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Executive summary

Cleantech Energy Australia (CEA; formerly Coal Energy Australia) is exploring opportunities for exploiting the
Victorian brown coal resource to produce low cost CO,-free hydrogen. This project was a result of a joint
funding arrangement established between BCIA, ANLEC R&D and CEA. The project entitled “Evaluation of
options for production of low-cost CO,-free hydrogen from Victorian brown coal” was initiated in accordance
with the Research Project Agreement under the BCIA-funded project framework, dated 2 August 2017 and
varied on 14 June 2018 and 11 October 2018 accordingly.

For this work, CSIRO was commissioned to conduct and coordinate a desktop costing study of potential CO,-
free hydrogen production technologies, in collaboration with Monash University and Gamma Energy
Technology. The Part 1 of this report provides an overall summary of the study outcomes which were derived
from three separate technical studies by the various project partners. The details of the respective studies
led by various co-authors are also included in the report under Partll, [l and IV respectively.

The study provided comparative assessments of various hydrogen production technologies based on
pyrolysis and gasification of Victorian brown coal with CCS and water electrolysis using renewable (wind and
solar) energy. The comparative assessment provided a good understanding of the relative competitiveness
of the various proposed technology options from process economic and carbon emission considerations. The
study was conducted using a common H, production basis of 770 tpd. The information will be used, in part,
to guide any future project development and investment opportunity.

Based on the assumptions used in the current study, the gasification option wasfound to result in the lowest
cost of hydrogen production, estimated as $2.73 — 4.64/kg. This is predominantly due to the lower CAPEX of
this production route. The pyrolysis approach was generally shown to be higher cost than gasification -
predominantly due to the fact that brown coal must be briquetted prior to pyrolysis, which is not required
for gasification. The levelised costs of hydrogen production from renewable energy such as wind and solar
in Victoria at 2030 were estimatedto be at least 2 times higher than the gasification approach based on the
chosen assumptions such as capacity factor, efficiency etc. For comparison purposes, the levelised cost based
on Victorian’s condition was also compared with that estimated from the National Hydrogen Roadmap study.

It should be acknowledged that estimated levelised costs of hydrogen production from this study are
invariably dependent on the assumptions used in the current report which are outlined in the individual
detailed studies presented in dedicated parts of the report. Readers are also encouraged to review the
assumptions carefully with clear understanding of the context when making reference tothis work. Ongoing
peer-reviewed refinement of hydrogen production cost estimates is thus highly recommended, to reflect
improved understanding of the changing cost structure facilitated by improvements to technology and
availability of other relevant infrastructures, such as hydrogen storage and transport options.

Evaluation of options for production of low cost CO2-free hydrogen from Victorian brown coal | vii
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1 Introduction

Around the world, increasing attention is being given to the potential of hydrogen to play an important
role in global decarbonisation efforts. Hydrogen offers an alternative, zero emission, energy option as
part of a diverse future global energy market. A variety of government-funded research and
developments projects have been initiated to support the use of hydrogen as a source of energy.

Hydrogen offers a potential solution for the large-scale export of low or zero emissions energy. In order
to do so, the hydrogen must be “CO,-free”. In this project, the term “CO,-free hydrogen” includes zero
emissions hydrogen produced from renewable energy via electrolysis, and low emissions hydrogen
produced from fossil fuels, such as through pyrolysis or gasification of coal or biomass, or steam methane
reforming of natural gas, in conjunction with carbon capture and storage (CCS).

The global interest in hydrogen is due to the growing pressure on countries to reduce their greenhouse
gasemissions to mitigate the risks of climate change. The development of a ‘hydrogen economy’ is being
led predominantly by Japan, in response to its Paris Agreement commitment to reducing greenhouse gas
emissions by 26% before 2030.

A recent analysis by ACIL Allen Consulting forecast that, by 2030, the global market for CO,-free hydrogen
will be in the order of 3.8 million tonnes, worth about $9.5 billion. Of this, Australia could potentially
supply 242,000 — 1,088,000 tonnes, generating $1.1 — 4.8 billion in export revenue.! Victoria is well
positioned to play a key role in this market.

Victoriais in a unique position to become animportant part of the value chain, given its abundant, world
class brown coal resources in conjunction with the potential availability of large scale CO, storagessite in
the Gippsland Basin. The Japanese Institute of Applied Energy has estimated that CO,-free hydrogen from
Victoria may potentially contribute to about 30% of Japan’s energy mix by the late 2030s. To meet this
need, it is estimated that around 500,000 tonnes/year of hydrogen will need to be produced and exported
from Victoria.?

The production of hydrogen by gasification of Victorian brown coal is currently being developed in the
Hydrogen Energy Supply Chain project?, led by Kawasaki Heavy Industries (KHI) and its industrial partners,
with funding support from the Australianand Victorian governments.

Cleantech Energy Australia (CEA; formerly Coal Energy Australia) is also exploring opportunities for
exploiting the Victorian brown coal resource to produce low cost CO,-free hydrogen. This current project
was a result of a joint funding arrangement established between BCIA, ANLEC R&D and CEA. CSIRO was
commissioned to conduct a desktop costing study of potential CO,-free hydrogen production
technologies, in collaboration with Monash University and Gamma Energy Technology. The information
from this study will, in part, guide any future project development and investment opportunity. This
report provides an overall summary of the study outcomes.

! Opportunities for Australia from Hydrogen Exports, ACILAllen Consulting for ARENA, 2018.

2 Kamiya, S., Nishimura, M., & Harada, E. (2015). Study on introduction of CO, free energy to Japan with liquid hydrogen. Physics Procedia, 67,
11-19.

? https://hydrogenenergysupplychain.com/
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2 Objective

The primary objective of the study was to conduct techno-economic assessments of a selected number
of potentially low-cost CO,-free hydrogen production technology options based on pyrolysis route from
Victorian brown coal in order to guide future project development and investment opportunity.

The study included comparative technology assessments for brown coal pyrolysis approach with two
other hydrogen production technologies, namely, brown coal gasification with CCS and electrolysis from
renewable (wind and solar) energy based in Victoria.

The purpose of the comparative assessment is to understand the relative competitiveness of the various
proposed technology options from process economic and carbon emission considerations. The
competitiveness of these options would depend on many factors such as energy efficiency, carbon
capture intensity, economics (OPEX, CAPEX) and other constraints.



3 Overall Approach

This project was conducted in two phases, where:

e Phase 1 involved development of process flow diagrams for the different processing options,
mass and energy balance calculations using process modelling tool, identification and
engagement with external consultants for an independent cost estimation study in Phase 2.

e Phase 2 involved cost estimation, compilation of a final report and presentation of the findings
to the project stakeholders.

