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Abstract
Based on sugarcane bagasse production of 220,000 tonnes/year, the Mackay Sugar Limited’s
Racecourse mill could potentially produce 2570 tonnes of hydrogen per year by using pyrolysis and
pressure swing adsorption. Power generation at the mill was simulated with RETEscreen, using the
syngas produced by pyrolysis process where the syngas is fed in to a 38MW gas turbine or a
reciprocating engine. The most profitable power generation option was found to be operating a gas
turbine which gives an internal rate of return of 12.9%. Rest of the syngas goes through the pressure
swing adsorption process to separate hydrogen from other gases such as carbon dioxide and carbon
monoxide. Production cost of low-pressure hydrogen was calculated as $2.78/kg, liquid hydrogen
$3.80/kg and hydrogen at 350bar $ 3.87/kg. Liquid hydrogen storage vessel size was simulated using
HOMER Pro software and a minimum 100 tonnes of storage was found to be required. Hydrogen at
350bar pressure is used to fuel cane trains and haul trucks to analyse the economic feasibility and the
results shows positive internal rate of returns but below the Makcay Sugar Limited anticipated
percentage of 12%. A life cycle analysis of the production process was conducted using GaBi software
with system boundaries of sugarcane harvesting to 350bar hydrogen production. Results indicate the
global warming potential of producing 1kg of hydrogen to be 4.51kgCO2-eq. The overall life cycle
analysis proves the hydrogen production process is helping to reduce ecological footprints which are
lot higher in fossil fuel production processes.
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1. Introduction
To reach 1.5-degree emission goal and to decarbonise the power generation and transportation sectors
at a rapid pace is important. Hydrogen would provide a sustainable option to decarbonise these sectors.
Globally the demand for hydrogen approximates 70 million tonnes and over 98% of this is supplied
using fossil fuels at the moment. Primary use of hydrogen is for ammonia production for fertiliser, oil
refining and steel manufacturing (Liu et al. 2021). It is a chemical feedstock and, there are uses
emerging for hydrogen like transportation, power generation, heavy industries like cement and steel
industry and heating. Global demand for hydrogen is predicted to reach 100million tonnes by 2030 and
by 2050 it is expected to reach 500million tonnes (PWC 2020). There are many hydrogen production
pathways trialled and researched word wide and the main focus is cost of production and life cycle
emission of this selected production process.
Australia has already created technology clusters and started creating hubs (Minister for Industry 2021)
which will in return make the hydrogen infrastructure cost effective, facilitate knowledge exchange,
networking opportunities, enhance value chains from production, to transport, distribution and storage,
and enhance the efficiency through economies of scale (COAG Energy Counsil 2019). Being an
important contributor in the country’s large agricultural products sector, sugarcane industry had faced
intense competitions from other sugar cane producers such as India and Brazil which meant the industry
has been facing profitability issues for a number of years and needs a new venture that would suit one
of the latest drives not just in the local context but in a global scale. Therefore, the leading Queensland
based sugarcane company Mackay Sugar Limited is looking at hydrogen production and establishing a
business case for commercial use in the future. Next chapter will look at the build-up for the project
requirement and then the rest of the chapters will show the hydrogen production, utilisation and the life
cycle emissions of the chosen production process.

1.1 Climate change and hydrogen economy
Since the pre-industrial era the anthropogenic CO2 emissions has been on the rise and the world saw
highest GHG emissions between year 2000 and 2010. It was a staggering 49 ± 4.5 GtCO2-eq/year in
2010, which was mostly contributed by combustion of fossil fuels and industrial processes. This
accounted 78% of the total emissions during this time period of which CO2 remains the biggest
contributor of total GHG emissions with 76% (IPCC 2014). Australia is also facing significant impacts
due to climate change and below are some of the highlights of the incidents that has taken place


Record level of bleaching levels in great barrier reef which will cause contraction and loss of
species



Coastal erosion with estimation of 8-88cm global sea level rise



Average temperature levels are predicted to go up by 0.4 º-2.0 ºC by 2030 compared to 1990
1



Loss of freshwater lands and habitats for lots of vertebrate species
(B.L. Preston 2006)

To mitigate effects of climate change developed countries as well as industrial countries have taken
measures to use renewable energy sources for power generation which in return helps reduce the GHG
emissions. Hydrogen was a known energy carrier for decades and it is now considered as a viable energy
storage option. Based on the energy source used for hydrogen production it is called by different names
such as “Green”, “Brown”, “Black”, “Grey”, and “Blue”.
Type of hydrogen

Source of energy

Green

Renewable energy

Brown

Brown coal

Black

Black coal

Grey

Natural gas

Blue

Any fossil fuel with carbon capture &
storage (CCS)

Turquoise

Methane pyrolysis hydrogen

Pink

Electrolysis powered by nuclear energy

White

Naturally occurring geological

Table 1: Different types of hydrogen based on energy used for production (Climate Council 2021)
Countries with high renewable energy potential like Australia, have the capability to produce green
hydrogen and there is a chance that global demand will increase in the near future for green hydrogen
(Milani, Kiani, and McNaughton 2020). Bio-waste is considered as a renewable energy resource and
Australia has a large sugarcane production which generates large volumes of sugarcane bagasse (SCB)
which is a good biowaste for hydrogen production (Cao et al. 2018). Hydrogen is an energy carrier with
an energy content of almost three times that of conventional hydrocarbon fuels. Liquid hydrogen has
gravimetric energy density of 39.72kWh/kg while natural gas is 14.89kWh/kg, Petrol is 12.89kWh/kg
and Diesel is 12.61 kWh/kg, see figure 1. Because of the liquid hydrogen high energy density, it has
now been considered as a potential fuel for automotive applications to be used instead of fossil fuels.
However, the volumetric density of hydrogen is very low compared to those energy carriers.

1.2 Sugarcane industry and energy status quo
Australia is the second largest raw sugar exporter in the world where 80% of the sugar produced is
exported. 95% of the sugarcane is grown in Queensland where another 5% is grown on the northern
parts of New South Wales. Queensland sugar industry was deregulated in 2006, where Queensland
sugar limited markets 90% of the mills products (Department of Agriculture 2020). However, the sugar
industry has been facing tough times throughout the past couple of years.
2

Figure 1: Hydrogen and fossil fuels gravimetric energy density (Mazloomi and Gomes 2012)


Rationalization in processing and production sectors, mill closures and growers leaving the
industry



It is largely concentrated to one geographic area



There are differences in principals for an efficient sugar industry in two states Queensland and
New South Wales which impacts the industry as a whole (Commonwealth of Australia 2015).



Subsidies given by governments of the competing countries has lead to a drop in the sugar
prices affecting profitability in the business for Australia (Melanie Groves 2020).

Sugarcane mills in Queensland have their own cogeneration plants which produce process steam as well
as electricity. This is renewable power generation with use of SCB and total installed capacity stands at
405MW of which half of the generation is exported to the grid (ASMC 2018). Part of the energy inputs
come as diesel usage on transportation of sugarcane and sugar product as well as coal use for
cogeneration as a supplementary fuel during off season times. Sugar transportation is one of the biggest
energy consumptions as well as carbon emission sources in the industry (Hiloidhari et al. 2021). Change
of direction in the energy consumption as well as production in this industry has been driven by both
poor market condition and emerging demand for clean energy sources.

1.3 Aims and objectives of the research
The aim of the research is to assess the feasibility of SCB to generate hydrogen and utilize it in the
sugarcane industry. The final process of production will be analysed through a LCA to determine its
environmental impacts from this process. To address the aim the objectives of this study are:


Develop costing details for hydrogen production, storage, and utilisation
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Identify options to use hydrogen for power generation and as a fuel for trucks, cane trains and
other transportation options



Carry out a cradle to gate life cycle analysis (LCA)



Explore viable usages of hydrogen

Mackay sugar is used as case study industry who are looking at a minimum internal rate of return (IRR)
of 12% and if a project fails to meet this requirement the best alternative option available next will be
evaluated.

1.4 Tools and analysis methods used
Most of the privately owned companies and public utilities come across the decision making of
acquiring new assets to replace or improve the existing facilities. When the decision making is done on
a commercial basis, evaluation tools such as discounted cash flow (DCF), levelized costs, internal rate
of return (IRR) are used. A research conducted by S. Cho. et al. levelized cost of production was used
for the techno-economic feasibility analysis of a hydrogen (year) liquification process plant. For the
levelized cost calculation, annual capital expenses and operating expenses are divided by the plant
utilisation factor for the year (Cho et al. 2021). In another feasibility study research on hydrogen energy
supply to remote communities in Australia’s Northern territory, the researchers use levelized cost of
hydrogen for different configurations to determine which suits best (Thai et al. 2021).
In this research levelized cost of hydrogen (LCOH) production is first calculated using discounted cash
flow. Then a prefeasibility is conducted using RETScreen software which is capable of analysing
different facilities based on the energy consumption, kind of equipment used, operational costs and
financing while using the calculated LCOH. The software gives financial viability parameters such as
IRR, net present value (NPV) and simple payback period as outputs which will be used to make the
decision on proceeding with the selected option. Hydrogen fuelled vehicles for transportation and
hydrogen fuelled power generation units can be modelled directly using RETScreen (NRCAN 2021)
but, feasibility study for hydrogen storage, requires storage vessel sizing. Storage vessel sizing is carried
out using HOMER Pro hydrogen module. Cradle to gate analysis of the hydrogen storage, distribution
and utilization will be carried out based on the principal of LCA. LCA software GaBi will be used for
the analysis and the system boundary will start with sugarcane being transported from the fields to the
sugar mill and will end with hydrogen gas production at 350bar. Hydrogen will be considered as the
primary

product of the system. Figure 2 below depicts the process flow of the milling facility

considered and the LCA will be carried out based on the defined system boundary.
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Figure 2: Process flow of sugar and compressed hydrogen production
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2. Literature review
Literature review is conducted to investigate conventional as well as emerging hydrogen production
technologies, hydrogen storage methods and ways of using hydrogen to generate power and
transportation. There were lots of research done during the past decade specially looking at ways of
producing hydrogen using renewable energy sources and biomass. Hydrogen storage in gas form was
the most conventional method used (Mazloomi and Gomes 2012) but there are other forms physical
and material based storage are being widely researched now (Moradi and Groth 2019). Australia’s
transport and electricity supply are the biggest two energy consumers both exceeding beyond 50% of
the total consumption and largely supplied by fossil fuels (Department of Industry 2021). Australia’s
national hydrogen strategy has a strong focus on using hydrogen as a source of fuel for transportation
sector and for dispatchable electricity generation (COAG Energy Counsil 2019).

2.1 Hydrogen production methods
There are several hydrogen production methods used but below are the main methods used for large
scale hydrogen production.
Type

Hydrogen production pathway

Thermo-chemical

Steam methane reforming
Coal gasification
Biomass gasification
Biomass reformation

Electrolysis

Proton exchange membrane
Solid oxide electrolysis cells

Biological

Dark fermentation
Table 2: Large scale Hydrogen production pathways (Mehmeti et al. 2018)



Steam methane reforming (SMR)

Natural gas reforming or steam methane reforming is the most commonly and widely used hydrogen
production pathway used in Australia and worldwide. Natural gas is reacted with steam with the
presence of a catalyst and as a result carbon dioxide and hydrogen are produced in a two stepped
process. The process takes place at a very high temperature of 800 °-1000 ºC where a Nickel catalyst is
used to enhance the oxidation process (Ayodele et al. 2019).
Step 1: CH4 + H2O ⇌ CO +3H2
Step 2: CO + H2O ⇌ CO2 +H2
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Coal gasification

Due to economic reasons coal gasification is an attractive method to produce hydrogen. Coal is reacted
with oxygen and steam under high pressure to produce hydrogen. Similar to SMR, coal gasification
also produces carbon dioxide as a result of the process.
CH0.8 + O2+H2O ⇌ CO+CO2 +H2 + other products


Biomass gasification

Biomass sources such as wood waste, SCB, rice husks and corn stove are heated up in temperatures
between 500-1400°C which produces a syngas rich with mainly hydrogen and carbon monoxide. This
is considered as a way of producing renewable hydrogen also called green hydrogen and Hydrogen
production method proposed in this research is also SCB gasification.


