for the years 2010 and 2040 in order to project current and future costs.
Finally, production and delivery functions were used to estimate total costs. In
hydrogen delivery paths, different factors such as delivery distance, hydrogen
demand, hydrogen pipeline diameter, the phase of delivered hydrogen etc. were
taken into consideration. In addition to all, efficiencies for each technology were
projected. Therefore, regional fuel prices and delivery options such as possible
hydrogen production plants and distances are applied with scenario analysis
approach. Hydrogen airplane costs and efficiencies were estimated for future and

compared with the conventional kerosene airplane costs.



The structure of the dissertation proceeds in a techno-economical order. Chapters
firstly present the technologies and subsequently presenting cost estimations in the

following chapter.

In the Chapter 2, methods of hydrogen production from coal, natural gas, biomass

and electrolysis are depicted in detail.

In the Chapter 3, the investment costs, fixed operating and maintenance costs,
variable operating and maintenance costs and efficiencies are presented on the year

based graphics. Finally, the production costs were projected for 2010 and 2040.

In the Chapter 4, methods of hydrogen delivery by pipeline, by truck or combined
delivery are explained in detail.

In the Chapter 5, the investment costs, fixed operating and maintenance costs,
variable operating and maintenance costs and efficiencies are presented on the year
based graphics and as final step the production costs were projected for 2010 and
2040.

In the Chapter 6, hydrogen airplane applications and the necessary systems and
technologies in order to demonstrate hydrogen airplanes in Gauteng region are

presented.
In the Chapter 7, the costs for hydrogen airplane per seat for 2040 is projected.

Consequently, in the Chapter 8, result related to techno-economic analysis of
hydrogen fuel and hydrogen airplane for Gauteng region is interpreted and

recommendations are suggested.

1.3 Gauteng Metropolitan Region and EnerKey

The EnerKey project, comprising of German and South African researchers and
businesses, undertakes to assist the region to tackle these energy challenges and
develop measures to improve and optimize the sustainable development of

megacities while meeting economic, social and environmental objectives.



An integrated energy and climate protection concept for the metropolitan region of
Gauteng, South Africa is developed within an international research project,
EnerKey. The Gauteng megacity region, one of the 30 largest agglomerations

worldwide, has a high economic output and high population density.

Johannesburg, Ekurhuleni and Tschwane form part of the Gauteng Global City
Region in South Africa. Together the population exceeds 10 million. With an
average annual population growth rate of approximately 2.4% the population is
projected to grow to 14.6 million by 2015, ranking it the 14™ largest urban region in
the world (IER, 2012a). Gauteng city region is presented in Figure 1.1.

Figure 1.1: Map of Gauteng city region (IER, 2012a).

The industry sector in Gauteng accounts for about 48.7% of the total provincial final
consumption rates are 9.0% for commerce, 85% for residence, 0.5% for
governmental facilities respectively. Therefore, industry and transportation play a
significant role in this region. Furthermore, the likely growth of transport demand
due to private car ownership and recent industrial development causes increase

energy demand and related environmental impacts.

The project covers all relevant fields of energy sources and energy systems. In order
to support this project and assist sustainable development of the metropolitan region

of Gauteng, particularly in this study hydrogen energy supply chain will be



considered for Gauteng region as a part of EnerKey Project. Consequently,
comprehension of feasibility of hydrogen energy supply, transportation and usage of

hydrogen as aircraft fuel in this metropolitan area is analyzed.

1.4 O.R. Tambo International Airport

O.R. Tambo International Airport is South Africa's principal airport, with more than
50 percent of the country's air passengers passing through the airport.

The airport was renamed in 2006 to the memory of Oliver Reginald Tambo. An anti-

apartheid politician and central figure in the African National Congress (ANC)

O.R. Tambo International Airport services airlines from all five continents and plays
an important role in serving the local, regional, national, continental and
intercontinental air transport needs of South Africa. It is the biggest and busiest

airport in Africa with 28 million passengers a year.

O.R. Tambo International Airport is located in Gauteng, South Africa's commercial
and industrial hub, and has road infrastructure linked to Johannesburg, Pretoria and
the national road network. The Gauteng rapid rail system has had its first section
opened, linking the airport with Sandton, and the extention is expected to
Johannesburg and Pretoria (ACSA, 2013).

1.5 Aim of the study

This study aims to analyze hydrogen energy feasibility for Gauteng region of South
Africa. In this study hydrogen air transportation is focused with the analysis of
hydrogen fuel chain. Future of hydrogen related technologies in the region are
studied to find alternative energy solutions for Gauteng region. Central aspects of

this study are explained below:

1. Description of hydrogen sources and investigation of production methods
from coal, natural gas, biomass and electrolysis for Hydrogen supply in
Gauteng/South Africa.

2. Comparison of transportation methods of hydrogen considering transportation

ways as truck transportation and pipeline.



Examination of hydrogen usage processes for air transportation in hydrogen

aircrafts.

Comparison of cost parameters of conventional energy utilization and

hydrogen energy utilization.

. Application of supply chain integrated into the study and analysis of the

system.

Estimation and investigation of hydrogen energy solutions for Gauteng region

from today till the year 2040.



2. HYDROGEN PRODUCTION

Hydrogen is already produced in the world. Advanced R&D about production
technologies are promising larger amounts and lower costs. Total annual production
of hydrogen from all sources is around 40.5 million tones globally in 2010.
Furthermore, it is expected to increase 3.5 % every year until 2013 (Lipman, 2011).
Hydrogen can be produced from variety of sources. Hydrogen production shares
were 48% from natural gas, 30% from oil, 18% from coal and 4% from electricity by
electrolysis in 2009 (Balat & Balat, 2009). Even though 4% of hydrogen production
comes from electrolysis and electricity also come from some fossil fuels, it is mostly
accepted that this electricity source necessary for electrolysis should be produced
from renewable energy systems. Principally, 96% of hydrogen produced from fossil
fuel-based processes. Annual global hydrogen production is shown roughly in Table
2.1. as billion cubic meters at 21°C and 1 atm (Balat & Balat, 2009).

Table 2.1: Annual global hydrogen production by source (Balat & Balat, 2009).

Source 10° m*/year
Natural gas 240
Oil 150
Coal 90
Electrolysis 20
Total 500

However, there are several potential hydrogen production paths. In this study the
technologies which are promising globally and suitable to examine for the
metropolitan region of Gauteng will be considered. In this section, technologies for
hydrogen production from coal, natural gas and biomass resources and also from

water electrolysis will be presented.



2.1 Hydrogen Production from Coal Gasification

Coal gasification or with the other name partial coal oxidation is one of the mostly
commercialized technologies in order to produce electricity and hydrogen. This
technology is mostly used in Integrated Gasification Combined Cycles (IGCC) for
electricity production. Recent technologies allow combined production of electricity
and hydrogen (IEA, 2010).

Gasification is a flexible technology according to the feedstock energy career. A
solid feedstock such as biomass, coal or any petroleum based source and also a fuel
mix can be converted to syngas. In the chemical process of coal gasification basically
steam and oxidant are used. Furthermore operating conditions will be different for
each kind of carbon based feedstock (Anantharaman, Hazariki, Tufai, Nagvekar,
Ariyapadi, & Gualy, 2012). The principle of gasification process for hydrogen

production is represented in Figure 2.1.
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Figure 2.1: Coal gasification process for hydrogen production (Gil, 2008).

Hydrogen production primarily occurs by means of the reaction of coal with oxygen,
steam under high pressure and the formation of syngas. The first mixture after
chemical reaction is carbon monoxide and hydrogen as seen in the equation 2.1

(EERE, 2012a). Next step is removing impurities from the syngas.

CH,; +0, +H,0 > CO+CO, + H, +other species (2.1)
CO+H,0->CO,+H, (2.2)

After the reaction of carbon monoxide with steam by the water gas shift reaction as
seen in the equation 2.2 (EERE, 2012a), additional hydrogen and carbon dioxide are
gained. Consecutively hydrogen should be removed by a separation system and
highly concentrated carbon dioxide can be captured by carbon capture and

sequestration system (EERE, 2012a).



The process generally requires high temperatures and high pressures for gasification
to occur. Even though conditions depend on the type of the process, mostly
temperature should be between 750 to 840 °C and pressure might be between 1 MPa
and 4.5 MPa (Wang, 2012)

2.2 Hydrogen Production from Natural Gas Reforming

Natural gas is a common methane source for steam reforming process in order to
produce hydrogen. In steam methane reforming process, methane reacts with steam
in an endothermic reaction. The reaction takes place under pressure with a help of
catalyst, see equation 2.3, whereas in another production process called partial
oxidation, reaction is exothermic and unlikely steam reforming, producing heat as
seen in equation 2.4 (EERE, 2012b). In steam methane reforming, after methane and
steam reaction, hydrogen, carbon monoxide and very small amount of carbon dioxide
are obtained (Crews & Shumake, 2006). The whole process is presented in Figure
2.2.

Water-gas shift reaction occurs to obtain additional carbon dioxide and hydrogen
from carbon monoxide and steam as seen in the equation 2.5. The last step is
removing impurities and carbon dioxide from the syngas in order to obtain pure
hydrogen (EERE, 2012b).

CH, +H,0 +(heat) > CO +3H, (2.3)
CH, +1/20, - CO+2H, +(heat) (2.4)
CO+H,0—CO, +H, +(small amount of heat) (2.5)
Natural gas Syngas Pure H, To H, Users

or Light

Hydrocarbon . - Steam Shift Reactor Hydrogen
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Figure 2.2: Steam-methane reforming process for hydrogen production (Giil, 2008).

According to Molburg (2003), a steam-methane reforming process operating
conditions are between 20-30 atm pressure and 800-880 °C temperature. Shifting

reaction also may require 345-370°C operating temperature.



2.3 Hydrogen Production from Biomass Gasification

Biomass gasification is the gasification of renewable organic sources. These sources
can be variety of residues ranging from corn stover, wheat straw, switch grass,
willow trees to animal wastes. This technology is considered as a suitable process for
large-scale and centralized hydrogen production means of investment costs. Dealing
with big amounts of biomass and large scale of production procures benefit
economically. (EERE, 2012c).

As seen in Figure 2.3, the whole process for the biomass gasification is similar to the

coal gasification process except operating conditions (NNFCC, 2009).

Syngas Pure H, To H, Users
Shift Reactor Hydrogen
Purification

f f f

Stea Heat Steam Waste Gases H
2
Storage

Figure 2.3: Biomass gasification process for hydrogen production (Gil, 2008).

Compressor

Biomass —»|  Gasifier _": Steam Reformer >

In the gasifier, biomass is chemically converted into carbon monoxide, carbon
dioxide, hydrogen and other species. The process takes place under pressure and heat
with help of steam and oxygen. This primary syngas reacts with water to form

additional carbon dioxide and hydrogen. This is the same water-gas shift reaction.

CH,,0,+0, +H,0 »CO+CO, +H, +other species (2.6)

CO+H,0—CO, +H, +small amount of heat 27)

In general sense, biomass requires higher temperatures then coal gasification.
Operating conditions such as temperature and pressure are respectively: from 500 to
1200 °C and from 1 up to 100 atm (Xcel Energy, 2007).

2.4 Hydrogen Production from Electrolysis

Electrolysis is a process which separates water into hydrogen and oxygen using an
electrical current (NEED, 2005). Electrolyzer is a unit where electrolysis process
takes place. The size of electrolyzer is flexible and still there are several ongoing

researches to design a largescale electrolyzer connected to renewable energy
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electricity production facilities such as wind or solar farms (EERE, 2011). Electricity
production source is an argument in order to consider electrolysis as near zero
emission for hydrogen production process. Electricity input necessary for the process
should be produced from low-green house gas releasing renewable energy
technologies such as wind turbines, solar photovoltaic, geothermal energy,
hydropower or wave power. The principle of an alkaline electrolysis is shown in
Figure 2.4.
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Figure 2.4: Alkaline electrolysis for hydrogen production (Giil, 2008).

Theoretically, water reacts at the anode and hydrogen ions charge positively, seen in
equation 2.8. Electrons across with an external circuit to the cathode. On the cathode
with electrons, hydrogen ions form hydrogen gas, seen in equation 2.9 (EERE, 2011)
(Take, Tsurutani, & Umeda, 2006).

2H20 —)02+4H++467 (2 8)
AH" +4e —)2H2 (2 9)
There are three main electrolyzer types; polymer electrode membrane (PEM)
electrolyzer, alkaline electrolyzers and solid oxide electrolyzers. PEM electrolyzers
work with solid polymer electrolyte. However, in principle alkaline electrolyzers are
similar to PEM electrolyzers. They work with sodium or hydroxide alkaline

electrolyte. Solid oxide electrolyzers work with solid ceramic electrolyte and with a
selective ion transmission (EERE, 2011) (Ozdemir, 2011).
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Alkaline electrolysis is the mostly commercialized electrolysis. PEM electrolysis is
in production and development level, whereas, solid oxide electrolysis is under

research level (Jensen, Jensen, & Tophoj, 2008).

Operating temperature of alkaline electrolyzers is between 100-150°C. PEM
electrolyzers’ operating temperature is between 80-100°C and solid oxide

electrolyzers work between 500-800°C (EERE, 2011).

2.5 Carbon Capture and Sequestration

Carbon capture and sequestration is capturing of the CO, which is released during the
processes of using fossil fuels (CCSa, 2012). In another general aspect, it is physical
process of capturing manmade carbon dioxide before releasing to atmosphere. Its
benefit is to reduce greenhouse gas emissions while using fossil fuels in power plants
or industrial applications (Folger, 2012a). 90% of the carbon dioxide produced
during the electricity production from fossil fuels can be captured by carbon capture
and storage technology (CCSa, 2012). There are three main methods that carbon

dioxide can be captured. These methods are seen in Table 2.2.

Carbon capture and storage systems consist of three main steps; capturing,
transporting and storing. Capturing and separating carbon dioxide from other gasses
at the power plants or industrial facilities is the first step. As mentioned in this
section and in the Table 2.2, there are three possible methods to capture carbon

dioxide.
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Table 2.2: Carbon capture methods (CCSa, 2012) (Folger, 2012b).

Method Process

Pre-combustion Converting solid, liquid or gaseous fuel into a mixture of
capture hydrogen and CO, using gasification or reforming.
Post-combustion Absorbing CO, in a solvent or using high pressure membrane
capture filtration, adsorption, cryogenic separation

Oxy-fuel combustion | Oxygen separation from air, combustion in oxygen diluted

capture recycled flue-gas, concentrated CO, stream for purification.

Then, this gas should be compressed and transported. Transportation of CO, is one of
the main costs of carbon capture and storage technology. Pipeline and ship
transportation are choices for transport captured CO,. Pipeline seems more suitable
for domestic transportation because of the similarity of natural gas and oil
transportation. Moreover, ship transportation is considered more suitable for cross-
continental transportation (Folger, 2012b). Storing the captured carbon dioxide in the
oceans or injecting it in geological reservoirs is the last step of the system (Folger,
2012b) (IPCC, 2005).

Carbon capture and sequestration technologies are appropriate to be used in
industrial production, electricity production, hydrogen production or co-production
(hydrogen and electricity) plants. (Cortes, Tzimas, & Peteves S, 2009)

It should be emphasized that benefits of carbon capture and storage technologies are
more obvious in the countries which have more production or consumption rates of
coal, oil and gas (IEA, 2012).
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3. TECHNO-ECONOMIC ANALYSIS OF HYDROGEN PRODUCTION IN
GAUTENG - SOUTH AFRICA

This section compares the costs of possible hydrogen production routes for Gauteng
region of South Africa. The possible routes of hydrogen production for Gauteng
region by the reasons of availability of natural sources and developing alternative
fuels and technologies are from coal, natural gas, biomass and electrolysis. An
overview of literature of production costs for these paths will be presented. The
current and future costs will be compared for each technology. The future costs are
be estimated for the year 2040 and these results are calculated for Gauteng region as
conclusive hydrogen production costs. All costs are estimated for central hydrogen
production facilities. The local fuel costs are applied into the calculations and
estimations of hydrogen production costs for today and future. The current and future
fuel costs are taken from (Tomaschek, 2012). Fuel costs for Gauteng metropolitan
region are shown in Table 3.1. All fuel costs are for industrial level including

transportation and delivery costs, excluding taxes.

Table 3.1: Fuel costs for Gauteng region (Tomaschek, 2012).

ZAR2007/GJoutput 2010 2040
Coal 9.3 17.0
Natural Gas 71.6 138.4
Biomass 46.3 46.6
Electricity 146.7 207.0

In this study, all hydrogen related energy values are based on LHV. It is assumed that
all technologies use electricity as input for the processes since electricity is a
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relatively cheap fuel in South Africa compared to the world market; however, in
hydrogen production, electricity may be by product as it may be input for the
production process. Positive auxiliary electricity values are taken into account in the
literature research. Besides, it is assumed that electricity costs for the processes are
included in the variable operation and maintenance costs. Electric efficiency is
considered as electrolysis fuel efficiency. In addition, water costs and cleaning costs

are included into variable operating and maintenance costs.

All costs in the literature are converted into South African Rand (ZAR) in 2007
currency. In the conversion of the currency, Table G 1, Table G 2 and Table G 3 are
used which can be seen in Appendix G. Conversion rates and years are applied as a
part of system analysis worksheet of EnerKey (Energy as a Key Element of an
Integrated Climate Protection Concept for the City Region of Gauteng), (IER, 2012b)

All production costs for hydrogen is based on the relation (Giil, 2008):

COST = INVCOST CRE + FIXOM VAROM + FeedstockCost
AF U (3.1)
INVCOST = Specific investment cost [ZAR2007/kW]
CRF = Capital recovery factor [-]
AF = Availability factor [-]
FIXOM = Fixed operation and maintenance cost [ZAR2007/kW/year]
VAROM = Variable operation and maintenance cost [ZAR2007/GJ]
77 = Process efficiency

The capital recovery factor is formulated as:

CRF —drx—— 3" __

(1+ dr) -1 (32)
dr = Discount rate [%]
n = Plant life time [years]

In this section discount rate is assumed 8% and capital recovery factor is calculated
for the life time of each technology separately. Plant life time approximated with 30
years for coal and natural gas technologies, 20 years for biomass and electrolysis

technologies.
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3.1 Cost Analysis of Hydrogen Production from Coal Gasification

This section compares the investment costs, fixed operation and maintenance costs
(FOM), variable operation and maintenance costs (VOM) and efficiency values for
the hydrogen production from coal gasification technologies. These values are taken
from different sources for different production capacities and for different years in
the literature. In order to compare the costs, this study considers two coal gasification
technologies which are coal gasification with carbon capture and sequestration and
without carbon capture and sequestration. Hydrogen production costs from coal
gasification in the literature can be seen in Table A 1 and Table A 2 respectively for
the technologies using CCS and without CCS, respectively. In these tables, the

original costs and converted values into ZAR can be compared.

According to the investment costs in the literature, current and future investment
costs were estimated. Decrease of the investment costs by years can be seen Figure
3.1. Exponential method is used to estimate future cost of hydrogen production from
coal gasification for 2040. On the other hand, investment costs for the different
capacities of the production are presented in Figure 3.2. In the graphic, the values are

taken from Table A 2 which can be examined in Appendix A.
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Figure 3.1: Investment costs of hydrogen production from coal gasification.

In the graphics which gives the future estimations as a result of exponential

approach, investment cost for hydrogen production from coal gasification with
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carbon capture and sequestration is 8,661 ZAR2007/KWoupet for 2010 in Gauteng.
Moreover, for the same technology which is coal gasification with carbon capture
storage, investment cost of hydrogen production is projected to be about 5,205
ZAR2007/KWoyput for 2040. In thirty years, around 39.9% decrease in investment cost

IS projected.

The same way, investment cost for hydrogen production from coal gasification
without carbon capture storage is 6,877 ZARp07//kWoupue for 2010 and 3,185
ZAR2007/KW ouput for 2040 with an expected decrease of 53.5%.

Capacity of the production plant has effect on the efficiency of the plant and the
investment cost inherently. The technology, which is used in hydrogen production
plants, has also further effect on the costs. The plants, which use advanced

technologies, have higher efficiencies and lower VOM and FOM costs as well.

Figure 3.2 shows capacity range of coal gasification hydrogen production plants for
both the ones with carbon capture and without carbon capture and sequestration

technology.
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Figure 3.2: Investment costs of hydrogen production from coal gasification
depending on plant capacity.

Future costs are related to capacity increase as mentioned in the graphic above and
technology development. Thus, Depending on the year, all costs decrease with the

18



developing production technologies (Ozdemir, 2011). The reason of the disordered

progress of the values by years is the technology learning in commercial level.

Fix operation and maintenance costs also follow the same trend. Because of
additional costs of carbon capture storage along the graphic as seen in Figure 3.3,
FOM cost of hydrogen production coal gasification plant without carbon capture is
lower for both current and future years. In 2010, FOM cost of hydrogen production
from coal gasification without carbon capture and sequestration is 362.54
ZAR2007/kWoutput and  future FOM is estimated about 250.07
ZAR2007/kWoutput, whereas the production FOM with CCS is 390.58
ZAR2007/kWoutput for the year 2010 and estimated 251.14 ZAR2007/kWoutput for
the year 2040. It is estimated that FOM costs of the coal gasification without CCS
will approach to FOM costs of the technology with CCS in 2040.

800
700
g s
X 600 O
o
o
o 500 l
< uy n
N
~— 400 B
g \1\
O 300 N
= 00. l
8 200 e PY
@ Coal to Hydrogen without CCS
100
M Coal to Hydrogen with CCS
0 T T T T T T 1
2000 2005 2010 2015 2020 2025 2030 2035

Figure 3.3: Fix operation & maintenance costs of hydrogen production from coal
gasification.

Variable operation and maintenance costs of hydrogen production from coal
gasification with CCS are estimated 3.74 ZAR2007/Gloutpit for 2010 and 2.58
ZAR2007/GJoutput for 2040 in Figure 3.4. Variable operating and maintenance costs of
hydrogen production from coal gasification without CCS are projected 2.46
ZAR2007/GJoutput for 2010 and 0.93 ZAR2007/GJoutput for 2040.
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Figure 3.4: Variable operation & maintenance costs of hydrogen production from
coal gasification.

Figure 3.5 Shows efficiencies of hydrogen production from coal for both with CCS

and without CCS technologies.
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Figure 3.5: Efficiency of hydrogen production from coal gasification.

The efficiencies of hydrogen production from coal gasification reforming are
respectively 60% in 2010 and 69% in 2040 for the technologies with CCS, and 64%
in 2010 and 80% in 2040 for the technologies without CCS.
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Current hydrogen production costs for 2010 and future hydrogen production costs for
2040 are calculated using the relation mentioned in this chapter. In the calculations
of current and future, investment, FOM, VOM costs, the fuel costs for Gauteng

region play important role.

All costs are converted to the currency of ZAR in 2007 per GJ in order to compare
them effectively. The costs can be seen as ZAR2007/GJoutput in Table 3.2.

Table 3.2: Costs of hydrogen production from coal gasification.

ZAR2007/GJ0utput Technology 2010 2040
With CCS 274.64 165.07
Investment Cost -
Without
cCs 218.07 101.02
With CCS 12.39 7.96
FOM Cost Without 150 o
CCS ’ ’
With CCS 3.74 2.58
VOM Cost Without 5 46 0.93
CCS ' '
With CCS 1,308.16 819.98
Production Cost :
Without
cCs 1,098.45 614.58

Hydrogen productions from coal gasification with carbon capture and sequestration
technology costs are higher than the same production technology without carbon
capture and storage. The additional costs, obviously, are the results of carbon capture

and storage technologies.

Coal gasification has a few challenges to be used in hydrogen production with lower
costs, higher efficiencies and more environmental friendly process. Advanced
research and development is necessary for carbon capture and sequestration, which
procure lower carbon dioxide, as new technologies for the process that separate the
needed oxygen from air and new membranes which separate and purify hydrogen

from gas stream.
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3.2 Cost Analysis of Hydrogen production from Natural Gas Reforming

Hydrogen production from natural gas reforming also has two main technologies
commonly in use. These two technologies differ from each other having carbon
capture sequestration and without carbon capture and sequestration. Investment cost,
operation and maintenance cost, variable operation and maintenance cost and
efficiencies of both hydrogen production technologies from natural gas reforming
will be projected for 2010 and 2040 in order to compare techno-economically.
Literature values and the costs for Gauteng region can be seen in Table A 9 and
Table A 10 in Appendix A.

Change in the investment cost can be seen in Figure 3.6. As for all estimations, the

same method is applied to find today and future values of investment cost.
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Figure 3.6: Investment costs of hydrogen production from natural gas reforming.

In Figure 3.6, estimations show the investment cost for hydrogen production from
natural gas reforming with carbon capture and storage is 4,791 ZAR2007/KWoutput fOr
2010 and 2,885 ZAR2007/kKWoutput for 2040 with approximately decrease of 40.9%.

Investment cost for hydrogen production from natural gas reforming without carbon
capture is 3,867 ZAR2007/KWoutput for 2010 and 2,563 ZAR2007/kWoutput for 2040 with

a decrease of 33.7%.
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In Figure 3.7, the capacity range of hydrogen production technologies in the

literature are compared with the investment costs.
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Figure 3.7: Investment costs of hydrogen production from natural gas reforming
depending on plant capacity.
As mentioned in the section for coal gasification technologies, capacity of the
production plant has impact on the costs and efficiency of the plant. The technology,

which is used in hydrogen production plant, has also further effect on the costs.

The effect of carbon capture storage on the costs can be seen that fix operation and
maintenance cost of hydrogen production from natural gas reforming with CCS is
higher than the one without CCS. The FOM cost of hydrogen production from
natural gas reforming with CCS is 208 ZAR2007/KWouput for 2010 and 131
ZAR2007/KWoympyt for 2040. Therefore, FOM cost of hydrogen production from
natural gas reforming without CCS is 134 ZAR2007/KWoumpee for 2010 and 97
ZAR2007/KWouput for 2040. The change in the costs can be seen in Figure 3.8.
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Figure 3.8: Fix operation & maintenance costs of hydrogen production from

natural gas reforming.

Variable operation and maintenance costs of hydrogen production from natural gas
reforming with CCS is projected as 2.15 ZAR2007/GJoutput for 2010 and 1.37
ZAR2007/GJoutput for 2040. Hydrogen production from natural gas reforming

without C

CS is projected 1.77 ZAR2007/GJoutput for 2010 and 1.12

ZAR2007/GJoutput for 2040, as seen in Figure 3.9.
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Figure 3.9: Variable operation & maintenance costs of hydrogen production from

natural gas reforming.
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The projected efficiencies are respectively 73% in 2010 and 77% in 2040 for the
technologies with CCS, and 74% in 2010 and 81% in 2040 for the technologies

without CCS as shown in Figure 3.10.
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Figure 3.10: Efficiency of hydrogen production from natural gas reforming.

The total hydrogen production costs from natural gas reforming with and without

CCS, also investment, FOM and VOM costs can be seen as ZAR2007/GJoutput In Table

3.3.
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Table 3.3: Costs of hydrogen production from natural gas reforming.