The project was managed and coordinated by CSIRO, with contributions from all project participants such
as CEA, Monash University, Gamma Energy Technologies and BCIA. CEA provided business context and
early stage project framing and definition. CSIRO and Monash University jointly formulated the process
flowsheets for the various CO,-free hydrogen production technology options based on brown coal
resource i.e. pyrolysis and gasification as well as electrolysis. Specifics of the process options are
summarised in Table 1.

Table 1. Different hydrogen production options used in the case studies.

Option Process Detailed Description

1 Pyrolysis gasonly Direct extraction of hydrogen from brown coal pyrolysis gas following a
series of gas separationand purification processes

2 Pyrolysis andreforming Production of hydrogen from brown coal pyrolysis gas using catalytic
steam reforming approach and then followed by separation and
purification techniques

3 Pyrolysis, tar crackingand | Production of hydrogen from cracking of brown coal tar and pyrolysis gas
reforming using chemical looping-type reformer and then followed by gas
separationand purification techniques

4 Gasification Production of hydrogen from brown coalgasification using oxygen blown
entrained flow gasifier and then followed by shift reactor and gas
separationand purification techniques

5 Electrolysis with Production of hydrogen using electrolysis process thatis powered by
renewableenergy (wind renewableenergy (windor solar)
orsolar)

Option 1 was regarded as the simplest approach, similar to a typical hydrogen recovery system used in
coke ovens in Japan. For Options 2 and 3, additional process units are incorporated to further convert
the residual tar and volatile gases into hydrogen. Option 4 is based on typical gasification route where
the produced syngas is further converted to hydrogen through a water-gas shift reaction. To achieve CO,-
free hydrogen production, all the process configurations based on brown coal route incorporated CO,
capture and sequestration (CCS). Figure 1 shows the process block diagrams for the various hydrogen
production options.

4 | CSIRO Australia’s National Science Agency
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Figure 1. Process block diagrams for the various hydrogen production options based on brown coal. (a) Option 1
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All the process options considered inthe case studies included gas separation and purification techniques,
with a focus on pressure swing adsorption (PSA) for hydrogen extraction and CO, capture based on
calcium-based looping. CaCO; looping was selected as a promising CO, capture technique that employs a
widely available and inexpensive sorbent and does not require a fresh water stream like conventional
amine scrubbing.

A series of process simulations were conducted by Monash University using the a process simulation
package, in order to determine the mass and energy balance for each process. The input data were
sourced from CEA as well as from available literature. To enable a common and meaningful basis for
comparison, the techno-economic case studies were conducted for nominal hydrogen production
capacity of 770 tonnes/day (225,500 tonnes/year @~80% utilisation), based on an early published study
developed for the Hydrogen Energy Supply Chain project.*

The simulation study enabled the quantification of key process parameterssuch as the amount of brown
coal required, the anticipated CO, emissions, make-up water and heat requirements and amount of
residual char for the various process options. The material and energy balances from the process
simulations were used in a subsequent costing study.

A comprehensive cost analysis study was then conducted in order to estimate the levelised costs of
hydrogen production from the various hydrogen production options based on brown coal. Gamma Energy
Technology adopted the costing methodology outlined by the Association for Advancement of Cost
Engineering International (AACEI). The cost analysis study considered estimation of process OPEX, CAPEX
and other associated costs.

To provide a comparison with competing CO,-free H, production technologies based on renewable
energy, a separate cost analysis was also conducted by CSIRO (shown as Option 5 in Table 1). The Option
5 considers hydrogen production process based on polymer electrolyte membrane (PEM) electrolysis,
powered by renewable energy (solar PV or wind). To allow direct comparison with the coal-based options,
the PEM process was scaled to allow a hydrogen production capacity of 770 tonnes/day in Victoria. Since
this scale of production could not be accommodated using excess grid-based electricity, the cost of
dedicated renewable energy infrastructure was included in the cost estimates.

To develop appropriate costs for renewable hydrogen production, CSIRO adapted the methodology used
in its National Hydrogen Roadmap study® to reflect the Victorian context and conditions. Only direct
hydrogen production costs were included in this study. Additional cost factors, such as transportation of
product to an export hub and other infrastructure costs, were not included.

#Kamiya, S., Nishimura, M., & Harada, E. (2015). Study on introduction of CO, free energy to Japan with liquid hydrogen. Physics Procedia, 67,
11-19.

® https://www.csiro.au/en/Do-business/Futures/Reports/Hydrogen-Roadmap
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4 Overall project findings

This study has produced a comprehensive comparison of hydrogen production costs — based on brown
coal and renewable resources. The input parametersand approaches used were specifically tailored for
the Victorian context, e.g. utilisation technology options for Victorian brown coal and availability of
renewable energy resources within the state (i.e. not confined to the Latrobe Valley). The study
considered the scale of processing plants (coal feed, CO, emission intensity), water consumption and land
use required to meet a target hydrogen production capacity of 770 tonnes/day. For the brown coal
options, it was assumed that the technologies for carbon capture and sequestration (CCS) would be
readily available at commercial scales in 2030 for mitigation of CO, emissions.

As part of the project, three separate supplementary technical studies were conducted by the project
participants. These are described in detail in the various parts of this report, namely:

Part Il: “Process simulation of hydrogen production options from Victorian brown coal”, by M.
Kibria and S. Bhattacharya, Monash University

Part Ill: “Cost analysis of hydrogen production from Victorian brown coal”, by G. Bongers, S.
Byrom and Z. Pregelj, Gamma Energy Technology and Altaprom International.

Part IV: “The economics of producing hydrogen from electrolysis in Victoria”, by J. Haywood,
CSIRO Energy.

The key findings and highlights are summarised below, and the full reports are provided as appendices.

4.1 Hydrogen from brown coal resources

Table 1 below summarises the key process parametersfor production of 770 t/d hydrogen using the
three pyrolysis options and gasification. The data in Table 2 is presented on an annual basis, calculated
by multiplying the estimated hourly rates by 7074 hour/year (based on 85% availabilityand 95%
utilisation).

Table 2. Key process parameters for the production of 770 t/d (~225,500t/y) of hydrogen.