Biomass reforming

This is the use of liquid biofuels such as ethanol, methanol, and sugar alcohols (glucose, xylitol,
sorbitol) to produce hydrogen in a process similar to SMR. Due to having more advantageous
thermodynamic properties reforming is used and mostly the feedstock used in reforming process is
ethanol which produces hydrogen, carbon monoxide and carbon dioxide.
C2H5OH+H2O⇌2C+4H2
CO+ H2O⇌CO2+H2


Proton exchange membrane (PEM)

This is the process of splitting water atoms using an electrolyser where high purity hydrogen is produced
as well as oxygen is produced as a by-product. PEM is a low temperature electrolysis process operating
at temperatures of 70-90 ºC where renewable power sources can be used to provide the power supply
for the electrolyser. Therefore, this is another pathway to produce green hydrogen and currently used
and emerging hydrogen production technology to cater future hydrogen demands.


Solid oxide electrolysis cells (SOEC)

This is high temperature (650-850 °C) electrolysis where large portion of the splitting energy is
provided in the form of heat to obtain higher overall energy efficiency. For both PEM and SOEC it is
required to supply pre-treated and deionised water to obtain cleaner hydrogen gas.


Dark fermentation

This process involves conversion of organic substances such as food waste, livestock waste and crops
residues to bio-hydrogen in the absence of light. This is considered as a cost-effective bio-hydrogen
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production method which is combined with a second stage treatment through a microbial electrolysis
cell which uses external power to catalyse the converted organic substrate into hydrogen gas and other
by-products (Mehmeti et al. 2018).

2.2 Hydrogen from SCB
Producing hydrogen from SCB can be done using biological methods or thermochemical processes.
Anaerobic digestion, fermentation, and metabolic processing are biological methods and gasification,
high pressure aqueous and pyrolysis are thermochemical processes to produce hydrogen from SCB
(Hosseini et al. 2015). Syngas generation from thermochemical processes is currently used in industry
for power generation purposes. A wood waste to energy (WWtE) conversion plant constructed by the
Perth Eastern Metropolitan Council uses a pyrolysis chamber for syngas generation and use this syngas
for onsite power generation. Wood waste syngas has hydrogen – 25-30%, carbon monoxide – 25-30%,
carbon dioxide – 10%, steam, light paraffin, light olefins and light aromatics (EMRC 2015). In this
study, thermal pyrolysis of SCB is considered as the scenario for hydrogen production where bagasse
will be heated in an oxygen free environment at a temperature above 750°C.
SCB →H2O+H2 CO+CO2+tar+ hydrocarbon volatiles+ char
Further catalytic steam reforming of the above syngas can produce a hydrogen rich gas mixture where
the tar and hydrocarbon volatiles are further cracked to extract the hydrogen components in them.
Platinum, Rhodium and Palladium metal-based catalysts are found to be more effective when used for
hydrogen production. Due to high cost of such noble metals, nickel-based catalysts are widely used for
this purpose and pyrolysis-catalytic steam reforming can achieve hydrogen 59.23 vol% which is the
highest percentage achievable from a variety of biomass feedstocks.
Biomass feedstock

H2 vol% with a catalyst

Rice husk

57.63%

Coconut shell

58.21%

Sugarcane

59.23%

Palm kernel shell

57.36%

Cotton stalk

57.95%

Wheat straw

54.06%

Table 3: Biomass feedstock and hydrogen vol% from pyrolysis-catalytic steam reforming (Akubo,
Nahil, and Williams 2019)
Pressure swing adsorption (PSA) is a process used to further purify and separate hydrogen gas from a
syngas or a flue gas. During the PSA process the streaming gas is passed through an absorbent packed
bed, and when it is hydrogen that is purified, multiple layers of adsorbents are used in the process. These
layers will adsorb different impurities in different layers and resulting hydrogen purities can be 99.99%
8

or purer. First layer is usually silica gel or alumina which absorb the moisture in the gas. Next layer will
consist of activated carbon which removed carbon dioxide as well as other hydrocarbon components.
Last layer eliminated carbon monoxide and nitrogen with the use of a zeolite layer which is a vital layer
of the PSA process (Saberimoghaddam and Khebri 2017)

Figure 3: Hydrogen production process (Biopower Solutions 2021)

2.3 Hydrogen storage
There are several hydrogen storage methods used and some of these methods are used commercially
while other methods are still trialled and on research phase for future developments. There are several
hydrogen storage methods but all segregated based on physical and chemical properties of the gas as
shown in detail below.
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Figure 4: Hydrogen storage methods (Hassan et al. 2021)
Most commonly and industry wide used method of storing hydrogen is physical based storage where
hydrogen is stored as a gas, liquid or in a cold/cryo compressed vessel. The other method of storage is
called the material-based storage where chemical sorption or physical sorption methods are used.
Chemical sorption methods include but are not limited to storage as ammonia, methanol, formic acid,
carbohydrate, and metal hydrides. Hydrogen storage in carbon materials, zeolites, metal organic
framework and glass microspheres are some of the physical sorption methods (Moradi and Groth 2019).
Out of them, some of the conventional methods of storage as well as promising new storage methods
are discussed in this section.

2.3.1 Liquid hydrogen storage
This is considered as one of the most prominent storage methods when handling very large volumes of
hydrogen specially when transporting in large volumes in tanks and cargo ships. Hydrogen boiling point
is at -20K (-253 °C) and it is stored in cryogenic tanks around -21.2K temperature and ambient pressure.
Liquification starts with compressing and then cooling gaseous hydrogen by passing it through a heat
exchanger and then through a throttling valve. Part of the gas is liquified due to isenthalpic expansion
and the rest of the gas goes again through the compressor in a cycle. This is the simplest method of
liquification which is also known as the Joule-Thompson expansion cycle. This liquification process is
high energy intense that it uses almost 15.2kWh/kg which accounts to near half of lower heating value
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of hydrogen. Liquified gas is stored in a double walled vacuum insulated tanks to minimise boil off
losses hence, large storage tanks may require to be refrigerated to minimise hydrogen losses. This is an
energy consuming process hence, it is usually vented, captures and reliquefied but still adds up to the
energy demand. Therefore, liquid hydrogen storage remains an expensive form of hydrogen storage
(Al-Hallaj and Kiszynski 2011) but it can be cost effective compared to next alternative of storing as
ammonia. Liquification cost is slightly lower for ammonia but, the capital costs involved with
purification of hydrogen from ammonia makes a direct comparison difficult at this stage (CSIRO 2018).
Production of liquid hydrogen as mentioned earlier is highly energy intense where 55kWh energy is
required to produce one kilogram of hydrogen as per another research done. The world’s first liquid
hydrogen fuelling station was opened this year in California, United States of America (USA) (Linde
PLC 2021). Liquid hydrogen production is carried out where the production volumes are very high such
as 500kg/day. For example, there are about eight liquid hydrogen manufacturing plants in USA and all
of them producing at least 5-10 metric tons of hydrogen per day. Hydrogen transported to other smallscale distribution and filling facilities use gaseous mode of storage where vessel pressure starts from
about 250bar and goes up to storage pressures of up to 900bar (Moradi and Groth 2019).

2.3.2 Gaseous hydrogen storage
Hydrogen compression and storage as a gas is a proven and established technology which is the simplest
method as well. It only requires a hydrogen compressor, and a storage vessel. Typical storage vessels
comprise steel, carbon composite shell tanks or aluminium tanks wrapped with fiberglass. As part of
the research, the author of this report visited one of the industrial gases distributions facilitates operated
by BOC limited in Western Australia to study hydrogen network downstream operations. In this facility
hydrogen was stored in static storage tubes at a pressure of 125bars, see figure 5. However, gaseous, or
compressed hydrogen is mostly used when it is utilised as a fuel for a mobile application such as for a
vehicle or to be used in other industrial purposes in smaller volumes. These storage pressure levels
range from 300bar to sometimes high-pressure levels of 900bar (Linde 2021).
However, limitation with gaseous hydrogen storage is its low volumetric energy density. Gas can be
compressed to higher storage pressure requiring additional energy as capital expenditure on advanced
compression technologies. Hydrogen at 350bar has an energy density of 2.6MJ/litre and at 700bar of
4.4MJ/litre which is less than gasoline of 31.6MJ/litre. With the increase in compression pressure, work
of compression also increases. Compression work must be maintained at a feasible level when storing
hydrogen. For example, work involved compressing the gas from 1 bar to 200bar at a flow rate of
1000kg/h is determined to be 7.2% of the higher heating value of hydrogen (Al-Hallaj and Kiszynski
2011).
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Figure 5: Hydrogen storage pack (125 bar)
Since lower storage pressure demands lower compression energy the operating cost of a storage plant
will be lower. Therefore, large storage spaces are required, and above ground large storage spaces are
expensive due to the material costs. Therefore, large amounts of hydrogen can be stored underground,
which is already exists in Texas, USA and Teeside, UK where salt cavity storages are used. Among
other underground options, salt cavity storages are more suitable due to lower contamination, lesser
leakage rates, smaller cushion gas requirement, faster injection and withdrawal, and low construction
cost. However, not all regions have suitable underground storages and some of the other underground
storage options include depleted oil and gas fields and aquifers. Storage in steel vessels is thus far the
best option due to location independence, higher storage pressure and lesser contamination. Storing in
large underground vessels is advantageous due to lower risk of tank exposure to impacts and bad
weather, space saving and insulating effect. However, special care will be required for corrosion
prevention and maintaining vessel integrity. Large steel storage vessels are a common practice in natural
gas storage and same could be applied to hydrogen in future large scale storage plants (Andersson and
Grönkvist 2019).

2.3.3 Cryo-compressed hydrogen
Hydrogen stored at 700bars at room temperature has a density of 39.1kg/m3 while liquid hydrogen at 253 °C and 4bars has a density of 71.0kg/m3. Gaseous hydrogen at 150bar can have a higher density
than liquid hydrogen if stored at a temperature close to liquification point. Gasification can be achieved
by controlling the stored temperature at a density of 60-71.5kg/m3 and temperature between -238 ºC to
-163 °C and pressure levels of 50-700bars. By doing the cryo-compression within above range, ratio of
aggregate power consumed to heat of combustion was 25% where this ratio is 35% for liquid hydrogen.
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The disadvantages of this process are that hydrogen embrittlement of the storage vessels can be higher
and the energy consumption will be more than gaseous hydrogen storage (Hassan et al. 2021).

2.3.4 Adsorption
When a gas or liquid molecule is transferred to a solid surface which is usually a reversible process it
is called adsorption. There are several promising materials suitable for hydrogen storage. Metal organic
framework, carbon nanostructures, polymers of intrinsic micro-porosity and carbon-based material are
highly researched due to their properties of reversibility and high storage capacities. Activated carbon
is one such adsorption material which has capacities of 1-7 wt % at -196°C and 1-20 bar pressure. Metal
organic frameworks have a large surface area due to the porous crystalline structure which includes
inorganic metal oxide units and organic linkers. They need the hydrogen to be supplied under cryogenic
conditions and high pressure for the best adsorption outcome (Hassan et al. 2021).

2.3.5 Absorption
In the absorption process hydrogen gas is incorporated into the electronic structure of the host lattice
by means of exterior energy supply. Metal hydrides and chemical hydrogen storage material are used
as host materials. Metal hydrides used for absorption comprise of light weight material such as Lithium,
Boron, Magnesium and Aluminium. Some of the most promising metal hydrides for hydrogen storage
are MgH2, NaAlH4, LiAlH4 and LiBH4. These metal hydrides have lower operating temperatures and
release of hydrogen in endothermic reactions. Ammonia, hydrazine, and lithium amide are some of the
chemical hydrogen storage candidates. These are lighter compounds compared to metal hydrides hence
have higher gravimetric density and easy hydrogen release properties as well. However, these are
irreversible reactions and considered as single use fuels. Ammonia is already trialled as a hydrogen
carrier with a storage density of 17.8 wt % and it doesn’t emit CO2 when burnt (Hassan et al. 2021).