ZAR2007/GJoutput | TeChNOlogy 2010 2040
With CCS 151.92 91.50
Investment Cost -
Without
cCs 122.65 81.29
With CCS 6.62 4.16
FOM Cost Without e 08
CCS ' '
With CCS 2.15 1.37
VOM Cost Without L L1
CCS ' '
With CCS 805.42 612.66
Production Cost :
Without
cCs 629.64 532.97
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3.3 Cost Analysis of Hydrogen Production from Biomass Gasification

The estimation of current and future values of investment costs of hydrogen

production from biomass gasification project that the investment costs are 4,573
ZAR2007/kWoutput in 2010 and 2,232 ZAR2007/kWoutput in 2040 with 51%
decrease as seen in Figure 3.11
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Figure 3.11: Investment costs of hydrogen production from biomass gasification.

In Figure 3.12, the capacity range of hydrogen production technologies in the

literature are compared with the investment costs.
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Figure 3.12: Investment costs of hydrogen production from biomass gasification

depending on plant capacity.
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Biomass gasification technology is considered as using no carbon capture storage
technology because of having no wide diversity of costs in the the literature.. In
Figure 3.13, FOM costs are projected for biomass gasification. As result of cost
estimation of biomass gasification, the FOM costs of hydrogen production are 397
ZAR2007/kWoutput in 2010 and 181 ZAR2007/kWoutput in 2040.
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Figure 3.13: Fix operation & maintenance costs of hydrogen production from
biomass gasification.

Variable operation and maintenance costs of hydrogen production from biomass
gasification are projected as 6.84 ZAR2007/GJoutput for 2010 and 4.37
ZAR2007/GJoutput for 2040. These costs are shown in Figure 3.14.
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Figure 3.14: Variable operation & maintenance costs of hydrogen production from
biomass gasification.
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Projected efficiencies for hydrogen production from biomass gasification for 2010
and 2040 are 56% and 74%, respectively. The efficiency estimations can be seen in
Figure 3.15.
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Figure 3.15: Efficiency of hydrogen production from biomass gasification.

All costs related to biomass gasification in order to produce hydrogen including total

production cost can be seen as ZAR2007/GJoutput in Table 3.4.

Table 3.4: Costs of hydrogen production from biomass gasification.

ZAR2007/GIoutput 2010 2040

Investment Cost 145.03 70.79
FOM Cost 12.59 5.76
VOM Cost 6.84 4.37

Production Cost 1,048.73 521.41

3.4 Cost Analysis of Hydrogen production from Electrolysis

The cleanest and one of the most promising methods, electrolysis has couple of
different technologies for hydrogen production (Herraiz-Cardona, Gonzalez-Buch, &
Ortega, 2013). All technologies in the literature are considered and can be seen in
Table A 21, Table A 22, Table A 23 and Table A 24 in Appendix A. The change in

investment cost depending by years can be seen in Figure 3.16.
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Figure 3.16: Investment costs of hydrogen production from electrolysis.

In the figure, investment costs of hydrogen production from electrolysis for 2010 and
for 2040 are estimated as 19.780 ZAR2007/kWoutput and 8.376
ZAR2007/kWoutput, respectively with a decrease of 57%. The change in investment
cost by capacity of plant can be seen in Figure 3.17.
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Figure 3.17: Investment costs of hydrogen production from electrolysis depending
on plant capacity.

It is estimated that FOM costs of hydrogen production from electrolysis are 799 and
89 ZAR2007/KWoumpyt for 2010 and 2040, respectively. The change in FOM costs are
shown in Figure 3.18
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Figure 3.18: Fix operation & maintenance costs of hydrogen production from

electrolysis.

Variable operation and maintenance costs of hydrogen production from electrolysis

by years can be found in Figure 3.19. Estimations show that VOM costs are 3.85 and
0.83 ZAR2007/GJoutput for 2010 and 2040, respectively, as seen in Figure 3.19.
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Figure 3.19: Variable operation & maintenance costs of hydrogen production from

electrolysis.

As seen in Figure 3.20, the current and future efficiencies of electrolysis for

hydrogen production are 66% and 82% in 2010 and 2040, respectively.
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Figure 3.20: Efficiency of hydrogen production from electrolysis.

The total hydrogen production cost, FOM, VOM costs are presented in
ZAR2007/GJoutput in Table 3.5: Costs of hydrogen production from electrolysis

Table 3.5: Costs of hydrogen production from electrolysis

ZAR2007/GJoutput 2010 2040

Investment Cost 627.22 265.63
FOM Cost 25.35 2.82
VOM Cost 3.85 0.83

Production Cost 3,354.59 1,298.61

Electrolysis shows a promising decrease in investment cost, fix and variable
operation maintenance costs and increase in efficiency. Despite the high investment
costs, electrolysis, being one of the environmental friendly hydrogen production
paths, seems like a key factor of future hydrogen production with the technology

development studies.

The comparison of hydrogen production efficiencies is shown in Table 3.6.
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Table 3.6: Efficiencies of hydrogen production technologies

Hydrogen Efficiency (%0)
Production Technology
Method 2010 2040
With CCS 60 69
Coal
Gasification Without
CCS 64 80
Natural Gas With CCS 73 77
Reforming Without
cCs 74 81
Biomass
Gasification ) o I
Electrolysis - 66 82
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4. HYDROGEN DELIVERY

Hydrogen, which is centrally produced, needs to be delivered to hydrogen fueling
stations for any demand. This demand could be for stationary power needs, for fuel

cell vehicles or any other needs.

The aim of this study is to analyze the hydrogen utilization in liquid hydrogen
airplanes. Therefore, hydrogen delivery paths for an airport from production facility
until fueling stations should be considered.

A combination of hydrogen delivery infrastructure for an airport is presented in
Figure 4.1.

Hydrogen Hydrogen
Production Production
Plant Plant

Pipeline Truck
(Gaseous H2) (Gaseous H;

Liguefaction
Terminal

Truck

(Liquid Hy)
Fueling
Station
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Figure 4.1: Hydrogen delivery infrastructure.
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It is possible to deliver hydrogen in gaseous or liquid form. There are several ways of
liquid or gaseous hydrogen transportation. Some of these methods are by truck, tube
trailers, pipeline, rail, ship or carrier materials transport in form of liquid

hydrocarbons or metal hydrides (Freedom Car & Fuel Partmership, 2005).

Gaseous hydrogen is able to be transported by either pipeline or truck. Gaseous
hydrogen transmission by pipeline is the lowest cost method for large amounts of
hydrogen. Truck transmission of gaseous hydrogen is generally used for industry use
far from main pipelines. Currently, tube trailers about under 182 can transmit small
amount of gaseous hydrogen with approximate capacity of 300-400 kg. Gaseous
hydrogen needs to be cooled to below -253°C to be liquefied. Liquid hydrogen is
stored in insulated tanks at liquefaction terminals. Today’s liquefaction plats in
capacity is ranging from 5,400 to 32,000 kg hydrogen per day with small scale, for

minimal needs (Freedom Car & Fuel Partmership, 2005).

In this study, truck and gas pipelines, which are the most common paths of hydrogen
transportation in industrial level, are examined. For this purpose, three possibilities

of hydrogen delivery combinations exist.
First way is to deliver hydrogen by truck to the fueling station directly in liquid form.

Second way is to deliver hydrogen by truck in gaseous form to the liquefaction

terminal and again by truck in liquid form to fueling station.

Third way is to deliver hydrogen by pipeline in gaseous form to the liquefaction

terminal and by truck in liquid form to fueling station.

In order to analyze all possibilities, transportation by truck, pipeline and combined

delivery by pipeline and truck are considered.

4.1 Hydrogen Delivery by Pipeline

Hydrogen can be delivered in gaseous form in pipelines. As well as hydrogen
pipelines, hydrogen can be delivered in natural gas pipelines about 20% of total gas
(Melaina, Antonia, & Penev, 2013). In order to transport hydrogen in natural gas

pipelines, small scale of modifications are sufficient. In this study; however, capital
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investment costs of hydrogen pipelines are high, in order to transport large amounts
of hydrogen reliably, particular hydrogen pipelines are examined. The usage of

pipelines to transport hydrogen to liquefaction terminal is presented in Figure 4.2.

Figure 4.2: Hydrogen pipeline delivery (Paster, Hydrogen Delivery Options and
Issues, 2006).

Hydrogen pipeline diameter is determined by the following equation (Ruth, Laffen,
& Timbario, 2009):

102 2 2 4961\
P°-P° d
Osc :737(&] [ 109612 ] .E
y LTz,

- 4.1)
Osc = Gas rate at standard conditions [scf/d]
T, = Temperature at standard conditions [°R]
P, = Pressure at standard conditions [psia]

P = Inlet pressure [psia]

P, = Qutlet pressure [psia]

d = Inside pipe diameter [in]

4 = Mean gas relative density [air=1]

L = Pipeline length [mile]

T, = Mean temperature of pipeline [°R]

Z. = Mean compressibility factor

E = Pipeline efficiency [kg]
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It is concluded that no energy is required for pipeline hydrogen delivery and some

assumptions are made for the pipe line diameter, such as: T, =530 R, P,,=14.7 psia

and E =0.92 (Ruth, Laffen, & Timbario, 2009).

4.2 Hydrogen Delivery by Truck

Hydrogen can be delivered in compressed gaseous or cryogenic liquid form by truck.
The location of compressors or the terminal of liquefiers depend on the delivery path.
In case of gaseous delivery by truck, a compressor at production facility and
liquefaction terminal at a nearby site of fueling station are needed. Besides, in case of
liquid hydrogen delivery by truck, a liquefaction terminal is necessary at production
facility (Giil, 2008).

Figure 4.3: Hydrogen truck delivery (Bonner, 2008).

In current technology, gaseous hydrogen can be transported in tube trailers about at
200 bar but not cost effective for more than 320 km. Because of being an expensive
method, transportation under higher pressures are being researched for further cost
effective methods. Furthermore, liquefied hydrogen can be transported in super
insulated cryogenic tank trucks, after gaseous form is cooled to below -253°C and
liquefied in the liquefaction plants (EERE, 2008).

The amount of liquid hydrogen to deliver by truck can be calculated with and
equation as described below (Ruth, Laffen, & Timbario, 2009) :

H 2 = Vtan k 'pLHZ 'ALHztruck
(4.2)

38



H = Hydrogen [kg]

2
Vtank = Water volume of the trailer [m3]
PLu = Density of liquid hydrogen [g/L]
2

A uek = Availability of the liquid truck
2

Although liquefying hydrogen consumes more than 30% of energy content of
hydrogen and hydrogen losses take place because of evaporation, transporting liquid
hydrogen by truck is less costly than transporting gaseous hydrogen (Klell, 2010)

The boil-off losses while the delivery of liquid hydrogen can be calculated. In order
to calculate the losses, the loaded hydrogen is used in the equation below (Ruth,
Laffen, & Timbario, 2009):

H2,boi| off — HZ,DFEV'Br T
(4.3)
H ) = Hydrogen [kg]
Hz, ogel = Hydrogen in truck from previous station [kg]
Br = Boil off rate [fraction of a day]
T = Travel time [d]

In truck delivery case, for this study, two ways of truck transportation are possible.
First option is to deliver liquid hydrogen directly by truck, and second option is to
transport the gaseous hydrogen to a liquefaction terminal and after the terminal
deliver liquid hydrogen to a fueling station. In Figure 4.4, two different ways of

hydrogen delivery by truck are presented.
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Liquefaction | Liquid H P Fueling
Truck

Station

Hydrogen
Production
Plant

Compressed Gaseous . . - - Hydrogen
GasH, [ H,Truck || Liquefaction (gpf LiquidH, {p) LiquidH, Ll piejing
Terminal Terminal Truck Station

Transmisson Terminal Delivery

Figure 4.4: Hydrogen delivery by truck.
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Truck delivery presents couple of advantages such as being flexible that trucks can
deliver for any amount of demand and to any distance of delivery in any form of
hydrogen either liquid or gaseous. Truck delivery is advantageous when there are
multiple points of demand. In case of increase in demand, it is easy to increase the
numbers of trucks. (Altmann, Schmidt, Wurster, Zetra, & Zittel, 2004).

4.3 Combined Hydrogen Delivery by Truck and Pipeline

Addition to truck and pipeline delivery, in some specific cases, combined delivery of
hydrogen is necessary. In the case of this study, hydrogen is used in liquid state in
airplanes. For this reason hydrogen needs to reach to fueling station in liquid state. In
combined delivery of airport usage, hydrogen is considered to be transmitted to the
boundary of the airport in liquid form by pipelines. After transmission, at the
boundary, hydrogen is liquefied in liquefaction terminal. In the airport, as a last step,
hydrogen is delivered in gaseous form to the refueling station by trucks. Figure 4.5
shows possible combined hydrogen delivery paths.

Hydrogen | | | Compressed ipell iquefacti Liquid H Liquid H Hydrogen
Production Lip| GasH, |p| Pipeline Liquefaction | | Tgrminalz ) '?ruck IR Fueling
Plant Terminal Station

Transmission Terminal

Figure 4.5: Combined hydrogen delivery paths.

Delivery

_________*______

4.4 Hydrogen Compression

Gaseous hydrogen should be compressed if it is aimed to be delivered by tube trailer
or hydrogen pipelines (Dodds & McDowall, 2012). In gaseous tube trailer delivery
means, it is important to compress hydrogen to a high pressure in order to have
higher capacity of a tube trailer (Paster, 2006). A compressor is needed centrally at
the production facility or in some cases integrally in the pipeline system (Ruth,
Laffen, & Timbario, 2009) (Devold, 2010).

The capital cost of compressor depends on the maximum peak flow rate of hydrogen.

Besides, annual energy requirement of a hydrogen compressor is a function of flow
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rate. Annual energy requirement of a hydrogen compressor can be defined with the
following equation (Ruth, Laffen, & Timbario, 2009):

k-1
E. —8760— 2% ZRTN, (Lj (i]m“ 1
Misentrop k-1)|\ B,
(4.4)
E.n = Annual energy requirement [KWh]
Favg = Average hydrogen flow rate [kg/h]
Mhsentrop = Isentropic compressor efficiency [-]
R = Gas constant [J/mol.K]
T, = Inlet gas temperature [K]
N, = Number of compression stages [-]
k = Ratio of specific heats [-]
P, = QOutlet pressure [Pa]
R = Inlet pressure [Pa]

4.5 Hydrogen Liquefaction

Hydrogen as alternative fuel for transportation has a low density according to other
conventional fossil fuels. Hydrogen should be more attractive as energy content for
transportation (IEA, 2007). Depending on the amount of hydrogen, in most of the
cases, transportation of hydrogen in liquid form is more cost efficient. Besides, total
costs of hydrogen distribution decreases with the increasing capacity of hydrogen
liquefaction plants (Staats, 2008). In liquid state hydrogen has about 5 times more
energy than its compressed gaseous state at 200 bar and 15°C (Walnum, et al., 2012).

Figure 4.6 shows the energy density of hydrogen in different forms.
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Figure 4.6: Energy density of hydrogen in liquid and in compressed gaseous forms
(Staats, 2008).

Liquefaction of hydrogen can be achieved by an efficient pump to reach the required
pressure values. Liquefaction of hydrogen has a few steps (McGuiness & Pirnat,
2011). Liquefaction steps follow each other respectively; pre-compression at ambient
conditions to 80 bar (79 atm) pre-cooling at ambient conditions to about 80 K (-
193.15°C), cryo-cooling from 80 K to 30 K (-243.15°C), liquefaction at 30 K to
liquid H2 at 1 atm (Walnum, et al., 2012).

The theoretical power requirement of hydrogen liquefier is determined by the
following function (Ruth, Laffen, & Timbario, 2009):

Mhet 16 s )ty h )
m 1%in “out in out (4.5)
Wnet = ldealized net work required by the liquefier [kWh/(kg/d)]
m = Design capacity of the liquefier [kg/d]
T1 = Inlet temperature to the liquefier [K]
Sin = Hydrogen entropy at the inlet temperature [kWh/K(kg/d)]
Sout = Hydrogen entropy at the outlet temperature [KWh/K(kg/d)]
hn = Hydrogen enthalpy at the inlet temperature [KWh/(kg/d)]
hout = Hydrogen enthalpy at the outlet temperature [kKWh/(kg/d)]

42



4.6 Hydrogen Fueling Infrastructure

Hydrogen should be stored in liquid form in cryonic tanks at the airport. For storage,
liquid hydrogen should be kept below 25 K (-248.15°C ) (van Zon, 2012). Refueling
stations for hydrogen depends on the phase of hydrogen delivered to the refueling
station. In this study, only liquid hydrogen is considered at the refueling station
according to the demand of LH2 Airplanes. Capacity of refueling stations depends on
the capacity of airport. Besides, in this chapter, refueling stations are considered
large refueling stations, which provide 1,500 kg H2/day. Figure 4.7 presents a

schematic liquid hydrogen refueling station.

Exhaust vent
Auto-vent Pressure Relief
pressure Device (PRD)

regulator
Liquid Hydrogen

Storage Tank Compressed

hydrogen storage

Ambient-air
vaporizer

Ci d
Liguid Hydrogen Pump ﬁ;ﬂd%zses:

dispenser

Figure 4.7: Schematic presentation of liquid hydrogen station (Doods & McDowall,
2012).

Hydrogen reaches to refueling stations by two pathways. The first way is combined
delivery that brings gaseous hydrogen in pipelines to the liquefaction station and then
delivering liquid hydrogen by trucks to the refueling stations. The second way is
direct truck delivery of liquid hydrogen by truck from production plant to refueling
stations. Refueling stations can be a fixed station at the gates of airport or it can be a

refueling tanker stations as shown in Figure 4.8.
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Figure 4.8: Hydrogen fueling alternative for aircrafts (Klug, 2000).

Airport hydrogen refueling stations can be converted by increasing their capacity in

order to refuel LH; Airplanes.
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5. TECHNO-ECONOMIC ANALYSIS OF HYDROGEN DELIVERY IN
GAUTENG - SOUTH AFRICA

According to the case study in the technical report of Airbus (2003), the hydrogen
demand of Stockholm-Arlanda airport would be 50 t/d LH2 for transition to
hydrogen fuel in aviation in 2050. The demand of hydrogen projected with the
consideration of the air traffic growth assumptions that the number of the passengers
would increase three to four times by 2050 (Airbus, 2003). The same approach for
O.R. Tambo international airport can be made with the comparison of the number of
passengers of Stockholm-Arlanda airport and O.R. Tambo international airport in
2011. The number of passengers had reached to 19 million in 2000 and 2011 at
Stockholm-Arlanda airport (Swedavia, 2013). The number of passengers is
19,004,001 at O.R. Tambo international airport in 2011-2012 (ACSA, 2012). In
Africa, average 5.7% annual growth in air passenger traffic is projected (Kuuchi,
2009). The number of passengers in O.R. Tambo international airport will increase
approximately five times by 2040 then 2011 responding to annual growth rate. The
demand of hydrogen in O.R. Tambo international airport can be also estimated as
around 65 t/d (90.25 MW) in 2040.

The peak demand of hydrogen is determined to design liquefiers, terminals, storage
tanks and hydrogen refueling stations for transition to hydrogen in O.R. Tambo
international airport. The land required for liquefier terminal is assumed 25,000 m*
for 30 t/d demand according to Ruth, Laffen, & Timbario (2009). It can be calculated
that approximately 42,000 m® area will be required at the airport borders in order to

liquefy gaseous hydrogen for aviation.

The possible hydrogen delivery options for different demands are presented in

million standard cubic feet (SCF) per day in Figure 5.1.
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Figure 5.1: Hydrogen delivery options according to demand (Air Products and
Chemicals Inc., 2013).

As mentioned before, the costs of hydrogen delivery can be considered for three
paths. Hydrogen can be delivered directly by trucks in liquid form to the fueling
stations or two combined delivery paths; by pipeline or by truck in gaseous form
until the liquefaction terminal and then by trucks in liquid form until the fueling
stations. Finally hydrogen in liquid form is utilized in aircrafts.

The delivery costs of hydrogen can be basically calculated by a simple equation as
described below (Yang & Ogden, 2006):

LC. = ACequipmgnt + ACoperations
H, M,, +CF 5.1)
LCHz = Levelized cost [ZAR2007/kW]
ACeqUipment = Annual equipment cost [ZAR007/kW]
ACoperations = Annual operations and maintenance cost [ZAR2p07/KW]
M = Annual mass flow of hydrogen [kg/h]

H,

The energy requirement of hydrogen delivery paths for liquid or compressed gaseous
hydrogen can be determined as a function of energy requirements for delivery fuel,

liquefier or compressor as an equation given below (Yang & Ogden, 2006):
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LHV,, M, (5.2)
= Energy input requirement of hydrogen delivery [kWh]

= Energy requirement for the fuel [kW]

= Electricity requirement for the liquefier [kKW]

= Electricity requirement for the compressor [KW]

= Lower heating value of hydrogen [MJ/kg]

= Hydrogen mass flow [kg/h]

5.1 Hydrogen Pipeline Delivery Costs

Hydrogen is delivered in the pipelines in gaseous form to the utilization sites.

Pipeline delivery requires extra compression costs. Compression costs are mentioned

in the following subchapters. There are two main factors affecting pipeline

investment costs; diameter of the pipelines and distance of the pipelines. The

alteration in hydrogen pipeline investment cost can be seen in Figure 5.2.
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Figure 5.2: Hydrogen pipeline investment cost by pipeline lenght (Amos, 1998).
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The change in hydrogen pipeline investment cost by diameter can be seen in Figure
5.3. for a 500 km hydrogen pipeline. It can be projected that investment cost per
energy content of carried hydrogen for the higher mass flow hydrogen pipelines is

lower than the pipelines for small amount of hydrogen delivery.
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Figure 5.3: Hydrogen pipeline investment cost by pipeline diameter (Doods &
McDowall, 2012).

The increase in investment cost of hydrogen by years can be seen in Figure 5.4.
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Figure 5.4: Hydrogen pipeline investment costs (FCFP, 2005).
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Whereas, the investment cost of hydrogen pipeline is 5,526,537 ZAR2007/km in
2010, it will decrease to 1,871,004 ZARz07/km in 2040 in Figure 5.4.

The same curve can be applied to the investment cost per power output The
investment cost in 2002 is given as 7489 ZAR2007/kW for a 150 km pipeline
(Simbeck & Chang, 2002). An important decrease can be seen from 5,610
ZAR2007/kW in 2010 to 1,963 ZAR2007/kW in 2040 for 150 km long hydrogen
pipeline. The efficiencies of hydrogen pipeline delivery by pipeline diameter are

presented in Figure 5.5.
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Figure 5.5: Efficiency of hydrogen pipeline delivery by pipeline diameter (Doods &
McDowall, 2012).

5.2 Compressed Gaseous Hydrogen Tube Trailer Delivery Costs

The US Department of Transportation regulates compressed gaseous hydrogen truck
trailers. DOT regulations limit the gas pressure on the trucks to 160 atm. The
hydrogen carried by tube trailers is approximately 300 kg. Capacity of trailers would
increase with higher tube trailer pressure. Some assumptions are made for
compressed gaseous hydrogen tube trailer delivery (Yang & Ogden, 2006). Tube

trailer investment costs are presented in Figure 5.6.
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Figure 5.6: Tube trailer investment cost by distance (Berridge, 2010).

In Figure 5.7, the distance for tube trailer delivery is given as 100 km, and in Figure

5.9, the distance for liquid hydrogen truck delivery is given 200 km.
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Figure 5.7: Tube trailer investment cost for 100 km hydrogen delivery (Doods &
McDowall, 2012).

5.3 Liquid Hydrogen Truck Delivery Costs

Hydrogen is produced centrally at the production plants in this study. In this section
of the study, hydrogen is liquefied after production at the plants and this liquefied

hydrogen is transmitted and delivered in trucks to the fuelling stations at the airport
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directly. The investment costs of liquid hydrogen delivery includes the number of

delivery trucks, distance traveled, size of liquefiers, pumps, storage terminals,

vaporizers and other related factors in this case (Berridge, 2010) (Ruth, Laffen, &

Timbario, 2009) . Investment costs of liquid hydrogen truck delivery are presented in

Figure 5.8.
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Figure 5.8: Liquid truck investment cost by distance (Berridge, 2010).

Liquid hydrogen truck delivery investment costs by years are presented in Figure 5.9.

It can be assumed that there is no expected change in investment cost of liquid

hydrogen truck delivery in 2040.
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Figure 5.9: Liquid truck investment cost for 200 km hydrogen delivery (Doods &

McDowall, 2012).
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5.4 Hydrogen Compression, Liquefaction and Fueling Station Costs

In this study, individual compressor design for each hydrogen production plant is
considered. It is projected that equal amount of hydrogen is compressed in case of
gaseous hydrogen delivery from each production technology. It is assumed that 16.25
t/d (22.56 MW total capacity of compressors) hydrogen is compressed at the
production sites as a proportion of the total demand of 65 t/d hydrogen for OR
International Airport. As a scenario analysis 1,000 kW capacity compressors are
analyzed for the production sites. In Figure 5.10 the chance in investment cost by the

capacity of compressor is presented.
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Figure 5.10: Compressor investment cost by capacity (Amos, 1998).

In Figure 5.11, it is estimated that the investment cost of the compressor is 7,582
ZAR2007/kWoutput in 1998. In addition to the capacity curve, the investment cost
change by year approach for hydrogen liquefier is applied because of limited data in
the literature. Consequently, investment cost of 6,061 ZAR2007/kWoutput for 2010
and 3,463 ZAR2007/kWoutput for 2040 is projected for hydrogen compressor.
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Figure 5.11: Liquefier investment cost by capacity (Amos, 1998).

The similar approach can be made in order to estimate liquefier investment cost. In
this case, it is assumed that at least half of the hydrogen demand is delivered in
gaseous form until the liquefaction terminal. The capacity of liquefier is 32.5 t/d
(45,134 kW total capacity). As a scenario analysis, it is assumed that at least three
liquefiers (capacity of 15,000 kW) exist at the terminal. In Figure 5.12, it can be
estimated that liquefier investment cost is 6,300.87 ZAR2007/kWoutput in 1998. In
Figure 5.12, it is estimated that investment cost of hydrogen liquefier is 5,037
ZAR2007/kWoutput for 2010 and 2,878 ZAR2007/kWoutput for 2040.
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Figure 5.12: Liquefier investment cost (Doods & McDowall, 2012).
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In this study, 1,500 kg/d large hydrogen fueling stations from the literature are
considered. In this case, there are more than 40 fueling stations for airplanes for the
airport demand of 65 t/d hydrogen. In the study of Giil (2008), investment cost for
hydrogen fueling stations is given as 687 ZAR7//kKWoupu for 2007. It can be
estimated, using Figure 5.13 with the given cost to estimate future cost, that the
investment cost of liquid hydrogen fueling stations is 667 ZAR2007/KWoutput for 2010
and 493 ZAR 2007/KWoytput for 2040,
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Figure 5.13: LH2 fueling station investment cost (Doods & McDowall, 2012).

The fixed O&M costs are projected as 4% of capital cost for compressors and
liquefiers (Yang & Ogden, 2006). The fixed O&M costs for hydrogen compressor
are 242 ZAR2q07/KWoytpur for 2010 and 138 ZAR2007/KWoutpur for 2040.

The fixed O&M costs for hydrogen liquefier are 201 ZAR2007/KWoutput for 2010 and
115 ZAR2007/KW output for 2040.