Process Options

1 2 3 4
Raw coal (Mt/y) 26.0 12.6 10.5 6.3
CO; generated (Mt/y) 9.8 6.5 6.4 3.7
Make-up process water needed (GL/y) 1.2 2.6 2.4 2.4




The total amount of brown coal required to achieve the 770t/d of hydrogen wasthe largest for Option
1, and the quantity decreased progressively from Options 2 to 4. The gasification route required the
least amount of brown coal input, as the process is inherently maximised for syngas (thus hydrogen)
production, whereas the pyrolysis process was designed for production of both char and pyrolysis
gas.

The amount of brown coal required for the gasification route, 6.3 million t/y, is significantly less than
currently mined at either Yallourn (18 million t/y)® or Loy Yang (30 million t/y)’.

The gasification route produced the least amount of carbon dioxide, estimated at 3.7 Mt/y. For
comparison, CarbonNet has determined that the proposed Pelican storage site in the Gippsland Basin
has at least 125 million tonnes of CO2 storage capacity®, sufficient for 33 years of hydrogen
production.

The amount of make-up process water required for gasification was much the same as that needed
for the best pyrolysis option (Option 3). In each case, the amount of make-up water required is less
than the amount of water evaporated during drying of the coal. However, the costs associated with
recovery of water from dryer condensate were not considered in this report.

Table 3 below shows the forecast capital costs (CAPEX) and levelised cost of product (LCoP) in 2030.

Table 3. Estimated CAPEXandLCoP in2030

Option Production type CAPEX ($M) LCoP ($/kg)*
1 Pyrolysis gasonly 16,578 —30,946 9.49-16.86
2 Pyrolysisandreforming 8,460-15,794 447-8.61
3 Pyrolysis, tar crackingandreforming 7,519-14,036 3.78-7.19
4 Gasification 4,318-8,052 2.73-4.64

* Note: The LCoP estimates do notinclude the costs associated with mine remediation at the end of production.

Among the different pyrolysis based approaches, Options 2 and 3 offer slightly better process
economics than Option 1, because the energy contained in the fuel gasis used to extract hydrogen
from water. It should be noted that the technologiesinvolved in Options 2 and 3 are not commercially
available, and would require additional research and development to increase their technology
readiness level.

The gasification option was found to require the lowest capital expenditure. The higher cost of
pyrolysis was predominantly due to the fact that brown coal must be briquetted prior to pyrolysis,
which is not required for gasification. This made the proposed pyrolysis process options less
competitive when compared to the gasification process.

The gasification option wasalso found toresult in the lowest cost of hydrogen production, estimated
as $2.73 — 4.64/kg. This is predominantly due to the lower CAPEX of this production route. It should
be noted that the cost estimation is focused on the production of hydrogen at source but did not
consider the longer term of cost of mine site rehabilitation after the end of mine life.

8 https://www.energyaustralia.com.au/about-us/energy-generation/yallourn-powe r-station.

7 https://www. bioregionalassessments.gov.au/assessments/12-resource-assessment-gippsland-basin-bioregion/12215- loy-yang-mine-and-
power-station

8 https://earthresources. createsendl.com/t/ViewEmail/r/CAOOE01424908354 2540EF23F30FEDED
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4.2 Hydrogen from renewable resources

For comparison purposes, a separate costing study was also carried out to estimate the levelised cost of
hydrogen production (LCOH,) from renewable energy. The cost estimates exclude other cost factors such
as transportation of product to the market or end-user and other infrastructure costs.

e Inorder to meet the requirement for 770 t/d of hydrogen, several large-scale renewable energy
farms and electrolysis systems would need to be constructed. It was found that up to
approximately 7 GW of wind or 9.4 GW of photovoltaics (PV) would be conservatively required
along with a similar capacity of PEM electrolysers. For costing purposes, it was assumed that the
individual systems would be of the order of ~500 MW and that several of each type would be
built across the whole of Victoria for hydrogen production at close to the energy source.

e The study estimatedthe LCOH, for the years 2017, 2020 and 2030 based on certain
assumptions of technology cost and performance improvement factors over the specified
period. The estimated LCOH, for wind- and PV-powered electrolysis projected at 2030 are
included in Table 3 above.

e For both energy options, the cost was found to vary from $5.6/kg H, to $8.9/kg H, over the
forecast period up to 2030. The values were similar because of the relatively high cost of
electrolysis. Wind power was found to be somewhat lower in cost than the PV, based on the
current assumptions. This was due to the better availability of wind resources than solar in
Victoria. However, the gap of production cost between wind and PV becomes narrower in later
years, reflecting an anticipated fall in the capital cost of PV due to technology improvement.

e The study also evaluated the extent of resource use that would be required for production of
export quantities of hydrogen by renewable-powered electrolysis.

e Production of a nominal capacity of 770 tonnes/day (225,500 tonnes/year — assumed at 80%
utilisation factor) of hydrogen by electrolysis of water would consume around 2 billion litres/year
of purified water. The availability of suitable sites for renewable hydrogen production in term of
energy and water resources will need careful consideration.

e There is no uniform definition of the totalarea of a wind power plant. A survey of wind farms in
the United States® suggested that there are two primary indices of land use — the
infrastructure/direct impact area (or land temporarily or permanently disturbed by wind power
plant development) and the total area (or overall area of the power plant as a whole). For 93
projects representing about 14 GW of proposed or installed capacity, the average permanent
direct impact value reported was 0.3 + 0.3 hectares/MW of capacity. For 161 projects
representing about 25 GW of proposed or installed capacity, the average value for the total
project area was about 34 + 22 hectares/MW of capacity. Our analysis of wind farm area data in
Victoria indicated that the average total wind farm area is 31.62 + 17.44 ha/MW, which is
consistent with the US wind farm data.

e On the basis of the more credible US data, the total estimated wind farm area required in 2030
to generate 7GW is 238,000+ 154,000 ha, with a permanent direct impact area of 2,100+ 2,100

Denholm, P., Hand, M., Jackson, M., & Ong, S.(2009). Land-Use Requirements of Modern Wind Power Plants in the United States. NREL.



ha. For illustrative purposes, the largest capacity wind farm in Victoria, the 420 MW McArthur
wind farm in Victoria, occupies a total area of 5,500 ha. Production of 770 t/d hydrogen using
wind will thus require the equivalent area of 43 + 28 (or 15 -71) times McArthur wind farms. Note
that the majority of this land could be used for other purposes such as grazing.

e For PV, production of 9.4 GW electricity will require 15,000 ha of bare panels, or 23,000 ha
installed. For illustrative purposes, the largest PV farm in Australia is the 102 MW Nyngan Solar
Plantin NSW, which occupies anarea of 250 ha. Production of 9.4 GW electricity by PV will require
an area equal to 92 equivalents of the Nyngan Solar Plant.

e From this it may be concluded that production of export quantities of hydrogen by renewable
energy will likely be limited by the large areas of land required. The widely dispersed nature of
renewable hydrogen production would increase the transport and handling costs, but these were
not included in the figures shown in Table 3.