2.4 Hydrogen distribution
Until recent times main mode of hydrogen distribution was using transportation systems such as land,
rail, and sea in the form of liquid or gas. For example, in Australia, hydrogen produced in refineries is
stored in liquid cryogenic tanks and are transported via sea to other states for distribution. This kind of
hydrogen large volume distribution networks require gas liquification as mentioned earlier,
transportation, regasification, and compression to be transported again to the next destination for
utilisation. Another way of hydrogen distribution is use of pipelines which is considered the most
economical way of hydrogen distribution. Research is still being carried out on best suited material for
pipeline distribution and retrofitting existing natural gas pipelines in hydrogen distribution. However,
it is notable that use of pipelines for distribution is more feasible when the production and demand is
within the same region (Ishimoto et al. 2017).
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2.5 Hydrogen power and heat generation
Hydrogen has been used as a source for power generation for several decades because of its high energy
density which provides the highest specific impulse known of any rocket propellent (Kathleen Zona
2010). Hydrogen can be either combusted in a combustion chamber as in a turbine or an internal
combustion engine or can be used in a fuel cell to generate electricity. Initial research has proven that
blending hydrogen with natural gas in gas turbines is the pathway to developing 100% hydrogen fuelled
gas turbines. In a research conducted by Koç et al, the authors found that natural gas savings were
comprised between 37.5%-41.5% when fuel supply is mixed with hydrogen with proportions of 10%90% (Koç et al. 2020).
There are power generation plants with hydrogen partly mixed fuels around the globe. One such power
generation plant is the WWtE plant in Perth Eastern Metropolitan Council where partly hydrogen fuel
mixed syngas is used to generate 3MW of power using derated gas engines. Kawasaki Heavy Industries
in Japan successfully integrated both natural gas and hydrogen into gas turbines and supplied both
electricity and heat for utility companies in the region (Kawasaki Heavy Industries 2017). Several
conventional systems to use hydrogen as a power source as mentioned below.

2.5.1 Fuel cells
Depending on the gas used on the fuel cell there are several different types of fuel cells used. PEM fuel
cells use pure hydrogen (99.97%) for their operation while solid oxide fuel cells (SOFC) can operate
on synthesis gases, methanol, and natural gas. PEM fuel cells emit water as a result of the operation
which is a zero emission power generation option (Gonzalez-Diaz et al. 2021). Fuel cells are becoming
available in large scale capacities like engines or turbines and being used on large scale applications
such as trains and ships (Ballard Power Systems 2021).
Use of fuel cells for power and heat generation is already happening around the world where in United
States there were 56 large scale power generating units which totally produced 137MW of net
electricity. Each fuel cell unit is over 1MW in capacity and the about 25% of the units operated and a
capacity factor exceeding 85% while majority of the units were used for peak shaving or back up
capacity (Fred Mayes 2018). There are demonstration purpose fuel cell power generation units in
Australia, but the South Australia’s Hydrogen action plan has a 5MW fuel cell power plant in pipeline.
Though fuel cell prices are high it is notable that it has fallen by 60% since 2006 with high
manufacturing volumes and foreseeable technology improvements (COAG Energy Counsil 2019).

2.5.2 Gas turbines
Gas turbines powered by renewable hydrogen is part of the portfolio of solutions that is currently being
developed to. Many turbine manufacturing companies around the globe has been conducting research
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to convert their existing turbine models to run with hydrogen mixed fuels with hydrogen ratio reaching
up to 100%. There are turbines that has run on high hydrogen volumes such as the 6B.03 gas turbine of
General Electric that has run on 90% vol hydrogen. This has allowed the development of carbon
emissions free power generation through turbines. A gas turbine requires a large hydrogen storage and
a supply. A 44MW gas turbine will need 43,000 m3/h hydrogen supply and the hydrogen production
energy requirement is about 250MW with in the same facility (Jeffrey Goldmeer 2019).
Use of biomass syngas for power generation is considered as very efficient as well as more
environmentally friendly than direct combustion of biomass. Biomass generated syngas powered
combined cycle power generation plants are widely used as base load power supply systems and they
can vary in efficiency of 35%-50% (Parvez and Khan 2019). Syngas generated by a thermochemical
process is purified and the purified gas is compressed up to a 6bar pressure before being supplied to the
turbine. For the combustion an excess air supply is provided at a ratio of 1.5 times the syngas volume
and the combustion chamber temperatures can go close to 1500 °C. Gasification systems setup costs
can be expensive due to additional process steps to make the fuel cleaner and therefore one research
found that cost of electricity can be 71 cents/kWh (Michailos S 2017). Due to combustion under high
temperature and extra additional air supply gas turbines will emit nitrous oxide (NOx) which needs to
be monitored and controlled with combustion chamber temperature control methods. There are research
being carried out to capture these NOx emissions and currently wet scrubber technology is used to
reduce the turbine combustion chamber and control the NOx emission levels (EMRC 2015).

Figure 6: Syngas powered combined cycle power generation (Parvez and Khan 2019).

2.5.3 Internal combustion engines
Hydrogen powered internal combustion engines have proven to be reliable, cost effective and supports
variable working conditions such as different compression ratios required in engines. This is after
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comparing with fuel cell technology where hydrogen purity is a factor and cost of fuel cells are higher.
Due to the fast combustion, hydrogen engines can produce high brake thermal energy hence it is
considered as an easy way in to use hydrogen as a fuel for internal combustion engines. However, the
main setback with internal combustion engines is that increase in intake air pressure leading to higher
NOx emissions. Hydrogen engines can reach the torque levels achieved by natural gas engines and
gasoline engines. Several automobile manufacturing companies such as Ford, General Motors and
BMW has already carried out trials with engine designs in expectation of introducing hydrogen fuelled
engines in to the market (Luo et al. 2019). Toyota motor corporation has released a 1,618cc 3-cylinder
compressed hydrogen powered Toyota corolla sport and they are planning to incorporate this engine
technology into passenger car models in the future (Toyota Motor Corporation 2021).

2.5.4 Wood waste to energy plant

Figure 7: Pyrolysis and gas generation section-WWtE plant
In Hazelmere, Western Australia shredded wood chips are loaded to the pyrolysis chamber which
operates at 750°C. Pyrolysis chamber starts with natural gas and can run from the syngas once generated
at site. The chamber can combust up to 3.3 tonnes per hour with a design capacity of 4 tonnes per hour.
Oxygen free environment is maintained by using two air locks on woodchip loading end and suction
blower end. Ash collected at the bottom of the chamber and the syngas is sent to the scrubbing towers
for cleaning. Cleaning is a three-stage process where the remaining tar and dust is removed from the
syngas. Composition of the syngas is Hydrogen 25-30%, Carbon monoxide 25-30%, Carbon dioxide
10%, Steam, light paraffin, light olefins, and light aromatics. Cleaned syngas is combusted in de-rated
gas engines to generate power. Each gas engine is 500kW and there are six Perkins gas engines
generating 3MW of total power. Powerplant will run for only 16 hours per day and five days a week.
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Mainly carbon dioxide and water vapour will be the gas emissions and the biochar can be used as a
fertilizer. Most critical emission component is NOx which is monitored by a continuous emission
monitoring system. This will ensure the NOx emissions are below the Western Australia Department of
Environment specified levels for a point source emission.

Figure 8: Syngas output coming from the pyrolysis chamber

Figure 9: Scrubbing towers
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Figure 10: Gas engine units x 6

Figure 11: CEMC for emission monitoring

Table 4: Main Stack Specified Emissions Limit Table (EMRC 2015)
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2.6 Hydrogen for transportation
There are two options for using hydrogen in transport sector.


Fuel cells



Internal combustion engines

Fuel cell vehicles require the drive train electrification as same as a battery powered electric vehicle
(EV). However, hydrogen holds an advantage over EV’s with its energy storage characteristics. When
the total vehicle mass vs total driving range of the vehicle is compared, EV’s become heavier due to the
weight of large batteries while hydrogen powered vehicles will be lighter. For a hydrogen fuelled
vehicle, increase of the tank size can give a significant driving range with minimal increase to the weight
of the vehicle (Ally, Pryor, and Pigneri 2015). Between internal combustion engines and fuel cell
vehicles high NOx emissions in combustion makes engines a less favourable technology compared to
the fuel cells. If hydrogen is to become a conventional fuel source in transportation sector hydrogen
fuel stations’ development will become one of the major infrastructure-challenges. By 2018 there were
300 hydrogen refuelling stations around the world with half of them being setup in USA and Japan. An
ambitious global target is to have 3000 refuelling stations globally by 2025.
Fuel cell buses are a growing trend in decarbonising global transportation fleets and deemed to be
cheaper than diesel buses by 2030 if the scale of production picks up. Both Japan and China has already
added fuel cell buses to their fleets. Research conducted in USA by department of energy shows these
buses reaching their operation hours target of 25,000 hours and in Europe it has shown the buses having
availability of 90% which is above the 85% expected. Hydrogen truck production, trains and motorbikes
are also becoming popular. Already manufacturers like Hyundai, have begun selling hydrogen powered
trucks while Toyota and Kenworth are also on track to deliver their counterparts to the market (Staffell
et al. 2019). Cummins recently completed 180,000km trials on hydrogen powered trains with fuel cell
technology becoming the first commercially operational train project. They have used a 200kW heavy
duty fuel cell for this train which can run more than 18hours from one refuelling and the down time for
refuelling been only 20minutes (Cummins Inc 2021).
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3. Hydrogen production, storage, and utilization costing
Research is focused on sugarcane processing volumes, energy consumption and power generation at
Mackay Sugar’s Racecourse Mill. This mill processes annually about 1,382,000 tons of sugarcane
producing around 200,000 tons of international pol scale sugar and another 200,000 tons of bagasse to
be used in the cogeneration power plant (Mackay Sugar 2021). Hydrogen production methodology used
for the research is use of thermal pyrolysis and send the syngas through PSA process. Part of the syngas
will be used for power generation and part of it will be used for hydrogen production. For power
generation two options will be considered one, using a gas turbine and the other with internal
combustion engines. Hydrogen generated through PSA process will be used for Mackay sugar’s own
use as a fuel for transport fleets, and the balance for exporting to other industries in the form of liquid,
ammonia, or other storage options.

Figure 12: Research case scenarios

3.1 Bagasse to syngas conversion process
Racecourse mill collects bagasse from its own sugar milling process as well as excess bagasse stocks
supplied by Marian and Farleigh mills which are also operated by Mackay sugar limited. Information
gathered from Mackay sugar suggests the total bagasse generation volume can get up to 220,000tons
which can be processed for syngas generation at Racecourse mill. Research conducted on SCB
gasification through thermal pyrolysis suggests that 1kg of bagasse can generate 3.1m3 of syngas at
standard temperature and pressure (Awais et al. 2020). Bagasse is dried, ground and fed to the biomass
gasification unit which will operate at a temperature of 950 ºC (Waheed and Williams 2013). Output
gas will contain H2, CO, CO2, and other impurities such ash and tar hence a cyclone separator, wet
scrubber and a biomass filter will be used to refine the output gas. Syngas lower heating value was
found to be 16.1MJ/kg and a carbon content of 46.96% (Motta et al. 2019).
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3.2 Syngas for power generation and hydrogen production
Racecourse mill currently has a 38MW cogeneration power plant which provides for the electricity
demand of sugar mill and exports the excess generation to the grid. Racecourse mill annual load profile
was analysed to figure out the power demand which will ultimately be provided by a gas turbine or a
gas-powered generator bank. Table below indicates that on average 32% of the generated power is used
by the sugar mill hence the power plant should be modelled to meet the maximum demand month to
run a smooth operation with minimum grid power usage. Since the main objective of this research is to
utilise, the hydrogen generated from bagasse, for power generation as well as for storage and
transportation feasibility below case scenarios will be analysed.