For the liquid hydrogen fueling stations, the Fixed O&M costs are projected as 5% of
investment cost and for compressors, liquefiers and fueling stations variable O&M
are considered as 50% of fixed O&M costs (Doods & McDowall, 2012). The fixed
O&M costs for hydrogen fueling stations are 33 ZAR2007/KWoutput for 2010 and 24
ZAR2007/ KW oumput for 2040. The costs of hydrogen compressor, liquefier and fueling

station can be compared in Table 5.1.
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Table 5.1: Delivery costs of compressor, liquefier and fueling stations

ZAR007/GJouput | CoOSts 2010 2040
Investment | 19591 | 109.84
Cost
Fixed O&M 2 69 439
Compressor Costs
Var. O&M 3.84 219
Costs
Delivery 20374 | 116.45
Cost
Investment | 40973 | 9197
Cost
Fixed O&M 6.39 3.65
Liquefier Costs
Var. O&M | 44q 1.82
Costs
Delivery | 16931 | 9674
Cost
Investment 2115 15.65
Cost
Fixed O&M | ¢ 0.78
Fueling Station costs
Var. O&M | g 0.39
Costs
Delivery 22.74 16.82
Cost

5.5 Delivery Scenarios and Costs

Hydrogen delivery is favorable to be produced from coal, natural gas, biomass and
electrolysis in this study as mentioned in the first chapter. In order to deliver
hydrogen produced from these production plants, four possible example production
sites and delivery scenarios are considered in order to estimate the lowest-cost

delivery option.

For the first production technology, which is coal gasification technology, the nearest
coal power plant to the airport is selected as a case scenario. Kelvin power station,
which has 600 MW installed capacity and uses primarily coal as fuel, is mostly 15
km far from the surroundings of OR Tambo international airport. (Aldwych, 2007).
The location of Kelvin power station and a possible coal to hydrogen production
plant can be seen in Figure 5.14.
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Figure 5.14: Kelvin power station and OR Tambo international airport (Googel
maps, 2013).
A liguefaction terminal should be built in the surroundings of airport. Taking into
account that the diameter of the airport field is approximately 10 km, a liquefaction

terminal can be build in a distance of around 10 km from the fueling stations.

In this case, the total cost consists of a 15 km delivery path (pipeline or tube trailer)
of hydrogen from Kelvin power plant or a hydrogen production plant nearby, a
liquefaction terminal and 10 km liquid truck delivery at the airport and refueling

station cost.

It can be again taken into account that in Figure 5.7, the distance for tube trailer
delivery is given as 100 km, and in Figure 5.9, the distance for liquid hydrogen truck
delivery is given 200 km. The estimation of costs according to distances and years

are illustrated in Figure 5.15, Figure 5.16, Figure 5.17 and Figure 5.18.

56



30.000

/

o 2010 ,~ / .
a 25.000 % K
@) // ,/
= , 72040
S 20.000 ~ .

) / /‘
g ; / K
0 X s /7
0 = 15.000 — -

o - .
E 8 // 7
— O: /// . v
& < 10.000 —
-é u - \ ‘I./.’A
= 5000 > e ——
o /‘/l T # Gaseous Hydrojen Tube Trailer
E 0 Ip _________ I"" | Delivery CostI |
0 500 1000 1500 2000

Distance (km)

Figure 5.15: Tube trailer investment cost by distance (Berridge, 2010).
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Figure 5.16: Tube trailer investment cost for 100 km hydrogen delivery (Doods &
McDowall, 2012).
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Figure 5.17: Liquid truck investment cost by distance (Berridge, 2010).
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Figure 5.18: Liquid truck investment cost for 200 km hydrogen delivery (Doods &
McDowall, 2012).

Considering the investment cost change by years curve, hydrogen delivery
investment costs for both tube trailer in gaseous form and truck delivery in liquid
form can be estimated for 15 km distance with an approach using Figure 5.6 and

Figure 5.8, which give investment cost by distance relations.
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The investment costs of 15 km gaseous tube trailer delivery from production plant to
liquefaction terminal are 5,402 ZAR2007/KWoutput for 2010 and 2,971 ZAR 2007/ KW output
for 2040.

The investment costs of pipeline 15 km long from the production plant to the
liquefaction terminal, taking Figure 5.2 and Figure 5.4 into account, are 4,518

The investment cost of 10 km truck delivery from liquifection terminal to fueling
station directly is 1,506 ZAR2007/KWoutput for 2010 and for 2040 with no change.

In other option, the total cost consists of a 15 km direct liquid hydrogen truck
delivery and fueling station cost is 1,514 ZAR2007/KWoupue for 2010 and for 2040.
Fixed O&M costs are defined as 20% of investment cost for gaseous and liquid truck
delivery. O&M costs of pipeline delivery is considered as 5% of the investment
costs. All variable O&M costs are considered as 50% of the fixed O&M costs
(Dodds & McDowall, 2012) (Berridge, 2010).
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In the first delivery scenario, hydrogen is compressed and delivered 15 km by
pipelines from the coal to hydrogen production plant to the liquefaction terminal at
the border of the airport. After liquefaction process, liquid hydrogen is delivered 10

km to the fueling stations by liquid hydrogen trucks.

Table 5.2: Delivery scenario 1 (combined delivery with pipeline and truck) for coal
to hydrogen production.

ZAR2007/GJoutput Costs 2010 2040
Inv. Cost 192.21 | 109.84
Fixed O&M 7.69 4.39
Var. O&M 3.84 2.19
Inv. Cost 143.29 | 50.14
Fixed O&M 7.16 251
Var. O&M 3.58 1.25
Inv. Cost 159.73 | 91.27
Fixed O&M 6.39 3.65
Var. O&M 3.19 1.82
Inv. Cost 47.77 47.77
Fixed O&M 2.39 2.39
Var. O&M 1.19 1.19
Inv. Cost 21.15 15.65
Fixed O&M 1.06 0.78
Var. O&M 0.53 0.39
Delivery Cost Total 601.17 | 335.23

Compression
(Production Plant)

Pipeline
(15 km)

Liquefaction
(Terminal)

Truck
(Liquid-10 km)

Fueling Station
(LH2)
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In the second delivery scenario, hydrogen is compressed and delivered 15 km by
gaseous tube trailers from the coal to hydrogen production plant to the liquefaction
terminal at the border of the airport. After liquefaction process, liquid hydrogen is

delivered 10 km to the fueling stations by liquid hydrogen trucks.

Table 5. 3: Delivery scenario 2 (truck delivery in gaseous and liquid forms) for coal
to hydrogen production.

ZAR2007/GJoutput Costs 2010 2040
Inv. Cost 192.21 | 109.84
Fixed O&M 7.69 4.39
Var. O&M 3.84 2.19
Inv. Cost 171.33 | 94.24
Fixed O&M 8.57 4.71
Var. O&M 4.28 2.36
Inv. Cost 159.73 | 91.27
Fixed O&M 6.39 3.65
Var. O&M 3.19 1.82
Inv. Cost 47.77 47.77
Fixed O&M 2.39 2.39
Var. O&M 1.19 1.19
Inv. Cost 21.15 15.65
Fixed O&M 1.06 0.78
Var. O&M 0.53 0.39
Delivery Cost Total 631.31 | 382.64

Compression
(Production Plant)

Tube Trailer
(15 km)

Liquefaction
(Terminal)

Truck
(Liquid-10 km)

Fueling Station
(LHy)
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In the third delivery scenario, hydrogen is liquefied and delivered 15 km by liquid
hydrogen trucks from the coal to hydrogen production plant to the fueling stations
directly.

Table 5. 4: Delivery scenario 3 (Truck delivery in liquid form) for coal to hydrogen
production.

ZAR2007/GJoutput Costs 2010 2040
Inv. Cost 159.73 | 91.27
Fixed O&M 6.39 3.65
Var. O&M 3.19 1.82
Inv. Cost 48.03 48.03
Fixed O&M 2.40 2.40
Var. O&M 1.20 1.20
Inv. Cost 21.15 15.65
Fixed O&M 1.06 0.78
Var. O&M 0.53 0.39
Delivery Cost Total 243.68 | 165.19

Liquefaction
(Production Plant)

Truck
(Liquid-15 km)

Fueling Station
(LH2)
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The same approach can be used for natural gas to hydrogen production. A natural gas
to hydrogen production plant can be built on the region where natural gas source can
be supported by Mozambique-Secunda natural gas pipe extension in Secunda. The
location of pipe extension can be seen in Figure 5.19 and the natural gas company’s
whole pipe lay out can be seen in Appendix C. The distance between OR Tambo
international airport and the natural gas pipeline is approximately 125 km.
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Figure 5.19: Mozambique-Secunda natural gas pipeline extension (Google Map,
20013).

The three scenarios for delivery costs can be considered with the same method of
investment cost change by distance and years. The scenario analysis can be seen in
Table 5.5, Table 5.6 and Table 5.7. The investment costs for determined distances
are 5,389 ZAR007/kWouput in 2010 and 1,885 ZAR2007/KWouput for 2040 for
hydrogen pipeline, 6,453 ZAR2007/kWouput in 2010 and 3,549 ZAR2007/KWoutput 1N
2040 for gaseous hydrogen tube trailer, 1,708 ZAR2qo7/KWoyrpue in 2010 and 1,708
ZAR2007/KWoyput in 2040 for Liquid hydrogen truck delivery. Detailed delivery costs
can be seen in Table 5.5.
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In the first delivery scenario, hydrogen is compressed and delivered 125 km by
pipelines from the natural gas to hydrogen production plant to the liquefaction
terminal at the border of the airport. After liquefaction process, liquid hydrogen is

delivered 10 km to the fueling stations by liquid hydrogen trucks.

Table 5.5: Delivery scenario 1 (combined delivery with pipeline and truck) for
natural gas to hydrogen production.
ZAR2007/GJoutput Costs 2010 2040
Inv. Cost 192.21 | 109.84
Fixed O&M | 7.69 4.39
Var. O&M 3.84 2.19
L Inv. Cost 170.91 [ 59.80
(';'Z%G:("rf) Fixed O&M | 855 | 2.99
Var. O&M 4.27 1.50
Inv. Cost 159.73 | 91.27
Fixed O&M | 6.39 3.65
Var. O&M 3.19 1.82
Inv. Cost 47.77 47.77
Fixed O&M | 2.39 2.39
Var. O&M 1.19 1.19
Inv. Cost 21.15 15.65

Compression
(Production Plant)

Liquefaction
(Terminal)

Truck
(Liquid-10 km)

Fueling Station

Fixed O&M 1.06 0.78
(LHy)
Var. O&M 0.53 0.39
Delivery Cost Total 630.86 | 345.62
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In the second delivery scenario, hydrogen is compressed and delivered 125 km by
gaseous tube trailers from the natural gas to hydrogen production plant to the
liquefaction terminal at the border of the airport. After liquefaction process, liquid

hydrogen is delivered 10 km to the fueling stations by liquid hydrogen trucks.

Table 5.6: Delivery scenario 2 (truck delivery in gaseous and liquid forms) for
natural gas to hydrogen production.
ZAR2007/GJoutput Costs 2010 2040

Inv. Cost 192.21 | 109.84
Fixed O&M | 7.69 4.39
Var. O&M 3.84 2.19
Tube Trailer Inv. Cost 204.64 | 112.57

(125 km) Fixed O&M | 10.23 5.63
Var. O&M 5.12 2.81

Inv. Cost 159.73 | 91.27
Fixed O&M | 6.39 3.65
Var. O&M 3.19 1.82

Inv. Cost 47.77 47.77

Truck ~ed
Var. O&M 1.19 1.19
Inv. Cost 21.15 15.65

Compression
(Production Plant)

Liquefaction
(Terminal)

Fueling Station

Fixed O&M | 1.06 0.78
(LHy)
Var. O&M 0.53 0.39
Delivery Cost Total 667.13 | 402.34
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In the third delivery scenario, hydrogen is liquefied and delivered 125 km by liquid
hydrogen trucks from the natural gas to hydrogen production plant to the fueling

stations directly.

Table 5.7: Delivery scenario 3 (Truck delivery in liquid form) for natural gas to
hydrogen production.
ZAR2007/GJoutput Costs 2010 2040

Inv. Cost 159.73 | 91.27
Fixed O&M 6.39 3.65
Var. O&M 3.19 1.82

Inv. Cost 54.18 54.18
Truck -
Var. O&M 1.35 1.35

Inv. Cost 21.15 15.65

Liquefaction
(Production Plant)

Fueling Station

Fixed O&M | 1.06 0.78
(LHy)
Var. O&M 0.53 0.39
Delivery Cost Total 250.30 | 171.81

For biomass to hydrogen production, the closest dense forest region can be selected
as an example to build up a production plant. Althoug Kuger National Park region is
out of Gauteng, it is the closest high capacity national flora, which is close to
Mozambique border. This national park is 1,336,981 km2 wide with various plant
cover. The distance between National park and airport can be seen in Figure 5.16.

. Matola® ¢

Swaziland
. e

Figure 5.20: Dense forests nearby Kruger National Park (Google Map, 20013).

This scenario-based biomass to hydrogen production plant is located about 450 km
away from OR Tambo international airport.
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The scenario of three possible delivery paths with the given distances of delivery
routh determines the following investment costs are projected; 9,072
ZAR2007/KWoytput in 2010 and 3,174 ZAR 2007/ KWoutput for 2040 for hydrogen pipeline,
10,910 ZAR2007/KWoutput in 2010 and 6,001 ZAR2007/KWoutput in 2040 for gaseous
hydrogen tube trailer, 2,440 ZAR2007/KWoytput in 2010 and 2,440 ZAR2007/KWoytput In
2040 for Liquid hydrogen truck delivery. Detailed delivery costs can be seen in
Table 5.8, Table 5.9, Table 5.10.

In the first delivery scenario, hydrogen is compressed and delivered 450 km by
pipelines from the biomass to hydrogen production plant to the liquefaction terminal
at the border of the airport. After liquefaction process, liquid hydrogen is delivered
10 km to the fueling stations by liquid hydrogen trucks.

Table 5.8: Delivery scenario 1 (combined delivery with pipeline and truck) for
biomass to hydrogen production.

ZAR2007/GJoutput Costs 2010 2040
Compression Inv. Cost 192.21 | 109.84
(Production Plant) | FXedO&M | 769 | 439
Var. O&M 3.84 2.19
St Inv. Cost 287.69 | 100.67
(450 km) Fixed O&M | 14.38 5.03
Var. O&M 7.19 2.52
Inv. Cost 159.73 | 91.27
Fixed O&M | 6.39 3.65
Var. O&M 3.19 1.82
Inv. Cost 47.77 47.77
(Lqui[jlﬁg «my | FixedO&M | 239 | 239
Var. O&M 1.19 1.19
Inv. Cost 21.15 15.65

Liquefaction
(Terminal)

Fueling Station

Fixed O&M 1.06 0.78
(LHy)
Var. O&M 0.53 0.39
Delivery Cost Total 756.41 | 389.54
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In the second delivery scenario, hydrogen is compressed and delivered 450 km by
gaseous tube trailers from the biomass to hydrogen production plant to the
liquefaction terminal at the border of the airport. After liquefaction process, liquid

hydrogen is delivered 10 km to the fueling stations by liquid hydrogen trucks.

Table 5.9: Delivery scenario 2 (truck delivery in gaseous and liquid forms) for
biomass gas to hydrogen production.
ZAR2007/GJoutput Costs 2010 2040
Inv. Cost 192.21 | 109.84
Fixed O&M | 7.69 4.39
Var. O&M 3.84 2.19
. Inv. Cost 345.96 | 190.30
Tube Trailer -
(450 km) Fixed O&M | 17.30 9.51
Var. O&M 8.65 4.76
Inv. Cost 159.73 | 91.27
Fixed O&M | 6.39 3.65
Var. O&M 3.19 1.82
Inv. Cost 47.77 47.77
Truck ~ed
Var. O&M 1.19 1.19
Inv. Cost 21.15 15.65

Compression
(Production Plant)

Liquefaction
(Terminal)

Fueling Station

Fixed O&M | 1.06 0.78
(LHy)
Var. O&M 0.53 0.39
Delivery Cost Total 819.04 | 485.90
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In the third delivery scenario, hydrogen is liquefied and delivered 450 km by liquid
hydrogen trucks from the biomass to hydrogen production plant to the fueling
stations directly.

Table 5.10: Delivery scenario 3 (Truck delivery in liquid form) for biomass to
hydrogen production.

ZAR2007/GJoutput Costs 2010 2040
e Inv. Cost 159.73 91.27
(Production Plant) Fixed O&M 6.39 3.65
Var. O&M 3.19 1.82
Inv. Cost 77.38 77.38
Truck -
Var. O&M 1.93 1.93
Fueling Station Inv. Cost 21.15 15.65
g Fixed O&M | 1.06 | 0.78
(LH2)
Var. O&M 0.53 0.39
Delivery Cost Total 275.23 | 196.74

In the case of electrolysis hydrogen production, Bronkhortstspruit dam in Gauteng
can be selected as an example place to build up an electrolysis to hydrogen
production plant. This dam is 35.3 m high ad 152.4 m long with 57,913,000 m3
capacity. The dam is 68 km far from OR Tambo international airport. The location of

Bronkhortstspruit dam is shown in Figure 5.17.
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Figure 5.21: Bronkhorstspruit dam in Gauteng (Google Map, 20013).
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The cost analysis of three possible hydrogen delivery are made and consequently,
according to the three scenarios of three possible delivery paths with the given
distances, the investment costs are found as 4,919 ZAR007/KWoutput in 2010 and
1,721 ZAR2007/kWoupu: for 2040 for hydrogen pipeline, 5,885 ZAR2007/kWoutput in
2010 and 3,237 ZAR2007/KWouput in 2040 for gaseous hydrogen tube trailer, 1,605
ZAR2007/KWoyput In 2010 and 1,605 ZAR2007/KWoumput in 2040 for Liquid hydrogen
truck delivery. Detailed delivery costs can be seen in Table 5.11, Table 5.12, Table
5.13.

In the first delivery scenario, hydrogen is compressed and delivered 68 km by
pipelines from the electrolysis hydrogen production plant to the liquefaction terminal
at the border of the airport. After liquefaction process, liquid hydrogen is delivered

10 km to the fueling stations by liquid hydrogen trucks.

Table 5.11: Delivery scenario 1 (combined delivery with pipeline and truck) for
electrolysis hydrogen production.
. Inv. Cost 192.21 | 109.84
(PrOdUCtion Plant) Fixed O&M 7.69 4.39
Var. O&M 3.84 2.19
St Inv. Cost 155.99 [ 54.58
Var. O&M 3.90 1.36
Inv. Cost 159.73 | 91.27
Fixed O&M | 6.39 3.65
Var. O&M 3.19 1.82
Inv. Cost 47.77 47.77
Truck od
Var. O&M 1.19 1.19
Inv. Cost 21.15 15.65

Liquefaction
(Terminal)

Fueling Station

Fixed O&M 1.06 0.78
(LH2)
Var. O&M 0.53 0.39
Delivery Cost Total 614.83 | 340.00

In the second delivery scenario, hydrogen is compressed and delivered 68 km by
gaseous tube trailers from the electrolysis hydrogen production plant to the
liquefaction terminal at the border of the airport. After liquefaction process, liquid

hydrogen is delivered 10 km to the fueling stations by liquid hydrogen trucks.
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Table 5.12: Delivery scenario 2 (truck delivery in gaseous and liquid forms) for
electrolysis hydrogen production.

ZAR2007/GJoutput Costs 2010 2040
Inv. Cost 192.21 | 109.84
Fixed O&M 7.69 4.39
Var. O&M 3.84 2.19
Tube Trailer Inv. Cost 186.64 | 102.66
(68 km) Fixed O&M 9.33 5.13
Var. O&M 4.67 2.57
Inv. Cost 159.73 91.27
Fixed O&M 6.39 3.65
Var. O&M 3.19 1.82
Inv. Cost 47.77 47.77
Truck ~ed
Var. O&M 1.19 1.19
Inv. Cost 21.15 15.65

Compression
(Production Plant)

Liquefaction
(Terminal)

Fueling Station

Fixed O&M | 1.06 0.78
(LHy)
Var. O&M 0.53 0.39
Delivery Cost Total 647.78 | 391.69

In the third delivery scenario, hydrogen is liquefied and delivered 68 km by liquid
hydrogen trucks from electrolysis hydrogen production plant to the fueling stations
directly.

Table 5.13: Delivery scenario 3 (Truck delivery in liquid form) for electrolysis
hydrogen production.

Inv. Cost 159.73 | 91.27
Fixed O&M | 6.39 3.65
Var. O&M 3.19 1.82

Inv. Cost 50.90 50.90
Truck -
Var. O&M 1.27 1.27

Inv. Cost 21.15 15.65

Liquefaction
(Production Plant)

Fueling Station

Fixed O&M 1.06 0.78
(LH2)
Var. O&M 0.53 0.39
Delivery Cost Total 246.77 | 168.28
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Current and future life time and efficiency values for truck, tube trailer, pipeline,
liquefier and fueling station can be found in Table 5.14. LH2 fueling station lifetime

is considered as the same of gaseous fueling station (Doods & McDowall, 2012).

Table 5.14: Energy input and lifetime of the delivery technologies (Doods &
McDowall, 2012).

Delivery Energy Input Lifetime
Technology | Hydrogen | Electricity |  (véars)
Pipeline 100% 0% 80
LH2 Truck 83% 0% 15
Tube Trailer 100% 0% 15

Liquefier 83% 17% 20
Fueling Station 96% 4% 20
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6. HYDROGEN IN AVIATION

Hydrogen looks like a promising alternative fuel for most kinds of transportation
(Hemighaus, et al., 2006). Besides the other types of transportation, hydrogen is yet
the only known suitable alternative fuel for aviation, produced from renewable

energy systems (Klug, 2000).

Addition to 4-5% annual traffic increase predictions for next decades, recent rapid
growth in civil aviation also attracted attentions to alternative fuel research for
aviation (Westenberger, 2007a). Furthermore, estimations were showing 2% annual
increase in fuel consumption and CO, emissions pointed hydrogen fuel because far
less low emissions might be helpful to lessen dependency of aviation on oil resources

and catch greenhouse gas emission targets (Klug, 2000).

Hydrogen airplane was investigated in the project named “cryoplane” by a European
consortium of thirty-five partners from industry, research establishments and
universities from eleven countries led by Airbus Deutschland (EC, 2012). In the
project, an overall system analysis of hydrogen as an aviation fuel was investigated
including configuration, system and components, propulsion, safety, environmental
compatibility, fuel sources and infrastructure, transition. The project started in 2000
and planned for 24 months with 4.5 million Euro total budget and 550 person-months
total effort (Fass, 2001).

Even though hydrogen is advantageous alternative fuel for aviation, it has some
technical challenges to be achieved. In this chapter, some of these challenges such as
hydrogen fuel storage, hydrogen airplane design, safety and cost challenges will be

discussed. A model of cryoplane is shown in Figure 6.1.
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Figure 6.1: A model of cryoplane hydrogen fuelled aircraft (Klug, 2000).
6.1 Hydrogen versus Kerosene

Research and development studies show that there are only a few alternative fuels or
systems for energy solution of future transportation in a way environmental friendly
and feasible. (Saynor, Baue, & Leach, 2003) Whereas electrical power and fuel cell
applications present clean and applicable energy solutions for road transportation but
these solutions are not power-intensive or they are too heavy for aircrafts requiring
high power. However, electricity produced from renewable energy sources can pose
a reasonable option to produce hydrogen by electrolysis in order to use in aircrafts
(EC, 2003) (DOE, 2011).

The reason total fuel cell propulsion is not applicable; the convenient way of use of
hydrogen is to burn it in turbofan power plants. The main product of burning
hydrogen in engines is water after the process. Hydrogen can be carried and stored
only in liquid form practically in aircrafts. The reason of this limitation is the tank
weight and size and high volume of hydrogen in gaseous form (Saynor, Baue, &
Leach, 2003). Figure 6.2 compeares energy content rates of hydrogen and kerosene

in the same weight and volume.
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® Hydrogen

m Kerosene

Weight Volume

Figure 6 2: Weight and volume rates of hydrogen and kerosene by the masses of
equal energy content (Fass, 2001).
Hydrogen contains 2.8 times more energy in the same weight, comparing to kerosene
fuel. (Krijinen & Astaburuaga, 2002) Therefore, a disadvantage in transition to
hydrogen is that some part of energy content of hydrogen will be consumed by the
increasing weight of complex fuel systems and fuel tanks, however, an increase in
payload at a certain takeoff weight is also expected (Edwards, 2003). Figure 6.3

compares emissions of the same energy content of hydrogen and kerosene.

1 kg Kerosene

(~43 MJ)
3.16 kg CO,, 1.24 kg Water

CO, Soot, NO,, SO, , UHC
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—— > —— >

0.36 kg Hydrogen
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Figure 6.3: Emissions of masses of equal energy content (van Zon, 2012).



The only primary product after combustion of hydrogen in airplanes is water. The
secondary existing emission is Nitrogen Oxides (NOy). Other greenhouse gases are
not emitted by combustion of hydrogen (Momirhan & Veziroglu, 2002). The
emission of Nitrogen Oxidants can be also reduced by lean combustion to the lower
level than of kerosene. Additionally, hydrogen combustion releases 2.6 times more
water amount compared the kerosene of the same energy content. However, water
vapor contributes to greenhouse gas effect, it is less residence in the stratosphere
compared to CO; (Klug, 2000).

6.2 Liquid Hydrogen Fuelled Aircraft
6.2.1 Configuration

The physical disadvantage of hydrogen transition of airplanes is that hydrogen
requires four times bigger volume to store the same energy content comparing to
kerosene (EERE, 2011). These tanks, at the same time, should enable isolation and
differential pressure with a cylindrical shape. (Juanos, 2008). Depending on the
liquid hydrogen tanks, two main configurations for hydrogen aircraft were focused.
The first configuration named conventional configuration includes some the aircraft
types of commercial operation. Unconventional configuration requires design of new

aircrafts for hydrogen tanks (Saynor, Baue, & Leach, 2003).

Three main types of aircrafts for conventional configuration were projected; small
regional aircraft, short-medium range aircraft and long-range aircraft. The concept of

small regional aircraft is presented in Figure 6.4.

fi

Figure 6.4: Small range aircraft (Westenberger, 2007b).
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The configuration for small regional aircraft is considered as the simplest
configuration having the tank behind the aft pressure bulkhead. This configuration
requires wider fuselage. This configuration is appropriate for only small regional
aircraft and business aircraft. For larger fuel needs like regional aircrafts including
turbo-prop or turbo-jet aircrafts up to hundred seats, aft tank must be balanced with a
forward tank. This type of tank configuration is considered less efficient but safer for
the passengers because hydrogen tanks are on the top of the fuselage and hydrogen
can boil off in case of defect (Airbus, 2003). This configuration is presented in

Appendix E, in Figure E 4.

The design of medium range aircraft requires the hydrogen tanks on the top of the
fuselage. Hydrogen tanks in ticker inner wings were considered at the first proposal
of small/medium range aircraft. Based on lower aerodynamic efficiency,
configuration was revised as an alternative configuration which is presented in
Figure 6.5, with a larger tail cone and top tanks. Another configuration was
considered as the most efficient one with two tanks balancing each other, one in the

front and one in the rear (Westenberger, 2007a).