10 | CSIRO Australia’s National Science Agency



5 Concluding remarks

This project has enabled an objective evaluation of technical and economic viability of the various options
for producing CO,-free hydrogen, including three brown coal pyrolysis-based processes, brown coal
gasification, as well as electrolysis using renewable electricity from either wind or solar energy.

The cost analysis found that the projected levelised cost of hydrogen production in 2030 is lowest for the
gasification option, at $3.50/kg. Thisis somewhat higher than the cost estimated in the National Hydrogen
Roadmap (Bruce et al 2018), which suggested a cost for brown coal gasification plus CCS of $2.14—
$2.62/kg once the commercial scale production and CCS plant come online in the 2030s.

ACIL Allen Consulting suggested that liquefaction, loading and shipping to Japan would add an extra
$2.11/kg to the cost. This suggests that the landed price in Japan of hydrogen produced by gasification
would be $5.61/kg. This is equivalent to ¥37/Nm3 (assuming an exchange rate of ¥80/$), which is close to
the import price of ¥35/Nm3 assumed by METI in its projections.1° Gasification of brown coal plus CCS
thus appearsto be the only technology option capable of producing CO,-free hydrogen at the cost needed
to access the Japanese market.

The direct extraction of hydrogen from pyrolysis gas is not competitive due to the low concentration of
hydrogen in pyrolysis gas and the corresponding large scale of the plant including briquetting required to
achieve a capacity of 770 t/d of hydrogen. Other augmented pyrolysis process options (Options 2 and 3)
with gas reformer or tar cracker may offer slightly improved economics than the simple pyrolysis option
(Option 1). However, further research and development would be required to improve the technology
readiness of the augmented reformer or tar cracker.

Based on the current cost analysis, the levelised costs of hydrogen production from renewable energy
such aswind and solar at 2030 were estimated to be at least 2 times higher than the gasification approach.
It was also found that the feasibility of producing hydrogen by electrolysis of water using wind- or solar-
based renewable electricity is likely to be limited by the large areas of land required and the need for
massive quantities of purified waterin (likely) remote areas.

Consideration of the availability of suitable land and water, social and environmental impacts, and other
influencing factors such as proximity to the market, transportation requirements and long-term mine
rehabilitation, were beyond the scope of this study.

Ongoing peer-reviewed refinement of hydrogen production cost estimates is highly recommended, to
reflectimproved understanding of the changing cost structure facilitated by improvements to technology
and availability of other relevant infrastructures, such as hydrogen storage and transport options. This
will be important to assist both public policy development and in advancing commercial interests.
Readersare also encouraged to review the assumptions carefully with clear understanding of the context
when making reference to this work.

1 Kamiya, S., Nishimura, M., & Harada, E. (2015). Study on introduction of CO, free energy to Japan with liquid hydrogen. Physics Procedia, 67,
11-19.
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6

Background

Hydrogen is considered an energy carrier; like electricity, it must be produced from a primary energy

source such as biomass or hydrocarbons such as natural gas or coal. Four different thermal processing

options for hydrogen production using Victorian brown coal are investigated in this report. All the studied

processes are coupled with carbon capture facilities. The four options are summarised below:

Option1
Option 2
Option3
Option4

Brown coal pyrolysis plant for H, production
Brown coal pyrolysis plant followed by shift reactor for H, production
Brown coal pyrolysis plant followed by shift and tar cracking reactor for H, production

Brown coal gasification plant using oxygen blown entrained flow gasifier followed by
shift reactor for H, production.



7 Modelling approach

Commercially available process simulator is a valuable tool for design, operation, and evaluation of
chemical process that consist of unit operations connected by process stream. By ensuring mass and
energy balance for each unit operationaswell asthe overall process, the simulator can calculate unknown
stream flowrates, temperature, pressures and compositions. The process simulation software includes
built-in library models for the most common unit operations and more databanks of components with

parametersand method to calculate thermodynamic properties.

7.1 Equation of state
The Base Property method (Equation of state) used for the simulation was the IDEAL witha COMMON

filter.

7.2 Conventional components
These are internal components of the process modelling software for which the physical property

correlations are already defined within the software databank (Table 4):

Table 4 Conventional components

Component ID Type Component name Alias State
H, Conventional HYDROGEN H, Gas
Cco Conventional CARBON-MONOXIDE co Gas
CO, Conventional CARBON-DIOXIDE CO, Gas
SO, Conventional SULFUR-DIOXIDE SO, Gas
SO, Conventional SULFUR-TRIOXIDE SO, Gas
NO, Conventional NITROGEN-DIOXIDE NO, Gas
NO Conventional NITRIC-OXIDE NO Gas
S Solid SULFUR S Solid
H,0 Conventional WATER H,0 Liquid
COAL Nonconventional
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C Solid CARBON-GRAPHITE C Solid
CHe¢ Conventional ETHANE C,Hg Gas
CH, Conventional METHANE CH,4 Gas
H,S Conventional HYDROGEN-SULFIDE H,S Gas
Cs;Hg Conventional PROPANE CsHg Gas
CsHg-2 Conventional PROPYLENE C3Hg-2 Gas
0, Conventional OXYGEN 0, Gas
N, Conventional NITROGEN N, Gas
NH; Conventional AMMONIA NH; Gas
CioHs Conventional NAPHTHALENE CioHsg Liquid
CsHgO Conventional PHENOL CsHgO Liquid
TERT--01 Conventional TERT-BUTYL-ACETATE CeH1,0, Liquid
CH, Conventional ETHYLENE CH, Gas
CHAR Nonconventional
P-CRE-01 Conventional P-CRESOL C,HgO-5 Liquid
ASH Nonconventional
Ca0 Solid CALCIUM-OXIDE CaOo Solid
CALCIUM-CARBONATE- Solid
CaCoOs Solid CALCITE CaCO,
CaS0O; Solid CALCIUM-SULFITE CaS0O; Solid
CasS0O, Solid CALCIUM-SULFATE CaS0O, Solid
CaS Solid CALCIUM-SULFIDE CaS Solid
Fe Solid IRON Fe Solid
Fe, 03 Solid HEMATITE Fe,03 Solid
FeO Solid FERROUS-OXIDE FeO Solid
Fe30, Solid MAGNETITE Fe;0, Solid
7.3 Non-conventional components

COAL, CHAR and ASH are defined as a non-conventional component. Default IGT relation is used for

density and Specific heat calculation.