Table 5: Mackay sugar load profile


Case scenario 1: Sugarcane>Bagasse>Syngas>Power generation>Turbine



Case scenario 2: Sugarcane>Bagasse>Syngas>Power generation>Gas engine



Case scenario 3: Sugarcane>Bagasse>Syngas>PSA>Hydrogen 350/700bar>Use for
transportation at Mackay



Case scenario 4: Sugarcane>Bagasse>Syngas>PSA>Liquification>Export/Sell

The total cost of the bagasse pyrolysis system was calculated to be $ 47, 628, 000 and the O&M cost
for this system was 13,712,300. The calculation is based on the data shown in table 8 below and Annex
1 summarises the calculated capital and O&M costs. Since the pyrolysis process promises generation
of 3.1m3 syngas per 1kg of bagasse the total syngas production per year is calculated to be
682,000,000m3. Based on these figures and syngas density 0.95kg/m3 (see table 8) SCB-based syngas
production cost is calculated to be $0.09/kg-syngas. and for simulating the power generation component
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capital cost for a large scale gas turbine with heat recovery and emission control was taken as $961/kW,
and the operation and maintenance cost $10.2/kW(Paul Graham 2020). Capital cost for large scale
reciprocating power generation plant is considered $1567/kW and the operations and maintenance cost
as $24.1/kW. For large scale generations certificate (LGC) rebates are determined based on market spot
prices and the most recent update suggests LGC to be $41/MWh (Demand Manager Pty Ltd 2021).
Other financial and operational related parameters assumed are shown in the table 6 below.
Financial/Operational parameter
Project life

Used figure
25 years

Fuel cost escalation rate

2%

Inflation rate

2%

Discount rate

9%

Reinvestment rate

9%

Debt ratio

70%

Debt interest rate

7%

Debt term

15 years

Table 6: Financial and operational parameters assumptions
Project life evaluates the period of financial viability of the project while its equipment reaches the
maximum life expectancy. Fuel cost escalation rates will increase the fuel cost annually from the base
case as it differs from general inflation sometimes. Inflation rate will determine the annual rate to which
the inflation will increase, and the discount rate will be used to determine the present value of future
cash flows. Reinvestment rate determines how much of investment positive cash returns will go back
again. Debt ratio will show how much will go in as debt over equity while the debt interest rate will be
the annual interest charged on the debt amount and debt term is the number of years to repay debt.

3.3 Case scenario 1: Power generation from syngas using a turbine
The first case scenario considers using total bagasse produced to run the power generation plant hence
the power generation unit capacity is assumed to remain same at 38MW as the existing bagasse powered
plant. Therefore, RETScreen Expert software was used to determine the feasibility Since the load profile
suggests that 68% of the generated capacity is exported hence the RETScreen availability % is adjusted
to reflect the amount of energy that will be sold back to the grid. Turbine characteristics used for the
model is Mitsubishi heavy industries developed 501J turbine which is trialled with hydrogen blended
fuels (Mitsubishi Power Ltd 2018). Analysis was done for two situations considering the availability of
LGC’s as well as non-availability. For the scenario with no LGC’s the IRR was 6.9%. The simple
payback period was 8.5 years which is a good and feasible project outcome but falling behind Mackay
Sugar Limited expected IRR. When LGC’s are available the IRR reaches 12.9% with a simple payback
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period of 2.7 years. This is a favourable situation since it exceeds the expected IRR levels and gives a
net present value of almost $76.88 million at the end of 25-year life time.

Figure 13: Case 1 yearly cash flows ($) without LGC’s

Figure 14: Case 1 yearly cash flows ($) with LGC’s

3.4 Case scenario 2: Power generation from syngas using a gas engine
This scenario modelled using a reciprocating engine instead of a gas turbine which generates same
amount of power 38MW. Since, Hazlemere WWtE plant usefully used darted gas turbines for power
generation using the syngas the modelling was carried out using Perkins gas engine 4000 series (Perkins
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2021). All the other operational and financial parameters were unchanged when RETScreen model was
executed. Results for non LGC scenario shows that IRR is -0.36% (<12%) with having a simple payback
period of 15.7 years. When the LGC’s are continued for the foreseeable future, the IRR improves to
11% (<12%) while the simple payback comes down to 4.6 years. Therefore, power generation using
reciprocating engines will not come under feasibility parameters for Mackay sugar limited.

Figure 15: Case 2 yearly cash flows ($) without LGC’s

Figure 16:Case 2 yearly cash flows ($) with LGC’s
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3.5 Case scenario 3: 350Bar Hydrogen production and use for
transportation
This scenario involves calculating the hydrogen fuel requirement for a fleet of vehicles to determine the
hydrogen storage vessel size, calculate storage cost, determine the hydrogen compression cost at
350/700Bar and calculate the LCOH production. Then use this LCOH figure on RETScreen to simulate
how feasible it is to use the hydrogen for Mackay sugar limited transport fleet. Sugar mill operates a
fleet of vehicles which includes hauls trucks and cane trains which run on fossil fuels. As part of the
energy transition Mackay sugar limited is looking at the feasibility of converting these vehicles to run
from their own hydrogen production. Sugar mill’s fleet of vehicles include cane trains, trucks, Utility
vehicle, tractors, folk lifts and buses. Therefore, total diesel consumption accumulates to 3,000,000
litres per year (2,625,000kg) mainly used in cane trains. To find out the equivalent hydrogen fuel
requirement a reverse calculation on diesel fuel usage was carried out and while making a couple of
assumptions.
Comparing the power train efficiency from tank to wheel for diesel internal combustion engines and
fuel cells it was found in a research by (Cunanan et al. 2021) that diesel is 23% efficiency while for
hydrogen fuel cells efficiency stands at 45%. Diesel has a specific energy of 42.9MJ/kg while hydrogen
has 118MJ/kg which in return gives a total of 487,775kg of hydrogen requirement to operate heavyduty power train fleet of vehicles. After the crushing season of 26 weeks, we face another 26 weeks’
period with no supply hence it was assumed at least half a year worth of fuel should be stored at the
mill. Most suitable storage option would be a large volume liquid storage vessel which can hold up to
at least 50tonnes of liquid hydrogen per vessel. To store this kind of volume in gaseous form it would
require a large area and very high-pressure compression which is not suitable for this level of hydrogen
production (CSIRO 2018).

Criteria

Diesel
2,625,000.00

H2
487,775.42

Mass (kg)
Efficiency
23%
45%
Diesel mass used for
603,750.00
219,498.94
actual work output (kg)
Energy content (MJ/kg)
42.9
118
Total Energy (MJ)
25,900,875.00
25,900,875.00
Table 7: Heavy duty power train fuel requirements per year
When thermal pyrolysis process is used to produce hydrogen from bagasse the hydrogen yield is about
5.84mmol/g of SCB (Akubo, Nahil, and Williams 2019). Therefore, it is about 11.68g of hydrogen
produced from a kg of bagasse which means per year Mackay sugar can produce close to 2,570 tonnes
of hydrogen per year. Therefore, enough hydrogen is generated to run the vehicles fleet which requires
only about 487 tons per year.
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HOMER Pro software is used in this scenario to determine the hydrogen reformer capacity and the
storage vessel size. For this analysis several financial parameters were assumed, and several capital
expenditure figures were determined based on current research articles which are shown with the tables
below. HOMER Pro analysis on plant power generation and hydrogen load included sizing the
minimum power generation unit, reformer capacity and the hydrogen tank size. Analysis results shows
that a 15MW power generation unit is required as minimum to cater the electricity load of the facility
while hydrogen reformer size needs to be at least 74.5kW capacity. Hydrogen storage vessel needs to
be minimum 100tonnes which means bulk hydrogen storage is required (CSIRO 2018) and therefore
liquid storage tank option is selected for LCOH calculation.
Some of the key parameters related to hydrogen storage was calculated based on data collected and
analysed as part of the authors site visit to BOC limited liquid gas bulk storage facility. It is important
to note that loss of hydrogen due to boiloff is assumed to be minimum when a nitrogen cooling system
is installed with the bulk storage vessel (Staffell et al. 2019). Hydrogen bulk storage is used throughout
the year for vehicle fleet refuelling. Low-pressure liquid hydrogen to 350bar pressure conversion
requires a cryogenic pump, heat exchangers and a compressor (Ku et al. 2020). Process involves
pumping liquid hydrogen from the tank to the heat exchanger elevating the fluid pressure. The heat
exchanger converts liquid to gas form and gaseous hydrogen is further compressed by an air compressor
to suit vehicle hydrogen tank storage pressure which is about 350bar for heavy duty vehicles (Cunanan
et al. 2021). Annex 1 depicts the LCOH calculation for storage at 350Bars which is $3.87/kg and this
calculated figure is used for the feasibility analysis of using hydrogen powered cane trains.

Figure 17:Case 3-Homer Pro design for simulating hydrogen tank size
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Figure 18: Homer Pro optimisation results for power generation, reformer capacity and hydrogen
storage tank size
Parameters used for

Figure

Reference

$ 39,375/tonne

(Indrawan et al. 2020)

$13,712,300

(Ramirez and Rainey 2019)

$2,843,666

(Kohlheb et al. 2020)

0.95kg/m3

(Mustafa, Calay, and Mustafa 2017)

3950

Calculated based on reference

$834,066/year

(Kohlheb et al. 2020)

$792

-

Hydrogen liquification cost

$1.33/kg-liquid H2

(Cho et al. 2021), (Miller et al. 2006)

Tank cost (Liquid)

$167/kg-liquid H2

(Rivard, Trudeau, and Zaghib 2019)

$42,900

Site visit BOC Limited, for a average

calculations/estimations
Biomass gasification plant capital
expenditure per ton-biomass
Biomass gasification plant O&M for an
84,000tonne biomass per year mill.
PSA capex for 1000Nm3/h of syngas
plant
Syngas density
Capital calculated $/kgh-1 of syngas
3

PSA O&M 1000Nm /h syngas plant
PSA O&M calculated
$/kgh-1year-1 syngas

Tank O&M cost with liquid nitrogen
insulation for boiloff reduction $/year

tank farm
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Vehicle refuelling system hydrogen

$891,100

(G. Parks 2014)

$0.12/kg

(G. Parks 2014)

compressor installed cost
Vehicle refuelling system hydrogen
compressor O&M cost
Table 8: Calculation parameters for LCOH calculation and references

Figure 19: Hydrogen bulk storage to tank on vehicle
Mackay sugarcane train fleet comprises several train models which include 34 train engines, 7000 cane
bins, which includes bin sizes of 15,6 and 5 tons. Largest train engine setup is selected for the feasibility
analysis which are 40-ton bogie locomotives which can be as long as 800m hauling 1000tonnes of
sugarcane. It is assumed during the crushing season a train will complete at least one run of 100km
between Wagoora to Munbura. The amount of fuel consumed depends on the haulage carried and as
per the American Association of Railroads (AAR) a cargo train can transport one tone of freight for
772km with a gallon of fuel (AAR 2021). Therefore, when the largest haul of cane is transported
(1000tonnes) for 300km during the peak crushing season of 26 weeks it will consume 267,585 litres
(227,447kg) of diesel. For a diesel locomotive the maintenance cost is about $5.39/train-km (Gattuso
and Restuccia 2014) which will be a saving when comparing H2 powered train against the diesel.