’30.0 m3‘ ’ 68.0 m3‘

‘ 28.5 m3‘ ‘33.5 m®

Engines’ fuel supply pipes are outside of
pressurized fuselage

Figure 6.5: Medium range aircraft (Westenberger, 2007b).

The configuration of long range aircraft and very large long range aircraft allows a
catwalk between cockpit and cabin through the front tank with wider fuselage
diameter. The Configuration can be seen in Figure 6.6. This configuration is
appropriate for very large long range aircraft except three-deck layout (Airbus,
2003).
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Figure 6.6: Long-range aircraft (Airbus, 2003).

As unconventional configurations, varieties of alternatives were studied. Two of
them appeared reasonable. The twin boom configuration, which can be seen right
down in Figure 6.7, causes high profile and interference drag with external tanks.
The blended wing body configuration creates much unused volume. Consequently,
no advantage against the conventional configurations was discovered (Westenberger,
2007a).

AN NN
SO NI~

Figure 6.7: Unconventional aircraft configurations (Westenberger, 2007D).

6.2.2 Structure
The structural parts as insulated tanks should be enduring under low and high
temperature working conditions as well as they should be light (Koroneos &

Moussiopoulos, 2001). Airplane fuselage should be able to stretch under more
payload. (Airbus, 2003). Cross section of a cryoplane can be seen in Figure 6.8.
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Figure 6.8: Cryoplane cross section (Westenberger, 2007a).

6.2.3 New Systems

Hydrogen airplanes will require more complex fuel system because of characteristic
that hydrogen can evaporate and fuel system can include both liquid and gaseous
form of hydrogen. Life cycle of airplane components should be longer and these

components should be durable enough (Klug, 2000). A possible fuel system is
presented in Figure 6.9.
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Figure 6.9: Possible fuel supply system for an Airbus A300 with liquid hydrogen
(van Zon, 2012).

79



6.2.4 Power Plant

Hydrogen airplane design will cause operational developments in airplane engines
(Corchero & Montanes, 2005). New engine configurations will be necessary such as
heating combustion chamber must be heated before the hydrogen injected. New
systems such as a heat exchanger, flow control valve and high-pressure pump should
necessarily be developed (Juanos, 2008). Figure 6.10 presents a type of hydrogen

engine system.
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Figure 6.10: NASA’s Rex III hydrogen engine system (NASA, 2013).

6.2.5 Safety

Hydrogen cannot detonate in free atmosphere because it rises faster than other gases
such as Propane or Natural Gas. Hydrogen burns at below detonation limit and that
means the danger zone of hydrogen is so small in case of leak or it is spilled
(Pritchard, Royle, & Willoughby, 2009) (Klug, 2000). The danger zone of hydrogen

in comparison with other gases is presented in Figure 6.11.
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Figure 6.11: Danger zones of spilled liquid gases (Verstraete, 2009).

Hydrogen does not form a fire carpet with its volatility in the air unlike kerosene.
From the aspect of a crash, passengers may survive because of the characteristics of
hydrogen that even if it burns fast, it burns with a low heat radiation and does not

produce toxic by-products while burning (Klug, 2000).
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7. TECHNO-ECONOMIC  ANALYSIS OF HYDROGEN FUELED
AIRCRAFT

Transition to hydrogen in aviation is expected to occur when it is economically
advantageous for airlines (FAA, 2005). From the economical aspect, fuel prices are
the focus depending on the expectation of the balance of payload fraction and
operating cost of more complex fuel systems (Edwards, 2003) (Klug, 2000). Figure
7.1 shows world airline route map of 2007. It can be seen that South Africa is one of
the points in the world where air traffic increased with a high acceleration since 1990
(Forbes, Patel, Cone, Valdez, & Komerath, 2011).

Figure 7.1: World airline route map of 2007.

Investment costs per passenger kilometer for airplanes with different fuels are

presented in Table 7.1.
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Table 7.1: Investment costs of kerosene plane and hydrogen plane (IEA, 2005).

Investment cost per ’
passenger.km A I
Kerosene plane (ZAR2007/1000 pkm) 571
Hydrogen plane (ZAR2007/1000 pkm) 642

Even if hydrogen is stored as liquid in storage tanks, because the liquid hydrogen still
requires four times greater volume, big liquid hydrogen tanks will cause between 9-
34 % higher energy consumption. In cost calculations, 12% annuity per seat is used.
Fuel cost for kerosene is assumed 35.70 ZAR2007/GJ and fuel cost of hydrogen is
assumed 142.82 ZAR,007/GJ. Besides, it is projected that 20% less fuel is used per
seat in hydrogen airplane (IEA, 2005). Fuel and capital cost per seat occupied for

both type of airplanes can be seen in Table 7.2.

Table 7.2: Fuel and capital costs per seat occupied of kerosene plane and hydrogen
plane (IEA, 2005).

Fuel and capital

. Unit Cost
per seat occupied

Kerosene plane (ZARypo7/seat) | 357,043

Hydrogen plane (ZARypo7/seat) | 1,428,172

The payload of hydrogen airplanes will be between 20-30 % lower comparing to
kerosene airplane, however; it affects the number of passengers not that importantly
(Jolley, 2006). Costs per seat for the airplanes can be seen in Table 7.3. The load
factor is 75% for both of the planes and hydrogen airplane has 15% fewer passengers
then the kerosene airplane. Costs per seat occupied includes investment costs and
direct operational costs for airplanes. DOC (direct operating cost) can be determined

as in the equation below:

DOC = Flight Crew + Cabin Crew + Airframe Maintenance +Engine Maintenance +

Depreciation + Insurance + Interest (ADAC, 2011)
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Table 7.3: Costs per seat occupied of kerosene plane and hydrogen plane with load
factor (IEA, 2005).

Cost per seat
occupied

Kerosene plane | (ZARyp7 1000/seat) | 3,998

Unit Cost

Hydrogen plane | (ZAR207 1000/seat) | 4,927

As it is mentioned in the previous chapter, although hydrogen airplane’s waste
products such as water vapor and NOx also have greenhouse effect depending on the
level of altitude in the stratosphere (IEA, 2005). Emissions of the airplanes bring
some emission cost to airlines (Clements, Wilkins, & Beyzh, 2011). Whereas 0.073
ton of CO,/GJ is considered for kerosene, H,O and NOx are not considered for
hydrogen fuel in emission costs calculations (IEA, 2005). In this study additional
greenhouse mitigation costs are not included to product cost related to hydrogen.

Table 7.4 shows the costs of emissions for the airplanes.

Table 7.4: Emission costs of kerosene plane and hydrogen plane (IEA, 2005).

Emission costs Unit Cost

CO; emissions for
kerosene
Hydrogen plane CO,
emissions mitigation cost

(t/used seat/yr) 730

(ZAR2007/t of COQ) 1,471

While flying at higher cruising altitudes contribute to fuel saving for airplanes, on the
other hand water vapor, which is by product of hydrogen fuelled airplane has higher
greenhouse impact at higher altitudes (NASA, 2010). The optimum cruising altitude
is 10 km for hydrogen, whereas kerosene airplanes can fly at up to 11 km altitude.
Hydrogen airplane may consume 15% more fuel while flying at 11 km than flying at
10km (IEA, 2005). The current and future efficiencies of kerosene and hydrogen

airplanes at different altitudes can be seen in Table 7.5.
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Table 7.5: Fuel efficiencies of kerosene airplane and hydrogen airplane (IEA, 2005).

Fuel efficiency 2000 2040
Kerosene at 10 km
i 4 _
altitude (1,000 pkm/GJ) 0.45 0.53
Kerosene at 11 km
altitude (1,000 pkm/GJ) 0.53 0.62
Cryoplane at 10 km
altitude (1,000 pkm/GJ) 0.38 0.44

The break-even point for hydrogen airplane and kerosene airplane is projected for

2040, and the break-even point of DOC can be seen in Figure 7.2.
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Figure 7.2: Break-even point of DOC (Direct operating cost) for CMR (Cryoplane
Medium Range) and RK (Reference a/c Kerosene) (Westenberger, 2007a).
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8. CONCLUSIONS AND RECOMMENDATIONS

The purpose of this study was to evaluate the future role of hydrogen as an
alternative aviation fuel in Gauteng metropolitan region of South Africa in terms of

costs and efficiencies.

Variations of hydrogen production and delivery pathways, besides liquid hydrogen

airplanes were investigated from technological aspect.

The costs of each scenario for production and delivery technologies as well as
hydrogen airplane costs were projected for current date and for the year 2040 as

future estimations.

In order to perform current and future costs, scenario analysis applied to each case.
Costs from the literature were utilized and estimations for the years were undertaken
with the curves of cost optimization. While cost estimations took place, specific local
characteristics and details of Gauteng region were taken into consideration. The
estimation results were interpreted and submitted as a life cycle assessment for each

technology and for each scenario.

8.1 Conclusions

Hydrogen production costs for Gauteng metropolitan region of South Africa is
analyzed for each hydrogen production technology of coal gasification, natural gas
reforming, biomass gasification and electrolysis. Coal gasification and natural gas
reforming technologies considered as two pathways of hydrogen production, which
involves the production methods with carbon capture storage technology and without
carbon capture storage technology. Hydrogen production cost of each production

technology is projected and compared in Table 8.1.
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Table 8.1: Hydrogen production costs.

Hydrogen Production Cost

Production Technology (ZAR 2007/ G Joutput)

Method 2010 2040
Coal With CCS | 1,308.16 819.98
Gasification W(';tggm 1,098.45 614.58
Natural Gas With CCS 805.42 612.66
Reforming Wcl;tggUt 629,64 520 07

Biomass

Gasification - 1,048.73 521.41
Electrolysis - 3,354.59 1,298.61

As in Table 8.1, the current and future costs of hydrogen production technologies can
be compared for today and future. After comparison, it can be commented that the
lowest-cost production technology for Gauteng region is natural gas reforming with
CCS with the price of 805.42 ZAR2007/GJoutput for 2010 and 612.66
ZAR2007/GJoutput for 2040, and natural gas reforming without CCS with the price
of 805.42 ZAR2007/GJoutput for 2010 and 612.66 ZAR2007/GJoutput for 2040. As
it is expected, the natural gas reforming without CCS is lower than the one with CCS
like in other production technologies as well. Although the local fuel prices for coal
is the cheapest option in the region, the relative investment cost for natural gas
reforming hydrogen production is 55% of the production cost of coal gasification
with CCS currently and in the future. Furthermore, in the future, the investment cost
of hydrogen production from natural gas reforming without CCS is 80% of coal
gasification without CCS. Briefly, it can be presumed that the lower relative
investment cost, fixed operating and maintenance cost and variable operating cost are
the main reason of the lowest-cost hydrogen production from natural gas reforming ,
despite the higher fuel cost comparing to the cheapest coal fuel prices. Assuming the
environmental effect is ignorable in this study, hydrogen production from natural gas

reforming without CCS is the lowest-cost production path from the economic aspect.
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All delivery scenario costs are given as a comparison in Table 8.2. In each case,

direct liquid truck delivery is estimated as the lowest-cost hydrogen delivery scenario

according to the local distances and the technologies used in the delivery paths.

Table 8.2: Cost comparison of delivery scenarios.

ZAR2007/ C':‘Joutput

Total Delivery Costs

2010

2040

Coal to
Hydrogen
Production

Plant

Scenario 1
(Compressor, Pipeline, Liquefier, Liquid
Truck, Fueling Station)

601.17

335.23

Scenario 2
(Compressor, Gaseous Tube Trailer,
Liquefier, Liquid Truck, Fueling
Station)

631.31

382.64

Scenario 3
(Liquefier, Liquid Truck, Fueling
Station)

243.68

165.19

Natural Gas to
Hydrogen
Production
Plant

Scenario 1
(Compressor, Pipeline, Liquefier, Liquid
Truck, Fueling Station)

630.86

345.62

Scenario 2
(Compressor, Gaseous Tube Trailer,
Liquefier, Liquid Truck, Fueling
Station)

667.13

402.34

Scenario 3
(Liguefier, Liquid Truck, Fueling
Station)

250.30

171.81

Biomass to

Hydrogen

Production
Plant

Scenario 1
(Compressor, Pipeline, Liquefier, Liquid
Truck, Fueling Station)

756.41

389.54

Scenario 2
(Compressor, Gaseous Tube Trailer,
Liquefier, Liquid Truck, Fueling
Station)

819.04

485.90

Scenario 3
(Liquefier, Liquid Truck, Fueling
Station)

275.23

196.74

Electrolysis
Hydrogen
Production
Plant

Scenario 1
(Compressor, Pipeline, Liquefier, Liquid
Truck, Fueling Station)

614.83

340.00

Scenario 2
(Compressor, Gaseous Tube Trailer,
Liquefier, Liquid Truck, Fueling
Station)

647.78

391.69

Scenario 3
(Liquefier, Liquid Truck, Fueling
Station)

246.77

168.28

As it can be compared in the Table 8.2, the lowest-cost hydrogen delivery option is
Scenario 3 for each case. In Scenario 3, direct hydrogen delivery by liquid hydrogen
trucks is the main delivery step. In order to deliver hydrogen by liquid trucks, firstly
liquefiers required at the production site. After liquefaction, there is no need for a
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terminal at the airport until fueling stations. Liquefiers and fueling stations are
additional costs to total delivery cost in this case. In these results, model hydrogen
production plants are essential key factor for costs by their distances to the airport.
While these scenarios are modeled, the closest possible hydrogen production plants
are considered as case models. In this case of hydrogen delivery in Gauteng region,
delivery by liquid trucks from coal gasification hydrogen production is 243.68
ZAR2007/GJoutput for 2010 and 165.19 ZAR2007/GJoutput for 2040, from natural
gas reforming hydrogen production plant is 250.30 ZAR2007/GJoutput for 2010 and
171.81 ZAR2007/GJoutput for 2040, from biomass gasification hydrogen production
plant is 275.23 ZAR2007/GJoutput for 2010 and 196.74 ZAR2007/GJoutput for
2040, from electrolysis 246.77 ZAR2007/GJoutput for 2010 and 168.28
ZAR2007/GJoutput for 2040

The reason why truck delivery for liquid hydrogen is the lowest-cost delivery path
for each production technology is because of a few reasons. The first reason is high
investment cost of pipeline plays an important role of determining total delivery
costs. Investment cost of pipeline decrease with wider diameter of the pipeline,
which is related to big amount of hydrogen flow through the pipeline, and the longer
length of the pipeline. In these delivery paths pipeline delivery options do not exceed
the pay off limit of 500 km length. The second reason of the lowest prices of liquid
hydrogen truck delivery comparing to gaseous tube trailer delivery is that the
gaseous tube trailers have lower hydrogen capacity as weight and their trip per year
rate is higher for the same amount of hydrogen demand. These reasons cause higher
FOM and VAROM costs for gaseous tube trailer hydrogen delivery. The third reason
is liquid hydrogen truck delivery is the only liquid hydrogen delivery that unlike
pipeline delivery and tube trailer delivery, it does not require compressors and extra
liquefaction terminal at the airport borders. The unnecessary extra investment costs
are avoided so that the liquid hydrogen truck delivery is the lowest-cost hydrogen

delivery path for Gauteng region with selected model hydrogen production plants.

In Table 8.3, kerosene airplane and hydrogen airplane cost per seat occupied are

presented for the year 2040.
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Table 8.3: Costs per seat occupied of kerosene plane and hydrogen plane with load
factor (IEA, 2005).

Cost per seat Unit Cost
occupied

Kerosene plane | (ZARyp7 1000/seat) | 3,998

Hydrogen plane | (ZAR207 1000/seat) | 4,927

It can be concluded that hydrogen airplane has higher cost then kerosene airplane
because of a main reason that the fuel cost of hydrogen is approximately 4 times
higher than that of kerosene. Even though 2040 is break-even point of DOC for both
kerosene and hydrogen middle range airplanes and the energy efficiency of hydrogen
airplane is higher than the kerosene airplane, still it is challenging to overcome the

high investment cost of hydrogen airplane. The production and delivery costs of

hydrogen are compared in Table 8.4.

Table 8.4: Production and delivery cost of hydrogen.

Production+Delivery
SUEILE Production e
Production Delivery Technology (ZAR2007/GJoutput)
Method Technology
2010 2040
Pipeline+LH, Truck 1,909.33 | 1,155.21
With CCS | Tube Trailer+ LH, Truck | 1,939.47 | 1,202.62
Coal LH, Truck 1,551.84 985.17
Gasification Without Pipeline+LH, Truck 1,699.62 949.81
cCs Tube Trailer+ LH, Truck | 1,729.76 997.22
LH, Truck 1,342.13 779.77
Pipeline+LH, Truck 1,436.28 958.28
Natural With CCS | Tube Trailer+ LH, Truck | 1,472.55 | 1,015.00
Gas _ I__Hz Truck 1,055.72 784.47
Reforming Without Plpelln_e+LH2 Truck 1,260.50 878.59
cCS Tube Trailer+ LH, Truck | 1,296.77 935.31
LH, Truck 879.94 704.78
Biomass PipeIin_e+LH2 Truck 1,805.14 910.95
Gasification - Tube Trailer+ LH, Truck | 1,867.77 1,007.31
LH, Truck 1,323.96 718.15
Pipeline+LH, Truck 3,969.42 | 1,638.61
Electrolysis - Tube Trailer+ LH, Truck | 4,002.37 | 1,690.30
LH, Truck 3,601.36 | 1,466.89

Because of the whole life cycle of hydrogen fuel, the lowest-cost production and
delivery cost will be 704.78 ZAR2007/GJoutput in 2040 by natural gas reforming
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without CCS and liquid hydrogen truck delivery. The cost of hydrogen airplane will
be 4,927 ZAR2007.1000/seat in 204 additional to the hydrogen cost.

8.2 Recommendations

Regarding the aspect of hydrogen energy and hydrogen economy, production of
hydrogen plays an essential role in the lifecycle cost assessment of hydrogen. The
costs of hydrogen production technologies which were examined in this study,
mostly rely on the local fuel costs. The fuel costs are the result of the abundance of
these sources in the region. From techno-economical point of view, hydrogen should
be produced from the cheapest source considering the total production cost of
hydrogen. At the same time, amount and future statue of these sources in the region
should not be ignored. Developing the natural gas pipeline network in South Africa,
natural gas is the lowest-cost option among production technologies. At this point the
production costs have an influence on the decision of hydrogen production path.
Even if this study does not include emissions, natural gas reforming with CCS could

be also applied as a cheaper and environmentally friendly method of all.

The delivery of hydrogen requires further technology comparing to natural gas
delivery. Among the delivery technologies, liquid hydrogen delivery should be the
most appropriate one because of having liquid hydrogen fueling stations at the
airport and avoiding combined delivery additional costs as transportation change and
terminal investments. However, liquid transportation provide opportunity to use
either pipelines or liquid hydrogen trucks, because of the fact that the investment
costs of hydrogen pipelines are high, direct liquid hydrogen truck delivery is basic
path for Gauteng region for hydrogen delivery. Except the sample hydrogen
production plants which were suggested in this study, in the case that there is a big
demand and further hydrogen production plant opportunity, pipeline could be also

considered the lowest-cost delivery solution according to the distance of delivery.

Hydrogen airplane utilization can be a demonstration in Gauteng region for future
use of hydrogen airplanes in worldwide air traffic. In order to carry this technology
into practice in the future, understanding of the demand, technology use and

hydrogen infrastructure in Gauteng region are the basic requirements.
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8.3 Outlook on Future Research

This dissertation aims to analyze the future role of hydrogen as an energy solution
and alternative fuel in aviation in Gauteng metropolitan region of South Africa.
While evaluating the future of hydrogen in aviation, costs of production and delivery
paths were analyzed locally in Gauteng region. This study approached to hydrogen
by a regional aspect different then (Giil, 2008) and (Dodds & McDowall, 2012) and
(Airbus, 2003), taking the cost effects of Gauteng metropolitan region.

In this study, hydrogen production from coal, natural gas, biomass and electrolysis
were analyzed. These production methods were decided according to national
sources and local availability of production. These technologies can be diversified
and hydrogen production from renewable technologies such as direct solar, solar PV,
wind, geo-thermal and algae can be examined and as a conventional source oil can

also be included in further studies.

For the delivery of hydrogen, in this dissertation, only specific pipeline and truck
delivery methods were analyzed. In further studies, other technologies, which allow
hydrogen delivery with lower-cost, can be examined. These technologies can be
natural gas pipelines which allow to blend hydrogen into natural gas pipelines or
other methods can be studied in order to reduce costs of road delivery of hydrogen.

In This study, hydrogen airplanes and the previous studies about hydrogen airplanes
were analyzed and future costs were projected. In order to accelerate the
demonstration of hydrogen aviation fuel and hydrogen airplanes, new systems and
new engines and unplanned storage tank configurations can be studied in further
research. Hydrogen storage as liquid form in the airplanes is the focus of challenges
about usage of hydrogen in aviation. Thus, hydrogen storage techniques in cryogenic

tanks can be new focus of further research.

This dissertation has a techno-economical approach to hydrogen energy solution.
Therefore, environmental aspect is another key factor for future development of
metropolitan regions that further research can review hydrogen fuel also considering

the greenhouse gas emissions.
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Finally, this study focuses on energy solution in aviation in Gauteng but also this
approach can be applied other metropolitan regions in the world in further studies

8.4 Case Study For Istanbul

8.4.1 Hydrogen Production Costs for Istanbul

According to Kaya & Kili¢ (2012), energy production from natural gas will decrease
41.1 % and energy production from biomass will decrease 15.1% between 2010 and
2030 in Turkey. Considering these values inversely proportional, biomass feed stock
price in 2040 can be projected as 0.00804 $2010/GJ. This approach can be made
according to biomass feedstock price of biomass in 2010 as 0.00422 $2010/GJ in the
study Karatas & Giil (2012) and Kaya & Kili¢ (2012) with the consideration that
feedstock prices can follow decreasing trend line with increasing energy production
capacity. All fuel prices are estimated for current and future prices according to

(IGDAS, 2013). The change in fuel prices are shown in Figure 8.1.
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Figure 8.1: Fuel Prices by Years (IGDAS, 2013).

In fuel cost estimations, lignite prices are assumed as coal prices for Turkey.
Biomass comprises solid biomass, biogas, industrial and municipal wastes. In
addition to all, USD/TRY= 1.5443 currency rate for December 31, 2010 is used in
the calculations. Fuel prices for Istanbul can be seen in Table 8.5.
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Table 8.5: Fuel prices for Istanbul.

$2010/G\]0utput 2010 2040
Coal 0.27 1.21
Natural Gas 0.19 0.66
Biomass 0.00422 | 0.00804
Electricity 0.50 1.70

The same as in the previous chapters, hydrogen production costs are calculated with

the same relation below. (Gil, 2008):

COST = INVCOST CRF + FIXOM VAROM + FeedstockCost
AF " (8.1)
INVCOST = Specific investment cost [ZAR2007/kW]
CRF = Capital recovery factor [-]
AF = Availability factor [-]
FIXOM = Fixed operation and maintenance cost [ZAR2007/kW/year]
VAROM = Variable operation and maintenance cost [ZAR2007/GJ]
uj = Process efficiency

The capital recovery factor is formulated as:

CRF = drx—— 9"

(l+ dr) -1 (82)
dr = Discount rate [%]
n = Plant life time [years]

In the calculations, discount rate is assumed 8% and capital recovery factor is
calculated for the lifetime of each technology separately. Plant lifetime approximated
with 30 years for coal and natural gas technologies, 20 years for biomass and

electrolysis technologies.

The costs of hydrogen production from coal gasification in Istanbul can be seen in
Table 8.6.
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Table 8.6: Costs of hydrogen production from coal gasification.

$2010/GJoutput | Technology 2010 2040
With CCS 43.15 25.94
Investment Cost -
Without
CCS 34.26 15.87
With CCS 1.95 1.25
A0 e Without 181 195
CCS ' '
With CCS 0.59 0.41
MOMC o5t Without 0.39 0.15
CCS ' '
With CCS 203.54 126.73
Production Cost :
Without
CCS 170.75 94.73

The costs of hydrogen production from natural gas reforming in Istanbul can be

compared in Table 8.7.
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Table 8.7: Costs of hydrogen production from natural gas reforming.

$2010/GJoutput | Technology 2010 2040
With CCS 23.87 14.38
Investment Cost -
Without
CCS 19.27 12.77
With CCS 1.04 0.65
FOM Cost Without . 028
CCS ' '
With CCS 0.34 0.22
VOM Cost Without 0.8 018
CCS ' '
With CCS 111.36 68.71
Production Cost :
Without
cCs 84.04 57.69

The costs of hydrogen production from biomass gasification in Istanbul can be seen
in Table 8.8.

Table 8.8: Costs of hydrogen production from biomass gasification.

$2010/GJoutput 2010 2040
Investment Cost 22.79 11.12
FOM Cost 1.98 0.91
VOM Cost 1.08 0.69
Production Cost 151.76 72.10

The costs of hydrogen production from electrolysis in Istanbul are shown in Table
8.9.
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Table 8.9: Costs of hydrogen production from electrolysis.

$2010/GJoutput 2010 2040
Investment Cost 98.55 41.74
FOM Cost 3.98 0.44
VOM Cost 0.60 0.13
Production Cost 491.91 164.62

8.4.2 Hydrogen Delivery Scenarios and Costs for Istanbul Atatiirk Airport

Cayirhan Park coal thermal power plant can be selected as the closest available place
to Istanbul in order to built a coal to hydrogen production plant to Istanbul. This
location is approximately 330 km far from Istanbul Atatiirk international airport as

seen in Figure 8.2.
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Figure 8.2: Cayirhan Park thermal power plant location (Google Map, 2013).

In the first delivery scenario, hydrogen is compressed and delivered 330 km by
pipelines from the coal to hydrogen production plant to the liquefaction terminal at
the border of the airport. After liquefaction process, liquid hydrogen is delivered 10
km to the fueling stations by liquid hydrogen trucks. Three delivery scenarios for
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Cayirhan Park thermal power plant are presented in Table 8.10, Table 8.11, and
Table 8.12.

Table 8.10: Delivery scenario 1 (combined delivery with pipeline and truck) for coal
to hydrogen production.

$2010/GJoutput Costs 2010 2040
Compression Inv. Cost 30.20 17.26
(Production Plant) | F1XedO&M | 121 | 0.69
Var. O&M 0.60 0.34

Pipeline Inv. Cost 37.30 | 13.05
(330 km) Fixed O&M | 1.86 0.65
Var. O&M 0.93 0.33

Liquefaction Inv. Cost 25.10 14.34
(Terminal) Fixed O&M 1.00 0.57
Var. O&M 0.50 0.29

Truck Inv. Cost 7.51 7.51
(Liquid-10 km) FixedO&M | 0.38 | 0.38
Var. O&M 0.19 0.19

Inv. Cost 3.32 2.46

Fuell(nLgHSZt)atlon o od OBM o 0
Var. O&M 0.08 0.06

Delivery Cost Total 110.35 | 58.23
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In the second delivery scenario, hydrogen is compressed and delivered 330 km by
gaseous tube trailers from the coal to hydrogen production plant to the liquefaction
terminal at the border of the airport. After liquefaction process, liquid hydrogen is

delivered 10 km to the fueling stations by liquid hydrogen trucks.