7.4 Tar

Tar (Pyrolysis oil) product is represented asa combination of four conventional hydrocarbon components.

These components were selected from experimental data and literature review.

7.5 Particle size distribution

Particle size distribution (PSD) was modelled in the feed preparation area. A PSD was defined using 25
sizes (mesh) with a top size of 75 mm. The Rosin-Rammler-Sperling-Bennett (RRSB) method with
dispersion parameter of 1 and *Dg3 0f 0.018 m was used to create the massfraction of the coal (See Figure
2), where "Dg; is the particle size that corresponds to 63% of the total volume distribution. The
parameters were set to affect the PSD change accordance with over/undersize mass balance data

provided by Coal Energy Australia (now Cleantech Energy Australia).
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8 Process description

8.1 Option-1: Brown coal pyrolysis plant for H, production

The simplified block diagram of option-1 is presented in Figure 3.

H2 gas Other gases
Excess char Tar

Flue gas
Coal Screening Stearf: tube Briquette Pyrolyser Gas cleaning E> H2 separation
and milling drying A
Char @ ﬁFlue gas

Char
combustor

Figure 3:Block diagram of Option-1

The raw coal is processed by subsequent two-step hammering and screen to the desired particle size for
efficient drying. The wet coal loses almost 55% of its initial weight during the drying process. The dry coal
then goes toa briquette unit in which the dry coal is compressed to cylindrical pellets. These pellets are then
fed toa Pyrolyser unit. A certainamount of char is combusted to produce the heat energy to run the pyrolyser

and to produce steam for the steam tube dryer.

The flue gas is then quenched atlow temperature to separate the Tar and subsequently passed to a Calcium
carbonate looping system for CO, separation. This is chosen over the conventional amine process as it is
assumed the higher efficiency carbonate looping system will be available by 2030. The CO, free gases then

moved through a pressure swing adsorption process to separate the Hydrogen.

Key results obtained:

Target production of H, 32.1tons/hour
Wet coal requirement 3680 tons/hour
Dry coal 1136 tons/hour
Excess char to refinery 69 tons/hour

Tar production 124 tons/hour
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Total CO, generation 1391 tons/hour
CO, capture efficiency 86%

Steamrequirement 173 tons/hour

8.2 Option-2:Brown coal pyrolysis plant followed by shift reactor for
H production

Option- 2 is similar to option-1, except this option has a water gas shift unit coupled with Methane steam

reformer unit.

The flue gas leaving the pyrolyser unit is rich in Carbon-monoxide (CO) and Methane (CH,). To increase the

H, production level, the available Methane is transformed to H, and CO in the Methane steam reformer unit
shown in Eq. (1).
CH,+H,06>C0O+3H, (1)

The CO-rich flue gas is further passed through a water gas shift reactor to boost up the H, production level

based on Eq. (2)

CO+H,06>C0,+H, 2

The block diagram of the process is presented in Figure 4.

Excess char Tar

il

Flue gas
Coal Scre.ening Steal{: tube Briquette Pirokiser Reformer |::> Shift reaction
and milling drying Nl
Char @ ﬁ Flue gas @
Char H2 separator <: Gas cleanin:
combustor g

NI

H2 gas Other gases

Figure 4: Block diagram of Option-2

Key results obtained:

Target production of H, 32.1tons/hour

Wet coal requirement 1780 tons/hour



Dry coal 550 tons/hour
Excess char to refinery 83 tons/hour
Tar production 62 tons/hour
Total CO, generation 924 tons/hour
CO; capture efficiency 93%

Steamrequirement 375 tons/hour

8.3 Option-3:Brown coal pyrolysis plant followed by shift and tar
cracking reactor for H, production

Option- 3 is similar to option-2, except this option has a Fe,0; looping process.

The quenched and cooled flue gas after pyrolysis has a significant amount of Tar (heavy-oil), which goesin a
Tar cracking unit. In this unit, the long chain hydrocarbon is broken down to light hydrocarbon and passed
through water gas shift reactor followed by the Methane steam reforming reactor. The block diagram of the

process is presented in Figure 5.

Tar craker

Excess char

o g =&

Flue gas
- Scfe_e“i“g Stea? e Briquette Pyrolyser Reformer >] Shift reaction
and milling drying
Char @ G Flue gas @
Char
H2 t .
combustor Seharator <: Gas cleaning

O O

H2 gas Other gases

Figure 5:Block diagram of Option-3

Key results obtained:

Target production of H, 32.1tons/hour
Wet coal requirement 1480 tons/hour
Dry coal 457 tons/hour
Excess char to refinery 67 tons/hour

Tar production Nil
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Total CO, generation

902 tons/hour

CO, capture efficiency 94%
Steamrequirement 340 tons/hour
8.4 Option-4: Brown coal gasification plant using oxygen blown
entrained flow gasifier followed by shift reactor for H,
production

The raw coal is processed by subsequent two-step hammering, screen and drying process to the desired
particle size before feeding to the entrained flow gasifier. The entrained flow gasifier used in the simulation
is a two-stage oxy-fired slagging gasifier which mimics the Mitsubishi Heavy Industry (MHI) gasifier. The
syngas after gasifier unit is CO-rich. The syngas is cooled and subsequently passed through a shift reactor to
increase H,level. The syngas goes to a Calcium carbonate looping system for CO, separation. The CO, free

gasesthen passed through a pressure swing adsorption process to separate the Hydrogen. The block diagram

is presented in Figure 6.

Coal Screening S'e““f‘ tube Gasification Shift reaction E:>
and milling drying

Flue gas

Key results obtained:

Target production of H,
Wet coal requirement
Dry coal

Excess char to refinery
Tar production

Total CO, generation
CO, capture efficiency

Steamrequirement

Gas cleaning

H2 separator

Figure 6:Block diagram of Option-4

32.1tons/hour
893 tons/hour
332 tons/hour
Nil

Nil

518 tons/hour
88%

344 tons/hour

L

H2 gas Other gases



8.5 Separate case study for 18 million tons/year of wet coal

For comparison purposes, a separate case study is carried out to estimate the net H, production through a
pyrolysis plant based on the present mining capacity of 18 million tonnes of raw coal per annum from
Yallourn’sopen cut mine, Victoria Australia®l. The process diagramis similar to option-1. However, in this case
2055 tons/hour of wet coal equivalent to 18 million tons/year is processed to estimate the generation of
hydrogen which is around 17 tons/hour as opposed to 32.1 tons/hour. This comparison is intended to

provide readersa sense of the scale of the coal mining and production using Yallourn mine asreference point.