Criteria

Diesel
227,447

H2
42,723

Mass (kg)
Efficiency
31%
60%
Diesel mass used for
70,509
25,634
actual work output (kg)
Energy content (MJ/kg)
42.9
118
Total Energy (MJ)
3,024,817
3,024,817
Table 9: Hydrogen fuel rate calculation for the cane train
While the diesel train remains the benchmark, hydrogen powered train will be the proposed case and
solid oxide fuel cell locomotive designs with battery and heat recovery systems are proven to be the
most efficient with achieving 60% overall efficiency (Al-Hamed and Dincer 2021). Old diesel engine
driven trains like the ones used in Mackay sugar mills now have reduced efficiencies of reaching a
maximum 31% (Borowski et al. 2021). Therefore, reverse calculation of the diesel fuel consumption in
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the Table 9 shows the annual hydrogen consumption would be about 14,241kg per train. Hydrogen
powered locomotive engine technology has been widely researched and implemented but, the capital
cost of such engines remains high. A freight train with fuel cells and battery bank would cost $3,850,000
while having a maintenance cost of $4.06/km (Piraino, Genovese, and Fragiacomo 2021).
Data summary
Make model/Type

Fuel rate
Fuel consumption

Diesel engine train

Hydrogen fuelled train

40-tonne bogie locomotive

Solid oxide fuel cell with battery

(Mackay Sugar 2012)

and heat recovery

$1.61/Litre (AIP 2021)

$9.364/kg

267,585litres

42,723 kg

1

1

Per annum
Number of cane train
units
Table 10: Diesel and Hydrogen train data summary
RETScreen analysis was carried out assuming at least ten diesel locomotives will be replaced with
hydrogen powered locomotives. Results indicates an IRR of 2.3% (<12%) and a simple payback period
of 11.4 years which indicates a highly unfavourable outcome for Mackay Sugar Limited if they initiate
the project. However, this involves high capital investment and assuming no government backing for
implementing zero emissions transport fleet strategy.

Figure 20:Case 3 yearly cash flows for cane trains ($)
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Same analysis is carried out on heavy-duty trucks but assuming they cover the same mileage. However,
operational parameters were determined based on research data where a diesel truck has a fuel
consumption of 2.76km/litre of diesel while a fuel cell truck has hydrogen consumption of 14.8km/kg.
Therefore, an annual diesel consumption of 19,760 litres and hydrogen consumption of 3,688kg can be
calculated for each truck based on mileage done by a cane train in the previous analysis. A fuel cell
truck can cost up to $332,000 while a similar capacity diesel haul truck cost up to $178,200 (Cunanan
et al. 2021). Operating and maintenance cost of a diesel truck can be $67,000 per year (ATAP 2021)
and this will be reduced by about 30% when shifting to a fuel cell truck due to lower maintenance
requirement. RETScreen financial viability parameters indicates an IRR of 5.2% (<12%) and a simple
payback period of 8.8 years which is a good outcome for a new investment but, falls short of the
expectations of Mackay Sugar Limited’s financial obligations.

Figure 21: Yearly cash flows for haul trucks

3.6 Case scenario 4: Hydrogen liquification and export/sell
In this research storage and utilisation has been considered for several forms of hydrogen including
mixed with syngas, liquified storage and compressed up to 350/700bars. All situations are based on
sugar mill environment and requirements hence, cost calculations differ from conventional hydrogen
storage and utilisation methods. In case scenario 3 the hydrogen compression using one compression
unit cost up to 350 Bars was calculated as $3.87/kg which includes hydrogen being stored as a liquid
and using later. If the hydrogen compression system and infrastructure is removed from the facility
liquid hydrogen storage cost is $3.79/kg, and without any storage or hydrogen liquification the
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production cost alone is $2.78/kg (see Annex 1). As per the report published by ARENA on Australia’s
opportunities of exporting hydrogen, there are four major markets to which hydrogen can be sent at this
production rates (ACIL Allen Consulting Pty Ltd 2018). Current hydrogen production costs for Mackay
sugar are right on the margins identified by ARENA and these export rates are lower than other
competing hydrogen exporting countries like Norway, Qatar and USA.
Importing country

Estimated CIF for 2025 ($/kg)

Estimated CIF as at 2021 ($/kg)

Japan

4.61

4.60

Korea

4.62

4.62

Singapore

4.52

4.52

China

4.62

4.62

Table 11: Hydrogen export destinations and possible cost insurance and freight (CIF)
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4. Life cycle analysis
Green hydrogen or renewable hydrogen produced by SCB at Mackay Sugar, Racecourse Mill is
assumed as a cradle-to-gate LCA. Therefore, the system boundaries are defined with harvested
sugarcane entering the facility and the main output being low pressure hydrogen gas coming out of the
PSA. As a second stage of the LCA, each case scenario will be analysed against the conventional
method used for a comparison of environmental impacts in each situation for a better understanding of
how green hydrogen production will impact power generation and transportation industries.

4.1 Green hydrogen cradle-to-gate analysis
There are several processes taking place with in the LCA system boundary and many inputs and outputs
linked with it. GaBi software allows the user to track the most critical inputs and outputs for the analysis
hence not all inputs and outputs are tracked but, those are relevant for a process are tracked, see figure
22 below. The functional unit for the LCA is production of 1kg of hydrogen at 350bar pressure for
comparison with a conventional fuelling system. For each process the energy and mass balance
parameters were referred from several sources, and they are shown with the table below.
Inputs

Processes

Outputs



Sugarcane



Milling



Water



Pyrolysis



Diesel



Heat generation



Power generation



PSA



Hydrogen liquification



Compression to 350bar



Hydrogen

Figure 22: LCA Structure for cradle-to-gate analysis
Parameter

Value

Sugar cultivation, per tonne of sugarcane

Reference
(Renouf, Wegener, and Pagan 2010)

 Diesel usage

141.9MJ

 Electricity usage

8.1kWh

 Water usage

37.2kL

 Seeds

12.1kg

 Fertiliser as Nitrogen (N)

5.7kg

 Fertiliser as Phosphorous

1.4kg

 Potassium Chloride

1.3kg
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 Ammonium sulphate

0.5kg

 Limestone

2.1kg

 Pesticide

24.8g

Sugar milling process mechanical energy

15kWh

(Renó et al. 2011)

consumption per tonne
Pyrolysis inputs and outputs per kg of

(Akubo, Nahil, and Williams 2019)

bagasse
 Electrical energy

0.18MJ

 Thermal energy

0.94MJ

 Ash output

0.037kg

 Methane

0.9ppb

 Nitrous oxide (NO)

7ppb

 Particulates

90ppm

 Sulphur dioxide

0.2ppb

Syngas for thermal power generation, input,

(Nasrin et al. 2019)

and outputs per kg of syngas
 Thermal energy output
 CO2 (%,v/v)

13.68MJ
7.25%

 CO (ppm, v/v)

89.7

 NO (ppm, v/v)

89.8

 NOx (ppm, v/v)

91.3

 SO2 (ppm, v/v)

7.5

Electrical power per kg syngas

7.17MJ

Syngas for steam generation

(Michailos S 2017)
(Said et al. 2019), (Bouapetch et al.
2014)

 Steam energy from 1MJ thermal energy
 Steam losses to the atmosphere

0.771MJ
0.054kg/kgwater

PSA outputs per kg of syngas

(Kohlheb et al. 2020)

 H2

0.0385kg

 CO2

0.305kg

 CO

0.577kg

Liquification electrical energy per kg of H2

14.7MJ

(Cho et al. 2021)

Compression electrical energy per kg of H2

10.8MJ

(G. Parks 2014)

Table 12: Parameters used for LCA modelling in GaBi
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In the LCA the harvested sugarcane is transported to the mill using cane trains and the product goes
through a series of processes, shredding crushing and separating sugar syrup and bagasse. Thermal
energy requirements, electrical power requirements and steam requirements are all assumed to be
fulfilled by the syngas generated through pyrolysis process hence only external energy input required
is sugarcane and transportation fuel for the cane trains. All these activities and their energy
consumptions are represented by the sugarcane shred/milling process block. Process steam requirement
for this process is provided using a syngas powered boiler used at the mill which will not be replaced.
Next process is bagasse pyrolysis which is shown by the pyrolysis syngas block. The electricity demand
for the process is met using syngas powered gas turbines and the thermal energy demand for the process
is provided by the pyrolysis reactor which also runs from the same syngas generated through the
process. PSA hydrogen process separates the CO and CO2 in the syngas which produces 99.99% purity
H2 gas while the electrical power requirement for the process is met by on-site power plant. Next two
steps are hydrogen storage and utilisation processes where low-pressure hydrogen generated by PSA is
liquified and later compressed and used on a fleet of vehicles.

4.1.1 Global Warming Potential (GWP) 100 years for 350bar
hydrogen production
GWP 100 years
19.2
17.6

Global Warming Potential [kg CO2-Equiv.]

16.0
14.4
12.8
11.2
9.6
8.0
6.4
4.8
3.2
1.6
0.0
Total

AU: Sugar cane <u-...
AU: Thermal en ergy...
Rest
AU: Diesel mix at re...
AU: Syngas for pow...
GLO: Rail transp ort ...

Figure 23: GWP 100 for 350bar Hydrogen production with CCS
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Figure 24: LCA flow diagram on Gabi for Hydrogen production and compression up to 350bars
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As per the GWP 100 years estimation 17.7kg CO2-eq. will be released to the atmosphere while
producing 1kg of H2 at 350bars. Most of the emissions come from power generation and steam
generation which emits 9.38kg CO2-eq. and thermal pyrolysis process which emits 4.86kg CO2-eq.
Sugarcane harvesting emits 2.84kg CO2-eq. and use of diesel-powered cane trains emits 0.599kg CO2eq. However, this is based on PSA process capable of capturing and storing CO2 and CO and storing
them for other industrial uses or putting them in to long term storage vessels. If the PSA process captures
CO2 and CO are released to the atmosphere only separating H2 gas, the emission impact goes up to
32.7kg CO2-eq. The amount of captured carbon amount through PSA accounts 15kg CO2-eq which
makes a big difference in the life cycle emissions.

GWP 100 years
35.2

Global Warming Potential [kg CO2-Equiv.]

32.0
28.8
25.6
22.4
19.2
16.0
12.8
9.6
6.4
3.2
0.0
Total

AU: Sugar cane <u-...
AU: Thermal energy...
Rest
AU: PSA Hydrogen-...
AU: Syngas for pow...
GLO: Rail transport ...

Figure 25: GWP 100 for 350bar Hydrogen production without CCS

4.1.2 Environmental footprints


Climate change

GWP of producing 1kg hydrogen is calculated to be 4.51kgCO2-eq which is about 31.53gCO2-eq per
1MJ. 71% of the carbon emissions are due to sugarcane farming related emissions. GWP due to land
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use change is 1.01x10-5 kgCO2-eq which is totally arising due to use of diesel locomotives for
transportation of sugarcane.
GWP
4.8
4.4
4.0

3.2
2.8
2.4
2.0
1.6
1.2
0.8
0.4
0.0
Total

AU: Sugar cane <u-so>
AU: Thermal energy fr...
Rest
AU: Diesel mix at refin...
AU: Syngas for power ...
GLO: Rail transport ca...

Figure 26: kgCO2-eq for 350bar Hydrogen production with CCS
GWP (land use)
1.0e-5
0.9e-5

Climate Change (land use change) [kg CO2 eq.]

Climate change [kg CO2 eq.]

3.6

0.8e-5
0.7e-5
0.6e-5
0.5e-5
0.4e-5
0.3e-5
0.2e-5
0.1e-5
0.0e-5
Total
AU: Diesel mix at refinery ts

Figure 27: Land use change 350bar Hydrogen production with CCS
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Acidification potential (AP)

Total AP resulting from the process is 4.82*10-3 mole of SO2- eq per 1kg of hydrogen generated
where the biggest contributor for acidification comes from using diesel for rail road transportation
which is 4.25*10-3 mole of SO2- eq.

AP
5.2e-3
4.8e-3

Acidification Potential [kg SO2-Equiv.]

4.4e-3
4.0e-3
3.6e-3
3.2e-3
2.8e-3
2.4e-3
2.0e-3
1.6e-3
1.2e-3
0.8e-3
0.4e-3
0.0e-3
Total

AU: Syngas for power gener...
GLO: Rail transport cargo - ...
AU: Diesel mix at refinery ts
AU: Thermal energy from bi...