Table 8.11: Delivery scenario 2 (truck delivery in gaseous and liquid forms) for coal

to hydrogen production.

$2010/G Joutput Costs 2010 | 2040
Compression Inv. Cost 30.20 17.26
(Production Plant) | FXedO&M | 121 | 0.69
Var. O&M 0.60 0.34

Tube Trailer Inv. Cost 44.78 24.63
(330 km) Fixed O&M 2.24 1.23
Var. O&M 1.12 0.62

Liquefaction Inv. Cost 25.10 14.34
(Terminal) Fixed O&M 1.00 0.57
Var. O&M 0.50 0.29

Truck Inv. Cost 7.51 751
(Liquid-10 km) Fixed O&M | 0.38 0.38
Var. O&M 0.19 0.19

Inv. Cost 3.32 2.46

Fuell(nLgl_ISZt)atlon e ed 0&M | 0.7 XD
Var. O&M 0.08 0.06

Delivery Cost Total 118.39 | 70.68
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In the third delivery scenario, hydrogen is liquefied and delivered 330 km by liquid
hydrogen trucks from the coal to hydrogen production plant to the fueling stations

directly.

Table 8.12: Delivery scenario 3 (Truck delivery in liquid form) for coal to hydrogen
production.

$2010/GJoutput Costs 2010 | 2040
Inv. Cost 25.10 14.34
Fixed O&M 1.00 0.57
Var. O&M 0.50 0.29
Inv. Cost 10.66 10.66
Truck -

(Liquid-330 km) Fixed O&M 0.53 0.53
Var. O&M 0.27 0.27
Inv. Cost 3.32 2.46

Liquefaction
(Production Plant)

Fueling Station

Fixed O&M | 0.17 0.12

(LH2)
Var. O&M 0.08 0.06
Delivery Cost Total 41.63 29.30

The location of Ambarli natural gas thermal power plant is suitable place for a
natural gas to hydrogen production plant. The location is approximately 22 km far

from Istanbul Atatiirk international airport.

Figure 8. 3: Ambarli natural gas thermal power plant location (Google Map, 2013).

Three delivery scenarios for Ambarli natural gas thermal power plant are presented
in Table 8.13, Table 8.14, and Table 8.15.
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In the first delivery scenario, hydrogen is compressed and delivered 22 km by
pipelines from the coal to hydrogen production plant to the liquefaction terminal at
the border of the airport. After liquefaction process, liquid hydrogen is delivered 10
km to the fueling stations by liquid hydrogen trucks.

Table 8.13: Delivery scenario 1 (combined delivery with pipeline and truck) for
natural gas to hydrogen production.

$2010/GJoutput Costs 2010 2040
Compression Inv. Cost 30.20 17.26
(Production Plant) | FXedO&M | 1.21 0.69
Var. O&M 0.60 0.34

Pipeline Inv. Cost 22.77 7.97
(22 km) Fixed O&M 1.14 0.40
Var. O&M 0.57 0.20

Liquefaction Inv. Cost 25.10 14.34
(Terminal) Fixed O&M 1.00 0.57
Var. O&M 0.50 0.29

Truck Inv. Cost 7.51 751
(Liquid-10 km) Fixed O&M | 0.38 0.38
Var. O&M 0.19 0.19

Inv. Cost 3.32 2.46

Fuell(nLgl_ISZt)atlon - od OZM o XD
Var. O&M 0.08 0.06

Delivery Cost Total 9473 | 52.77
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In the second delivery scenario, hydrogen is compressed and delivered 22 km by
gaseous tube trailers from the natural gas to hydrogen production plant to the
liquefaction terminal at the border of the airport. After liquefaction process, liquid

hydrogen is delivered 10 km to the fueling stations by liquid hydrogen trucks.

Table 8.14: Delivery scenario 2 (truck delivery in gaseous and liquid forms) for
natural gas to hydrogen production.

$2010/GJoutput COStS 2010 2040
Compression Inv. Cost 30.20 17.26
(Production Plant) FixedO&M | 121 0.69
Var. O&M 0.60 0.34
. Inv. Cost 27.23 14.98
Tube Trailer -
Var. O&M 0.68 0.37
e Inv. Cost 25.10 14.34
(Termlna') Fixed O&M 1.00 0.57
Var. O&M 0.50 0.29
Inv. Cost 7.51 7.51
Truck o
(Liquid-10 km) Fixed O&M 0.38 0.38
Var. O&M 0.19 0.19
Fueling Station Inv. Cost 3.32 2.46
g Fixed O&M | 017 | 012
(LH>)
Var. O&M 0.08 0.06
Delivery Cost Total 99.52 60.30
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In the third delivery scenario, hydrogen is liquefied and delivered 22 km by liquid
hydrogen trucks from the natural gas to hydrogen production plant to the fueling

stations directly.

Table 8.15: Delivery scenario 3 (Truck delivery in liquid form) for natural gas to
hydrogen production.
$2010/GJoutput Costs 2010 2040
Inv. Cost 25.10 14.34
Fixed O&M | 1.00 0.57
Var. O&M 0.50 0.29
Inv. Cost 7.60 7.60
Truck -

(Liquid-22 km) Fixed O&M | 0.38 0.38
Var. O&M 0.19 0.19
Inv. Cost 3.32 2.46

Liquefaction
(Production Plant)

Fueling Station

Fixed O&M | 0.17 0.12

(LHy)
Var. O&M 0.08 0.06
Delivery Cost Total 38.35 26.02

The location of Kemerburgaz-Ekolojik Enerji biomass thermal power plant is
appropriate location for a biomass to hydrogen production plant. The distance

between its location and Istanbul Atatiirk international airport is around 32 km.
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location (Google Map, 2013).
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Three delivery scenarios for Kemerburgaz-Ekolojik Enerji biomass thermal power
plant are presented in Table 8.16, Table 8.17, and Table 8.18.

In the first delivery scenario, hydrogen is compressed and delivered 32 km by
pipelines from the biomass to hydrogen production plant to the liquefaction terminal
at the border of the airport. After liquefaction process, liquid hydrogen is delivered
10 km to the fueling stations by liquid hydrogen trucks.

Table 8.16: Delivery scenario 1 (combined delivery with pipeline and truck) for
biomass to hydrogen production.

$2010/GJoutput Costs 2010 2040
Inv. Cost 30.20 17.26
Fixed O&M 1.21 0.69
Var. O&M 0.60 0.34
o Inv. Cost 23.14 8.10

Pipeline ~ed
(450 km) Fixed O&M 1.16 0.40
Var. O&M 0.58 0.20
Inv. Cost 25.10 14.34
Fixed O&M 1.00 0.57
Var. O&M 0.50 0.29
Inv. Cost 7.51 7.51

Truck -

(Liquid-10 km) Fixed O&M 0.38 0.38
Var. O&M 0.19 0.19
Inv. Cost 3.32 2.46

Compression
(Production Plant)

Liquefaction
(Terminal)

Fueling Station

Fixed O&M | 0.17 0.12

(LH2)
Var. O&M 0.08 0.06
Delivery Cost Total 95.13 52.91
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In the second delivery scenario, hydrogen is compressed and delivered 32 km by
gaseous tube trailers from the biomass to hydrogen production plant to the
liquefaction terminal at the border of the airport. After liquefaction process, liquid

hydrogen is delivered 10 km to the fueling stations by liquid hydrogen trucks.

Table 8.17: Delivery scenario 2 (truck delivery in gaseous and liquid forms) for
biomass gas to hydrogen production.

$2010/G Joutput Costs 2010 | 2040
Compression Inv. Cost 30.20 17.26
(Production Plant) | FiXed O&M | 1.21 0.69
Var. O&M 0.60 0.34
Tube Trailer Inv. Cost 27.67 15.22
(450 km) Fixed O&M 1.38 0.76
Var. O&M 0.69 0.38
Liquefaction Inv. Cost 25.10 14.34
(Terminal) Fixed O&M 1.00 0.57
Var. O&M 0.50 0.29
Inv. Cost 7.51 7.51

Truck —od
(Liquid-10 km) Fixed O&M 0.38 0.38
Var. O&M 0.19 0.19
Fueling Station Inv. Cost 3.32 2.46
’ Fixed O&M | 0.17 0.12

(LHy)

Var. O&M 0.08 0.06
Delivery Cost Total 100.00 | 60.56
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In the third delivery scenario, hydrogen is liquefied and delivered 32 km by liquid
hydrogen trucks from the biomass to hydrogen production plant to the fueling

stations directly.

Table 8.18: Delivery scenario 3 (Truck delivery in liquid form) for biomass to
hydrogen production.
$2010/GJoutput Costs 2010 2040
Inv. Cost 25.10 14.34
Fixed O&M | 1.00 0.57
Var. O&M 0.50 0.29
Inv. Cost 7.69 7.69
Truck Fixed OZM

(Liquid-450 km) ixed O& 0.38 0.38
Var. O&M 0.19 0.19
Inv. Cost 3.32 2.46

Liquefaction
(Production Plant)

Fueling Station

Fixed O&M 0.17 0.12

(LH2)
Var. O&M 0.08 0.06
Delivery Cost Total 38.44 26.11

Alibey Dam is approximately 24 km far from Istanbul Atatiirk airport and it is a

suitable location for an electrolysis hydrogen production plant.

\
N T W

Figure 8.5: Alibey Dam location (Google Map, 2013).
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Three delivery scenarios for Alibey Dam are presented in Table 8.19, Table 8.20, and
Table 8.21. In the first delivery scenario, hydrogen is compressed and delivered 24
km by pipelines from the electrolysis hydrogen production plant to the liquefaction
terminal at the border of the airport. After liquefaction process, liquid hydrogen is

delivered 10 km to the fueling stations by liquid hydrogen trucks.

Table 8.19: Delivery scenario 1 (combined delivery with pipeline and truck) for

electrolysis hydrogen production.

$2010/ GJoutput Costs 2010 2040
Compression Inv. Cost 30.20 17.26
(Production Plant) Fixed O&M | 1.21 0.69
Var. O&M 0.60 0.34
Pipeline Inv. Cost 22.84 7.99
(68 km) Fixed O&M 1.14 0.40
Var. O&M 0.57 0.20
Liquefaction Inv. Cost 25.10 14.34
(Terminal) Fixed O&M 1.00 0.57
Var. O&M 0.50 0.29
Inv. Cost 7.51 7.51

Truck =
(Liquid-10 km) | FixedO&M | 038 | 0.38
Var. O&M 0.19 0.19
Fueling Station Inv. Cost 3.32 2.46
. Fixed O&M 0.17 0.12

(LHy)

Var. O&M 0.08 0.06
Delivery Cost Total 94.81 52.80
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In the second delivery scenario, hydrogen is compressed and delivered 24 km by
gaseous tube trailers from the electrolysis hydrogen production plant to the
liquefaction terminal at the border of the airport. After liquefaction process, liquid

hydrogen is delivered 10 km to the fueling stations by liquid hydrogen trucks.

Table 8.20: Delivery scenario 2 (truck delivery in gaseous and liquid forms) for
electrolysis hydrogen production.

$2010/GJoutput Costs 2010 2040
Inv. Cost 30.20 17.26
Fixed O&M | 1.21 0.69
Var. O&M 0.60 0.34
) Inv. Cost 27.31 15.02

Tube Trailer :
(68 km) Fixed O&M | 1.37 0.75
Var. O&M 0.68 0.38
Inv. Cost 25.10 14.34
Fixed O&M | 1.00 0.57
Var. O&M 0.50 0.29
Inv. Cost 751 7.51

Truck ~ed

Var. O&M 0.19 0.19
Inv. Cost 3.32 2.46

Compression
(Production Plant)

Liquefaction
(Terminal)

Fueling Station

Fixed O&M | 0.17 0.12

(LHy)
Var. O&M 0.08 0.06
Delivery Cost Total 99.62 60.35
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In the third delivery scenario, hydrogen is liquefied and delivered 24 km by liquid
hydrogen trucks from electrolysis hydrogen production plant to the fueling stations

directly.

Table 8.21: Delivery scenario 3 (Truck delivery in liquid form) for electrolysis
hydrogen production.
$2010/GJoutput Costs 2010 2040
Inv. Cost 25.10 14.34
Fixed O&M 1.00 0.57
Var. O&M 0.50 0.29
Inv. Cost 7.62 7.62
Truck -

Var. O&M 0.19 0.19
Inv. Cost 3.32 2.46

Liquefaction
(Production Plant)

Fueling Station

Fixed O&M | 0.17 0.12

(LHy)
Var. O&M 0.08 0.06
Delivery Cost Total 38.37 26.04

Current and future life time and efficiency values for truck, tube trailer, pipeline,
liquefier and fueling station can be found in Table 5.14. LH2 fueling station lifetime

is considered as the same of gaseous fueling station (Doods & McDowall, 2012).
8.4.3 Hydrogen Aircraft Utilization Costs for Istanbul

Hydrogen airplane costs can be considered as globally fixed for transition to
hydrogen air transportation. Conversion of conventional aircraft has taught to have
no effect on local economical values. The only effect, which is production costs of
hydrogen as aviation fuel, can be assumed as approximately calculated in direct

operating costs of aircraft.

The investment costs of airplanes comparison can be seen in US Dollar in Table
8.24.
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Table 8.22: Investment costs of kerosene plane and hydrogen plane (IEA, 2005).

Investment cost per Unit Cost
passenger.km
Kerosene plane ($2010/1000 pkm) 89.7
Hydrogen plane ($2010/1000 pkm) 100.9

Fuel and capital cost comparison of airplanes can be seen in Table 8.25.

Table 8. 23: Fuel and capital costs per seat occupied of kerosene plane and hydrogen
plane (IEA, 2005).

Fuel and capital
per seat occupied

Unit Cost

Kerosene plane ($2010/5€0t) 56,100

Hydrogen plane ($2010/se8t) 224,401

Cost per seat occupied for airplanes can be seen in Table 8.26.

Table 8.24: Costs per seat occupied of kerosene plane and hydrogen plane with load
factor (IEA, 2005).

Cost per seat
occupied

Kerosene plane ($2010.1000/seat) 628.3

Unit Cost

Hydrogen plane ($2010.1000/seat) 774.2

Efficiencies for both of kerosene and hydrogen airplanes can be seen in Table 8.27.

111



8.4.4 Conclusions

In this part of the study, hydrogen lifecycle is examined for Istanbul and it is

concluded that the lowest-cost option for hydrogen production and hydrogen delivery

to Istanbul Atatiirk airport is the production of hydrogen from natural gas reforming

without CCS technology and deliver the hydrogen by liquid hydrogen trucks.

Table 8.25: The lowest-cost option of hydrogen Production and Delivery.

Production+Delivery
Hydrogen . Cost
Pr)c;duc?:ion _IFjroductlon Delivery Technology ($2010/GJoutput)
Method echnology

2010 2040
Pipeline+LH, Truck 313.89 184.96
With CCS | Tube Trailer+ LH, Truck | 321.93 197.41
Coal LH, Truck 245.17 156.03
Gasification Without Pipelin_e+LH2 Truck 281.1 152.96
cCs Tube Trailer+ LH, Truck | 289.14 165.41
LH, Truck 212.38 124.03
Pipeline+LH, Truck 206.09 121.48
| With CCS | Tube Trailer+ LH, Truck | 210.88 129.01

Naé‘;'sra ~ LH, Truck 14971 | 9473
Reforming Without Plpelln_e+LH2 Truck 178.77 110.46
CCS Tube Trailer+ LH; Truck 183.56 117.99

LH, Truck 122.39 83.71
Biomass Pipelin_e+LH2 Truck 246.89 125.01
Gasification - Tube Trailer+ LH, Truck | 251.76 132.66
LH, Truck 190.2 98.21
Pipeline+LH, Truck 586.72 217.42
Electrolysis - Tube Trailer+ LH, Truck | 591.53 224.97
LH, Truck 530.28 190.66

In the comparison of hydrogen production and delivery costs, it is estimated that, the

cost of hydrogen production form natural gas without CCS and delivery by liquid
hydrogen trucks is 12.39 $2010/GJoutput for 2010 and it will decrease to
83.71$2010/GJoutput in 2040. Additionally, the production and delivery costs, the
costs of hydrogen utilization in aircrafts are projected to be 774.2 $2010.1000/seat in
2040 whereas the cost of kerosene aircrafts is 628.32010.1000/seat in 2040.

112



REFERENCES

ACSA. (2012). Integrated Annual Report 2012. Airports Company South Africa.

ACSA. (2013, 06 07). O.R. Tambo International Airport. Retrieved 07 09, 2013,
from Airports Company South Africa:
http://www.acsa.co.za/lhome.asp?pid=228

ADAC. (2011). Aircraft Pricing and Direct Operating Cost. ADAC, Aircraft Desing
& Consulting.

Air Products and Chemicals Inc. (2013). Equipment and Delivery Methods.
Retrieved 06 20, 2013, from airproducts.co.uk:
http://www.airproducts.co.uk/bulkgases/hydrogen_equipment.htm

Airbus. (2003). Liquid Hydrogen Fuelled Aircraft — System Analysis - Final
Technical Report. Airbus Deutschland GmbH.

Aldwych. (2007, 08 22). Aldwych. Retrieved 07 02, 2013, from Aldwych
International: http://www.aldwych
international.com/announcements_detail.php?id=38

Altmann, M., Schmidt, P., Wurster, R., Zetra, M., & Zittel, W. (2004). Potential
for Hydrogen as a Fuel for Transport in the Long Term (2020-2030).
European Commission, Joint Research Center.

Amos, W. (1998). Costs of Storing and Transporting Hydrogen. Golden, Colorado:
National Renewable Energy Laboratory.

Anantharaman, B., Hazariki, S., Tufai, A., Nagvekar, M., Ariyapadi, S., &
Gualy, R. (2012). Coal Gasification Technology for Ammonia Plants.
Nitrogen & Syngas 2012 Conference. Houston, TX, USA.

Balat, M., & Balat, M. (2009). Political, Economical and Environmental Impacts of
Biomass-based Hydrogen. International Journal of Hydrogen , pp.
3589-3603.

Bartels, J., Pate, M., & Olson, N. K. (2010). An economic survey of hydrogen

production from conventional and alternative energy sources.
International Journal of Hydrogen Energy , 8371-8384.

113



Baufume, S., Grube, T., Griiger, F., Krieg, D., Linssen, J., Weber, M., et al.
(2012). GIS-based analysis of hydrogen pipeline infastructure for
different supply and demand options. 12.  Symposium
Energieinnovation, (pp. 1-19). Graz, Austria.

Berridge, C. (2010). Hydrogen as a fuel source for vehicles, Options for a hydrogen
bus energy supply system based on Economic & Environmental
considerations . Faculty of Mathematics, Computing and Technology
, The Open University.

Bonner, B. (2008). Hydrogen Delivery Options and Fueling Station Requirements.
Air Products and Chemicals Inc.

CCsSa. (2012). Carbon capture & Storage Association. Retrieved 12 10, 2012, from
Capture: http://www.ccsassociation.org/what-is-ccs/capture/

Clements, S., Wilkins, M., & Beyzh, M. (2011). Airline Carbon Costs Take Off As
EU Emissions Regulations Reach For The Skies. London: Global
Credit Portal, RatingsDirect, Standart & Poor's.

Corchero, G., & Montanes, J. L. (2005). An approach to the use of hydrogen for
commercial aircraft engines. Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of Aerospace Engineering .

Cortes, C. C., Tzimas, E., & Peteves S, D. (2009). Technologies for Coal Based
Hydrogen and Electricity Co-production Power Plants with CO2
Capture. Luxembourg: European Commision Joint Research Centre
Institute for Energy.

Crews, M. A., & Shumake, B. G. (2006). Hydrogen Production and Supply:
Meeting Refiner's Growing Needs. In Practical Advances in
Petroleum Processing (Vol. Chapter 25). Texas: CB&I Process and
Technology.

Damen, K., van Troost, M., Faaij, A., & Turkenburg, W. (2007). A comparison
of electricity and hydrogen production systems with CO2 capture and
storage, Part B: Chain analysis of promising CCS options. Progress in
Energy and Combustion , 580-6009.

Damen, K., van Troost, M., Faaij, A., & Turkenburg, W. (2006). A Comparison
of electricity and hydrogen production systems with CO2 capture and
storage. Part A: Review and selection of promising conversion and
capture technologies. PROGRESS IN ENERGY AND COMBUSTION
SCIENCE , 215-146.

Devold, H. (2010). Oil and gas production - An introduction to oil and gas
production . Oslo: ABB QOil and Gas.

Dincer, 1. (2012). Green methods for hydrogen production . International Journal of
Hydrogen Energy , 1954-1971.

114



Dodds, P., & McDowall, W. (2012). A review of hydrogen delivery technologies for
energy system models. London: UCL Energy Institute, University
College London.

DOE. (2011). DOD-DOE Workshop on Fuel Cells in Aviation. Atlanta, Georgia:
DOE Office of Energy Efficiency and Renewable Energy.

Doods, P., & McDowall, W. (2012). A review of hydrogen delivery technologies for
energy system models. London: UCL Energy Institute, University
College London.

EC. (2012, 02 20). H2 Aircraft - Cryoplane and future of flight. Retrieved 04 16,
2013, from European Commission - Research & Innovation:
http://ec.europa.eu/research/transport/projects/items/h2aircraft___ cryo
plane_and_the future_of flight_en.htm

EC. (2003). Hydrogen Energy and Fuel Cells, A Vision of our Future. Brussels:
European Commission, Directorate-General for Research, Directorate-
General for Energy and Transport .

EC. (2013, 06 05). Transport energy consumption and emissions. Retrieved 07 09,
2013, from European Commision, Eurostat:
http://epp.eurostat.ec.europa.eu/statistics_explained/index.php/Transp
ort_energy_consumption_and_emissions

Edwards, T. (2003). Liquid Fuels and Propellants for Aerospace Propulsion:1903—
2003. Journal of Propulsion and Power , Vol. 19 (No. 6).

EERE. (2011, 02 01). Fuel Cell Technologies Program - Hydrogen Storage.
Retrieved 04 21, 2013, from U.S Department of Energy, Energy

Efficiency & Renewable Energy
http://lwww1.eere.energy.gov/hydrogenandfuelcells/pdfs/fct_h2 stora
ge.pdf

EERE. (2008, 12 12). Hydrogen Delivery. Retrieved 03 28, 2013, from U.S
Department of Energy, Energy Efficiency & Renewable Energy:
http://www1.eere.energy.gov/hydrogenandfuelcells/delivery/current t
echnology.html

EERE. (2012c, 10 11). Hydrogen Production - Biomass gasification. Retrieved 12
08, 2012, from U.S. Department of Energy, Energy Efficiency &
Renewable Energy:
http://www1.eere.energy.gov/hydrogenandfuelcells/production/bioma
ss_gasification.html

EERE. (20123, 11 20). Hydrogen Production - Coal Gasification. Retrieved 12 05,
2012, from U.S. Department of Energy, Energy Efficiency &
Renewable Energy:
http://lwww1.eere.energy.gov/hydrogenandfuelcells/production/coal_g
asification.html

115



EERE. (2011, 03 08). Hydrogen Production - Electrolytic Process. Retrieved 12 10,
2012, from U.S. Deparment of Energy, Energy Efficiency &
Renewable Energy:
http://www1.eere.energy.gov/hydrogenandfuelcells/production/electro
_processes.html

EERE. (2012b, 11 20). Hydrogen production - Natural Gas Reforming. Retrieved 12
06, 2012, from U.S. Department of Energy, Energy Efficiency &

Renewable Energy:
http://www1.eere.energy.gov/hydrogenandfuelcells/production/natural
_gas.html

EERE. (2007). Technical Plan — Hydrogen Codes and Standards. U.S Department
of Energy, Energy Efficiency and Renewable Energy .

EHA. (2013, 04 06). European Hydrogen Association. Retrieved 04 09, 2013, from
http://www.h2euro.org/latest-news/hydrogen-hits-the-roads/27-
hydrogen-refuelling-stations-open-world-wide-in-2012

Ernst&Young. (2012). Renewable Energy Country Attractiveness Indices. London:
Ernst&Young.

Ewan, B., & Allen, R. (2005). A figure of merit assessment of the routes to
hydrogen. International Journal of Hydrogen Energy , 809-819.

ExxonMobil. (2012). 2012 The Outlook for Energy: A View to 2040. Texas:
ExxomnMobil.

FAA. (2005). Aviation & Emissions - A Primer. Federal Aviation Administration
Office of Environment and Energy.

Fass, R. (2001). Cryoplane - Flugzeuge mit Wasser. Hamburg: Airbus Deutschland
GmbH.

FCFP. (2005). Hydrogen Delivery Technology Roadmap. Freedom Car & Fuel
Partnership.

Folger. (2012b). Carbon Capture and Sequestration (CCS): A Primer.
Congressional Research Service.

Folger, P. (2012a). Carbon Capture and Sequestration: Research, Development, and
Demonstration at the U.S.Department of Energy. Congressional
Research Service.

Forbes, A., Patel, A., Cone, C., Valdez, V., & Komerath, N. (2011). An
Opportunity for Hydrogen Fueled Supersonic Airliners. Atlanta, GA,
USA: Daniel Guggenheim School of Aerospace Engineering, Georgia
Institute of Technology.

116



Freedom Car & Fuel Partmership. (2005). Hydrogen Delivery Technology
Roadmap.

Giil, T. (2008). An Energy-economic Scenario Analysis of Alternative Fuels for
Transport. Phd Thesis . Ziirich: ETH.

Hemighaus, G., Boval, T., Bosley, C., Organ, R., Lind, J. B., Thompson, T., et al.
(2006). Alternative Jet Fuels. Chevron Corporation.

Herraiz-Cardona, 1., Gonzalez-Buch, C., & Ortega, E. (2013). Energy Efficiency
Improvement of Alkaline Water Electrolysis by using 3D Ni Cathodes
Fabricated via a Double-Template Electrochemical Process.
CHEMICAL ENGINEERING TRANSACTIONS .

IEA. (2012). A Policy Strayegy for Carbon Capture Storage. Paris: OECD/IEA.

IEA. (2005). Energy Technology Analysis. In Prospects for Hydrogen and Fuel
Cells. Paris: International Energy Agency.

IEA. (2007). Hydrogen Production & Distribution. IEA Energy Technology
Essentials.

IEA. (2010). Syngas Product'on from Coal. ETSAP.

IER. (2012a). Gauteng Metropolitan Region of South Africa. Stuttgart: Institute for
Energy Economics and the Rational Use of Energy.

IER. (2012b). System of Analysis Working Draft. EnerKey: Energy as a Key
Element of an Integrated Climate Protection Concept for the City
Region of Gauteng , 35-37.

IGDAS. (2013, 08 01). /GDAS. Retrieved 08 10, 2013, from Istanbul Gaz Dagitim
Sanayii ve Ticaret AS:
http://www.igdas.com.tr/Dynamic/Fuel_Price_Comparison.aspx?MI=
3&CMI=332&MCI=123

IPCC. (2005). Carbon Dioxide Capture and Storage . New York: Cambridge
University Press.

Jensen, o. J., Jensen, S. H., & Tophoj, N. (2008). Pre-investigation of Water
Electrolysis.