Key results obtained:

Target feed wet coal 2055 tons/hour
Dry coal 634 tons/hour
H2 production 17 tons/hour

Excess char torefinery 80 tons/hour
Tar production 71 tons/hour
Total CO, generation 657 tons/hour
CO, capture efficiency 91%

Steamrequirement 96 tons/hour

! https://www.energyaustralia.com.au/about-us/energy-generation/yallourn-powe r-station
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9 Overall findings

This study has explored the pathways of Hydrogen (H,) production from Victorian brown coal (Yallourn coal)
through a thermal process with CO, separationfacilities. The target production of H, was set at 770 tons/day.

The following four different options were investigated:

Option1 Brown coal pyrolysis plant for H, production
Option2 Brown coal pyrolysis plant followed by shift reactor for H, production
Option3 Browncoal pyrolysis plant followed by shift and tar cracking reactor for H, production

Option4 Brown coal gasification plant using oxygen blown entrained flow gasifier followed by
shift reactor for H, production.
The steady-state thermodynamic simulation was performed using process simulation software package. All
the options indicated were modelled with CO, separation facilities through CaCO; looping including upstream
feed preparation, steam tube drying of coal, briquette preparation for pyrolysis, pyrolysis reactor, oxygen
blown entrained flow gasifier, water gas shift and methane steam reformer reactor and associated

downstream gas processing units including heat and materials balance.

The result of H, production (32.1 tons/hour equivalent to 770 tons/day) from the options listed above is

presented in Table 5:

Table 5 Comparative results for coal consumption (Tons/hr)

Wet coal Dry coal
Option 1 3680 1136
Option 2 1780 550
Option 3 1480 457
Option 4 893 332

Table 6 presents the comparative char and Tar productions among the options



Table 6 Comparative results of char generation, char combustedand tar production (Tons/hr)

Char Combusted Excess char to Tar

generation refinery
Option 1 575 506 69 124
Option 2 278 195 83 62
Option 3 231 164 67 NA
Option 4 225  34+191™ NA NA

**Gasified in the reduction zone of Entrained flow gasifier

Table 7 presents the net CO, production, separationand make up CaCO; requirements for the separation

Table 7 Comparative results CO, generation and separation (Tons/hr)

TotalCO, Separated To Flare Separation Makeup CaCO;
generation with CaCO; efficiency (%) requirements

looping
Option 1 1391 1200 191 86 315
Option 2 924 865 59 93 150
Option 3 902 850 52 94 98™
Option 4 518 457 61 88 80

** 80 tons/hour Fezoa required for tar cracking unit

Table 8 presents makeup water requirements for the options:

Table 8 Makeup water requirements (tons/hour)

Dryer Shift reactor Steamreformer Auxiliary Total
Option 1 168 X X 5 173
Option 2 81 191 100 3 375
Option 3 67 190 80 3 340
Option 4 37 307 X 3 344

As presented in Table 5, the lowest coal requirement for the same level of H, production (32.1 tons/hour)

can be achieved from Option-4. Table 9 presents the ratio of coal requirements compared to Option -4.

Table 9 Ratio of wet coal requirements compared toOPTION-4

Option 1 4,12
Option 2 1.99
Option 3 1.65

26 | CSIRO Australia’s National Science Agency



As shown in Table 6, Option -2 has the most potentiality to produce excess Char along with Tar that might be
products during the process. For more information on Tar (Heavy oils), please refer to the Appendix section.
Table 10 presents the comparative table of char combustion for heat energy production to sustain the whole

process.

Table 10 Comparative (%) of char combustion

Option 1 88
Option 2 70
Option 3 71
Option 4 15

As seen in Table 7, for 88% CO, capture efficiency, Option-4 requires the least makeup CaCO;. However,
during Option-3, the CO, capture efficiency can be maximized up to 94%. Option-4 produces the least CO,
during the process which also reflectson Table 10 in terms of char combustion which is the primary cause of
CO, generation. From Table 8, it is evident that total water requirements for Option-2, 3, 4 are almost similar.
However, Option-1 requires the maximum makeup water for the dryer unit as this option requires the

maximum wet coal for the same purpose.

Apart from that, a case study is also carried out to locate the net H, production through a pyrolysis plant with
the present mining capacity of 18 million tons of raw coal from Yallourn’s open cut mine, Victoria Australia.

The results are presented in Table 11.

Table 11 H; production from 18 milliontons/year of wet coal

Product of H, 17 tons/hour

Wet coal 2055 tons/hour (Equivalent to 18 million tons/year)
Dry coal 634 tons/hour

Total char generation 321 tons/hour

Excess char to refinery 80 tons/hour
Tar production 71 tons/hour
Total CO, generation 657 tons/hour
CO; capture efficiency 91%

Steamrequirement 96 tons/hour




For clarity of presentation, details of the simulation results produced for each of the Options 1, 2,3 and 4
are provided in the Appendix section, at the end of this compilation report.
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10 Introduction

Interestin hydrogen as an energy carrier and an energy storage medium has increasedinrecent
times.2 3 One of hydrogen’s advantages is based on the possibility that almost any source of
energy can be convertedinto hydrogenand it has a wide range of uses. This costing study focuses
on four options developed by Monash University and CSIRO, all of which are based on Victorian
brown coal.

Hydrogen offers an alternative energy option as part of a diverse future global energy market,
with Australia, and specifically Victoria, ina unique position to become an important part of the
hydrogenvalue chain. Australiaalong with other major advanced economies, and particularly
Japan, are making investmentsinto hydrogen production. Given Australia’slarge brown coal
resources, Victoria is very well-placed to become a global, cost competitive producer of hydrogen.
The conversion of brown coal into hydrogen offers one of the best ways to provide a steady and
reliable energy source that is not dependentonthe weather. As such investigationsintoa zero
emission hydrogen solution using advanced carbon capture and storages technologiesshould be a

priority.

This study was commissioned by CSIRO as part of its project, ‘Optionsfor low cost production of
CO»-free hydrogen’, co-funded by CEA P/Land BCIA, a private member-based company with
funding contracts through ANLEC R&D and the Victorian State Government. The precursor for this
work was a process simulation study, by Monash University and CSIRO, on various optionsfor
producing hydrogen from Victorian brown coal.* The purpose of this work was to explore the
pathways of hydrogen production from Victorian brown coal through a thermal process. The
target hydrogen production rate was set at 770 tonnes/day, as an estimate of the quantity of
hydrogen exported from Victoria to Japan in the 2030s.