Figure 28:Land use change 350bar Hydrogen production with CCS


Human health

Human toxicity potential (HTP) results show the HTP inf is 0.021 kg DCB-eq per kg of hydrogen
produced. Dichlorobenzene (DCB) is a toxic chemical compound and toxicity is measured relative to
DCB as an equivalent. Ionising radiation for human health is 1.55x10-5 kBq U235 and both indexes
are affected due to the use of diesel in transportation.
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Human Toxicity Potential [kg DCB-Equiv.]

HTP inf.

Total

AU: Pyrolysis Syngas <u...
AU: Thermal energy fro...
AU: Diesel mix at refiner...
AU: Syngas for power ge...
GLO: Rail transport carg...

Figure 29: Human toxicity potential for 350bar Hydrogen production with CCS
Ionising radiation
1.5e-5

Ionising radiation - human health [kBq U235 eq.]

1.4e-5
1.3e-5
1.2e-5
1.1e-5
1.0e-5
0.9e-5
0.8e-5
0.7e-5
0.6e-5
0.5e-5
0.4e-5
0.3e-5
0.2e-5
0.1e-5

Total
AU: Diesel mix at refinery ts

Figure 30:Ionising radiation for 350bar Hydrogen production with CCS
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Ozone depletion potential (ODP) and photochemical ozone formation (POCP)

ODP remains minimal with 5.97x10-17 kgCFC-11eq because use of CFC depleting gases was banned
as well as the only contributor for possible ODP is fossil fuels which is used in smaller volume in the
hydrogen production process analysed. POCP total is estimated to be 0.00965kg NMVOC eq where
96% of the estimation occurs due to the use of diesel in transportation.
ODP

5.6e-17
5.2e-17

Ozone Depletion [kg CFC-11 eq.]

4.8e-17
4.4e-17
4.0e-17
3.6e-17
3.2e-17
2.8e-17
2.4e-17
2.0e-17
1.6e-17
1.2e-17
0.8e-17
0.4e-17
0.0e-17
Total
AU: Diesel mix at refinery ts

Figure 31:Ozone depletion potential for 350bar Hydrogen production with CCS
POCP
9.6e-3

Photochemical Ozone Formation [kg NMVOC Equiv.]

8.8e-3
8.0e-3
7.2e-3
6.4e-3
5.6e-3
4.8e-3
4.0e-3
3.2e-3
2.4e-3
1.6e-3
0.8e-3
0.0e-3
Total

AU: Syn gas fo r power generatio...
GLO: Rail transport cargo - Die...
AU: Diesel mix at refinery ts
AU: Thermal energy from bioga...

Figure 32: Photochemical ozone formation for 350bar Hydrogen production with CCS
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Ecotoxicity fresh water (Eco Tox) and water scarcity

Eco Tox index is measured using comparative toxic units (CTUe) and the calculated figure is 0.032
CTUe is totally impacted with diesel usage for the trains and water scarcity index is 206m3 world eq.
impacted through the agricultural farming activities of sugarcane production.

Ecotoxicity freshwater [CTUe]

Eco tox

Total
AU: Diesel mix at refinery ts

Figure 33: Eco Tox for 350bar Hydrogen production with CCS
Water
204.8
192
179.2
166.4

Water scarcity [m3 eq.]

153.6
140.8
128
115.2
102.4
89.6
76.8
64
51.2
38.4
25.6
12.8

Total

AU: Pyrolysis Syngas <u-so>
AU: Sugar cane <u-so>
AU: Diesel mix at refinery ts
AU: Steam from Syngas <u-so>

Figure 34:Water scarcity for 350bar Hydrogen production with CCS
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5. Discussion
From the results achieved in feasibility analysis 1st case scenario, it will be a go-ahead decision for
Mackay Sugar Limited and the possible next step would be to upgrade the gas turbine to run from more
hydrogen rich syngas supply. The LCA results shows hydrogen production through PSA with CCS will
reduce process carbon emissions and hydrogen combustion produces water as the only emission. As
discussed in literature gas turbine makers such as Mitsubishi, Kawasaki and GM have successfully
trialed the use of hydrogen blended fuels for gas turbines and in the future, it can be expected to have
100% hydrogen fueled gas turbines which would cut down the GHG emissions in long term operation.
Case scenario 2 appeared to be a slightly expensive option for a large-scale power generation of 38MW
mainly because both capital and O&M costs of reciprocating engines are higher than gas turbines. The
contribution from LGC’s is significant for the renewable power generation technologies and the project
feasibility totally depends on the continuation of this scheme. However, the clean energy target is
planned to be terminated by 2030 (CER 2018) and by this time the green hydrogen production
technologies are expected to have matured (Ishimoto et al. 2017).
Mackay sugar has the option of using more syngas to produce hydrogen than using it to generate
electricity and exporting to the grid. When the cogeneration plant was first put into service in 2013 the
electricity market retail and export rates were on a steep rise and was predicted to be stable. However,
recent prices and predicted future rates shows the electricity export rates could further drop (Jacobs
Australia Pty Limited 2017) which will in return affect the revenue and NPV of the cogeneration power
plant. However, Australia’s future in hydrogen looks promising with Queensland and New South Wales
both looking to be in the heart of a global export hub (COAG Energy Counsil 2019). With Mackay
Sugar Limited’s possible low pressure hydrogen production cost of $2.776/kg poised well to compete
with cheaper hydrogen production technologies from fossil fuels such as SMR $2.27-2.77 and black
coal gasification $ 2.57-3.14 (CSIRO 2018). Bagasse is a renewable source of energy and is a byproduct
which makes this pathway for hydrogen production more attractive.
Hydrogen storage makes a big impact in the production process and the cost addition for liquid
hydrogen storage was $1.52/kg taking the total cost up to $3.80/kg, see Annex 2 and 3 for cost
calculation tables. This is due to the high capital cost related to hydrogen storage vessels construction
that require insulated construction and O&M costs due to supply of liquid nitrogen to reduce the boil
off reduction and maintaining the vessels with regular inspections. Another reason is the high energy
demand in liquification process which amounts to 10-13kWh/kg. One alternative is to go for large
underground gas storage vessels which will reduce the cost on land use, vessel plate thickness and risks
of gas leaks and hazard zone requirements (Moradi and Groth 2019). Hydrogen compression up to
350bars also makes a significant impact with adding a further 7cents/kg taking up the total crop to wheel
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hydrogen production cost up to $3.87/kg. The compression system cost is more to do with the cost of
multistage compressors and fueling system cooling than the cost of electricity(Cunanan et al. 2021).
Use of hydrogen as a fuel for the transport fleet showed lower IRR values, cane trains 2.3% and haul
trucks 5.2% compared to power generation options. One reason behind this is that power generation
methods developed are more matured technologies compared to the fuel cell vehicles in the market
(Gonzalez-Diaz et al. 2021). Like LGCs some sort of incentive will be a major boost to introduce more
fuel cell vehicles into the market. For example, Norway has exempted the electric vehicles from import
tax, sales tax, parking fees, annual registration fees etc. (Queensland Governtment 2017). Only a
handful countries have so far given incentives for hydrogen fuel cell vehicles.
Japan leads in this with government contributing $147million within a year for fuel cell vehicles while
Germany gives $4,000 per each fuel cell vehicle. In South Korea the incentive per fuel cell vehicle can
go up to $31,000 while in UK the refueling cost is 60% born by the government (Staffell et al. 2019).
Therefore, if Australia is to ambitiously reduce their GHG emission by 2030 this kind of approach will
be vital to promote hydrogen in transportation sector. It is pleasing to note that a leading company like
FMGL has invested largely not in just producing green hydrogen but designing and developing
hydrogen fueled trucks and ships in Australia which will be a benchmark for many other companies
(Fortescue Metals Group Ltd 2021). This kind of initiatives will bridge the knowledge gap in Australia
with the rest of the world thus, fast tracking our transition towards a cleaner transportation fleet.
Australia is recognized as a leading country in the pacific region that could meet the future hydrogen
demand in the East Asian countries like Japan, Singapore, South Korea, and China. Therefore liquid
hydrogen production at Mackay Sugar Limited will be advantageous mainly due to its proximity to the
main trading route which is about to take place (PWC 2020). $3.8/kg liquid hydrogen is a very
competitive price specially looking at production costs of other countries. By 2025 there are four
countries that can compete with Australia in terms of production cost with Chelie $1.67/kg, Qatar
$2.18/kg, USA $2.54/kg and China $ 3.37/kg (ACIL Allen Consulting Pty Ltd 2018) (Gallardo et al.
2021) while Mackay Sugar Limited current gaseous hydrogen production cost is well poised to compete
in the export market.
LCA results shows that GWP of the 4.51kgCO2-eq which is slightly above some of the research findings
on biomass gasification technologies. Mehmeti et al. in such research found this GWP to be 2.67 kgCO2eq while electrolysis with proton exchange membrane having the lowest GWP of 2.21 kgCO2-eq
(Mehmeti et al. 2018). However, the difference has occurred due to the use of lime in the sugar
cultivation process which uses Calcium in the form of lime which assists adjusting the PH level of the
soil for cultivation (Renouf, Wegener, and Pagan 2010). However other LCA parameters are
significantly lower than similar processes. ODP levels are found to be 2.18x10-5 kg CFC-11-eq for
gasification technologies but in this research, it is only 5.97x10-17 kg CFC-11-eq. Acidification potential
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is found to be around 37x10-3 kgSO2-eq and the calculated results shows it is 4.82x10-3 kgSO2-eq.
Human toxicity potential as per other research on biomass gasification is around 0.0433kgDCB-eq
while, calculated results on this research shows this index to be 0.021kgDCB-eq. Overall LCA are
therefore, satisfactory and proves that this methodology can be adopted for clean hydrogen production.
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6. Conclusions and limitations of the study
6.1 Answering the research question and addressing the research
objectives
Sugarcane industry in Australia is looking for options to utilize SCB in a more value adding process
than direct combustion in a cogeneration power plant. Therefore, the main objective of this research
was to find how feasible it will be to produce hydrogen from SCB and utilize it in most energy
demanding operations transportation, and power generation. There are several pathways to produce
hydrogen from sugarcane bagasse such as the use of gasification technologies and biological reforming
methods as discussed in detail under literature survey. Thermal pyrolysis process was used for SCB
gasification because it is the most cost-effective technology as per the literature survey. The innovative
characteristic of this research is the use of hydrogen rich syngas for power generation and use of that
power for hydrogen production as well as economic analysis of producing different physical stages of
the hydrogen gas. Resulting hydrogen production costs from the research of $2.78/kg- $3.87/kg for
storage and compression were attractive to be invested as it was within the range of producing blue
hydrogen in 2020 (Advisian Pty Ltd 2021). This indicates selling the produced hydrogen to local
industries as well as exporting might be one of the best outcomes for sugarcane industry.
Identifying the best suited hydrogen storage methodology was also a part of the research and the large
hydrogen production volumes from SCB indicated the best mode was liquid storage due to the
possibility of storing large volumes. From the extensive literature survey conducted it was deemed
liquid hydrogen was the most ideal from other liquified storage options such as ammonia or metal
hydrides due to its maturity as a technology and relatively lower cost than other methods. The analysis
of power generation option indicated that replacement of existing cogeneration plant with a gas turbine
was a feasible option, but the turbine operation is feasible only with syngas option due to hydrogen fuel
production cost. Integration of hydrogen as a fuel in transportation fleet was found challenging but
achievable in the long run. Not like the power generation option which gives a good IRR straight away,
transportation sector awaits the fuel cell technology to mature. Therefore, with in the next ten years
sugarcane industry will be able to transition from fossil fuels to hydrogen in transportation sector.
LCA results reveals that having the CCS integrated PSA systems is a game changer as the carbon is
captured at source hence, distributed emission of carbon by end users will be completely eliminated.
LCA results further proves the impact of the kind of crop used for hydrogen production and its impact
to the total GWP. Use of lime impacted the overall GHG emissions as this is a carbon emission to
atmosphere arising from a non-renewable source. However, the research has proven that producing
hydrogen from SCB is a lot more cleaner pathway than crude oil refining process as the GWP associated
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with hydrogen production is only 31.53gCO2-eq/MJ while refining process emits about 89 gCO2-eq/MJ
which is almost three times higher (Laurenzi, Bergerson, and Motazedi 2016)