Jolley, A. (2006). Transport Technologies. In Climate Change Project Working
Paper Series. Melbourne: Centre for Strategic Economic Studies,
Victoria University.

Juanos, A. J. (2008). Future Propulsion Systems, Alternative Fuels. North East
Wales Institute of Higher Education.

117



Karatas, H., & Giil, S. (2012). IEA Bioenergy, Task 33 Meeting. Kocaeli:
TUBITAK MRC, Energy Institute.

Kaya, D., & Kilig, F. (2012). Renewable Energies and Their Subsidies in Turkey
and some EU countries-Germany as a Special Example. J. Int.
Environmental Application & Science , 114-127.

Klell, M. (2010). Storage of Hydrogen in the Pure Form. In Handbook of Hydrogen
Storage. Weinheim: WILEY-VCH Verlag GmbH & Co. KGaA.

Klug, H. G. (2000). Cryoplane-Hydrogen Fuelled Aircraft. Hamburg : EADS Airbus
GmbH.

Konda, N., Shah, N., & Brandon, N. (2011). Optimal transition towards a large-
scale hydrogen infrastructure for the transport sector: The case for the
Netherlands. International Journal of Hydrogen Energy , 4619-4635.

Koroneos, C. J., & Moussiopoulos, N. (2001). Cryoplane-Hydrogen vs. Kerosene
as Aircraft Fuel . 7th International Conference on Environmental
Science and Technology. Thessaloniki: Laboratory of Heat Transfer &
Environmental Engineering, Aristotle University Thessaloniki.

Krijinen, J. A., & Astaburuaga, M. F. (2002). Environmental, Economical and
Technical Aspect of a Cryoplane in The Preliminary Design Phase.
ICAS 2002 CONGRESS. Toronto, Canada: Delft University of
Technology.

Kuuchi, R. (2009, 04 2-3). Development Trends in The African Airline Industry, EU-
Africa Aviation Conference,. Retrieved 05 30, 2013, from European
Commision:
http://ec.europa.eu/transport/modes/air/events/doc/eu_africa/session_5
_afraa.pdf

Lipman, T. (2011). An Overview of Hydrogen Production and Storage Systems with
Renewable Hydrigen Case Study. Oakland,California: A Clean Energy
States Alliance Report.

Mason, J. (2007). World energy analysis: H2 now or later? ENERGY POLICY
1315-1329.

McGuiness, P., & Pirnat, U. (2011). Four Steps to the Hydrogen Car. In Planet
Erth 2011-Global Warming Challenges and Opportunities for Policy
and Practice (pp. 425-446). Rijeka, Crotia: InTech.

Melaina, M., Antonia, O., & Penev, M. (2013). Blending Hydrogen into Natural
Gas  Pipeline  Networks: A  Review of Key Issues.
Denver,Colorado,USA: National Renewable Energy Laboratory.

Molburg, J. C. (2003). Hydrogen from Natural Gas via Steam Methane Reforming
(SMR). Colorado School of Mines.

118



Momirhan, M., & Veziroglu, T. N. (2002). Current status of hydrogen energy.
Renewable & Sustainable Energy Reviews , 141-179.

Mueller, F., Tzimas, E., Kaltschmitt, M., & Peteves, S. (2007). Techno-economic
assessment of hydrogen production processes for the hydrpgen
economy for the short and medium term. International Journal of
Hydrogen Energy , 3797-3810.

NASA. (2010). Green Aviation: A Better Way to Treat the Planet. Washington, DC:
NASAfacts, National Aeronautics and Space Administration.

NASA. (2013). New Initiatives in High-Altitude Aircraft. Retrieved 04 20, 2013,
from Liquid Hydrogen as a Propulsion Fuel,1945-1959:
http://history.nasa.gov/SP-4404/ch7-9.htm

NEED. (2005). H2 Educate Student Guide. Manassas: U.S Department of Energy
Hydrogen Program.

NNFCC. (2009). Review of Technologies for Gasification of Biomass and Wastes.
E4tech.

Onsan, Z. 1. (2007). Catalytic Processes for Clean Hydrogen Production from
Hydrocarbons. 31 (531-550).

Ozdemir, E. D. (2011). The Future Role of Alternative Powertrains and Fuels in the
German Transport Sector.

Paster, M. (2006). Hydrogen Delivery Options and Issues. DOE.

Paster, M. (2006). Hydrogen Delivery Options and Issues. U.S Department of
Energy.

Pritchard, D. K., Royle, M., & Willoughby, D. (2009). Installation permitting
guidance for hydrogen and fuel cell stationary applications: UK
version. Derbyshire, NJ, USA: Health and Safety Laboratory.

Ruth, M., Laffen, M., & Timbario, T. (2009). Hydrogen Pathways: Cost, Well-to-
Wheels Energy Use, and Emissions for the Current Technology Status
of Seven Hydrogen Production, Delivery, and Distribution Scenarios.
Colorado: National Renewable Energy Laboratory.

SASO. (2003). Natural Gas Project - Temane and Pande Gas Field Development,
Mozambique/Scunda Pipeline. Mtunzini: SASOL.

Saynor, B., Baue, A., & Leach, M. (2003). The Potential for Renewable Energy
Sources in Aviation. Imperial College London, Imperial College for
Energy Policy and Technology.

Simbeck, D., & Chang, E. (2002). Hydrogen Supply: Cost Estimate for Hydrogen
Pathways—Scoping Analysis. Mountain View, California: National
Renewable Energy Laboratory.

119



Spath, P. P., & Margaret, K. M. (2001). Life Cycle Assessment of Hydrogen
Production via Natural Gas Steam Reforming. Golden, Colorado,
USA: National Renewable Energy Laboratory .

Staats, W. (2008). Analysis of Supercritical Hydrogen Liquefaction Cycle .
Massachusetts Institute of Technology.

Swedavia. (2013). Swedish Airports. Retrieved 05 30, 2013, from
http://www.swedavia.com/about-swedavia/press/press-
releases/record-year-for-stockholm-arlanda-airport1/

Take, T., Tsurutani, K., & Umeda, M. (2006). Hydrogen Production by Methanol—
water Solution Electrolysis. 164 (9-16).

Tomaschek, J. (2012). Fuel Costs for Gauteng Metropolitan Region of South Africa.
Stuttgart: Institute for Energy Economics and the Rational Use of
Energy.

van Vliet, O., van den Broek, M., Turkenburg, W., & Faaij, A. (2011).
Combining hybrid cars and synthetic fuels with electricity generation
and carbon capture and storage. Energy Policy , 248-268.

van Zon, N. (2012). Analysis of the technical feasibility of sustainable liquid
hydrogen powered commercial aircraft in 2040. Space for Innovation,
Technical University of Delft, Faculty of Aerospace Engineering.

Verstraete, D. (2009). The Potential of Liquid Hydrogen for Long Range Aircraft
Propultion . Cranfield university, School of Engineering.

Walnum, H., Berstad, D., Drescher, M., Neksa, P., Quack, H., Ch, H.,, et al.
(2012). Principles for the liquefaction of hydrogen with emphasis on
precooling processes. 12th Cryogenics 2012, IIR Conference.
Dresden: SINTEF Energy Research, Technical University of Dresden

Wang, X. (2012). Hydrogen Production by Coal Gasification Coupled with in Situ
CO2 Capture. 210-217 (4).

Westenberger, A. (2003). Cryoplane — Hydrogen Aircraft. Hamburg: Airbus
Deutschland GmbH.

Westenberger, A. (2007a). H2 Technology for Commercial Aircraft. Hamburg:
Airbus Deutschland GmbH.

Westenberger, A. (2007b). LH2 as Alternative Fuel for Aeronautics-Study on
Aircraft Concepts. Belgium: Airbus Deutschland GmbH.

Xcel Energy. (2007). Direct Hydrogen Production from Biomass Gasifier Using
Hydrogen-Selective Membrane. Illinois: Gas technology Institute,
Natural Resources Research Institute, University of Minneso at
Duluth.

120



Yang, C., & Ogden, J. (2006, 07 07). Determining the lowest-cost hydrogen
delivery mode. International Journal of Hydrogen Energy , pp. 268-
286.

121






APPENDIX A (Costs of Hydrogen Production)

Table A 1: Investment costs of hydrogen production from coal gasification without
carbon capture technology in literature.

Investment Capacit In;:ﬁit' Investment | Capacity Capacity
Technology Cost (IEW) y Cost in Cost Unitin in Unitin Year Source
(ZAR2007/KW) Source Source Source Source
CG without (Bartels, Pate, &
Seq. 8,123 429,861 495 $m 309,500 kgn2/d 1998 Olson, 2010)
CG without (Bartels, Pate, &
Seq. 7,501 1,070,417 1,138.2 $m 770,700 kg/d 2002 Olson, 2010)
Gasﬁi(gltion 8,875 208,333 2474 $m 150 tonne/d 2004 | (Ewan & Allen, 2005)
Coal (van Vliet, van den
Gasification 5,313 354,722 489.2 €/kW 255,400 kgwe/d 2005 | Broek, T_L{rkenburg, &
Faaij, 2011)
CG without (Bartels, Pate, &
Seq. 9,728 2,000,000 550 $m 2 GW 2005 Olson, 2010)
Coal (Mueller, Tzimas,
Gasification 7,403 450,000 834 1000€/ MW, 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Coel 9,331 388,889 1.98 $/GJ 280 tonne/d | 2007 (Giil, 2008)
Gasification
Coal .
Gasification 6,221 1,666,667 1.76 $/GJ 1,200 tonne/d 2007 (Giil, 2008)
Corll 12,441 208,333 352 $/GJ 150 tonne/d | 2007 (Giil, 2008)
Gasification
Coal .
Gasification 12,653 209,722 3.58 $/IGJ 151 tonne/d 2007 (Giil, 2008)
Ciell 12,441 211,111 352 $/GJ 152 tonne/d | 2007 (Giil, 2008)
Gasification
Coal 7,557 434,722 451 $/GJ 313 tonne/d 2007 (Giil, 2008)
Gasification
Coal .
Gasification 7,775 400,000 4.64 $/IGJ 400 MWy, 2007 (Giil, 2008)
Coal 6,320 397,139 4.07 $/GJ 3.4 Mil. Nm¥d | 2007 (Giil, 2008)
Gasification
Coal (Mueller, Tzimas,
I 6,818 450,000 768 1000€/M Wy, 450 MW, 2020 Kaltschmitt, &
Gasification
Peteves, 2007)
Coal (Konda, Shah, &
Gasification 8,962 250,000 ) ) ) ) 2020 Brandon, 2011)
Coal (Konda, Shah, &
Gasification 8,044 400,000 ) ) ) ) 2020 Brandon, 2011)
Coal (Konda, Shah, &
Gasification 7,476 550,000 ) ) ) ) 2020 Brandon, 2011)
Coal (Konda, Shah, &
Gasification 6,764 850,000 ) ) ) ) 2020 Brandon, 2011)
Coal (Konda, Shah, &
Gasification 9,434 200,000 ) ) ) ) 2020 Brandon, 2011)
Coal (Konda, Shah, &
Gasification 1,642 500,000 ) ) ) ) 2020 Brandon, 2011)
Coal (Konda, Shah, &
Gasification 7,012 700,000 ) ) ) ) 2020 Brandon, 2011)
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Table A 2: Investment costs of hydrogen production from coal gasification without

carbon capture technology in literature (Cont.).

Gasiication | 674 | 1100000 | : : | 200 | e g0t
Gasﬁicgltion 5,935 1,500,000 ) ) ) ) 2020 (gzlr;?j%ns,g%?g
Gasiioation | 5692 1,800,000 : : : S Ll ity
Gasication | 1560 | 0000000 | - : : | 2o | e sotn).
Gasiioation | 1212 | 1500000000 | - : : I R ety
Gasiioation | 1134 | 2000000000 | - : : I Ll ity
Gasiication | 3897 | 10000000 | : : | 2o | e g0t
Coal 2,592 55,000,000 - - - - 2020 (gg';%%nsg%qﬁ‘
Gasification '
Gasiioation | 19?6 | 200000000 | - : : C e | oty
Gasicﬁoc"’;'tion 12,300 388,889 261 $/GJ 280 tonne/d | 2025 (Giil, 2008)
Gasﬁiogtion 4,701 1,666,667 1.33 $/GJ 1,200 tonne/d | 2025 (Giil, 2008)
Gasﬁ;’gtion 7,964 425,000,000 474 Billion $ 6 Mboe/d | 2030 (Mason, 2007)
Ad‘ggced 5,119 1,000,000 600 €KW 1,000 MW | 2030 (TDrgrc?set?FI:éi j\,lferz

Turkenburg, 2007)
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Table A 3: Investment costs of hydrogen production from coal gasification with
carbon capture technology in literature.

Investment . Innvest- Innvest-ment - Capacity
ey Cost C?E&%ty ment Cost Cost Unitin iiagfﬂz Unitin Year Source
y (ZAR007/KW ) in Source Source Sources
CG with (Bartels, Pate, &
o 10,163 492,222 13745 $m 354,400 kgo/d 1998 oo, 2010)
Adv. CG (Bartels, Pate, &
gl 19,698 390,417 562.5 $m 281,100 kgre/d 1998 Ol 2010)
CG with (Bartels, Pate, &
e 7,905 1070417 | 11995 $m 770,700 kgre/d 2002 Qo 2010)
CG with (Bartels, Pate, &
o 11,231 384,583 612.3 $m 276,900 kgo/d 2005 Ol 2019)
CG with (Mueller, Tzimas,
oo 8,495 450,000 745 1000€/MW, 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Adv. CG (Mueller, Tzimas,
e o 6,613 450,000 957 1000€/MW, 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Cgc":vgh 8,981 388,889 228 $/GJ 280 tonneld | 2007 (Dincer, 2012)
C%gs'th 10,745 1,666,667 18 $/GJ 1,200 tonne/d | 2007 (Giil, 2008)
C(ég’s'th 8,512 400,000 464 $/GJ 400 MW 2007 (Giil, 2008)
ng’gh 7,289 441,389 5.36 $/GJ 317.8 tonne/d 2007 (Giil, 2008)
cg(v:vgh 7,775 794,278 435 $/GJ 6.8 Mil. Nm¥%d | 2007 (Gill, 2008)
C(ég’s'th 8,445 397,139 5.08 $/GJ 34 Mil. Nm¥d | 2007 (Giil, 2008)
Cgc‘;"s'th 6,362 400,000 5.04 $/GJ 400 MW 2007 (Giil, 2008)
CG- (Damen K. , van
Selexol 16,461 1,000,000 1640 €KWz 1,000 MW 2010 Troost, Faaij, &
(CCS) Turkenburg, 2006)
CG with (Mueller, Tzimas,
oen 7,812 450,000 522 1000€/MW, 450 MW, 2020 Kaltschmitt, &
Peteves, 2007)
Adv. CG (Mueller, Tzimas,
e e 4,634 450,000 880 1000€/MW, 450 MW, 2020 Kaltschmitt, &
Peteves, 2007)
CG with (van Vliet, van den
ccs 5,593 2,000,000 579 €/kW 2 GwW 2020 Broek, Turkenburg, &
Faaij, 2011)
C(é(‘évs'th 13,195 388,889 28 US$/GI 280 tonne/d | 2025 (Giil, 2008)
C‘égs'th 6,552 1,666,667 1.36 US$/GI 1,200 tonne/d | 2025 (Giil, 2008)
Cg(‘é"s'th 6,686 502,264 3.99 $/GJ 43 Mil. Nm¥d | 2025 (Giil, 2008)
C‘égs'th 6,418 441,389 3.83 $/GJ 317.8 tonne/d 2025 (Gill, 2008)
C(é(‘évs'th 8,579 441,389 5.12 $/GJ 317.8 tonne/d 2025 (Giil, 2008)
C(é(‘évs'th 7,222 794,278 431 $/GJ 6.8 Mil. Nm¥%d | 2025 (Gill, 2008)
C‘égs'th 4,807 397,139 391 $/GJ 34 Mil. Nm¥%d | 2025 (Gill, 2008)
Adv. CG- (Damen K. , van
Selexol 6,015 1,000,000 600 €/kWiz 1,000 MW,z 2030 Troost, Faaij, &
(CCS) Turkenburg, 2006)
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Table A 4: Fixed operation and maintenance costs of hydrogen production from coal
gasification without carbon capture technology in literature.

Fix O&M Capacit Fix O&M Fix O&M | Capacity Capacity
Technology Cost (IBW) Y Cost in Cost Unit in Unitin Year Source
(ZAR 007/ kW) Source in Source Source Source
Coal (van Vliet, van den
Gasification 2415 2,000,000 25 €/kW/a 2 GW 2005 Broek, Turkenburg,
& Faaij, 2011)
Coal (Mueller, Tzimas,
Gasification 2344 450,000 17,310 1000€/a 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Gas(ii‘ioceelaltion 509.0 388,889 18 $/GJ 280 tonne/d 2007 (Gil, 2008)
Gas(ii‘ioceelaltion 311.0 1,666,667 11 $/GJ 1,200 tonne/d 2007 (Giil, 2008)
Gas%?czltion 619.2 208,333 2.19 $/GJ 150 tonne/d 2007 (Giil, 2008)
GaS(i?iOC?iltiOI’l 630.6 209,722 2.23 $/GJ 151 tonne/d 2007 (Giil, 2008)
Gas?l:‘?cjtion 619.2 211,111 2.19 $/GJ 152 tonne/d 2007 (Giil, 2008)
Gas(i:f?caaltion 243.8 434,722 0.97 $/GJ 313 tonne/d 2007 (Giil, 2008)
Gas(ii‘?cfgtion 263.9 400,000 1.05 $/GJ 400 MW, 2007 (Giil, 2008)
Gas?l:‘?ca;tion 4449 397,139 1.77 $/GJ 34 Mil. Nm¥d 2007 (Giil, 2008)
Gas%?caaltion 224.8 450,000 16,290 1000€/a 450 MW, 2020 (Giil, 2008)
Gas(ii?czltion 687.1 388,889 2.43 $/GJ 280 tonne/d 2025 (Giil, 2008)
Gas(ii‘?cfgtion 2347 1,666,667 0.83 $/GJ 1,200 tonne/d 2025 (Giil, 2008)
Advanced (Damen K. , van
cG 204.8 1,000,000 24 €/kW 1,000 MW, 2030 Troost, Faaij, &

Turkenburg, 2007)
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Table A 5: Fixed operation and maintenance costs of hydrogen production from coal
gasificationwith carbon capture technology in literature.

Fix O&M Capacit Fix O&M Fix O&M | Capacity Capacity
Technology Cost (IBW) Y Cost in Cost Unit in Unitin Year Source
(ZAR 007/ KW) Source in Source Source Source
CG with (Mueller, Tzimas,
oo 591.8 450,000 44,850 1000€/a 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Adv. CG (Mueller, Tzimas,
e o 462.9 450,000 35,760 1000€/a 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Cg(‘é";h 523.1 1,666,667 1.85 $/GJ 1200 tonne/ld | 2007 (Gill, 2008)
C%é";h 316.7 400,000 112 $/GJ 400 MW 2007 (Gil, 2008)
C%é"gh 263.9 794,278 1.05 $/G) 6.8 Mil. Nm¥%d | 2007 (Gil, 2008)
C%é"s'th 263.9 388,889 1.05 $/GJ 280 tonne/ld | 2007 (Gill, 2008)
Cg(‘é"gh 24838 441,389 0.99 $/GJ 317.8 tonne/ld | 2007 (Gill, 2008)
C%é";h 540.4 400,000 2.15 $/GJ 400 MW 2007 (Gill, 2008)
C%é"s'th 465.0 397,139 1.85 $/GJ 34 | Mil.Nm¥d | 2007 (Gill, 2008)
i (Damen K. , van
C(?ng!;)xo' 657.7 1,000,000 65.6 €/kWip 1000 MW, 2010 Troost, Faaij, &
Turkenburg, 2006)
CG with (Mueller, Tzimas,
ot 4330 450,000 33,100 1000€/a 450 MW, 2020 Kaltschmitt, &
Peteves, 2007)
Advanced (Mueller, Tzimas,
CG with 312.4 450,000 23,740 1000€/a 450 MW, 2020 Kaltschmitt, &
CCS Peteves, 2007)
CG with (van Vliet, van den
cCs 251.1 2,000,000 26 €/kW/a 2 GwW 2020 Broek, Turkenburg,
& Faaij, 2011)
C%é"s'th 706.9 388,889 25 $/GJ 280 tonne/ld | 2025 (Gill, 2008)
Cgé"s'th 2403 397,139 0.85 $/GJ 34 | Mil.Nm¥d | 2025 (Gill, 2008)
Cg(‘é"s'th 208.6 441,389 0.83 $/GJ 317.8 tonne/ld | 2025 (Gill, 2008)
C%é"s'th 276.5 441,389 11 $/GJ 317.8 tonne/ld | 2025 (Gill, 2008)
C‘éé"s'th 248.8 794,278 0.99 $/GJ 6.8 Mil. Nm¥d | 2025 (Gill, 2008)
Cgé"s'th 377.0 1,666,667 15 $/GJ 1200 tonne/d 2025 (Giil, 2008)
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Table A 6: Variable operation and maintenance costs of hydrogen production from

coal gasification without carbon capture technology in literature.

Var. O&M Capacit Var. O&M Var. O&M Capacity | Capacity
Technology Cost (IBW) Y Cost in Cost Unitin in Unitin Year Source
(ZAR207/GJ) Source Source Source Source

Coal (Mueller, Tzimas,

e . 14 450,000 38 1000€/MWy, 450 MW, 2006 Kaltschmitt, &
Gasification

Peteves, 2007)

_C_oal . 2.7 388,889 0.27 $/GJ 280 tonne/d 2007 (Giil, 2008)
Gasification

Coal ..
it 2.0 1,666,667 0.2 $/GJ 1,200 tonne/d 2007 (Giil, 2008)

Coal .
Casfieiian 3.9 208,333 0.39 $/GJ 150 tonne/d 2007 (Giil, 2008)

Coal| 40 209,722 0.4 $/GJ 151 tonne/d 2007 (Giil, 2008)
Gasification

Coal| 3.9 211,111 0.39 $/GJ 152 tonne/d | 2007 (Giil, 2008)
Gasification

Coal (Mueller, Tzimas,
Camitaifon 12 450,000 36 1000€/MWy, 450 MW, 2020 Kaltschmitt, &

Peteves, 2007)

Coel 19 388,889 0.19 $/GJ 280 tonne/d | 2025 (Giil, 2008)
Gasification

Coal | 15 1,666,667 0.15 $/GJ 1,200 tonne/d | 2025 (Giil, 2008)
Gasification

Table A 7: Variable operation and maintenance costs of hydrogen production from

coal gasification with carbon capture technology in literature.

Var. O&M Capacit Var. O&M Var. O&M Capacity | Capacity
Technology Cost (IEW) y Cost in Cost Unitin in Unitin Year Source
(ZAR2007/GJ) Source Source Source Source
CG with (Mueller, Tzimas,
4.7 450,000 100 1000€/ MWy, 450 MWi, 2006 Kaltschmitt, &
CCsS
Peteves, 2007)
Advanced (Mueller, Tzimas,
CG with 3.9 450,000 79 1000€/ MWy, 450 MW;, 2006 Kaltschmitt, &
CCS Peteves, 2007)
CG with 6.6 388,889 0.66 $/GJ 280 tonne/d | 2007 (Gill, 2008)
e (‘é"s'th 2.0 400,000 0.2 $/GJ 400 MW | 2007 (Gill, 2008)
CG with (Mueller, Tzimas,
ccs 3.7 450,000 74 10006/ MW, 450 MW, 2020 Kaltschmitt, &
Peteves, 2007)
Advanced (Mueller, Tzimas,
CG with 25 450,000 53 10006/ MW, 450 MW 2 2020 Kaltschmitt, &
CCS Peteves, 2007)
Co 73 388,889 0.73 $/GJ 280 tonne/d | 2025 (Gill, 2008)
CG with 15 1,666,667 0.15 $/GJ 1200 | tonne/d | 2025 (Gill, 2008)
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Table A 8: Efficiencies of hydrogen production from coal gasification without
carbon capture technology in literature.

Efficiency Capacity Capacity Cap_ac_ity
Technology (%) (kW) in Source ggllltrég Year Source

Coal Gasification 59.0 208,333 150 tonne/d 2004 (Ewan & Allen, 2005)
Coal Gasification | 510 450,000 450 MW, 2006 |\ tsc(h'\r"n‘;g"'g' o Zt'er\’/‘:ss 2007)
Coal Gasification |  54.0 450,000 450 MW, 2020 KénMsgﬁlr:f.ruL;nggeJezs"g%so7)

Advanced CG 69.0 1,000,000 1,000 MWz, 2030 (Dar’ggﬁkeﬁzﬂ;fozog&faa”'
Coal Gasification | 705 2,000,000 2 oW 2005 T(E";‘I’(‘e\r{t')'jﬁg"g‘ F"':;F;gikl)
Coal Gasification 53.8 388,889 280 tonne/d 2007 (Giil, 2008)
Coal Gasification 75.2 1,666,667 1,200 tonne/d 2007 (Giil, 2008)
Coal Gasification 64.1 208,333 150 tonne/d 2007 (Giil, 2008)
Coal Gasification 64.1 209,722 151 tonne/d 2007 (Giil, 2008)
Coal Gasification 64.1 211,111 152 tonne/d 2007 (Giil, 2008)
Coal Gasification 56.2 434,722 313 tonne/d 2007 (Giil, 2008)
Coal Gasification 51.3 400,000 400 MW, 2007 (Giil, 2008)
Coal Gasification 51.3 397,139 34 Mil. Nm¥d 2007 (Giil, 2008)
Coal Gasification 80.0 1,666,667 1,200 tonne/d 2025 (Giil, 2008)
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Table A 9: Efficiencies of hydrogen production from coal gasification with carbon
capture technology in literature.

; e [

Technology Effzg/lsncy C?E\a,l\(,:)'ty e Source Year Source

CG with CCS 59.2 388,889 280 tonne/d 2007 (Gill, 2008)

CG with CCS 75.2 1,666,667 1,200 tonne/d 2007 (Gill, 2008)

CG with CCS 51.0 794,278 6.8 Mil.Nm¥d | 2007 (Gill, 2008)

CG with CCS 57.5 434,722 3138 tonne/d 2007 (Gill, 2008)

CG with CCS 57.8 794,278 6.8 Mil.Nm¥d | 2007 (Gill, 2008)

CG with CCS 465 400,000 400 MW 2007 (Gill, 2008)

CG with CCS 67.1 397,139 3.4 Mil.Nm¥d | 2007 (Gill, 2008)
Sele)gf‘('ccs) 62.0 1,000,000 1,000 MW, 2010 (Dame”TL’fr'k'e‘r’lzﬂgoz"géé)Faa”' &
CG with CCS 490 450,000 450 MW, 2020 (M“e”er'PTe Zt'e’\‘l“sss Z*E)"’g;S)Chmi“’ &
AdV‘C?tr}‘fng(S:G' 66.0 450,000 450 MW, 2020 (M“e”er'PTe Zu';\‘/“jss gg;s)d‘mi“’ &
CG with CCS 705 2,000,000 2 GW 2020 T(K?Ir(‘e\n/k')'j:g"g‘ g::UB;%el"l)
CG with CCS 472 1,666,667 1,200 tonne/d 2025 (Gill, 2008)

CG with CCS 80.0 400,000 400 MWz 2025 (Gill, 2008)

CG with CCS 67.1 502,264 43 Mil. Nm¥d | 2025 (Gill, 2008)

CG with CCS 69.0 513,044 31738 tonne/d 2025 (Gill, 2008)

CG with CCS 69.0 434,722 31738 tonne/d 2025 (Gill, 2008)

CG with CCS 58.5 794,278 6.8 Mil. Nm¥d | 2025 (Gill, 2008)

CG with CCS 617 400,000 400 MW 2025 (Gill, 2008)
Advanced CG- 69.0 1,000,000 1,000 MW 2030 (Damen K. , van Troost, Faaij, &

Selexol(CCS)

Turkenburg, 2006)
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Table A 10: Investment costs of hydrogen production from natural gas reforming
without carbon capture technology in literature.