The four options explored were:

e Brown coal pyrolysis plantwithtar and carbon dioxide removal by calcium loopingfor
hydrogen production by pressure swingadsorption

e Brown coal pyrolysis plantfollowed by tar removal, reforming, shift reactors and carbon
dioxide removal by calcium looping for hydrogen production by pressure swingadsorption

e Brown coal pyrolysis plantfollowed by tar removal, reforming, shift, tar cracking reactors
and carbon dioxide removal by calcium looping for hydrogen production by pressure swing
adsorption

e Brown coal gasification plant using oxygen blown entrained for gasifierfollowed by shift
reactor for hydrogen production by pressure swing adsorption.

2 COAG Energy Council (2018). Establishment of the Hydrogen Working Group of the COAG Energy Council
http://www.coagenergycouncil.gov.au/publications/establishment-hydrogen-working-group- coag-energy-council [Accessed Dec. 2018]

3 Constable, T. (2019). Using Australian coal to power hydrogen’s future. Minerals Council of Australia, Canberra, Australia.
https://www.minerals.org.au/news/using-australian-coal-power-hydrogen’s-future [Accessed Jan 2019] — reproduced in full in the Appendix.

4 Kibria, M.A. and Bhattacharya, S. (2018). Process Simulation of Hydrogen Production Options from Victorian Brown Coal. Monash University,
Clayton, Victoria
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Monash University and CSIRO used a process simulation software to model the various processes.
This current report seeks to provide a both capital cost and a levelized cost of hydrogen for those
options.



11  Cost Methodology

Typically, as a project evolves, itbecomes more definitive, just as cost estimates of evolving

projects also become more definitive overtime. Giventhe early stage of this project, a Class 5
cost estimate has been prepared, with some elements of the estimate Class 4 as defined by the
Association for Advancement of Cost Engineering International (AACEI) issummarisedin Table 12.5

Table 12 Cost estimate classifications and primary characteristics

Cost Estimate
Classification

Primary Characteristics

Level of Definition

(% of completed

Cost Estimating Description
(techniques)

Check Estimate or
Bid/Tender

definition)

Class 5 0-2 Stochastic, most parametric,

Concept Screening Judgement(paramfat'rlc, specific
analogy, expertopinion, trend
analysis)

Class 4 1to 15 Various, more parametric, (parametric,

Study or Feasibility specificanalogy, expertopinion, trend
analysis)

Class 3 10 to 40 Various, including combinations

Preliminary, Budget (detailed, unit-cost oractivity-based,

Authorisatic;n parametric, specificanalogy, expert
opinion, trend analysis)

Class 2 30to 70 Various, more definitive (detailed,

Control or unit-cost or activity-based, expert

Bid/Tender opinion, learning curve)

Class 1 50 to 100 Deterministic, most definitive

(detailed, unit-cost oractivity-based,
expertopinion, learningcurve)

The analysis has not attempted to quantify all the uncertainties or ranges ina rigorous manner
due to the estimate Class. However, itshould be noted that some costs have greater uncertainty

than others. There is also some uncertainty due to the process configuration due to the early

stage modellingthat has been completed.> Due to a lack of similaror fully analogous Australian
projects with known cost data, some data has beensourced from ‘older’ data or factored from
comparable data sets.

®Sanchez, R. (2011). Cost Estimating Guide. DOE G 413.3-21
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11.1 Basis of Costs

The cost estimates have been prepared as Total Overnight Costs in 2019 AUD, covering bare
erected costs engineering, procurement, construction management, as well as owners’ costs and
process and project contingenciesin accordance with the AACE recommendations for the estimate
class.

Bare Erected Cost (BEC) comprisesthe delivered cost of process equipment, bulk materials, on-site
facilities and infrastructure that support the plant and the direct and indirect labour, equipment
and consumables required for its construction and/or installation. The cost of EPC servicesand
contingenciesare notincludedin BEC.

Engineering, Procurement, and Construction Cost (EPCC) comprises the BEC plus the cost of
services provided by the engineering, procurement, and construction (EPC) contractor. EPC
servicesinclude detailed design, procurement, contractor permitting, and project/construction
management costs.

Total Plant Cost (TPC) comprisesthe BEC, EPCC plus project and process contingencies.

Total Overnight Capital (TOC) comprisesthe TPC plus all other overnight costs, includingowner’s
costs and any allowancesthat have beenappliedto identified additional items not yet quantified.
TOC isan “overnight” cost, expressedinbase-yeardollarsand as such does not include escalation
or interestduring construction.

Total As-Spent Capital (TASC) is the sum of all capital expendituresastheyare incurred during the
capital expenditure periodincludingtheirescalation. TASCalso includesinterest during
construction. Accordingly, TASC isexpressedin mixed, current-yeardollars overthe capital
expenditure period.

The various cost descriptionsare shown in Figure 7.

® National Energy Technology Laboratory (2011). Quality guidelines for energy system studies. Cost Estimation methodology for NETL assessments
of power plant performance. DOE/NETL-2011/1455
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Figure 7 Capital cost methodology — breakdown of different cost levels

The capital costs for this study were prepared as of the 1t of January 2019 in AUD, and then
adjustedto 2030 by using the Reserve Bank of Australia midpoint estimate for inflation.” Learn by
doing cost reductions were applied to the most critical processes before escalations, usingthe
approach adopted in CSIRO’s National Hydrogen Roadmap study.

The 2019 cost estimates were based on both public and confidential information (available to the

authors of this report). A confidential peerreview of the data was also conducted, and
recommended adjustments were taken into account.

11.2 Levelised Cost of Product

The financial model inputs are summarised Table 13 and input costs in Table 14.