6.2 Recommendations from the study
Syngas is a more refined and cleaned fuel source than directly burning bagasse which emits higher
levels of carbon, ash, and other particle matter to the atmosphere. The step between syngas to hydrogen
which is the PSA process carries a great deal of weightage in the total process. Mainly because it is still
being largely researched and trailed to achieve best results for producing ultra-high purity hydrogen
from a gasified biomass. PSA is widely used in industrial gases sector to sperate hydrogen and to
achieve the best outcome of this research the PSA should purify as well as capture all the carbon
particles emitted with the gasification which includes but not limited to CO2, CO and unburnt carbon
particles. This captured carbon emissions have to be sent into storage or transformed in to other forms
of carbon such as biochar which can be used as a soil amendment or removal of organic and inorganic
pollutants from liquids and gases (Oliveira et al. 2017).
This research gives a good insight how significant the selected hydrogen storage option is for a largescale storage requirement. Because liquid hydrogen storage was selected, which is a conventional,
proven storage technology attention could be focused on looking at other infrastructure developments
such as setting up refueling stations or developing distribution pipelines as a next phase of the project.
Another main advantage of using liquid hydrogen is that high energy intensity is involved only in the
upstream phase of the project and therefore end user doesn’t have to bother about using more energy
for separating hydrogen and storing another intermediary carrier fluid in another storage as in ammonia
or ethylene. Selection of energy storage option however, can be dependent on the industry and end user
of the hydrogen.

6.3 Limitations of the study
One of the main limitations of the research is the variability of hydrogen production volumes from
bagasse, depending on the gasification technology, operating temperatures, pressure levels used and the
kind of catalyst. Therefore, conducting a pilot project with the anticipated pyrolysis temperature will be
critical in order to determine the possible deviation levels of hydrogen production volumes thus, conduct
a sensitivity analysis on hydrogen production costs. Sometimes critical information like the LGC spot
prices are not available on credible information sources like in the clean energy regulator website which
hasn’t updated the LGC rates since 2019. Therefore, LGC spot price rate was obtained from private
market watch websites. The gas turbine industry is evolving to convert existing natural gas fueled
turbines to run from hydrogen however, large turbine sizes such as 38MW turbines will take few years
until being deployed in the market. Same situation applies to internal combustion engines as well as
fuel cells when used for large scale power generation plants.
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LCA is conducted only until the distribution point of the hydrogen but, a comparison between a fossil
fuel powered vehicle or a power plant against hydrogen fueled similar application could reveal how
effective and environmentally friendly the green hydrogen production is. HOMER Pro software is not
developed to a level that enables the user to analyze both hydrogen storage as well as power generation
from the same biomass source in this case syngas hence, a complete feasibility analysis couldn’t be
achieved with it.

6.4 Future research
There is the need to further study on SCB to hydrogen conversion process and identify the pathways to
increase the hydrogen yield as this will be more than 50% of the cost in production and distribution
process. Hydrogen output volumes changes depending on several parameters such as the condition of
bagasse fed (dry/moist), gasification system operating temperature, use of a catalyst to enhance the
gasification. Hydrogen storage options are widely researched but there is a lack of large volume storage
with lower cost. Underground salt cavern storage is not an option for many locations hence hydrogen
absorption and adsorption technologies with low cost will play a vital role in reducing the life cycle
cost. Hydrogen distribution through gas pipelines is already being researched and being implemented.
However, replacing fossil fuel supplied power generation and transportation fleets such as gas turbines
and internal combustion engines still need to evolve in to have a complete transformation from fossil
fuel to hydrogen. There is also the need to find specific areas and industries which should receive
incentives from government and what level of incentives and grants should be allocated for them. This
could be addressed through hydrogen clusters and hubs which will have a better insight in to the
hydrogen integration pathways in the economy.
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Annex 1: LCOH calculation for hydrogen compression up to 350Bar
Diesel
usage(L)
Bagasse
supply
per year

Diesel price
($/L)

3,000,000.00

220,000.00

Crushing
season
Syngas
capital
cost
$/kg

ton
26 Weeks

Gasification
0.07 system cost ($)

Syngas
O&M
cost
$/kg

Gasification
system O&M
0.0191 cost ($)

n

25 inflation, r
Total system
0.07 cost (fixed)

Int. rate

Year

Extra
mortgage
payment ($) :
fixed

Capital

Diesel Per
1.61 day(L)
kgHydrogen/kgBagasse
Bagasse-kg
per hour

0.01168

11,538 Per hour(L/h)
TonneHydrogen/year

Syngas vol
50366.30037 Nm3/h

PSA capex per
47,628,000.00 1000Nm3/h
Gaseous
hydrogen
13,712,300.00 liquification ($)

PSA capital
$/kg/h

Hydrogen
compression
up to 350bar
3,417,568 capital cost

Hydrogen per
day (kg)

H2 Equiv/hr

55.68

19,766.15

Hydrogen per
hour

Syngas density

2,701.48

0.95 kg/m3
Hydrogen
tank cost

Hydrogen
compression
up to 350bar
670000 O&M cost

16,700,000.00

Load for
season(kg)

243,219.53

823.59

Syngas m3/kgBagasse

Syngas
m3/year

682,000,000.00 m3/kg-Bagasse

Hydrogen tank
O&M

215,000.00

3.10

308352

0.09

67,841,665.80 Down pay
Principle
Payment

156.1355311

2,843,665.80

Market
Discount
0.02 Rate

Yearly
Interest
Payment ($)

2,569.60

480.77

0.3 Loan
Principle
Balance

0

20,352,499.74

1

0

-$4,075,069.90 $3,324,241.62

-$750,828.28 $46,738,337.78

2

0

-$4,075,069.90 $3,271,683.64

-$803,386.26 $45,934,951.52

3

0

-$4,075,069.90 $3,215,446.61

-$859,623.30 $45,075,328.23

4

0

-$4,075,069.90 $3,155,272.98

-$919,796.93 $44,155,531.30

5

0

-$4,075,069.90 $3,090,887.19

-$984,182.71 $43,171,348.59

6

0

-$4,075,069.90 $3,021,994.40

-$1,053,075.50 $42,118,273.09

7

0

-$4,075,069.90 $2,948,279.12

-$1,126,790.79 $40,991,482.31

8

0

-$4,075,069.90 $2,869,403.76

-$1,205,666.14 $39,785,816.17

9

0

-$4,075,069.90 $2,785,007.13

-$1,290,062.77 $38,495,753.40

$47,489,166.06

0.7

Periodic
Payment
Present Worth O&M costs ($)
Factor
PWF(20,0,0.07)

Cost of
operation &
maintenance

Diesel saving

$11.65
$17,653,220.00
$18,006,284.40
$18,366,410.09
$18,733,738.29
$19,108,413.06
$19,490,581.32
$19,880,392.94
$20,278,000.80
$20,683,560.82

$4,830,000
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00

17,653,220.00
Annual cash
flow ($)
20,352,499.74
16,898,289.90
17,251,354.30
17,611,479.99
17,978,808.19
18,353,482.96
18,735,651.22
19,125,462.84
19,523,070.70
19,928,630.72

PWF
(20,0,0.08)

PV of cash flow

Hydrogen
production (kg)

$1.00

-20352499.740

$0.00

$0.92

-15503018.259

$2,569,600.00

$0.84

-14520119.773

$2,569,600.00

$0.77

-13599293.908

$2,569,600.00

$0.71

-12736640.988

$2,569,600.00

$0.65

-11928504.622

$2,569,600.00

$0.60

-11171456.669

$2,569,600.00

$0.55

-10462283.125

$2,569,600.00

$0.50

-9797970.862

$2,569,600.00

$0.46

-9175695.191

$2,569,600.00
48

10

0

-$4,075,069.90 $2,694,702.74

-$1,380,367.16 $37,115,386.23

11

0

-$4,075,069.90 $2,598,077.04

-$1,476,992.87 $35,638,393.37

12

0

-$4,075,069.90 $2,494,687.54

-$1,580,382.37 $34,058,011.00

13

0

-$4,075,069.90 $2,384,060.77

-$1,691,009.13 $32,367,001.87

14

0

-$4,075,069.90 $2,265,690.13

-$1,809,379.77 $30,557,622.10

15

0

-$4,075,069.90 $2,139,033.55

-$1,936,036.36 $28,621,585.74

16

0

-$4,075,069.90 $2,003,511.00

-$2,071,558.90 $26,550,026.84

17

0

-$4,075,069.90 $1,858,501.88

-$2,216,568.02 $24,333,458.82

18

0

-$4,075,069.90 $1,703,342.12

-$2,371,727.78 $21,961,731.03

19

0

-$4,075,069.90 $1,537,321.17

-$2,537,748.73 $19,423,982.30

20

0

-$4,075,069.90 $1,359,678.76

-$2,715,391.14 $16,708,591.16

Tot/NPV

50720823.14

$21,097,232.03
$21,519,176.67
$21,949,560.21
$22,388,551.41
$22,836,322.44
$23,293,048.89
$23,758,909.87
$24,234,088.06
$24,718,769.83
$25,213,145.22
$25,717,408.13

$4,830,000.00 20,342,301.94
$4,830,000.00 20,764,246.58
$4,830,000.00 21,194,630.11
$4,830,000.00 21,633,621.31
$4,830,000.00 22,081,392.34
$4,830,000.00 22,538,118.79
$4,830,000.00 23,003,979.77
$4,830,000.00 23,479,157.97
$4,830,000.00 23,963,839.73
$4,830,000.00 24,458,215.12
$4,830,000.00 24,962,478.03
413,828,212.52

$0.42

-8592808.175

$2,569,600.00

$0.39

-8046827.662

$2,569,600.00

$0.36

-7535426.990

$2,569,600.00

$0.33

-7056425.328

$2,569,600.00

$0.30

-6607778.602

$2,569,600.00

$0.27

-6187570.988

$2,569,600.00

$0.25

-5794006.925

$2,569,600.00

$0.23

-5425403.619

$2,569,600.00

$0.21

-5080184.012

$2,569,600.00

$0.19

-4756870.185

$2,569,600.00

$0.18

-4454077.166

$2,569,600.00

-198784862.8

$51,392,000.00

LCOH ($/kg)
LCOH ($/kg)

NPV/Tot
Hydrogen
production
-3.868
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Annex 2: LCOH calculation for liquid hydrogen production
Diesel
usage(L)
Bagasse
supply
per year

3,000,000.00

220,000.00

Crushing
season
Syngas
capital
cost
$/kg

Diesel price
($/L)

ton
26 Weeks

Gasification
0.07 system cost ($)

Syngas
O&M
cost
$/kg

Gasification
system O&M
0.0191 cost ($)

n

25 inflation, r
Total system
0.07 cost (fixed)

Int. rate

Year

0

Extra
mortgage
payment ($) :
fixed

Capital

Diesel Per
1.61 day(L)
kgHydrogen/kgBagasse
Bagasse-kg per
hour

0.01168

11,538 Per hour(L/h)
TonneHydrogen/year

Syngas vol
50366.30037 Nm3/h

47,628,000.00

PSA capex per
1000Nm3/h

13,712,300.00

Gaseous
hydrogen
liquification ($)

2,843,665.80

Yearly
Interest
Payment ($)

Principle
Balance

1

-$4,034,824.77

$3,291,411.62

-$743,413.15

$46,276,752.91

2

$0.00

-$4,034,824.77

$3,239,372.70

-$795,452.07

$45,481,300.85

4

$0.00
$0.00

$47,020,166.06

-$4,034,824.77
-$4,034,824.77

$3,183,691.06
$3,124,111.70

-$851,133.71
-$910,713.07

Load for
season(kg)