Investment Capacit Investment | Investment Capacity Capacity
Technology Cost (IBW) y Cost in Cost Unit in Spource Unit in Year Source
(ZAR2007/KW) Source in Source Source
(Bartels, Pate, &
SMR 23688.9 328 94.4 $m 236.24 kge/d 1998 Olson. 2010)
Natural Gas (van Vliet, van den
Ref 4366.1 2,000,000 452 €kW 2 GW 2000 Broek, Turkenburg,
: & Faaij, 2011)
SMR 22456 208,333 62.6 $m 150 tonne/d | 2004 (E"Vagoﬁ‘s';*"e”'
(Bartels, Pate, &
SMR 30286.5 474 202.8 $m 341.448 kgi/d 2005 Olson. 2010)
Steam (Mueller, Tzimas,
Reformin 2956.0 450,000 333 10006/M Wy, 450 MW, 2006 Kaltschmitt, &
’ Peteves, 2007)
Steam Ref (Mueller, Tzimas,
(Small Sc alé) 8637.3 3,000 973 10006/M Wy, 3 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Nat‘g:f' Gas 2875 527,778 0.61 $/GJ 380 tonne/d | 2007 (Gil, 2008)
Na“gﬁf' Gas 2694.1 1,666,667 0.7 $/GJ 1200 tonne/d 2007 (Giil, 2008)
Natural Gas 58115 33,333 151 $/GJ 24 tonne/d | 2007 (Gill, 2008)
Na“g:‘f' Gas 31457 208,333 0.89 $/GJ 150 tonne/d | 2007 (Giil, 2008)
Nat“gjf' Gas 2299.8 580,278 1.22 $/GJ 4178 tonne/d 2007 (Giil, 2008)
Natural Gas 32423 338,736 172 $/GJ 29 | Mil.Nm¥d | 2007 (Gil, 2008)
Nat‘g:f' Gas 3166.9 327,056 1.68 $/GJ 28 Mil. Nm¥d | 2007 (Giil, 2008)
Nat‘g:f' Gas 3166.9 338,736 1.68 $/GJ 2.9 Mil. Nm¥d | 2007 (Giil, 2008)
Natlg:fl Gas 3374.2 782,597 1.79 $/GJ 6.7 Mil. Nm%d | 2007 (Giil, 2008)
Nat‘g:f' Gas 3166.9 2,791,653 1.68 $/GJ 239 | Mil.Nm¥d | 2007 (Gil, 2008)
(Mueller, Tzimas,
Steam Ref. 2796.3 450,000 315 1000€/M Wy, 450 MW, 2020 Kaltschmitt, &
Peteves, 2007)
Steam Ref (Mueller, Tzimas,
(Small Scalé) 8193.5 3,000 923 1000€/MWi 3 MW, 2020 Kaltschmitt, &
Peteves, 2007)
R _ B ) (Konda, Shah, &
SMR 8169.7 200,000 2020 Brandon, 2011)
R R R } (Konda, Shah, &
SMR 6497.2 500,000 2020 Branden, 2011)
(Konda, Shah, &
SMR 5690.0 850,000 - - - . 2020 Brandon, 2011)
R _ B } (Konda, Shah, &
SMR 5463.4 1,000,000 2020 Brandon, 2011)
R _ B ) (Konda, Shah, &
SMR 5167.0 1,250,000 2020 Brandon, 2011)
R _ B } (Konda, Shah, &
SMR 4857.8 1,600,000 2020 Brandon, 2011)
_ _ R } (Konda, Shah, &
SMR 4460.9 2,250,000 2020 Brandon, 2011)
R R B B (Konda, Shah, &
SMR 4344.9 2,500,000 2020 Brandon, 2011)
R _ R ) (Konda, Shah, &
SMR 1727.7 100,000,000 2020 Brandon, 2011)
R R B B (Konda, Shah, &
SMR 1155.4 500,000,000 2020 Brandon, 2011)
SMR 817.0 2,000,000,000 - - . B} 2020 (Konda, Shah, &

Brandon, 2011)
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Table A 11: Investment costs of hydrogen production from natural gas reforming

without carbon capture technology in literature (Cont.).

Nat‘gjf' Gas 2167.8 527,778 0.46 $/GJ 380 tonne/d | 2025 (Giil, 2008)
Nat‘g;' Gas 19243 1,666,667 05 $/GJ 1200 tonne/d 2025 (Giil, 2008)
NatuRr:fl Gas 4618.4 33,333 1.2 $/GJ 24 tonne/d 2025 (Giil, 2008)
Advanced (Damen K. , van
ATR 2388.9 1,000,000 280 €/kWip 1000 MW, 2030 Troost, Faaij, &
Turkenburg, 2007)
Membrane (Damen K. , van
Ref 5204.3 2,000 610 €/kWh 2 MW, 2030 Troost, Faaij, &
: Turkenburg, 2007)
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Table A 12: Investment costs of hydrogen production from natural gas reforming

with carbon capture technology in literature.

Investment Capacity Investment Investment | Capacity | Capacity
Technology Cost (IEW) Cost in Cost Unitin in Unitin | Year Source
(ZAR2007/kW) Source Source Source Source
. (Bartels, Pate, &
SMR with Seq. 37947.8 474 254.1 $m 341.448 kgro/d 2005 Olson, 2010)
(Mueller, Tzimas,
SMR with Seq. 33733 450,000 380 10006/MWth 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Natural Gas ..
Ref. with CCS 3628.7 527,778 0.77 $/GJ 380 tonne/d | 2007 (Giil, 2008)
Natural Gas .
Ref. with CCS 3393.1 1,666,667 0.96 $/GJ 1200 tonne/d | 2007 (Giil, 2008)
Natural Gas .
Ref. with CCS 7928.2 33,333 2.06 $/GJ 24 tonne/d 2007 (G, 2008)
Natural Gas ..
Ref. with CCS 4656.9 208,333 121 $/GJ 150 tonne/d | 2007 (Giil, 2008)
Natural Gas ..
Ref. with CCS 3900.0 400,000 19 $/GJ 400 MWi, 2007 (Giil, 2008)
Natural Gas .
Ref. with CCS 2791.6 580,278 1.36 $/GJ 417.8 tonne/d 2007 (Giil, 2008)
Natural Gas Mil. .
Ref. with CCS 3612.6 2,791,653 1.76 $/GJ 23.9 Nm¥/d 2007 (Giil, 2008)
) (Damen K. , van
S'\"(EC'\S")EA 5514.0 1,000,000 550 €/KWH?2 1000 MW, | 2010 | Troost, Faaij, &
Turkenburg, 2006)
. (Mueller, Tzimas,
Steam Ref. with 3204.6 450,000 361 10006/MWth | 450 MW, | 2020 | Kaltschmitt, &
Peteves, 2007)
(van Vliet, van den
RNe?t\‘jvrlz'] ot 4559.3 2,000,000 472 ekW 2 GW | 2020 | Broek, Turkenburg,
) & Faaij, 2011)
Natural Gas .
Ref. with CCS 3181.6 527,778 0.62 $/GJ 380 tonne/d 2025 (Giil, 2008)
Natural Gas .
Ref. with CCS 2501.6 1,666,667 0.65 $/GJ 1200 tonne/d | 2025 (Giil, 2008)
Natural Gas .
Ref. with CCS 6196.3 33,333 1.61 $/GJ 24 tonne/d | 2025 (Giil, 2008)
Natural Gas .
Ref. with CCS 3287.1 208,333 0.93 $/GJ 150 tonne/d | 2025 (Giil, 2008)
MR with (Damen K. , van
Membrane 6115.6 1,000,000 610 €/kWH2 1000 MWy, 2030 Troost, Faaij, &
(CCS) Turkenburg, 2006)
: (Damen K. , van
A&‘ggf?&g? 2807.1 1,000,000 280 €/kWH?2 1000 MW, | 2030 | Troost, Faaij, &

Turkenburg, 2006)
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Table A 13: Fixed operation and maintenance costs of hydrogen production from
natural gas reforming without carbon capture technology in literature.

Fix O&M Capacit Fix O&M Fix O&M Capacit | Capacity
Technology Cost (IEW) Y Cost in Cost Unitin yin Unitin Year Source
(ZAR2007/KW) Source Source Source Source
Natural (van Vliet, van den
202.9 2,000,000 21 €/kW/a 2 GW 2000 | Broek, Turkenburg, &
Gas Ref. -
Faaij, 2011)
(Mueller, Tzimas,
Steam Ref. 112.7 450,000 7930 1000€/a 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Natural .
Gas Ref. 113.1 527,778 0.4 $/GJ 380 tonne/d 2007 (Giil, 2008)
Natural .
Gas Ref. 1324 1,666,667 0.43 $/GJ 1200 tonne/d 2007 (Giil, 2008)
Natural .
Gas Ref. 289.4 33,333 0.94 $/GJ 24 tonne/d 2007 (G, 2008)
Natural .
Gas Ref. 158.3 208,333 0.56 $/GJ 150 tonne/d 2007 (Giil, 2008)
Natural .
Gas Ref. 101.8 580,278 0.36 $/GJ 417.8 tonne/d 2007 (Giil, 2008)
Natural . 3 .
Gas Ref. 161.2 338,736 0.57 $/GJ 29 Mil. Nm°/d | 2007 (Giil, 2008)
Natural . 3 .
Gas Ref. 135.7 327,056 0.48 $/GJ 28 Mil. Nm°/d | 2007 (Giil, 2008)
Natural - 3 .
Gas Ref. 121.6 338,736 0.43 $/GJ 29 Mil. Nm°/d | 2007 (Giil, 2008)
Natural - 3 .
Gas Ref. 67.9 782,597 0.24 $/GJ 6,7 Mil. Nm°/d | 2007 (Giil, 2008)
Natural . 3 .
Gas Ref. 181.0 2,791,653 0.64 $/GJ 239 Mil. Nm°/d | 2007 (Giil, 2008)
Steam (Mueller, Tzimas,
Reformin 107.6 450,000 7680 1000€/a 450 MWi, 2020 Kaltschmitt, &
9 Peteves, 2007)
Natural .
Gas Ref. 96.1 527,778 0.34 $/GJ 380 tonne/d 2025 (Giil, 2008)
Natural .
Gas Ref. 95.4 1,666,667 0.31 $/GJ 1200 tonne/d 2025 (Giil, 2008)
Natural .
Gas Ref. 230.9 33,333 0.75 $/GJ 24 tonne/d 2025 (Giil, 2008)
Advanced (Damen K. , van
ATR 95.6 1,000,000 11.2 €/kWhp 1000 MW, 2030 Troost, Faaij, &
Turkenburg, 2007)
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Table A 14: Fixed operation and maintenance costs of hydrogen production from

natural gas reforming with carbon capture technology in literature.

Fix O&M . Fix O&M | Fix O&M . Capacity
Technology Cost C?Ex)'ty Cost in Cost Unit Casl)oaj'['((:); in Unitin Year Source
(ZAR 2057/ KW) Source in Source Source
. (Mueller, Tzimas,
Steamcrceg' T 267.9 450,000 | 19,440 1000€/a 450 MW, | 2006 Kaltschmitt, &
Peteves, 2007)
Natural Gas ..
Ref. with CCS 144.2 527,778 0.51 $/IGJ 380 tonne/d 2007 (Giil, 2008)
Natural Gas ..
Ref. with CCS 169.7 1,666,667 0.6 $/IGJ 1200 tonne/d 2007 (Giil, 2008)
Natural Gas ..
Ref. with CCS 394.1 33,333 1.28 $/GJ 24 tonne/d 2007 (Giil, 2008)
Natural Gas .
Ref. with CCS 230.9 208,333 0.75 $/GJ 150 tonne/d 2007 (Giil, 2008)
Natural Gas ..
Ref. with CCS 227.8 400,000 0.74 $/GJ 400 MWy, 2007 (Giil, 2008)
NeiTE) s 1539 580,278 05 $/GJ 4178 tonneld | 2007 Gill, 2008
Ref. with CCS ' * : : (Gal, 2008)
Natural Gas Mil. ..
Ref. with CCS 197.1 2,791,653 0.64 $/IGJ 23.9 Nm/d 2007 (Giil, 2008)
- (Damen K. , van
S'V'('éc'\é')EA 220.6 1,000,000 22 €/kWro 1000 MW | 2010 Troost, Faaij, &
Turkenburg, 2006)
. (Mueller, Tzimas,
Stea”g:g' i 2145 450,000 | 15540 1000€/a 450 MW, 2020 Kaltschmitt, &
Peteves, 2007)
(van Vliet, van den
R':?t\‘jv:g! (éacss 202.9 2,000,000 21 €/kW/a 2 GW 2020 | Broek, Turkenburg,
) & Faaij, 2011)
Natural Gas ..
Ref. with CCS 135.5 527,778 0.44 $/GJ 380 tonne/d 2025 (Giil, 2008)
Natural Gas ..
Ref. with CCS 126.2 1,666,667 041 $/GJ 1200 tonne/d 2025 (Giil, 2008)
Natural Gas ..
Ref. with CCS 311.0 33,333 1.01 $/IGJ 24 tonne/d 2025 (Giil, 2008)
Natural Gas ..
Ref. with CCS 164.0 208,333 0.58 $IGJ 150 tonne/d 2025 (Giil, 2008)
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Table A 15: Variable operation and maintenance costs of hydrogen production from
natural gas reforming without carbon capture technology in literature.

Var. O&M Var. O&M Var. O&M | Capacity | Capacity

Technology Cost C?Ex)'ty Cost in Cost Unit in Unitin Year Source
(ZAR2057/GJ) Source in Source Source Source
(Mueller, Tzimas,
(ssﬁfiﬂ"siife) 58 3,000 208 1000€/MWy, 3 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Na“g:f' = 2.2 527,778 0.22 $/GJ 380 tonne/d | 2007 (Giil, 2008)
Na“gsf' e 08 1,666,667 0.08 $/GJ 1200 tonne/d | 2007 (Giil, 2008)
Na“gsf' e 18 33,333 0.18 $/GJ 24 tonneld | 2007 (Gill, 2008)
Na“g:f' e 1.0 208,333 0.1 $/GJ 150 tonneld | 2007 (Gill, 2008)
(Mueller, Tzimas,
Steam Ref. 11 450,000 18 10006/MW,, | 450 MW, 2020 Kaltschmitt, &

Peteves, 2007)

(Mueller, Tzimas,
Steam Ref. 1.0 450,000 17 1000€/M W, 450 MW, 2020 Kaltschmitt, &
Peteves, 2007)

Steam Ref (Mueller, Tzimas,

5.8 3,000 207 1000€/MWi, 3 MW, 2020 Kaltschmitt, &
SlEeE) Peteves, 2007)
Na“g:f' (€53 2.2 527,778 0.22 $/GJ 380 tonneld | 2025 (Gill, 2008)
Na“g:f' (€53 06 1,666,667 0.06 $/GJ 1200 tonne/d 2025 (Giil, 2008)
Nat‘g:f' (B 15 33333 0.15 $/GJ 24 tonne/d | 2025 (Giil, 2008)

Table A 16: Variable operation and maintenance costs of hydrogen production from
natural gas reforming with carbon capture technology in literature.

Var. O&M Cavaci Var. O&M Var. O&M Capacity Capacity
Technology Cost (Ew)ty Cost in Cost Unitin in Unitin Year Source
(ZAR007/GJ) Source Source Source Source
Steam Ref (Mueller, Tzimas,
with CCS' 2.7 450,000 43 10006/MWy, 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Natural Gas )
Ref. with CCS 5.7 527,778 0.57 $/GJ 380 tonne/d 2007 (Giil, 2008)
Natural Gas -
Ref. with CCS 11 1,666,667 0.11 $/GJ 1200 tonne/d 2007 (Giil, 2008)
Natural Gas .
Ref. with CCS 25 33,333 0.25 $/GJ 24 tonne/d 2007 (Giil, 2008)
Natural Gas .
ref. with CCS 14 208,333 0.14 $/GJ 150 tonne/d 2007 (Giil, 2008)
Steam Ref (Mueller, Tzimas,
with CCS' 2.3 450,000 35 10006/MWy, 450 MW, 2020 Kaltschmitt, &
Peteves, 2007)
Natural Gas .
Ref. with CCS 5.7 527,778 0.57 $/GJ 380 tonne/d 2025 (Giil, 2008)
Natural Gas -
Ref. with CCS 0.7 1,666,667 0.07 $/GJ 1200 tonne/d 2025 (Giil, 2008)
Natural Gas }
Ref. with CCS 20 33,333 0.2 $/GJ 24 tonne/d 2025 (Giil, 2008)
Natural Gas .
Ref. with CCS 1.0 208,333 0.1 $/GJ 150 tonne/d 2025 (Giil, 2008)
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Table A 17: Efficiencies of hydrogen production from natural gas reforming without

carbon capture technology in literature.

.. . " Capacity
Efficiency Capacity Capacity o
Technology 5 - Unitin Year Source
(%) (kW) in Source Source
Steam Ref. 59.0 233,611 2 Mil. Nm%d 2000 (Spath & Margaret, 2001)
Natural Gas (van Vliet, van den Broek,
Ref. 700 2,000,000 2 GW 2000 Turkenburg, & Faaij, 2011)
SMR 76.0 208,333 150 tonne/d 2004 (Ewan & Allen, 2005)
(Mueller, Tzimas, Kaltschmitt,
Steam Ref. 75.0 450,000 450 MW, 2006 & Peteves, 2007)
Na“g;' e 735 527,778 380 tonne/d 2007 (Gill, 2008)
Nat“ngf' e 763 1,666,667 1200 tonne/d 2007 (Gill, 2008)
Na“g:f' o= 719 33333 24 tonne/d 2007 (Gill, 2008)
Na“gjf' = 763 208,333 150 tonne/d 2007 (Gil, 2008)
Na“g:f' e 69.9 580,278 4178 tonne/d 2007 (Gill, 2008)
Na“g:‘f' = 741 338,736 29 Mil. Nm¥d 2007 (Giil, 2008)
Nat‘g:f' (S 741 327,056 28 Mil. Nm¥d | 2007 (Gill, 2008)
Nat‘g:f' (€25 74.1 338,736 29 Mil. Nm¥%d | 2007 (Giil, 2008)
Na“g:f' = 741 782,507 6.7 Mil. Nm¥d | 2007 (Gill, 2008)
Na“g:f' = 84.7 2,791,653 23,9 Mil. Nm¥d 2007 (Giil, 2008)
Natural Gas (van Vliet, van den Broek,
Ref. ys.7 2,000,000 2 GH 2010 Turkenburg, & Faaij, 2011)
(Mueller, Tzimas, Kaltschmitt,
Steam Ref. 79.0 450,000 450 MW, 2020 & Peteves, 2007)
Na“g:f' (€25 735 527,778 380 tonne/d 2025 (Gill, 2008)
Na“g:f' = 80.0 1,666,667 1200 tonne/d 2025 (Giil, 2008)
Advanced (Damen K. , van Troost, Faaij,
AR 74.0 1,000,000 1000 MW, 2030 & Turkenburg, 2007)
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Table A 18: Efficiencies of hydrogen production from natural gas reforming with

carbon capture technology in literature.

Efficiency Capacity Capacity Capacity

Technology (%) (kW) ) SV gg:jtr (1:2 Year Source
RNe?t\‘jvr:}! %%SS 735 527,778 380 tonne/d | 2007 (Giil, 2008)
R':?t\‘jv':f}! %acss 71.9 1,666,667 1200 tonne/d | 2007 (Giil, 2008)
R':?t\l:v:?rl] %acss 69.0 33,333 24 tonne/d | 2007 (Gil, 2008)
RNe?t\ljvrI;'l Céacss 65.4 208,333 150 tonne/d | 2007 (Gill, 2008)
RNe?t\‘jvr:}! %%SS 75.2 400,000 400 MW, 2007 (Giil, 2008)
R':?t\‘jv':f}! %acss 76.3 580,278 41738 tonne/d | 2007 (Giil, 2008)

S M(Féé'\s/')EA 73.0 1,000,000 1000 MW, | 2010 Fégi”{‘;r}ﬁk’e van E"zog(t)é)
Ref with s | 728 | 2000000 ’ ow | a0 | e ) 2011)
Suwtcs |0 | amow | 2 | ow | o | fmvieraneok
RNe?t\‘jvrla'] (éacss 735 527,778 380 tonne/d | 2025 (Gil, 2008)
pauural Gas 78.1 1,666,667 1200 tonne/d | 2025 (Gill, 2008)

Ref with Gos | 719 33,338 24 tonne/d | 2025 (Giil, 2008)

paauural Gas 75.8 208,333 150 tonne/d | 2025 (Gill, 2008)
Advanced

MD@Z?(ECS) 74.0 1,000,000 1000 MW, 2030 | . éz;’inj;r; L(r'k}e féﬂ rgozoos(t),6 |
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Table A 19: Investment costs of hydrogen production from biomass gasification.

Investment Capacit Investment Investment Capacity Capacity
Technology Cost (IBW) Y Cost in Cost Unitin in Unitin Year Source
(ZAR2007/KW) Source Source Source Source
Gasification (Bartels, Pate, &
(Low Estimate) 6,315.13 269,640 2414 $m 194 Kgi/d 1992 Olson, 2010)
Gasification (Bartels, Pate, &
(High Estimate) 22,606.78 2,746 8.8 $m 1977 kgro/d 1995 Olson, 2010)
Solar Biomass (Ewan & Allen,
(Via Gas.) 33,630.00 8,333 375 $m 6 tonne /d 2004 2005)
e (Bartels, Pate, &
Gasification 6,089.49 194,028 167.5 $m 140 Kgno/d 2005 Olson, 2010)
(Mueller, Tzimas,
Gasification 8,273.38 450,000 932 10006/ MWy, 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
Biomass .
Gasification 584.37 215,278 1.24 $/GJ 155 tonne /d 2007 (Giil, 2008)
Biomass .
Casieiia 3,279.99 33,333 9.28 $/GJ 24 tonne /d 2007 (Giil, 2008)
Biomass .
- 1,297.15 208,333 3.67 $/GJ 150 tonne /d 2007 (Giil, 2008)
Biomass .
Gasification 1,307.76 209,722 3.7 $/GJ 151 tonne /d 2007 (Gil, 2008)
(Mueller, Tzimas,
Gasification 6,409.21 450,000 722 1000€/MW, 450 MW, 2020 Kaltschmitt, &
Peteves, 2007)
B (van Vliet, van den
A 5,795.76 400,000 600 €/kW 400 MW, 2020 Broek, Turkenburg,
Gasification u
& Faaij, 2011)
Biomass (van Vliet, van den
Gasification 6,066.23 400,000 628 €/kW 400 MW, 2020 Broek, Turkenburg,
with CCS & Faaij, 2011)
Biomass (Konda, Shah, &
Gasification 23,344 34 3 ) ) ] ] 2020 Brandon, 2011)
Biomass (Konda, Shah, &
Gasification LB o0 ) ) ) ) 2020 Brandon, 2011)
Biomass (Konda, Shah, &
Gasification 8,169.74 200,000 ) ) ) ) 2020 Brandon, 2011)
Biomass (Konda, Shah, &
Gasification 710311 350,000 ) ) ) ) 2020 Brandon, 2011)
Biomass (Konda, Shah, &
Gasification 1,561.14 150,000,000 ) ) ) ) 2020 Brandon, 2011)
Biomass (Konda, Shah, &
Gasification 1,373.98 250,000,000 ) ) ) ) 2020 Brandon, 2011)
Biomass (Konda, Shah, &
Gasification 121047 415,000,000 ) ) ) ) 2020 Brandon, 2011)
Biomass i
Gasification 494.83 215,278 1.05 $/GJ 155 tonne /d 2025 (Giil, 2008)
Biomass .
Gasification 1,597.58 33,333 452 $/GJ 24 tonne /d 2025 (Giil, 2008)
Call s 7,964.16 450,000 474 Billion $ 450 MWy 2030 (Mason, 2007)

Bio.Gasification
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Table A 20: Fixed operation and maintenance costs of hydrogen production from
biomass gasification.

Fix O&M Capacity Fix O&M Fix O&M Capacity | Capacity
Technology Cost (kW) Cost in Cost Unitin in Unitin Year Source
(ZAR 007/ KW) Source Source Source Source
(Mueller, Tzimas,
Gasification 101.53 450,000 17,380 1000€/a 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
I 412.83 215,278 1.46 $/GJ 155 tonne/d | 2007 (Giil, 2008)
Gasification
ElmEs 1,634.34 33,333 5.78 $/GJ 24 tonne/d | 2007 (Giil, 2008)
Gasification
Bl 647.52 208,333 2.29 $/GJ 150 tonne/d | 2007 (Giil, 2008)
Gasification
GaBS'I‘;:EZ;SO \ 650.34 209,722 2.3 $/GJ 151 tonne/d | 2007 (Giil, 2008)
(Mueller, Tzimas,
Gasification 53.76 450,000 14,170 1000€/a 450 MWi, 2020 Kaltschmitt, &
Peteves, 2007)
Biomass (van Vliet, van den
Gasification 260.81 400,000 27 €/kW/a 400 MW, 2020 Broek, Turkenburg, &
Faaij, 2011)
Biomass (van Vliet, van den
Gasification 270.47 400,000 28 €/kW/a 400 MWi, 2020 Broek, T_quenburg, &
Faaij, 2011)
Biomass 361.93 215,278 1.28 $/GJ 155 tonne/d | 2025 (Giil, 2008)
Gasification
GaBS'I‘;:TC‘;‘tS; . 797.38 33,333 2.82 $/GJ 24 tonne/d | 2025 (Giil, 2008)

Table A 21: Variable operation and maintenance costs of hydrogen production from
biomass gasification.

Var. O&M Capacity Var. O&M Var. O&M Capacity | Capacity
Technology Cost (EW) Cost in Cost Unitin in Unitin Year Source
(ZAR007/GJ) Source Source Source Source
Biomass (Mueller, Tzimas,
Gasification 6.95 450,000 39 10006/ MW, 450 MW, 2006 Kaltschmitt, &
Peteves, 2007)
L= 15.93 215,278 16 $/GJ 155 tonne/d | 2007 (Giil, 2008)
Gasification
HiEes 10.35 33,333 1.04 $/GJ 24 tonne/d | 2007 (Giil, 2008)
Gasification
Biomass 4.08 208,333 0.41 $/GJ 150 tonne/d | 2007 (Giil, 2008)
Gasification
Biomass 4.08 209,722 0.41 $/GJ 151 tonne/d | 2007 (Giil, 2008)
Gasification
(Mueller, Tzimas,
Gasification 6.60 450,000 31 10006/MW, 450 MW, 2020 Kaltschmitt, &
Peteves, 2007)
Sl 5.08 33,333 051 $/GJ 24 tonne/d | 2025 (Giil, 2008)
Gasification
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Table A 22: Efficiencies of hydrogen production from biomass gasification.