7 PricewaterhouseCoopers Consulting (2017). Cost escalation factors. Final report. www.pwc.com.au. [Accessed Dec. 2018]
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Table 13 Base case financial assumptions

Parameter Unit Value
Cost of Equity % 10
ROI Treasuries % 4
ROI Market % 9
Volatility - - 1.2
Cost of Debt % 5
90-day Bank Rate % 4
Risk Premium % 1
WACC % 7
Debt % 60
Equity % 40
Length of loan Years 10
Tax Rate % 30
Economic Life Years 30
Operating Hours in Year Hours 7074*

* based on 85% availability and 95% utilisation

Table 14 Input costs assumptions

Inputs Unit Base Case
Brown Coal S/tonne 10
Char S/tonne 450
CO; Sequestration8 | S/tonne 10
Electricity ¢/kWh 7

The Levelised Cost of a Product (LCoP) seeks to account for all physical assets and resources
requiredto deliverone unit of the product. LCoP could be defined (similarto Levelised Cost of
Electricity or LCOE) as the constant dollar product price that would be required over the life of the
plant to cover all operating expenses, payment of debt and accrued intereston initial project
expenses, and the payment of an acceptable return to investors. Perunit of output, the LCoP

8 The cost of CO, sequestration is based on an estimate of $9.30/t CO, injected, provided in CO2CRC’s ‘Australian Power Generation Technology’
report (2015), Fig. 140, for the case of 5 million t/y CO, being injected under the nearshore Gippsland Basin (http://www.co2crc.com.au/wp-
content/uploads/2016/04/LCOE_Report_final_web.pdf)


http://www.co2crc.com.au/wp-content/uploads/2016/04/LCOE_Report_final_web.pdf
http://www.co2crc.com.au/wp-content/uploads/2016/04/LCOE_Report_final_web.pdf

aggregates a share of the initial capacity investmentwith periodicfixed and variable operating

costs.

A Discounted Cashflow (DCF) methodology usingthe parameters listedin Table 13 and Table 14
was used to calculate the LCoP of hydrogen on the followingbasis:

Capital costs where factored from relevant equipment costs for each option.

Capital flowsincludedinterestandloan repayments for 60% debtfundingas well as
sustaining capital based on a 5 year turn around frequency.

Capital costs included allowances for design growth, yard pipingand piperacks, first fills
and commissioning costs. Since Option 1 resultedin the production of a large quantity of
carbon rich PSA tailgas a further allowance was made for its re-processing.

Income was made up from sale of product at cost. No income from any surplus power was
included since there was insufficientinformation regarding parasiticloads as well as energy
flows from the normally expected combustion of PSA tail gas and un-processed tar oils.

A Straight-Line Depreciation method based on a 5% per annum deprivation rate was used
withan initial accelerated depreciation rate of 20% overthe first 5 years.

Expenseswere divided into fixed and variable and covered raw materials, catalysts and
chemicals, CO; sequestration costs, operations and maintenance labour, maintenance
materials, management labour, marketing costs, insurance and external services.
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12 Literature Overview

A literature survey was conducted to examine the recent and relevant publicly available
information on hydrogen production from fossil fuels. The reports and websites that have been
reviewedare listedin Table 19, and a summary of each resource is covered in the following
section.

In summary, the level of detail and currency of fossil fuel-based hydrogen production process is
poor. The most detailed references are based on pre-2010 data, whichis difficultto covert to the
current Australian market conditions. Additionally, the majorfocus for most research and
developmentinstitutionsison ‘green’ renewable based hydrogen production, with little tono
comparisons with non-renewable alternatives. The most relevant Australian reference is CSIRO’s
recent Hydrogen Roadmap?® publishedin 2018, containing comparative fossil fuel and renewable
hydrogen generation costs, along with ‘best’ case scenarios looking at technology improvements.
Unfortunately, while up-to-date, the cost and performance data are relatively highlevel and does
not cover any pyrolysis opportunities which would be relevantfor this study.

12.1 Summary of Hydrogen Production Resources

The International Energy Agency Hydrogen Technology Collaboration Program (IEA-TCP)10is an
international coordinated hydrogen research, developmentand demonstration program. The
basic “unit of organization” isthe Task/Annex, a research project that focus on a particular facet of
hydrogenand typically they are allotted three years to be completed. The dominantfocus of the
work is listedin Table 15, and the IEA TCP focus more broadlyis on renewable based hydrogen,
giventhat “renewablesrelationship with hydrogen cannotbe overemphasised.” 11 Unfortunately
for this current cost report, the fossil fuel-based workis also quite dated, having been completed
as Task 16 in 2005 (referto Appendix B: IEA Hydrogen Activity List) Beingmore than 10 years old,
the costs have not beenreviewed. The IEA TCP websitel0however, is a comprehensive and
transparent resource on Hydrogen, and its recent report on the global trends and outlook 11 isa
useful reference inthisregard.

°Bruce, S., Temminghoff, M., Hayward, J., Schmidt, E. Munnings, C., Palfreyman, D. and Hartley, P. (2018). National Hydrogen Roadmap. CSIRO,
Australia

10 jeahydrogen.org. (2018). Hydrogen Implementing Agreement. [online] http://ieahydrogen.org/Home.aspx
[AccessedNov.2018]

' De Valladares, M-R. (2017). Global Trends and Outlook for Hydrogen. |EA Hydrogen Technology Collaboration Program
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Table 15 IEA-TCP current task list (with hyperlinks)

Current Tasks

Task 32 | H2 Based Energy Storage 2013-2016
Task 33 | Local Ha2 Supply for Energy Applications 2013-2016
Task 34 | Biological Hydrogen for Energy and Environment 2014-2017
Task 35 | Renewable Hydrogen Production 2014-2017
Task 36 | Life Cycle Sustainability Assessment 2014-2017
Task 37 | Hydrogen Safety 2015-2018
Task 38 | Powerto Hydrogen -

Task 39 | Hydrogen in Marine Applications -

The National Energy Technology Laboratory’s website contains a Technologies for Hydrogen
Production page which highlights the key fossil fuel technologies and an extensive technology
efficiency and cost comparison table. Unfortunately, these are based on a 2004 reference and as
such are not useful forthis current study.12 The siteisfullyintegrated with other elements of
NETL's technology assessments, much of which contains relevantand up-to-date information on
how hydrogen may be produced.

The Energy Efficiency & Renewable Energy website!3 of the DOE details hydrogen production R&D
from mainly renewable energy sources. The site also covers a range of hydrogen relatedissues,
includinglegal and regulatory. While the DOE does have some referencesto coal related
hydrogen production!4 (whichis not easily accessible from its landing pages), it does not have any
cost information.

The Comparison of Dispatchable Renewable Electricity Optionsreportisa renewables-based
report for the Australian Renewable Energy Agency (ARENA) with a strong emphasis on electricity
generation. It does contain some limited hydrogen costing information, whichis the most recent
publicdata in the Australian. While it does not aim to cover any fossil fuel-based hydrogen
options, one hydrogen option coveredis relevant (summarisedin Table 16).1>

2 T-Raissi, A. and Block, D. (2004). Hydrogen: Automotive Fuel of the Future. |EEE Power & Energy, Vol. 2, No. 6, page 43, Nov-Dec 2004

13 afdc.energy.gov. (2018). Alternat