243,219.53

Hydrogen per
day (kg)

19,766.15

Hydrogen per
hour

823.59

Syngas m3/kgBagasse

3.10

Syngas
m3/year

682,000,000.00

m3/kg-Bagasse

Hydrogen tank
O&M

215,000.00

156.1355311

Syngas density

PSA capital
$/kg/h

2,701.48

0.3 Loan

$20,151,499.74
$0.00

3

55.68

0.95 kg/m3
Hydrogen
tank cost

16,700,000.00

Hydrogen
compression
up to 350bar
0 O&M cost

0

0.09

Down pay
Principle
Payment

H2 Equiv/hr

Hydrogen
compression
up to 350bar
3,417,568 capital cost

Market
Discount
0.02 Rate

67,841,665.80

2,569.60

480.77

$44,630,167.14
$43,719,454.07

5

$0.00

-$4,034,824.77

$3,060,361.78

-$974,462.98

$42,744,991.09

6

$0.00

-$4,034,824.77

$2,992,149.38

-$1,042,675.39

$41,702,315.69

0.7

Periodic
Payment
Present Worth O&M costs ($)
Factor
PWF(20,0,0.07)

Cost of
operation &
maintenance

Diesel saving

$11.65
$17,344,868.00
$17,691,765.36
$18,045,600.67
$18,406,512.68
$18,774,642.93
$19,150,135.79

17,653,220.00
Annual cash
flow ($)

PWF
(20,0,0.08)

PV of cash flow

Hydrogen
production (kg)

-$20,151,499.74

1.000

-$20,151,499.74

0

-$16,549,692.77

0.917

-$15,183,204.38

2,569,600.00

-$16,896,590.13

0.842

-$14,221,521.87

2,569,600.00

-$17,250,425.44

0.772

-$13,320,493.55

2,569,600.00

-$17,611,337.45

0.708

-$12,476,315.45

2,569,600.00

-$17,979,467.70

0.650

-$11,685,420.37

2,569,600.00

-$18,354,960.56

0.596

-$10,944,463.27

2,569,600.00

$4,830,000
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
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7
8
9
10

$0.00
$0.00
$0.00
$0.00

-$4,034,824.77
-$4,034,824.77
-$4,034,824.77
-$4,034,824.77

$2,919,162.10
$2,841,065.71
$2,757,502.58
$2,668,090.02

-$1,115,662.67
-$1,193,759.06
-$1,277,322.19
-$1,366,734.75

$40,586,653.02
$39,392,893.96
$38,115,571.77
$36,748,837.03

11

$0.00

-$4,034,824.77

$2,572,418.59

-$1,462,406.18

$35,286,430.85

12

$0.00

-$4,034,824.77

$2,470,050.16

-$1,564,774.61

$33,721,656.24

13

$0.00

-$4,034,824.77

$2,360,515.94

-$1,674,308.83

$32,047,347.41

14

$0.00

-$4,034,824.77

$2,243,314.32

-$1,791,510.45

$30,255,836.95

15
16

$0.00
$0.00

-$4,034,824.77
-$4,034,824.77

$2,117,908.59
$1,983,724.45

-$1,916,916.18
-$2,051,100.32

$28,338,920.77
$26,287,820.46

17

$0.00

-$4,034,824.77

$1,840,147.43

-$2,194,677.34

$24,093,143.12

18

$0.00

-$4,034,824.77

$1,686,520.02

-$2,348,304.75

$21,744,838.37

19

$0.00

-$4,034,824.77

$1,522,138.69

-$2,512,686.08

$19,232,152.28

20

$0.00

-$4,034,824.77

$1,346,250.66

-$2,688,574.11

$16,543,578.17

Tot/NPV

$50,219,907.50

$19,533,138.51
$19,923,801.28
$20,322,277.30
$20,728,722.85
$21,143,297.31
$21,566,163.25
$21,997,486.52
$22,437,436.25
$22,886,184.97
$23,343,908.67
$23,810,786.85
$24,287,002.58
$24,772,742.64
$25,268,197.49

-$18,737,963.28

0.547

-$10,250,307.59

2,569,600.00

-$19,128,626.05

0.502

-$9,600,012.39

2,569,600.00

-$19,527,102.07

0.460

-$8,990,820.25

2,569,600.00

-$19,933,547.62

0.422

-$8,420,145.93

2,569,600.00

-$20,348,122.08

0.388

-$7,885,565.75

2,569,600.00

-$20,770,988.02

0.356

-$7,384,807.52

2,569,600.00

-$21,202,311.29

0.326

-$6,915,741.21

2,569,600.00

-$21,642,261.02

0.299

-$6,476,370.11

2,569,600.00

-$22,091,009.74

0.275

-$6,064,822.55

2,569,600.00

-$22,548,733.44

0.252

-$5,679,344.14

2,569,600.00

-$23,015,611.62

0.231

-$5,318,290.49

2,569,600.00

-$23,491,827.35

0.212

-$4,980,120.34

2,569,600.00

-$23,977,567.41

0.194

-$4,663,389.17

2,569,600.00

-$24,473,022.26

0.178

-$4,366,743.14

2,569,600.00

$194,979,399.19

51,392,000.00

$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$405,531,167.30

LCOH ($/kg)
LCOH ($/kg)

NPV/Tot
Hydrogen
production
-3.794
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Annex 3: LCOH calculation for low pressure hydrogen production
Diesel
usage(L)
Bagasse
supply per
year

3,000,000.00

220,000.00

Crushing
season

Diesel price
($/L)

ton
26 Weeks

Syngas capital
cost $/kg

Gasification
0.07 system cost ($)
Gasification
system O&M
0.0191 cost ($)

Syngas O&M
cost $/kg

n

25 inflation, r
Total system
0.07 cost (fixed)

Int. rate

Year

Extra
mortgage
payment ($) :
fixed

Capital

Diesel Per
1.61 day(L)
kgHydrogen/kgBagasse
Bagasse-kg per
hour

0.01168

11,538 Per hour(L/h)
TonneHydrogen/year

Syngas vol
50366.30037 Nm3/h

47,628,000.00

PSA capex per
1000Nm3/h

13,712,300.00

Gaseous
hydrogen
liquification ($)

Yearly
Interest
Payment ($)

PSA capital
$/kg/h

Hydrogen per
day (kg)

H2 Equiv/hr

55.68

19,766.15

Hydrogen per
hour

Syngas density

0.95 kg/m3
Hydrogen
tank cost

2,701.48

Hydrogen
compression
up to 350bar
3,417,568 capital cost

0

Hydrogen
compression
up to 350bar
0 O&M cost

Load for
season(kg)

243,219.53

823.59

Syngas m3/kgBagasse

3.10

Syngas
m3/year

682,000,000.00

m3/kg-Bagasse

Hydrogen tank
O&M

0

0

0.09

Down pay
Principle
Payment

156.1355311

2,843,665.80

Market
Discount
0.02 Rate

67,841,665.80

2,569.60

480.77

0.3 Loan
Principle
Balance

0

$15,141,499.74

1

$0.00

-$3,031,699.82

$2,473,111.62

-$558,588.20 $34,771,577.86

2

$0.00

-$3,031,699.82

$2,434,010.45

-$597,689.37 $34,173,888.49

3

$0.00

-$3,031,699.82

$2,392,172.19

-$639,527.63 $33,534,360.86

4

$0.00

-$3,031,699.82

$2,347,405.26

-$684,294.56 $32,850,066.30

5

$0.00

-$3,031,699.82

$2,299,504.64

-$732,195.18 $32,117,871.11

6

$0.00

-$3,031,699.82

$2,248,250.98

-$783,448.85 $31,334,422.27

7

$0.00

-$3,031,699.82

$2,193,409.56

-$838,290.26 $30,496,132.00

8

$0.00

-$3,031,699.82

$2,134,729.24

-$896,970.58 $29,599,161.42

9

$0.00

-$3,031,699.82

$2,071,941.30

-$959,758.52 $28,639,402.90

10

$0.00

-$3,031,699.82

$2,004,758.20

-$1,026,941.62 $27,612,461.28

$35,330,166.06

0.7

Periodic
Payment
Present Worth O&M costs ($)
Factor
PWF(20,0,0.07)

Cost of
operation &
maintenance

Diesel saving

17,653,220.00
Annual cash
flow ($)

PWF
(20,0,0.08)

PV of cash flow

Hydrogen
production (kg)

-$15,141,499.74

1.000

-$15,141,499.74

0

-$11,913,999.82

0.917

-$10,930,275.07

2,569,600.00

-$12,188,245.82

0.842

-$10,258,602.66

2,569,600.00

-$12,467,976.74

0.772

-$9,627,565.67

2,569,600.00

-$12,753,302.28

0.708

-$9,034,760.86

2,569,600.00

-$13,044,334.33

0.650

-$8,477,922.29

2,569,600.00

-$13,341,187.02

0.596

-$7,954,913.92

2,569,600.00

-$13,643,976.76

0.547

-$7,463,722.53

2,569,600.00

-$13,952,822.30

0.502

-$7,002,451.02

2,569,600.00

-$14,267,844.75

0.460

-$6,569,312.08

2,569,600.00

-$14,589,167.65

0.422

-$6,162,622.08

2,569,600.00

$11.65
$13,712,300.00
$13,986,546.00
$14,266,276.92
$14,551,602.46
$14,842,634.51
$15,139,487.20
$15,442,276.94
$15,751,122.48
$16,066,144.93
$16,387,467.83

$4,830,000
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
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11

$0.00

-$3,031,699.82

$1,932,872.29

-$1,098,827.53 $26,513,633.74

12

$0.00

-$3,031,699.82

$1,855,954.36

-$1,175,745.46 $25,337,888.28

13

$0.00

-$3,031,699.82

$1,773,652.18

-$1,258,047.64 $24,079,840.64

14

$0.00

-$3,031,699.82

$1,685,588.84

-$1,346,110.98 $22,733,729.66

15

$0.00

-$3,031,699.82

$1,591,361.08

-$1,440,338.75 $21,293,390.92

16

$0.00

-$3,031,699.82

$1,490,537.36

-$1,541,162.46 $19,752,228.46

17

$0.00

-$3,031,699.82

$1,382,655.99

-$1,649,043.83 $18,103,184.62

18

$0.00

-$3,031,699.82

$1,267,222.92

-$1,764,476.90 $16,338,707.73

19

$0.00

-$3,031,699.82

$1,143,709.54

-$1,887,990.28 $14,450,717.44

20

$0.00

-$3,031,699.82

$1,011,550.22

-$2,020,149.60 $12,430,567.84

Tot/NPV

$37,734,398.24

$16,715,217.19
$17,049,521.53
$17,390,511.96
$17,738,322.20
$18,093,088.64
$18,454,950.42
$18,824,049.42
$19,200,530.41
$19,584,541.02
$19,976,231.84

$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00
$4,830,000.00

-$14,916,917.01

0.388

-$5,780,795.37

2,569,600.00

-$15,251,221.35

0.356

-$5,422,338.79

2,569,600.00

-$15,592,211.78

0.326

-$5,085,846.54

2,569,600.00

-$15,940,022.02

0.299

-$4,769,995.24

2,569,600.00

-$16,294,788.47

0.275

-$4,473,539.31

2,569,600.00

-$16,656,650.24

0.252

-$4,195,306.54

2,569,600.00

-$17,025,749.25

0.231

-$3,934,193.97

2,569,600.00

-$17,402,230.24

0.212

-$3,689,163.87

2,569,600.00

-$17,786,240.84

0.194

-$3,459,240.11

2,569,600.00

-$18,177,931.66

0.178

-$3,243,504.52

2,569,600.00

$142,677,572.19

51,392,000.00

$297,206,820.36

LCOH ($/kg)
LCOH ($/kg)

NPV/Tot
Hydrogen
production
-2.776
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