. . . n Capacity
Efficiency Capacity Capacity o
Technology 9 c Unit in Year Source
(%) (kW) in Source Source

LIS 45.24 215,278 155 tonne /d 2007 (Giil, 2008)
Gasification

Bl 50.00 33,333 24 tonne /d 2007 (Giil, 2008)
Gasification

Biomass .
Gasification 60.97 208,333 150 tonne /d 2007 (Giil, 2008)

LS 60.97 209,722 151 tonne /d 2007 (Giil, 2008)
Gasification

e (Mueller, Tzimas, Kaltschmitt,

Gasification 55.00 450,000 450 MW, 2020 & Peteves, 2007)

Biomass (van Vliet, van den Broek,
Gasification 68.30 400,000 400 MW 2020 Turkenburg, & Faaij, 2011)

Biomass (van Vliet, van den Broek,
Gasification 68.30 400,000 400 MW 2020 Turkenburg, & Faaij, 2011)

Bl 55.24 215,278 155 tonne /d 2025 (Giil, 2008)
Gasification

LIS 69.93 33,333 24 tonne /d 2025 (Giil, 2008)
Gasification
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Table A 23: Investment costs of hydrogen production from electrolysis.

- - Investment | Investment | Capacity | Capacity
Technology F(;(A%&N;nggt C?E&‘;;ty Cost in Cost Unit in Unitin Year Source
2007 Source in Source | Source Source
Win(_j (Bartels, Pate, &
Electro.without 56,943.74 69,444 $m 560.6 50 kgr/d 2005 ' .
- Olson, 2010)
Electricity Coprod
Wind Electro.with (Bartels, Pate, &
Electricity Coprod 57,543.04 69,444 $m 566.5 50 kgw/d | 2005 Olson. 2010)
n n (Bartels, Pate, &
Wind electrolysis 15,236.47 1,389 $m 3 1000 kgr/d 2006 Olson. 2010)
Wind (Bartels, Pate, &
Electrolysis 45,700.94 1,389 $m 0.9 1000 kgwo/d | 2006 Olson. 2010)
Water electrolysis (Mueller, Tzimas,
YSIS. 976.47 3,000 1000€/M W, 110 3 MW, 2006 Kaltschmitt, &
(smal scale)
Peteves, 2007)
Power Tower (Bartels, Pate, &
Electrolysis 55,745.74 53,272 $m 421 38.356 kgre/d 2007 Olson, 2010)
el ik 11,875.84 594,444 $/GJ 252 428 tonne/d | 2007 (Gill, 2008)
Electrolysis
Al vzt 22,938.75 666,667 $/GJ 6.49 480 tonne/d | 2007 (Giil, 2008)
Electrolysis
AliTme ey 24,034.44 208,333 $/G) 6.8 150 | tonneld | 2007 (Gill, 2008)
Electrolysis
Wind+AW .
Electrolysis 24,393.13 594,444 $/GJ 13.31 428 tonne/d 2007 (Giil, 2008)
Photovoltaic (Bartels, Pate, &
Electrolysis 43,563.86 1,943 $m 12 1399 kge/d 2010 Olson, 2010)
Power Tower (Bartels, Pate, &
Electrolysis 50,341.26 87,436 $m 624 62.954 kgha/d 2010 Olson, 2010)
Water (Konda, Shah, &
Electrolysis s 1.0 r i ) ) 2020 Brandon, 2011)
Water (Konda, Shah, &
Electrolysis 2 0 r ) ) " 2020 Brandon, 2011)
Water (Konda, Shah, &
Electrolysis po.637.76 70,000 ) ) ) ) 2020 Brandon, 2011)
Water (Konda, Shah, &
Electrolysis 15,7881 300,000 ) ) ) ) 2820 Brandon, 2011)
Water (Konda, Shah, &
Electrolysis 1390247 700,000 ) ) ) ) 2020 Brandon, 2011)
Water (Konda, Shah, &
Electrolysis 6,604.75 100,000,000 ) ) ) ) 2020 Brandon, 2011)
Water (Konda, Shah, &
Electrolysis 5,952.54 200,000,000 ) ) ) ) 2020 Brandon, 2011)
Water (Konda, Shah, &
Electrolysis 5,364.73 400,000,000 ) ) ) ) 2020 Brandon, 2011)
Water .
Electrolysis 4,477.00 594,444 $/GJ 0.95 428 tonne/d 2025 (Giil, 2008)
Water 2,615.51 666,667 $/GJ 0.74 480 tonne/d | 2025 (Giil, 2008)
Electrolysis
a5 13,965.11 594,444 $/GJ 7.62 428 tonne/d | 2025 (Gil, 2008)
Electrolysis
NBEer 18,171.77 | 425,000,000 | Billion $ 870 6 Mboe/d | 2030 (Mason, 2007)
Electrolysis
PV -
Electrolysis 32,458.55 425,000,000 Billion $ 1554 6 Mboe/d 2030 (Mason, 2007)
el 32,709.19 425,000,000 [ Billion $ 1566 6 Mboe/d | 2030 (Mason, 2007)
Electrolysis
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Table A 24: Fixed operation and maintenance costs of hydrogen production from
electrolysis.

. . Fix O&M | Fix O&M - Capacity
Technology 'z;(AOR&N}ISV(\)l?t C?E\?\(;;ty Cost in Cost Unit iias‘)oa:ll’?; Unit in Year Source
2007 Source in Source Source
WEIE 616.41 594,444 2.18 $/GJ 428 tonne/d | 2007 | (Giil, 2008)
Electrolysis
R 1,142.34 666,667 4.04 $/GJ 480 tonne/d | 2007 | (Giil, 2008)
Electrolysis
Water ..
. 1,198.89 208,333 424 $/GJ 150 tonne/d | 2007 | (Giil, 2008)
Electrolysis
VIO ANy 1,152.40 504,444 10.48 $/GJ 428 tonne/d | 2007 | (Giil, 2008)
Electrolysis
allie vl 25448 504,444 0.9 $/GJ 428 tonneld | 2025 | (G, 2008)
Electrolysis
Pl i 130.07 666,667 0.46 $/GJ 480 tonne/d | 2025 | (Giil, 2008)
Electrolysis
VIO ANy 568.50 504,444 5.17 $/GJ 428 tonne/ld | 2025 | (Giil, 2008)
Electrolysis

Table A 25: Variable operation and maintenance costs of hydrogen production from

electrolysis.

Var. O&M Capacit Var. O&M Var. O&M Capacity | Capacity
Technology Cost (IF<)W) y Cost in Cost Unitin in Unitin Year Source
(ZAR207/GJ) Source Source Source Source
Water Elec (Mueller, Tzimas,
(Smal Scale) 5.87 3,000 211 10006/MWy, 3 MW, 2006 Kaltschmitt, &
Peteves, 2007)
AL L 2.39 504,444 0.24 $/GJ 428 tonne/d | 2007 (Giil, 2008)
Electrolysis
Alkaline Water .
Electrolysis 7.27 666,667 0.73 $/GJ 480 tonne/d 2007 (Giil, 2008)
Alkaline Water .
Electrolysis 7.57 208,333 0.76 $/GJ 150 tonne/d 2007 (Gil, 2008)
Wind+AW .
Electrolysis 2.39 594,444 0.24 $/GJ 428 tonne/d 2007 (Gil, 2008)
Alkaline Water N
Electrolysis 2.69 594,444 0.27 $/GJ 428 tonne/d 2025 (Giil, 2008)
ALE IO 0.80 666,667 0.08 $/GJ 480 tonne/d | 2025 (Gill, 2008)
Electrolysis
Il 2.69 594,444 0.27 $/GJ 428 tonne/d 2025 (Giil, 2008)
Electrolysis

143




Table A 26: Efficiencies of hydrogen production from electrolysis.

i ; : Capacity
Technology Eﬁ'(‘;%ncy C?E&‘;;ty |$\ agfﬂg Unitin Year Source
i Source
(Mueller, Tzimas,
(striﬁrsfﬁi) 67.00 3,000 3 MW | 2006 Kaltschmitt, &
Peteves, 2007)
Alkaline Water 62.80 594,444 428 tonne/d | 2007 (Giil, 2008)
electrolysis
Alkaline Water 6211 666,667 480 tonne/d | 2007 (Gill, 2008)
Electrolysis
Alkaline Water 63.60 208,333 150 tonne/d | 2007 (Giil, 2008)
Electrolysis
i (Mueller, Tzimas,
Wa(tgrzs:escct;fel)y " 71.00 3,000 3 MW, 2020 Kaltschmitt, &
Peteves, 2007)
e rater 75.18 594,444 428 tonne/d | 2025 (Giil, 2008)
Electrolysis
Alkaline Water 71.94 666,667 480 tonne/d 2025 (Giil, 2008)
Electrolysis
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APPENDIX B (Costs of Hydrogen Production)

All costs for hydrogen production routes in the literature are converted into South
African Rand (ZAR) in 2007 currency. In the conversion of the currency, Table G 1,
Table G2 and Table G 3 are used which can be seen in Appendix G. Conversion
rates and years are applied as a part of system analysis worksheet of EnerKey
(Energy as a Key Element of an Integrated Climate Protection Concept for the City
Region of Gauteng), (IER, 2012b)

In this Appendix, current (2010) and future (costs) and efficiencies for the hydrogen
production from coal gasification, natural gas reforming, biomass gasification and
electrolysis can be found. These costs and efficiencies depend on years and

capacities on the graphics.

All production costs for hydrogen is based on the relation (Giil, 2008):

COST = INVCOST x CRF N FIXOM VAROM 4 FeedstockCost
AF n
INVCOST = Specific investment cost [ZAR2007/kW]
CRF = Capital recovery factor [-]
AF = Availability factor [-]
FIXOM = Fixed operation and maintenance cost [ZAR007/kW/year]
VAROM = Variable operation and maintenance cost [ZAR2007/GJ]
n = Process efficiency
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The capital recovery factor can be formulized as:

CRF —drx——dr
@+dr)"-1
dr = Discount rate [%]
n = Plant life time [years]

The current and future fuel costs are taken from Tomaschek (2012). The fuel costs
are the costs of input materials for hydrogen production paths. Fuel costs for Gauteng
metropolitan region are shown in Table 2.3. All Fuel costs are for industrial level

including transportation and delivery costs, excluding taxes.

Table B 1: Fuel costs for Gauteng region.

Coal 9.3 17.0
Natural Gas 71.6 138.4
Biomass 46.3 46.6
Electricity 146.7 207.0

In this study, all hydrogen related energy values are based on LHV. It is assumed that
all technologies use electricity as input for the processes since electricity is a
relatively cheap fuel in South Africa compared to the world market; however, in
hydrogen production, electricity is may be by product as it may be input for the
production process. Positive auxiliary electricity values are taken into account in the
literature research. Besides, it is assumed that electricity costs for the processes are
included in the variable operation and maintenance costs. Electric efficiency is
considered as electrolysis fuel efficiency. In addition, water costs and cleaning costs

are included into variable operating and maintenance costs.
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Figure B 1: Investment costs of hydrogen production from coal gasification.
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Figure B 2: Investment costs of hydrogen production from coal gasification
depending on plant capacity.
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Figure B 4: Fix operation & maintenance costs of hydrogen production from coal
gasification depending on plant capacity.
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Figure B 5: Variable operation & maintenance costs of hydrogen production from
coal gasification depending on plant capacity.
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Figure B 6: Variable operation & maintenance costs of hydrogen production from
coal gasification depending on plant capacity.
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Figure B 8: Efficiency of hydrogen production from coal gasification depending on

plant capacity.
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Table B 2: Costs and efficiency of hydrogen production from coal gasification.

ZAR2007/GJoutput | TeChnology 2010 2040
With CCS 274.64 165.07
Investment Cost -
Without
cCs 218.07 101.02
With CCS 12.39 7.39
FOM Cost Without 150 o
CCS ' '
With CCS 3.74 2.58
VOM Cost Without 546 0.93
CCS : ’
With CCS 60.23 52.29
Production Cost :
Without
cCs 51.17 41.08
Efficiency (%) With CCS 60 69
Without
cCs 64 80
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Figure B 9: Investment costs of hydrogen production from natural gas reforming.

40000
u @ N. Gas to Hydrogen without CCS
35000
B N. Gas to Hydrogen with CCS
30000 <
25000
2
20000
15000
10000
L 4 m .
0 T T ’ T T T ‘ T
0 5 50 500 5.000 50.000 500.000 5.000.000

Capacity (MW)

Figure B 10: Investment costs of hydrogen production from natural gas reforming
depending on plant capacity.
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Figure B 12: Fix operation & maintenance costs of hydrogen production from

natural gas reforming depending on plant capacity.
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Figure B 13: Variable operation & maintenance costs of hydrogen production from
natural gas reforming.
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Figure B 14: Variable operation & maintenance costs of hydrogen production from
natural gas reforming depending on plant capacity.
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Figure B 15: Efficiency of hydrogen production from natural gas reforming.
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Figure B 16: Efficiency of hydrogen production from natural gas reforming
depending on plant capacity.
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Table B 3: Costs and efficiency of hydrogen production from natural gas reforming.

ZAR2007/GJoutput | TeChnology 2010 2040
With CCS 153.74 90.86
Investment Cost -
Without
cCs 122.65 81.29
With CCS 6.62 416
FOM Cost Without e 208
CCS ’ '
With CCS 2.15 1.37
VOM Cost Without 177 112
CCS : ’
With CCS 123.02 195.80
Production Cost :
Without
cCs 115.04 183.55
Efficiency (%) With CCS 73 77
Without
cCs 74 81
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Figure B 17: Investment costs of hydrogen production from biomass gasification.
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Figure B 18: Investment costs of hydrogen production from biomass gasification
depending on plant capacity.
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Figure B 19: Fix operation & maintenance costs of hydrogen production from
biomass gasification.
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Figure B 20: Fix operation & maintenance costs of hydrogen production from
biomass gasification depending on plant capacity.
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Figure B 22: Variable operation & maintenance costs of hydrogen production from

biomass gasification depending on plant capacity.
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Figure B 24: Efficiency of hydrogen production from biomass gasification
depending on plant capacity.
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Table B 4: Costs and efficiency of hydrogen production from biomass gasification.

ZAR2007/GIoutput 2010 2040
Investment Cost 144.94 69.58
FOM Cost 12.59 5.76
VOM Cost 6.84 4.37
Production Cost 120.18 81.23
Efficiency (%) 56.00 74.00
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Figure B 25: Investment costs of hydrogen production from electrolysis.
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Figure B 26: Investment costs of hydrogen production from electrolysis depending

on plant capacity.
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Figure B 27: Fix operation & maintenance costs of hydrogen production from
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Figure B 28: Fix operation & maintenance costs of hydrogen production from
electrolysis gasification depending on plant capacity.
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Figure B 29: Variable operation & maintenance costs of hydrogen production from
electrolysis.
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Figure B 30: Variable operation & maintenance costs of hydrogen production from
electrolysis gasification depending on plant capacity.
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Figure B 31: Efficiency of hydrogen production from electrolysis.
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Figure B 32: Efficiency of hydrogen production from electrolysis depending on
plant capacity.
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Table B 5: Costs and efficiency of hydrogen production from electrolysis.

ZAR2007/GIoutput 2010 2040
Investment Cost 627.22 265.63
FOM Cost 25.35 2.82
VOM Cost 3.85 0.83
Production Cost 326.88 284.94
Efficiency (%) 66 82
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APPENDIX C (Hydrogen Delivery Costs)
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Figure C 1: Conversion of £/$ in the year 2000 (Dodds & McDowall, 2012).
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Figure C 2: Hydrogen pipeline investment cost by pipeline diameter (Doods &
McDowall, 2012).
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In the source Doods & McDowall (2012), for the currency conversion of Great
British Pound, the rate of 1£=1.52$ is applied according to inflation and currency
rates of the year 2000. In the source Berridge (2010), 1£=1.90$ conversion rate is
ued for the year 2009.

Table C 1: Liquefier investment costs by years (Doods & McDowall, 2012).

Model Cost 2000 | 2025 | 2050

UK MARKAL | £2000/(GJ.@) | 15.00 | 6.00 | 6.00

TIAM-UCL | $:005/(GJ.2) | 31.00 | 12.00 | 12.00

UK MARKAL | ZAR2go7/KW | 7,158 | 2,863 | 2,863

TIAM-UCL | ZAR2go7/KW | 6,981 | 2,702 | 2,702

Table C 2: Liquid hydrogen truck investment costs by years (Doods & McDowall,
2012).

Model Cost 2000 | 2025 | 2050

UK MARKAL | £2000/(GJ.@) | 4.00 | 4.00 | 4.00

TIAM-UCL | $2005/(GJ.a) | 8.00 | 8.00 | 8.00

UK MARKAL | ZAR2g07/KW | 1,908 | 1,908 | 1,908

TIAM-UCL | ZAR2go7/kW | 1,801 | 1,801 | 1,801
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Table C 3: Gaseous tube trailer investment costs by years (Doods & McDowall,
2012).

Model Cost 2000 [ 2025 | 2050

UK MARKAL | £2000/(GJ.2) | 16.00 | 10.00 | 6.00

TIAM-UCL | $2005/(GJ.2) | 33.00 | 20.00 | 12.00

UK MARKAL | ZAR2007/kKW | 7,635 | 4,772 | 2,863

TIAM-UCL | ZAR2007/KW | 7,431. | 4,503 | 2,702

Table C 4: Liquid hydrogen fueling station investment costs by years (Doods &
McDowall, 2012).

e, MA%IEAL TLIJéT- MALFJeIf(AL UaliiE(S S
Cost £2000/(GJ.2) | $2005/(GJ.a) | ZAR007 KW | ZAR007/KW
2000 10.00 20.00 4,772 4,503
2010 9.00 18.00 4,294 4,053
2020 8.00 16.00 3,817 3,603
2030 7.00 15.00 3,340 3,377
2040 7.00 13.00 3,340 2,927
2050 6.00 12.00 2,863 2,702
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Table C 5: Efficiencies of delivery technologies (Doods & McDowall, 2012).

Model Efficiency 2000 2025 2050

UK MARKAL 0.82 0.85 0.85
Liquefier

TIAM-UCL 0.82 0.85 0.85

UK MARKAL 0.98 0.98 0.98
Gaseous

TiAM-UCL | TubeTrailer | g 0.98 0.98

UK MARKAL L 0.95 0.95 0.95

Liquid

TIAM-UCL Truck 0.95 0.95 0.95

UK MARKAL 100 100 100
Hydrogen

TIAM-UCL Pipgels 100 100 100

Table C 6: Liquefier investment costs by capacity (Amos, 1998).

Size Cost
kW 1995/ KW | ZAR007/KW
10 6600 47,408
75 2400 17,239
250 825 5,926
2700 863 6,199
3700 650 4,669
4500 702 5,042
28300 702 5,042
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Table C 7: Compressor investment costs by capacity (Amos, 1998).

Size Cost

kW $1905/kKW | ZARg07/ kKW
170 118000 3,540
380 31750 952
1500 25600 768

Table C 8: Pipeline investment costs by pieline diameter (Amos, 1998).

Diameter | Energy Efficiency Total Investment cost

m % ZAR007/KW | £2000/(GJ.a) | m€zp00/km
0.08 99 300,648 630.00 0.23
0.23 100 69,196 145.00 0.53
0.3 100 81,127 170.00 0.63
0.36 100 108,328 227.00 0.83
0.23 77 7,158 15.00 0.56
0.3 95 8,112 17.00 0.63
0.36 98 10,976 23.00 0.83

2 93 954 2.00 2.39
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Table C 9: Hydrogen pipeline installation costs by pipeline length (Amos, 1998).

Length Installation Cost

km $1905/km | ZAR007/km

78.4 | 237000 | 1,702,395

108.5 | 774000 | 5,559,722

46.9 | 1000000 | 7,183,104

731 | 1250000 [ 8,978,880

561 685000 | 4,920,426

40.2 132000 948,169

Table C 10: Hydrogen pipeline installation costs by years (FCFP, 2005).

Installation Cost
Year
m$2003/km ZAR2007/km
2003 1.2 6,631,844
2005 1.2 6,631,844
2010 1.0 5,526,537
2015 0.8 4,421,229
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Table C 11: Investment costs of hydrogen truck delivery by distance (Berridge,

2010).
Length Investment Cost
km | £2000/GJ | ZAR2007/KW
16 0.2 84
16 1 422
161 0.3 127
161 1.2 506
322 0.7 295
322 1.4 590
805 1.3 548
805 2 844
1,609 25 1,054
1,609 31 1,307

Table C 12: Investment costs of gaseous hydrogen tube trailer delivery by distance
(Berridge, 2010).

Length Investment Cost
km | £2000/GJ | ZAR2007/ KW
16 3 1,265
161 7 2,952
322 12 5,061
805 27 11,388
1,609 52 21,932
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APPENDIX D (Hydrogen Delivery Distances)
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Figure D 1: Kelvin power plant in Gauteng (Google Map, 20013).

Figure D 2: Distance between OR Tambo International Airport and Sasol
Mozambique-Secunda natural gas pipeline.
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Figure D 3: Mozambique-Secunda natural gas pipeline extension of Sasol in
Secunda, South Africa (SASO, 2003).
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APPENDIX E (Liquid Hydrogen Aircraft Configurations)
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Figure E 2: Standard regional jet (Westenberger, 2003).
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Figure E 3: Standard regional turboprop (Westenberger, 2003).

Figure E 4: Long-range aircraft (Westenberger, 2003).
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Figure E 6: Unconventional tank configurations for liquid hydrogen (Westenberger,
2003).
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Figure E 7: Unconventional configuration alternative (Westenberger, 2003).
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Figure E 8: Unconventional configuration alternative (Westenberger, 2003).

Weight/tank 2,722 kg, total volume 173.6 m®, diameter per tank is 2.80 m length per
tank is 14.0 m (Westenberger, 2003).

180



APPENDIX F (Hydrogen Aircraft Costs)

Table F 1: Investment costs of kerosene plane and hydrogen plane.

Investment cost Unit in Source S I Unit Cost
passenger.km Source

Kerosene plane (USD /1000 pkm) 80 (ZAR207/1000 pkm) | 571
Hydrogen plane (USD /1000 pkm) 99 (ZAR207/1000 pkm) | 642

Table F 2: Costs per seat occupied of kerosene plane and hydrogen plane with load

factor.
IR I EEl Assumptions Unit in Source el Unit Cost

occupied Source
K‘;rlg‘:’]ee”e 75% load factor | (USD 1000/seat) | 560 | (ZARag07 1000/seat) | 3,998
Hvdrogen 75% load factor,

y Ian?e 15% fewer (USD 1000/seat) 690 (ZAR2007 1000/seat) | 4,927

P passengers

Table F 3: Fuel and capital costs per seat occupied of kerosene plane and hydrogen
plane.
Fuel and
capital per Assumptions Unit in Cost in Unit Cost

seat Source Source

occupied
12% annuity of cost
Kerosene
per seat and USD (USD/seat) | 50,000 | (ZARzg7/seat) 357,043
plane
5/GJ kerosene
12% annuity, 20%

Hydrogen increase in fuel use

plane oer seat and USD (USD/seat) | 200,000 | (ZARyp7/seat) | 1,428,172

20/GJ liquid hydrogen
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Table F 4: Emission costs of kerosene plane and hydrogen plane.

Unitin

Cost in

Emission costs Assumptions Unit Cost
Source Source
CO; emissions | 0.073 t of CO,/GJ (t/used (t/used
730 730

for kerosene kerosene seat/yr) seat/yr)

Hydrogen plane
. (USD/t of (ZARg07/t

CO, emissions H>O and NOx not COy) 206 of CO,) 1,471

mitigation cost

considered
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APPENDIX G (Conversion of Monetary Values into ZARyg7)

In Appendix G, tables of conversion of all monetary value in to south African Rand
in currency of 2007 is explained with related tables. This explanation is a summary
of consideration of the various costs related to energy production paths, energy
transmission and energy utilization cases. These costs include capital investment,
operating costs such as fixed and variable, specific investment costs, interest costs
during construction, carbon capture and storage costs. An example of conversion
shows how inflation rate and currency conversion are applied. Conversion rates are
taken from (IER, 2012b)

Table G 1: Long-term exchange rate for Euro to Rand.

Year | Value

2010 | 9.6984
2009 | 11.6737
2008 | 12.0590
2007 | 9.6596

2006 | 8.5312

2005 | 7.9183
2004 | 8.0092
2003 | 8.5317
2002 | 9.9072
2001 | 7.6873
2000 | 6.3899
1999 | 6.5188
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Table G 2: Long-term exchange rate for US Dollar to Rand.

Year Value

1970 0.71644
1971 0.71265
1972 0.77302
1973 0.69478
1974 0.67944
1975 0.73987
1976 0.86960
1977 0.86960
1978 0.86960
1979 0.84177
1980 0.77898
1981 0.87925
1982 1.08795
1983 1.11420
1984 1.47763
1985 2.23100
1986 2.29021
1987 2.03682
1988 2.27874
1989 2.62563
1990 2.58712
1991 2.76286
1992 2.85061
1993 3.27097
1994 3.54876
1995 3.62747
1996 4.29539
1997 4.60924
1998 5.54328
1999 6.11469
2000 6.93907
2001 8.58327
2002 | 10.52194
2003 7.56888
2004 6.44949
2005 6.36965
2006 6.78342
2007 7.05392
2008 8.25675
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Table G 3: Long-term exchange rate for US Dollar to Rand (Cont.).

2009 8.41170
2010 7.93000

Table G 4: Cost estimates and baseline year (2005 -> 2007) (Inflation rates).

Index Index
Year 2007
2007 (old)

1990 29.6 29.6
1991 34.1 34.1
1992 38.9 38.9
1993 42.6 42.6
1994 46.4 46.4
1995 50.5 50.5
1996 54.2 54.2
1997 58.8 58.8
1998 62.9 62.9
1999 66.2 66.2
2000 69.7 69.7
2001 73.7 73.7
2002 80.4 80.4
2003 85.1 85.1
2004 86.3 86.3
2005 89.2 89.2
2006 93.4 93.4
2007 100.0 | 100.0
2008 1115 | 1115
2009 1195 | 119.6
2010 1246 | 127.0
2011 130.8 | 1335
2012 138.3 | 1395
2013 1459 | 14538
2014 153.2 | 152.3
2015 160.2
2016 167.4
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Example of monetary conversion:
50 US$,,;, / unit (Commodity price)

1.Exchange in ZAR
=50 US$,,,;x7.555 ZAR/US$ (2003)
=377.7 ZAR 4, / unit

2.Inflation Index

377.7 ZAR ,,,, / CP1(2003)x100
=377.7/85.1x100

=443.9 ZAR,,, [ unit
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